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Preface to “DHA for Optimal Health” 
The omega-3 long chain polyunsaturated fatty acids (n-3 LCPUFA) include eicosapentaenoic acid 

(EPA), docosapentaenoic acid (DPA) and docosahexaenoic acid (DHA) and this Special Issue is focussed 
on DHA for optimal health. It is well known that DHA is extremely important for neurological 
development, especially in the last trimester of pregnancy when the brain increases in size [1]. More 
recently it has been shown that increase in maternal plasma DHA concentration occurs very early in 
pregnancy, highlighting the importance of DHA at the critical time when the neural tube closure  
occurs [2]. 

There are other benefits of DHA, as evidenced by the publications in this Special Issue of DHA for 
Optimal Health. 

Shi et al. [3] have shown that in cultured neurons isolated from mice that DHA combined with 
Lyciumbarbarum polysaccharide (LBP) protected neurons from oxygen-glucose deprivation/reperfusion 
injury. These results suggest that DHA and LPB are likely candidates for combined pharmacotherapy for 
ischemic stroke. 

Walker et al. [4] showed that supplementation with n-3 LCPUFA (EPA and DHA) increased in 
blood cells and plasma fractions at the expense of various fatty acids and there is a dose response in all 
pools assessed. Specifically the n-3 LCPUFA displaced the following fatty acids in the various pools: 
linoleic acid (LA), gamma-linolenic acid (GLA), arachidonic acid (AA) and oleic acid (OA) in plasma PC; 
LA in plasma CE; OA in plasma TAG; AA and adrenic acid (AdrA) in erythrocytes; GLA in platelets, with 
no displacement of AA. This lack of displacement of AA in platelets is likely to be due to platelet function, 
whereby AA is used to produce eicosanoids involved in platelet aggregation. The differences in response 
to n-3 LCPUFA supplementation in these fatty acid pools could be of biological significance. 

Abeywardena et al. [5] conducted a supplementation trial with stearidonic acid (SDA) compared to 
fish oil on anti-arrhythmic actions in rats. Supplementation with SDA resulted in increased EPA and 
DPA, but not DHA levels, which is similar to studies in humans [6]. However, DPA still had anti-
arrhythmic effects, but not as great an effect as that of DHA. Hence, DHA has greater anti-arrhythmic 
effects than other n-3 PUFA. 

Elsherbiny et al. [7] have shown that DHA supplementation maintains high DHA levels in the 
brains of pups even when they were weaned on DHA deficient diets. Another study has shown that 
when rats have been fed a restricted diet containing low levels of alpha-linolenic acid (ALA) at 0.8%  
and 0.2% of total fatty acids, their liver DHA reduced by 50% and 90% respectively, while their brain 
DHA was maintained when on the 0.8% ALA diet, and DHA levels only reduced by 40% at the extreme 
low dose of 0.2% ALA in the diet [8]. This study also showed that omega-6 docosapentaenoic acid (n-6 
DPA) increased corresponding to the decrease in DHA [8], and it appears that n-6 DPA will take the place 
of DHA (during neurological development), until such time as DHA is restored in the diet [9]. Not only 
does this occur in rats, but there is evidence of this replacement in very early pregnancy in humans, as 
both n-6 DPA and DHA levels increase in maternal circulation in the first 45 days of pregnancy [2]. 
Moreover, in twin pregnancies (and this is even before the mother knows that she is having twins), the 
maternal plasma DHA concentrations double compared to singleton pregnancies and the maternal n-6 
DPA concentrations triple over the first 45 days of pregnancy compared to singleton pregnancies [2]. 

Valenzuela et al. [10] conducted a randomised clinical trial assessing the efficacy of chia 
supplementation compared to control on being able to increase DHA levels in maternal blood and 
breastmilk samples. The chia intakes resulted in high ALA, commencing at 1.2 g per day and increasing  
to 9.5 g per day at delivery and 7.7 g per day at 6 months breastfeeding; corresponding to erythrocyte 
phospholipid levels of ALA from approximately 1% to 6% at delivery and 7% at 6 months breastfeeding. 
Erythrocyte EPA levels also increased from approximately 1% to 2.5% at delivery and 2% at 6 months 
breastfeeding. However, DHA levels did not increase and did not differ from baseline, delivery and 6 
months breastfeeding. This lack of increase in DHA has been shown previously [11]. The LA levels 
decreased in breastmilk for the duration of the 6 month period. ALA levels were increased across the 6 
months period of breastfeeding with a trend to decreased levels from 2 months to 5–6 months 
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breastfeeding. There were no differences in EPA in breastmilk, but there was a significant increase in 
DHA levels in the first 3 months of breastmilk, and no significant differences in 4–6 months of 
breastfeeding. Due to the lack of DHA increase in erythrocytes and yet an increase in breastmilk DHA, the 
authors suggest that accretion of DHA in breastmilk is a highly regulated process [12]. 

A review by Minihane [13] has highlighted that, despite relatively limited evidence, the Apo E and 
FADS genotypes are emerging as being important on EPA and DHA status. Variant alleles of FADS are 
associated with lower DHA status and APOE4 carriers appear to have lower uptake of DHA in the brain 
as well as higher b-Oxidation of DHA than non-APOE4 carriers. Interestingly, APOE4 carriers have a 50% 
lower chance of reaching 90 years of age compared with non-APOE4 carriers [14]. 

Zheng et al. [15] showed that DHA ameliorates fructose induced triacylglyerol (TAG) accumulation 
in the liver by promoting B-oxidation of TAG in the liver and, therefore, less storage of TAG in the liver. 

A meta-analysis of prospective cohort studies investigating the association of fish, n-3 LCPUA and 
incidence of elevated blood pressure by Yang et al. [16] showed that circulating n-3 CLPUFA was 
inversely associated with the incidence of elevated blood pressure with the summary risk ratio (SRR)  
of 0.67 (95% CI 0.55, 0.83) and DHA SRR of 0.64 (95% CI 0.45-0.88). This meta-analysis suggests that 
people with high levels of circulating n-3 LCPUFA (and especially DHA) have 43% (and 46% in the case 
of DHA) reduction in elevated blood pressure. 

Nagayama et al. [17] showed that DHA, but not EPA suppressed the expression of monocyte 
chemotactic protein-1 (MCP-1) in arterial strips isolated from rats. They showed that DHA generated 4-
hydroxy hexenal (4-HHE) which is an end product of n-3 CLPUFA which also suppressed MCP-1 
expression. In contrast, DHA, EPA and 4-HHE stimulated MCP-1 expression in vascular smooth muscle 
cells. This apparent dual effect of n-3 LCPUFA on the regulation of MCP-1 expression warrants further 
investigation, but does highlight that DHA may be important in the pathogenesis of atherosclerosis. 

DHA has been shown to have a beneficial effect on cognition throughout the lifespan which is 
explained in the review by Weiser et al. [18]. Van der Wurff et al. [19] showed that typically developing 
Dutch adolescents with high omega-3 index had improved cognition; specifically information processing 
and fewer errors due to increased attention. Lauritzen et al.’s [20] review on DHA effects on brain 
development and function, highlights the importance of DHA for optimal visual acuity development and 
the role of DHA in slowing cognitive decline, but also demonstrating beneficial effects of DHA through 
childhood and adult life. 

Liu et al. [21] has shown that dietary DHA intake correlates with plasma erythrocyte and breastmilk 
levels of DHA in lactating women from various areas of China. The coastal areas have higher DHA 
intakes resulting in higher plasma, erythrocyte and breastmilk DHA levels. The opposite is true for inland 
areas of China. The median intake of DHA is 24 mg DHA per day (coastland), 14 mg DHA per day in 
Lakeland areas and only 9 mg DHA per day in inland areas of China. These results suggest that people 
who consume fish/seafood have higher DHA levels not only in their own circulation, but also in their 
breastmilk. 

The Australian population is not meeting the recommended intakes for n-3 LCPUFA with only 
approximately 20% of the population meeting these recommended intakes [22]. Approximately 10% of 
women of childbearing age [22] are meeting the recommended intake of at least 200 mg DHA per  
day [23-29]. 

Ghasemifard et al. [30] compared a constant daily dose versus a once a week large ‘spike’ dose of  
n-3 LCPUFA in a rat based study. They showed that the large spike dose resulted in greater deposition of 
the n-3 LCPUFA in various tissues compared to the daily constant dose (when expressed as percent of 
total intake). This was due to less B-oxidation, and greater deposition rather than increased excretion of  
n-3 LCPUFA. This study suggests that a large dose of n-3 LCPUFA (from either supplements or the 
consumption of an oily fish meal once a week) may be better than daily smaller doses of n-3 LCPUFA in 
terms of increasing the n-3 LCPUFA status. 

Fayet-Moore et al. [31] has developed four models, namely: (1) fish only; (2) fish, meat, eggs and 
enriched foods; (3) meat, eggs and enriched foods; and (4) enriched food only for vegetarian diets to meet 
the recommended intakes for n-3 LCPUFA. The easiest way to meet the recommended intakes for n-3 
LCPUFA is through the consumption of fish and seafood. For vegetarians, there are other sources of n-3 
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LCPUFA and they include seaweed and algal oil supplements. 
Barbara Meyer 

Special Issue Editor 
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Abstract: The recommendations on the intake of long chain omega-3 polyunsaturated fatty acids
(n-3 LC-PUFA) vary from eating oily fish (“once to twice per week”) to consuming specified daily
amounts of eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA) (“250–500 mg per day”). It
is not known if there is a difference in the uptake/bioavailability between regular daily consumption
of supplementsvs. consuming fish once or twice per week. In this study, the bioavailability of a daily
dose of n-3 LC-PUFA (Constant treatment), representing supplements, vs. a large weekly dose of n-3
LC-PUFA (Spike treatment), representing consuming once or twice per week, was assessed. Six-week
old healthy male Sprague-Dawley rats were fed either a Constant treatment, a Spike treatment
or Control treatment (no n-3 LC-PUFA), for six weeks. The whole body, tissues and faeces were
analysed for fatty acid content. The results showed that the major metabolic fate of the n-3 LC-PUFA
(EPA+docosapentaenoic acid (DPA) + DHA) was towards catabolism (β-oxidation) accounting for
over 70% of total dietary intake, whereas deposition accounted less than 25% of total dietary intake. It
was found that significantly more n-3 LC-PUFA were β-oxidised when originating from the Constant
treatment (84% of dose), compared with the Spike treatment (75% of dose). Conversely, it was found
that significantly more n-3 LC-PUFA were deposited when originating from the Spike treatment (23%
of dose), than from the Constant treatment (15% of dose). These unexpected findings show that a
large dose of n-3 LC-PUFA once per week is more effective in increasing whole body n-3 LC-PUFA
content in rats compared with a smaller dose delivered daily.

Keywords: bioavailability; EPA; DHA; DPA; metabolic fate; tissue deposition;
frequency of intake

1. Introduction

A vast body of literature exists on the effect of long chain omega-3 polyunsaturated fatty acids
(n-3 LC-PUFA) in the areas of infant development [1], cardiovascular disease, platelet aggregation [2],
cancer [3], dementia, Alzheimer’s disease, depression [4,5], and inflammation [6,7].

Recommendations for eicosapentaenoic acid (EPA; 20:5n-3) plus docosahexaenoic acid (DHA;
22:6n-3) intake have been put forth by several organizations globally, with ranges from 250 mg to
500 mg per day for adults with an additional 200 mg of DHA per day for pregnant and lactating
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women [8]. The recommendation for patients with coronary heart disease generally is 1 g EPA plus
DHA per day, and for patients with high triglycerides the recommendations range from 1.2 to 4 g EPA
plus DHA per day [8]. Some organisations, including the American Heart Association and Australian
National Health and Medical Research Council, recommend foods (oily fish) once to twice per week [9],
whereas others like the National Heart Foundation of Australia deal with nutrients daily based on
daily intake (250–500 mg per day of EPA plus DHA) [10]. Accordingly, despite the actual quantity
of recommended intake, it appears to be important to understand what feeding strategy, such as a
constant daily dose or large doses fewer times per week, is more efficient to fulfil dietary requirements
of EPA and DHA.

There are two human studies which have compared a constant daily dose of n-3 LC-PUFA vs.
twice weekly doses of n-3 LC-PUFA [11,12]. Harris et al. [11] compared the bioavailability of EPA
and DHA from twice weekly consumption of oily fish (3.40 g/week EPA + DHA) with daily fish-oil
capsule supplementation (3.37 g/week EPA + DHA) in a 16 week study in 23 women; they found
that there were no treatment differences in the EPA and DHA content of red blood cell membranes or
plasma phospholipids. Browning et al. [12] compared the bioavailability of EPA and DHA from fish oil
capsules (twice per week) with daily fish oil consumption. Male and female participants (n = 65) were
given capsules (containing 6.54 g of EPA and DHA per week) either twice weekly or daily for one year.
They found that there was no difference between treatments in the plasma phosphatidylcholine level
of EPA and DHA, but that there were significantly higher levels of EPA and DHA in platelets and
higher levels of EPA in mononuclear cells. Both studies used blood (plasma or red cell) levels of n-3
LC-PUFA as a proxy for bioavailability, which as discussed previously has significant limitations [13].

The aim of the present study was to compare the bioavailability and efficiency (as metabolic fate)
of the same amount of dietary n-3 LC-PUFA administered either as a constant daily dose (Constant
treatment)vs. a single weekly dose (Spike treatment). It was hypothesized that a single weekly dose of
n-3 LC-PUFA would not be as bioavailable as a continuous daily dose of n-3 LC-PUFA.

2. Materials and Methods

2.1. Diet and Study Design

This study was performed following the Australian code for the care and use of animals for
scientific purposes and approved by the Deakin University Animal Welfare Committee (G29-2012).

Forty eight 6-week old, sexually mature, healthy male Sprague-Dawley rats were purchased from
Animal Resources Centre, Western Australia. Rats were housed in pairs (2 rats per cage; 24 cages in
total) and acclimatised for a week on ad libitum normal chow diet. The 24 cages of rats were randomly
divided into four groups of six cages each. One group (six cages) was sacrificed via CO2 overdose
at day 0 for the baseline data. The other three groups (six cages each) were randomly allocated to
three different dietary treatments (feeding regimes), named “Control”, “Constant” and “Spike”. To
achieve these three different dietary treatments, three specifically formulated diets were designed and
manufactured to be iso-proteic, iso-lipidic (10% fat by weight, Speciality Feeds, Western Australia),
and named: “No n-3 LC-PUFA diet”, “Constant diet” and “Spike diet”. The “No n-3 LC-PUFA diet”
was formulated to contain no fish oil, and thus no n-3 LC-PUFA; the “Constant diet” was formulated
to contain 0.7% of fish oil (mixed fish oils), and the “Spike diet” was formulated to contain a 4.9% of
the same fish oil (a 7-fold higher level of n-3 LC-PUFA compared with the “Constant diet”) (Table 1).
Based on these three experimental diets, three different dietary treatments (feeding regimes) Control,
Constant and Spike were implemented. In the “Control” treatment rats were fed only with the “No
n-3 LC-PUFA diet”, in the “Constant” treatment rats were fed only with the “Constant diet”, and
in the “Spike” treatment the rats were fed 6 days/week with the “No n-3 LC-PUFA diet”, and one
day per week with the “Spike diet”. To ensure equal intake amongst dietary treatments during the
experimentation, animals were fed to fixed predetermined ration, which was adjusted weekly relative
to body weight, for 6 weeks. To determine the appropriate food ration, a preliminary short trial was
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implemented over a three-week period, where 15 rats of similar size were fed ad-libitum and total
feed consumption was recorded. Then, using a regression equation comparing body weight (BW), the
daily ration in grams, was estimated as:

Ration p% BWq “ ´0.0283BW ` 16.6 (1)

Therefore, the experimental design for the rats in the Constant and Spike treatments was to
consume exactly the same amount of fish oil (and therefore n-3 LC-PUFA) over a 7-day period, in
order to establish if there was a difference in whole body bioavailability between these two feeding
strategies (daily vs. weekly).

Throughout the 6-week trial period, the rats were weighed (twice per week), and faeces were
collected every day during the last two weeks. After the 6 weeks, the rats were humanely sacrificed
via CO2 overdose. Six rats from each treatment (one per cage) were used for analysis of whole body
lipids and the other six rats (one per cage) were used for the analysis of the individual tissue lipid
contents. The collected faeces, whole body and tissues (liver, heart, white gastrocnemius muscle and
perirenal adipose tissue) were analysed for fatty acid content.

Table 1. Experimental diet formulation, proximate composition and selected fatty acid concentrations.

Composition No n-3 LC-PUFA Diet Constant Diet Spike Diet

(a) Diet Formulation and Proximate Composition *
Diet formulation (%)
Sucrose 10.00 10.00 10.00
Casein (acid) 20.00 20.00 20.00
Starch 37.44 37.44 37.44
Dextrinised starch 13.20 13.20 13.20
Safflower oil 0.05 0.13 0.64
Palm oil 9.88 9.11 4.45
Linseed oil 0.07 0.06 0.01
Fish oil ** 0.00 0.70 4.90
Proximate Composition (mg/g of Diet)
Protein 194.00 194.00 194.00
Fibre 84.00 84.00 84.00
Fat 100.00 100.00 100.00
(b) Fatty Acid Concentration of the Diet After Formulation(mg/g of Diet)
16:0 43.00 38.50 26.40
18:0 4.00 3.81 3.10
18:1n-9 28.20 26.90 18.21
18:2n-6 7.71 7.82 7.20
20:4n-6 0.00 0.05 0.27
18:3n-3 0.50 0.50 0.30
18:4n-3 0.00 0.10 0.71
20:5n-3 (EPA) 0.00 0.90 4.50
22:5n-3 (DPA) 0.00 0.12 0.51
22:6n-3 (DHA) 0.00 0.60 2.92

EPA (eicosapentaenoic acid), DHA (docosahexaenoic acid), DPA (docosapentaenoic acid); * Diet formulation
and proximate composition reported from data from the feed company; ** Fish oil was a mixture of fish oils
used in diet manufacture. The mixture was made at the diet formulators premises before use; n-3 LC-PUFA,
long chain omega-3 polyunsaturated fatty acids.

2.2. Lipid Analysis

The whole body, tissues and faeces samples were homogenized, and the lipids extracted by
dichloromethane:methanol (2:1), a modification of the method described by Folch et al. [14]. Fatty acids
derived from the lipids were methylated using an acid-catalysed trans-methylation [15]. In brief, an
aliquot of fatty acids derived from the lipids plus a known amount of internal standard of tricosanoic
acid (C23:0 >99%; Nu-Chek Prep Inc., Elysian, MN, USA) were reacted with acetyl chloride/methanol
to form fatty acid methyl esters (FAME). The resulting FAME were separated, identified and quantified
using an Agilent Technologies 7890A gas chromatography system (Agilent Technologies; Santa Clara,
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CA, USA) equipped with a BPX70 capillary column (120 m, 0.25 mm internal diameter, 0.25 μm film
thickness; SGE Analytical Science, Melbourne, Australia), an Agilent Technologies 7693 autosampler, a
split injection system and a flame ionisation detector using established protocols [16].

2.3. Lipid and Fatty Acid Apparent Digestibility

Apparent digestibility of total lipid was measured according to Tou et al. [17] as ((lipid intake
´ faecal lipid)/(lipid intake)) ˆ 100. Similarly, apparent digestibility of individual fatty acids was
measured using the formula ((fatty acid intake ´ fatty acid excretion in faeces)/(fatty acid intake)) ˆ
100. Lipid intake was determined as diet consumed per week ˆ % lipid in the diet. Likewise, fatty
acid intake was determined as diet consumed per week ˆ % fatty acid in the diet. Faecal lipid and
fatty acids were determined as total faeces excreted per week (pooled 7 days faecal samples) ˆ % lipid
and % fatty acids in the faeces respectively.

2.4. Whole Body Fatty Acid Balance Method

The fatty acid metabolism of rats was determined using the Whole Body Fatty Acid Balance
Method, as conceived and described by Turchini et al. [18], with subsequent developments [19]. Briefly,
the first step of the method required that the net appearance or disappearance of each individual
fatty acid be determined by the difference between total fatty acid accumulation (=final fatty acid
content-initial fatty acid content) and the net fatty acid intake (=total fatty acid intake-fatty acid
excretion in faeces), as initially proposed by Cunnane’s group [20–22]. Then, after the transformation
of data from gram per animal per the duration of the trial to mol of fatty acid per gram of body
weight per day, the subsequent second step involved a series of backwards computations along all
the known fatty acid bioconversion pathways, therefore the fate of each individual fatty acid towards
bioconversion, β-oxidation or deposition was determined and quantified. Eventually, data relative to
apparent in vivo enzyme activity could be reported as nmol of enzyme’s product per gram of body
weight per day, and the in vivo metabolic fate (absorption, β-oxidation, bioconversion and deposition)
of each dietary fatty acid could be reported as a % relative to the dietary intake.

2.5. Statistical Analysis

All data are reported as mean ˘ SD (standard deviation) of the six cages per treatment (n = 6,
N = 18). The experimental unit was the cage (with two rats per cage). Significant differences between
experimental treatments were tested using one-way analysis of variance (ANOVA), assessing the
effects of diets, with an exception of using t-test for the n-3 LC-PUFA apparent digestibility (as only
two treatments were considered). Paired tests were performed with Tukey’s test. Statistical significance
was considered for p < 0.05. Data analysis was performed with Minitab Statistical Software (Version
16; Minitab Inc., State College, PA, USA).

3. Results

3.1. Feed and n-3 LC-PUFA Intake

As described in the methods, rats were fed to fixed predetermined ration, which was adjusted
weekly relative to body weight, for 6 weeks. Rats in the Control and Spike treatments consumed all the
diet provided each week; however, rats in the Constant treatment left some food uneaten, especially in
week three, and this was recorded and accounted for (Table 2).
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Table 2. Actual feed intake over the six weeks of the experiment in the three treatments.

Total Diet Intake (g/rat/6 weeks) Control Constant Spike

No n-3 LC-PUFA diet 938 ˘ 32 - -
Constant diet - 931 ˘ 44 804 ˘ 25

Spike diet - - 134 ˘ 11

Values are expressed as the mean ˘ SD of 6 cages per group; n-3 LC-PUFA, long chain omega-3 polyunsaturated
fatty acids.

An important result that has to be noted and carefully considered was the fatty
acid concentration of the experimental diets. Despite the prescribed formulation
with 0.7% of fish oil in “Constant diet”, and 4.9% fish oil in “Spike diet” (and
fish oil being the only source of dietary n-3 LC-PUFA), the resulting manufactured
diets had slightly different total amounts of n-3 LC-PUFA than expected (Table 1b).
The “Constant diet” recorded EPA + DHA + DPA = 1.6 mg/g of diet, and the “Spike diet”
recorded EPA + DHA + DPA = 8.0 mg/g of diet (a 5-fold difference, rather than the expected 7-fold
difference).

3.2. n-3 Fatty Acid Apparent Digestibility

The effect of Constant and Spike treatments on apparent digestibility is shown in Table 3. There
were small, but significant differences observed in EPA and DHA apparent digestibility between these
two treatments, which was higher in the Constant, compared with the Spike treatment. However, DPA
apparent digestibility was similar between Constant and Spike treatments.

Table 3. The effect of Constant and Spike treatments on the long chain omega-3 polyunsaturated fatty
acids (n-3 LC-PUFA) apparent digestibility.

Constant Spike p-Value

20:5n-3 (EPA) 99.4 ˘ 0.0 99.0 ˘ 0.9 0.021
22:5n-3 (DPA) 96.9 ˘ 1.0 96.5 ˘ 0.4 0.753
22:6n-3 (DHA) 98.8 ˘ 0.5 98.2 ˘ 0.2 0.042

Values are expressed as the mean ˘ SD of 6 cages per group; Control treatment not reported as no
n-3 LC-PUFAwas provided by the diet; EPA, eicosapentaenoic acid; DPA, docosapentaenoic acid; DHA,
docosahexaenoic acid.

3.3. Growth and Biometrical Parameters

There was no significant difference (p = 0.856) in the body weight of rats between the three
experimental treatments during the six weeks of the experiment. The average body weights (˘SD)
of animals in the Control, Constant and Spike treatments were 412 ˘ 6 g, 413 ˘ 6 g, and 409 ˘ 11 g
respectively, at the end of the experiment (Table 4).

In regard to the tissue weight, there was no significant difference in the tissue weight of rats
between the three dietary treatments at the end of the experiment. In addition, the Hepatosomatic
Index and Perirenal adipose-somatic index showed no significant difference in the Constant and Spike
treatment compared with the Control (Table 4).
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Table 4. The effect of Constant and Spike treatments on rat tissue weight and biometric parameters.

Weight (g) Control Constant Spike p-Value

Whole body 412.4 ˘ 6.2 412.6 ˘ 6.2 409.3 ˘ 10.8 0.714
Liver 17.9 ˘ 2.5 17.3 ˘ 2.1 17.0 ˘ 0.8 0.914
Heart 1.5 ˘ 0.2 1.5 ˘ 0.1 1.5 ˘ 0.1 0.547

Perirenal adipose 7.6 ˘ 2.9 6.8 ˘ 2.9 8.5 ˘ 1.9 0.225
Muscle 0.8 ˘ 0.1 0.7 ˘ 0.1 0.7 ˘ 0.1 0.856

HSI* 4.3 ˘ 0.6 4.2 ˘ 0.6 4.0 ˘ 0.3 0.432
PASI** 1.8 ˘ 0.7 1.7 ˘ 0.7 2.0 ˘ 0.4 0.543

Control, Constant and Spike treatments provided 0 mg, 9.2 mg and 8 mg per week of EPA + DPA + DHA,
respectively; Values are expressed as the mean ˘ SD of 6 cages per group; * HSI (Hepatosomatic Index, liver
weight/whole body weight ˆ 100); ** PASI (Perirenal adipose-somatic index, Perirenal adipose weight/whole
body weight ˆ 100).

3.4. Lipid Content of Rat Whole Body and Tissues

Whole body and tissue lipid content (mg/g tissue wet weight) of all rats at the conclusion
of the study were significantly higher compared with the baseline data (p < 0.001). There was no
significant difference in the total lipid content of the whole body or tissues between the three dietary
treatments (Table 5).

Table 5. Lipid content of tissues of rats fed the different experimental treatments.

Lipid Content Control Constant Spike p-Value

Whole Body (mg/g Whole Body) 133.7 ˘ 17.1 119.1 ˘ 12.6 111.4 ˘ 28.8 0.199
Tissues (mg/g Tissue)

Liver 53.3 ˘ 16.9 51.6 ˘ 6.4 51.1 ˘ 8.1 0.942
Heart 29.8 ˘ 2.6 28.8 ˘ 0.8 30.7 ˘ 1.4 0.168

Perirenal adipose 831.2 ˘ 89.4 893.0 ˘ 27.4 931.2 ˘ 67.9 0.640
Muscle 19.5 ˘ 3.5 20.0 ˘ 2.8 24.7 ˘ 8.0 0.209

Values are expressed as the mean ˘ SD of 6 cages per group.

3.5. The Fatty Acid Concentration of the Rat Whole Body and Tissues

As shown in Table 6, the whole body fatty acid concentration for rats that received the Constant
treatment was significantly higher for all n-3 LC-PUFA compared with rats on the Spike treatment at
the end of experiment (p < 0.05). In addition, n-6 PUFA concentrations were significantly lower in the
Spike compared with the Constant treatment at the end of the study period (p = 0.003). It should be
recalled that rats in the Spike treatment received a relatively smaller amounts of n-3 LC-PUFA each
week compared with the Constant treatment, because the manufactured diet slightly deviated from
expected final fatty acid concentration.
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Table 6. Selected fatty acid content of whole body (mg/g whole body) and tissues (mg/g tissue) from
rats fed different dietary treatments.

PUFA n-6 PUFA n-3 EPA DPA DHA EPA + DPA + DHA

Whole Body(mg/g Whole Body)

Control 11.23 ˘ 1.50b 0.83 ˘ 0.12a n.d 0.06 ˘ 0.01a 0.30 ˘ 0.08a 0.37 ˘ 0.09a

Constant 10.88 ˘ 1.12b 1.76 ˘ 0.08c 0.16 ˘ 0.02b 0.22 ˘ 0.02c 0.88 ˘ 0.06c 1.26 ˘ 0.08c

Spike 9.30 ˘ 1.38a 1.49 ˘ 0.13b 0.12 ˘ 0.02a 0.19 ˘ 0.02b 0.75 ˘ 0.05b 1.07 ˘ 0.07b

p-Value 0.003 0.001 0.001 0.001 0.001 0.001
Liver (mg/g Liver)

Control 7.1 ˘ 1.7b 1.1 ˘ 0.2a 0.03 ˘ 0.01a 0.05 ˘ 0.01a 0.61 ˘ 0.19a 0.68 ˘ 0.19a

Constant 5.7 ˘ 1.1a 2.2 ˘ 0.3b 0.31 ˘ 0.03b 0.14 ˘ 0.02b 1.47 ˘ 0.32b 1.92 ˘ 0.37b

Spike 7.8 ˘ 1.0b 2.6 ˘ 0.5b 0.28 ˘ 0.08b 0.19 ˘ 0.05c 1.72 ˘ 0.50b 2.20 ˘ 0.56b

p-Value 0.049 0.001 0.001 0.001 0.001 0.001
Heart (mg/g Heart)

Control 6.01 ˘ 0.34b 0.96 ˘ 0.08a 0.02 ˘ 0.01a 0.08 ˘ 0.00a 0.65 ˘ 0.07a 0.74 ˘ 0.07a

Constant 4.70 ˘ 0.32a 2.34 ˘ 0.13b 0.11 ˘ 0.01b 0.25 ˘ 0.03b 1.86 ˘ 0.11b 2.21 ˘ 0.13b

Spike 5.24 ˘ 0.39b 2.27 ˘ 0.23b 0.11 ˘ 0.00b 0.29 ˘ 0.03b 1.73 ˘ 0.21b 2.12 ˘ 0.20b

p-Value 0.001 0.001 0.001 0.001 0.001 0.001
Perirenal Adipose(mg/g Perirenal)
Control 4.6 ˘ 0.7a 0.3 ˘ 0.0a n.d 0.01 ˘ 0.01a 0.01 ˘ 0.00a 0.03 ˘ 0.01a

Constant 7.7 ˘ 2.6a 0.7 ˘ 0.2b 0.06 ˘ 0.02a 0.12 ˘ 0.06b 0.09 ˘ 0.03b 0.28 ˘ 0.09b

Spike 7.1 ˘ 0.6a 0.7 ˘ 0.1b 0.07 ˘ 0.01a 0.16 ˘ 0.03b 0.11 ˘ 0.04b 0.34 ˘ 0.06b

p-Value 0.543 0.001 0.001 0.001 0.001 0.001
Muscle (mg/g Muscle)

Control 3.37 ˘ 0.70b 0.92 ˘ 0.38a 0.08 ˘ 0.05a 0.09 ˘ 0.01a 0.34 ˘ 0.13a 0.51 ˘ 0.19a

Constant 2.37 ˘ 0.30a 1.36 ˘ 0.14b 0.14 ˘ 0.04b 0.15 ˘ 0.02b 0.92 ˘ 0.10b 1.22 ˘ 0.15b

Spike 2.91 ˘ 0.69b 1.47 ˘ 0.06b 0.13 ˘ 0.02b 0.21 ˘ 0.02c 0.95 ˘ 0.04b 1.30 ˘ 0.05b

p-Value 0.036 0.003 0.050 0.001 0.001 0.001

Values are expressed as the mean ˘ SD of 6 cages per group; a,b,c Values with different superscript letters in
each column differ significantly (p < 0.05); n.d = not detected.

Supplementation with n-3 LC-PUFA diets (both Constant and Spike treatments) led to a significant
increase (p < 0.005) in whole body EPA + DPA + DHAconcentrations compared with Control treatment
and the baseline data, by a factor of 50% increase, over the six weeks of the experiment (data not shown).

In terms of tissue concentrations, no significant differences were observed in EPA and DHA
concentration between these two feeding strategies in any of these four tissues. In contrast, rats on the
Spike treatment had significantly higher concentrations of DPA than those on the Constant treatment
in liver and muscle tissue, but not in heart or adipose tissue (Table 6).

Although EPA was the main n-3 LC-PUFA in the Constant and Spike diets, DHA was the
predominant n-3 LC-PUFA in all tissues analysed except perirenal fat. DPA was the next most
deposited n-3 LC-PUFA in tissues, except the in liver, where EPA levels were significantly higher than
DPA levels.

3.6. EPA, DPA and DHA—Mass Balance

Intake and excretion: The Constant treatment provided significantly more EPA, DPA and DHA to
rats compared with the Spike treatment over the duration of the experiment, as noted earlier. Rats under
the Constant treatment excreted significantly more DPA (p < 0.001) and less EPA (p < 0.001) and DHA
(p < 0.001) compared with those in the Spike treatment. In addition, n-6 PUFAintake and excretion
were higher in rats in the Constant compared with the Spike treatment.

Accumulation: The total n-3 LC-PUFA content in whole body in both n-3 enriched treatments over
the 6 weeks of the experiment was significantly higher compared with the Control treatment (p < 0.05),
with no effect between the two feeding strategies being observed (Table 7).

Appearance/disappearance: There was a net disappearance of all n-3 LC-PUFA over the duration of
the experiment (intake greater than accumulation) in both Spike and Constant treatments; with the
exception of the Control treatment where a small net appearance was observed, due to formation from
the dietary 18:3n-3 (Table 7). A statistically significant difference in the net disappearance of all n-3
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LC-PUFA were observed as a result of dietary treatment, with values for the Constant treatment being
higher than for the Spike treatment (p < 0.05).

Table 7. Selected fatty acids and fatty acid classes balance (mg/animal) in rats fed under the different
dietary treatments.

PUFA n-6 PUFA n-3 EPA DPA DHA EPA + DPA +DHA

Total Intake (mg/Animal)
Control 12812 ˘ 0 a 807 ˘ 0 a n.d n.d n.d n.d

Constant 14685 ˘ 84 c 4256 ˘ 24 c 1662 ˘ 10 b 237 ˘ 1 b 1104 ˘ 6 b 3003 ˘ 17 b

Spike 13115 ˘ 9 b 3161 ˘ 10 b 1208 ˘ 5 a 145 ˘ 1 a 779 ˘ 3 a 2132 ˘ 9 a

p-Value 0.001 0.001 0.001 0.001 0.001 0.001
Excretion (mg/Animal)
Control 84 ˘ 0 a 4 ˘ 0 a n.d n.d n.d n.d

Constant 64 ˘ 0 b 46 ˘ 0 c 10 ˘ 0 a 8 ˘ 0 b 13 ˘ 0 a 31 ˘ 0 a

Spike 84 ˘ 0 a 45 ˘ 0 b 12 ˘ 0 b 5 ˘ 0 a 14 ˘ 0 b 31 ˘ 0 b

p-Value 0.001 0.001 0.001 0.001 0.001 0.001
Net Intake (mg/Animal)
Control 12728 ˘ 0 a 807 ˘ 0 a n.d n.d n.d n.d

Constant 14621 ˘ 84 c 4210 ˘ 24 c 1652 ˘ 9 b 230 ˘ 1 b 1090 ˘ 6 b 2972 ˘ 17 b

Spike 13031 ˘ 9 b 3117 ˘ 10 b 1196 ˘ 5 a 140 ˘ 1 a 764 ˘ 3 a 2101 ˘ 9 a

p-Value 0.001 0.001 0.001 0.001 0.001 0.001
Initial Body Content (mg/Animal)
Control 1331 ˘ 79 a 167 ˘ 10 a 4 ˘ 0 a 18 ˘ 1 a 44 ˘ 3 a 66 ˘ 4 a

Constant 1292 ˘ 107 a 162 ˘ 13 a 3 ˘ 0 a 18 ˘ 1 a 43 ˘ 4 a 64 ˘ 5 a

Spike 1274 ˘ 75 a 160 ˘ 9 a 3 ˘ 0 a 18 ˘ 1 a 42 ˘ 3 a 63 ˘ 4 a

p-Value 0.236 0.127 0.118 0.090 0.417 0.236
Final Body Content (mg/Animal)

Control 5183 ˘ 1214 a 386 ˘ 108 a 3 ˘ 3 a 28 ˘ 9 a 144 ˘ 67 a 175 ˘ 76 a

Constant 4450 ˘ 384a 723 ˘ 28 b 66 ˘ 25 b 89 ˘ 30 b 360 ˘ 27 b 616 ˘ 36 b

Spike 4930 ˘ 1042 a 801 ˘ 204 b 67 ˘ 15 b 100 ˘ 21 b 416 ˘ 133 b 582 ˘ 168 b

p-Value 0.346 0.001 0.001 0.001 0.001 0.001
Accumulation (mg/Animal)

Control 3852 ˘ 1285 a 219 ˘ 117 a n.d 9.5 ˘ 10 a 100.2 ˘ 69 a 109 ˘ 80 a

Constant 3158 ˘ 227 a 561 ˘ 26 b 63 ˘ 9 a 71 ˘ 9 b 317 ˘ 28 b 452 ˘ 38 b

Spike 3656 ˘ 1045 a 641 ˘ 204 b 63 ˘ 15 a 82 ˘ 21 b 373 ˘ 133 b 519 ˘ 168 b

p-Value 0.476 0.001 0.001 0.001 0.001 0.001
Appearance/Disappearance (mg/Animal)

Control ´8876 ˘ 1285 a ´584 ˘ 117 a 0.3 ˘ 3 a 10 ˘ 10 a 100 ˘ 69 a 109 ˘ 80 a

Constant ´11463 ˘ 441 a ´3649 ˘ 34 c ´1589 ˘ 13 c ´158 ˘ 9 c ´772 ˘ 23 c ´2520 ˘ 30 c

Spike ´9375 ˘ 1043 a ´2475 ˘ 198 b ´1133 ˘ 13 b ´58 ˘ 21 b ´391 ˘ 131 b ´1582 ˘ 162 b

p-Value 0.871 0.001 0.001 0.001 0.001 0.001

Values are expressed as the mean ˘ SD of 6 cages per group; a,b,c Values with different superscript letters differ
significantly in each column (p < 0.05); n.d = not detected; PUFA (polyunsaturated fatty acid) n-6: 18:2n-6,
20:2n-6, 22:2n-6, 18:3n-6, 20:3n-6, 20:4n-6, 22:4n-6, 24:4n-6, 24:5n-6, 22:5n-6; PUFA n-3: 18:3n-3, 20:3n-3, 22, 3n-3,
18:4n-3, 20:4n-3, 20:5n-3, 22:5n-3, 24:5n-3, 24:6n-3, 22:6n-3.

3.7. EPA, DPA and DHA Apparentin Vivo Metabolism

The Whole Body Fatty Acid Balance Method allowed the calculation of apparent in vivo fatty acid
metabolism (excretion, β-oxidation, bioconversion and deposition) as shown in Table 8. The two most
important pathways identified for the n-3 LC-PUFA in this study were β-oxidation and deposition,
which together accounted for more than 98% of the apparent in vivo metabolism (Table 8).

Based on calculation, the main fate of EPA, DPA and DHA in both n-3 LC-PUFA supplemented
treatments was β-oxidation, except for DPA in rats fed the Spike treatment where deposition was
observed as the main fate. β-oxidation was approximately 95% for EPA, while for DPA and DHA it
ranged between 40% to 70%. There was a significant effect of the dietary treatment on the β-oxidation
for EPA, DPA and DHA, which was higher for rats fed the Constant compared with Spike treatment.

Apart from β-oxidation, deposition was the next main fate of the EPA and DHA in both treatments
and DPA in the Constant treatment. In the case of EPA, deposition amounted to less than 6% of the
total metabolic activity, whereas in the case of DPA and DHA, deposition accounted for between 30%
to 56% and 28% to 48%, respectively, depending on treatment (Table 8). The whole body deposition
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of all n-3 LC-PUFA was significantly higher (p < 0.05) in rats fed the Spike treatment compared with
those fed the Constant treatment.

For EPA and DHA there were very similar trends between Spike and Constant treatments (for
both treatments: β-oxidation > deposition > excretion); however, this was not the case for DPA
since for the Constant treatment β-oxidation > deposition > excretion, while for the Spike treatment
deposition > β-oxidation > excretion. DPA was likely not further bio-converted to other n-3 LC-PUFA
(namely 24:5n-3, 24:6n-3 or DHA) in any treatment. In the control group, 18:3n-3 was bioconverted at a
significantly higher rate compared with the other two treatments.

The n-6 fatty acid β-oxidation, bioconversion and deposition were similar between all three
dietary treatments. However, the n-6 fatty acid excretion was significantly higher (p < 0.001) in the
Spike compared with the Constant treatment. In the Constant and Spike treatments mostly 18:3n-6
and 20:4n-6 were bioconverted, 20:3n-6 was bioconverted only in the Spike treatment. In the Constant
treatment, mostly 18:2n-6 and 20:4n-6 were deposited while in the Spike treatment, more n-6 fatty
acids (18:2n-6, 20:4n-6, 22:4n-6, 22:5n-6) were deposited in the rat’s whole body (data not shown).

Table 8. Metabolic fate of fatty acid (% of the intake) in rats under the three dietary treatments.

PUFA n-6 PUFA n-3 EPA DPA DHA
EPA + DPA +

DHA

Excreted (% of Intake)
Control 0.65 ˘ 0.00 c 0.52 ˘ 0.00 a n.d n.d n.d n.d

Constant 0.43 ˘ 0.00 a 1.07 ˘ 0.00 b 0.57 ˘ 0.00 a 3.18 ˘ 1.01 a 1.23 ˘ 0.50 a 1.00 ˘ 0.00 a

Spike 0.62 ˘ 0.00 b 1.40 ˘ 0.00 c 1.02 ˘ 0.00 b 3.52 ˘ 0.00 b 1.84 ˘ 0.00 b 1.44 ˘ 0.00 b

p-Value 0.001 0.001 0.001 0.001 0.001 0.001
β-Oxidised (% of Intake)
Control 69.78 ˘ 9.75 a 74.81 ˘ 12.84 a n.d n.d n.d n.d

Constant 78.23 ˘ 2.74 a 86.30 ˘ 0.74 a 95.66 ˘ 0.57 b 66.61 ˘ 3.62 b 69.98 ˘ 2.43 b 84.44 ˘ 1.20 b

Spike 71.80 ˘ 7.83 a 79.29 ˘ 6.11 a 93.78 ˘ 1.24 a 40.00 ˘ 14.60 a 50.21 ˘ 17.01
a 75.14 ˘ 7.49 a

p-Value 0.096 0.081 0.012 0.008 0.037 0.001
Bio-Converted (% of Intake)

Control 4.90 ˘ 2.81 b 15.72 ˘ 10.10 b n.d n.d n.d n.d
Constant 1.56 ˘ 0.08 a 0.16 ˘ 0.02 a n.d n.d n.d n.d

Spike 3.07 ˘ 1.60 a,b 0.05 ˘ 0.08 a n.d n.d n.d n.d
p-Value 0.026 0.001 - - - -

Deposited (% of Intake)
Control 24.67 ˘ 7.05 a 8.95 ˘ 3.28 a n.d n.d n.d n.d

Constant 19.78 ˘ 2.70 a 12.47 ˘ 0.75 a 3.76 ˘ 0.57 a 30.21 ˘ 3.87 a 28.79 ˘ 2.43 a 14.51 ˘ 1.21 a

Spike 24.51 ˘ 6.32 a 19.26 ˘ 6.04 b 5.24 ˘ 1.24 b 56.50 ˘ 14.60 b 47.9 ˘ 17.0 b 23.42 ˘ 7.49 a

p-Value 0.269 0.002 0.033 0.008 0.042 0.034

Values are expressed as the mean ˘ SD of 6 cages per group. a,b,c Values with different superscript letters differ
significantly in each column (p < 0.05); n.d = not detected; PUFA (polyunsaturated fatty acid) n-6: 18:2n-6,
20:2n-6, 22:2n-6, 18:3n-6, 20:3n-6, 20:4n-6, 22:4n-6, 24:4n-6, 24:5n-6, 22:5n-6; PUFA n-3: 18:3n-3, 20:3n-3, 22:3n-3,
18:4n-3, 20:4n-3, 20:5n-3, 22:5n-3, 24:5n-3, 24:6n-3, 22:6n-3.

The apparent in vivo enzyme activities (expressed as mmol of product per g of body weight
per day) are reported in Table 9. The apparent total elongase activity and desaturase activities (Δ-5
Desaturase and Δ-6 Desaturase) were similar in rats under the Constant and the Spike treatment. The
apparent Δ-9 Desaturase enzyme activity was higher in rats under the Spike treatment compared with
those on the Constant treatment.
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Table 9. Apparent in vivo enzyme activities in rats fed the three dietary treatments.

ź Elongase
ź Δ-9

Desaturase
ź Δ-6

Desaturase

Δ-6
Desaturase

for n-6

Δ-6
Desaturase

for n-3

ź Δ-5
Desaturase

Δ-5
Desaturase

for n-6

Δ-5
Desaturase

for n-3

Control 629 ˘ 335 b 1305 ˘ 245 c 298 ˘ 192 b 228 ˘ 142 b 69 ˘ 49 227 ˘ 147 b 195 ˘122 b 31 ˘ 24
Constant 97 ˘ 15 a 375 ˘ 134 a 48 ˘ 4 a 48 ˘ 4 a n.d 56 ˘ 5 a 56 ˘ 5 a n.d

Spike 219 ˘ 146 a 722 ˘ 240 b 114 ˘ 67 a,b 114 ˘ 67 a,b n.d 108 ˘ 61 a,b 108 ˘61 a,b n.d
p-Value 0.001 0.001 0.006 0.012 - 0.017 0.025 -

Values are expressed in mmol/g/day as the mean ˘ SD of 6 cages per group; a,b,c Values with different
superscript superscript letters differ significantly in each column (p < 0.05); n.d = not detected. The Greek letter
capital sigma (Σ) indicates summation.

4. Discussion

The present study sought to examine the whole body bioavailability and efficiency (as n-3
LC-PUFA metabolic fate) of the same overall dose of n-3 LC-PUFA, provided from the same source
(fish oil), at the same overall weekly dose, but at different frequencies: dailyvs. weekly. It was found
that the growth of the animals was not different between treatments and no mortalities were recorded
amongst the three experimental treatments (Constant, Spike and Control). There were significant
but small differences in the excretion of the n-3 LC-PUFA between the Spike and Constant treatment
groups, which are unlikely to be nutritionally relevant.

The results obtained by simply comparing tissue FA concentrations (mg/g tissue) were interesting,
but they are admittedly of limited value towards achieving a better understanding of n-3 LC-PUFA
“bioavailability”. While the dietary intake of n-3 LC-PUFA provided by the two diets were similar,
but not identical, there were some differences between treatments that might be independent of the
difference in dietary intake. For example, the DPA concentration in liver and muscle was significantly
greater in the Spike treatment than in the Constant treatment, despite the dietary DPA intake being
significantly greater for the Constant treatment. This has no obvious explanation, but reveals that
metabolic processing of dietary n-3 LC-PUFA is more complex than simply looking at dietary intake
values or tissue levels.

A much greater and more accurate understanding of the actual metabolic fate of n-3 LC-PUFA
provided by different oils can be achieved by observing the results of the Whole Body Fatty Acid
Balance Method, which takes into account, and thus balances out, any differences in dietary intake.

This data showed that the major metabolic fate of the n-3 LC-PUFA (EPA + DPA + DHA) was
towards catabolism (β-oxidation) accounting for over 70% of total dietary intake, whereas deposition
accounted less than 25% of total dietary intake. It was found that significantly more n-3 LC-PUFA
were β-oxidised when originating from the Constant treatment (84% of dose), compared with the
Spike treatment (75% of dose). Conversely, it was found that significantly more n-3 LC-PUFA were
deposited when originating from the Spike treatment (23% of dose), than from the Constant treatment
(15% of dose). This result suggests that the n-3 LC-PUFA provided by the Spike treatment were more
deposited (bioavailable), compared with those provided by the Constant treatment.

The differences in β-oxidation and deposition were not the same for each of EPA, DPA and DHA
for either the Spike or Constant treatment. That is, EPA was more extensively β-oxidised than DPA
and DHA on both treatments, but the differences between the 20 carbonand the 22 carbon PUFA were
accentuated in the Spike treatment. In the case of β-oxidation, the Constant/Spike ratios were 1.7
for DPA and 1.4 for DHA, but only 1.0 for EPA. In terms of deposition, the Constant/Spike ratios
were 0.5 for DPA, 0.6 for DHA, and 0.7 for EPA. This suggests that EPA is preferentially directed
towards β-oxidation almost independent of whether the EPA is provided daily or once per week. This
is consistent with data showing high affinity of EPA to catabolism (β-oxidation) in animal models [23].
It has been reported using Wistar rats that EPA-CoA was a good substrate for mitochondrial carnitine
acyl-transferase-I and DHA was a poor substrate for both mitochondrial and peroxisomal β-oxidation,
which could explain the high rate of β-oxidation for EPA [23].
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In contrast to EPA, it would appear that DHA and DPA are somewhat spared from β-oxidation
when consumed, as observed previously [24] but especially when a large dose of dietary n-3 LC-PUFA
is provided weekly. This is consistent with the finding of Kaur et al. [24] in rodents who showed, using
radiolabelled EPA, DPA and DHA in rats, that six hours after dosing 19% of the EPA was β-oxidized
and expired as CO2 compared with 5% in case of DPA and 7% of DHA. However, these data do not
shed any light on why providing a bolus dose of n-3 LC-PUFA leads to a greater partitioning of DPA
and DHA towards deposition. With the Spike treatment, it is therefore possible to speculate that this
“flood” of n-3 LC-PUFA could have saturated the capacity of the mitochondria to β-oxidise any extra
DPA and DHA, resulting in a greater retention and deposition of these fatty acids in tissues.

To our knowledge, this is the first study to compare the whole body bioavailability of n-3 LC-PUFA
in rats fed a constant daily dosevs. a larger and less frequent dose of the same dietary source of n-3
LC-PUFA. From the two available human studies comparing a weekly dose of n-3 LC-PUFA with
daily dose, only one study used the same source of n-3 LC-PUFA (capsules not fish meal) [12]. Both
studies used blood levels (plasma, platelets or mononuclear cells) as a proxy for bioavailability. The
limitations of these studies include a failure to provide the dose adjusted on a body weight basis, the
failure to measure excretion and the failure to measure the EPA and DHA levels in the red blood cells
(which are widely regarded as the best measure of EPA + DHA tissue status). Furthermore, because of
the known high level of variability in the response of subjects to the same dose of fish oil (as noted
by Kohler et al. [25]), these studies have limitations because the data was not adjusted for by gender,
body weight or exercise level [26]. In the present rat study, rats were fed to fixed predetermined ration,
which was adjusted weekly relative to body weight, for 6 weeks which helped to reduce the variability
of the results achieved, increased the statistical power of the test (greater than 80% for the vast majority
of data recorded), and ultimately contributed to obtaining more robust, substantiated and more easily
interpretable findings.

The possible difference in bioavailability of n-3 LC-PUFA when provided in different edible
sources has received some research attention. Specifically, the blood levels of n-3 LC-PUFA derived
from daily fish oil capsules compared with either adaily fish meal or daily fish oil enriched food have
been reported in a few studies [27–30].

In the current study, the Constant and the Spike treatment showed lower levels of apparent in vivo
enzyme activity for elongase, Δ6 and Δ5 desaturase compared with the Control treatment. Lower Δ6
desaturase activity with fish oil feeding has been previously reported [31]; however, there is no data
looking at a weeklyvs. daily dose to compare with. These desaturases and elongases are required
for the biosynthesis of LC-PUFA and their inter-conversion. High availability of these fatty acids
in Constant and the Spike treatment can act via a negative feedback control mechanism and reduce
the gene transcription rate and the actual activity of the desaturase and elongase enzymes in these
treatments, possibly via sterol regulatory element binding protein (SREBP-1c) [32,33]. On the other
hand, the lack of n-3 LC-PUFA intake in the diet of the Control rats has likely increased their elongase
and desaturase enzyme activities in order to increase endogenous n-3 LC-PUFA synthesis. Dietary
n-3 LC-PUFA deprivation has previously been shown to upregulate liver mRNA levels of Δ6 and Δ5
desaturases as well as activities of Δ6 and Δ5 desaturases [34,35].

Overall, there were no significant differences in the assessed enzyme activities between the
Spike and Constant treatments, with the exception of Δ9 desaturase (required for the biosynthesis of
monounsaturated fatty acids), which was significantly higher in the Spike treatment.

Admittedly, one of the limitations of the present study includes being an animal study in male rats.
Nevertheless, these preliminary, novel and highly interesting findings warrant further investigations,
and in particular the need to be substantiated by conducting appropriate trials in humans. It is worth
noting that the dose of n-3 LC-PUFA used in the Constant treatment equates to 1012 mg/day for a
70 kg human [36], which is in the range of human recommendations for these fatty acids. Another
limitation, as previously mentioned, was that the slightly different total amounts of n-3 LC-PUFA
administered by the two n-3 LC-PUFA enriched dietary treatments used in this study. However, these
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differences are relatively minimal, and unlikely to be responsible of any major modification in the
overall n-3 LC-PUFA metabolism, and have been accounted for in the Whole Body Fatty Acid Balance
Method. A third limitation is that these results do not apply to comparative effects of consumption
of daily fish oil capsules vs. a sporadic meal with fish or seafood, since the study investigated the
bioavailability of the same food source of n-3 LC-PUFA; but this was intentional to exclude the possible
effect of the matrix (food source) of the dietary n-3 LC-PUFA.

In conclusion, our data show that there was a significantly greater deposition of the n-3 LC-PUFA
associated with a single large dose of dietary n-3 LC-PUFA compared with the smaller daily doses
in rats, due to less β-oxidation and greater deposition, and not due to differences in excretion
(digestibility). The results from this animal study provide a suitable platform for future human
studies aimed at developing substantiated evidence for advising consumers on the most efficient way
to increase their n-3 LC-PUFA status.These findings suggests that a large dose of n-3 LC-PUFA once
per week is more effective in increasing whole body n-3 LC-PUFA content compared to a smaller dose
delivered daily. This observation, if validated in humans, could have remarkable effects on the possible
development of more effective and sustainable utilisation strategies of these limited and metabolically
important nutrients, currently derived primarily from the dwindling oceanic fish stocks.
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Abstract: Eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA) are increased in plasma
lipids and blood cell membranes in response to supplementation. Whilst arachidonic acid (AA)
is correspondingly decreased, the effect on other fatty acids (FA) is less well described and there
may be site-specific differences. In response to 12 months EPA + DHA supplementation in doses
equivalent to 0–4 portions of oily fish/week (1 portion: 3.27 g EPA+DHA) multinomial regression
analysis was used to identify important FA changes for plasma phosphatidylcholine (PC), cholesteryl
ester (CE) and triglyceride (TAG) and for blood mononuclear cells (MNC), red blood cells (RBC) and
platelets (PLAT). Dose-dependent increases in EPA + DHA were matched by decreases in several n-6
polyunsaturated fatty acids (PUFA) in PC, CE, RBC and PLAT, but were predominantly compensated
for by oleic acid in TAG. Changes were observed for all FA classes in MNC. Consequently the n-6:n-3
PUFA ratio was reduced in a dose-dependent manner in all pools after 12 months (37%–64% of
placebo in the four portions group). We conclude that the profile of the FA decreased in exchange
for the increase in EPA + DHA following supplementation differs by FA pool with implications for
understanding the impact of n-3 PUFA on blood lipid and blood cell biology.

Keywords: EPA and DHA supplementation; n-3 fatty acid; n-6 fatty acid; fatty acid displacement;
plasma fatty acid fractions; blood cell fatty acids

1. Introduction

A diet rich in oily fish containing high concentrations of the long-chain omega-3 (n-3)
polyunsaturated fatty acids (PUFA) eicosapentaenoic acid (EPA; 20:5n-3) and docosahexaenoic acid
(DHA; 22:6n-3) has been associated with health benefits, particularly a reduced risk of cardiovascular
disease [1,2]. Studies with EPA and DHA in supplemental form report a wide range of effects on
cardiovascular risk factors amongst other outcomes [2,3] that may explain the benefits of oily fish.
EPA and DHA have been used clinically as an adjuvant therapy to prevent secondary myocardial
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infarction [4], to lower plasma triglycerides [5] and to prevent or alleviate inflammatory conditions
including asthma, eczema and rheumatoid arthritis [6] with varying degrees of success [1–3]. Whilst
not fully elucidated, the mechanisms underlying the health benefits of EPA and DHA, and of oily
fish, have been partially attributed to EPA and DHA displacing other fatty acids (FA), notably the
omega-6 (n-6) PUFA arachidonic acid (AA; 20:4n-6), in phospholipids of cell membranes [7]. Indeed, it
has been well established that in response to supplementation with EPA and DHA, these fatty acids
are incorporated in increased amounts into plasma phospholipids [8] and cell membranes including
those of platelets [9], mononuclear cells [7], red blood cells [8,10] and other cells such as those of the
myocardium [11]. This increased content of EPA and DHA in cell membranes alters the physical
properties of the membrane such as its fluidity, which can impact on receptor migration and lipid
raft formation, and alter cell signalling pathways which in turn influence cell and tissue responses
linked to metabolism, hormone sensitivity, immune function and so on [12]. Furthermore, a decrease
in cell membrane AA content and an increase in EPA and DHA alters the balance of eicosanoid
and cytokine production from a generally pro-inflammatory profile to a less inflammatory and even
inflammation resolving profile [7]. Because of the opposing actions of AA and of EPA and DHA in
inflammation, immunity and blood clotting, there has been considerable focus on the ability of EPA
and DHA to decrease the AA content of blood and cellular lipids. This has drawn attention away from
effects that EPA and DHA might have on the content of other FA in blood lipids, cells and tissues.
Consequently, the effect of increased EPA and DHA intake (and incorporation) on the proportions of
FA other than AA in different plasma lipids and blood cells is not well described. It is possible that
there are cell-specific differences in the FA that EPA and DHA replace which has implications for the
metabolic and functional effects of EPA + DHA supplementation.

We previously reported the patterns of increased EPA and DHA incorporation seen in different
plasma lipids and blood cells when individuals increased their intake of those fatty acids over the
course of 12 months [13]. We now report the patterns of change in other FA observed in this study; we
report findings for plasma phosphatidylcholine (PC), cholesteryl esters (CE) and triglycerides (TAG)
and for blood mononuclear cells (MNC), red blood cells (RBC) and platelets (PLAT).

2. Experimental Section

2.1. Original Trial

Data used for this analysis were from a two-centre study examining changes in FA profiles
of various blood and tissue fractions in response to 12 months supplementation equivalent to
the amounts of marine n-3 PUFA provided by 0, 1, 2 and 4 portions of oily fish per week
(one portion = 1.5 g EPA + 1.77 g DHA) [13]. Placebo capsules of high oleic sunflower oil balanced the
intake of active capsules. The study was registered at www.controlled-trials.com as ISRCTN48398526
and is described in detail elsewhere [13]. All procedures were approved by the Suffolk Local Research
Ethics Committee (approval 05/Q0102/181), and written informed consent was obtained from all
participants. The study participants were all non-oily fish consumers and were stratified by age and
sex [14], had a BMI range of 18.5–34.9 (median = 25.2) kg/m2 and were all described as healthy.

Background diet was monitored by participants completing unweighed 4-day diet diaries
recording intakes as estimated portions over three weekdays and one weekend day at 0, 6 and
12 months of the intervention period. At the nine study visits over the 12 month study period,
participants were also asked specific questions relating to cooking oils and spreads and white fish
consumption. Data were analysed using an in-house database [15] and, as reported previously, there
were no significant differences between groups or between time points for total reported energy or
macronutrient intake [13]. Compliance to the intervention was assessed by return of capsule blister
packs and was high (mean: 98.1%; IQR: 2.2) as previously reported [13].

For this analysis, data for blood samples taken at baseline and after 12 months of supplementation
were used. The preparation and analysis of samples has been described previously [13]. Briefly,
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plasma was prepared from fasting blood collected into heparin and the plasma lipid was further
separated into the major fractions phosphatidylcholine (PC), cholesteryl esters (CE) and triglycerides
(TAG) by solid-phase extraction on aminopropylsilica cartridges. Mononuclear cells (MNC) and red
blood cells (RBC) were isolated from heparinised blood and platelets (PLAT) from citrated blood. FA
were analysed as FA methyl esters by gas chromatography, performed on a Hewlett Packard 6890
gas chromatograph fitted with a BPX-70 column (30 m ˆ 0.22 mm ˆ 0.25 μm). The instrument was
controlled by, and data were collected using, HPChemStation (Hewlett-Packard Co., Amsterdam,
The Netherlands). Full details of lipid extraction methodology, FA methyl ester formation, and gas
chromatography running conditions may be found elsewhere [13]. FA methyl esters were identified by
comparison of retention times with those of authentic standards run previously [13]. FA are expressed
as weight percentage of total fatty acids present in the lipid pool.

2.2. Data Analysis

Multinomial linear regression analysis was used to identify the important FA associated with the
change in EPA and DHA. Median values for change in the proportion of the 37 FA within each pool
were ranked. A threshold median change of 0.1% was set for each pool for inclusion in the model as an
indication of potential change in proportion of FA in response to the intervention. A higher threshold
of 0.2% median change was used for MNC and PLAT as the model was saturated by the inclusion
of a large number of FA using a median change cut-off of 0.1%. A correlation matrix was used for
each pool to identify highly correlated (r > 0.7) FA. In these situations only a single FA was added into
the model at a time, in order to prevent colinearity destabilising the model, but both of the FA were
considered important in further analyses. A multinomial regression model was built with change in
EPA and DHA as the dependent variables and the FA which exceeded the threshold for each lipid pool
as predictors. Other variables including age, sex and dietary change were tested as covariates. From
this initial model a backward elimination procedure was used to find a more parsimonious model in
order to identify the FA most influential in the change in EPA and DHA in each lipid pool.

In order to visualise patterns in FA classes which are important in each FA pool and the relative
magnitude of FA changes, linear combinations were calculated of the coefficients of associations of
each FA with EPA and with DHA for all the FA identified in each pool. The combined coefficient
represents the change in EPA + DHA for a one unit increase in FA; therefore a FA which has a small
magnitude of change has a large coefficient. In order to visualise the relative magnitude of FA changes
the reciprocal of the combined coefficient was calculated and compared for each pool.

To determine whether the identified FA were reduced in a dose-dependent manner according to
the EPA + DHA supplementation, the effect of dose on the change in each FA was assessed by linear
regression analysis. Age and sex, and change in dietary fats (total SFA, MUFA, n-6 PUFA or n-3 PUFA)
were tested as covariates in each model and retained if they had an effect.

The effect of the dose on the change in total n-6:n-3 PUFA ratio from baseline to 12 months in each
of the pools was determined by mixed effect models adjusted for age and sex. The overall effect of
dose over the 12 month visit was tested by a chi test (3 df) contrast of marginal linear predictions from
mixed models for each pool.

All data were analysed with Stata version 13 (StataCorp, TX, USA). In all cases a value of p < 0.05
was taken to indicate statistical significance.

3. Results

3.1. Prevalence of FA in the Different Pools at Baseline

The relative proportions of FA in the different pools at baseline are shown in Table 1. The five
most prevalent FA in each pool (palmitic acid (PA; 16:0), stearic acid (SA; 18:0), oleic acid (OA; 18:1n-9),
linoleic acid (LA; 18:2n-6), and AA) are consistent between blood cells (MNC, PLAT, RBC). These five
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most abundant fatty acids make up 74%–91% of the total FA in each pool but differ in proportions
between pools. PA, OA and LA, which are the most abundant FA in the average Western diet, are
strongly represented in every lipid pool examined. AA is one of the most abundant FA in the blood
cells and in plasma PC and CE. The n-6:n-3 PUFA ratio was high in plasma CE (median 37.3), low in
RBC (5.44) but comparable in all other pools (MNC: 12.1; PLAT: 13.8; plasma PC: 15.0; plasma TAG
12.0). The AA:EPA + DHA ratio was higher in MNC (median 5.93) than in other pools (PLAT: 3.23;
RBC: 2.22; plasma PC: 2.05; plasma CE: 4.09; plasma TAG: 1.65).

Table 1. Relative abundance of fatty acid (FA) in each lipid pool at baseline.

Fatty Acid MNC PLAT RBC CE PC TAG

10:0 0.14 (0.25) 0.03 (0.05) 0.00 (0.07) 0.06 (0.04) 0.00 (0.00) 0.00 (0.00)
12:0 0.05 (0.16) 0.08 (0.08) 0.00 (0.00) 0.06 (0.04) 0.00 (0.00) 0.06 (0.15)
13:0 0.03 (0.11) 0.00 (0.00) 0.00 (0.00) 0.13 (0.14) 0.00 (0.00) 0.00 (0.13)
14:0 0.41 (0.35) 0.74 (0.40) 0.25 (0.12) 0.49 (0.38) 0.27 (0.14) 1.49 (1.09)

14:1n-9 0.16 (0.21) 0.06 (0.09) 0.00 (0.00) 0.04 (0.02) 0.00 (0.00) 0.08 (0.10)
15:0 0.19 (0.14) 0.18 (0.07) 0.09 (0.14) 0.15 (0.07) 0.15 (0.21) 0.27 (0.08)
15:1 0.14 (0.36) 0.07 (0.21) 2.21 (1.99) 0.05 (0.03) 0.05 (0.03) 0.05 (0.04)
16:0 18.2 (2.94) 20.7 (2.54) 19.3 (1.83) 11.3 (1.14) 28.9 (1.80) 25.6 (3.89)

16:1n-7 1.13 (1.44) 1.97 (1.14) 0.38 (0.19) 2.80 (1.74) 0.70 (0.35) 3.49 (1.50)
17:0 0.32 (0.20) 0.26 (0.06) 0.27 (0.08) 0.07 (0.08) 0.35 (0.10) 0.30 (0.13)

17:1n-8 0.30 (0.37) 0.91 (0.90) 4.05 (0.63) 0.05 (0.05) 0.19 (0.11) 0.19 (0.10)
18:0 17.4 (4.95) 8.67 (3.07) 16.2 (1.27) 0.76 (0.25) 12.8 (1.39) 3.07 (1.02)

18:1n-9t 1.94 (1.33) 0.17 (0.07) 0.16 (0.22) 1.31 (0.43) 1.55 (0.32) 2.44 (0.62)
18:1n-9c 16.2 (2.75) 19.9 (3.55) 13.1 (1.45) 19.1 (2.66) 11.2 (1.69) 39.8 (3.96)
18:2n-6t 0.00 (0.19) 0.14 (0.12) 0.21 (0.26) 0.00 (0.00) 0.00 (0.00) 0.00 (0.00)
18:2n-6c 11.4 (9.04) 25.1 (7.42) 9.93 (1.94) 51.7 (6.42) 22.4 (3.76) 16.6 (5.63)
18:3n-6 0.20 (0.33) 0.43 (0.25) 0.09 (0.16) 0.95 (0.58) 0.11 (0.08) 0.34 (0.23)
18:3n-3 0.22 (0.30) 0.62 (0.31) 0.32 (0.33) 0.56 (0.25) 0.22 (0.15) 1.00 (0.49)

20:0 0.53 (0.62) 0.26 (0.19) 0.10 (0.16) 0.13 (0.05) 0.15 (0.07) 0.28 (0.16)
20:1n-9 0.60 (1.00) 0.35 (0.33) 0.36 (0.22) 0.06 (0.09) 0.20 (0.10) 0.29 (0.14)
20:2n-6 0.46 (0.60) 0.20 (0.07) 0.22 (0.18) 0.07 (0.05) 0.34 (0.11) 0.15 (0.09)
20:3n-3 0.04 (0.19) 0.10 (0.06) 0.15 (0.27) 0.00 (0.00) 0.00 (0.22) 0.00 (0.00)
20:3n-6 1.88 (1.42) 1.63 (0.50) 1.75 (0.56) 0.76 (0.26) 3.30 (1.11) 0.29 (0.14)
20:4n-6 16.0 (9.19) 9.54 (4.18) 15.5 (2.14) 6.59 (2.10) 9.55 (2.39) 1.55 (0.82)
20:4n-4 0.22 (0.50) 0.00 (0.00) 0.00 (0.00) 0.08 (0.04) 0.18 (0.11) 0.07 (0.11)
20:5n-3 0.57 (0.46) 1.00 (0.52) 1.42 (1.12) 0.91 (0.64) 1.05 (0.57) 0.22 (0.41)

21:0 0.30 (0.50) 0.13 (0.17) 0.37 (0.46) 0.03 (0.04) 0.06 (0.09) 0.00 (0.00)
22:0 0.18 (0.32) 0.23 (0.10) 0.20 (0.24) 0.00 (0.03) 0.03 (0.14) 0.00 (0.00)

22:2n-6 0.07 (0.21) 0.00 (0.00) 0.00 (0.00) 0.00 (0.00) 0.00 (0.00) 0.00 (0.08)
22:4n-6 0.76 (1.00) 0.46 (0.40) 2.80 (0.89) 0.03 (0.04) 0.34 (0.19) 0.14 (0.07)
22:5n-3 1.48 (0.84) 0.88 (0.26) 3.11 (0.60) 0.07 (0.08) 0.95 (0.28) 0.30 (0.43)
22:5n-6 0.37 (0.74) 0.13 (0.05) 0.47 (0.23) 0.04 (0.04) 0.23 (0.18) 0.17 (0.22)
22:6n-3 1.86 (0.76) 1.97 (0.71) 5.34 (1.88) 0.63 (0.34) 3.47 (1.51) 0.72 (0.46)

23:0 0.04 (0.17) 0.05 (0.07) 0.00 (0.00) 0.00 (0.00) 0.00 (0.00) 0.00 (0.26)
24:0 0.60 (1.16) 0.10 (0.05) 0.38 (0.13) 0.00 (0.00) 0.00 (0.00) 0.00 (0.00)

24:1n-9 0.20 (0.28) 0.00 (0.00) 0.00 (0.00) 0.04 (0.04) 0.25 (0.14) 0.00 (0.13)

Data are median (IQR). The five most prevalent FA in each pool are indicated in bold. MNC (mononuclear cells);
PLAT (platelets); RBC (red blood cells); CE (plasma cholesteryl esters); PC (plasma phosphatidylcholine); TAG
(plasma triglycerides).

3.2. Change in FA Profile in Each Lipid Pool

The FA identified by the multinomial models to be important for change in EPA and DHA are
shown for plasma lipid pools in Figure 1a and for blood cells in Figure 1b. The FA displaced in PC
were predominantly n-6 PUFA, whereas in TAG they were predominantly MUFA and SFA, and in
CE SFA, MUFA and n-6 PUFA were all displaced following EPA and DHA supplementation. In RBC
the FA predominantly decreased were n-6 PUFA, in PLAT predominantly SFA and n-6 PUFA, while
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in MNC there were a range of changes in FA from all classes. Docosapentaenoic acid (DPA; 22:5n-3)
increased in most pools (plasma PC and TAG, RBC and MNC) with increased EPA and DHA intake.

Figure 1. Patterns of modelled changes in fatty acids which occur with the increase in eicosapentaenoic
acid (EPA) and docosahexaenoic acid (DHA) in (a) plasma and (b) blood cell fatty acid pools. Linear
combinations of the co-efficients from the multinomial linear regression models were calculated for
each fatty acid important for the change in EPA + DHA. As a small regression coefficient for the fatty
acid of interest reflected a large change in the outcomes EPA + DHA and vice versa the data are the
reciprocal of the co-efficients in order to portray the magnitude of effect, and this is presented in
arbitrary units. Fatty acids are grouped according to class to depict the patterns of change in fatty acids
for each pool.

3.3. Effect of Dose of EPA and DHA on the Change in Identified FA in Each Pool

The effect of the dose of EPA + DHA supplementation on the change in FA identified by
the multinomial models is shown for each lipid pool in Figure 2. In plasma PC (Figure 2a)
there was a clear dose response such that OA and three n-6 PUFAs (LA, di-homo-γ-linolenic
acid (DGLA; 20:3n-6 and AA) were decreased in relation to an increasing dose (and increasing
incorporation) of EPA + DHA. In plasma CE (Figure 2b) the n-6 PUFAs LA, γ-linolenic acid
(GLA; 18:3n-6) and DGLA (when taking into account the change in dietary n-6 PUFA) decreased
in a dose-dependent manner with increasing EPA + DHA. There was a dose-dependent decrease in
OA, but this was not seen when changes in dietary MUFA intake were accounted for. PA was also
increased in a dose-dependent manner in CE. In plasma TAG (Figure 2c) the only dose-dependent
decreases were in MUFA (palmitoleic acid (POA; 16:1n-7) and OA). In RBC there was a significant
dose-response decrease in the n-6 PUFAs DGLA, AA and docosatetraenoic acid (DTA; 22:4) (Figure 2d).
In PLAT DGLA was decreased and there was also a trend (p = 0.09) for DTA to be decreased in a
dose-dependent manner (Figure 2e). In both PLAT and MNC OA increased, but the magnitude of the
increase was inversely proportional to dose. There was also a pattern for LA to be increased in MNC
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and PLAT in an inverse dose-responsive manner, although this was not significant (Figure 2d,e). DPA
was increased in a dose-dependent manner in the four pools in which it was identified as an important
contributor to change in EPA and DHA.

3.4. Impact of EPA and DHA Supplementation on the FA Profile

Although EPA and DHA increased in all pools, the most abundant FA remained the same as at
baseline, even though the proportions of these FA were often changed. The only exception was in
plasma CE, where EPA displaced POA at the highest intake of EPA + DHA as one of the five most
abundant FA (at 12 months, EPA mean: 3.49, SD: 1.03; POA mean: 2.81, SD: 1.20).

The increase in EPA, DPA and DHA and the decrease in n-6 PUFAs resulted in a significant
decrease in the n-6:n-3 PUFA ratio in each of the FA pools (Table 2). The ratio was decreased in the
four portions group to 37%–64% compared to the placebo group across the FA pools (Table 2).

The AA:EPA + DHA ratio was also lower in all pools, such that after 12 months of the four
portions dose the median values were MNC: 2.53; PLAT: 1.11; RBC: 1.13; plasma PC: 0.81; plasma CE:
1.21; plasma TAG: 0.40.

Table 2. The n-6:n-3 PUFA ratio in the 0 portions group and differences by dose in the change in the
ratio after 12 months of EPA + DHA supplementation.

n-6:n-3
PUFA Ratio

Change in n-6:n 3 PUFA Ratio ; Overall Effect of Dose
at 12 Months (p)

0 Portion Value : 1 Portion 2 Portion 4 Portions

Plasma PC 14.4 ˘ 0.59
´3.32 ´5.41 ´7.48

<0.0001(´4.90, ´1.73) (´7.06, ´3.77) (´9.09, ´5.87)

Plasma CE 35.5 ˘ 1.50
´7.54 ´14.5 ´20.7

<0.0001(´11.5, ´3.51) (´18.7, ´10.4) (´24.8, ´16.6)

Plasma TAG 10.0 ˘ 0.49
´1.35 ´2.88 ´4.59

<0.0001(´2.65, ´0.05) (´4.23, ´1.54) (´5.90, ´3.27)

RBC 4.90 ˘ 0.27
´0.82 ´1.31 ´1.81

<0.0001(´1.54, ´1.04) (´2.06, ´0.55) (´2.54, ´1.07)

PLAT 15.3 ˘ 0.70
´4.17 ´6.56 ´9.76

<0.0001(´5.69, ´2.64) (´8.13, ´4.99) (´11.3, ´8.22)

MNC 16.2 ˘ 0.69
´3.20 ´6.24 ´8.71

<0.0001(´5.04, ´1.36) (´8.15, ´4.33) (´10.6, ´6.85)

Mixed-effects models for the change in n-6:n-3 PUFA ratio in each pool adjusted for age and sex. The overall
effect of dose over the 12 month visit by 3df chi test contrast of marginal linear predictions from mixed model is
presented for each pool. : 0 portion values are mean ˘ standard error; ; Adjusted mean differences (95% CI)
between groups at 12 months calculated in the mixed effects models.
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Figure 2. Cont.

Figure 2. Mean change in key fatty acids in response to 12 months supplementation of EPA + DHA
equivalent to 0, 1, 2 or 4 portions of fish per week in different plasma and blood cell pools. The observed
mean ˘ SE change from baseline in the fatty acids identified as important in relation to change in EPA
+ DHA in the multinomial regression models in (a) Plasma PC; (b) Plasma CE; (c) Plasma TAG; (d)
RBC; (e) PLAT; (f) MNC. The effect of dose was tested by linear regression models for each fatty acid.
Each model was tested with and without age and sex which were included as covariates if significant.
Change in dietary SFA, MUFA, n-3 PUFA or n-6 PUFA where relevant were also tested to determine if
change in diet influenced the change in fatty acids with EPA + DHA dose. Significant effects of dose
detected in these models are shown as: * p < 0.05; ** p < 0.01; *** p < 0.0001; : Effect of dose (p = 0.05)
only when taking into account the change in dietary n-6 PUFA from baseline to 12 months; ; Effect of
dose (p < 0.05) is no longer significant when taking into account the effect of change in dietary MUFA.
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4. Discussion

In this study we show that the dose dependent incorporation of EPA and DHA following 12
months supplementation is matched by dose dependent decreases in other FA in all pools, but that the
FA that change differ between pools. For the plasma fractions PC and CE, EPA and DHA predominantly
displaced a range of n-6 PUFAs, whereas it was predominantly the MUFA OA which was displaced in
TAG. In blood cells EPA and DHA displaced a range of n-6 PUFA, including but not limited to AA in
RBC and PLAT, whereas in MNC a number of FA changes occurred across all classes of FA.

Decreases in n-6 PUFA were the most important compensatory FA changes in response to the
increase in EPA and DHA in many pools and this was reflected in a change in total n-6:n-3 PUFA ratio
in all pools. An increase in EPA and DHA intake equivalent to a dietary change of four portions of oily
fish per week will reduce the n-6:n-3 PUFA ratio by around half in all of the FA pools. This effect on the
n-6:n-3 PUFA ratio has been reported consistently from long-term (12 month) high dose („10 g/day)
n-3 PUFA supplementation [16] to comparatively low dose (0.8 g/day) n-3 PUFA for a comparatively
short supplementation period of 10 weeks [17].

AA decreased in most pools, but significant dose-dependent decreases in AA were only observed
in plasma PC and in RBC, although prominent non-dose dependent decreases were also observed in
PLAT and MNC. There has been a longstanding interest in compensatory decreases in AA following
EPA and DHA supplementation, due to the role of AA as a primary precursor of eicosanoids [7]. AA is
one of the five most abundant FA in most of the pools, whereas significant dose-dependent changes of
a comparable magnitude also were observed for DGLA in plasma PC and CE, RBC and PLAT where
it was 3–10 fold less abundant, meaning these changes may have more biological impact. DGLA is
itself important for eicosanoid synthesis and regulation of pathways involving other bioactive lipid
compounds [7,18]. A significant decrease in DGLA but not AA was previously reported following
supplementation with 3 g/day long chain n-3 PUFA for 10 weeks [17]. This was accompanied by
a decrease in AA-derived pro-inflammatory mediators in plasma [17]. Likewise changes in other
low abundance n-6 PUFA (Adrenic acid (AdA; 22:4n-6) in RBC and PLAT, and GLA in plasma CE)
may be of biological importance. Changes to these other n-6 PUFA in response to EPA and DHA
supplementation are not widely reported in the literature.

The AA:EPA + DHA ratio was higher in MNC than other blood cell types. This ratio may
reflect the importance of AA as a precursor for eicosanoids involved as mediators and regulators of
inflammation and the immune response [7]. Although AA:EPA + DHA was decreased in all lipid
pools with increasing EPA + DHA intake, the decrease may have especially pronounced effects on the
function of MNC and PLAT, where AA serves important roles as an eicosanoid precursor. The changes
in the ratio of AA:EPA + DHA observed with increased consumption of EPA + DHA are strongly
linked to the impact of the latter on inflammation [7] and thrombosis [2,3].

In addition to compensatory decreases in n-6 PUFA seen in most pools, prominent changes in
MUFA and SFA were also observed in plasma TAG, plasma CE, MNC and PLAT. A FA profile change
from MUFA or particularly SFA to n-3 PUFA is likely to have structural effects on membranes altering
fluidity [19] and lipid raft formation with subsequent effects on membrane receptor function and cell
signalling [12]. Thus these changes in FA class are also of interest, particularly in PLAT and MNC.
Changes in FA class of membranes have not been consistently shown in response to EPA and DHA
supplementation as summarised by Hodson et al. [20] although many previous studies tended to be of
shorter duration (ď12 weeks).

A pattern was evident in PLAT and MNC for OA and LA and in plasma CE for OA to be increased
in an inverse dose-dependent manner (although this was not significant for LA), such that the increase
was lowest for the highest dose of EPA and DHA. This is most likely explained by OA and LA
provided by the placebo capsules, where the dose provided was inversely proportional to EPA and
DHA (0 portions: 10.41 g OA + 1.92 g LA per week; four portions: 24.3 g OA + 4.48 g LA per week).
A wide range of changes including increases in a number of SFA were noted in MNC. The incorporation
of n-3 PUFA into the MNC membranes may have stimulated a number of FA changes in the membranes

22



Nutrients 2015, 7, 6281–6293

of these cells in order to maintain a constant membrane fluidity. It has previously been suggested that
increased incorporation of n-3 PUFA into phospholipid membranes triggered changes in phospholipid
class in cell membranes in order to maintain constant membrane fluidity [21]. There were clearly
different patterns of FA displacement with the different pools studied here. In addition to a potential
impact on membrane fluidity, altered FA composition of cell membranes can influence formation of
lipid rafts and the activity of various types of membrane proteins and can alter signalling pathways
that ultimately control cell and tissue responses linked to metabolism, hormone sensitivity, lipid
mediator production, and function [12]. Thus, the FA changes described here are likely to be of
functional relevance.

As this was a placebo-controlled trial, the potential impact of the high oleic sunflower oil placebo
capsules (see Browning et al. [13] for full composition details) must be considered in the interpretation
of the FA changes. Whilst this placebo was chosen to have minimal impact on FA composition of target
lipid pools by closely mimicking the habitual diet, the inverse dose-response increase in OA (and trend
in LA) noted in some pools indicate a potential impact. It is possible that changes in LA may also
impact on changes in other n-6 PUFA. Dietary changes in FA would also contribute to changes in FA
profiles and we attempted to account for this in our analyses. Although dietary data were collected
at the start and the end of the 12 month study, these data only included total FA classes rather than
individual FA contributions. Furthermore, this dietary information was captured by a four day food
diary, which is not a robust indicator of habitual food intake. Whilst these measures, plus an additional
assessment of diet conducted halfway through the trial, indicated no substantial changes in dietary
habits at these three discrete time points [13], small changes in dietary fat intake in the intervening
periods would none-the-less have an impact on the FA profile.

5. Conclusions

The profile of the FA decreased in compensation for the increase in EPA and DHA following
supplementation differs by FA pool, and this may have important biological implications beyond the
previously reported decreases in AA.
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Abstract: α-Linolenic acid (ALA) is the precursor of docosahexaenoic acid (DHA) in humans,
which is fundamental for brain and visual function. Western diet provides low ALA and
DHA, which is reflected in low DHA in maternal milk. Chia oil extracted from chia
(Salvia hispanica L.), a plant native to some Latin American countries, is high in ALA
(up to 60%) and thereby is an alternative to provide ALA with the aim to reduce DHA
deficits. We evaluated the modification of the fatty acid profile of milk obtained from
Chilean mothers who received chia oil during gestation and nursing. Forty healthy pregnant
women (22–35 years old) tabulated for food consumption, were randomly separated into two
groups: a control group with normal feeding (n = 21) and a chia group (n = 19), which
received 16 mL chia oil daily from the third trimester of pregnancy until the first six months
of nursing. The fatty acid profile of erythrocyte phospholipids, measured at six months of
pregnancy, at time of delivery and at six months of nursing, and the fatty acid profile of the
milk collected during the first six months of nursing were assessed by gas-chromatography.
The chia group, compared to the control group, showed (i) a significant increase in ALA
ingestion and a significant reduction of linoleic acid (LA) ingestion, no showing modification
of arachidonic acid (AA), eicosapentaenoic acid (EPA) and DHA; (ii) a significant increase
of erythrocyte ALA and EPA and a reduction of LA. AA and DHA were not modified;
(iii) a increased milk content of ALA during the six months of nursing, whereas LA showed a
decrease. AA and EPA were not modified, however DHA increased only during the first three
months of nursing. Consumption of chia oil during the last trimester of pregnancy and the first three
months of nursing transiently increases the milk content of DHA.

Keywords: pregnancy and nursing; chia oil; erythrocyte phospholipids; ALA and DHA in milk
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1. Introduction

Several studies have established the important physiological role of n-3 fatty acids in infant
growth and development, especially their importance for neuronal and visual development [1,2].
n-3 Fatty acids are a family of essential nutrients derived from alpha linolenic acid (C18:3 n-3,
ALA), the precursor of the physiologically active n-3 long-chain polyunsaturated fatty acids (n-3
LCPUFA), eicosapentaenoic acid (C20:5, EPA) and docosahexaenoic acid (C22:6, DHA) [3]. ALA is
an essential nutrient for humans, and its deficiency produces neurological alterations in infants [4]
and dermatological disorders in adults [5]. Through a series of enzymatic reactions of elongation and
desaturation, which occurs mainly in the liver, ALA is first transformed into EPA and then to DHA,
which is the main metabolic end product. DHA is involved in multiple functions in the human body
where it exerts a central role in the physiological and normal development of the individual from
the embryonic stage on [6]. Accretion of DHA is critical during pregnancy and during the first year
of life in humans, because the fatty acid is essential for the formation and function of the nervous
and visual systems [7]. DHA comprises 10% of the dry weight of the human brain, the fatty acid
making up 35%–40% of the total brain LCPUFA [8]. In the nervous tissue, and particularly in the brain,
DHA is critical to all aspects of neurodevelopment and brain function, including neurogenesis, neurite
proliferation and growth, nerve impulse transmission via the sodium-potassium pump, neuronal
integrity and vitality, blood glucose transport and gene expression in the brain [9–11]. The pregnant
and nursing woman has a physiological requirement of n-3 LCPUFA, and specifically of DHA, to
assure the adequate and normal growth and development of the child [12]. Transformation of ALA
into its metabolic products (EPA and DHA) mainly occurs in the hepatic tissue through enzymatic
processes of elongation and desaturation [13]. EPA is primarily directed to the formation of eicosanoid
derivatives, which have anti-inflammatory actions and regulatory effects on endothelial vascular
activity [14]. Almost all the DHA is transported to the placenta during pregnancy and actively
accreted at the fetal brain and visual tissues [15]. After birth, DHA is provided to the newborn
through the maternal milk, which contains a small but significant amount of DHA (0.30%–0.32%) [16].
The Western diet provides very low amounts of DHA, because it only comprises small amounts
of the main suppliers of this fatty acid (marine foods) [17]. Therefore DHA supplementation for
women during pregnancy and nursing has been suggested [18]. However, this supplementation
is not easily accepted during the perinatal period because some nutritional supplements of DHA
are derived from fish oil of which mothers may show low tolerance [19]. Because ALA is the
nutritional precursor of DHA, it has been proposed that the ingestion of foods containing ALA may
compensate the chronically low ingestion of DHA by woman during the perinatal period, providing
that ALA be ingested in high enough amounts because of its low metabolic transformation to DHA
(less than 1%) [20]. A wide variety of vegetable oils having a high content of ALA (30%–65%) are
available at present, such as camelina oil (Camelina sativa L., 36%), perilla oil (Perilla frutescens L.,
53%), chia oil (Salvia hispanica L., 60%–65%), flaxseed oil (Linum usitatissimun L., 57%), sacha inchi oil
(Plukenetia volubilis L., 49%) [3]. These oils, which are produced and commercially available in many
countries, particularly in South America, are possibilities for dietary supplementation of ALA with the
aim of increasing the DHA levels in breast milk. Previous research of our group has demonstrated
that supplying ALA from chia oil to adult rats results in increased accretion of DHA in several tissues,
particularly in the liver and brain [21], suggesting an efficient transformation of ALA into DHA. Chia
seed and its oil have been very well characterized in their chemical composition and antioxidant
value [22]. In the present report we evaluated the effect of chia oil as the main daily source of ALA by
measuring the DHA content of erythrocyte phospholipids and breast milk obtained from women who
received the oil during a period of gestation and nursing.
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2. Subjects and Methods

2.1. Study Design and Subjects

The study was a randomized clinical trial that included 40 pregnant women currently attended at
the Obstetrical and Gynecology Health Service of the University of Chile Hospital. It was conducted
during the period from January 2012 to December 2013. Inclusion criteria were: an age of 22–35 years,
a gestational age of at least 22 to 25 weeks according to the date of the last menstrual period and
confirmed by ultrasound, 1–4 children and a history of successful nursing. Recruited women mainly
belonged to the low and middle socioeconomic status according to the European Society for Opinion
and Marketing Research (ESOMAR) [23]. All were of Hispanic origin. Women with a history of drugs
or alcohol consumption, a diet including polyunsaturated fatty acids (PUFA, ALA supplements) or
LCPUFA (EPA and or DHA supplements), with underweight as defined by the Chilean chart for
pregnant women [24], with a history of twins or of suffering from chronic diseases such as diabetes,
arterial hypertension, obesity, or other illness that could affect fetal growth, were excluded from
the study. At the time of recruitment, all women fulfilling the inclusion criteria were given general
information about the study, and a dietitian explained the objectives and main characteristics of the
study design. The study protocol was reviewed and approved by the Institutional Review Board of
the Faculty of Medicine, University of Chile (Protocol #073-2011) and by the Ethics Committee of the
Clinical Hospital, University of Chile (Protocol #507/11). All information regarding the study was
given to each participant who voluntarily agreed to participate and signed the informed consent.

During the first appointment for nutritional evaluations, the pregnant women were randomly
assigned to either the control group (n = 21) or to the experimental group that received the dietary
supplementation with chia oil (chia group, n = 19). The fatty acid profile and ALA content (65%–68%)
of the oil has previously been assayed by our group [21]. All the pregnant women received a
complete nutritional interview including nutritional diagnosis and counseling according to the dietary
guidelines for pregnant women. Both groups were counseled to have a controlled intake of vegetable
oil (sunflower/soybean oil, 80:20 v/v) at home. Each woman was given plastic teaspoons (4 mL) that
allowed measuring her consumption of vegetable oil. A previous study had demonstrated a good
tolerance of pregnant women of chia oil [25]. The specific indication for the control group was to
consume four teaspoons of uncooked vegetable oil per day (16 mL/day) mainly in salads at lunch and
dinner. The Chia group was instructed to replace their intake of usual oil with chia oil (16 mL/day;
10.1 g ALA/day). Women belonging to each group were given 4500 mL of each oil in 250 mL bottles.
The control and chia groups consumed the respective oils from the 6th month of pregnancy until the
6th month of nursing (total intervention: 9 months). All women received a dietary record to register
the daily consumption of vegetable oil and were visited weekly to assess oil consumption. Chia oil
obtained by cold pressing of chia seeds was a gift of Benexia Co. (Santiago, Chile).

2.2. Assessment of Nutritional Status

Participants were subject to a clinical evaluation when incorporated into the study. A physician
and a nurse assessed each participant regarding health following the standard clinical approach for
pregnant women. Anthropometric data of weight (kg) and height (m) were assessed to determine
body-mass index (BMI, kg/m2). BMI was then used to establish maternal nutritional status according
to gestational week following the Chilean reference [24]. Energy and nutrient requirements were
established according to WHO criteria [26] and recommended dietary intakes according to the
American Institute of Medicine, 2001 [27].

2.3. Dietary Intake of Mothers

All mothers were interviewed by a dietitian and asked to include all groups of consumed foods
at the entry of the study, during the first week after delivery and six-months after delivery using
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a food frequency questionnaire. In addition to the food frequency questionnaire, dietitians used a
photographic “Atlas of Commonly Consumed Foods in Chile” [28], a validated graphic instrument
that helps to estimate the amount of each food consumed. Dietary data from the food-frequency
questionnaire was grouped into nine food groups (cereals, fruits and vegetables, dairy, meats and
eggs, legumes, fish and shellfish, high-lipid foods, oils and fats, sugars and processed foods). Cereals
included all cereals and potatoes; fruits and vegetables included all kind of fruits, natural fruit juices
and vegetables; dairy products included milk, cheese, fresh cheese and yogurts; meats and eggs
included beef, chicken, pork and turkey meat, and all their derived products, and eggs; fish and
shellfish included mackerel, tuna, salmon and shellfish (fresh and freeze); legumes included beans,
chickpeas and lentils; high-lipid foods included olives, almonds, peanuts, walnuts, avocados, pistachios
and hazelnuts; oils and fats included vegetable oils (mainly sunflower/soybean, canola, grape seed
and olive oil) and fats (lard, butter, margarine, mayonnaise and cream); sugars and processes foods
included sugar, honey, jam, delicacy, soft drinks, artificial juices, chocolates, cookies and sweet and
savory snacks. Dietary data was analyzed using the software Food Processor SQL� (ESHA Research,
Salem, OR, USA), to calculate energy and nutrient intake. Diet composition was obtained using a
database from the USDA National Nutrient Database for Standard Reference, which also contained
information from locally generated nutrient composition data.

2.4. Collection of Blood and Breast Milk Samples

Blood samples were obtained at the entry of the trial, immediately after delivery and six months
after delivery. Butylated hydroxytoluene (BHT) was added to the blood samples as antioxidant and
the samples were immediately centrifuged to obtain the erythrocyte fraction (3000ˆ g for 10 min
at 20 ˝C) and then frozen at ´80 ˝C until further analysis. Breast milk (5 mL) was extracted by the
mothers themselves after the infant had been fed for at least 2 minutes and was collected in plastic
vials. Milk samples were immediately frozen at ´80 ˝C until further analysis. Frozen erythrocytes and
milk samples were transported to the Biochemical Nutritional Laboratory—Lipid Research Area at the
Department of Nutrition, Faculty of Medicine, University of Chile, for analytical procedures.

2.5. Fatty Acid Analysis

2.5.1. Lipids Extraction from Erythrocytes and Breast Milk

Quantitative extraction of total lipids from erythrocytes and breast milk was carried out according
to Bligh and Dyer [29] with the addition of BHT. Erythrocytes and breast milk samples were separately
mixed with ice-cold chloroform/methanol (2:1 v/v, containing 0.01% BHT), magnesium chloride was
added (0.5 N), and the mixture was homogenized in an Ultraturrax homogenizer (Janke & Kunkel,
Stufen, Germany). The total lipids extracted from erythrocytes and milk were separated by think layer
chromatography (TLC) (aluminum sheets 20 ˆ 20 cm, silica gel 60 F-254; Merck), using the solvent
system hexane/diethylether/acetic acid (80:20:1 v/v). After the development of the plates and solvent
evaporation, lipid spots were visualized by exposing the plates to a Camag UV (250 nm) lamp designed
for TLC. The solvent system allows the separation of phospholipids, triacylglycerols, cholesterol and
cholesterol esters according to their relative mobility. Spots corresponding to phospholipids were
scraped from TLC plates and extracted by elution with either diethylether or chloroform/methanol
(2:1 v/v), according to Ruiz-Gutierrez et al. [30].

2.5.2. Preparation of Fatty Acid Methyl Esters (FAMEs)

Fatty acid methyl esters (FAMEs) from erythrocyte phospholipids and milk fatty acids were
prepared according to Morrison and Smith [31]. Samples had previously been dissolved in
chloroform/methanol (2:1 v/v) and were then evaporated under nitrogen stream until the volume
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was halved, then boron trifluoride (12% methanolic solution) and sodium hydroxide (0.5 N methanolic
solution) were added and the mixture was cooled. FAMEs were extracted with 0.5 mL of hexane.

2.5.3. Gas Chromatographic Analysis of FAMEs

FAMEs were identified and quantified by gas-liquid chromatography in an Agilent equipment
(model 7890B, Santa Clara, CA, USA) equipped with a capillary column (Agilent HP-88, 100 m ˆ 0.250
mm; I.D. 0.25 μm) and flame ionization detector (FID). The injector temperature was set at 250 ˝C and
the FID temperature at 300 ˝C. The oven temperature at sample injection was initially set at 120 ˝C
and was programmed to increase to 220 ˝C at a rate of 5 ˝C per min. Hydrogen was utilized as the
carrier gas at a flow rate of 35 cm per second in the column, and the inlet split ratio was set at 20:1.
Identification and quantification of FAMEs were achieved by comparing the retention times and the
peak area% values of unknown samples to those of commercial lipid standard (Nu-Chek Prep Inc.,
Elysian, MN, USA). C23:0 was used as internal standard (Nu-Chek Prep Inc., Elysian, MN, USA) and
data was processed using the Hewlett-Packard Chemstation software system.

2.6. Statistical Analysis

Dietary data were checked by contrasting the energy/nutrient intake data composition with
dietary questionnaires, identifying potential outliers. In the case if outliers, a careful review of each
food frequency questionnaire was done. A descriptive analysis was conducted, and the analysis of
the variable’s distribution was done using a Shapiro–Wilk test. Results are expressed as the mean ˘
SD. Dietary nutrient intake and erythrocyte phospholipids and breast milk fatty acid composition
at the three sampling points of the intervention were compared through one-way ANOVA and
Newman-Keuls test. For all comparisons, statistical significance was set at α level ď0.05. The statistical
software used was SPSS v.15.0 (Chicago, IL, USA) and GraphPad Prism v. 6.0 (GraphPad Software,
San Diego, CA, USA) for figure processing.

3. Results

3.1. Background and Anthropometric Data of Groups

Table 1 shows the background and anthropometric data of the total sample and of each group.
The total sample was composed of young women (28.6 ˘ 5.8 years), mainly of middle socioeconomic
status (70.9%), and having very similar gestational periods, gender birth weight and height of their
children. No significant differences were observed for the chia group when compared the control
group for all background and anthropometric data.

Table 1. Background characteristics of both experimental groups.

Background characteristic
Group

Whole sample (n = 40) Control (n = 21) Chia (n = 19)

Age (mother), years a 28.6 ˘ 5.8 28.3 ˘ 6.7 29 ˘ 4.7
Pre-pregnancy weight, kg a 65.2 ˘ 11 65.9 ˘ 9.9 64.4 ˘ 12.4

Pre-pregnancy BMI, kg/m2 a 24.9 ˘ 4.2 24.8 ˘ 3.7 24.9 ˘ 4.8
SES *

High, % 13.9 19.0 5.3
Medium, % 70.9 66.7 73.7

29



Nutrients 2015, 7, 6405–6424

Table 1. Cont.

Background characteristic
Group

Whole sample (n = 40) Control (n = 21) Chia (n = 19)

Low, % 15.2 14.3 21.1
Gestational age at birth, weeks 38.6 ˘ 1.1 38.6 ˘ 1.1 38.7 ˘ 1.2

Gender, masc % 53.3 53.8 52.6
Birth weight, g 4065.2 ˘ 481.9 4013.2 ˘ 587.9 4136.5 ˘ 279.8

Birth height, cm 48.6 ˘ 3.5 49.1 ˘ 3.4 48.0 ˘ 3.6

Data are expressed as mean ˘ S.D., or percentage (%) when indicated. * SES: socioeconomic status assessed
by using the ESOMAR criteria [22]; BMI: body mass index = kg/m2. a Anthropometric measures taken at the
study enrollment.

3.2. Dietary Intake

The dietary intake of both groups is shown in Table 2. The energy and the macronutrient
intake (carbohydrate, protein and fat), including fiber, of both groups was similar, with no significant
differences. The exceptions were energy and carbohydrate consumption for the control group at the
start (6th month of pregnancy) and at the end of the study (6th month of nursing). Total saturated
fatty acid (SFA), monounsaturated fatty acid (MUFA) and polyunsaturated fatty acid (PUFA) ingestion
were also similar in both experimental groups. However, as a result of the intervention, significant
differences were observed for n-6, n-3 PUFA and some individual fatty acids (LA and ALA). At
the point of delivery and at 6th month of nursing, compared to 6th month of pregnancy (start of
intervention) a significant increase of ALA and a significant reduction of LA in the chia group was
observed as expected from the chia oil intake. n-6/n-3 ratios were also significantly modified by chia
oil ingestion. n-6 LCPUFA (AA) and n-3 LCPUFA (EPA and DHA) ingestion was not modified during
the intervention.

3.3. Fatty Acid Profile of Erythrocyte Phospholipids

Table 3 shows the fatty acid composition of erythrocyte phospholipids obtained from woman
during pregnancy and the nursing period. The first sampling (6th month of pregnancy) showed
no differences in the fatty acid profiles when control and chia groups were compared. However,
at the second sampling (at delivery) some significant differences were observed. Although total
SFA, total MUFA and total PUFA showed no modifications, differences were observed when
total n-6 and total n-3 PUFA and some individual fatty acids were compared. The chia group,
compared to the control group, showed a significant reduction in total n-6 PUFA, with LA
and AA not being modified. Total n-3 PUFA, ALA and EPA were increased in the chia
group, but DHA was not modified. The n-6/n-3 PUFA ratio was significantly reduced in
the chia group. The third sampling (6 months of nursing) showed similar levels for total
and individual fatty acids and for the n-6/n-3 ratio, as was observed for the second sampling
(at delivery).
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3.4. Fatty Acid Profile of Breast Milk

Total SFA, MUFA, PUFA, and total n-6 PUFA and n-3 PUFA of breast milk are shown in
Figure 1A–E. Total SFA (Figure 1A), total MUFA (Figure 1B) and total PUFA (Figure 1C) were not
modified during the dietary intervention with chia oil when compared to the control group. Total
n-6 PUFA (Figure 1D) were significantly reduced and total n-3 PUFA (Figure 1E) were significantly
increased after chia oil intake. Figure 2 shows the individual modification of the most relevant n-6 and
n-3 fatty acids and the n-6/n-3 PUFA ratio after chia oil intake. LA was significantly reduced in the
chia group (Figure 2A) whereas ALA was significantly increased (Figure 2B) during all the periods
of chia oil intake. AA (Figure 2C) and EPA (Figure 2D) were not modified in these groups. However,
DHA (Figure 2E) was significantly increased in the chia group only during the first, second and third
month of nursing, returning to values similar to the control group after the initial three-month period.
The n-6/n-3 PUFA ratio (Figure 2F) was significantly reduced in the chia group during the six months
of nursing.

Figure 1. Cont.
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Figure 1. Total fatty acid composition of breast milk from mothers during nursing. Saturated
fatty acids (SFA) (A); Monounsaturated fatty acids (MUFA) (B); Polyunsaturated fatty acids
(PUFA) (C); Total n-6 PUFA (D); Total n-3 PUFA (E). Data are expressed as g fatty acid
per 100 g FAME and represent the mean ˘ SD for n = 21 women (control group) and
n = 19 (chia group). Statistical significance (p < 0.05); *: indicates significantly different when comparing
the chia group with the control group for each month of nursing (t-test) and for all months of nursing
(One-way ANOVA and Newman-Keuls test). SFA correspond to 6:0, 8:0, 10:0, 12:0, 14:0, 16:0, 18:0, 20:0
and 22:0, 24:0. MUFA correspond to 14:1 n-5, 16:1 n-7 and 18:1, n-9. PUFA correspond to 18:2 n-6, 18:3
n-3, 20:4 n-6, 20:5 n-3, 22:5 n-3 and 22:6 n-3.

Figure 2. Cont.
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Figure 2. Individual fatty acid composition of breast milk from mothers during nursing.
18:2, n-6 (LA) (A); 18:3, n-3 (ALA) (B); 20:4, n-6 (AA) (C); 20:5, n-3 (EPA) (D); 22:6, n-3
(DHA) (E); (F). Data are expressed as g fatty acid per 100 g FAME and represent the
mean ˘ SD for n = 21 women (control group) and n = 19 (chia group). Statistical significance
(p < 0.05); *: indicates significant difference when comparing the chia group with the
control group for each month of nursing (t-test) and for all months of nursing (One-way
ANOVA and Newman-Keuls test). n-6 PUFA/n-3 PUFA ratio is (18:2, n-6 + 20:4, n-6)/(18:3,
n-3 + 20:5, n-3 + 22:5, n-3 + 22:6, n-3).

4. Discussion

Dietary fatty acid intake by pregnant and nursing women in the supplementation periods studied
is reflected in the fatty acid composition of erythrocyte phospholipids and also in the fatty acid
composition of breast milk. Differences in the composition of fatty acids are particularly relevant for
ALA, the precursor of n-3 LCPUFA, which in turn reflects the complex metabolism of polyunsaturated
fatty acids and their conversion (through elongation and desaturation) to fatty acids of 20 and more
carbon atoms [3,32]. In the same direction, our results demonstrate that ALA provided to pregnant and
nursing women through chia oil increases (i) ALA and EPA content of erythrocyte phospholipids and
(ii) ALA and DHA content of breast milk, but iii) does not modify DHA in erythrocyte phospholipids,
which reflects that ALA conversion to n-3 LCPUFA and posterior accretion to cells or biological
fluids, such as milk, is a highly regulated process [33]. Results for erythrocytes obtained from
the chia group are in line with earlier observations by Arterburn et al., (2006), who suggest that
these cells are not metabolic reservoirs for DHA, as opposed to other tissues, such as brain cortex,
sperm and retina [34]. However, erythrocytes are considered a good blood marker of the nutritional
status of fatty acids [35]. Lauritzen and Carlson [36] have proposed that the maternal erythrocyte
fatty acid profile during pregnancy and nursing is related to the fatty acid profile of the newborn’s
erythrocytes, which indicates an active role of the placenta during pregnancy and of breast milk during
nursing [37]. It has been previously demonstrated that dietary ALA intake increases EPA accretion in
erythrocytes [38]. However, it has been also demonstrated that ALA intake, supplied as sacha inchi
oil (49% ALA), increases both fatty acids, EPA and DHA, in erythrocytes [39,40], thus introducing
controversy regarding the metabolism of n-3 PUFA in humans.

During the six months of maternal milk analysis it was observed that daily intake of chia oil
allowed a higher and more constant content of ALA. Similarly, an equal behavior for DHA was
expected, as it is the product of the supposed continued transformation of ALA in the liver [41,42].
Both fatty acids are transported to the breast to be secreted in the milk [43]. Surprisingly, the increase
of DHA in milk was only observed during the first, second and third months of nursing, reaching
values similar to those of the control group after the third month of nursing in spite of the high and
continuous ingestion of ALA. EPA did not increase either, as it has been shown to occur in populations
were EPA ingestion via marine foods is high [34,44]. These observations lead to the hypothesis of a
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high control of the conversion of ALA to EPA and DHA, and of the presence of these fatty acids in
breast milk. Breast milk does not contain EPA because this fatty acid competes with AA [45]. This is
the reason why early formulas were enriched with DHA and AA from egg phospholipids excluding
EPA [46]. We hypothesize that the physiological control of the conversion of ALA to DHA is produced:
(i) through a high regulation in the activity of the enzymes involved in elongation and desaturation,
which set DHA at physiological concentrations [47]; (ii) through the beta oxidation of exceeding ALA
for energy production or carbon recycling [48]; (iii) due to the fact that excess of PUFA and LCPUFA
may increase milk susceptibility to oxidative rancidity with the risk of tissue oxidative stress in the
child, however this last proposal requires further demonstration.

Literature indicates that women’s breast milk DHA values may vary from 0.2% to 1% of total
fatty acids [34,49]. These values are highly dependent on the direct ingestion of DHA (i.e., eating fish
and/or taking n-3 LCPUFA supplements) as has been previously demonstrated [50]. In a recent study
it was established that Chilean pregnant women who consistently show very low consumption of fish
and other marine foods [51], as a result show a very low level of DHA in their breast milk as well as
a low content of DHA in erythrocyte phospholipid fatty acids [51]. Populations that consume high
amounts of fish, such as Philippine and Japanese women [52,53], show higher levels of DHA in milk
compared to populations that consume less fish (e.g., Israel, Columbus, Ohio, USA) [54,55]. However
the EPA content of the milk of women from these countries is very low and is not modified by fish
consumption despite the presence of this fatty acid in marine food [34], indicating a physiological
control in the transport and accretion of this fatty acid in the fat content of breast milk.

According to our results, ALA ingestion during the perinatal period only allows an increase of
milk DHA during the first three months of nursing, suggesting either a limited further conversion
and accretion of DHA in the liver and/or a regulated transport to the breast, as was postulated above.
After the first three-month period of nursing, milk DHA reaches the estimated physiological levels for
DHA (on average 0.3% to 0.32% of total fat) [56,57] despite the high nutritional availability of ALA. It is
interesting that the content of AA and EPA of breast milk was not modified by ALA supplementation
in our experimental model. This is highly relevant because of the close relationship of these two
fatty acids with the control of vascular homeostasis and inflammatory responses in the infants [58].
In our study, AA was always present in erythrocytes of both experimental groups in the estimated
physiological concentrations corroborating the important role of this fatty acid, such as for the brain
development at early stages of life, as has been previously demonstrated [59].

Mothers that consumed chia oil were indicated to replace the habitual dietary vegetable oils (most
commonly sunflower/soybean oil). This substitution which increases ALA consumption, allowed
the replacement of a high proportion of LA for ALA, both in erythrocytes and in milk. It has been
demonstrated that mothers that had a high dietary intake of LA and a low intake of ALA delivered
children with subnormal scores of learning, where the high intake of LA was correlated with lower
levels of DHA in breast milk [60]. A relevant result of the present study was the change in the total
ratio of n-6/n-3 fatty acids in erythrocyte phospholipids and maternal milk. Ancestral modifications
of this ratio in favor of n-3 fatty acids may have established a generic—evolutionary pattern, which at
present characterizes the brain of humans [61].

Our results were obtained from non-obese mothers free of any chronic diseases, both aspects
which are relevant because in obese women, mostly those suffering of nonalcoholic fatty liver disease,
there is a reduction in the hepatic activity of desaturase enzymes (Δ-5 and Δ-6 desaturases) with a
concomitant reduction in the formation of EPA and DHA from ALA [62]. Due the high prevalence
of women obesity in western countries and comorbid nonalcoholic fatty liver disease [63], it is an
interesting challenge for the future to evaluate the effect of ALA supplementation through chia oil and
the presence of this fatty acid and of DHA in the milk secretion of these women. Our study did not
evaluate the effect that the dietary intervention of pregnant and nursing women with chia oil had on
their babies, such as length of gestational period, birth weight and cognitive and visual development.
Other reports have studied the impact of DHA supplementation on these parameters [64,65], but not
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of ALA in concentrations as those used in our study. A previous study supplied canola oil (10% ALA)
to pregnant women, showing an increase of the gestational period and birth weight [66].

5. Conclusions

Chia oil may constitute an available and inexpensive way to provide ALA in higher amounts
to the population of many countries characterized by low fish consumption [51,67]. It is not
of minor importance considering the actual low availability of fish and the increasing concerns
about fish contamination with heavy metals and other toxic products that negatively influence fish
consumption [68,69]. Our research has demonstrated that chia oil intake, a natural good source
of ALA, allows an important modification in the EPA content of erythrocytes in pregnant mothers
and an interesting increase of DHA in their milk. However, more research is necessary related to
pre- and postnatal nutritional interventions with chia oil or other oils with a high content of ALA to
scientifically support the recommendation of ALA consumption to increase the DHA content of breast
milk. Chia oil supplementation may also contribute to improve the LA/ALA ratio in women during
the perinatal period.
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Role of 4-Hydroxy Hexenal

Kohji Nagayama 1, Katsutaro Morino 1,*, Osamu Sekine 1, Fumiyuki Nakagawa 1,2,

Atsushi Ishikado 1,3,4, Hirotaka Iwasaki 1,5, Takashi Okada 1, Masashi Tawa 5, Daisuke Sato 1,

Takeshi Imamura 5, Yoshihiko Nishio 6, Satoshi Ugi 1, Atsunori Kashiwagi 7, Tomio Okamura 5

and Hiroshi Maegawa 1

1 Department of Medicine, Shiga University of Medical Science, Shiga 520-2192, Japan;
E-Mails: nagayama@belle.shiga-med.ac.jp (K.N.); sekine@belle.shiga-med.ac.jp (O.S.);
f.nakagawa@jclbio.com (F.N.); atsushi.ishikado@jp.sunstar.com (A.I.); hiwasaki@belle.shiga-med.ac.jp (H.I.);
tokada@belle.shiga-med.ac.jp (T.O.); dkst0310@belle.shiga-med.ac.jp (D.S.);
sugi@belle.shiga-med.ac.jp (S.U.); maegawa@belle.shiga-med.ac.jp (H.M.)

2 Osaka Laboratory, JCL Bioassay Corporation, 5-16-26, Minamisuita, Suita-shi,
Osaka 564-0043, Japan

3 Sunstar Inc., 3-1 Asahi-machi, Takatsuki, Osaka 569-1195, Japan
4 Joslin Diabetes Centre, Harvard Medical School, MA 02115, USA
5 Department of Pharmacology, Shiga University of Medical Science, Shiga 520-2192, Japan;

E-Mails: tawa@belle.shiga-med.ac.jp (M.T.); timamura@belle.shiga-med.ac.jp (T.I.);
okamura@belle.shiga-med.ac.jp (T.O.)

6 Department of Diabetes and Endocrine Medicine, Kagoshima University,
Kagoshima 890-8580, Japan; E-Mail: ynishio@m3.kufm.kagoshima-u.ac.jp

7 Kusatsu General Hospital, 1660, Yabase-cho, Kusatsu, Shiga 525-8585, Japan;
E-Mail: kashiwagi@kusatsu-gh.or.jp

* Author to whom correspondence should be addressed; E-Mail: morino@belle.shiga-med.ac.jp;
Tel.: +81-77-548-2222; Fax: +81-77-543-3858.

Received: 22 May 2015 / Accepted: 31 August 2015 / Published: 21 September 2015

Abstract: N-3 polyunsaturated fatty acids such as docosahexaenoic acid (DHA) and eicosapentaenoic
acid (EPA) have protective effects against atherosclerosis. Monocyte chemotactic protein (MCP)-1 is a
major inflammatory mediator in the progression of atherosclerosis. However, little is known about the
regulation of MCP-1 by DHA and EPA in vessels and vascular smooth muscle cells (VSMCs). In this
study, we compared the effect of DHA and EPA on the expression of Mcp-1 in rat arterial strips and
rat VSMCs. DHA, but not EPA, suppressed Mcp-1 expression in arterial strips. Furthermore, DHA
generated 4-hydroxy hexenal (4-HHE), an end product of n-3 polyunsaturated fatty acids (PUFAs), in
arterial strips as measured by liquid chromatography-tandem mass spectrometry. In addition, 4-HHE
treatment suppressed Mcp-1 expression in arterial strips, suggesting 4-HHE derived from DHA may
be involved in the mechanism of this phenomenon. In contrast, Mcp-1 expression was stimulated by
DHA, EPA and 4-HHE through p38 kinase and the Keap1-Nuclear factor erythroid-derived 2-like
2 (Nrf2) pathway in VSMCs. In conclusion, there is a dual effect of n-3 PUFAs on the regulation of
Mcp-1 expression. Further study is necessary to elucidate the pathological role of this phenomenon.

Keywords: monocyte chemotactic protein 1; 4-hydroxy hexenal; docosahexaenoic acid;
eicosapentaenoic acid
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1. Introduction

Atherosclerosis is characterized by accumulation of oxidized fat, thickening of vessel walls by
collagens secreted by proliferating vascular smooth muscle cells, and macrophage filtration [1]. There
are several steps in the progression of atherosclerosis: (1) endothelial dysfunction, (2) migration of
leukocytes and smooth muscle cells into the vessel wall, (3) foam cell formation, and (4) degradation
of extracellular matrix. Epidemiologically, fish consumption negatively correlates with cardiovascular
events, suggesting beneficial effects of n-3 polyunsaturated fatty acids (PUFA) [2,3]. Other clinical
studies have indicated that n-3 PUFAs improved the carotid intima-media thickness and endothelial
function [4,5], suggesting that n-3 PUFAs attenuate atherosclerosis by decreasing migration of
leukocytes and proliferation of smooth muscle cells. This is supported by animal experiments that
showed n-3 PUFAs attenuated VCAM-1 expression and macrophage filtration [6]. N-3 PUFAs mainly
consist of eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA). However, the difference
between EPA and DHA in terms of their anti-atherosclerotic effect is still unclear.

Monocyte chemotactic protein (MCP)-1/chemokine (C-C motif) ligand 2 (CCL2) is expressed in
inflammatory cells and stromal cells such as endothelial and smooth muscle cells, and its expression is
regulated by proinflammatory stimuli and tissue injury. MCP-1 is regulated both by the nuclear factor
kappa-light-chain-enhancer of activated B cells (NF-κB) pathway and stress-activated kinases including
p38, ERK and JNK [7]. There are several potential mechanisms that explain the anti-inflammatory
effect of EPA and DHA. A recent report revealed that G-protein coupled receptor 120 (GPR120) is
a receptor for DHA that mediates anti-inflammatory and insulin-sensitizing effects in rodents [8].
Other reports have suggested that resolvins and protectins—which are derived from EPA and
DHA—are mediators of the anti-inflammatory effects [9]. We have recently reported that 4-hydroxy
hexenal (4-HHE)—an end product of n-3 PUFA peroxidation—activates the nuclear factor erythroid
2-related factor 2 (Nrf2)-Kelch-like ECH-associated protein 1 (Keap1) pathway in human umbilical
vein endothelial cells (HUVECs), contributing to endothelial function and antioxidative activity [10,11].

Nrf2 is a redox-sensitive master regulatory transcription factor regulated by Keap1. Electrophiles,
shear stress, and reactive oxygen species (ROS) stimulate modification of the cysteine residues of
Keap1, which allows its translocation to the nucleus. Nrf2 induces antioxidant enzymes such as heme
oxygenase-1 (Hmox1) through the antioxidant response element (ARE) consensus sequence [12,13].
The 4-HHE induces Nrf2-mediated Hmox1 expression in multiple organs [14,15]. In addition, it has
also been reported that DHA induces Nrf2-mediated Hmox1 expression in human vascular smooth
muscle cells (VSMCs) isolated from small pulmonary artery or endothelial cells [16,17].

Therefore, we examined the regulation of MCP-1 by DHA and EPA in arterial strips and VSMCs.
Furthermore, we measured the 4-HHE content by a liquid chromatography-tandem mass spectrometry
(LC-MS/MS) and tested its role in these tissues.

2. Methods

2.1. Reagents

Dulbecco’s Modified Eagle’s Medium (DMEM) and fetal bovine serum (FBS) were obtained from
Life Technologies (Grand Island, NY, USA). EPA, DHA, and 4-HHE were purchased from Cayman
(Ann Arbor, MI, USA). The MTT assay kit, anti-β-actin (A5316) antibody and N-acetyl-L-cysteine
were purchased from Sigma-Aldrich (St. Louis, MO, USA). Fatty acid-free bovine serum albumin
(BSA) was purchased from Nacalai Tesque (Kyoto, Japan). Anti-p38 (#9112), anti-phospho-p38 (#9211),
anti-ERK1/2 (#9102), anti-phospho-ERK1/2 (#9106), anti-JNK (#9252), anti-phospho-JNK (#9251),
and anti-caspase-3 (#9661) antibodies were purchased from Cell Signaling (Danvers, MA, USA).
Horseradish peroxidase-linked anti-mouse and anti-rabbit antibodies were purchased from Amersham
Biosciences Corp. (Piscataway, NJ, USA). 2171-Dichlorodihydrofluorescein diacetate (H2DCFDA) and
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small interfering RNA (SiRNA) reagents were purchased from Life Technologies (Tokyo, Japan).
SB203580, PD98059 and SP600125 were purchased from Calbiochem (Cambridge, UK).

2.2. Animals and Experimental Procedures

All animal experimentation was approved by the committee for Animal Research of Shiga
University of Medical Science (No. 2014-4-8, 7 May 2014). The experimental procedure for artery strips
was performed as previously reported [18]. Briefly, eight-week-old male Sprague-Dawley rats (Japan
SLC, Shizuoka, Japan) were housed in an environmentally controlled room with a 12 h light/dark
cycle and free access to food and water. Rats were fed a regular diet (Dyets Inc., Bethlehem, PA,
USA) for 12 weeks. After 12 h of fasting, rats were sacrificed by bleeding from the abdominal aorta
under deep anesthesia. The thoracic aorta was dissected, excised, and cut into strips with special
care being taken to preserve the endothelium. The strips were then fixed vertically between hooks
in a muscle bath (10-mL capacity) containing modified Ringer-Locke solution bubbled with a gas
mixture of 95% O2 and 5% CO2, pH 7.4 at 37 ˘ 0.3 ˝C. After treatment with DHA, EPA or 4-HHE
for 6 h, the arterial strips were immediately freeze-clamped by liquid nitrogen, and stored at ´80 ˝C.
For lipid extraction, the frozen tissues were pulverized into a fine powder using a Cryo Press disruptor
(Microtec Co., Ltd., Chiba, Japan). This fine powder was weighed on an ME235 electronic balance
(Sartorius AG, Göttingen, Germany), homogenized in 490 μL of chloroform/methanol (1:1, v/v) and
10 μL of dibutylhydroxytoluene solution (10 mg/mL in ethanol), and incubated at 36 ˝C for 1 h [19].
The resulting solution was used for measuring the 4-HHE content.

2.3. Cell Culture

VSMCs were isolated from the aortas of male Sprague-Dawley rats (150–200 g) by enzymatic
digestion as previously described [20]. Briefly, cells were maintained in DMEM supplemented with
10% FBS, and used between the 4th–12th passages except for primary cells, showing a dramatic growth
rate because of transformation. Cells were grown to confluence in 12-well plates, and cell growth was
arrested for 24 h in DMEM supplemented with 1% FBS before the real-time quantitative polymerase
chain reaction (RT-qPCR) experiments.

2.4. Fatty Acid Treatment

DHA or EPA was administered as a complex with fatty acid-free BSA as previously described [15].
Briefly, 0.3 mM DHA or EPA was dissolved in ethanol (2.5 mL), and gradually solubilized in an
8.4% BSA solution (14.3 mL) at 37 ˝C. The 4-HHE was dissolved in dimethyl sulfoxide and then in
serum-containing medium.

2.5. Messenger RNA (mRNA) Extraction and Real-Time RT-qPCR Analysis

Total RNA was extracted from cells and tissues using a Total RNA Mini Kit (Bio-Rad, Hercules,
CA, USA). Single-stranded cDNA was synthesized from 1.5 μg of total RNA using the Prime Script
RT Reagent Kit (Takara Bio, Shiga, Japan), and endogenous genomic DNA was degraded by DNase I
(Life Technologies, CA, USA). RT-qPCR experiments were carried out with SYBR Green PCR master
mix (Life Technologies, CA, USA) and the ABI 7500 Fast Real-Time PCR System (Applied Biosystems,
Foster City, CA, USA). All the quantitative data were normalized against the expression levels of
18S rRNA (18S). RT-qPCR conditions were 95 ˝C for 10 min, followed by 40 cycles of 95 ˝C for 15 s and
60 ˝C for 1 min. The primers for the RT-qPCR are listed in Table 1.
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Table 1. Candidate genes, primer sequences and accession numbers.

Forward Primer Reverse Primer Accession Number

Mcp-1 GCTGCTACTCATTCACTGGCAA TGCTGCTGGTGATTCTCTTGTA NM_031530.1
Hmox-1 TCTATCGTGCTCGCATGAAC AAGGCGGTCTTAGCCTCTTC NM_012580.2

Nrf2 GGAGCAATTCAACGAAGCTC ACAGTTCTGAGCGGCAACTT NM_031789.2
18S TTCCGATAACGAACGAGACTCT TGGCTGAACGCCACTTGTC NR_046237.1

2.6. Quantitative Analysis of 4-HHE in Biological Samples

The 4-HHE in aorta and VSMCs was quantitatively analyzed using LC-MS/MS procedure as
described previously [15,21]. Briefly, a standard solution of 4-HHE (Cayman Chemical Co., Ann Arbor,
MI, USA) was used for the calibration curve. Solid-phase extraction was done using a mixed-mode
anion exchange solid-phase extraction (SPE) cartridge (Oasis MAX, Waters, Milford, MA, USA).
An ACQUITY CSH C18 column (Waters) was used for separating 4-HHE. Electrospray ionization (ESI)
was carried out with API4000 operating in the positive ionization and SRM mode. The SRM transitions
for CHD-derivatized 4-HHE were m/z 284-216.

2.7. MTT Assay for Cell Viability

Rat VSMCs were seeded on 24-well plates. To determine the cell toxicity of DHA, EPA and 4-HHE,
confluent cells were exposed to these reagents for 24 h, and then washed with phosphate-buffered
saline (PBS). Cell viability was determined by the conventional MTT assay as previously described [11].
The absorbance of BSA-treated cells was used as the control.

2.8. Reactive Oxygen Species (ROS) Measurement Assay

Intracellular ROS production was determined using the fluorescent probe H2DCFDA in VSMCs
incubated with 20 μM H2DCFDA for 20 min as previously described [11]. Following washing with
PBS, cells were incubated with 50 μM DHA or 50 μM EPA. The fluorescence emitted from the cells was
recorded immediately at 492 nm (excitation) and 525 nm (emission) using a fluorescent microplate
reader (Tecan, Männedorf, Switzerland) over a 2-h period.

2.9. Western Blot Analysis

Total protein samples from VSMCs were prepared as previously descried [11], and were resolved
by SDS-PAGE before being transferred to PVDF membranes. Membranes were incubated with
antibodies against p38, ERK, JNK, their phosphorylated forms, caspase-3, or β-actin. Blots were
then incubated with horseradish peroxidase-linked second antibody (Amersham, Buckinghamshire,
UK), followed by chemiluminescence detection (PerkinElmer, Waltham, MA, USA).

2.10. Statistical Analysis

Data are presented as mean ˘ SE, unless otherwise stated. Differences between more than three groups
were analyzed by Tukey–Kramer test. When two groups were compared, differences were analyzed by
two-tailed Student’s t-test. P < 0.05 was considered statistically significant.

3. Results

3.1. Docosahexaenoic Acid (DHA)—Though Not Eicosapentaenoic Acid (EPA)—Inhibits Mcp-1 mRNA
Expression in Rat Aorta

To explore the direct effects of EPA and DHA on vessels, we examined the expression of Mcp-1
mRNA in rat arterial strips. DHA (50–100 μM) but not EPA (50–100 μM) almost completely inhibited
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the expression of Mcp-1 mRNA compared with BSA (Figure 1A). In contrast, DHA increased the
expression of heme oxygenase 1 (Hmox-1) (Figure 1B), which is a known antioxidative gene in vessels.
EPA also increased the expression of Hmox-1, but to a lesser extent than DHA did (Figure 1B). Because
Hmox-1 is a target gene of the Keap1-Nrf2 pathway, we measured the lipid peroxidation product levels
in rat arterial strips by LC-MS/MS with or without n-3 PUFA incubation. We found that DHA but not
EPA increased the tissue 4-HHE content, whereas it did not change the content of 4-hydroxy 2-noneral
(4-HNE), a lipid peroxidation product derived from n-6 PUFA (Figure 1C). To test the role of 4-HHE,
we exposed the arterial strips to 4-HHE and found that it inhibited the expression of Mcp-1 (Figure 1D)
and increased that of Hmox-1 (Figure 1E) in rat aortic strips, suggesting that DHA regulates Mcp-1 and
Hmox-1 expression through 4-HHE.

Figure 1. Docosahexaenoic acid (DHA)-derived DHA generated 4-hydroxy hexenal (4-HHE) inhibits
the expression of Mcp-1 Messenger RNA (mRNA), but induces heme oxygenase 1 (Hmox-1) mRNA in
rat aorta. Rat arterial strips were treated with bovine serum albumin (BSA), DHA (50–100 μM), EPA
(50–100 μM) or 4-HHE (25–50 μM) for 6 h under ex vivo conditions. (A,B) Relative mRNA expression of
Mcp-1 (A) and Hmox-1 (B) in arterial strips was quantitated using the real-time quantitative polymerase
chain reaction (RT-qPCR). Results were normalized against 18S rRNA and expressed as fold increase
over control. (C) 4-HHE and 4-HNE content were measured by a liquid chromatography-tandem mass
spectrometry (LC-MS/MS). (D,E) Relative mRNA expression of Mcp-1 (D) and Hmox-1 (E) in arterial
strips was quantitated using RT-qPCR. Results were normalized as above. Results are expressed as
mean ˘ SE of 4–8 animals (n = 3–22; A,B,D,E), or a single experiment (n = 3; C). * P < 0.05, *** P < 0.001,
compared with BSA control. NS, no significant difference.
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3.2. Paradoxical Increase in Mcp-1 by DHA, EPA and 4-HHE in VSMCs

In contrast to the results observed for arterial strips, DHA, EPA and 4-HHE increased the
expression of Mcp-1 mRNA in a dose-dependent manner in rat VSMCs (Figure 2A). To clarify the
differences in Mcp-1 responses between rat arterial strips and VSMCs (Passage 4–12), we performed
the same experiment using primary VSMCs (Passage 1). Similar to VSMCs (Passage 4–12), DHA, EPA,
and 4-HHE increased the expression of Mcp-1 in primary VSMCs (Figure 2B). Similar to rat arterial
strips, DHA (50 μM), but not EPA (50 μM), increased the content of 4-HHE in VSMCs (Figure 2C),
whereas it did not change the 4-HNE content.

Because n-3 PUFAs are known activators of the mitogen-activated protein kinase (MAPK)
family, we assessed the phosphorylation levels of p38 kinase, ERK and JNK. DHA, EPA and 4-HHE
increased the phosphorylation levels of p38, ERK and JNK (Figure 2D). To understand the effect of the
MAPK family on the Mcp-1 expression, we tested the effect of MAPK inhibitors on DHA-, EPA- or
4-HHE-induced Mcp-1 expression. Pre-incubation with the p38 kinase inhibitor SB203580 completely
suppressed the induction of Mcp-1 expression (Figure 2E). The ERK inhibitor PD98059 had a partial
inhibitory effect on Mcp-1 expression, whereas the JNK inhibitor SP600125 did not (Figure 2E).

3.3. 4-HHE Derived from DHA Induces Mcp-1 Expression through the Nrf2 Pathway in Human Vascular
Smooth Muscle Cells (VSMCs)

To evaluate the oxidative stress induced by DHA and 4-HHE, we used N-acetyl-L-cysteine
(NAC), a known antioxidant that mimics glutathione. Pretreatment with NAC (10 mM) completely
inhibited the DHA-, EPA- and 4-HHE-induced Mcp-1 expression (Figure 3A). Furthermore, DHA and
EPA increased ROS production measured by H2DCFDA (Figure 3B). NAC pretreatment completely
inhibited the DHA-induced ROS production in VSMCs (Figure 3B), supporting the role of oxidative
stress in the DHA-induced Mcp-1 expression.

To evaluate Nrf2 activation by DHA and 4-HHE, we examined the mRNA expression of Hmox1,
a target of Nrf2, in VSMCs. We found that DHA and 4-HHE stimulated the expression of Hmox1 mRNA
in VSMCs, and that NAC inhibited the DHA- and 4-HHE-induced Hmox-1 expression (Figure 3C).
As expected, the 4-HHE-induced Mcp-1 expression was decreased by siRNA against Nrf2 (Figure 3D,E).

3.4. DHA Induces Apoptosis of VSMCs through 4-HHE

To test the toxicity of n-3 PUFA in VSMCs, VSMCs were incubated for 24 h with DHA, EPA
or 4-HHE at a higher but physiological concentration, followed by measurement of cell viability
by the MTT assay. DHA and 4-HHE only decreased cell viability at a high concentration (150 μM)
compared with the BSA control (Figure 4A). In contrast, EPA did not decrease the cell viability of
VSMCs (Figure 4A).

Apoptosis is a known downstream process of ROS production. Increased cleaved caspase-3
expression measured by Western blot analysis indicated that the cell toxicity of DHA and 4-HHE was
caused by the induction of apoptosis (Figure 4B).
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Figure 2. DHA, EPA, and 4-HHE induce Mcp-1 expression through the p38 mitogen-activated protein
kinase (MAPK) pathway in VSMCs. VSMCs (Passage 4–12) were treated with the indicated reagent
for 6 h (A). (B) Primary vessels and vascular smooth muscle cells (VSMCs) (Passage 1) were treated
with BSA, DHA (50 μM), EPA (50 μM) or 4-HHE (25 μM) for 6 h. Relative mRNA expression of Mcp-1
was quantitated using RT-qPCR. The results were normalized against 18S rRNA and expressed as fold
increase over control. (C) 4-HHE and 4-HNE content in VSMCs were measured using LC-MS/MS.
(D) p38, ERK, JNK and their phosphorylated forms, and β-actin were determined by Western blotting.
DHA (50 μM), EPA (50 μM) or 4-HHE (25 μM) were added for 10 min. (E) Pretreatment with p38
kinase inhibitor (SB203580; 10 μM), ERK inhibitor (PD98059; 25 μM) or JNK inhibitor (SP600125; 10 μM)
was performed for 30 min before BSA, DHA, EPA or 4-HHE incubation. The results were normalized
against 18S rRNA and expressed as fold increase over corresponding control. (A) Values represent
the mean ˘ SE of four independent experiments (n = 9); (B) a single experiment (n = 3); (C) a single
experiment (n = 3); or (E) three independent experiments (n = 3–9). * P < 0.05, ** P < 0.01, *** P < 0.001,
compared with corresponding control.
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Figure 3. DHA-derived 4-HHE induces Mcp-1 expression partially through the oxidative stress-induced
Nrf2 pathway in VSMCs. (A,C) VSMCs were treated with N-acetyl-L-cysteine (NAC; 10 mM) for 1 h
before incubation with BSA, DHA (50 μM), EPA (50 μM) or 4-HHE (25 μM) for 6 h. Relative mRNA
expression of Mcp-1 (A) and Hmox-1 (C) in VSMCs was quantitated using RT-qPCR. Results were
normalized against 18S rRNA and expressed as fold increase over control. (B) Reactive oxygen species
(ROS) production was measured by 2171-Dichlorodihydrofluorescein diacetate (H2DCFDA). BSA, DHA
(50 μM) or EPA (50 μM) was added for 4 h (left panel). BSA or DHA (50 μM) was added with or
without NAC (10 mM) for 4 h (right panel). (D,E) VSMCs were treated with Nrf2 siRNA (40 nM) or
control siRNA (40 nM). After 24 h, VSMCs were treated with vehicle or 4-HHE (25 μM) for 6 h. Relative
mRNA of Nrf2 (D) and Mcp-1 (E) was quantitated using RT-qPCR. Values represent the mean ˘ SE
of three independent experiments (n = 9; A,C); a single experiment (n = 3; B); and two independent
experiments (n = 6; D,E). * P < 0.05, *** P < 0.001, compared with the corresponding control.
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Figure 4. DHA-derived 4-HHE reduces cell viability through apoptosis in VSMCs. (A) VSMCs were
treated with a high concentration of DHA (150 μM), EPA (150 μM) or 4-HHE (50 μM) for 24 h. Cell
viability was determined by the MTT assay. Values are expressed as percentage of cell survival, and
each value represents the mean ˘ SE of five experiments (n = 15). (B) Cleaved caspase-3 and β-actin
were determined by Western blotting. DHA (150 μM), EPA (150 μM) or 4-HHE (50 μM) were added for
6 h. * P <0.05, *** P < 0.001, compared with BSA control.

4. Discussion

Our study has three important findings. First, DHA and 4-HHE, but not EPA, inhibited Mcp-1
expression in rat arterial strips. Second, DHA and 4-HHE inhibited cell survival by promoting
apoptosis in VSMCs. Third, DHA, EPA and 4-HHE stimulated Mcp-1 expression via oxidative stress,
p38 and the Keap1-Nrf2 pathway in VSMCs.

DHA and 4-HHE, but not EPA, inhibited Mcp-1 expression in rat arterial strips. Previous studies
have shown that n-3 PUFAs affect inflammation and plaque stability [22,23], which is consistent
with the inhibitory effect of DHA on Mcp-1 expression under ex vivo conditions in our study. In
contrast, EPA had almost no effect on Mcp-1 expression (Figure 1A). We assume this difference was
the result of Nrf2 activation by 4-HHE, because we observed a similar difference between DHA
and EPA in HUVECs, which was explained by the generation of 4-HHE [10,11,14–16]. As expected,
DHA preferentially increased intracellular 4-HHE content in rat arterial strips compared with EPA
(Figure 1C). In addition, 4-HHE directly inhibited Mcp-1 expression in rat arterial strips (Figure 1D).
Although the molecular mechanism underlying this phenomenon is not clear, 4-HHE may be a
mediator of the anti-inflammatory effect of DHA.

We also found that DHA and 4-HHE at a higher concentration and longer incubation inhibited
cell survival by promoting apoptosis in VSMCs. In agreement with our study, previous reports
have shown that DHA induced apoptosis in VSMCs or cancer cells through p38 MAPK activation at
24 hours [24,25]. Another report demonstrated that 4-HHE induced cytotoxic and negative effects on
YPEN-1 prostatic endothelial cells at 24 hours [26]. Because migration of transformed VSMCs is one of
the main features of atherosclerosis [27], 4-HHE-induced apoptosis, followed by macrophage clearance
via MCP-1 expression may be beneficial. Conversely, apoptosis in advanced plaque lesions may be
detrimental. This discrepancy might explain the inconsistent effects of n-3 PUFAs on cardiovascular
events in a secondary prevention study [28].
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Both DHA and EPA stimulated Mcp-1 expression in VSMCs. Our preliminary data suggest that
other fatty acids including palmitic and arachidonic acid also stimulate Mcp-1 expression. We speculate
that this was due to oxidative stress induced by fatty acids—known as lipotoxicity [29,30]—rather
than being an n-3 PUFA-specific effect. In addition to lipotoxicity, DHA preferentially degrades to
4-HHE via peroxidation. 4-HHE has an aldehyde residue that causes a Michael reaction with proteins,
forming protein adducts [13]. N-acetyl-L-cysteine—a known antioxidant—protected VSMCs from
4-HHE-induced Nrf2 action through the formation of 4-HHE-NAC adducts. Nrf2 siRNA inhibited the
4-HHE-induced Mcp-1 expression, suggesting that DHA stimulated Mcp-1—at least in part—through
the 4-HHE-Nrf2 pathway.

The opposite effects caused by DHA on Mcp-1 mRNA expression between arterial strips and
VSMCs were observed in this study. VSMCs were cultured in a different environment as compared to
arterial strips: culture media, growth factors, and monolayer. These biological factors may explain
the discrepancy between arterial strips and VSMCs. Other possibilities are that endothelial cells are a
major source of Mcp-1 mRNA and that endothelial cells induce smooth muscle cells to suppress Mcp-1
mRNA in response to DHA. To test this possibility, DHA-induced Mcp-1 expression were analyzed in
VSMCs with the condition media from rat aortic endothelial cells, and aortic strips without endothelial
cells. Our preliminary data suggest that DHA-induced Mcp-1 is not affected by endothelial cells.

DHA but not EPA produces 4-HHE in rat arterial strips and VSMCs. Previous reports from
our group and others have shown that the 4-HHE content or 4-HHE adducts increased after fish oil
treatment in heart, liver and other tissues [15,31,32]. Furthermore, previous reports have shown that
plasma 4-HHE levels increased following supplementation with DHA or fish-based diet intervention
in humans [33,34]. The reason for the difference in 4-HHE generation between DHA and EPA is not
clear; hence, further experiments are necessary to elucidate this phenomenon.

Concentrations of EPA and DHA (25–150 μM) used in this study are similar to previous
studies [3,11,14,16]. These concentrations are relatively low compared to the reported concentrations
in human plasma (200–400 μM) [3]. As shown in Figure 4, high concentrations of DHA had a cytotoxic
effect compared to high concentrations of EPA. This phenomenon was consistent with a previous study
that showed DHA but not EPA had a profound growth inhibitory effect on HPV16 immortalized cells
but not on normal cells [35]. In addition, DHA has strong inhibitory effects on multiple cancer cell
lines [26]. We speculated that 4-HHE preferentially generated by DHA might explain the difference
between DHA and EPA.

There were some limitations in this study. First, we could not identify the molecular mechanism
of the DHA-induced Mcp-1 decrease in artery strips, although our data suggest that 4-HHE-induced
Nrf2 activation may play a role. Second, the 4-HHE content measured was free 4-HHE. Because 4-HHE
generates 4-HHE adducts—especially with glutathione—the total 4-HHE content in the tissues may be
higher. We incubated VSMCs with 4-HHE at 25 μM based on its ability to stimulate Hmox1. Third, the
clinical significance of the DHA-induced Mcp-1 expression is still not clear.

5. Conclusions

DHA had contrasting effects on Mcp-1 expression in vessels and VSMCs. We suggest a possible
role for Nrf2 activation by DHA-derived 4-HHE. Furthermore, 4-HHE derived from DHA decreased
cell viability by inducing apoptosis in VSMCs. These findings may explain the different effects of EPA
and DHA on vessels.
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Abstract: Populations are not meeting recommended intakes of omega-3 long chain polyunsaturated
fatty acids (n-3 LCPUFA). The aim was (i) to develop a database on n-3 LCPUFA enriched products; (ii)
to undertake dietary modelling exercise using four dietary approaches to meet the recommendations
and (iii) to determine the cost of the models. Six n-3 LCPUFA enriched foods were identified. Fish
was categorised by n-3 LCPUFA content (mg/100 g categories as “excellent” “good” and “moderate”).
The four models to meet recommended n-3 LCPUFA intakes were (i) fish only; (ii) moderate fish (with
red meat and enriched foods); (iii) fish avoiders (red meat and enriched foods only); and (iv) lacto-ovo
vegetarian diet (enriched foods only). Diets were modelled using the NUTTAB2010 database and
n-3 LCPUFA were calculated and compared to the Suggested Dietary Targets (SDT). The cost of
meeting these recommendations was calculated per 100 mg n-3 LCPUFA. The SDT were achieved
for all life-stages with all four models. The weekly food intake in number of serves to meet the n-3
LCPUFA SDT for all life-stages for each dietary model were: (i) 2 “excellent” fish; (ii) 1 “excellent”
and 1 “good” fish, and depending on life-stage, 3–4 lean red meat, 0–2 eggs and 3–26 enriched foods;
(iii) 4 lean red meat, and 20–59 enriched foods; (iv) 37–66 enriched foods. Recommended intakes
of n-3 LCPUFA were easily met by the consumption of fish, which was the cheapest source of n-3
LCPUFA. Other strategies may be required to achieve the recommendations including modifying the
current food supply through feeding practices, novel plant sources and more enriched foods.

Keywords: omega-3 long chain polyunsaturated fatty acids (n-3 LCPUFA); recommended intakes;
suggested dietary target intakes; omega-3 (n-3) enriched foods; dietary modelling

1. Introduction

There is a growing body of evidence worldwide that the consumption of omega-3 long-chain
polyunsaturated fatty acids (n-3 LCPUFA), namely eicosapentaenoic acid (EPA), docosapentaenoic acid
(DPA) and docosahexaenoic acid (DHA), is associated with numerous health outcomes, specifically in
cardiovascular disease prevention [1,2]. The National Health and Medical Research Council (NHMRC)
has set Nutrient Reference Values (NRV) for n-3 LCPUFA [3], which differ by life-stage and gender.
The NHMRC Suggested Dietary Targets (SDT) is defined as “A daily average intake from food and
beverages for certain nutrients that that may help in prevention of chronic disease”. The SDT apply
to adults and adolescents 14 years and over and the SDT for n-3 LCPUFA are set at 610 mg/day for
men and 430 mg/day for women. The International Society for the Study of Fatty Acids and Lipids
(ISSFAL) and the National Heart Foundation of Australia (NHFA) recommends that all Australians
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consume 500 mg of n-3 LCPUFA per day to lower the risk of heart disease [4,5]. Other countries
recommend the consumption of two fish meals per week which is equivalent to 500 mg n-3 LCPUFA
per day [6–11].

In recognition of the importance of DHA during pregnancy and lactation, the European Consensus
statement [12], the World Health Organization guidelines [13] and a European consensus statement [14]
all recommend 200 mg DHA/day for pregnant women, whilst the International Society for the Study
of Fatty Acids and Lipids (ISSFAL) recommend 300 mg DHA during pregnancy and lactation [4].
Despite the international recommendation for DHA during pregnancy, many pregnant women
lack the understanding and knowledge of the importance of DHA [15] and also do not meet the
recommendation of 200 mg DHA per day [16]. A useful pamphlet has been developed specifically
designed to increase awareness of DHA for pregnant women and consequently increase n-3 LCPUFA
intake [17].

A small study in the Illawarra region of New South Wales, Australia showed that the median
intake of n-6 and n-3 PUFA was 9.9 g and 1.2 g per day respectively [18]. Similar results were
found from the National Nutrition Survey (NNS, n = 13,858) where the intakes of n-6 and n-3 PUFA
were 10.9 and 1.36 g per day respectively [19], showing that Australians consume 8 times more n-6
PUFA than n-3 PUFA. Furthermore, the linoleic acid intakes were 10.64 g per day and the DHA
intakes were only 0.1 g per day [20]. A study by Lassek et al. showed that DHA from breast milk
was positively associated with cognitive performance, whilst LA from breastmilk was negatively
associated with cognitive performance [21], suggesting that increased consumption of n-3 PUFA
including DHA is warranted. The main dietary source of n-3 LCPUFA is fish/seafood (66%), followed
by meat/poultry/game (29%) and eggs (5%) [18], with similar results from the NNS, with fish/seafood
(71%), meat/poultry/game (20%) and eggs (6%) the major contributors to n-3 LCPUFA intakes [19].
Given that meat/poultry/game contributed at least 20% to n-3 LCPUFA intakes, this NNS was
re-analysed after analytical fatty acid data became available on meat [22]. The re-analysed NNS
showed that the previous reports under-estimated the contribution of meat to the n-3 LCPUFA intakes,
as meat contributed close to 50% of n-3 LCPUFA intakes [20,23]. This is not because meat itself
is a rich source of n-3 LCPUFA but because Australians consume at least 7 times more meat than
fish/seafood [18–20]. Concurrently, recent reports on consumption show that Australians are not
meeting n-3 LCPUFA recommendations [19,24–26]. Hence, there is a need to explore more practical
options of achieving the recommended n-3 LCPUFA intake that provide consumers with a range of
food-based choices to meet their dietary needs.

Although some groups have suggested the use of n-3 LCPUFA enriched foods [4,27–29] to meet
recommendations, none have specified amounts of n-3 LCPUFA-enriched foods and beverages that
need to be consumed to meet recommendations and that are commercially available. Food-based
guidelines for meeting the recommended target of 500 mg per day of combined docosahexaenoic acid
(DHA) and eicosapentaenoic acid (EPA) typically focus on: “2–3 serves (150 g) of oily fish per week” [5].
Whilst enriched foods and drinks are mentioned in recommendations, there is little dietary information
available for consumers on alternative ways to meet daily or weekly n-3 LCPUFA intake. Despite many
food products being enriched with n-3 LCPUFA in Australia, there is no comprehensive, up-to-date
database on these foods.

Therefore, the aim of this study was (i) to develop a database on n-3 LCPUFA enriched foods and
beverages; (ii) to undertake dietary modelling exercises using four dietary approaches to meet the
nationally-set recommended n-3 LCPUFA intake for different life-stages; and (iii) to determine the cost
of obtaining 100 mg of n-3 LCPUFA from the different food sources.
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2. Experimental Section

2.1. Database

A supermarket trawl was undertaken to identify all n-3 LCPUFA enriched products available
from four supermarkets in the metropolitan areas of Wollongong and Sydney in New South Wales,
Australia. All n-3 LCPUFA enriched products were identified and the full name of the food, serving
size, energy, macronutrient and total polyunsaturated fat, total n-6, total n-3, alpha-linoleic acid (ALA),
EPA, DHA and total n-3 LCPUFA were recorded where available. In addition, the n-3 source was
noted and cost per serve, as well as per 100 g, was calculated. A total of six products were identified
and used in the modelling (see Appendix Table A1). These products included n-3 LCPUFA enriched
bread, eggs, yoghurt, milk, flavoured beverage powder, and almond meal.

2.2. Models

Foods were included in the model if they met the Food Standards Australia New Zealand (FSANZ)
Food Standards Code for voluntary n-3 fatty acid nutrition claims [30]. A claim that a food is a “source”
of n-3 PUFA must contain no less than 200 g of ALA or 30 mg total EPA and DHA per serve, while a
“good source” must contain no less than 60 mg total EPA and DHA per serve. Docosapentaenoic acid
(DPA) is not included in the content claim recommendations, even though it contributes to n-3 LCPUFA
intakes [2,19,23]. Serving sizes were consistent with National Dietary Guidelines for Australians [31]
and set at 100 g of cooked fish or meat.

Diets were modelled using the NUTTAB2010 foods database [32]. Three subgroups of fish were
developed based on n-3 LCPUFA content. Fish was categorized by n-3 LCPUFA content as “excellent”
(ě1200 mg/100 g), “good” (200–1200 mg/100 g) and “moderate” (<200 mg/100 g) (Table 1).

The average n-3 LCPUFA content of all meats were calculated using NUTTAB2010 by averaging
n-3 LCPUFA content of all cooked lean cuts of meat. Red meat (beef, lamb, veal) and pork, met the
FSANZ source claim of at least 30 mg of DHA and EPA per serve (100 g). Pork and chicken were
not used in the dietary modelling due to their lower n-3 LCPUFA content compared to red meat.
The average n-3 LCPUFA (DHA, EPA, DPA) for red meat, including beef, lamb and veal, was set at
119 mg/100 g, and a cut with approximately 119 mg/100 g serve was used in the model (e.g., beef
mince, lamb shanks, scotch fillet).

Table 1. Types of fish and red meat used in the model categorized by content of n-3 LCPUFA.

Excellent Source of n-3
LCPUFA Fish

Good Source of n-3 LCPUFA Fish
Moderate Source of n-3 LCPUFA

Fish and Red Meat

ě1200 mg/100 g 200–1200 mg/100 g <200 mg/100 g

Salmon, trout, silver
perch, canned salmon
(pink or red)

Smoked salmon, bream, anchovy,
mullet, tinned tuna, snapper, flathead,
calamari/squid, oysters, mussels

Barramundi, whiting, tilapia, prawn,
fish fingers, shark (flake), fish cake, fish
battered Beef, lamb, veal

Four dietary models were developed and calculated based on weekly intake. Model 1
included fish/seafood only (high fish consumers) equivalent of 2–3 “excellent/moderate” LC n-3 fish
serves/week. Model 2 included some fish (moderate fish consumers) and equivalent to a maximum
of 1 “excellent” LC n-3 fish serve/week in addition to lean red meat, eggs and n-3 LCPUFA enriched
foods. Model 3 did not include fish, but did include lean red meat, eggs and n-3 LCPUFA enriched
foods (non-fish consumers). Model 4 included only n-3 LCPUFA enriched foods (suitable for lacto-ovo
vegetarian diets). Within each model, serves of red meat and fish as well as dairy and eggs were
modelled based on the National Dietary Guidelines for Australians. Red meat was maximized at 3–4
weekly serves, fish at 2–3 weekly serves, dairy at three serves per day, eggs at six per week and bread
at up to six slices or three serves per day.
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2.3. Recommended Intake

The total n-3 LCPUFA in each model was calculated and compared to the NHMRC NRV SDT [3].
The SDT was multiplied by seven to calculate weekly target intakes. The NHMRC have SDT for n-3
LCPUFA for 14 year olds and older males at 610 mg/day and for females at 430 mg/day [3]. For the
purposes of this modelling exercise, the SDT were adjusted for other age groups based on the age and
sex-specific energy intakes for each age group [25]. For example, mean energy intake for 2–3 year old
boys was 53% of that of 14–16 year olds [20], and hence the adjusted SDT (aSDT) for n-3 LCPUFA for
2–3 year old boys (323 mg/day) was set at 53% of the SDT for 14–16 year olds (610 mg/day). The
other age groups were calculated according to their proportion of energy intake. Similar calculations
were carried out for the various age groups for girls, using 430 mg per day for the 14–16 year old girls [26].

2.4. Cost Analysis

Average costs per pack in Australian dollars, per 100 g and per serve were recorded during the
supermarket trawl and obtained online. The price for each popular lean cut of meat was obtained for
supermarket-branded meats and averaged for beef, lamb and veal; lean red meat was calculated using
the ratio of (beef + veal): lamb, or 4.3:1. Cost per 100 g (cooked weight) of lean red meat was then
calculated. For fish and seafood, the average price of fresh, frozen and tinned/processed forms were
obtained. The cost of obtaining 100 mg of n-3 LCPUFA for each diet modelled was calculated.

n-3 LCPUFA values for classification into “excellent”, “good” and “moderate” were taken from
NUTTAB 2010 (http://www.foodstandards.gov.au/consumerinformation/nuttab2010/).

3. Results

All four dietary models were able to meet the SDT for all life stages (Table 2). In model 1 the
recommended SDT were easily met for all life-stages with two serves of “excellent” sources of n-3
LCPUFA (Table 1). At three serves of fish per week, SDT were met if one serve was an “excellent”
source (Table 1) and the other two serves were “good” sources. Specifically for children, the SDT were
met by a combination of “excellent” and “moderate” n-3 LCPUFA fish sources. For example, a 2–3 year
old child could consume 100 g tinned salmon (an “excellent” source), and 100 g tinned tuna (a “good”
source) to meet their weekly SDT.

In model 2 (Table 2), the type of fish was maximised at one serve of “excellent” fish per week
and, therefore, a weekly intake of one “moderate” or “good” source of fish, four red meat serves
(maximum serves per dietary guidelines) and the inclusion of three to 26 weekly serves of n-3
LCPUFA enriched foods (including enriched and non-enriched eggs) was necessary to meet the
SDT recommendations. For children, where the SDT is lower than adults (see methods), a combination
of “good” and “moderate” sources of fish was sufficient. The SDT for all children could be met with
either: two fish serves per week (a “good” and a “moderate” source) and meat and enriched foods; or
one serve of fish per week (an “excellent” source) and enriched foods. For 2–3 year old children as an
example, 100 g of crumbed fish cake made with salmon (a “good” source), 100 g crumbed fish fingers
(a “moderate” source), 300 g of mince, 3 n-3 LCPUFA enriched eggs and 7 ˆ 90 g n-3 LCPUFA enriched
yoghurts would be needed per week to meet their weekly SDT. For adult males using model 2, the
SDT was reached with two serves of fish (an “excellent” and a “moderate” source), 400 g of lean beef,
six enriched eggs, eight cups of milk and 10 slices of bread per week.

In model 3 (Table 2), where individuals do not consume fish, the maximum recommended four
serves of red meat intake was necessary to meet the SDT for all life stages. All egg intake had to be
n-3 LCPUFA enriched and up to 59 weekly serves, or about 8 serves per day of n-3 LCPUFA enriched
products per day were also necessary. For a 2–3 year old child, this translates to 400 g mince, 6 n-3
LCPUFA enriched eggs and 3 cups of n-3 LCPUFA enriched milk a week, and approximately two
slices of n-3 LCPUFA enriched bread and just over 100 g of n-3 LCPUFA enriched yoghurt per day. A
sample diet to meet the SDT for adults of all life stages would be 400 g beef, six enriched eggs, two
kilograms of yoghurt, 28 slices of bread and 11 cups of milk per week.
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Model 4, the lacto-ovo vegetarian diet (Table 2) excludes two significant sources of n-3 LCPUFA,
namely fish and red meat (beef/veal/lamb) and therefore the remaining source of n-3 LCPUFA in the
diet included only n-3 LCPUFA enriched foods and eggs, which are maximised at six eggs per week
by the National Heart Foundation recommendation. In order to meet the SDT for all life stages, a
minimum of 37 and a maximum of 66 n-3 LCPUFA enriched food serves need to be consumed in
one week. This translates to all milk, bread and egg consumption to be in the n-3 LCPUFA enriched
form. An adult would need to consume enriched foods in model 3 plus 2 Friands (a type of muffin
traditionally made with almond meal and popular in Australia) made with DHA almond meal and 5.5
cups of milk per week to meet their SDT.

The amount of n-3 LCPUFA (g per 100 g), the average cost per 100 g of food (fish or enriched
food) and the cost per 100 mg of n-3 LCPUFA is shown in Figure 1. Excellent sources of fish (sardines
and salmon) are amongst the most expensive foods but they provide the most n-3 LCPUFA and hence
are the least expensive when expressed as cost per delivery of 100 mg n-3 LCPUFA. Lean meats are
comparable in cost to excellent sources of fish but contain far less n-3 LCPUFA than fish and therefore
are amongst the highest cost per delivery of 100 mg n-3 LCPUFA. The n-3 enriched foods have very
low levels of n-3 LCPUFA per 100 g of food and hence the cost per delivery of 100 mg n-3 LCPUFA
is much higher than fish. Excellent sources of fish provide the greatest amount of n-3 LCPUFA and
the cost per 100 mg n-3 LCPUFA is the least (Figure 1). Fish oil supplements also provide high levels
of n-3 LCPUFA and the cost per delivery of 100 mg n-3 LCPUFA is approximately 0.04 AUD. Unlike
supplements that only provide vitamin E, the foods provide other nutrients in addition to n-3 LCPUFA:
fish provides selenium, iodine, zinc; eggs provide iodine, selenium and biotin; meats provide iron,
vitamin B12 and zinc; yoghurt and milk provide calcium; and bread provides fibre.

0
0.5
1

1.5
2

2.5
3

3.5
4 n 3 LCPUFA (g per 100g)

Average cost per 100g food ($AUD)
Cost per 100mg n 3 LCPUFA ($AUD)

Figure 1. The amount of n-3 PUFA in fish and enriched foods, average cost * per 100 g of food and per
100 mg of n-3 LCPUFA. (* Cost estimated in December 2012.) Almond meal was excluded from the
figure due to very low n-3 LCPUFA content.

4. Discussion

The nutritional intakes of n-3 LCPUFA (and DHA) of Australian men is 0.298 g per day (0.117 g
per day); of Australian women is 0.195 g per day (0.083 g per day); of Australian elderly people is 0.219
g per day (0.096 g per day) [20] and of pregnant women 0.263 g per day (0.099 g per day) [16]. The SDT
for n-3 LCPUFA were achieved for all life-stages with all four dietary models. The weekly food intake
to meet the n-3 LCPUFA SDT for all life-stages for each dietary model was: 2 serves of an “excellent”
source of n-3 LCPUFA fish (Model 1), 1 serve of an “excellent” and 1 serve of a “good” source of n-3
LCPUFA fish, 3–4 serves of lean red meat, 0–2 serves of eggs and 3–26 serves of n-3 LCPUFA enriched
foods (Model 2), 4 serves of lean red meat, and 20–59 serves of n-3 LCPUFA enriched foods (Model 3),
37–66 serves of n-3 LCPUFA enriched foods (Model 4).

60



Nutrients 2015, 7, 8602–8602

In the Australian diet, the median n-3 LCPUFA intake in adults (n = 10,851) was approximately
125 mg/day [22], which is well under the target of 500 mg/day [5]. A more recent Australian National
Nutrition Survey conducted in 4487 children aged 2–16 years old showed that the median intakes
ranged from 56 mg/day (2–3 years old) to 98 mg/day (14–16 years old) and only 6% of children met
the SDT for n-3 LCPUFA per day [26]. Therefore, there is a need to increase n-3 LCPUFA in the diets of
Australian adults and children in order to meet the SDT.

Fish/seafood, meat, eggs, n-3 LCPUFA enriched products and supplements are virtually the
only sources of n-3 LCPUFA in Australia. Despite fish and seafood being the richest source of n-3
LCPUFA, they are not widely consumed by adults and children [33]. Based on the 1995 National
Nutrition Survey and the 2007 Australian National Children’s Nutrition and Physical Activity, the
mean daily fish consumption in Australia was approximately 27 g for adults [33] and 13 g for
children, whilst the median fish intake was zero [26]. Only 20% of children consumed fish or
seafood and of the children that did consume fish and seafood, these children were originally born
in countries where fish/seafood is traditionally eaten, like Japan, Korea and the Seychelles [26].
However the vast majority of Australians consume meat in quantities at least 7 times greater than
fish/seafood [18–20,26], hence meat has been shown to be a major contributor of n-3 LCPUFA intake
(47%) to the Australian diet [19,20,22,25,26]. In the model for fish avoiders (model 3), approximately
half of the n-3 LCPUFA was derived from lean red meat and half from n-3 LCPUFA enriched products.
Interestingly, increased meat consumption has been shown to be associated with lower odds of
depression [34].

Diets that exclude fish, red meat and eggs are usually lower in n-3 LCPUFA [35]. The
plant-based n-3 PUFA ALA can be converted into EPA and DHA, but the conversion rate is very
inefficient [36,37]. Therefore, a lacto-ovo vegetarian diet would need to include n-3 LCPUFA
enriched products or, alternatively, take encapsulated fish oil or micro-algal oil. However, long-term
consumption of encapsulated fish oil may not be feasible for many individuals due to compliance,
while enriched foods have been shown to be effective in increasing LC n-3 intake and status [27,38].
Therefore, the food industry is encouraged to develop a wider range of enriched staple food products
with higher concentrations of n-3 LCPUFA that include both algal and fish sources of n-3 LCPUFA.

It is possible to meet n-3 LCPUFA intake with enriched foods, but it may not be feasible or practical
long-term, due to the source of n-3 LCPUFA and the increased cost associated with enriched foods.
Some enriched foods such as the almond meal, bread and the powdered beverage drink all use tuna
oil as the source of n-3 LCPUFA. Therefore, these products would only be suitable for vegetarians that
include fish in their diets. In addition, there is the burden of increased cost associated with a diet high
in n-3 LCPUFA enriched products, as these products are more expensive than the un-enriched varieties.
Lacto-ovo vegetarians may need to take algal supplements containing n-3 LCPUFA in order to meet
SDT due to the unrealistic goal of consuming up to 66 serves of enriched foods per week. Furthermore,
a recent Australian population based study by Rahmawaty et al. [39] showed that replacement of
actual bread, milk, egg, and yoghurt consumption with n-3 LCPUFA enriched varieties, doubled
the n-3 LCPUFA median intakes in non-fish consumers, without major dietary changes [39]. This
doubling of intakes in non-fish consumers, still falls far short of the SDT, and hence there is a need for
a wider range of enriched foods and supplements for lacto-ovo-vegetarians that include algal sources
of n-3 LCPUFA.

The majority of Australians with low n-3 LCPUFA intake are people that do not consume
fish/seafood since there are more non-fish consumers than consumers who do not meet the SDT
for the prevention of chronic disease [40]. Furthermore, vegans have much lower n-3 status compared
to omnivores [35], as they do not consume preformed n-3 LCPUFA in their diets and solely rely on the
conversion of ALA to n-3 LCPUFA.

In terms of cost, on average the cost of quality lean red meat is similar to that of “excellent”
and “good” sources of fish (Table 3). Fish is one of the cheapest sources when expressing the cost
per 100 mg n-3 LCPUFA. Atlantic Salmon costs approximately 29 AUD per kilogram, but only costs
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16 cents per 100 mg n-3 LCPUFA (equivalent to 80 cents per 500 mg n-3 LCPUFA). Meat is on average
25 AUD per kilogram, but costs 2 AUD per 100 mg n-3 LCPUFA (equivalent to $10 per 500 mg n-3
LCPUFA), which is more than 10-fold higher than Atlantic salmon. In terms of providing 100 mg n-3
LCPUFA, the n-3 LCPUFA enriched foods are comparable to, or slightly cheaper than, lean red meat,
but are more expensive when compared to fish. Australians consume at least seven times more meat
than fish [18] and on average consume 160 g per day [18], which demonstrates their willingness to
pay for it. Given the similarities in cost per kilogram, fish is by far the better option when assessing
the amount of n-3 LCPUFA per cost. However Australians do not consume fish for a variety of
reasons including the smell, bones, pollutants, family members not liking it, taste, the preparation and
price [41]. Amongst the fish consumers, price was the main negative effect for consuming fish [40,41],
however, this study clearly shows that the average cost of fish is similar to that of lean red meat, yet
fish supplies 10 times more n-3 LCPUFA than lean red meat.

Based on Australian food culture and eating patterns, non-fish sources of n-3 LCPUFA are
increasingly important for meeting SDT for n-3 LCPUFA. The modelling research highlights the
difficulties in currently meeting the SDT for n-3 LCPUFA if you are a non-fish or low-fish consumer, as
very high and regular consumption of enriched food products are required. This may not be feasible
for many consumers due to cost implications, compliance issues and availability of enriched products.
Therefore, there is a need for a greater variety of staple foods enriched with n-3 LCPUFA, such as
spreads, oils, breads and cereals, to make it easier for consumers to meet the SDT.

Better use of waste in existing fisheries [42,43] will contribute to sustainable sources of n-3
LCPUFA and a range of new research projects are underway to provide a range of sustainable
long-term dietary solutions to meet n-3 LCPUFA needs. This includes research on land plant sources of
n-3 LCPUFA [44] for use as feedstock in livestock production and aquaculture and novel plant sources
of n-3 LCPUFA [45].

The easiest way of achieving the SDT for n-3 LCPUFA, is the consumption of two “excellent” or
“good” fish meals per week. Furthermore, in addition to n-3 LCPUFA, fish also contains other vital
nutrients like iodine, selenium, zinc, and is a good source of protein. Hence further research is required
on how to encourage more frequent consumption of fish and seafood amongst Australian consumers.

5. Conclusions

The SDT can be achieved for adults and children with two serves of fish containing 2000 mg/100 g
n-3 LCPUFA per week without red meat and enriched foods. Fish avoiders who consume red meat
can meet SDT recommendations via four serves of red meat/week and at least 20 serves of enriched
foods per week, while lacto-ovo vegetarians need at least 37 serves of enriched foods per week. These
4 modelled diets meet the SDT for all life stages. Therefore, Australians are encouraged to meet their
n-3 LCPUFA intake by either: an increase in fish/seafood consumption from sustainable sources, or
ensure that they meet n-3 LCPUFA recommendations by consuming a combination of red meat, n-3
LCPUFA enriched products and/or fish/algal supplements. Further research is required on how to
encourage more frequent consumption of fish and seafood amongst Australian consumers.
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Abstract: Few studies have examined docosahexaenoic acid (DHA) in pregnant and lactating
women in developing countries like China, where DHA-enriched supplements are increasingly
popular. We aimed to assess the DHA status among Chinese pregnant and lactating women residing
areas differing in the availability of aquatic products. In total, 1211 women in mid-pregnancy
(17 ˘ 2 weeks), late pregnancy (39 ˘ 2 weeks), or lactation (42 ˘ 7 days) were enrolled from
Weihai (coastland), Yueyang (lakeland), and Baotou (inland) city, with approximately 135 women
in each participant group by region. DHA concentrations were measured using capillary gas
chromatography, and are reported as weight percent of total fatty acids. Mean plasma DHA
concentrations were higher in coastland (mid-pregnancy 3.19%, late pregnancy 2.54%, lactation
2.24%) and lakeland women (2.45%, 1.95%, 2.26%) than inland women (2.25%, 1.67%, 1.68%)
(p values < 0.001). Similar differences were observed for erythrocyte DHA. We conclude that DHA
concentrations of Chinese pregnant and lactating women are higher in coastland and lakeland regions
than in inland areas. DHA status in the study population appears to be stronger than populations
from other countries studied to date.

Keywords: docosahexaenoic acid; pregnant women; lactating women; plasma; erythrocyte; correlation

1. Introduction

Docosahexaenoic acid (DHA, 22:6n-3), as a fundamental constituent in cell membranes, is
indispensable to the structure and function of the retina and central nervous system [1,2]. DHA
is mainly contained in aquatic products, especially in seafood. Dietary DHA intake is a major source
to meet human body requirements, since humans only synthesize a limited amount of DHA from
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α-linolenic acid [3]. It is widely acknowledged that pregnant and lactating women are more susceptible
to DHA deficiency because they need to meet their own needs as well as those of the fetuses. Increased
intake of DHA during pregnancy and lactation has been documented to benefit fetal and infant
development [4–7].

The availability and consumption of aquatic products plays an important role in DHA status. In
a study [8] conducted among women from four Tanzanian tribes differing in lifetime intakes of fish,
Luxwolda et al. observed an obvious positive correlation between fish consumption and DHA levels.
DHA status may also vary across ethnicities. In a study [9] comparing plasma DHA phospholipids
between Dutch and ethnic minority pregnant women in Netherlands, van Eijsden et al. reported
significant ethnic differences in maternal DHA status despite controlling for fish intake. Besides, in an
earlier study [10] involving women from Ecuador and four European countries with different baseline
phospholipid DHA status, Otto et al. observed consistent decreases in the DHA weight percentage of
total fatty acids as women progress from early pregnancy to delivery.

In China, fish availability varies considerably in populations, and is greatest in coastland and
lakeland regions in contrast to inland areas. In this study, we aimed to examine DHA status in a diverse
population of Chinese pregnant and lactating women from coastland, lakeland, and inland areas.

2. Subjects and Methods

2.1. Settings and Subjects

The DHA Evaluation in Women (DEW) study was a cross-sectional survey conducted from May
to July 2014 in three cities of China: Weihai (selected to represent the coastland population), Yueyang
(selected to represent the lakeland population) and Baotou (selected to represent the inland population).
Weihai is surrounded on three sides by the Huang Sea. Yueyang is near Dongting Lake, the second
largest freshwater lake in China. Baotou is a typical inland city in the Mongolian Plateau. A total of
1211 apparently healthy women who were at mid-pregnancy (17 ˘ 2 gestational weeks), late pregnancy
(39 ˘ 2 gestational weeks), or lactation (42 ˘ 7 days postpartum) were recruited approximately equally
from the three regions, with on average 135 (127–138) women in each group per region. Eligible
women were 18–35 years old, were local permanent residents, and had singleton pregnancies. An
additional inclusion criterion for the lactating group was current breastfeeding. Women were excluded
if they had been diagnosed with any cardiovascular, metabolic, and renal diseases, mental disorder, or
aquatic food allergy; or had participated in other research projects in the past 30 days. Women with
severe vomiting after 16 weeks of gestation were also excluded for the mid-pregnancy group. The
research protocol was approved by the Institutional Review Boards/Human Subjects Committees at
Peking University Health Science Center (IRB00001052-14012; date of approval: 22-04-2014), and all
participating women signed informed consents.

2.2. Data and Sample Collection

Participants were enrolled from four local hospitals: one located in Weihai, one in Yueyang, and
two in Baotou. Trained obstetricians or nurses from the hospitals completed enrolment and data
collection. A structured questionnaire was used to collect maternal characteristics, including birthdate,
ethnicity, height, pre-pregnancy weight, and educational attainment. For pregnant women, gestational
age at enrolment was calculated according to the date of the last menstrual period. For lactating
women, self-reported gestational age at delivery and parity were also collected.

Fasting venous blood (~5 mL) was collected from the antecubital vein into
ethylenediaminetetraacetic acid (EDTA)-containing tubes. Samples were kept in the refrigerator at
5 ˝C for at least 30 min and then centrifuged at 3000ˆ g for 10 min to separate plasma and erythrocytes.
The erythrocytes were washed out with normal saline. Both plasma and erythrocyte samples were
stored at ´20 ˝C in the hospital for approximately 10 days, and then were transported on dry ice
frozen at ´80 ˝C to the central laboratory where samples were stored at a ´80 ˝C freezer. Notably,
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the temporal storage of blood samples at ´20 ˝C might have somewhat compromised DHA in
erythrocyte [11,12].

To ensure data quality and to standardize data collection methodologies across sites, study
staff attended training workshops and each site had a designated investigator who oversaw the
standardized data collection procedures. In addition, senior investigators met weekly and provided
additional oversight.

2.3. Sample Analysis

The extraction and derivatization of total lipids in plasma and erythrocyte samples were carried
out using a modified method of Folch et al. [13]. The internal standard solution containing methyl
undecanoate (C11:0) was added to the samples, and mixed with boron trifluoride and methanol.
This mixture was heated at 115 ˝C for 20 min. After cooling to room temperature, the mixture
was extracted with n-hexane. The n-hexane containing methyl esters of total lipids were analyzed
by an Agilent 6890N gas chromatography (Agilent Technologies, Palo Alto, CA, USA) equipped
with a flame ionization detector at 280 ˝C and a capillary column (CP-Sil 88, 50 m, 0.25 mm ID,
0.20 μm film thickness). The injector was set as a split mode at 250 ˝C, with the split ratio of 1:5.
The oven temperature was programmed as follows: ramping from 120 ˝C to 166 ˝C at 2 ˝C/min,
and holding at 166 ˝C for 10 min; then ramping to 200 ˝C at 2 ˝C/min and holding at 200 ˝C for
10 min. Individual fatty acids were identified against the reference standards. The data were collected
and processed using Agilent OpenLAB software (Agilent Technologies, Santa Clara, CA, USA). Both
absolute concentration (μg/mL) and the relative concentration (weight percent of total fatty acids, wt.
%) of DHA were calculated.

2.4. Statistical Analysis

DHA concentrations are presented as means ˘ SDs. One-way analyses of variance were performed
to compare overall differences in DHA concentrations among participant groups and regions. T-tests
were used to examine the differences between women in inland and lakeland/coastland as well as
between women in mid-pregnancy and late-pregnancy/lactation. Additionally, we explored whether
DHA concentrations varied across subgroups based on maternal age (18.0–24.9, 25.0–29.9, and 30.0–34.9
years), pre-pregnancy BMI (<18.5, 18.5–23.9, and ě24.0 kg/m2), and education attainment (middle
school or less, high school, and college or above) by using multiple linear regression with adjustments
for covariates including region and participant group.

To illustrate the relationship between plasma and erythrocyte DHA, we performed several sets of
Pearson correlation analyses. We first estimated the overall correlation coefficient between plasma
and erythrocyte relative DHA concentrations. Because the scatterplot indicated an obviously different
correlation pattern between individuals with erythrocyte DHA concentrations ě3% and those <3%,
separate correlation analyses for the two subgroups were then performed. We also repeated the
above-mentioned correlation analyses within the 9 subgroups defined by region and participant group.

Significance was set at p < 0.05. All statistical analyses were performed by using SPSS version
20.0 (Chicago, IL, USA).

3. Results

3.1. Maternal Characteristics

Table 1 shows maternal characteristics by region and participant group. Overall, 87.8% women
had high school or above education. In coastland and lakeland populations, 98.0% were of Han
ethnicity, whereas the percentage was somewhat lower (89.8%) in inland, where 7.1% were Mongolian.
The mean age, height, and pre-pregnancy BMI were comparable for the three participant groups
residing coastland and inland, whereas women from the lakeland were younger, shorter in stature, and
had lower pre-pregnancy BMI (p values < 0.001). In the lactating group, primiparous women accounted
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for 87.5%, 81.5%, and 86.0% in coastland, lakeland, and inland, respectively, and corresponding mean
gestational age at delivery in the three regions was 39.3, 39.3, and 39.1 weeks, respectively.

Table 1. Maternal characteristics by region and participant group.

Coastland Lakeland Inland

Characteristic MP LP LA MP LP LA MP LP LA

Number of participants 136 127 136 133 134 135 138 136 136

GA (week)/PP (day) at enrolment

Mean 16.9 37.5 42.7 17.0 38.0 41.7 16.7 38.6 42.1
SD 0.9 0.7 2.3 1.1 0.9 4.1 1.1 1.2 3.9

Age (year)

Mean 27.9 28.4 28.3 26.5 27.1 27.1 27.9 28.5 28.1
SD 2.4 2.7 2.7 3.1 3.1 3.0 2.9 3.3 3.0

Ethnics (%)

Han 97.8 99.2 97.1 98.5 97.8 97.8 83.3 94.1 91.9
Mongolian 0 0 0 0 0 0 12.3 4.4 4.4

Hui 0 0 0.7 0 0 0 0.7 0.7 2.2
Others 2.2 0.8 2.2 1.5 2.2 2.2 3.6 0.7 1.5

Education (%)

College or above 67.7 66.2 65.4 47.4 61.3 62.2 79.0 78.4 73.5
High school 15.4 24.4 25.0 36.8 24.6 23.7 13.8 16.2 19.1

Middle school or less 16.9 9.4 9.6 15.8 14.1 14.1 7.2 15.4 7.4

Height (cm)

Mean 163.6 163.7 163.2 159.3 159.8 159.8 164.1 162.8 163.1
SD 4.9 4.6 5.0 4.5 3.9 4.3 4.9 4.7 4.6

Pre-pregnancy BMI (kg/m2)

Mean 21.1 21.3 21.9 20.2 19.8 20.1 21.3 21.6 21.2
SD 2.8 2.5 3.5 2.5 1.9 2.9 3.3 2.8 3.2

GA, gestational age; PP, postpartum; MP, mid-pregnancy; LP, late pregnancy; LA, lactation.

3.2. DHA Concentrations

Mean plasma and erythrocyte relative DHA concentrations of 9 region- and group-specific
subgroups ranged 1.67%–3.19% and 5.06%–7.59%, respectively; corresponding absolute values ranged
between 60.5 and 146.2 μg/mL and 89.3–127.7 μg/mL, respectively (Table 2).
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Table 2. Docosahexaenoic acid (DHA) concentrations by region and participant group.

Inland Lakeland Coastland
P ANOVA

Mean SD Mean SD Mean SD

wt. %
Plasma

Mid-pregnancy 2.25 0.46 2.45 a 0.44 3.19 a 0.65 <0.001
Late

pregnancy 1.67 b 0.35 1.95 a,b 0.45 2.54 a,b 0.60 <0.001

Lactation 1.68 b 0.48 2.26 a,b 0.53 2.24 a,b 0.70 <0.001
P ANOVA <0.001 <0.001 <0.001

Erythrocyte
Mid-pregnancy 5.85 1.06 6.34 a 0.80 7.59 a 1.46 <0.001

Late
pregnancy 5.06 b 1.25 6.23 a 1.09 7.09 a,b 1.93 <0.001

Lactation 5.20 b 1.15 6.20 a 0.92 6.07 a,b 1.59 <0.001
P ANOVA <0.001 0.45 <0.001
μg/mL
Plasma

Mid-pregnancy 93.4 25.2 86.2 a 20.5 118.4 a 30.8 <0.001
Late

pregnancy 101.9 b 33.1 110.1
a,b 28.3 146.2

a,b 45.1 <0.001

Lactation 60.5 b 17.5 65.1 b 20.9 75.7 a,b 29.9 <0.001
P ANOVA <0.001 <0.001 <0.001

Erythrocyte
Mid-pregnancy 108.0 22.1 103.2 a 13.6 127.7 a 27.2 <0.001

Late
pregnancy 89.3 b 25.2 106.6 a 20.7 123.2 a 37.5 <0.001

Lactation 91.4 b 22.1 97.0 a,b 19.7 99.3 a,b 29.6 <0.05
P ANOVA <0.001 <0.001 <0.001

ANOVA, analyses of variance. a: Mean values were significant different compared with women from inland
within the same participant group (by t-test, p < 0.05); b: mean values were significant different compared with
women in mid-pregnancy within the same region (by t-test).

Plasma and erythrocyte DHA relative concentrations differed by region across participant groups
(p values < 0.001). The concentrations were higher in coastland and lakeland women than in inland
women. Similar regional differences in DHA absolute concentrations were observed (Table 2).

Plasma DHA relative concentrations differed significantly by participant groups across the regions
(p values < 0.001); the concentrations were higher in mid-pregnancy than in late pregnancy and
lactating women across regions (p values < 0.001). Similar patterns were also observed for erythrocyte
DHA relative concentrations, although the difference was not significant among the three groups of
lakeland women. In contrast, the plasma DHA absolute concentrations were highest in late-pregnancy
women, followed by in mid-pregnancy, and lowest in lactating women. The erythrocyte DHA absolute
concentrations were relatively higher in mid-pregnancy in inland, in mid- and late-pregnancy in
lakeland and coastland women (Table 2).

In multiple linear regression analyses, maternal age and education were significantly associated
with DHA concentrations; patterns for regional and inter-group DHA were similar to the
aforementioned unadjusted analyses (Table 3).

3.3. Correlation between DHA in Plasma and Erythrocyte

The overall Pearson correlation coefficient between plasma and erythrocyte relative DHA
concentrations was 0.625 (p < 0.001). The correlation profile was visually examined via a scatterplot
and an obviously different correlation pattern was detected between women with erythrocyte DHA
concentration ě3% and those <3% (Figure 1). The significant positive correlation persisted only in
women with erythrocyte DHA concentrations ě3% (n = 1175; r = 0.73, p < 0.001), but not in those
<3% (n = 36; r = ´0.13, p = 0.46). After excluding women with erythrocyte DHA concentrations <3%,
most of region- and group-specific correlation coefficients were substantially augmented by 18%–64%
(Supplementary Table S1).
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Figure 1. Correlation between plasma and erythrocyte DHA relative concentrations in 1211 participants.

4. Discussion

In this large cross-sectional study conducted in three typical urban areas of China, DHA
concentrations measured by relative weight percent to total fatty acids in pregnant and lactating women
were higher in coastland/lakeland women than in inland women as well as higher in mid-pregnancy
than in late-pregnancy/lactation. Moreover, we observed a moderate to high degree of correlation
between plasma and erythrocyte DHA.

Consistent with a previous study [8], we found DHA concentrations, whether in plasma or
erythrocyte, for each participant group, were significantly higher in coastland/lakeland than in inland
women, likely reflecting differences in consuming aquatic products. Relevant data of Chinese pregnant
or lactating women are sparse. One small study [14] conducted in 138 late-pregnant Chinese women
reported similar results for plasma choline phosphoglyceride DHA: highest in coastland, followed by
lakeland, and lowest in inland. In addition, consistent with longitudinal studies [10,15], we observed
that both plasma and erythrocyte DHA relative concentrations, despite the region, were significantly
higher in mid-pregnancy than in late-pregnancy, probably in response to an increasing fetal needs for
DHA and an increasing blood volume during pregnancy [16,17]. Meanwhile, we noticed that DHA
absolute concentrations were higher in late-pregnancy than mid-pregnancy, which was probably due
to an increasing synthesis during pregnancy [17]. Additionally, consistent with the findings from
Stark et al. [18], DHA concentrations in plasma and erythrocytes increased with maternal age and
education, possibly reflecting the difference in consuming aquatic products. We further compared
DHA concentrations in total lipids (reported as wt. % of total fatty acids) with other populations
worldwide, and found that the DHA concentrations of Chinese pregnant and lactating women were at
relatively high level. Specifically, the concentrations of our inland women were higher than those of
women residing in inland areas of India [19] or Germany [20], and close to or even higher than those
of women residing in coastal areas of some nations like USA, United Kingdom, Denmark, Norway,
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Japan, or Canada [17,21–25]; however, the concentrations of our coastland women were slightly lower
than those of Spanish (mid-pregnancy: 3.19% versus 3.70% in plasma) [26] and Cubans (lactation:
2.24% versus 2.56% in plasma and 6.07% versus 6.80% in erythrocyte) [27]. Besides differences in
consuming aquatic products or DHA enriched supplements, the potential explanations for ethnic
differences also involve DHA synthesis and metabolism, for FADS genotypes influence maternal DHA
concentrations [28,29].

As expected, we observed a moderate to high level of positive correlation between plasma
and erythrocyte DHA (Pearson’s r = 0.63). The correlation was even stronger (r = 0.73) in women
with erythrocyte DHA ě3%, but not at all in those with erythrocyte DHA <3% (n = 36; r = ´0.13,
p = 0.46); interestingly, the plasma concentrations in the two subgroups of women (2.25% versus
2.04%) did not differ materially. One explanation regarding the inflection point in the correlation
between plasma and erythrocyte DHA was that erythrocyte could serve as a reservoir and its
DHA could be transported into plasma for body need in case of a lower DHA status [30].
Another explanation was that the storage of the blood samples at ´20 ˝C might have compromised
erythrocyte DHA, especially in those with lower DHA concentrations, whereas the storage probably
had no impact on plasma DHA, which in turn resulted in a flawed deviation from the linear
correlation [11,12]. Therefore, the correlation identified in our study should be interpreted with
caution, which remains to be confirmed in further studies.

Our study has multiple strengths. We selected three typical regions with plausible differences in
DHA intake due to differences in the availability of aquatic products, and recruited three groups of
women to simultaneously assess DHA status in mid-pregnant, late-pregnant and lactating women by
region. Procedures in data collection and sample analyses were intensively monitored. The region- and
participant group-specified sample size (~135) was the largest compared to previous similar studies
(~50). However, our study also has several limitations. Firstly, the study was not longitudinal, and was
conducted only in urban areas of China, possibly confining the generalization of findings. Secondly,
the mean erythrocyte DHA concentrations might be slightly lower than the true values due to the
temporary storage of blood samples under ´20 ˝C [11,12]. Thirdly, the regional differences in DHA
concentrations for pregnant and lactating women could not be simply generalized to the non-pregnant
because the increased DHA synthesis during pregnancy was likely more pronounced in individuals
with lower DHA intakes [17]. Additionally, we only focused on DHA in this study as a preliminary
step to understand maternal status of polyunsaturated fatty acids (PUFAs) in our population. Further
studies regarding other PUFAs are encouraged, which are critical to the understanding of the entire
profile of PUFAs as well as its relationship with dietary fatty acids.

In summary, DHA concentrations of Chinese pregnant and lactating women are higher in
coastland and lakeland regions than in inland areas. DHA status in our population appears to
be stronger than populations from other countries as reported in the literature. DHA concentrations
varied by region and participant groups, which is likely due to differences in consumption of aquatic
products or changes in physiological needs for DHA.

Supplementary Materials: Supplementary materials can be accessed at: http://www.mdpi.com/2072-6643/
7/10/5428/s1.
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Abstract: Arachidonic (AA) and docosahexaenoic acid (DHA) brain accretion is essential for brain
development. The impact of DHA-rich maternal diets on offspring brain fatty acid composition has
previously been studied up to the weanling stage; however, there has been no follow-up at later
stages. Here, we examine the impact of DHA-rich maternal and weaning diets on brain fatty acid
composition at weaning and three weeks post-weaning. We report that DHA supplementation during
lactation maintains high DHA levels in the brains of pups even when they are fed a DHA-deficient
diet for three weeks after weaning. We show that boosting dietary DHA levels for three weeks after
weaning compensates for a maternal DHA-deficient diet during lactation. Finally, our data indicate
that brain fatty acid binding protein (FABP7), a marker of neural stem cells, is down-regulated in
the brains of six-week pups with a high DHA:AA ratio. We propose that elevated levels of DHA in
developing brain accelerate brain maturation relative to DHA-deficient brains.

Keywords: arachidonic acid; brain development; brain lipids; diet and dietary lipids; fatty
acid/binding protein

1. Introduction

Human brain development starts at the fifth postmenstrual week and continues after birth with
most of the brain’s neurobiological processes fully developed by adolescence [1,2]. There is a spurt in
brain growth during the last trimester of pregnancy, with the mass of the brain approaching that of
adult brain by the time the child is about three years old [3]. The rapid growth of the brain during the
last trimester requires a significant supply of long chain polyunsaturated fatty acids (PUFA), especially
docosahexaenoic acid (DHA, C22:6, ω-3) and arachidonic acid (AA, C20:4, ω-6) which are the major
PUFA components of brain lipids [4].

DHA accumulates in brain gradually over the course of its development specifically from the third
trimester onwards [5]. Analysis of the phosphatidylethanolamine component of brain phospholipids
revealed increases in ω-3 PUFA, contributed mainly by DHA, and in the ω-3:ω-6 PUFA ratio, in brains
of children from six months to 8 years old compared to brains of zero to six month old infants. In turn,
the latter had a higher ω-3 PUFA content and ω-3:ω-6 PUFA ratio than fetuses at 26 to 42 weeks of
gestation [6]. Similarly, when rat brains were examined at postnatal day (P) 8 (comparable to 36–40
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weeks of gestation in humans in terms of brain maturation [7]) and at embryonic days (E) 17 and E20,
an increase in ω-3 PUFA was observed, with most of the increase being accounted for by DHA [8].
A similar scenario was reported for developing piglets, with increased DHA content at term and 14
weeks postnatally compared to mid-gestation [9].

Long chain ω-3 and ω-6 PUFAs can be endogenously synthesized from their precursors,
alpha-linolenic acid (ALA) and linoleic acid (LA), respectively. However, these conversions are
believed to be insufficient for the growing infant and must be supplemented by diet. Human breast
milk contains about 13–22 wt% of its total fatty acid content as PUFA, with the DHA content varying
widely depending on the mother’s diet [10–13]. For example, in Japan, the average DHA content in
breast milk is about 1% of total fatty acids while in Pakistan it is about 0.06% [14]. Studies in primate
models have shown that maternal and neonatal diets deficient in ω-3 PUFAs result in altered brain
and retinal fatty acid composition and are associated with impaired neural and visual function [15].

Fatty acid binding proteins (FABPs) are a family of 10 intracellular proteins that bind hydrophobic
ligands including fatty acids [16,17]. Different members of the FABP family are expressed in the brain
where they participate in the intracellular trafficking of different fatty acids [16]. Of these FABPs, brain
fatty acid binding protein (B-FABP or FABP7) binds DHA with the highest affinity, although it can also
bind other PUFAs such as AA [18]. FABP7 has well-established roles in brain development and has also
been shown to be a key determinant of malignant glioma growth properties and prognosis [16,19–22].
It has been postulated that the relative levels of AA and DHA in brain may affect FABP7 expression [23].
A recent study suggests a link between FABP7, DHA and gene expression [24].

In this study, we explore the impact of DHA-rich maternal and weaning diets on brain fatty acid
composition as well as FABP7 expression during the first six weeks of life. Although some reports have
assessed the effect of feeding ω-3-rich diets to dams during pregnancy and lactation on brain fatty acid
composition at embryonic and weanling stages [25,26], to our knowledge, there has been no follow-up
at later developmental stages. The brains of three-week and six-week old rats correspond to that of 2–3
year old and 12–18 year old humans, respectively [7]. At these two developmental stages, the brains of
rats and humans are thought to undergo fairly similar developmental processes [7]. Our model should
therefore provide relevant information on brain fatty acid needs in humans at these two stages.

2. Experimental Section

2.1. Animals

Protocols involving animal use were approved by the University of Alberta Health Sciences
Animal Care and Use Committee and were carried out following the Canadian Council on Animal
Care guidelines and in compliance with the ARRIVE guidelines. Primiparous Sprague-Dawley rats (n =
20) were obtained from Charles River Laboratories (Montreal, Quebec, Canada) on day 14 of gestation.
Dams were fed standard rat chow (Lab diet 5001; PMI Nutrition International, Brentwood, MO, USA)
throughout gestation. Approximately 24 h before giving birth, dams were randomly allocated to one
of two nutritionally adequate experimental diets. The composition of the diets, different only in fat
composition, has been previously published [27]. The fatty acid composition of the control diet (Cnt, n
= 12 dams) and the DHA-rich diet (ω-3, n = 8 dams) is described in Table 1. The fat content (20% w/w)
and the polyunsaturated to saturated fatty acid (PUFA:SFA) ratio (0.5) did not differ between diets. All
diets met the essential fatty acid requirements of the rodent. At birth, the litters were culled, leaving 10
pups per dam. Diets were fed ad libitum throughout the suckling period. Offspring were kept with
their mothers until termination.

Three weeks postnatally, the dams and six pups/dam were weighed and sacrificed by CO2

exposure and subsequent cervical dislocation. Their brains were carefully excised, snap frozen in
liquid nitrogen and kept at ´80 ˝C until assayed for fatty acid composition and FABP7 expression. Pup
stomach content was also collected and assayed for fatty acid composition as an indicator of dietary
effect on maternal milk composition [28]. The remaining pups from each dam (n = 4) were randomly
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assigned either the same diet as the dam (n = 2/dam) or crossed over to the other diet (n = 2/dam).
The pups were fed this diet for an additional three weeks. This design resulted in four groups of
six-week old pups: Cnt/Cnt, ω-3/Cnt, Cnt/ω-3, and ω-3/ω-3, based on the respective dam diet and
final pup diet (dam diet/pup diet). At six weeks, rats were sacrificed and brain samples were collected
as described previously. An outline of the experimental design is presented in (Figure 1).

Table 1. Fatty acid composition of control (Cnt) and docosahexaenoic acid (DHA)-rich (ω-3) diets.
Data are presented as % of total fatty acids a.

Fatty Acid Control Diet (Cnt) DHA Diet (ω-3)

g/100 g of total fatty acids
C14:0 0.1 ˘ 0.0 0.4 ˘ 0.0
C16:0 6.7 ˘ 0.3 6.2 ˘ 0.1

C16:1ω-7 0.2 ˘ 0.0 0.2 ˘ 0.1
C18:0 38.8 ˘ 1.2 40.6 ˘ 0.2

C18:1ω-9 29.0 ˘ 1.7 24.8 ˘ 0.3
C18:2ω-6 (LA) 21.2 ˘ 0.5 21.6 ˘ 0.0

C20:0 0.9 ˘ 0.0 0.9 ˘ 0.0
C18:3ω-3 (ALA) 1.7 ˘ 0.1 3.3 ˘ 0.1

C20:3ω-6 0.4 ˘ 0.1 0.4 ˘ 0.1
C20:4ω-6 (AA) 0.4 ˘ 0.0 0.4 ˘ 0.0

C22:6ω-3 (DHA) 0 0.9 ˘ 0.1
a Analysis by GLC of n = 2 batches, mean ˘ standard error of the mean (SEM); AA, arachidonic acid;
ALA, α-linolenic acid; DHA, docosahexaenoic acid; ω, omega.

Figure 1. Outline of the study design. Dams were fed control (Cnt) or DHA-rich (ω-3) diets during
lactation. Three weeks postnatally, dams and a portion of the pups were sacrificed and their brains
were collected. Aliquots of dam breast milk and pup stomach content were collected to assess dietary
effect on DHA content. The remaining pups were maintained on either control (Cnt) or DHA-rich (ω-3)
diet for three more weeks until sacrificed and their brain samples were collected.

2.2. Brain Phospholipids Fatty Acid Composition

Brain lipids were extracted by a modified Folch method and total phospholipids were
separated on silica G plates as previously described [29]. The bands were visualized with
8-anilino-1-naphthalenesulfonic acid under UV light. Appropriate standards were used for comparison.
Fatty acid methyl esters were then prepared from the scraped silica bands and separated by automated
gas liquid chromatography (Agilent Model 7890A, Agilent Technologies, Mississauga, ON, Canada)
using a 100 m CP-Sil 88 fused capillary column (Agilent Technologies) with peaks identified by
comparison with standards (NuChek Prep, Elysian, MN, USA). A total of 20 fatty acids were assessed
and their values were expressed as g/100 g of total fatty acids.
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2.3. Western Blot Analysis

Brain tissue was homogenized in modified RIPA buffer [50 mM Tris-HCl pH 7.0, 150 mM NaCl,
0.5% sodium deoxycholate, 1% NP40, 0.1% SDS, 1 mM sodium fluoride, 1ˆ Complete Protease Inhibitor
(Roche Diagnostics, Laval, Canada)]. Brain lysates (50 μg protein per lane) were electrophoresed in
12.5% SDS-polyacrylamide gels then transferred to nitrocellulose membranes and immunostained with
rabbit anti-FABP7 antibody (1:500 dilution) [30] or goat anti-actin antibody (1:100,000) (Sigma-Aldrich,
Oakville, Canada). Primary antibodies were detected with horseradish peroxidase-conjugated
secondary antibodies (Jackson ImmunoResearch Laboratories Inc., Burlington, Canada) using the ECL
detection system (GE Healthcare, Mississauga, Canada).

2.4. Statistical Analysis

Data are reported as mean ˘ standard error of the mean (SEM). In analyzing pup data, every
dam was represented by one pup and pups were treated as individual experimental units. One-way
analysis of variance, Duncan’s multiple range post hoc test (4 groups) and Student’s unpaired t-test
(2 groups) were used to assess the significance of differences between groups. Where data did not
conform to normality, Kruskal-Wallis one way analysis of variance on ranks and Dunn’s test were used.
Microsoft Excel (Microsoft, Redmond, WA, USA) and SigmaPlot 12.0 (Systat software, Inc. Chicago, IL,
USA) were used in the statistical analysis of data. The level of significance was set at p < 0.05.

3. Results

3.1. Effect of a DHA-Rich Diet on Dam and Pup Brain Fatty Acid Composition

3.1.1. Dam Brain Fatty Acid Composition: DHA-Rich Diet Does Not Alter AA and DHA Levels

Dams were divided into two groups: those fed a control diet (Cnt) consisting of 1.7% total ω-3
PUFA (no added DHA), and those fed a DHA-rich diet (ω-3) consisting of 0.9% DHA with a total ω-3
PUFA content of 4.2% (Figure 1; Table 1). The ω-6:ω-3 ratios of the control and DHA-rich diets were
13.3:1 and 5.3:1, respectively. Dams were fed the diets until they were sacrificed 21 days after delivery.
Litter size and body weights of Cnt and ω-3 dams did not differ significantly with average values
being 323 ˘ 12.0 g and 299 ˘ 4.23 g at termination, respectively.

There were no significant differences in total saturated fatty acids (SFA), total monounsaturated
fatty acids (MUFA), and total PUFA between the Cnt and ω-3 dam brains (Table 2) although a
borderline (p = 0.053) reduction (by 8.2%) in ω-6 PUFA was observed in ω-3 dam brains compared to
controls. Of note, LA (C18:2ω-6) was significantly increased (by 9.4%) whereas adrenic acid (C22:4ω-6)
was significantly decreased (by 55.6%) in ω-3 dam brains. C22:4ω-6, a major PUFA in myelin, is
formed from C20:4ω-6 by a 2-carbon chain elongation.

The ratio of C18:2ω-6:C20:4ω-6 was significantly increased (by 17.2%) in ω-3 dam brains
compared to controls, indicating reduced conversion of LA to AA in dams fed a DHA-rich diet.
A DHA diet also reduced the ω-6:ω-3 PUFA ratio by 12.5% (p = 0.046), and there was a trend towards
a reduced AA:DHA ratio (by 12.3%, p = 0.065). Thus, the most dramatic effect of a DHA-rich diet on
dam brain fatty acid composition is about a two-fold reduction in C22:4ω-6 levels, with no change in
ω-3 PUFA levels and a borderline decrease in overall ω-6 PUFA levels.

3.1.2. Three-Week Old Pup Brain Fatty Acid Composition: DHA-Rich Diet Increases DHA and
Decreases AA Content

At three weeks, pups weaned from Cnt or ω-3 dams showed no significant difference in body
weight, with weights being 50.5 ˘ 0.74 g and 50.7 ˘ 1.3 g, respectively. DHA content was higher
in milk samples collected from ω-3 dams compared to controls (1.43% ˘ 0.12% vs. 0.19% ˘ 0.02%,
p < 0.05) with no change in AA content (2.9% ˘ 0.6% vs. 2.5% ˘ 0.3%, full composition not shown).
The stomach contents of three-week pups were also collected as these should reflect the fatty acid
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composition of dams’ milk. The increase in DHA observed in the breast milk of dams fed a DHA-rich
diet was mirrored by pup stomach content with a DHA content of 1.1% ˘ 0.03% in ω-3 samples
compared to 0.24% ˘ 0.18% in Cnt samples.

Table 2. Fatty acid composition of total phospholipids isolated from brains of dams fed either control
(Cnt) or DHA-rich (ω-3) diet.

Fatty Acids Cnt (n = 9) ω-3 (n = 4) p-Value *

% of total fatty acids
14:0 0.22 ˘ 0.07 0.29 ˘ 0.16 0.63
15:0 0.45 ˘ 0.15 0.52 ˘ 0.29 0.82
16:0 22.2 ˘ 0.15 22.9 ˘ 0.17 * 0.03

16:1ω-9 0.49 ˘ 0.03 0.51 ˘ 0.03 0.63
18:0 25.0 ˘ 0.22 25.1 ˘ 0.68 0.94

18:1ω-9 17.7 ˘ 0.25 17.5 ˘ 0.65 0.81
18:1c11 4.5 ˘ 0.38 4.4 ˘ 0.59 0.88
18:2ω-6 0.70 ˘ 0.01 0.77 ˘ 0.02 * 0.004

20:0 0.37 ˘ 0.02 0.37 ˘ 0.04 0.94
18:3ω-3 1.1 ˘ 0.05 1.1 ˘ 0.07 0.74
20:2ω-6 0.09 ˘ 0.008 0.09 ˘ 0.003 0.64
20:3ω-6 0.81 ˘ 0.05 0.77 ˘ 0.06 0.62
20:4ω-6 8.9 ˘ 0.25 8.3 ˘ 0.11 0.12

24:0 1.2 ˘ 0.07 1.2 ˘ 0.15 0.86
24:1ω-9 2.7 ˘ 0.12 2.5 ˘ 0.06 0.14
22:4ω-6 0.53 ˘ 0.04 0.24 ˘ 0.09 * 0.004
22:5ω-6 0.05 ˘ 0.008 0.06 ˘ 0.01 0.32
20:5ω-3 0.73 ˘ 0.05 0.73 ˘ 0.1 0.99
22:5ω-3 0.12 ˘ 0.01 0.16 ˘ 0.01 0.07
22:6ω-3 12.0 ˘ 0.28 12.6 ˘ 0.30 0.19

Total MUFA 25.3 ˘ 0.32 24.8 ˘ 0.07 0.16
Total SFA 49.5 ˘ 0.33 50.3 ˘ 0.44 0.18
ω-3 PUFA 13.9 ˘ 0.27 14.6 ˘ 0.36 0.19
ω-6 PUFA 11.1 ˘ 0.27 10.2 ˘ 0.13 0.05

Total PUFA 25.1 ˘ 0.34 24.8 ˘ 0.35 0.65
18:2ω-6:20:4ω-6 0.08 ˘ 0.003 0.09 ˘ 0.003 * 0.02
ω-6:ω-3 PUFA 0.8 ˘ 0.03 0.7 ˘ 0.02 * 0.046

Data are presented as mean ˘ standard error of the mean (SEM). * indicates significant difference between the
two groups. MUFA: monounsaturated fatty acid; SFA: saturated fatty acid; PUFA: polyunsaturated fatty acids. *
p < 0.05 indicates significant difference between the fatty acid levels in brain phospholipids of dams fed control
diet versus ω-3 diet. Two-tailed unpaired t-test.

The brain composition of three-week old pups showed no change in terms of total SFA, total
MUFA, and total PUFA content with DHA-rich diet. However, significant differences were observed
within the PUFA category, with ω-6 PUFAs decreasing by 9.9%, and ω-3 PUFAs increasing by 15.3% in
three-week old pups whose dams were fed a DHA-rich diet (Table 3). For ω-6 PUFA, C22:4 and C20:4
were significantly decreased by 64.4% and 9.0%, respectively, in keeping with the results observed for
dams. As well, the C18:2ω-6:C20:4ω-6 ratio was significantly increased (by 22.1%). Thus, 3-week pup
brains mimics dam brains in that conversion of LA to AA is decreased under DHA-rich conditions.

The increase in ω-3 PUFA observed in the brains of pups from dams fed a DHA-rich diet was
mainly due to a 13.6% increase in C22:6 (Table 3). These changes in ω-6 and ω-3 PUFAs resulted in a
21.9% decrease in the ω-6:ω-3 PUFA ratio and a 20.1% decrease in the AA:DHA ratio (Table 3). We
also observed a 13.4% decrease in the MUFA, C24:1ω-9 (nervonic acid), in pup brains as a consequence
of high levels of DHA in the maternal diet (Table 3). The effect of a DHA-rich diet on C24:1ω-9 in
pup brains is of potential significance as nervonic acid is a major component of myelin. These results
demonstrate that pup brain fatty acid composition prior to weaning is highly dependent on dam diet,
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with significant increases observed in DHA content, as well as decreases in 22:4ω-6, C20:4ω-6 and
24:1ω-9 content.

Table 3. Fatty acid composition of total phospholipids isolated from brains of three-week old pups
weaned from dams fed either control (Cnt) or DHA-rich (ω-3) diet.

Fatty Acids Cnt (n = 15) ω-3 (n = 9) * p-Value

% of total fatty acids
14:0 0.42 ˘ 0.01 0.37 ˘ 0.02 0.05
15:0 0.77 ˘ 0.09 0.61 ˘ 0.12 0.29
16:0 27.5 ˘ 0.23 26.1 ˘ 0.69 0.08

16:1ω-9 1.1 ˘ 0.03 1.0 ˘ 0.04 0.20
18:0 23.7 ˘ 0.16 23.7 ˘ 0.3 0.99

18:1ω-9 13.3 ˘ 0.17 14.4 ˘ 0.79 0.22
18:1c11 2.7 ˘ 0.09 2.9 ˘ 0.20 0.16
18:2ω-6 1.1 ˘ 0.03 1.2 ˘ 0.04 0.07

20:0 0.25 ˘ 0.02 0.36 ˘ 0.08 0.23
18:3ω-3 0.38 ˘ 0.03 0.58 ˘ 0.15 0.21
20:2ω-6 0.18 ˘ 0.008 0.20 ˘ 0.02 0.19
20:3ω-6 0.70 ˘ 0.03 0.99 ˘ 0.14 0.07
20:4ω-6 11.6 ˘ 0.16 10.6 ˘ 0.43 * 0.04

24:0 0.31 ˘ 0.04 0.53 ˘ 0.16 0.19
24:1ω-9 3.2 ˘ 0.04 2.8 ˘ 0.04 * <0.0001
22:4ω-6 1.4 ˘ 0.03 0.49 ˘ 0.02 * <0.0001
22:5ω-6 0.03 ˘ 0.003 0.05 ˘ 0.01 0.14
20:5ω-3 0.39 ˘ 0.04 0.52 ˘ 0.14 0.42
22:5ω-3 0.14 ˘ 0.006 0.14 ˘ 0.01 0.88
22:6ω-3 10.8 ˘ 0.23 12.3 ˘ 0.43 * 0.003

Total MUFA 20.3 ˘ 0.23 21.2 ˘ 0.98 0.40
Total SFA 52.9 ˘ 0.31 51.6 ˘ 0.78 0.14
ω-3 PUFA 11.7 ˘ 0.21 13.5 ˘ 0.27 * <0.0001
ω-6 PUFA 14.9 ˘ 0.13 13.5 ˘ 0.28 * <0.0001

Total PUFA 26.7 ˘ 0.31 27.0 ˘ 0.44 0.56
ω-6 PUFA:ω-3 PUFA 1.3 ˘ 0.02 0.99 ˘ 0.02 * <0.0001

20:4ω-6:22:6ω-3 1.1 ˘ 0.02 0.86 ˘ 0.02 * <0.0001

Data are presented as mean ˘ standard error of the mean (SEM). MUFA: monounsaturated fatty acid;
SFA: saturated fatty acid; PUFA: polyunsaturated fatty acids. One to two pups per dam were used for the fatty
acid analyses. * p < 0.05 indicates significant difference between the fatty acid levels in brain phospholipids of
three-week old pups from dams fed control diet versus ω-3 diet. Two-tailed unpaired t-test.

3.1.3. Six-Week Old Pup Brain Fatty Acid Composition: DHA-Rich Diet Maintains Elevated DHA
Content after Pups Are Transferred to a Cnt Diet

In six week pups, there were no significant changes in the body weights among the four dietary
groups, with values being 159.5 ˘ 4.1, 163.3 ˘ 4.5, 158.2 ˘ 4.8, 156.5 ˘ 4.7 g, for Cnt/Cnt, ω-3/Cnt,
Cnt/ω-3, and ω-3/ω-3 groups, respectively. Similarly, total SFA, total MUFA and total PUFA were
not significantly different among the four groups (Table 4). Although total PUFA content was not
significantly different, statistically significant increases in ω-3 PUFA were observed when comparing
Cnt/ω-3 and ω-3/ω-3 treatment groups to the Cnt/Cnt group, with increases of 15.5% and 18.9%,
respectively. The 9% increase observed upon comparing the ω-3 PUFA content in the ω-3/Cnt
group to that of the Cnt/Cnt group was not statistically significant (Figure 2A and Table 4). A trend
towards reduced ω-6 PUFA content was apparent in ω-3/Cnt (5.7%) compared to Cnt/Cnt group,
with significant reductions observed in the Cnt/ω-3 (7.6%) and ω-3/ω-3 (10.1%) groups (Figure 2A
and Table 4)
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Table 4. Fatty acid composition of total phospholipids isolated from brains of six-week old pups fed
control diet (Cnt) or DHA-rich (ω-3) diet for three weeks after being weaned from dams that were fed
either Cnt or ω-3 diets.

Fatty Acids
Treatment Groups (Dam diet/Pup Diet)

Cnt/Cnt (n = 10) ω-3/Cnt (n = 7) Cnt/ω-3 (n = 8) ω-3/ω-3 (n = 8)
% of Total Fatty Acids

14:0 0.17 ˘ 0.006 0.17 ˘ 0.004 0.17 ˘ 0.004 0.16 ˘ 0.005
15:0 0.61 ˘ 0.21 0.77 ˘ 0.27 0.74 ˘ 0.22 1.1 ˘ 0.17
16:0 22.9 ˘ 0.28 24.5 ˘ 1.1 23.6 ˘ 0.34 21.8 ˘ 0.72

16:1ω-9 0.48 ˘ 0.01 0.55 ˘ 0.03 0.50 ˘ 0.02 0.48 ˘ 0.02
18:0 25.2 ˘ 0.46 24.5 ˘ 0.89 25.4 ˘ 0.49 23.7 ˘ 0.62

18:1ω-9 16.5 ˘ 0.39 16.4 ˘ 0.74 16.0 ˘ 0.21 18.3 ˘ 0.86
18:1c11 4.0 ˘ 0.31 3.2 ˘ 0.32 3.3 ˘ 0.34 3.1 ˘ 0.21
18:2ω-6 0.78 ˘ 0.04 a 0.80 ˘ 0.03 a 0.82 ˘ 0.03 a,b 0.94 ˘ 0.06 b

20:0 0.48 ˘ 0.05 a,b 0.45 ˘ 0.06 a,b 0.38 ˘ 0.01 a 0.58 ˘ 0.09 b
18:3ω-3 0.99 ˘ 0.12 0.78 ˘ 0.11 0.78 ˘ 0.05 1.4 ˘ 0.28
20:2ω-6 0.16 ˘ 0.02 0.13 ˘ 0.008 0.15 ˘ 0.009 0.19 ˘ 0.03
20:3ω-6 0.87 ˘ 0.07 a,b 0.83 ˘ 0.11 a,b 0.77 ˘ 0.02 a 1.1 ˘ 0.09 b
20:4ω-6 9.4 ˘ 0.23 9.3 ˘ 0.15 9.2 ˘ 0.25 8.7 ˘ 0.35

24:0 1.1 ˘ 0.11 0.95 ˘ 0.19 0.79 ˘ 0.03 1.3 ˘ 0.27
24:1ω-9 3.1 ˘ 0.06 a 2.7 ˘ 0.04 b 2.7 ˘ 0.1 b 2.7 ˘ 0.08 b
22:4ω-6 1.3 ˘ 0.08 a 0.81 ˘ 0.32 a,b 0.68 ˘ 0.08 a,b 0.28 ˘ 0.03 b
22:5ω-6 0.03 ˘ 0.003 0.04 ˘ 0.005 0.03 ˘ 0.001 0.05 ˘ 0.01
22:5ω-3 0.11 ˘ 0.007 a 0.13 ˘ 0.009 a,b 0.15 ˘ 0.02 a,b 0.16 ˘ 0.009 b
22:6ω-3 10.7 ˘ 0.15 a 12.1 ˘ 0.25 b 13.0 ˘ 0.35 b 12.4 ˘ 0.45 b

Total MUFA 24.1 ˘ 0.37 a,c 22.9 ˘ 0.56 a,b 22.4 ˘ 0.44 b 24.7 ˘ 0.75 c
Total SFA 50.4 ˘ 0.36 51.4 ˘ 0.42 51.1 ˘ 0.58 48.7 ˘ 0.90
ω-3 PUFA 12.6 ˘ 0.13 a 13.7 ˘ 0.14 a,b 14.6 ˘ 0.29 b 15.0 ˘ 0.40 b
ω-6 PUFA 12.6 ˘ 0.21 a 11.9 ˘ 0.31 a,b 11.6 ˘ 0.32 b 11.3 ˘ 0.23 b

Total PUFA 25.2 ˘ 0.19 25.6 ˘ 0.34 26.2 ˘ 0.58 26.3 ˘ 0.34
18:2ω-6:20:4ω-6 0.08 ˘ 0.006 a 0.09 ˘ 0.005 a,b 0.09 ˘ 0.004 a,b 0.11 ˘ 0.01 b

ω-6 PUFA:ω-3 PUFA 0.99 ˘ 0.02 a 0.87 ˘ 0.02 b 0.79 ˘ 0.01 b,c 0.76 ˘ 0.03 c
20:4ω-6:22:6ω-3 0.88 ˘ 0.02 a 0.77 ˘ 0.01 a,b 0.71 ˘ 0.01 b 0.71 ˘ 0.03 b

Data are presented as mean ˘ standard error of the mean (SEM). Differences were assessed for significance
using one-way analysis of variance followed by Duncan’s multiple range post hoc test for normally distributed
data. Where the ranked data did not conform to normality, Kruskal-Wallis one way analysis of variance on
ranks and Dunn’s test were used. Significant difference (p < 0.05) between the different treatment groups is
indicated by different letters across a row. One pup per dam was included in the analyses of the fatty acid
composition for each group.

A significant reduction in the ω-6:ω-3 PUFA ratio was observed in ω-3/Cnt (13.5%), Cnt/ω-3
(20.1%), and ω-3/ω-3 (24.0%) compared to Cnt/Cnt pups (Figure 2B and Table 4). The ratio of AA:DHA
was reflective of the overall change in ω-6:ω-3 PUFA ratio and was also decreased in ω-3/Cnt (12.6%),
Cnt/ω-3 (19.5%), and ω-3/ω-3 (19.7%) compared to Cnt/Cnt pups; however, statistical significance
was not attained when ω-3/Cnt pups were compared to Cnt/Cnt pups (Figure 2B and Table 4).
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Figure 2. Effect of docosahexaenoic acid (DHA)-rich (ω-3) diet on brain long chain polyunsaturated
fatty acids (PUFA) content in 6-week pups. The four sets of columns represent the Cnt/Cnt, ω-3/Cnt,
Cnt/ω-3, and ω-3/ω-3 groups. Panel A shows ω-6 PUFA content and ω-3 PUFA content. Panel B

shows ω-6:ω-3 PUFA and arachidonic acid (AA):DHA ratios. Panel C shows AA content and DHA
content. Different letters indicate that groups are significantly different. Differences were assessed for
significance using one-way analysis of variance followed by Duncan’s multiple range post hoc test for
normally distributed data. Where the ranked data did not conform to normality, Kruskal-Wallis one
way analysis of variance on ranks and Dunn’s test were used; p < 0.05. Numbers of pups included in
the fatty acid assay at six weeks were 10, 7, 8 and 8 for the Cnt/Cnt, ω-3/Cnt, Cnt/ω-3, and ω-3/ω-3
groups, respectively. In all dietary groups, one pup per dam was used for the fatty acid analyses.

The increase in ω-3 PUFA content observed in six week pups was primarily due to increased
DHA content (Figure 2C and Table 4). DHA was significantly increased in ω-3/Cnt, Cnt/ω-3,
and ω-3/ω-3, by 12.5%, 21.2%, and 16.2%, respectively, when compared to Cnt/Cnt pups
(Figure 2C and Table 4). C22:5ω-3 (EPA), a precursor of DHA that is normally found at very low
levels in brain, was significantly increased by 51.2% in ω-3/ω-3 compared to Cnt/Cnt pups, with
a trend towards increased EPA levels observed for ω-3/Cnt (21.9% increase) and Cnt/ω-3 pups
(37.2% increase) (Table 4).
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As previously noted for dam and three-week pup brains, the ω-6 PUFA, C22:4 was significantly
decreased (by 79%) in ω-3/ω-3 brains, with a non-significant trend towards decreased levels observed
in ω-3/Cnt (by 38.6%) and Cnt/ω-3 (by 48.6%) pups, compared to Cnt/Cnt pups (Table 4). LA
(C18:2ω-6) was increased by 21.2% and 17.3% in the brains of ω-3/ω-3 pups compared to Cnt/Cnt
and ω-3/Cnt pups, respectively, with the C18:2ω-6:C20:4ω-6 ratio being significantly increased in
ω-3/ω-3 pups (by 32.2%) compared the Cnt/Cnt pups (Table 4). A trend towards an increased
C18:2ω-6:C20:4ω-6 ratio was also observed in ω-3/Cnt (by 4.4%) and Cnt/ω-3 (by 12.9%) pups
compared to Cnt/Cnt pups (Table 4).

The MUFA, C24:1ω-9, was significantly decreased in the brains of pups exposed to a DHA-rich
diet, with percentage reductions of 11.7%, 13.1%, and 10.5% in ω-3/Cnt, Cnt/ω-3, and ω-3/ω-3 pups,
respectively, compared to Cnt/Cnt pups (Table 4). Thus, our diet crossover experiment indicates that
DHA feeding during lactation maintains a brain environment that favors ω-3 PUFA enrichment even
after the pups are transferred to a low-DHA diet post weaning. Our data also show that continued
feeding of a DHA-rich diet is needed for inhibition of the ω-6 metabolic conversion of LA to AA.

3.2. FABP7 Expression in Three-Week and Six-Week Pups

We next assessed the relationship between DHA intake and FABP7 protein levels as it has
previously been postulated that the increase in the AA:DHA ratio observed in malignant glioma tumor
tissue might be associated with changes in FABP7 expression [23]. Dam diet had no significant effect
on FABP7 protein levels in three-week pups (Figure 3A, B). As expected, a significant reduction (69%)
in FABP7 expression was observed in six-week pups compared to three-week pups fed a Cnt diet
(Figure 3C, D). However, at six weeks, when FABP7 levels are generally low, a DHA-rich diet did have
an effect on FABP7 levels, with significant reductions observed whether DHA was provided through
the dam or as a three-week long dietary supplement starting when the pups were weaned. Percent
reductions were 65%, 50%, and 70% in ω-3/Cnt, Cnt/ω-3 and ω-3/ω-3 pups compared to Cnt/Cnt
pups, respectively (Figure 4A–E).

Figure 3. Effect of docosahexaenoic acid (DHA)-rich (ω-3) diet and age on brain fatty acid binding
protein expression (FABP7). Box-plots represent band intensities of FABP7/actin (Y-axis) in the brains
of three-week old pups fed a control diet (Cnt, n = 6; one pup per dam) or DHA-rich (ω-3, n = 6; one
pup per dam) diet (A), and in the brains of three-week old pups (n = 6; one pup per dam) and six-week
(n = 6; one pup per dam) fed a Cnt diet (C). Panels B and D are Western blots showing FABP7 and
actin levels in the brains of three-week old pups fed control and DHA-rich diets (B), and three and
six-week old pups fed a Cnt diet (D). ** indicates p < 0.01. Differences were assessed for significance
using two-tailed unpaired t-test.
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Figure 4. Effect of a docosahexaenoic acid (DHA)-rich (ω-3) diet on brain fatty acid binding protein
expression (FABP7) at six weeks. Panels A, B, C and D are western blots showing FABP7 and actin
levels in the brains of six-week old Cnt/Cnt (n = 7; one pup per dam), Cnt/ω-3 (n = 6; one pup per dam),
ω-3/Cnt (n = 6; one pup per dam), and ω-3/ω-3 (n = 6; one pup per dam) pups, respectively. Panel E

represents a Box-Plot of band intensities of FABP7 (Y-axis, normalized to actin and a Cnt/Cnt sample
that was loaded in lane 1 of all gels to normalize for any differences in gel handling and electro-blotting)
in different dietary groups. * indicates significant difference (p < 0.05) from the Cnt/Cnt with groups
under the line being statistically equivalent.

4. Discussion

DHA-induced improvement in brain function is believed to be due to its modulation of synaptic
proteins and overall activity [31]. Our results indicate that the developing brain readily incorporates
DHA supplied during toddler/juvenile stages since the brains of six-week old rats are developmentally
equivalent to 12–18 year-old human brains [32]. Furthermore, early introduction of DHA (during
lactation) maintains high DHA levels in the brain even after the pups are switched to low-DHA
weaning diet. Importantly, boosting brain DHA levels is still achievable through direct dietary
supply at weaning in cases where DHA was not provided during suckling. Finally, we report that
DHA down-regulates the expression of FABP7, a key factor associated with neural proliferation and
differentiation [33,34]; however, this effect is only apparent later in brain development.

Diets were designed to provide an adequate supply of ω-6 (including AA) and ω-3 PUFA in the
absence (Cnt) or presence of DHA (ω-3). Our dietary ratios of total ω-6 to total ω-3 PUFA are within
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the previously reported range in human breast milk samples, as well as milk fatty acid profiles of
rats [10,12,35]. We observed the following effects of DHA feeding on brain lipid composition at the
toddler and juvenile stages: (i) increased brain total ω-3 PUFA content (especially DHA), (ii) reduced
brain total ω-6 PUFAs, (iii) reduced ω-6:ω-3 ratio and AA:DHA ratio, and (iv) reduced brain adrenic
(C22:4ω-6) and nervonic acid (C24:1ω-9) content.

It is well known that adult brains are more resistant than juvenile brains to diet-induced changes
in fatty acid composition [36]. Minor increases in brain DHA and total ω-3 PUFA content (~5%) with
concomitant decreases in AA and total ω-6 PUFA (5–6%) have previously been reported in adult rats
fed DHA-rich diet for eight weeks [37]. These observations are consistent with our results in lactating
dams that were fed a DHA-rich diet for three weeks. We did observe increases in LA (C18:2ω-6) and in
the LA:AA ratio (C18:2ω-6:C20:4ω-6), along with a decrease in C22:4ω-6 (adrenic acid), in the brains of
dams fed a DHA-rich diet. These changes likely indicate DHA-mediated inhibition of LA metabolism
through Δ-6 and Δ-5 desaturases or inhibition of AA elongation, as previously reported [38–40]. The
lack of effect on AA levels is likely due to the adequate supply of AA in the DHA-rich (ω-3) diet.

In keeping with previous work, we observed more pronounced DHA-rich diet-induced changes
in brain fatty acid composition at three weeks [26,41]. Human infant brains have been reported to be
similarly susceptible to changes in dietary fatty acids, with higher (39%) brain DHA accumulation in
six-month old breast-fed infants compared to infants fed formula that did not contain AA or DHA [42].
Our results indicate that the DHA-rich diet increases total ω-3 PUFA (mainly DHA) by 14.7% and
decreases total ω-6 PUFA (mainly AA and C22:4ω-6) and ω-6:ω-3 ratio by 12.8% and 24%, respectively.
Since the brain of a three-week old rat is at a comparable stage as that of a human toddler (2-3 years),
our results suggest that DHA accretion in human brain may well extend beyond 6 months. As with the
dams, decreases in LA metabolic products (C22:4ω-6 and AA), together with an increase in the LA:AA
ratio, were observed at three weeks, indicating inhibition of Δ-6 and Δ-5 desaturases by DHA [43–46].

At six weeks, changes in brain fatty acid composition were most marked in pups born to Cnt dams
and fed a DHA-rich diet (Cnt/ω-3) or born to ω-3 dams and maintained on a DHA-rich diet (ω-3/ω-3).
There is clear indication of inhibition of the ω-6 PUFA desaturation and elongation pathway in these
pups. Unlike changes in ω-6 PUFA which were readily reversible, increases in the levels of DHA in
six-week old pup brains were not reversed when DHA was discontinued. In fact, brain DHA levels in
ω-3/Cnt pups showed increases that were equivalent to pups fed a DHA-rich diet for three weeks
post-weaning (Cnt/ω-3) or those exposed to DHA from birth up to six postnatal weeks (ω-3/ω-3
group). In comparison, DHA-induced decreases in ω-6 PUFA were readily reversible and disappeared
when DHA was discontinued (ω-3/Cnt group). It will be important to determine whether the effect of
a maternal DHA-rich diet on pup brain DHA levels can be extended past six weeks.

Levels of nervonic acid (C24:1ω-9) in three-week and six-week pup brains were significantly
reduced by increased levels of DHA in the diet. Nervonic acid is the major very long chain fatty acid
found in sphingomyelin, one of the main components of myelin [47,48]. Although studies show that
there is postnatal accretion of nervonic acid in sphingomyelin, there are no systematic reports assessing
the effect of a DHA-rich diet on myelination [6,49]. Interestingly, a diet high in DHA results in longer
latencies of the auditory startle response (a functional indicator of myelination) [50]. In contrast to
MUFA such as nervonic acid, PUFA content in myelin phospholipids is low, consisting of 1/6 to 1/3
of the PUFA content of gray matter phospholipid [48]. Adrenic acid (C22:4ω-6) is a major PUFA of
myelin [6]. As our DHA-rich diet also significantly decreased adrenic acid levels in the brains of
three-week and six-week pups, it will be important to carry out follow-up studies on the effect of a
DHA-rich diet on the myelination of juvenile brain.

The mammalian brain has elevated levels of DHA and AA compared to other tissues, with
the DHA:AA ratio increasing as a function of brain maturation [6,9]. Analysis of human brain
at different stages has revealed different ratios of DHA:AA in the different phospholipid classes,
with phosphotidylserine having the highest DHA:AA ratio and phosphotidylcholine having the
lowest DHA:AA ratio [6]. The DHA:AA ratio in phosphotidylethanolamines changes over the
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course of brain maturation, from <1:1 to >1:1. It has been estimated that phosphotidylserine and
phosphotidylethanolamine contain ~92% of the esterified DHA in total brain phospholipids of
one-week old rat pups [8].

Different regions of the brain as well as the different phospholipid classes show different
susceptibilities to diet-induced changes in fatty acid composition. For example, the DHA-rich frontal
cortex appears to be particularly sensitive to ω-3 PUFA deficiency [51,52]. Phosphatidylethanolamines
prepared from neuronal cells isolated from frontal cortex, cerebellum and hippocampus of pups whose
dams were fed various diets during lactation showed differential accretion of DHA and AA over time
depending on diet [53]. For example, one-week to three-week old pups born from dams fed either
a diet with an LA to ALA ratio of 4:1 or a DHA-supplemented (0.8 g/100 g fat) diet showed steady
increases in DHA levels, especially in the cerebellum. Extending the dam diet to weaned pups for an
additional three weeks resulted in further accretion of DHA in the cerebellum, but not in the frontal
lobe or hippocampus [53]. In comparison, DHA supplementation (0.8 g/100 g fat) had no effect on
DHA levels in phosphotidylcholine in all three regions tested, although six-week old pups did show
increased accretion of DHA in this phospholipid subclass in the frontal lobe and to a lesser extent in
cerebellum [53]. Thus, results from the phosphotidylethanolamine analysis are in general agreement
with our results, with the exception that we did not observe a further increase in DHA levels in whole
brain phospholipids at six weeks compared to three weeks in pups fed a continuous DHA-rich diet for
six weeks.

We have previously noted associations between the AA:DHA ratio and FABP7 in normal brain
and brain tumors [23]. For example, FABP7 levels are high during normal brain development when
the AA:DHA ratio is relatively high [8,9,19]. FABP7 expression decreases from birth onwards, a period
that coincides with high brain DHA accumulation and a lower AA:DHA ratio [9,19]. Furthermore, the
AA:DHA ratio in human malignant glioma tumors is increased compared to that of normal brain [54],
with FABP7 expression also up-regulated in these tumors [21,55]. During brain development, FABP7
is expressed in radial glial cells, neural stem/progenitor cells that have self-renewal capacity and can
differentiate into both neuronal and glial cells [19,56,57]. Radial glial cells form the fiber network
along which neurons migrate in developing brain. Although radial glial cells are primarily found in
developing brain, these cells are also retained in the centers of the brain that undergo neurogenesis in
the adult [57]. In vitro binding studies indicate that FABP7 has a special affinity for PUFAs, including
DHA and AA [18,58].

In this study, we tested the hypothesis that increased FABP7 levels are associated with a high
AA:DHA ratio in a normally developing brain. Interestingly, we found that boosting brain DHA
levels (thus decreasing the AA:DHA ratio) was associated with significant reductions in FABP7 levels
at six weeks. The correlation between high levels of FABP7 and AA suggests a role for FABP7/AA
in processes related to radial glial cell function such as formation of the fiber network that guide
neuronal migration. Thus, there may be a reduced need for FABP7/AA-mediated events in the brains
of six-week old pups exposed to a DHA-rich diet. In general agreement with our observation that
changes in FABP7 levels were noted at six weeks but not at three weeks, Pelerin et al. reported little if
any change in FABP7 RNA levels in the cortex and microvessels of P14 pups whose dams were fed a
DHA-supplemented diet [59]. Brains from older pups were not analyzed by these investigators.

Studies involving humans and pigs have shown that brain DHA content increases postnatally
(up to eight years and 14 weeks, respectively) while brain AA plateaus or decreases postnatally [6,9].
Similar patterns have been observed in rats at ED17, ED20, and P8, with AA:DHA ratios of ~2 and ~1
observed in total brain lipids at E17 and P8, respectively [8]. While we didn’t observe an increase in
DHA content from three weeks to six weeks, there was a decrease in AA content during this period
(by 19%) (Supplemental Figure S1), resulting in an overall decrease in the AA:DHA ratio as the brain
assumes higher levels of structural and functional maturation. Along with this change in the AA:DHA
ratio, we observed a significant reduction (69%) in brain FABP7 levels from three weeks to six weeks.
Thus, we propose that a DHA-rich diet during lactation and/or weaning may enhance or accelerate
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brain maturation, as suggested by the observed: (i) increase in ω-3 PUFA; (ii) decrease in ω-6 PUFA;
(iii) decrease in ω-6:ω-3 PUFA (and AA:DHA) ratio; and (iv) decrease in FABP7 protein levels.

5. Conclusions

We have examined the impact of DHA-rich maternal and weaning diets on brain fatty acid
composition and FABP7 expression in developing rat brains. The study was carried out at two
developmental stages: three weeks postnatal, which is developmentally equivalent to that of a 2–3-year
old human, and six weeks postnatal, which is developmentally equivalent to that of a 12–18-year old
human. Our data suggest that high levels of DHA in the maternal diet during lactation increases
its levels in the infant brain and seems to have a protective effect since levels of DHA in brain can
potentially be maintained up to adolescence even when the offspring is weaned to and maintained on
a diet that is deficient in DHA. Furthermore, our data suggest that in cases where DHA is not supplied
during lactation, it may still be possible to increase its levels in the brain by direct feeding perhaps until
adolescence. Finally, there may be an association between brain DHA levels and FABP7 expression,
with levels of FABP7 potentially reflecting brain maturation. The relevance of this observation to
human health remains to be explored.

Supplementary Materials: Supplementary materials can be accessed at: http://www.mdpi.com/2072-6643/
7/10/5433/s1.
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Abstract: The impact of omega-3 long-chain polyunsaturated fatty acids (LCPUFAs) on cognition
is heavily debated. In the current study, the possible association between omega-3 LCPUFAs
in blood and cognitive performance of 266 typically developing adolescents aged 13–15 years is
investigated. Baseline data from Food2Learn, a double-blind and randomized placebo controlled
krill oil supplementation trial in typically developing adolescents, were used for the current study.
The Omega-3 Index was determined with blood from a finger prick. At baseline, participants finished
a neuropsychological test battery consisting of the Letter Digit Substitution Test (LDST), D2 test
of attention, Digit Span Forward and Backward, Concept Shifting Test and Stroop test. Data were
analyzed with multiple regression analyses with correction for covariates. The average Omega-3 Index
was 3.83% (SD 0.60). Regression analyses between the Omega-3 Index and the outcome parameters
revealed significant associations with scores on two of the nine parameters. The association between
the Omega-3 Index and both scores on the LDST (β = 0.136 and p = 0.039), and the number of errors of
omission on the D2 (β = ´0.053 and p = 0.007). This is a possible indication for a higher information
processing speed and less impulsivity in those with a higher Omega-3 Index.

Keywords: docosahexaneoic acid (DHA); eicosapentaenoic acid (EPA); adolescents; cognition;
Omega-3 fatty acids; Omega-3 Index

1. Introduction

In recent decades, an increasing interest in the health benefits of long-chain polyunsaturated fatty
acids (LCPUFAs) has been developed. Aside from its influence on cardiovascular health, it has also
attracted attention because of its association with mental health (ADHD, autism, dyslexia) [1], cognitive
functioning of healthy individuals [2–4] and cognitive decline in the elderly [5–7]. LCPUFAs and
especially docosahexaneoic acid, 22:6n-3 (DHA), and eicosapentaenoic acid 20:5n-3 (EPA) are involved
in many aspects of brain functioning such as neuronal membrane fluidity, neurotransmission, signal
transduction, brain blood flow, and blood-brain barrier integrity [8,9]. The interest in the possible
positive influence of LCPUFAs on brain functioning has led to a large number of both observational
and experimental studies (for a review see [10,11]). These studies have, however, mainly focused on
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either diseased populations of infants, children, adults, and the elderly. Studies in typically developing
adolescents are limited. The current study addresses this deficit.

Adolescence is a period in which LCPUFAs could be of special importance. During adolescence,
the brain, especially the prefrontal cortex, undergoes development which continues until after
age 20 [12,13]. The development of the prefrontal cortex is of utmost importance, since this
development lays the basis for higher order cognitive functions that have been associated with
academic achievements [14]. Moreover, the prefrontal cortex is a brain region especially enriched in
DHA [15], and higher DHA intake has been associated with changes in the functional activity of the
prefrontal cortex in boys aged 8–10 [16].

To our knowledge, three observational studies looking at the association between fish intake
(the most important source of omega-3 LCPUFAs) and cognitive functioning in adolescents have
been executed. Kim and colleagues showed that adolescents aged 15 years who regularly consumed
fish had significantly better academic performance than peers who never or hardly ever consumed
fish [17]. Aberg et al. demonstrated that high fish consumption in boys at age 15 was associated with
better cognitive performance at age 18 [18]. Lastly, de Groot et al. studied 700 Dutch high school
students aged 12–18 years. Fish consumption data, end term grades in Dutch, English and Math,
scores on the Amsterdam Vocabulary Test, and scores on the Youth Self-Report (a self-reported
measure for attention problems) were collected [19]. Results revealed that 13.6% of the Dutch
adolescents never ate fish, 63.1% ate fish but too little to meet at least half of the recommended
amount, 16.9% reached half of the recommended amount, and 6.4% met national guidelines
(fish twice per week). Analysis of the variance showed significant differences between the four
fish consumption groups (never, <1 per week (e.g., 1 time per month), 1 to 2 times per week,
ě2 times per week) in vocabulary, and a trend for significance was found for the average end term
grade. Significant quadratic associations (u-shape association) between fish consumption, vocabulary
(p = 0.01), and average end term grades (p = 0.001) were shown. Higher fish intake was associated with
a more advanced vocabulary and an almost significantly higher average end term grade. However,
eating more fish than the recommended amount (>2 fish portions/week) seemed to no longer be
beneficial. Overall, the observational studies in adolescents point to a beneficial association between
fish intake (the main source of the omega-3 LCPUFAs DHA and EPA) and school grades.

Fish consumption is the most important dietary source of LCPUFAs but not the only source [20].
Moreover, there is a large interpersonal variability in the uptake of LCPUFAs [21]. Thus, to be sure
about the association between LCPUFAs and cognition in adolescents, measurement of LCPUFAs in
blood is needed. Therefore, the main objective of this study is to investigate the association between the
Omega-3 Index (EPA + DHA in erythrocytes as percentage of total fatty acids measured [22]) measured
in blood and cognitive performance in typically developing adolescents of lower general secondary
education (LGSE). Cognition is a very broad term that includes both lower order simple responses and
higher order processes. The higher order processes are also called the executive functions, and it is
generally agreed that there are three core executive functions namely: (i) inhibition and interference; (ii)
working memory; and (iii) cognitive flexibility [23]. These executive functions are used to build higher
order skills such as reasoning and problem solving. Therefore, the executive functions are important
for academic success and cognitive development [23]. These executive functions are located in the
prefrontal cortex, the brain area most in development during adolescence [24]. The cognitive tasks
used in the current study are standard tasks of cognitive/executive functioning for this age group and
have previously been shown to increase activation of the frontal cortex, the area of the brain associated
with the accumulation of DHA [16].

In addition to the main objective, two sub-objectives will be addressed. A number of earlier
studies have shown differences in the LCPUFA status between typically developing participants and
participants with disorders such as ADHD, autism, and dyslexia [25,26]. However, to our knowledge,
whether LCPUFAs are associated with cognition in participants with learning disorders differently
than in those without learning disorders has not yet been assessed. The second objective of the current
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study is, therefore, to explore whether the association between the Omega-3 Index and cognitive ability
is different between adolescents with and without learning disorders.

Social economic status, often operationalized as educational level, has been shown to be associated
with diet quality (i.e., people with a higher SES have better diet quality) [27]. Moreover, in adults,
higher social economic status has been found to be associated with higher fish consumption [28].
However, even though it is known that students from lower general secondary education (LSGE)
levels have a less healthy diet and lifestyle than students from the higher levels [29], how much fish
students from the LSGE consume has, to our knowledge, not yet been assessed. Therefore, the third
objective of this study is to explore the fish consumption of second year students of the LSGE.

2. Materials and Methods

2.1. Design

This study was part of a larger randomized controlled clinical trial (Food2Learn) studying
the influence of omega-3 LCPUFA supplementation on cognitive performance, mental wellbeing,
and academic achievement scores in adolescents attending LGSE. Baseline data of Food2Learn were
used to study the association between the Omega-3 Index measured in whole blood and cognition.
Food2Learn has been approved by the Medical Ethical Committee of Atrium-Orbis-Zuyd Hospital
(now Zuyderland), Heerlen, The Netherlands (NL45803.096.13). Food2Learn has been registered
at the Netherlands Trial Register (NTR4082), which is connected to Clinicaltrials.gov (registered
as NCT02240264.)

2.2. Procedure and Participants

Participants were recruited from 17 schools in the south of the Netherlands. For students who
wanted to participate, an informed consent form had to be signed by themselves as well as by
both parents and/or guardians. After informed consent was received, students underwent a finger
prick to measure their Omega-3 Index. Inclusion criteria for Food2Learn were: 1 Omega-3 Index
<5%, as it was expected that omega-3 fatty acid supplementation will be especially beneficial for
participants with a very low baseline Omega-3 Index [22]; and 2 attending the second year of LSGE
because Richardson et al. showed that omega-3 supplementation was especially beneficial in the 20%
lowest performing students [30]. Therefore, the choice for students at one of the lowest educational
levels in The Netherland’s LGSE was made. In the Netherlands, secondary education is divided
into three levels: pre-university, higher general secondary education, and LGSE. Approximately
38% of all adolescents follow LGSE [31]. LGSE is further divided up into four sublevels. For this
study, students from the highest sublevel, the theoretical learning pathway (TLP), were recruited.
Approximately 40% of students attending LGSE are in the TLP [31]. No other inclusion criteria were
applied, thus, all second year students of the LSGE with an Omega-3 Index <5% could participate.
After inclusion, participants underwent a neuropsychological test battery in a small group setting
(10 students max) consisting of: Letter Digit Substitution Task (LDST), D2 test of Attention (D2),
Digit Span Forward (DSF), and Backward (DSB). In addition, they filled out a number of questionnaires
to collect important background information. The tests were led by one researcher via a standardized
protocol, while one or two other researchers (depending on the group size) were monitoring to ensure
that participants understood the tests and complied with the protocol. Before continuing with the real
tests, students received a practice version of the tests, feedback was given, and the students confirmed
they understood the tests. After this group test session, all participants filled out a questionnaire
individually (data not used in the current study), during which participants were called one by one to
perform the individual neuropsychological tests: Stroop Test and Concept Shifting Test (CST) under
the supervision of one researcher.
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2.3. Dependent Variable—Blood Analysis

Whole blood was obtained from a finger prick with an automated lancet and directly transferred
to a filter paper (Whatman 903, General Electric, Frankfurt, Germany) pre-treated with a stabilizer.
Filter papers were shipped immediately to Omegametrix, Martinsried, Germany for analysis. Whole
blood fatty acid compositions were analyzed according to the HS-Omega-3 Index methodology [32].
Fatty acid methyl esters are generated by acid transesterification and analyzed by gas chromatography
using a GC2010 Gas Chromatograph (Shimadzu, Duisburg, Germany) equipped with a SP2560, 100-m
column (Supelco, Bellefonte, PA, USA) using hydrogen as a carrier gas. Fatty acids are identified by
comparison with a standard mixture of fatty acids. Results are given as EPA plus DHA expressed as
a percentage of total identified fatty acids after response factor correction. Since the Omega-3 Index
is defined as EPA + DHA in erythrocytes, it was calculated using a sliding correction factor. The
coefficient of variation for EPA plus DHA typically is 5%. Analyses are quality-controlled according to
DIN ISO 15189.

2.3.1. Independent Variables—Cognitive Measures

The LDST is a paper-pencil task used to measure speed of information processing [33]. A nine
letter/digit key is noted at the top of a page. Below this key, rows of letters are printed, and participants
are asked to write the corresponding number in the box underneath the letter as quickly as possible. The
number of correctly filled in numbers in 60 s is used as a measure of speed of information processing.

2.3.2. D2 Test of Attention

The D2 test is a paper-pencil task used to measure selective attention [34]. Participants are
presented with 14 rows each consisting of 47 stimuli. Stimuli are the letters d and p with a varying
number of dashes (between 1 and 4), below, above, or on both sides. Participants are instructed to
only cross out the d with two dashes (2 above, 2 below or one on both sides) and ignore all other
stimuli. Participants have to process as many stimuli as possible in 20 s per line after which they have
to continue with the next row without pausing. The following measures per row and in total are noted
after completion: total number of stimuli processed, number of correctly crossed out d2’s, number of
d2’s not crossed out, and number of stimuli wrongly crossed out (thus, non d2). The total number of
stimuli processed is used as a measure for information processing speed. The number of target stimuli
not crossed out (i.e., errors of omission) and non-target stimuli crossed out (i.e., errors of commission)
are used as a measure for impulsivity and inattention, respectively.

2.3.3. Digit Span Forward and Backward

The DSF is a measure for short-term memory that primarily activates the phonological loop. The
DSB activates the executive component directly and shows the dynamic relationship between passive
storage and active manipulation or transformation of information held in the memory [35] and is thus
a measure for working memory (the ability to hold information in the mind and work with it). The DSF
consists of 12 sequences of digits varying in length from three to eight digits (each length twice). Digits
are announced by the researcher at a rate of approximately one digit per second. After completion of
the digit sequence, participants are asked to write down the sequence. The DSB is similar to the DSF,
except for the fact that it consists of 12 digit sequences varying in length from two to seven digits (each
length twice) and after completion of the sequence by the researcher, students are asked to write down
the sequence backwards, starting with the last number announced. The longest sequence of numbers
of which participants had correctly written down at least one of the two rows was used as a measure
for working memory.
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2.3.4. Concept Shifting Task

The CST is a measure for cognitive shifting [36]. Cognitive shifting is the ability to adapt to
changes in the environment by switching from one mental set to another [33]. The task consists of four
parts. All parts consist of a sheet of paper with 16 small circles grouped in one large circle. In task A,
the small circles are randomly filled with numbers, in task B the circles are filled with letters, and in
task C the circles are filled with both. Participants are asked to cross out the items in the correct order
(A: 1 to 12; B: A to P; C: 1–A–2–B to 8-H). Lastly, there is Task Zero, which consists of empty circles,
where participants are asked to cross out the circles as quickly as possible. Task Zero is administered
twice, and the average of these times is used to correct for basic motor speed in the other tasks. For all
tasks, the time taken to complete and the number of errors are noted. The average of motor-speed
corrected time needed for A and B was subtracted from the motor speed corrected time needed for C
and used as a measure for shifting.

2.3.5. Stroop Test

The Stroop test provides a measure for cognitive inhibition. Cognitive inhibition is the ability
to inhibit an overlearned response in favor of a more unusual one [37]. The Stroop task, as used in
Food2Learn, consists of three cards containing 40 stimuli each: color names printed in black (Task 1),
colored patches (Task 2), and color names printed in congruent or incongruent color (Task 3). For Task 1,
participants are asked to read the name out loud. For Task 2, participants name the color of the patches,
and for Task 3, participants name the ink color the word is printed in. Task 3 is a measure of mental
flexibility and the ability to inhibit a dominant response (reading). The time needed for Task 2 was
subtracted from the time needed for Task 1, the result of this sum was subtracted from the time needed
for Task 3. The result of this sum was used as a measure for inhibition.

2.3.6. Additional Measures

Students filled out a questionnaire to assess covariates. The following covariates were assessed as
they are known to correlate with cognition: BMI (weight/length2, self-reported) [36], sex [37], age [38],
alcohol consumption [39], smoking [40], and parental level of education [41]. Alcohol consumption
was assessed with two questions: the number of days/week the participant generally drank alcohol
and the number of units the participant drinks on a day that (s)he drinks alcohol. Alcohol consumption
was defined as the number of alcohol units/time multiplied by the number of drinking days/week,
and the measurement was used as a continuous measure. Smoking was assessed with the question:
“How many cigarettes do you smoke per week?”. If the participant indicated consuming cigarettes,
(s)he was classified as smoker. Parental level of education was filled out by the parents on an ordinal
eight-point scale [42]. Parental level of education was defined as the parent with the highest level
of education, which is an indication for social economic status [43]. Additionally, fish consumption
was assessed with a short, validated, and self-reported questionnaire [3]. Different kinds of fish were
divided based on their DHA content: low (fish fingers, prawns, pickled herring, cod, mussels, plaice,
tuna, tilapia); medium (trout, raw herring, smoked eel, smoked salmon, canned salmon); and high
(smoked herring, herring and tomato sauce, mackerel, canned sardines, salmon). The consumption
(never, once a month, two to three times a month, once a week or more than once a week) was used to
calculate the fish consumption score. For the low DHA fish 0, 1, 2, 4, 8 points; for the medium DHA
fish, 0, 2, 4, 8, 16 points; and for the high DHA fish, 0, 3, 6, 12, 24 points. The score for fish consumption
could thus vary between 0 and 48 points. Lastly students were asked to indicate whether they had a
disorder which could influence learning (examples were given) and who had made that diagnosis.

2.4. Quality Control

To ensure the quality of the data, all tests were scored by two independent researchers.
Any discrepancies were solved by discussion. Furthermore, in order to prevent typing mistakes,
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all data were entered in the database twice, after which the two files were automatically compared.
Any discrepancies between the two data files were checked and corrected by a third researcher.

2.5. Statistical Analyses

Data were checked for normality and if necessary, transformation was applied. Data were
analyzed with linear regression or generalized linear regression (Poisson) for count data and data
with a skewed distribution. For all analyses, first, a model with all covariates (i.e., smoking, alcohol
consumption units per week), BMI, age, level of parental education, sex, and diagnosis) was built;
Model A. In Model B, the Omega-3 Index was added. In a separate analysis, potential moderation
between the Omega-3 Index and diagnosis was tested. If results were significant, a sub-group analysis
for typically developing adolescents and those who had indicated to have some sort of learning
disorder (autism, dyslexia, ADHD, etc.) were executed in the same way (diagnosis was not entered as
a covariate). For all analyses, a p-value below 0.05 was considered to be significant. All analyses were
carried out using SPSS statistics version 22.

3. Results

3.1. Participants

A total of 286 students consented to participate in the study. Of these, four dropped out before
blood sampling due to personal reasons and 16 had an Omega-3 Index > 5%. Thus, the associations
between the Omega-3 Index and cognition of 266 participants (127 boys, 139 girls; Mage = 14.1 years)
are discussed in this paper. Characteristics of the participants can be found in Table 1. Omega-3
Index and LCPUFAs as determined in blood can be found in Table 2. Scores on the cognitive tests
can be found in Table 3. In this sample, 69 participants indicated having a disorder which can impact
learning; 14 indicated having Attention Deficit Hyperactivity Disorder (ADHD) or Attention Deficit
Disorder (ADD); 45 indicated having dyslexia or dyscalculia; eight reported an autism spectrum
disorder; and two indicated a depression. In the total sample of 266 adolescents, 13.8% indicated
never consuming fish, 77% indicated eating fish very irregularly (i.e., less than half of the recommend
amount of 450 mg DHA + EPA per day), 8.4% consumed at least half of the recommended amount
(once a week), and 1% indicated consuming fish more than once a week. There was a significant
difference in fish consumption between boys and girls (p = 0.024), with boys consuming more fish
than girls. However, this did not result in significant differences in the Omega-3 Index (p = 0.561).
The total score on the fish questionnaire correlated significantly with both the Omega-3 Index
(n = 216, r = 0.294, p < 0.001) and DHA concentration (n = 216, r = 0.287, p < 0.001).

3.2. Cognitive Performance

Analyses revealed a significant association between the Omega-3 Index and score on the LDST
(β = 0.136, p = 0.039). The addition of the Omega-3 Index to the model increased the r2 with 0.017
(Table 4), i.e., an additional 1.7% of the variance was explained. Furthermore, a significant association
between the Omega-3 Index and errors of omission on the D2 was shown (β = ´0.053, p = 0.007)
(Table 5). The analysis for errors of omission also showed a significant moderator effect (p = 0.005). No
other significant associations between the Omega-3 Index and any of the other cognitive measures
were found.
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Table 1. Participant characteristics.

Characteristic
All Participants With Diagnosis 1 Without Diagnosis 2

p-Value 5
Mean ˘ SD

or N (%)
N Mean ˘ SD

or N (%)
N Mean ˘ SD

or N (%)
N

Age (years) 14.10 ˘ 0.49 266 14.26 ˘ 0.51 69 14.05 ˘ 0.47 196 0.002

Male/Female 127/139
(47.7/52.3%) 266 36/33

(52.2/47.8%) 69 93/103
(47.5/52.5%) 196 0.499

Smoking no/yes 3 239/26
(90.2/9.8%) 265 59/10

(85.5/14.5%) 69 179/16
(91.8/8.2%) 195 0.132

Body Mass Index (BMI) 19.92 ˘ 3.00 248 20.34 ˘ 3.61 65 19.77 ˘ 2.74 183 0.187
Alcohol units per week 4 0.46 ˘ 1.77 266 0.69 ˘ 2.85 69 0.39 ˘ 1.19 196 0.218

Level of Parental
Education (LPE) 5.07 ˘ 1.52 248 5.21 ˘ 1.40 66 5.02 ˘ 1.56 182 0.371

1 Diagnosis was defined as a diagnosis possible to influence learning; this was indicated by students themselves
and included (but not limited to) dyslexia, dyscalculia, depression, autism, and Attention Deficit Hyperactivity
Disorder (ADHD); 2 without diagnosis was defined as all students who did not indicate to have a diagnosis; 3

smoking was defined as anybody who indicated to smoke more than 0 cigarettes per week; 4 alcohol units per
week was operationalized as number of day per week that alcohol is consumed times units per consumption
moment; 5 comparison between those with and those without diagnoses. ANOVA was used for age, BMI, LPE
and alcohol units per week, Chi Square for smoking, and sex. Significant differences (p < 0.05) are noted in bold.

Table 2. Fatty acid blood.

Fatty Acid
(% wt/wt of Total FA)

All Participants With Diagnosis 1 Without Diagnosis 2

p-Value 3N = 261 N = 68 N = 193
Mean ˘ SD Mean ˘ SD Mean ˘ SD

Omega-3 Index 3.83 ˘ 0.60 3.79 ˘ 0.61 3.84 ˘ 0.60 0.537
DHA 22:6n-3 2.58 ˘ 0.49 2.56 ˘ 0.50 2.59 ˘ 0.49 0.667
EPA 20:5n-3 0.39 ˘ 0.16 0.38 ˘ 0.13 0.39 ˘ 0.16 0.356
AA 20:4n-6 11.19 ˘ 1.25 11.49 ˘ 1.34 11.08 ˘ 1.20 0.022

ObA 22:5n-3 0.43 ˘ 0.10 0.43 ˘ 0.11 0.44 ˘ 0.10 0.725
1 Diagnosis was defined as a diagnosis possible to influence learning; this was indicated by students themselves
and included (but not limited to) dyslexia, dyscalculia, depression, autism and ADHD; 2 without diagnosis
was defined as all students who did not indicate to have a diagnosis; 3 Comparison between those with and
those without diagnoses. Significant differences (p < 0.05) are noted in bold. DHA: docosahexaneoic acid; EPA:
eicosapentaenoic acid.

Table 3. Scores on the cognitive tests.

Measures

All Participants With Diagnosis 1 Without Diagnosis 2

p-Value 3N = 261 N = 68 N = 196
Mean ˘ SD Mean ˘ SD Mean ˘ SD

LDST (number) 34.47 ˘ 5.46 33.52 ˘ 6.51 34.80 ˘ 5.02 0.094
D2-correct (number) 163.13 ˘ 22.95 160.04 ˘ 24.24 164.22 ˘ 22.45 0.194

D-error of omission (number) 11.83 ˘ 10.73 11.25 ˘ 8.07 12.04 ˘ 11.53 0.598
D2-error of commission (number) 1.31 ˘ 10.73 1.54 ˘ 1.96 1.22 ˘ 1.43 0.161

D2-Total (number) 417.33 ˘ 56.46 408.93 ˘ 55.11 420.29 ˘ 56.77 0.151
Shifting score (s) 11.70 ˘ 6.83 11.69 ˘ 6.50 11.71 ˘ 6.96 0.980

Inhibition score (s) 31.35 ˘ 8.50 34.85 ˘ 9.19 30.12 ˘ 7.91 0.000
Digit span Forward (digits) 5.58 ˘ 0.88 5.26 ˘ 0.87 5.70 ˘ 0.85 0.616

Digit Span Backward (digits) 4.56 ˘ 0.98 4.51 ˘ 0.93 4.58 ˘ 1.00 0.000

1 Diagnosis was defined as a diagnosis possible to influence learning; this was indicated by students themselves
and included (but not limited to) dyslexia, dyscalculia, depression, autism, and ADHD; 2 without diagnosis
was defined as all students who did not indicate to have a diagnosis; 3 Comparison between those with and
those without diagnoses. Significant differences (p < 0.05) are noted in bold.
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Table 4. Results of multiple linear regression analyses between the Omega-3 Index and score on the
Letter Digit Substitution Test (LDST) in the complete sample.

Predictor Variable B (Standardized) 1 Significance 2

Model A (r2 = 0.058, df = 7, p = 0.051)
Smoking 0.028 0.679
Alcohol consumption 0.031 0.649
BMI 0.089 0.171
Age 0.047 0.477
Sex 0.177 0.007
Highest LPE ´0.056 0.387
Diagnosis ´0.104 0.113
Model B (r2 = 0.075, df = 8, p = 0.019)
Smoking 0.031 0.643
Alcohol consumption 0.045 0.500
BMI 0.080 0.218
Age 0.036 0.584
Sex 0.172 0.008

Highest LPE 3 ´0.084 0.203
Diagnosis ´0.094 0.147
Omega-3 Index 0.136 0.039

1 Standardized beta refers to how many standard deviations the dependent variable will change per standard
deviation change in the predictor variable. Smoking, sex, and diagnosis were not standardized as they are
dichotomous variables; 2 Significant results (p < 0.05) are printed in bold; 3 LPE = level of parental education.

Table 5. Results of generalized linear model analyses between the Omega-3 Index and number of
errors of omission on the D2 test in the complete sample.

Predictor Variable B (Standardized) 1 Significance 2

Model A (χ2 = 47.90, df = 7, p < 0.001)
Smoking 0.066 0.310
Alcohol consumption 0.036 0.030
BMI 0.043 0.026
Age 0.036 0.068
Sex ´0.047 0.226
Highest LPE ´0.087 0.000
Diagnosis ´0.071 0.109
Model B (χ2 = 51.852, df = 8, p < 0.001)
Smoking 0.062 0.349
Alcohol consumption 0.030 0.078
BMI 0.043 0.028
Age 0.041 0.037
Sex ´0.052 0.181
Highest LPE 3 ´0.077 0.000

Diagnosis ´0.083 0.063
Omega-3 Index ´0.053 0.007

1 Standardized beta refers to how many standard deviations the dependent variable will change per standard
deviation change in the predictor variable. Smoking, sex, and diagnosis were not standardized as they are
dichotomous variables; 2 Significant results (p < 0.05) are printed in bold; 3 LPE = level of parental education.

3.3. Sub-Group Analyses

When participants were divided into those without learning disorders and those who indicated
having one or more learning disorders, differences between the two groups arose. Those with a
diagnosis were significantly older (Table 1, p = 0.002, 14.26 ˘ 0.51, and 14.05 ˘ 0.47, respectively) than
those without a diagnosis. Furthermore, they had a slightly higher AA status (Table 2, 11.08 ˘ 1.20,
and 11.49 ˘ 1.34, respectively). With regard to the test scores, there was a significant difference in
average score between those with and those without a diagnoses in inhibition as measured with the

101



Nutrients 2016, 8, 13

Stroop test (p = 0.000, 34.85 ˘ 9.19, and 30.12 ˘ 7.91, respectively) and on the digit span backwards
(p = 0.000, 5.26 ˘ 0.869, and 5.7 ˘ 0.851, respectively).

When a moderation term was added to the regression analysis, a moderation effect was seen for
the number of errors of omission (p = 0.005), i.e., the association between the Omega-3 Index and score
on the D2—the errors of omission were different between those with and those without diagnosis.
Therefore, a separate group regression analysis was executed. This analysis showed no significant
associations in adolescents with one or more learning disorders between the Omega-3 Index and errors
of omission (p = 0.073). For typically developing adolescents, a significant association between the
Omega-3 Index and errors of omission was seen (Table 6), students with a higher Omega-3 Index had
a lower number of errors.

Table 6. Results of generalized linear model analyses between the Omega-3 Index and number of
errors of omission on the D2 test in the typically developing participant sample.

Predictor Variable B (Standardized) 1 Significance 2

Model A (χ2 = 42.11, df = 6, p < 0.001)
Smoking 0.032 0.685
Alcohol consumption 0.036 0.277
BMI 0.091 0.000
Age 0.002 0.914
Sex ´0.136 0.003
Highest LPE ´0.085 0.000

Model B (χ2 = 55.642, df = 7, p < 0.001)
Smoking 0.029 0.714
Alcohol consumption 0.027 0.410
BMI 0.089 0.000
Age 0.015 0.515
Sex ´0.138 0.002

Highest LPE 3 ´0.067 0.003

Omega-3 Index ´0.083 0.000

1 Standardized beta refers to how many standard deviations the dependent variable will change per standard
deviation change in the predictor variable. Smoking and sex were not standardized as they are dichotomous
variables; 2 Significant results (p < 0.05) are printed in bold; 3 LPE = level of parental education.

4. Discussion

The main aim of this study was to investigate the association between the Omega-3 Index
measured in blood and cognitive performance of 14-year-old Dutch adolescents. The Omega-3 Index
was significantly associated with information processing operationalized as LDST score. This indicates
that a higher Omega-3 Index was associated with better information processing speeds. Every 1%
increase in the Omega-3 Index was associated with an increase of 1.23 digits on the LDST. Also,
students with a higher Omega-3 Index had fewer errors of omission on the D2 test of attention, an
indicator of inattention/impulsivity (i.e., they paid more attention than students with a lower Omega-3
Index). An increase of 1% in the Omega-3 Index was associated with a decrease of 0.94 stimuli forgotten
to cross out. Associations with all other cognitive measures were not significant.

To our knowledge, this is the first study assessing the association between the Omega-3 Index
measured in blood and cognition in typically developing adolescents from the general population.
There are a number of observational studies of adolescents that found positive associations between fish
consumption, the most important source of omega-3 LCPUFAs, and school grades [17–19]. However,
even though cognition/executive functioning and school performance are correlated, they are not
equal. School performance depends on additional factors such as time spent on homework [44] and
personality [45]. Although we are not aware of studies looking at the association/relationship between
LCPUFA status and cognition in adolescents, multiple studies of children are available. For example,
Portillo-Reyes et al. found an improvement in processing speed in their supplementation study (180
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mg DHA and 270 mg EPA per day for three months) of marginally malnourished children age 8–12
years [46]. Parletta et al. also found a positive effect of supplementation (750 mg EPA + DHA per
school day for 40 weeks) on a non-verbal cognitive test [47]. However, there are also a number of
studies that do not show an association or relationship between omega-3 LCPUFAs and cognition
in children [48–50]. Overall, results remain mixed, and a number of possible explanations for these
differences have been proposed [50,51]. For example, it has been suggested that an effect of LCPUFAs
on cognition might be more likely to be demonstrated in underperforming children and adolescents,
as shown in the study of Richardson et al. [30]. We tried to address this in the current study by
recruiting students from one of the lowest educational levels in the Netherlands. Additionally, it has
been suggested that LCPUFAs might only be beneficial in certain periods of life when the brain is
developing, the so-called windows of opportunity. We tried to address this by including adolescents
because the brain undergoes profound development in adolescence [12].

A number of earlier studies have shown a positive relationship between LCPUFAs and cognition
in people with learning disorders [30,52–54]. Therefore, a moderator analysis was executed to check
whether the association between the Omega-3 Index and score on the cognitive test was different
between those with and those without a learning disorder. If a moderator effect was shown, separate
analyses for adolescents who indicated to have a learning disorder versus typically developing
adolescents were executed. There was a significant association between the covariate diagnosis
and score on errors of commission and on the interference score. The moderator effect could, however,
only be shown for errors of omission. Firstly, the number of students with a diagnosis was relatively
low (n = 69), which could have led to a reduced statistical power. Secondly, the self-reporting of
diagnosis and the fact that many adolescents did not know who made the diagnosis could have led to
attenuation of the associations. Thus, the measure of diagnosis might not be accurate. However, when
the test scores of those with and those without a diagnosis were compared, students with a diagnosis
score lower on the test of interference (Stroop). This would suggest that the assessment of a learning
disorder is accurate, since it has been shown before that patients with ADHD and other psychiatric
problems have impaired performance on this test [55]. Moreover, the variation in the Omega-3 Index
(inherent to our pre-selection of participants with an Omega-3 Index < 5%) was relatively low (SD =
0.61), which makes the appearance of associations less likely. In contrast, even though this spread was
also low (SD = 0.60) in typically developing adolescents, a significant association between Omega-3
Index and cognitive measures could be shown. This could be explained by the fact that the number
of students with a diagnosis was only 69; therefore, the power to detect an association was not
sufficient [56].

The Omega-3 Index (3.83%) in this sample was relatively low (well below the recommended
range of 8%–11% [22]). This could be due to the exclusion of participants with a high Omega-3 Index,
although if these were included the mean was still only 3.89 (SD 0.67). The low Omega-3 Index in
this sample is no surprise since 13.9% of the students did not consume any fish and 77% consumed
fish rarely, as measured by the fish consumption questionnaire. This frequency of fish consumption
is somewhat lower than the consumption of the adolescents in the sample of de Groot et al. [19].
However, the study of de Groot et al. was carried out with students in higher general secondary
education or pre-university education with a somewhat higher social economic status (assessed by
level of education of the parents) than the students in the current study. The number of students that
never consume fish is also in line with the results from the National Dutch Consumption Survey, which
indicates that 11% of boys and 18% of girls never consume fish [57]. Similarly in our sample, girls also
consumed significantly less fish than boys. However, the number of adolescents who consumed fish
twice or more a week was in only 1% in this sample, while in the survey 9% of the boys and 7% of the
girls consumed the recommended amount of fish.

The main strength of the current study is that the Omega-3 Index was measured in blood.
Furthermore, standardized and validated cognitive tests that assess several aspects of executive
functioning were used. The main limitation of the study is that it is an observational study and can,
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therefore, not prove causality. Also, the variation in the Omega-3 Index was rather small. Furthermore,
no Bonferroni correction for multiple statistical was applied, with correction significant results were not
present anymore, which weakens the certainty of the associations found. However, the data presented
here are part of a large intervention study, which will elucidate the effect of LCPUFA supplementation
on cognition, mood, and academic achievement in adolescence. Furthermore, the supplementation
study will achieve a higher Omega-3 Index and a larger spread in the Omega-3 Index, which could
lead to more significant results (a number of associations were borderline significant).

In conclusion, this study has revealed a positive association between the Omega-3 Index measured
in blood from typically developing adolescents and two of the nine cognitive measures. The results of
the supplementation study will further elucidate the effect of LCPUFA supplementation on cognition.
If a positive effect of LCPUFA supplementation on cognition is shown, this could help improve
cognitive functioning and possibly the school performance of adolescents in a relatively inexpensive
and easy way.
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Abstract: Docosahexaenoic acid (DHA) is a structural constituent of membranes specifically in the
central nervous system. Its accumulation in the fetal brain takes place mainly during the last trimester
of pregnancy and continues at very high rates up to the end of the second year of life. Since the
endogenous formation of DHA seems to be relatively low, DHA intake may contribute to optimal
conditions for brain development. We performed a narrative review on research on the associations
between DHA levels and brain development and function throughout the lifespan. Data from cell
and animal studies justify the indication of DHA in relation to brain function for neuronal cell growth
and differentiation as well as in relation to neuronal signaling. Most data from human studies concern
the contribution of DHA to optimal visual acuity development. Accumulating data indicate that
DHA may have effects on the brain in infancy, and recent studies indicate that the effect of DHA
may depend on gender and genotype of genes involved in the endogenous synthesis of DHA. While
DHA levels may affect early development, potential effects are also increasingly recognized during
childhood and adult life, suggesting a role of DHA in cognitive decline and in relation to major
psychiatric disorders.

Keywords: docosahexaenoic acid; brain development; desaturases; psychiatric disorders

1. Introduction

Long chain polyunsaturated fatty acid (LC-PUFA), including docosahexaenoic acid (DHA)
and arachidonic acid (AA), are incorporated into membrane phospholipids and, apart from their
structural role in these membranes, they also act as precursors of autocoid signaling molecules
(e.g., docosanoids) and as potent activators of a number of gene transcription factors (e.g., peroxisome
proliferator activated receptors). The essentiality of n-3 LC-PUFA is generally mainly contributed to
the incorporation of DHA in uniquely high levels in the central nervous system—although DHA is
incorporated in most other tissues where it may also have important functional effects.

Overall, membrane PUFA composition (the principal components of which are linoleic acid (LA),
AA and DHA) seems to be more responsive to DHA in the diet than to intake of LA and AA [1]. Animal
studies have demonstrated that an increase in dietary α-linolenic acid (ALA) is almost completely
reflected in membrane n-3/n-6 PUFA-ratios at LA/ALA intakes of <10, whereas the dietary balance
between ALA and LA has little influence at higher ALA intakes, and a similar biphasic response is also
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seen in diets that contain LC-PUFA [2]. These results show a high sensitivity of tissue membranes to
dietary variations in the PUFA-supply within the normal range, strongly favoring incorporation of n-3
LC-PUFA over LA and AA. In the case of a dietary deficiency of n-3 PUFA, there is a trend for DHA to
be replaced with the nearest n-6 PUFA equivalents, whereas few changes are seen for the reciprocal
lack of dietary of n-6 PUFA [3,4]. Thus, n-3 PUFA seem to be the main determinant of membrane PUFA
composition and unsaturation. Membrane DHA incorporation in different tissues, e.g., erythrocytes
(RBC), has been shown to depend on diet, mainly fish intake and in infants also breastfeeding, but
is also to some extent supported by DHA formed endogenously by desaturation and elongation of
ALA. This conversion is limited by the delta-6 desaturase enzymatic step, which generally has a low
efficiency, but the rate conversion has been shown to be affected by genetic setup in the fatty acid
desaturase (FADS) gene cluster and to vary depending on age and circulating levels of sex hormones.

The present paper will give an update of the current literature and try to answer the following
questions: (1) Does the high rate of DHA accumulation in the brain have any functional importance? (2)
If yes, is the endogenous synthesis of DHA high enough to support optimal functional levels of DHA
in the brain? Finally, we will also address whether DHA may contribute to normal brain functioning
later in life.

2. Brain DHA Accumulation during Development Depending on Diet

The accumulation of DHA in the brain takes place during the brain growth spurt in the intrauterine
and neonatal period up to two years of age and the high levels of DHA in the brain are maintained
throughout life [5]. Due to the lack of de novo PUFA synthesis, the rate of membrane DHA incorporation
in early life—in the brain as well as in other tissues—depends on maternal transfer, dietary supply
(i.e., breastfeeding) and endogenous LC-PUFA production. The DHA accumulation in the brain
during the third trimester of pregnancy is substantially higher (in % of fatty acids (FA%)) than the
overall body deposition rates, whereas brain incorporation of AA is more in line with that which
occurs in other tissues [6]. Fetal LC-PUFAs accumulation occurs mainly during the last trimester, in
which weight increase becomes more rapid and growth is accompanied by a deposition of fat tissue,
which begins around the 30th week of gestation [7]. Fetal fat tissues contain relatively low levels of
DHA and AA [8,9] compared to the large relative amounts of LC-PUFAs that are deposited in the
brain [8,10]. However, the absolute amount of DHA in fetal adipose tissue exceeds that in the brain [7].
Based on post-mortem studies it has been calculated that whole-body DHA accretion during the third
trimester amounts to around 50 mg/day while the accretion of AA is approximately twice as high (100
mg/day) [8]. It has been estimated that this fetal LC-PUFA accumulation is supported by a supply of
approximately 50 mg/(kg ˆ day) of n-3 LC-PUFA and 400 mg/(kg ˆ day) of n-6 LC-PUFA [6].

The intrauterine PUFA supply occurs via transfer of non-esterified PUFA mainly derived from
the maternal circulation across the placenta [10,11]. The overall fat concentration in maternal plasma
increases throughout pregnancy [7], and placental fat transport is driven by a concentration gradient
as the fetus has substantially lower fat concentrations [12], including the concentration of DHA
and AA [7,13]. The relative proportion of DHA and AA is, however, consistently higher in circulating
lipids of the neonate [14], whereas the concentrations of LA and ALA differ much less from that in the
maternal blood [15,16], indicating a preferential transfer of LC-PUFA. The exact mechanisms involved
in placental PUFA transfer remain unclear, but is generally considered to involve proteins with some
specificity for LC-PUFA, especially DHA, over PUFAs with shorter chain length [17–19]. Additionally,
DHA has been shown to be incorporated into triacylglycerol in human placental cells, whereas AA is
primarily esterified in phospholipids [20,21], and this differential esterification may contribute to the
preferential transport of DHA and accumulation of AA in the placenta itself. AA has been shown to be
taken up from the maternal blood by the placenta at higher rates than DHA, while DHA accumulates
in the fetal blood stream at a three-fold higher rate than AA [20]. Although other interpretations are
plausible, the specificity for placental transfer of DHA over AA could be interpreted as a specific
retention of AA on the maternal side possibly for prostaglandin production in relation to the initiation
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of delivery. Maternal dietary n-3 LC-PUFA has a slight gestation prolonging effect, which may be
explained by a dampening of the AA-derived eicosanoid response [22], which results in an increase
birth weight and intrauterine LC-PUFA accretion. In infants born preterm the progressive accumulation
of LC-PUFA in fetal tissues is truncated at the end of pregnancy and accumulation is also strongly
limited in growth-retarded fetuses [23].

Post-natal accumulation of LC-PUFA in infant tissues is supported by maternal transfer of
PUFA through breastmilk, and blood levels of LC-PUFA in breast-fed infants remain higher than
maternal levels for some time postnatally [24,25]. In neonate baboons, dietary DHA has been shown to
consistently support greater brain DHA incorporation and maintenance of cortex DHA concentration,
while brain AA is unaffected by dietary supply and decreases with age [26]. Moreover, brain autopsies
from human infants have shown an around 25% higher mean FA% of DHA in cortical phospholipid of
breast-fed (9.7%) compared to age-matched formula-fed infants (7.6%) [27]. The overall percentage
of LC-PUFA was maintained in formula-fed infants by a compensatory increase in the incorporation
of n-6 LC-PUFA, which however was incomplete in formula-fed preterm infants with the lowest
concentration of cortical DHA, where an increase in the n-9 series PUFA was also detected [27]. A
second autopsy study also showed an increase in cortex DHA with age in breast-fed but not in
formula-fed infants, whereas the percentage of AA in the brain increased with age irrespective of
diet [28] just as in the infant baboons. Similarly, the RBC DHA content of breast-fed infants has
been found to be higher than that of formula-fed infants [28]. Breastmilk has been shown to be a
main contributor to the DHA content in infant RBC [29], and infant RBC DHA has been shown to be
associated with maternal n-3 LC-PUFA intake and RBC DHA status during lactation [30]. RBC DHA
decrease after infancy as complementary feeding usually supplies less DHA [31]. The intake of n-3
LC-PUFA has been shown to be low in a number of studies in children [32] and European children
have been shown to have whole blood n-3 LC-PUFA levels consistently below 2.5 FA% between 3 and
8 years of age [33].

The phenomenon of increasing LC-PUFA in fetal and infant blood and tissues relative to that of
their mother has been described as “bio-magnification” [34], but could also be interpreted as a natural
consequence of a dual liver system i.e., the combined PUFA metabolism and conversion of LA and
ALA to AA and DHA in both the mother and the fetus/infant. Both term and preterm infants have
been shown to convert stable isotope labeled LA and ALA to AA and DHA, respectively [35–37], and
the synthesis has been shown to decrease with post-conceptional age [38]. The desaturase capacity
has been estimated to be in the order of 40 mg/(kg ˆ day) of AA and 13 mg/(kg ˆ day) of DHA in
neonates born in the 32nd week of gestation, but to decrease to around 14 and 3 mg/(kg ˆ day) at 1
month past expected term [39]. This synthetic rate may still provide a substantial contribution to fulfill
infant needs, which, based on maintenance of plasma DHA homeostasis, have been estimated to be
around 5 mg/(kg ˆ day) of DHA [40]. However, this does not exclude that exogenous sources of DHA
are needed in the diet to fulfill the requirements of the growing infant.

3. Effects of FADS Polymorphisms on LC-PUFA Levels

Overall, data suggest that n-6 PUFAs in breastmilk, plasma and RBC membranes across all ages
are more affected by single nucleotide polymorphisms (SNPs) in the FADS gene cluster than n-3 PUFAs,
typically with an increase in LA and a decrease in AA levels in minor allele carriers [29,41–45]. Minor
allele homozygotes of various FADS SNPs have also been found to have lower blood (RBC and plasma)
levels of AA and higher levels of LA and ALA during pregnancy [41,42]. FADS polymorphisms have
been estimated to explain as much as 29% of the variation in serum AA contents in adults, in whom
serum DHA concentrations are determined primarily by the dietary supply of preformed DHA [43].
Colostrum AA and DHA levels have been found to be decreased in minor allele carriers of a number
of FADS SNPs [46], but studies in mature breastmilk have shown that the concentration of AA is
influenced to a larger extent than that of DHA [41,47,48]. Findings in plasma from both mothers and
neonates have shown strong inverse associations between the minor allele for two FADS SNPs and the
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concentrations of DHA and eicosapentaenoic acid (EPA) as well as AA in the newborn infants, thus
confirming that synthesis of DHA provides a relevant contribution to status [49]. Curiously, a study of
2000 cord blood samples found that minor allele FADS SNPs in the mother gave rise to increased levels
of n-6 PUFA before the delta-5 desaturation step (LA and di-homo-γ-linoleic acid), whereas minor
allele SNPs in the child resulted in decreased levels of AA and other n-6 LC-PUFA beyond this point in
the metabolic pathway [50]. More data on the biochemical effects of FADS polymorphisms are needed
to derive a biologically plausible interpretation of their potential functional effects. Furthermore, both
AA and DHA needs to be considered together since apart from the main determinants of their levels,
either endogenous or exogenous, their balance may be critical for the functional outcomes in infancy
and beyond.

We have recently found that some FADS polymorphisms may substantially contribute to RBC
DHA levels in late infancy (to the same extent as breastfeeding) [29]. Some SNP minor alleles (rs1535
and rs3834458) were even found to dose-dependently up-regulate DHA status [29], whereas minor
alleles of all the investigated SNPs lowered AA in a consistent way [51]. Interestingly, identical analyses
did not reveal any effect of these SNPs on RBC DHA at 3 years of age [29], which could be explained
by increased residual variation in the model due to a more diverse fish intake or could be interpreted
as a decline in the endogenous DHA biosynthesis, consistent with other findings [39]. Furthermore, a
longitudinal study of serum phospholipid fatty acid composition at 2 and 6 years of age in 331 children
found higher tracking in n-3 LC-PUFA levels in children who were major allele carriers [52]. Instead
tracking of n-6 LC-PUFA was lower in major allele homozygotes of various FADS SNPs compared
to tracking in carriers of at least one minor allele [52]. More longitudinal outcome data may suggest
plausible biological interpretations. However, although DHA may mainly be determined by variation
in intake, mainly of preformed DHA, the genetic patterns also appear to be of relevance for tissue DHA
levels in the perinatal phases, although probably less later in life as the rate of endogenous synthesis
declines, thus increasing the importance of exogenous DHA.

4. Dietary DHA and Postnatal Development

The majority of the randomized controlled trials investigating the effect of dietary LC-PUFA
supplementation in term infants have added both DHA and AA, and only few have investigated the
effect of varying DHA intakes at a constant intake of AA. With respect to the functional effects of
LC-PUFA supplementation in infancy, the most accepted developmental effect is an increased rate of
visual acuity development [53]. This effect seems to be explained solely by DHA, as a meta-regression
analysis found that variability in the effects on visual acuity between studies was explained by the
dose of DHA [54]. However, little is known regarding the persistency of this effect on vision and the
potential effects that this early visual deficit may have on cognitive development.

Overall, meta-analyses of the randomized controlled trials that have investigated the effect
of LC-PUFA supplementation on neurodevelopmental outcomes throughout the first two years of
life have not shown any clear benefit of LC-PUFA addition to infant formula on development of
term or preterm infants [55–57]. However, a meta-analysis that combined all LC-PUFA formula
supplementation trials in both term and preterm infants found a trend for an effect on the Bayley scale
Mental Developmental Index at around 12 months of age, which were not affected by the maturity of
the infant at birth [57]. This meta-analysis did not find any effect of LC-PUFA dose, although there
was a trend towards an effect of the DHA dose, but no such trend for AA [57]. The studies that have
supplemented the infants with DHA indirectly via n-3 LC-PUFA supplementation of their pregnant
or lactating mothers, generally provide a more clean way to study effects of the early DHA supply
as this has little effect on the AA supply to the infant. A meta-analysis of randomized trials that
supplemented lactating mothers with n-3 LC-PUFA showed that infants of supplemented mothers
had larger heads at 2 years of age [58]. Furthermore, the meta-analyses looking at the developmental
effects of maternal n-3 LC-PUFA supplements in pregnancy and lactation have suggested some effects
on neurodevelopment based on a few studies [58,59]. However, at the current stage, this does not
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provide any definite proof that an increase in the early DHA supply improves the mental development
of infants.

So far, few studies have shown that the effect of perinatal n-3 LC-PUFA supplementation may be
affected by the gender of the child. In two large investigations, the DINO and DOMInO trials [60,61],
an increased early DHA supply was associated with different effects on cognitive outcomes in girls
and boys. A gender-treatment interaction on cognitive outcomes was also observed in a small Danish
trial of maternal fish oil supplementation during lactation [62], although no clear effects were observed
when the children were followed up at 7 years of age [63]. The different effects of increased DHA
supply on various outcomes in girls and boys all appear to counteract the normally observed gender
differences in behavior. It is not clear if these effects should be interpreted as beneficial in one
gender and adverse in the other or if it is due to some other effect of DHA that diminish the cultural
gender differences which we have come to perceive as normal biological differences. Interestingly,
in the Danish maternal fish oil supplementation trial treatment-gender interactions were found also on
blood pressure at 7 years of age [64]. Blood pressure is not normally defined as cognitive outcome,
but is nevertheless affected by the central nervous system in response to anxiety. As was the case
with cognitive outcomes, boys and girls in the fish oil group were found to have comparable diastolic
and mean arterial blood pressures, whereas girls had higher blood pressures than boys in the control
group [64]. The intervention was also found to level out gender differences on energy intake and
physical activity at 7 years of age [64]. Accordingly, these results indicate that early DHA intake
could also have long-term health consequences, which might be mediated effects in the brain and
lifestyle choices.

Many of the available studies on the effects of maternal or, more commonly, infant n-3 LC-PUFA
supplementations on neurodevelopmental outcome during infancy have several limitations, which
become more and more evident as our knowledge on the physiology of LC-PUFA, and DHA in
particular, progresses. The vast majority of the studies, whether on cognition of other functional
outcomes or if they provide the supplement during pregnancy, lactation or to the infant in various types
of formula, show a great heterogeneity with respect to LC-PUFA sources, doses of DHA (and AA) and
durations of interventions. It should be noted that the methodologies for primary outcome assessment
as well as age of effect examination differed between trials, and the effects in the first few years of
life and potential long-term effects may be quite different. For outcomes such as neurological and
cognitive development, there may be a necessity to use different tests at different ages to accommodate
changes in age and maturity level. However, many trials have investigated effects on numerous
outcome measures, which are often internally inconsistent, or show no apparent pattern over time.
In addition, studies often have low power in terms of the number of participants and sometimes
also high rates of dropouts as well as lack of intention-to-treat analysis and a sufficient description of
allocation concealment. Although baseline demographic characteristics are constantly reported, often
baseline n-3 PUFA intake or status is not included in the characterization. This omission is critical
for the interpretation, since baseline n-3 PUFA status will likely affects the response to changes in n-3
PUFA intake—both with respect to acute and persistent functional effect. Finally, as mentioned above,
the effects of early n-3 LC-PUFA supply may vary in boys and girls, and this is not taken into account
in the older studies. The emerging knowledge indicates that it is critical to take these aspects into
account and that the variation in these aspects complicate attempts to combine data in meta-analyses
to achieve conclusions with respect to the functional consequences of the addition of LC-PUFA, even
beyond the single, specific effects of DHA.

5. Effects of FADS Polymorphisms on Cognition and Neurobehavioral Outcomes

Current knowledge about the functional effects of FADS polymorphism is limited and although
the most clear effect on PUFA metabolism as mentioned is a decrease in AA production, functional
associations with FADS genotype cannot be interpreted as a consequence of a reduction in AA. The
influence of FADS polymorphisms on LC-PUFA status—and specifically the observed variations
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between specific SNPs and specific LC-PUFA over time—introduces new variables to be considered in
the evaluation of the effects of FADS genotype on development and health of young children.

Several studies have showed that infant FADS genotype, examined by use of different
individual SNPs, modifies the effect of breastfeeding on IQ-like neurodevelopmental outcomes in
childhood [46,65,66], while other studies did not find any significant interaction [67,68] (Figure 1).

Figure 1. Results from studies examining the potential modifying effect of single nucleotide
polymorphisms in the fatty acid desaturase gene cluster on the effect of breastfeeding on IQ-like
neurodevelopmental outcomes in children. The figure is based on data from [46,65–68] and gives the
average IQ in the SNPˆfeeding groups (breast-fed in black and formula-fed in light gray). The grey
stippled line is the reference line for mean normal IQ.

As expected, based on the observed differences between breast-fed and formula-fed infants, all
the studies have higher scores in breast-fed compared to formula-fed major allele carriers, but with no
apparent differences between homozygotes and heterozygotes, which might be expected based on
the additive effects of number of major alleles that is expected according to the observed effects on
LC-PUFA. Thus, an interaction is dependent on a different pattern among the minor allele homozygotes
(or the minor allele carriers in the Spanish study in which these were pooled with the heterozygotes).
In the studies that found an interaction this is based on an equal “IQ” in breast-fed and formula-fed in
the two cohorts in the Caspi study [66] and the two Spanish cohorts [46], whereas the largest of the
studies found an even bigger difference between breast-fed and formula-fed among the minor allele
homozygotes [65]. However, in all of the studies there were only few formula-fed minor allele carriers,
and thus the largest variation in this group was likely skewed because of the scores of few children
were at a high risk of chance effects. The studies differ with respect to breastfeeding frequency as well
as the definition of breastfeeding, which in the large UK study was defined as >1 months [65] and ever
having been breast-fed in the Dutch study [67], but was not clearly defined in other studies [46,66].
The Australian study tried to examine the effect of breastfeeding duration (not apparent in the figure in
which we have pooled all the breast-fed groups), but they did not have the power to judge this due to
a lack of a statistical (although visual indicated) dose-response between duration of breastfeeding and
IQ [68]. The Dutch study found that the effect appeared to vary—although not significantly—between
different cognitive functions and testing ages [67]. Furthermore, given the variation in the year
of birth of the subjects in the studies, it is also reasonable to assume that there could have been
differences in the PUFA composition of the formulas and presumably also in the maternal fish intake,
and lifestyle in general, and thus in the DHA content of the breastmilk of the study populations.
Little is known regarding interactions between the FADS polymorphisms and intake of AA and DHA
from breastmilk and infant formula or the dietary ratio between the precursors, LA and ALA, but
it is reasonable to suspect that this might have an influence on the functional response. Due to the
increasing availability of micro-invasive methods for determination of blood fatty acid status, future
Mendelian randomization studies should now be able to study effects of these potential sources
of heterogeneity.

Additionally, the studies on interactions between breastfeeding and IQ used different FADS SNPs
(mainly rs174575, rs1535 and rs174468), but, as indicated by the aforementioned study from Harsløf
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and coworkers, they may not all down-regulate the endogenous DHA synthesis in the infants [29].
This could contribute to the observed variable associations, and it is important to consider potential
disequilibrium with other SNPs in the interpretation of the results from the FADS SNP studies.
Interestingly, Steer et al. reported opposing effects of rs174574 and rs3834458 in the modulation of
the association between breastfeeding and IQ [69]. Opposing effects of rs1535 and rs174448 have
also been observed in problem solving and communication skills assessed by the Ages and Stages
Questionnaire (ASQ) in a recent study among 3 year-olds [51]. None of the FADS SNP-breastfeeding
interaction studies have considered whether the effect might differ between boys and girls. As in the
DINO trials [60], the Mendelian randomization of FADS SNPs versus 3-year ASQ outcomes found that
the effect of DHA increasing SNPs appeared to be negative in girls and positive in boys [51]. Due to
the previously mentioned opposing effects of these SNPs on DHA in early life and the lack of opposing
effects on AA plus the lack of association between FADS SNPs and DHA status at 3 years of age, these
results might be interpreted as proof of a programming effect specifically of early DHA dietary intakes.
However, the lack of effect of the FADS SNPs on DHA status later in life could be due to a blurring
effect of a more diverse dietary intake of DHA from fish. Therefore, it is not possible to rule out that
DHA supply contrary to the current hypothesis of an early window of vulnerability might have an
effect on brain function at all stages of life.

6. Neurobehavioural Outcomes in Older Children

Brain DHA accretion continues into childhood, and although the accretion rate declines,
the incorporation of DHA is still high at least during the preschool years. Once high levels of DHA
are achieved in the brain these are maintained during later life, and this presumably also depends
on an optimal dietary supply, as dietary intake of DHA from fish in adults has been shown to be
the dominant determinant of DHA levels in various lipid pools [70]. However, to our knowledge no
studies have examined the dietary requirements in order to achieve optimal brain DHA maintenance.
Few studies have investigated the effect of FADS SNPs or n-3 LC-PUFA supplementation on cognitive
development, emotions and behavior in toddlers and later in childhood or even in healthy adults.

A single study pooling data from three trials that randomized to LC-PUFA formulas
immediately after birth or after breastfeeding for 6 weeks or 4–6 months, respectively and continued
supplementation throughout the first year of life, found significant beneficial effects on problem
solving at 9 months of age only in the two studies that started intervention early [71]. However,
one study that examined the effects of DHA-enriched baby food also found an apparent improvement
of cognitive outcomes [72]. Furthermore, a trial that provided a teaspoonful of cod liver oil (free of
vitamin A and D) from 9 to 12 month of age found an increase in voluntary attention in a free play test
after the intervention, especially in boys, compared with un-supplemented children [73].

Results from studies in schoolchildren in low-income countries have shown relatively convincing
cognitive effects of fish oil supplementation. The effects have been shown to be stronger in children
with low socioeconomic status or malnutrition-related health problems and a low consumption
of fish and very little n-3 PUFA [74,75]. However, no overall cognitive effects were found after
fish oil supplementation of 6–11 year-old South African children with poor iron and n-3 LC-PUFA
status [75], but paradoxically an adverse effect of fish oil was observed on memory mainly in
girls and specifically those with iron deficiency anemia. Little research has been performed on
the effects of n-3 LC-PUFA on brain functions in school-aged children from high-income countries.
One functional magnetic resonance imaging study showed that DHA supplementation was associated
with increased activation of the prefrontal cortex and better reaction time during sustained attention in
healthy 8–10 year-old boys [76]. In a cross-over intervention trial with more than 800 schoolchildren
we have recently found that healthy school meals rich in fish improve school performance [77]. Some
observational studies have also observed a positive association between n-3 LC-PUFA intake and
cognitive performance. A study of 4000 American children found that the association between n-3
LC-PUFA intake and cognitive performance was stronger in girls than in boys [78]—again, an example
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of gender-related nutrition. Four randomized trials have supplied schoolchildren from high-income
countries specifically with n-3 LC-PUFA [79–82]. Three of these studies found some beneficial effects
on cognition or school performance of 0.4–1 g/day of n-3 LC-PUFA, while the study that did not
find any effect supplied only around 0.2 g/day [79]. This dose-response effect is however not always
consistent, as a three-armed study in 90 British 10–12 year-old children found a beneficial effect of 0.4
g/day of DHA on word recognition, but poorer performance in children who had 1 g/day [80].

In the last mentioned study, all the DHA supplemented children had a more relaxed mood
compared to controls [80], which is consistent with another trial that found an apparent effect on
mood, i.e., a reduction in impulsivity and anti-social behavior, in 450 healthy 8–10 year-old children
supplemented with fish oil versus olive oil [81]. Similar behavioral effects were also observed in
one of the South African studies, which showed a decrease in physical activity during school hours,
less oppositional behavior, inattention and lower scores on a rating scale of traits of attention-deficit
hyperactivity disorder (ADHD) after fish oil supplementation [82]. Comparable behavioral effects
have also been indicated, although not firmly proven, in children with ADHD [83] and in addition, one
study has found an association between FADS SNPs and the development of ADHD, specifically in
the context of prenatal alcohol exposure [84]. It is difficult to draw any firm conclusions based on the
results of these trials and observational studies in schoolchildren due to differences in dose, duration
and most of all the tested outcomes. Furthermore, the studies on behavioral conditions may be biased
due to methodological flaws such as limited sample size and the large number of neurological tests
that were performed in most of the studies (out of which only a few showed significant effects). More
well-conducted studies, adjusted for multiple test administrations, are therefore needed in order to
provide more convincing evidence for an effect of n-3 LC-PUFA intake on cognitive, behavioral and
emotional effects in children.

So far, the effect of gender has not been given much attention in intervention trials with n-3
LC-PUFA in preschool and school-aged children. However, as was the case in the studies on the effects
of DHA in the perinatal period, a gender-treatment effect has been observed on mean arterial blood
pressure after fish oil supplementation from 9 to 18 month of age in healthy Danish infants, which
just as in the previously mentioned maternal fish oil supplementation study was mostly affected in
boys [85]. In this case, blood pressure was reduced in the boys, which however was still counteracting
the observed gender difference in the control group, resulting in an almost similar mean arterial blood
pressure in the girls and boys of the fish oil supplemented group [85]. A similar gender-equalizing
effect was observed on the systolic blood pressure later in infancy in a study that compared fish oil
versus no supplement during the complementary feeding period [86]. In that study, the observed
changes in systolic blood pressure were found to correlate with the previously mentioned changes in
free play attention [73], which could indicate a common emotional component. Furthermore, a recent
randomized controlled cross-over trial in young adults also observed a gender-specific effect of fish oil
supplementation on the sensation of appetite that abolished gender differences observed after a three
week intervention in the soy oil control period [87].

7. Neurobehavioural Outcomes beyond Childhood

Only a few studies have examined if fish oil supplementation can affect brain functions in healthy
young adults, but some studies indicate that DHA may be important for cognition and behavior during
late adulthood. DHA supplementation improved memory in healthy, young adults whose habitual
diets were low in DHA, and the response was still modulated by sex [88] suggesting consistence
with the effects found in late infancy with the achievement of gross motor milestones [89]. An
observational study conducted in 6158 individuals of >65 years found that high fish consumption,
but not dietary n-3 LC-PUFA intake, had a protective effect on cognitive decline [90,91]. A systematic
review and meta-analysis from 2006 gathered all available evidence from observational, preclinical
and clinical studies to assess the effects of n-3 LC-PUFA on cognitive protection [92]. Four of the trials
have shown a protective effect of n-3 LC-PUFA only among those with mild cognitive impairment
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conditions [93]. In another trial with 485 subjects with mild memory complaints, an improvement
of memory was demonstrated after 0.9 g/day of DHA for 24 weeks [94]. A recent meta-analysis of
all randomized trials that have investigated the effect of fish oil on cognitive decline also indicated
a potential beneficial effect, but only in trials that had supplied >1 g/day of DHA in subjects who
at the beginning of the trail exhibited some signs of cognitive decline [90]. There are nine separate
observational studies that have suggest a possible link between increased fish consumption and
reduced risk of Alzheimer’s disease [95,96]. Furthermore, analysis of human cadaver brains has shown
that people with Alzheimer disease have less DHA in their frontal lobe and hippocampus compared
with unaffected individuals [97]. In addition, studies in mice provide support for the protective role
of n-3 LC-PUFA, showing that a dietary intake of DHA induces an increase in DHA levels in the
hippocampus with subsequent improvement of memory performances [98].

DHA has also been suggested to be effective in major psychiatric disorders. Most of the conducted
studies have used n-3 LC-PUFA levels in RBC membranes as a measure of exposure, due to the
objectivity of this measure and their high correlation with habitual dietary intake [99] in addition to
their presumed reflection of brain LC-PUFA levels. Such studies have shown a significant correlation
between DHA deficits and schizophrenia [100]. Life style in schizophrenia is characterized by heavy
smoking, drinking, high-caloric diets, low physical activity and use of drugs that cause oxidative stress
in the body. However, a recent study found no reduction of either DHA or AA in large groups of
un-medicated Indian and Malaysian patients suffering from schizophrenia [101]. There is a tendency
for RBC membrane levels of DHA and AA to diminish during storage, and this may happen abnormally
rapidly in schizophrenia [102], possibly because of an increased oxidative stress [103]. Interestingly,
several studies reported a better outcome in psychotic patients supplemented with n-3 LC-PUFA,
either EPA or DHA [104].

Accumulating evidence also suggests that n-3 LC-PUFA supplementation may be efficacious
for the treatment of positive and negative symptoms in patients with schizophrenia or at ultra-high
risk for psychosis [105]. There is also some evidence that n-3 LC-PUFA may be relevant in relation
to the pathophysiology of depression [106]. Cross-national studies indicate that higher intake of
fish/seafood is correlated with lower lifetime prevalence rates of unipolar and bipolar depression [107].
In fact, depression may present with an increased production of pro-inflammatory cytokines and
elevations in plasma homocysteine levels [108], and n-3 LC-PUFA have in randomized controlled
trials been shown to be able to reduce both [109]. Thus, it can be speculated that n-3 PUFAs produce
a positive effect on mood, partly because of the high brain content of DHA and its involvement in
neurogenesis and neuroplasticity and partly due to their anti-inflammatory properties [110] as well as
their effect on carbon metabolism, which is known to be of importance in relation to the metabolism of
mono-aminergic neurotransmitters [111]. Some epidemiological studies have in the same way found
that lower n-3 LC-PUFA intake is linked to an increased risk for emerging depressive symptoms [112].
Therefore, higher habitual dietary n-3 LC-PUFA intake may be protective against mood swings or
even ultimately prevent mood dysregulation [113]. There is however a need for large well-performed
randomized controlled trials in this area in order to confirm such effects.

8. Conclusions

The effects of DHA on brain and cognitive development have been extensively investigated in the
last years. Its functional effects have been progressively, but not entirely, separated from those of AA.
Clinical trials on maternal and infant dietary intakes are not entirely clear and consistent, but seem
to indicate a complex interaction between the genotype pattern of FADS, gender, dietary intakes and
lifestyle. For these reasons it is difficult to disentangle the effects of dietary DHA from the results of the
randomized supplementation trials. In future studies an appropriate sample size should be calculated
in order to adjust for the different variables. Mendelian trials provide a new tool to investigate the
effects of LC-PUFA on cognitive development, but the interpretation of results from such trials requires
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an improved understanding of the biochemical effects of individual FADS SNPs and also needs to
consider the potential differences between boys and girls.

Thus, our two questions, (1) Does the high rate of DHA accumulation in the brain have any
functional importance? (2) If yes, is the endogenous synthesis of DHA high enough to support
optimal functional levels of DHA in the brain? Regarding the first, there is clear evidence that DHA
contributes to the visual development of infants, as also concluded by EFSA [53], but the associations
with cognitive development are still not clearly interpreted [114,115], and one of the main problems
could be that the effects differ between boys and girls, which needs to be considered in future
trials. Due to the proposed early window of vulnerability, so far few studies have focused on the
potential effects of n-3 LC-PUFA intake on cognitive and behavioral outcomes in children and young
adults, but available studies indicate that the hypothesis might be worth challenging. Finally, there is
preliminary evidence that DHA may ameliorate cognitive decline and affect behavioral symptoms
in major neuropsychiatric disorders such as dementia, schizophrenia and depression. There is an
extremely poor availability of trials on the effect of DHA supplementations that have investigated the
changes in the fatty acid status as a function of the FADS polymorphisms. Most evidence indicates that
the DHA accumulation is mainly affected by dietary intake, specifically of preformed DHA. However
new studies indicate that the genetic make-up in the FADS gene cluster may contribute substantially
to the current understanding, but that the effects may be SNP-specific and may even vary with age,
or at least are most evident in the perinatal period, where the endogenous synthesis of LC-PUFA
is upregulated and diet may be more easily controlled for, especially during lactation (or formula
feeding).
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Abstract: Stearidonic acid (SDA; C18:4n-3) has been suggested as an alternative to fish oil (FO) for
delivering health benefits of C ě 20 long-chain n-3 polyunsaturated fatty acids (LC n-3 PUFA). Echium oil
(EO) represents a non-genetically-modified source of SDA available commercially. This study compared
EO and FO in relation to alterations in plasma and tissue fatty acids, and for their ability to afford
protection against ischemia-induced cardiac arrhythmia and ventricular fibrillation (VF). Rats were
fed (12 weeks) diets supplemented with either EO or FO at three dose levels (1, 3 and 5% w/w;
n = 18 per group). EO failed to influence C22:6n-3 (DHA) but increased C22:5n-3 (DPA) in tissues
dose-dependently, especially in heart tissue. Conversely, DHA in hearts of FO rats showed dose-related
elevation; 14.8%–24.1% of total fatty acids. Kidney showed resistance for incorporation of LC n-3 PUFA.
Overall, FO provided greater cardioprotection than EO. At the highest dose level, FO rats displayed
lower (p < 0.05) episodes of VF% (29% vs. 73%) and duration (22.7 ˘ 12.0 vs. 75.8 ˘ 17.1 s) than the EO
group but at 3% EO was comparable to FO. We conclude that there is no endogenous conversion of SDA
to DHA, and that DPA may be associated with limited cardiac benefit.

Keywords: n-3 fatty acids; fish oil; Echium oil; stearidonic acid; docosapentaenoic acid;
docosahexaenoic acid; eicosapentaenoic acid; cardiac arrhythmia; rat

1. Introduction

The influence of dietary fats on the pathogenesis of coronary heart disease, congestive heart failure as
well as vulnerability to cardiac arrhythmias and sudden cardiac death has been well documented [1,2].
In this regard, both the “type” and the “amount” of dietary oils and fats have been identified as important
determinants [3–5]. For example, a considerable body of supporting evidence shows that long chain
(C ě 20) n-3 polyunsaturated fatty acids (LC n-3 PUFA) derived from marine sources (seafood, fish
and microalgae) are particularly effective in affording cardiovascular protection [6,7] although more
recent analyses have reported inconsistent outcomes [8]. In similar vein, a review of recent clinical trials
(2007–2013 period) showed a lack of clear benefit of fish oil supplements although high dietary intake of
fish was associated with lower incidence of sudden cardiac death, congestive heart failure, myocardial
infarction and stroke [9]. Among the n-3 PUFA, the two major LC- n-3 PUFA are eicosapentaenoic acid
(EPA, C20:5n-3) and docosahexaenoic acid (DHA, C22:6n-3).

A number of studies [10,11] have reported certain positive cardiovascular health outcomes
from consumption of α-linolenic acid (ALA, C18:3n-3), an essential n-3 PUFA widely available from
plant-based food sources including certain seed oils (e.g., flax, canola, perilla, chia, walnut, etc.).
The primary mechanism by which ALA fosters cardiovascular health benefits is usually explained in
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terms of it being a precursor for endogenous LC n-3 PUFA biosynthesis of EPA and DHA, the two key
fatty acid substrates for the synthesis of eicosanoid family of biological mediators. However, in humans,
the conversion of ALA to EPA and DHA is inefficient, almost negligible in the case of conversion to
DHA [12–14]. This is due to the lack of an efficient elongation and desaturation process to convert
ALA to EPA by any more than 5%–7% [12]. The primary reason for this inefficiency is explained
by the n-6 PUFA linoleic acid (LA) competing with ALA at the level of the Δ6-desaturase enzyme
complex [12–14], which inserts additional double bonds to these precursor fatty acids. Accordingly,
the conversion of ALA to stearidonic acid (SDA, C18:4n-3), facilitated by this enzyme, is considered
the rate-limiting step in LC n-3 PUFA biosynthesis in vertebrates [15].

In order to address this limited bio-conversion of ALA to EPA and beyond, there has been interest
in evaluating plant oils with better conversion to EPA and DHA than ALA-rich oils. In this regard,
oils containing SDA have been the subject of much interest in feeding experiments involving farm
animals [16,17], aquaculture fish [18], animal models [19] and humans [20–22]. SDA is relatively
abundant in plants of the Boraginaceae family. One of the commercially available non-GM sources of
SDA is extracted from Echium plantagineum [23]. SDA has been found to be further metabolised in vivo
and lead to increased plasma and tissue levels of LC n-3 PUFA both in animal models [19] and in
humans [24]. For example, increased EPA and DPA have been observed following supplementation of
humans with Echium oil (EO) [24]. In parallel with such compositional alterations, modification of
several biochemical and physiological markers for cardiovascular disease have also been observed [25].
For example, daily supplementation with 15 g EO for four weeks lowered serum triacylglycerols in
hypertriglyceridemic subjects [24], whilst a longer feeding protocol (17 g/day EO for 8-weeks equating
to 2 g/day SDA) in normal and overweight individuals was accompanied by reductions in serum
cholesterol, LDL-cholesterol, oxidized-LDL, HDL-cholesterol and triacylglycerols [25]. In contrast, a
more recent randomized controlled trial [26] of overweight and obese subjects found no change in
serum triacylglycerols following EO (1.2 g/day SDA; 6-weeks). In subjects with metabolic syndrome,
further to improving plasma lipid profiles, additional benefits of EO were noted by Khunt et al. [25]
with reductions in blood pressure and plasma insulin. Interestingly, this latter study has concluded
that the collective outcomes of EO on cardiovascular risk biomarkers are broader than that exerted by
fish oil (1.9 g/day EPA) itself. These benefits of EO were observed in the absence of any increase in
DHA in plasma and/or peripheral blood mononuclear cells.

Biochemical studies in animals, using apoB100-only LDLrKO mice, have shown that decreased
lipogenic gene expression increased intravascular lipolysis and enhanced clearance of plasma very
low density lipoprotein (VLDL) as potential mechanisms for the triglyceride lowering action of
EO [27,28]. In addition to lipid lowering properties, anti-atherogenic actions of EO have also been
reported [29]. For example, both EO and FO were equally effective in reducing plasma triglycerides,
total plasma cholesterol, VLDL and LDL-cholesterols and apoB lipoproteins, as reflected in the
form of reduced aortic deposition of cholesterol, and surface lesion formation leading to retardation
in atherogenesis [29]. Such collective observations from both human and animal studies have led
these investigators to suggest that EO may be useful as a botanical alternative to FO in reducing
hypertriglyceridemia and affording athero-protection [29,30].

Most studies with EO have reported increased accumulation of EPA and DPA with no change
in DHA in blood and cell lipids [25] suggesting incomplete metabolism (elongation/desaturation)
of the precursor fatty acids in EO. However, compositional data following EO supplementation
on major organs (heart, kidney, liver) is lacking and it is unknown whether or not further
conversion/incorporation of SDA and its metabolites has taken place, for example, in tissue specific
manner. Moreover, several recent studies have reported EO is able to mimic biochemical measures
of cardiovascular risk reduction benefits of FO [24,25,27,28]. Nevertheless, except for an indirect
or secondary observation [19] regarding blood pressure, no datum exists in relation to any direct
measure(s) of a given endpoint of cardiovascular pathophysiology that may be influenced after
ingesting EO. In this context, a unique characteristic of the two major LC n-3 PUFA in fish oils—EPA
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and DHA—is their ability to modify ischemia-induced ventricular fibrillation and sudden cardiac
death [31]. The anti-arrhythmic actions of EPA and DHA first demonstrated in this laboratory over two
decades ago in whole animal models have now been confirmed in large scale human clinical trials [32]
which has also validated the experimental model employed. To this end, despite the presence of a
sound body of evidence showing increased accumulation of LC n-3 PUFA following dietary EO (SDA),
and claimed benefits on plasma lipids, its potential to facilitate any direct anti-arrhythmic benefit has
not yet been evaluated. Therefore, this study was initiated with two main objectives: (A) to compare
the impact of any dose-related outcomes of EO and FO on the LC n-3 PUFA contents of membrane
phospholipids in major tissues, and (B) to provide comparative data on the anti-arrhythmic potential of
these two sources of n-3 PUFA, using the well-established rat model of cardiac arrhythmia, ventricular
fibrillation and sudden cardiac death [33].

2. Materials and Methods

2.1. Animals, Diet and Experimental Design

A total of 126 Sprague Dawley (SD) were obtained from the Animal Resource Centre, Western
Australia, at 12 weeks of age. After arrival in the Animal House, they were fed with standard rat
and mouse pellets (www.specialtyfeeds.com) containing 19.6% protein, 5% fat, 4.3% crude fibre and
14.3 megajoule/kg digestible energy for a period of two weeks (acclimatisation period). The test diets
were prepared by supplementing the standard rat diet (Control,) with either Echium (EO) or fish
oil (FO) at three different doses (1%, 3% and 5% w/w). Hence, the total dietary fat was 5%) for the
Control, and 6%, 8% or 10% for the three supplement levels, respectively. The supplemented diets
were iso-caloric at any given dose-level. At the age of 14 weeks, they were randomly assigned (n = 18
group) to their allotted treatment groups (Control, EO-1 or FO-1, EO-3 or FO-3 and EO-5 or FO-5). The
initial weight (mean ˘ SEM) of rats for the groups were as follows: 403 ˘ 8.1, 425 ˘ 6.2, 401 ˘ 12.2,
420 ˘ 7.0, 403 ˘ 7.0, 473 ˘ 7.3, and 400 ˘ 8.7 g for Control, EO-1, FO-1, EO-3, FO-3, EO-5 and FO-5,
respectively. The Echium oil (Crossential 5A14) was supplied by Croda Australia (Wetherill Park,
New South Wales, NSW, Australia). The fish oil used was a tuna oil high in DHA supplied by Clover
Corporation (Sydney, NSW, Australia). The major n-3 and n-6 PUFA composition of the oils used are
shown in Table 1. Animals were caged in groups of 4 and were provided with food and water ad libitum
with a 12-h light-dark cycle and maintained on their allocated treatment diets for a period of 12 weeks.
Body weights were recorded weekly. At the completion of pre-feeding period, the rats were subjected
to coronary artery ligation as detailed below. All experimental procedures, including housing and
welfare were approved by the institutional Animal Ethics Committee (CSIRO Health Sciences and
Nutrition) in accordance with the Australian (National Health & Medical Research Council) code for
the care and use of animals for scientific purposes.

Table 1. Major n-3 and n-6 composition (% total fatty acids) of Echium oil, Fish oil and Control diet
used in the study.

Fatty Acid Echium Oil (EO) Fish Oil (FO) Control Diet

C16:0 7.1 22.3 10.4
C16:1 - 3.0 0.21
C18:0 3.6 6.0 2.9

C18:1n-9 15.5 17.9 39.6
C18:2n-6 (LA) 15.0 1.2 27.1

C18:3n-6 (GLA) 11.4 0.4 -
C18:3n-3 (ALA) 33.1 0.9 6.3
C18:4n-3 (SDA) 14.2 1.6 -

C20:0 - 0.7 -
C20:1 - 2.1 0.6
C20:2 - 3.1 -
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Table 1. Cont.

Fatty Acid Echium Oil (EO) Fish Oil (FO) Control Diet

C20:0 - 0.7 -
C20:1 - 2.1 0.6
C20:2 - 3.1 -

C20:4n-6 (ARA) - 1.3 0.2
C20:5n-3 (EPA) - 5.9 0.4
C22:5n-3 (DPA) - 2.0 1.0
C22:6n-3 (DHA) - 22.2 -

ALA, α-linolenic acid; ARA, arachidonic acid; DHA; docosahexaenoic acid; DPA, docosapentaenoic acid; EPA,
eicosapentaenoic acid; GLA, γ-linolenic acid; LA, linoleic acid; SDA, stearidonic acid. Values represent the
average of triplicate determinations.

2.2. Surgical Induction of Arrhythmias

The rodent arrhythmia model has been used extensively in this laboratory for many years [33].
In brief, rats were anaesthetised with a single intraperitoneal (i.p.) injection of sodium pentobarbitone
(50 mg/kg). They were intubated using a tracheal tube to permit artificial ventilation upon the opening
of the chest cavity. The right femoral artery was cannulated (polythene tubing, Boots Healthcare Pty
Ltd, North Ryde, NSW 2113, Australia) for monitoring blood pressure. The chest wall was opened
between the 2nd and 3rd ribs to permit the exteriorisation of the heart following the rupture of the
myocardium. A loose ligature (Dynek Sutures, Hendon, SA 5014, Australia) was placed around the
left descending coronary artery and the heart was returned to the chest cavity. Rats were allowed
to stabilise for 5 min before the ligature was tightened creating acute myocardial ischemia. The
ischemic period was maintained for a period of 30 min before release and further monitoring for 5 min.
No attempts were made to terminate ventricular fibrillation. Blood pressure (DA 100C, Biopac Systems
Inc., Goleta, CA, USA), and electrocardiogram (ECG100C, Biopac Systems Inc., Goleta, CA, USA)
changes were monitored throughout the experimental period and recorded using a computer based
data acquisition system (BioPak-MP100). Rats were killed by exsanguination and their hearts were
placed in ice cold normal saline (0.9% NaCl). Zone at risk was assessed by the re-occlusion of the heart
and the infusion of Evans Blue dye (0.5% in normal saline). The ventricles were removed and the
stained area separated from the ischemic zone. The non-ischemic zone was used for fatty acid analysis.
The ischemic zone was expressed as a percentage of the total ventricular weight. All animals included
in the study had a % zone at risk of between 45% and 55%.

2.3. Assessment of Arrhythmias

Arrhythmias were assessed and classified into three types, ventricular ectopic beats (VEB),
ventricular tachycardia (VT) and ventricular fibrillation (VF). The type and duration of each of these
parameters (VEB, VT and VF) were assessed for each animal and a total of all arrhythmias occurring in
the 30 min period of occlusion was made. Mortality was calculated as the number of deaths from VF
within the group as a whole. A value of 124 s was allocated as the time for a fatal VF episode [33].

2.4. Tissue Collection

Following the completion of the coronary artery ligation, a blood sample of 10 mL was obtained from
each animal at the abdominal aortic bifurcation. Blood samples were centrifuged (2000 g) for collection of
plasma samples; the latter were stored at ´80 ˝C until required. Heart (non-ischemic section), left kidney,
and liver (frontal lobe) were removed from all treatment groups, cleared of any adhering tissue, blotted dry,
and frozen in liquid nitrogen. Samples were then transferred to a ´80 ˝C freezer and stored until required.

2.5. Fatty Acid Composition

Plasma and membrane phospholipids were extracted using chloroform-methanol [34]. The solvent
layer was removed and dried under N2 before reconstitution in hexane. Samples were cleaned in

128



Nutrients 2016, 8, 14

florisil columns and eluted with 10% diethyl ether in hexane. The dried samples were dissolved in
iso-octane and injected into the gas chromatagraph (GC) (Model 6890N, Agilent Technologies Australia,
Mulgrave, VIC 3170, Australia). The GC was equipped with a flame ionisation detector (FID) and a
BPX70 column which was 30 m long with an internal diameter of 0.53 mm, and with a 0.5 μm film
thickness (SPE Analytical Service PTY Ltd, Melrose Park, NSW 2114, Australia). The temperature
program was as follows: rise from 100 ˝C to 180 ˝C at 6 ˝C/min, and 180 ˝C–230 ˝C at 3 ˝C/min.
Each sample involved a split injection of 2.5 μL. The carrier gas was hydrogen (30 cm/s). Fatty acids
were identified by comparing their retention time to that of their respective counterparts in a standard
FAME mixture (Suppleco 37, Cat. No. 47885-U, Suppelco, Belleford, PA, USA).

2.6. Statistics

All statistics were calculated using IBM� SPSS� Statistics 20 [35]. Fatty acid data in plasma and
tissue, and the parametric arrhythmia data (VEB number, (VT) duration, and (VF) duration) were
analysed using the SPSS General Linear Model’s Multivariate Analysis of Variance. A P-value of
less than 0.05 was considered significant. For fatty acid data, oil ˆ dose interactions were analysed
in a 2 ˆ 3 factorial omitting the Control groups. The rate of incidence of VT, VF and mortality were
analysed using the Chi-Square test in SPSS. Fatty acid data were generated on a subsample of 5 animals
from each group. Final number of animals per group in arrhythmia analysis ranged from 15 to 18
based on criteria for inclusion according to The Lambeth Convention [36].

3. Results

Dietary treatments had no apparent impact on growth and development. The final weights (mean
˘ SEM) of rats were 507 ˘ 12.2, 514 ˘ 11.5, 501 ˘ 14.7, 521 ˘ 10.1, 581 ˘ 9.9, 581 ˘ 9.6 and 506 ˘ 14.3 g
for Control, EO-1, FO-1, EO-3, FO-3, EO-5 and FO-5, respectively. Average weight gain ranged from
2.06 to 2.56 g/day (p > 0.05) across oil types and doses.

3.1. Tissue Incorporations of n-3 Long-Chain Polyunsaturated Fatty Acids (LC n-3 PUFA)

Fatty acid compositions of plasma, heart, liver and kidney are presented in Tables 2–5. Plasma samples
had detectable levels of ALA that showed significant positive response to increased EO supplementation.
Compared to control, plasma EPA level was significantly increased by the two higher doses of EO and by
all three doses of FO (Table 2). There was also significant oil–dose interaction as the three EO doses had
similar values while the FO doses exhibited significant differences in plasma EPA (FO-1 < FO-3 < FO-5).
Compared to the control EO-fed rats showed higher (p < 0.05) accumulation of DPA in plasma whilst
this LC n-3 PUFA was absent in FO-supplemented rats. Plasma DHA was significantly affected by both
oil type and dose. It was higher on FO than EO or Control groups. Plasma from FO-1 rats had a lower
percentage of DHA than FO-3 and FO-5; the difference between the latter two was not significant. The
change in total plasma n-3 PUFA as well as EPA + DHA were largely driven by plasma DHA.

The comparative changes in the fatty acids composition of heart tissues under the different dietary
treatments are shown in Table 3. Across all diet groups, neither ALA nor SDA was detected in the
phospholipid fatty acids of heart tissues. The level of EPA in heart tissue was significantly affected by
dose, not oil type. There was no oil–dose interaction. In contrast, the level of DPA in heart tissue was
significantly affected by both oil type and dose. Percentage of DPA was significantly increased by EO but
not FO. EO supplementation increased DPA levels with each increased dose, while the DPA levels across
FO doses remained unchanged. The reverse was true for heart DHA. Compared to control diet, both EO
and FO supplementation significantly increased total n-3 PUFA in heart, only FO showed a significant
dose response.

Liver phospholipids did not have detectable levels of ALA or SDA (Table 4). The level of EPA
in liver was affected by both oil type (FO > EO) and dose (FO-1 < (FO-3 = FO-5). There was also a
significant oil–dose interaction. EPA levels were similar among Control, the three doses of EO and
FO-1, whereas FO-3 and FO-5 groups had greater EPA (p < 0.05) than the other groups. The liver
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DPA concentration increased in response to EO, but not FO, supplementation. Oil type was the main
determinant of liver DPA. The level of DHA in liver was significantly increased over Control by FO,
but not EO, supplementation. Although there was a trend of increase in DHA with increasing dose
of FO (which caused significant oil ˆ dose interaction), the difference between FO doses was not
significant. The total n-3 PUFA content of liver phospholipids was significantly affected by oil type
and dose. Across all doses, n-3 PUFA levels in the liver of EO rats were similar to that of Control
rats. In contrast, all FO rats had higher n-3 PUFA in their livers than Control or EO rats. Total n-3
PUFA on FO-1 was significantly lower than that observed on FO-3 and FO-5, the latter did not differ
significantly. EPA + DHA values followed similar trends to that of total n-3 PUFA.

Kidney phospholipids did not exhibit detectable levels of ALA or SDA (Table 5). EO-3, EO-5 and
all the three doses of FO had greater EPA levels than Control groups. EO-3, EO-5 and FO-1 had similar
EPA levels, while FO-3 and FO-5 were the groups with the highest EPA in kidney. The level of DPA in
kidney was only increased by EO, but not FO, supplementation. EO-3 and EO-5 had higher DPA than
all other groups. DHA levels in kidney were similar among all EO and Control groups. In contrast, rats
on the three doses of FO had significantly higher DHA in their kidney than any of the other groups.
Total n-3 PUFA in kidney was increased by FO in a dose-related manner. Total n-3 PUFA in EO-1 was
similar to Control groups, while EO-3 and EO-5 had higher total n-3 PUFA than the former.

Figure 1 presents the extent of incorporation of n-3 and n-6 PUFA (computed as total n-6/n-3 PUFA
ratio) into various tissues. Except in plasma, the disparity in n-6/n-3 PUFA ratio between EO- and
FO-supplemented groups increased as the oil doses increased. For example, the liver phospholipids
showed virtually no change in n-6/n-3 PUFA ratio following EO whilst the FO groups showed
greater incorporation of n-3 PUFA as the level of supplementation increased. In contrast, in the EO
supplemented rats’ three organs (liver, kidney and heart), the tissue uptake of n-3 PUFA appeared to
be plateauing much earlier at the 1% supplementation level.

Figure 1. The ratio of total n-6 to total n-3 polyunsaturated fatty acids in tissue and plasma of rats fed
standard laboratory diet (Control) or diet supplemented with Echium oil (EO, red) or fish oil (FO, blue)
at 1, 3 and 5 percent (w/w). Values are mean ˘ SEM for n = 5 samples per group. Total n-3 PUFA = Sum
(C18:3n-3, C18:4n-3, C20:5n-3, C22:5n-3 and C22:6n-3). Total n-6 PUFA = Sum (C18:2n-6, C20:2n-6,
C20:3n-6 & C20:4n-6). *, **, and *** indicate significance at p < 0.05, p < 0.01 and p < 0.001, respectively.
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3.2. Arrhythmia Risk

The results on various arrhythmia parameters are presented in Table 6 and Figure 2. The %
incidence of VT was similar (nearly 100%) for Control, EO-1, EO-3, EO-5, FO-1 and FO-3 (Figure 2A).
VT in FO-5 rats was lower than that observed under all other groups except FO-3 (p < 0.05). Across
doses, the average % incidence under FO and EO oils were 86% and 96%, respectively (p = 0.114).
There was a significant oil–dose interaction (p = 0.047) for VT incidence. There was also significant
oil by dose interaction (p = 0.031) for VT duration. There was a gradual decline in VT duration with
increasing FO supplementation. This trend was not evident across EO doses (Table 6).

There was a marked decline in % VF incidence as the dose of FO increased (p < 0.01; Figure 2B).
Across doses, there was a significant oil type effect, with the average incidence rates under FO and
EO oils being 46.3% and 71.3%, respectively (p = 0.016). As shown in Figure 2B, there was an oil–dose
interaction (p < 0.05); whereas % incidence of VF remained similar across all the three doses of EO,
it decreased with increasing doses of FO. The changes observed in duration of VF with increasing
oil dose were markedly different between the two oils. In FO rats, duration of VF decreased with
each increasing dose of FO (Table 6). The oil–dose interaction was also significant for VF duration
(p < 0.05). FO feeding was associated with greater cardio-protection than that observed under EO
feeding. Percentage of mortality in EO-3 groups was similar to that observed in FO fed rats.

Figure 2. Percentage of incidence of (A) ventricular tachycardia (VT) and (B) ventricular fibrillation
(VF) in rats fed standard laboratory diet (Control) or diet supplemented with Echium oil (EO, red) or
Fish oil (FO, blue) at 1, 3 and 5 percentage (w/w). Numbers on top of the bars represent the incidence
of VT or VF that occurred over the total number of animals measured. a, b, c Bars with different letters
are significantly different (p < 0.05).
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4. Discussion

The present study addressed two key questions relating to tissue fatty acid composition and
cardiac arrhythmia outcomes following dietary supplementation with oils rich in n-3 PUFA of different
origin. EO contained n-3 PUFA of C = 18 length (29% ALA and 14% of SDA) compared to FO which
had a total LC n-3 PUFA, C ě 20 (EPA + DHA) of >30%. Both oil types resulted in marked differences
in the composition of membrane phospholipids of various tissues. The previously reported [37]
anti-arrhythmic actions of FO were reconfirmed in the present study. Whilst EO also led to an
increased accumulation of LC n-3 PUFA, mainly via EPA and DPA, the extent of protection against
ischemia-induced cardiac arrhythmia and sudden cardiac death was less than that observed at
comparable levels of FO supplementation.

The fatty acid data from this study suggested that ALA and SDA were virtually converted to
longer chain n-3 PUFA in heart and liver phospholipids, with no trace of 18C n-3 PUFA left. Previous
studies have also shown very efficient conversion of both ALA and SDA to EPA and DPA in the rat
liver [19]. Overall, the pattern of changes in EPA, DPA and DHA in plasma and tissue were consistent
with reports from previous rat [19] and human studies [20]. The first salient feature of this study
was that SDA supplementation did not yield nutritionally/physiologically meaningful DHA levels in
plasma or tissue. In almost all published data, the magnitude of changes in tissue or plasma DHA as
a consequence of supplementation with oils containing 18C n-3 PUFA were usually negligible [12].
On the contrary, SDA feeding has consistently shown significantly increased levels of EPA and DPA in
plasma and tissues [19]. Our data provides further evidence that in rats there is efficient conversion of
SDA up to DPA, but not DHA. In this regard, these findings also mimic the observations in humans
with SDA-rich oils [20–22]. For example, James et al. [20] who compared the conversion of ALA, SDA
to ě20C n-3 PUFA (EPA, DPA and DHA) reported that dietary SDA led to an increase in EPA and
DPA concentrations but not DHA levels in plasma and/or erythrocytes in a double blind, parallel
group design study of six weeks’ duration. The efficiency of increasing tissue EPA was 1.0, 0.3 and 0.07
for EPA, SDA and ALA, respectively. Similarly, Krul et al. [38] showed that the efficiency of apparent
conversion of SDA to EPA in human RBC was 41%, 26% and 17% of dietary SDA for doses of 0.61, 1.89
and 5.32 g/day.

Studies using 18C n-3 oils have shown that the efficiency of conversion of 18C n-3 PUFA to ě20C
n-3 PUFA declines as the dose (en%) of the dietary 18C n-3 PUFA is increased. Gibson et al. [39]
compared 54 different diet combinations, including various ratios of n-6 polyunsaturated linoleic
acid (LA) to ALA (n-3 PUFA) to determine DHA synthesis from ALA in rats. They showed plasma
phospholipid EPA, DPA and DHA increased rapidly within a narrow range—between 0 and 2 en% of
dietary ALA, but suppressed to basal levels (2% total fatty acids) when the en% derived from total
PUFA (LA + ALA) reached 3 en% and above.

Taken collectively, the fatty acid changes in plasma and tissues following SDA feeding had
two main outcomes: increases in EPA and DPA and no change in the basal levels of DHA. These
findings mirror what other studies have shown to be the case for plant-based C18 omega-3 oils in
humans and different animal species (see review by Brenna et al. [12]). Furthermore, the present study
has clearly shown that the patterns of changes in LC n-3 PUFA in plasma and tissues are markedly
different between EO and FO. In FO-supplemented rats, EPA and DHA generally increased with
greater availability of LC n-3 PUFA. For most parts the increased LC PUFA in plasma and tissue
following supplementation with FO can be explained by way of direct incorporation of dietary EPA
and DHA with some elongation and desaturation of EPA taking place. In contrast, any increase in LC
n-3 PUFA following dietary EO would be due to further metabolism of the two C18 n-3 precursor fatty
acids ALA and SDA since pre-formed C20 fatty acids were absent in the diet. In EO-supplemented
rats, only cardiac muscle phospholipids showed a dose-related increase in DPA. In all other cases, the
changes in tissue and plasma EPA and DPA beyond the first dose (EO-1) were minimal, suggesting
that the linear response phase may be between 0% and 1% dietary Echium oil.

137



Nutrients 2016, 8, 14

Although the tissue levels of EPA and DHA in the FO fed rats tended to show a dose-related
uptake, there exist clear tissue specific differences with regard to the extent of incorporation and
further metabolism of these two fatty acids. For example, compared to DHA, the EPA content of
cardiac muscle showed only a minor increase amounting to <0.5% of total phospholipid fatty acids
even at the 5% oil supplementation level. This differed markedly with DHA where a clear dose-related
accumulation was observed (Table 3), and accounted for nearly 24% of cardiac membrane fatty acids
at the highest dose tested (5% w/w). It is also evident that this increase in n-3 PUFAs has occurred
primarily at the expense of the two major n-6 PUFA; LA (18:2n-6) and AA (20:4n-6). Compared to
the control group, the displacement of LA by n-3PUFA amounted to 16%, 33% and 35% at the three
dose levels of FO, respectively. AA displacement amounted to 25% at the 5% supplementation level.
In contrast, the LA levels in the plasma, liver and kidney had all remained unaffected despite an
increased presence of dietary n-3 PUFA. Similarly, the AA content of liver and kidney tended to show
more resistance to be displaced by greater availability of dietary n-3 PUFA. Taken collectively, these
observations would lend further support to the role membrane phospholipids play in maintaining the
physiological functioning of specific tissues and organs. As previous publications [40–44] showed the
type and amount of fatty acids in cell membranes not only influence the physical properties of the
membrane bilayer (e.g., fluidity, lipid micro domains/rafts), but also modulate important biochemical
functions—ion channels, transporters and enzymes. In addition, membrane and intracellular fatty
acids provide substrates for the synthesis of numerous biochemical mediators including eicosanoid
family of autacoids.

It is noted that in the three organs studied—liver, kidney and heart—the extent of perturbation
of fatty acid composition by EO was much less, and reached saturation at the 1% level, compared to
the changes observed following feeding FO rich in EPA and DHA that appeared to be dose-related
(Figure 1). However, the possibility exists for the relatively high presence of n-6 PUFA (26%) as well
as ALA (33%) in the EO to interfere with further metabolism of SDA which was present at a much
lower level (14%). It is more likely that any substrate competition would be due to LA rather than
ALA since the genetically modified SDA-soybean preparation which contained lower ALA than SDA
levels [21] also led to similar compositional changes as observed in the present study. The LA content
in SDA-soybean was 31% compared to 16.6% SDA.

The anti-arrhythmic actions of n-3 PUFA has been attributed to favourable changes to the
heart membrane structure, favourable modulation of ion channels (e.g., Ca2+) in cardiac tissue, and
improved myocardial oxygen efficiency [31]. The present results conclude that while there is some
anti-arrhythmic action arising from EO consumption, the efficacy is not equivalent to that achieved with
FO supplementation. For example, increasing the level of dietary EO neither arrested the development
of VT nor its deterioration into the more serious condition of VF (Figure 2). This differed markedly
with that observed following the provision of FO, where the progression of VT to VF was reduced
in a dose-related manner. At the highest supplementation level (5% w/w) FO not only reduced the
incidence of VF (29% vs. 73% in EO group) but such episodes once occurred lasted a much shorter
period of time compared to EO and/or the control group (Table 6). It is of interest to note that at the 3%
supplementation level of EO displayed certain cardioprotective qualities (VF duration and % mortality)
comparable to those found with FO. The reason(s) for this apparent protective actions of EO, only at
this particular dose level, is difficult to explain since such benefits were not repeated at the higher
supplementation level of 5%. Tissue fatty acid compositional data showed no clear differences between
3% and 5% oil incorporation levels. Furthermore, it is highly unlikely that a concentration–effect
relationship for cardioprotection follows a bell-shape curve within the narrow band of EO feeding
used in this study. Collectively, our findings in relation to cardio-protection and tissue fatty acid
compositional alterations mirror previous studies where direct comparisons between SDA and EPA
have been made with respect to several other biomarkers of cardiovascular health [20,21,25].

The data from this study and those published by others indicate that SDA containing oils lead
to elevated plasma and tissue LC n-3 PUFA. However, the magnitude of changes reported from this
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study and that from the literature does not provide evidence of equivalence in potency between
SDA-containing oils and fish oils. In addition, potential anti-arrhythmic action of SDA oils needs
to be investigated further using other animal models as well as using pure SDA or more enriched
supplements to minimise the confounding effect of ALA that is present in commercial sources of
SDA oils.

In summary, evaluation of the anti-arrhythmic actions of EO and FO in a rat arrhythmia model is
a novel contribution from this study. We conclude that feeding Echium oil favourably changes the n-3
PUFA profiles of blood and tissues in rats, especially with respect to DPA in heart tissue. Although
there are emerging evidence to suggest DPA may possess unique physiological actions including
anti-platelet aggregation, pancreatic lipase inhibition and potential anti-obesity effects, its efficacy in
affording direct cardio-protection has not been evaluated to date using pre-formed and more pure
forms of the fatty acid. The present study provides some indirect evidence for a potential role for DPA
since the changes in n-3 PUFA profile following EO were associated with some anti-arrhythmic action,
although the extent of protection did not match that achieved by FO at all three dose levels studied.
Furthermore, the increased DPA may play other beneficial roles unrelated to cardiac arrhythmia. This
needs to be further investigated in animal models and substantiated in relevant human cohorts.
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Abstract: Ischemic stroke, characterized by the disturbance of the blood supply to the brain, is a
severe worldwide health threat with high mortality and morbidity. However, there is no effective
pharmacotherapy for ischemic injury. Currently, combined treatment is highly recommended for this
devastating injury. In the present study, we investigated neuroprotective effects of the combination
of omega-3 polyunsaturated fatty acids (ω-3 PUFAs) and Lyciumbarbarum polysaccharide (LBP)
on cortical neurons using an in vitro ischemic model. Our study demonstrated that treatment
with docosahexaenoic acid (DHA), a major component of the ω-3 PUFAs family, significantly
inhibited the increase of intracellular Ca2+ in cultured wild type (WT) cortical neurons subjected to
oxygen-glucose deprivation/reperfusion (OGD/R) injury and promoted their survival compared
with the vehicle-treated control. The protective effects were further confirmed in cultured neurons
with high endogenous ω-3 PUFAs that were isolated from fat-1 mice, in that a higher survival rate was
found in fat-1 neurons compared with wild-type neurons after OGD/R injury. Our study also found
that treatment with LBP (50 mg/L) activated Trk-B signaling in cortical neurons and significantly
attenuated OGD/R-induced cell apoptosis compared with the control. Notably, both combining LBP
treatment with ω-3 PUFAs administration to WT neurons and adding LBP to fat-1 neurons showed
enhanced effects on protecting cortical neurons against OGD/R injury via concurrently regulating
the intracellular calcium overload and neurotrophic pathway. The results of the study suggest that
ω-3 PUFAs and LBP are promising candidates for combined pharmacotherapy for ischemic stroke.

Keywords: Ca2+; cortical neurons; DHA; LBP; OGD/R; neuroprotection; Trk-B

1. Introduction

Ischemic stroke, characterized by the disturbance of the blood supply to the brain, is a severe
worldwide health threat with high mortality and morbidity [1]. However, there is no safe and effective
pharmacotherapy for ischemic injury. At present, neuroprotection remains the central focus of ischemic
stroke treatment after reperfusion [2]. Despite considerable research effort, the development of a
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suitable neuroprotective agent to treat ischemic stroke usually failed when transitioned to the clinical
utilization [3]. Therefore, combined treatment is highly recommended for this devastating injury [4].

Omega-3 polyunsaturated fatty acids (ω-3 PUFAs) have been demonstrated to elicit therapeutic
effects in a variety of neurological disorders including ischemic stroke [5–10]. They are essential fatty
acids for human beings, which can maintain cellular membrane structural and functional integrity.
Several lines of evidence have suggested that the anti-inflammation and anti-apoptosis action may
account for the neuroprotective effects of ω-3 PUFAs [11–15]. It is evident that mammals cannot
synthesize ω-3 PUFAs due to the lack of a fatty acid desaturase [16]. Kang et al. engineered a
transgenic mouse carrying a fat-1 gene from Caenorhabditiselegans [17], which encodes the enzyme to
convert ω-6 into ω-3 PUFAs and enable the animal to maintain a steady ω-3 PUFAs level. Thus, the
use of the fat-1 transgenic mouse provides a unique chance to study the beneficial effects of endogenous
ω-3 PUFAs. Moreover, abundant studies have reported that Lyciumbarbarum polysaccharide (LBP),
a major active ingredient of Lyciumbarbarum, has anti-apoptotic effects in resisting ischemic cerebral
injury both in vitro and in vivo [18,19]. Although the anti-apoptotic effects of LBP have been extensively
demonstrated [18,20,21], no clear evidence has been provided to illustrate how LBP triggers the
intracellular anti-apoptotic signal cascade. Therefore, we infer that LBP may exert its neuroprotection
through a unique way different from ω-3 PUFAs. Thus, the combined therapies with ω-3 PUFAs and
LBP could display a better curative effect in ischemia treatment.

Oxygen-glucose deprivation/reperfusion (OGD/R) is an in vitro model that mimics the in vivo
ischemia/reperfusion injury. The reperfusion after transient deprivation of oxygen and glucose
disrupts the permeability of cell membrane and eventually leads to neuronal cell death. Various
interventions have been used to protect cells after OGD/R injury such as maintaining intracellular
Ca2+ level and activating Trk receptor tyrosine kinases [22,23], since Ca2+ overloading is a main event
which results into increased cell vulnerability and oxidative stress in the progress of apoptosis and Trk
receptor tyrosine kinases, a family of transmembrane-receptor signaling systems, can subsequently
trigger downstream signal pathways to induce pro-survival effects.

In the present study, we investigated the neuroprotective effects of ω-3 PUFAs, LBP and the
combination of ω-3 PUFAs and LBP on rescuing cortical neurons from OGD/R and determined their
distinguishing mechanisms of action through particularly activating Trk B receptor and reducing
intracellular Ca2+ overload.

2. Materials and Method

2.1. Animals

Experimental mice were obtained by mating male fat-1 mice (C57BL/6 background obtained from
Dr. Jing X. Kang, Harvard Medical School, MA, USA) and female C57BL/6 wild type (WT) mice. Mice
were fed a modified diet containing 10% corn oil (TROPHIC Animal Feed High-tech Co., Ltd, Nantong,
China), with a fatty acid profile rich in ω-6 (mainly linoleic acid) and low in ω-3 PUFAs (~0.1% of the
total fat supplied). Food and water were given freely until the desired age for primary neuron cultures
(E16-18). All animal experiments were carried out in strict accordance with the ethical guidelines of
Institute of Chinese Medical Science (ICMS), University of Macau.

2.2. Primary Cortical Neuron Cultures and Oxygen-Glucose Deprivation/Reperfusion (OGD/R)

Cortical cultures were obtained from E16.5 WT or fat-1 embryos. The presence of the fat-1 gene
was confirmed by genotyping on each embryo. Cerebral cortices were removed, and stripped of
meninges. Tissues were digested in 0.05% trypsin, and triturated. Cells were seeded in 6- or 24-well
plates pre-treated with poly-L-lysine and laminin (Sigma-Aldrich, Saint Louis, MS, USA). Cultures
were maintained in Neurobasal medium containing 2% B27 supplement and 0.5 mM GlutaMAX™-I
(Life Technologies, Carlsbad, CA, USA). Cultures were kept at 37 ˝C, 100% humidity and in a 95%
air/5% CO2 atmosphere. Unless indicated, experiments were performed after 7 days in vitro (DIV 7).
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For OGD/R, cultures were placed in a hypoxia chamber containing an atmosphere of <0.2% O2,
5% CO2, 95% N2, >90% humidity, and 37 ˝C. Within the chamber, the medium was removed and
replaced with oxygen/glucose-free balanced salt solution (BSS, in mmol/L: 116 mM NaCl, 5.4 mM
KCl, 0.8 mM MgSO4, 1 mM NaH2PO4¨ 2H2O, 262 mM NaHCO3, 1.8 mM CaCl2, pH 7.2, <0.1% O2),
which was previously saturated with 95% N2/5% CO2 at 37 ˝C. Still within the chamber, cells were
washed twice with oxygen/glucose-free BSS. Cultures were taken out of the chamber after 4 h and
transferred to the regular cell culture incubator. Sham-treated cultures were always handled in parallel
and received similar wash steps as OGD/R-treated cultures with the difference in that BSS contains
4.5 g/L glucose and regular oxygen.

2.3. Drugs

The preparation for LBP extracts was the same as reported previously [24]. LBP (50 mg/L) was
dissolved into primary neuron culture medium immediately before use.

DHA was dissolved into 100% ethanol and stored at ´20 ˝C in the dark as described in previous
study [25]. A concentration of 10 μM was selected based on our previous finding [26]. Immediately
before use, the DHA stock solution was diluted in the bath solution and adjusted to the final
concentrations needed.

2.4. Antibodies

Rabbit anti-GFAP monoclonal antibody and mouse anti-β-tubulin III monoclonal antibody were
supplied by Sigma-Aldrich (Sigma-Aldrich). Goat anti-mouse 488 and goat anti-rabbit 568 secondary
antibody were obtained from Life Technologies.

Primary antibodies of goat anti-Trk-B, rabbit anti-Bcl-2 andrabbit anti-GADPH were purchased
from Cell Signaling Technology (Cell Signaling Technology, Boston, MD, USA). Horseradish peroxidase
secondary antibodies were from Beyotime (Beyotime, Jiangsu, China).

2.5. Immunocytochemistry

Cell types were characterized by immunocytochemistry. Tuj-1 was used as marker for neurons
while GFAP for astrocytes. Briefly, neurons were fixed by 4% paraformaldehyde, blocked with 10%
goat serum. Primary antibodies of Tuj-1 (1:500) and GFAP (1:500) diluted in blocking buffer were
incubated with cells at 4 ˝C overnight. After PBS washing, appropriate secondary antibodies were
added at room temperature in the dark, followed with DAPI counterstaining. Immunostaining was
analyzed using a fluorescence microscope (Leica DM6000 B) interfaced with a digital camera and an
image analysis system.

2.6. Genomic DNA Extractions and PCR Amplification

The fat-1 phenotypes of each animal were characterized using isolated genomic DNA. Genomic
DNA was prepared from collections of embryo brain tissues using DNA Isolation Kits. The DNA
was used running polymerase chain reactions (PCR) using oligonucleotide primers that are
specific for the transgene. Primer pair sets for the fat-1 gene were constructed from Invitrogen
(Genewiz, Beijing, China) as follows: Fat-1 forward: 51-TGTTCATGCCTTCTTCTTTTTCC-31; reverse:
51-GCGACCATACCTCAAACTTGGA-31. PCR was carried out using rTaq with the following
conditions: 95 ˝C 60 s (1 cycle); 95 ˝C 20 s, 58 ˝C 30 s, 72 ˝C 40 s (34 cycles). Amplified fragments were
separated by 1.5% agarose gel electrophoresis.

2.7. Fatty Acid Analysis

To examine whether the expression of the fat-1 gene altered the PUFA composition in the
primary cultured cortical neurons of the fat-1 and WT groups, fatty acid analysis were processed
by using gas chromatography-mass spectrometry (GC-MS), as described previously [27]. Briefly, cell
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samples were ground to powder under liquid nitrogen and subjected to fatty acid methylation by 14%
boron trifluoride-methanol reagent at 100 ˝C for 1 h. Fatty acid methyl esters were analyzed by an
Agilent GC-MS system (Agilent Technologies, Palo Alto, CA, USA) consisting of an Agilent 6890 gas
chromatography and an Agilent 5973 mass spectrometer. Fatty acids were identified in forms of their
methyl esters by three means: (i) searching potential compounds from NIST MS Search 2.0 database;
(ii) comparing retention time with those of reference compounds (Nu-Chek Prep, Elysian, MN, USA)
eluted under the identical chromatographic condition; and (iii) comparing their mass spectra plots
with those of authentic standards. Quantification was performed by normalizing individual peak area
as the percentage of total fatty acids.

2.8. Cell Viability Assay

Cell viability was assessed using a Cell Counting Kit-8 (CCK-8) dye (Dojindo Laboratories, Japan)
according to the manufacturer’s instructions. Briefly, after 10 μL of CCK-8 solution was add to each
well, cells were incubated at 37 ˝C for 30 min and the absorbance was finally determined at 450 nm
using a microplate reader. The results were expressed as relative cell viability (%).

2.9. TUNEL Staining

To identify apoptotic neurons, TUNEL assays were performed using an in situ cell death detection
kit (Roche, No. 11 684 795 9101). After washed three times by ice-cold PBS, the cell samples were fixed
with a freshly prepared fixation solution for 1h and incubated in permeabilization solution for 2 min
on ice. Then, 50 μL TUNEL reaction mixture was added on each sample. Slides were incubated in a
humidified atmosphere for 60 min at 37 ˝C in the dark, followed by counterstaining with DAPI. The
number of TUNEL-positive cells was counted in 10 randomized fields per well under a fluorescence
microscope. Results were the average ˘ SEM of data from 5 experiments unless stated otherwise in
the legends.

2.10. Intracellular Calcium (Ca2+) Measurements

Intracellular Ca2+ imaging was conducted using a Fluo4-AM dye (Dojindo Laboratories), which
has strong ability to combine with free calcium ions inside living cells.

After washing 3 times with HBSS, cells prepared in 96-well plates were incubated with Fluo 4-AM
working solution at 37 ˝C for 60 min. Washed 3 times to clean up the remains of Fluo 4-AM, cells were
covered by HBSS for another 30 min at 37 ˝C to make deesterification of AM completely. At last, cells
were analyzed under a fluorescence microscope (Leica DM6000 B) interfaced with a digital camera and an
image analysis system. Images were taken under same aperture and speed. Ten pictures of each group
were randomly selected and software Image Pro plus 6.0 was used to measure the intensity of each photo.

2.11. Western Blotting Analysis

Cortical neurons in 6cm dishes were washed with ice-cold PBS for 3 times and lysed with a lysis buffer
containing protease inhibitors (Beyotime, Jiangsu, China) at 24 h after OGD/R treatments. The protein
concentration was determined using a BCA protein assay kit. Then, protein extracts were separated by
electrophoresis on 12% SEMS-polyacrylamide gel electrophoresis (SEMS-PAGE) gels and transferred onto
polyvinylidene fluoride (PVDF) membranes. The membranes were sequentially incubated with primary
antibodies and secondary antibodies, and enhanced chemiluminescence (ECL) solution and followed by
autoradiography. The intensity of the blots was analyzed using Image Pro plus 6.0.

2.12. Statistical Analysis

The results were expressed as the mean ˘ SEM of triplicate measurements representative of three
independent experiments. Multiple group comparisons were made by one-way ANOVA followed
with Tukey post hoc test. Statistical significance was defined as p < 0.05.
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3. Results

3.1. Identification, Genotyping and Fatty Acid Profiles of Primary Cortical Neurons

Primary cortical neurons were derived from E16.5 mice embryos (Figure 1A). Figure 1B shows the
genotyping results of each embryo tissues. PCR analysis demonstrated the high expression of fat-1 gene
(lanes 1, 2, 4 and 5) in fat-1 embryo tissues while no expression was found in WT embryo tissues (lanes 3,
6 and 7). As shown in Figure 1C,D, the neurons showed distinct cell bodies with synaptic connections.
No obvious morphologic difference was observed between WT and fat-1 derived neurons. Before
OGD/R, immunocytochemistry was conducted using β-III tubulin and GFAP antibodies. The majority
of cells were β-III tubulin-positive (>95%) and only a very small proportion were GFAP-positive in both
fat-1 neurons (Figure 1E) and WT neurons (Figure 1F). Fatty acid analyses of cultured primary neurons
were performed using GC-MS. As shown in Table 1, fat-1 neurons exhibited increased expression
of ω-3 PUFAs including DPA and DHA (** p < 0.01 compared with WT neurons) with a significant
decrease in overall ω-6/ω-3 PUFA ratio compared with WT neurons.

Figure 1. Identification of primary cultured neurons. Cultures were prepared from the cortex of
E16.5 fat-1 and WT embryos and examined at 7 DIV. (A) An image showing the cortical tissue in the
embryonic brain; (B) gel electrophoresis of PCR products using primers for fat-1 gene. Wild-type
controls (lanes 3, 6 and 7) and positive fat-1 specimens (lanes 1, 2, 4 and 5); (C,D) examples of phase
contrast images of cultured primary neurons; and (E,F) images showing immunostainning on WT and
fat-1 neurons respectively (Green, β-III tubulin; Red, GFAP; Blue, DAPI). Scale bar: 50 μm.
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Table 1. Profiles of polyunsaturated fatty acid of primary cortical neurons derived from fat-1 transgenic
embryos and their WT littermates.

Fatty Acid WT fat-1

C14:0 3.01 ˘ 0.25 1.77 ˘ 0.33 *
C16:0 25.22 ˘ 0.27 24.20 ˘ 0.46

C16:1,9 8.65 ˘ 0.23 5.32 ˘ 0.57 **
C18:0 13.12 ˘ 0.85 16.11 ˘ 0.21 *

C18:1,9 33.12 ˘ 0.34 28.97 ˘ 0.12 **
C18:2,6 0.78 ˘ 0.23 0.77 ˘ 0.02

C18:3,3 (ALA) 0.11 ˘ 0.06 0.47 ˘ 0.11 **
C20:0 0.30 ˘ 0.05 0.27 ˘ 0.02

C20:1,9 1.22 ˘ 0.03 1.14 ˘ 0.02
C20:2,6 4.661 ˘ 0.24 2.88 ˘ 0.41 *

C20:4,6 (AA) 5.11 ˘ 0.18 0.88 ˘ 0.09 **
C20:5,3 (EPA) 0.33 ˘ 0.00 3.79 ˘ 0.73 **

C22:0 0.20 ˘ 0.03 0.54 ˘ 0.09 *
C22:1,9 3.56 ˘ 0.70 3.95 ˘ 0.63

C22:5,3 (DPA) 0.99 ˘ 0.03 4.37 ˘ 0.31 **
C22:6,3 (DHA) 1.02 ˘ 0.14 2.90 ˘ 0.03 **

C24:1 0.92 ˘ 0.12 1.32 ˘ 0.17
SFA 41.85 ˘ 0.34 42.89 ˘ 1.09

MUFA 47.47 ˘ 1.25 40.70 ˘ 1.09 **
PUFA 13.00 ˘ 1.05 16.06 ˘ 1.72 *

ω-6/ω-3 4.31 ˘ 4.03 0.39 ˘ 0.26 **

Data expressed as mol % of total fatty acids ˘ SEM (* p < 0.05 compared with WT; ** p < 0.01 compared
with WT). Abbreviations: AA, arachidonic acid; ALA, alpha linolenic acid; DHA, docosahexaenoic acid;
DPA, docosapentaenoic acid; EPA, eicosapentaenoic acid; LA, linoleic acid; MUFA, monounsaturated
fatty acids (the value is given as follows: C16:1 + C18:1 + C20:1 + C22:1 + C24:1); SFA, saturated fatty
acids (the value is given as follows: C14:0 + C16:0 + C18:0 + C20:0 + C22:0); PUFA, polyunsaturated
fatty acids.

3.2. LBP Either Together with DHA or Endogenous ω-3 PUFAs Rescues Cortical Neurons from
OGD/R Insults

To examine whether the combination of ω-3 PUFAs and LBP can promote neuronal survival
under ischemia/reperfusion conditions, we induced OGD/R injury on cultured neurons at 7 DIV.
The cultured neurons were exposed to a hypoxic and glucose-free environment for 3 h, followed
by normal culture for 24 h to mimic ischemia/reperfusion injury. As shown in Figure 2, cortical
neurons exhibited typical cell shrinkage and neurite blebbing, and a marked decrease in the cell
number at 24 h after OGD/R injury. The bright hollows on the phase contrast images indicated an
injury status of neurons after reperfusion, in which the most severe situation goes to WT OGD/R
group. Conversely, neurons in all treatment groups showed intact cell bodies with elaborate
networks of neuritis and remarkably attenuated OGD/R-induced morphological abnormalities
compared with WT OGD/R neurons.
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Figure 2. Primary cortical neurons were protected against OGD/R injury after LBP and ω-3 PUFAs
treatment. Phase contrast images showing the morphological changes of the primary cultured neurons
prior or post OGD/R injury. Scale bar: 50 μm.

3.3. LBP Either Together with DHA or Endogenous ω-3 PUFAs Significantly Prevents OGD/R-Induced
Neuronal Apoptosis via Intracellular Ca2+ Handling or Neurotrophic Pathway Activation

The neuroprotective effects of combination of exogenous DHA and LBP were determined first.
Cell viability was determined using a CCK-8 assay. OGD/R insults resulted in severe cell death in WT
model group (approximately 45%). All the single treatment groups displayed a significant reduced
neuronal death after OGD/R insults in that neuronal death was reduced to 34.7% in DHA-treated
group and 36.6% in LBP-treated group. Notably, LBP combined with DHA further reduced neuronal
cell death to 27.6% (Figure 3C). As shown in Figs. 3A and D, OGD/R induced approximately 50%
TUNEL-positive cells in WT neurons. Cells in green fluorescence indicated TUNEL-positive and
represented the apoptotic cells. Nuclei were labeled in blue with DAPI stands for the total number
of cells in the present vision field. The ratio of apoptotic neurons was remarkably decreased in
the culture of LBP- and DHA-treated WT neurons in which less TUNEL-positive cells were found
after OGD/R injury (23.6% in LBP-treated group and 22.4% in DHA-treated group). Interestingly,
LBP combined with DHA further reduced apoptosis after OGD/R insults (16.4%), indicating that a
combined treatment exerts the maximal effect on protecting neurons against OGD/R injury among all
the treatment groups. Moreover, Ca2+ ion plays an important role in maintaining the normal function of
neurons. The concentration of Calcium ion remains a significant difference between the cell membranes
and while injured, will be elevated from extracellular environment or the release of mitochondrion.
Therefore, a constant rise in intracellular Ca2+ reflects the impaired situation of cells. Figure 3B
illustrated the effect of different treatment on intracellular Ca2+ concentration. The results showed that
WT OGD/R group displayed significant higher fluorescence intensity. Although the concentration of
Ca2+ was slightly lower in single LBP treated group compared with WT OGD/R group, no significant
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statistics difference was observed between these two groups under the present experimental conditions.
Furthermore, consistent with previous reports, the Fluo-4 fluorescence intensity was decreased by
exogenous DHA treatment compared with WT OGD/R neurons. Intriguingly, our data demonstrated
that combined use of LBP with exogenous DHA could further reduce Ca2+ levels, which implied a
better effect on preventing Ca2+ overloading even compared with either single DHA treated group.
Then, the expression levels of Trk-B receptor as well as Bcl-2 were determined by western blot assay.
As shown in Figure 3F, the expression of Trk-B receptor and Bcl-2 were significantly decreased in WT
OGD/R group. Both LBP and DHA treatment could remarkably reverse the reduction of Trk-B and
Bcl-2 expression. Our data indicated that LBP might possibly exert its neuroprotection by activating
Trk-B receptor and consequently initiate the pro-survival cascade. In addition, combined use of LBP
together with exogenous DHA displayed an enhanced effect on activating Trk-B expression.

 
Figure 3. LBP and exogenous DHA (10 μM) significantly prevent OGD/R-induced neuronal apoptosis
respectively via intracellular Ca2+ handling or neurotrophic pathway activation: (A) TUNEL staining;
(B) fluorescent micrographs showing intracellular Ca2+ levels as stained by the Fluo4-AM dye;
(C) statistic of cell viability; (D) statistic of TUNEL positive cells; (E) results of relative fluorescence
intensity analysis of intracellular Ca2+; and (F) expression levels of Trk-B and Bcl-2 measured by
Western blot. Data are presented as mean ˘ SEM, ** p < 0.01, *** p < 0.001 indicate significant difference
compared with the WT OGD group; p < 0.05 indicates significant difference compared with the WT
DHA + LBP group (t-test). Scale bar: 50 μm.

Afterward, the protective effects were further confirmed in cultured neurons with high
endogenous ω-3 PUFAs, which were isolated from fat-1 mice, in that a higher survival rate was
found in fat-1 neurons compared with wild-type neurons after OGD/R injury. As shown in Figure 4C,
all the single treatment groups displayed a significantly reduced neuronal death after OGD/R insults
in that neuronal death was reduced to 35.5% in LBP-treated group and 33.9% in fat-1 group. LBP
combined with endogenous ω-3 PUFAs further reduced neuronal cell death to 26.3%. As shown in
Figure 4A,D, the ratio of apoptotic neurons was remarkably decreased in the culture of LBP-treated
WT neurons in which less TUNEL-positive cells were found after OGD/R injury (approximately 24%).
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The ration of apoptotic neurons in fat-1 neurons (19.2%) was significantly decreased compared with
WT neurons, suggesting that endogenous ω-3 PUFAs have protective effects against OGD/R injury.
Interestingly, LBP combined with endogenous ω-3 PUFAs further reduced apoptosis after OGD/R
insults (14.0%), which confirmed the enhanced nruroprotective effects of the combined treatment on
protecting neurons against OGD/R injury. Furthermore, the results in Figure 4B,E showed that the
Fluo-4 fluorescence intensity was decreased by endogenous ω-3 PUFAs treatment compared with WT
OGD/R neurons. Our data demonstrated that combined use of LBP with endogenous ω-3 PUFAs
could further reduce Ca2+ levels as well. Finally, as shown in Figure 4F, the expression of Trk-B receptor
and Bcl-2 were significantly decreased in WT OGD/R group. Both LBP and endogenous ω-3 PUFAs
could remarkably reverse the reduction of Trk-B and Bcl-2 expression in treated groups. The results
further confirmed that combined use of LBP together with endogenous ω-3 PUFAs could enhance
their neroprotective effects via activating Trk-B expression.

Figure 4. LBP and endogenous ω-3 PUFAs significantly prevent OGD/R-induced neuronal apoptosis
respectively via intracellular Ca2+ handling or neurotrophic pathway activation: (A) TUNEL staining;
(B) fluorescent micrographs showing intracellular Ca2+ levels as stained by the Fluo4-AM dye;
(C) statistic of cell viability; (D) statistic of TUNEL positive cells; (E) results of relative fluorescence
intensity analysis of intracellular Ca2+; and (F) expression levels of Trk-B and Bcl-2 measured by
Western blot. Data are presented as mean ˘ SEM, ** p < 0.01, *** p < 0.001 indicate significant difference
compared with the WT OGD group; p < 0.05, p < 0.01 indicates significant difference compared with
the WT DHA + LBP group (t-test). Scale bar: 50 μm.

4. Discussion

In the present study, we firstly determined the neuroprotective effect of docosahexaenoic acid
(DHA), a major component of the ω-3 PUFA family, together with LBP in primary cortical neurons
against OGD/R insult. The deprivation of oxygen and glucose results in the initiation of the depicted
ischemic cascade that eventually leads to neuronal death [28]. Because of the loss of nutrients and
oxygen, neurons are injured and a lot of devastating cascades are initiated, such as excessive excitatory
amino acid release, generation of reactive oxygen species (ROS), expression of pro-apoptotic factors,
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mitochondrial dysfunction, as well as inflammation [29]. The OGD/R model provides a chance
to dissect cellular events that occur after withdrawal of oxygen and glucose and mimic the key
pathophysiological events of ischemia in vivo. Consistent with previous findings, both substances as
well as the combined treatment significantly rescued cortical neurons from OGD/R insults [19,30].

Alterations in Ca2+ homeostasis, including mitochondrial Ca2+ overload, lead to increased cell
vulnerability and oxidative stress [22]. Excessive Ca2+ entry ultimately induces acute or delayed
neuronal death [31]. It has been reported that ω-3 PUFAs inhibited endoplasmic reticulum (ER) Ca2+

release in astrocyte after in vitro ischemia [32] and delayed Ca2+-induced mitochondrial permeability
transition pore opening in myocardium [33]. These findings suggest that ω-3 PUFAs have a potential
to reduce intracellular Ca2+ overloading. Although LBP was observed to reduce 6-OHDA -induced
elevation of intracellular Ca2+ in PC12 cells [20], no clear description on the location where Ca2+

accumulated was recorded. In the present research, we observed that DHA significantly inhibited the
increase of intracellular Ca2+, whereas single LBP treatment had limited influence on intracellular Ca2+

handling. The mitochondrial apoptosis pathway is controlled by pro- and anti-apoptotic Bcl-2 family
proteins and either overexpression of anti-apoptotic Bcl-2, or gene deficiency in the proapoptotic
bax gene to prevent excitotoxic apoptosis [34,35]. It is established that increasing the expression
level of Bcl-2 can obviously reduce the impact of stroke in neuroprotective treatments [36–38].
Consistently, our observations demonstrated that both LBP and ω-3 PUFAs exert their neuroprotection
via activating Bcl-2 anti-apoptotic cascade. Additionally, several lines of evidences have demonstrated
that modulating Bcl-2 family proteins can only contribute to maintaining Ca2+ homeostasis in the
ER [39,40]. It can be inferred that the confined alteration in Ca2+ contents has limited contribution to
the entirety intracellular Ca2+ homeostasis. Therefore, this notion may possibly account for the limited
impact of LBP on intracellular Ca2+ handling observed in our research.

To further determine how LBP and ω-3 PUFAs trigger intracellular pro-survival signaling,
we examined the alterations of Trk-B receptors. The Trk receptor tyrosine kinases is a family
of transmembrane-receptor signaling systems which promote the development and survival of
neurons [41]. Trk-B receptor can be activated by specifically binding with BDNF. The activated
Trk-B receptor subsequently triggers downstream signal pathway to induce pro-survival effects [23].
Enriched dietary ω-3 PUFAs has been reported to increase Trk-B mRNA expression in the cerebral
cortex [42]. We noticed that both LBP and DHA treatment significantly increased the expression of
Trk-B receptors in primary cultured cortical neurons suffered OGD/R insults. In the present study,
we reported for the first time that LBP possibly protected neuron from OGD/R-induced apoptosis
via modulating neurotrophin pathway, which initiated from the cell membrane. Notably, combined
treatment of DHA and LBP showed the maximal effect on protecting cortical neurons against OGD/R
injury via concurrently regulating the intracellular calcium accumulation and neurotrophic pathway.

In addition, the protective effects were further confirmed in neurons with high content of
endogenous ω-3 PUFAs that were isolated from fat-1 mice embryos. Dietary supplementation
is a conventional approach to increase tissue content of ω-3 PUFAs in animal studies. However,
inconsistent results were occasionally observed either due to the variance in the component of dietary
supplement or the neglected relevance of the ω-3/ω-6 PUFAs ratio. Kang et al. engineered a transgenic
mouse carrying a fat-1 gene from Caenorhabditiselegans [17]. The fat-1 gene encodes a fatty acid
desaturase not normally present in mammals, which can convert ω-6 into ω-3 PUFAs. The highly
expression of the fat-1 gene leads to enrichment in endogenous ω-3 PUFAs levels and concomitantly
decreased ω-6 PUFAs levels [43]. The use of fat-1 mice embryos provides a strictly controlled model
to investigate the biological properties of ω-3 PUFAs with stable content [44]. The present findings
indicated that endogenous ω-3 PUFAs, combining with LBP treatment, exerted a better neuroprotective
effect on OGD/R insulted neurons.

In conclusion, we observed the protective effect of ω-3 PUFAs or LBP on enhancing the survival
of cultured cortical neurons using an in vitro OGD/R model and further demonstrated that a combined
treatment of ω-3 PUFAs and LBP exerted the maximal effect on protecting neurons against OGD/R
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injury. The results of the study suggest that ω-3 PUFAs and LBP are promising candidates for combined
pharmacotherapy for ischemic stroke.
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Abstract: The increase in fructose consumption is considered to be a risk factor for developing
nonalcoholic fatty liver disease (NAFLD). We investigated the effects of docosahexaenoic acid (DHA)
on hepatic lipid metabolism in fructose-treated primary mouse hepatocytes, and the changes of
Endoplasmic reticulum (ER) stress pathways in response to DHA treatment. The hepatocytes were
treated with fructose, DHA, fructose plus DHA, tunicamycin (TM) or fructose plus 4-phenylbutyric
acid (PBA) for 24 h. Intracellular triglyceride (TG) accumulation was assessed by Oil Red O
staining. The mRNA expression levels and protein levels related to lipid metabolism and ER
stress response were determined by real-time PCR and Western blot. Fructose treatment led to
obvious TG accumulation in primary hepatocytes through increasing expression of fatty acid
synthase (FAS) and acetyl-CoA carboxylase (ACC), two key enzymes in hepatic de novo lipogenesis.
DHA ameliorates fructose-induced TG accumulation by upregulating the expression of carnitine
palmitoyltransferase 1A (CPT-1α) and acyl-CoA oxidase 1 (ACOX1). DHA treatment or pretreatment
with the ER stress inhibitor PBA significantly decreased TG accumulation and reduced the expression
of glucose-regulated protein 78 (GRP78), total inositol-requiring kinase 1 (IRE1α) and p-IRE1α.
The present results suggest that DHA protects against high fructose-induced hepatocellular lipid
accumulation. The current findings also suggest that alleviating the ER stress response seems to play
a role in the prevention of fructose-induced hepatic steatosis by DHA.

Keywords: docosahexaenoic acid; fructose; ER stress; NAFLD

1. Introduction

Nonalcoholic fatty liver disease (NAFLD) has become the most common liver disease globally.
It is estimated that 24% to 42% of the population in Western countries and 5% to 42% in Asian countries
are affected [1,2]. NAFLD, a hepatic manifestation of metabolic syndrome, is characterized by an
increase in intrahepatic triglyceride (i.e., steatosis) in the absence of excessive alcohol intake. It can
progress to nonalcoholic steatohepatitis (NASH) when hepatocellular injury and inflammation are
present, and may lead to liver fibrosis and cirrhosis [3,4]. It is frequently associated with obesity and
dyslipidemia, type 2 diabetes, insulin resistance and some dietary factors, such as high energy, fat and
excess sugar intakes [5–7].

The consumption of sweetened foods and beverages, which contain high concentrations of
fructose, has increased in the last few decades [8,9]. Increasing evidence indicates that high fructose
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intakes might be an important risk factor in the development of NAFLD [10–12]. Studies in both
animals and humans have shown that high fructose consumption was associated with increased de
novo lipogenesis, triglycerides synthesis and secretion of very low density lipoproteins, and decreased
fatty acid oxidation and impaired insulin signaling [13–17].

Docosahexaenoic acid (22:6 n-3, DHA) and eicosapentaenoic acid (EPA), the major
polyunsaturated fatty acids (PUFA) of n-3 series found in marine fish oil, are essential for mammals
because they cannot be produced in the body and must be obtained from food. Some studies in humans
and rodents demonstrated that dietary PUFA influenced hepatic triglyceride levels, insulin resistance
and inflammation [18–20]. The beneficial effects of EPA and DHA supplementation on lipogenesis,
fatty acid oxidation and hepatic lipid metabolism have been reported in numerous studies [20–22].
Some authors have recently demonstrated that the supplementation of n-3 fatty acids had potential
therapeutic effects in human NAFLD as well as other metabolic disorders, such as insulin resistance,
dyslipidemia, and impaired cognitive functions [11,23–25]. In addition, DHA and EPA can alter
metabolic pathways, improve insulin sensitivity by modulating related gene expression and ameliorate
hepatic triglycerides accumulation in rats fed a high-fructose diet [20]. These findings suggest that
dietary supplements of PUFA may be beneficial for the patients with NAFLD. Nevertheless, the
molecular mechanism that PUFA ameliorates NAFLD is not entirely clear.

Endoplasmic reticulum (ER) stress has long been proposed to play a crucial role in the
development of NAFLD [26,27]. Interestingly, recent studies showed that the activation of ER stress
pathways in high fructose-fed mice mediated de novo lipogenesis and then altered hepatic steatosis and
insulin resistance [28]. It has been demonstrated that supplementation of n-3 fatty acids attenuated
hepatic steatosis [11,23]. However, it remains unclear whether DHA prevents fructose-induce NAFLD
by regulating ER stress pathways. In this study, we investigated the effects of DHA on hepatic lipid
metabolism in fructose-treated primary mouse hepatocytes, and the changes of ER stress pathways in
response to DHA treatment.

2. Materials and Methods

2.1. Materials and Reagents

DHA (purity ě 98%), Oil Red O, tunicamycin, insulin, dexamethasone, rat-tail collagen and
type IV collagenase were purchased from Sigma-Aldrich (Sigma-Aldrich, St. Louis, MO, USA).
Briefly, the stock solution of DHA was dissolved in 95% ethanol at a concentration of 200 mM, and
the working solution was prepared by adding the stock to the culture medium to achieve a final
concentration of 25 μM. Epidermal growth factor was a product from Peprotech (Peprotech, Rocky Hill,
NJ, USA). The primary antibodies applied in this study were anti-GRP78 (Cell Signaling Technology,
Danvers, MA, USA), anti-ACC (Cell Signaling Technology, Danvers, MA, USA), anti-IRE (Santa Cruz
Biotechnology, Santa Cruz, CA, USA), anti-ACOX1 (Abcam, Cambridge, UK), anti-p-IRE1α (Abcam,
Cambridge, UK) and anti-β-actin (Beyotime, Shanghai, China).

2.2. Primary Mouse Hepatocytes Culture

Hepatocytes were prepared from male C57/6J mice referred to a modification of the two-step
perfusion method as described previously [29]. The animals were anesthetized by intraperitoneal
injection chloral hydrate (10 mL/kg, 4%). The abdominal cavity was opened, and the hepatic portal
vein exposed. First, the liver was perfused with perfusion buffer 1 (calcium-free P1 medium) through
a portal vein until the liver became pale in color; then perfusion buffer 2 supplemented with 0.035%
type IV collagenase (P2 digestion medium) was used, keeping at a flow rate of 5 mL/min for about
6 min. The P1 and P2 medium should be warmed for 30 min in the water bath at 37 ˝C before
use. After digestion, the hepatocytes were collected and washed with suspension medium, and then
centrifuged at 50ˆ g for 3 min at 4 ˝C twice. A cell count and cell viability assessment by trypan blue
exclusion using a hemocytometer were performed. Freshly prepared hepatocytes were seeded at a
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final density of 1.5 ˆ 106 cells in collagen-coated 25 cm2 culture vessels, which were kept in tissue
culture incubator set at 37 ˝C in a humidified atmosphere of 5% CO2 and 95% air. The cells were
maintained in 10% FBS (Gibco®, South Melbourne, Victoria, Australia) DMEM/F12 medium (Gibco®,
Shanghai, China) supplemented with 1 mL penicillin-streptomycin, then the medium was replaced
with serum-free DMEM/F12 medium (supplement 100 units/mL penicillin, 100 μg/mL streptomycin,
10 μg/mL insulin, 0.1 μmol/L dexamethasone, 5 ng/mL epidermal growth factor) after 4 h.

2.3. Oil Red O Staining

The cells grown on glass coverslips were washed with phosphate buffered saline (PBS) three
times and then fixed with 4% paraformaldehyde for 30 min at room temperature. The fixed cells were
washed with PBS and stained with freshly diluted Oil Red O working solution (0.5% Oil Red O in
isopropanol: H2O = 3:2) for 1 h, and counterstained with haematoxylin for 3 min. The primary mouse
hepatocytes were observed using a microscope.

2.4. RNA Extraction and Real-Time PCR Assays

Total RNA was isolated from treated primary hepatocytes using Tripure Isolation Reagent
(Roche, Mannheim, Germany) according to the manufacturer’s instructions. cDNA was synthesized
with a Reverse Transcription Kit (TaKaRa, Otsu, Japan). Real-time PCR analysis was performed with
SYBR Green in a thermal Cycler Dice Real Time System (TaKaRa, Otsu, Japan). The relative mRNA
levels of target genes were assessed by using the 2´ΔΔCt method. Each experiment was repeated
three times. The sequences for the primers pairs were as follows (forward and reverse, respectively):
GADPH: 51-TGCTGTCCCTGTATGCCTCTG-31 and 51-TCTTTGATGTCACGCACGATTT-31, FAS:
51-GGCACTGACTGTCTGTTTTCCA-31 and 51-GTAAAAATGACACAGTCCAGACACTTC-31, ACC1α:
51-GTTTCAGAACGGCCACTACGA-31 and 51-CATTGTCACCAGGAGATTCTTTTTG-31, CPT1a:
51-TCTCTGGATGCGGTAGAAAAGG-31 and 51-CTCTATATCCCTGTTCCGATTCGT-31, Acox1: 51-GC
CAATGCTGGTATCGAAGAA-31 and 51-AATCCCACTGCTGTGAGAATAGC-31, GRP78: 51-CAGGG
CAACCGCATCAC-31 and 51-CAATCAGACGCTCCCCTTCA-31, XBP1: 51-AGTTAAGAACACGCTT
GGGAT-31 and 51-AAGATGTTCTGGGGAGGTGAC-31, LXR: 51-AGGAGTGTGTGCTGTCAGAAGAA
C-31 and 51-TCCTCTTCTTGCCGCTTCA-31, ChREBP: 51-CCCTCAGACACCCACATCTT-31 and
51-CAGAGCTCAGAAAGGGGTTG-31, SREBP1c: , CHOP: 51-GCATGAAGGAGAAGGAGCAG-31
and 51-CTTCCGGAGAGACAGACAGG-31, C/EBP1a: 51-CGCAAGAGCCGAGATAAAGC-31 and
51- CGGTCATTGTCACTGGTCAACT-31.

2.5. Western Blot

Hepatocytes were lysed in RIPA buffer. Aliquots of 40 μg protein were loaded onto 8% sodium
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) gel, transferred to polyvinylidene
difluoride (PVDF) membranes, and subsequently blocked with 5% nonfat milk for 1 h. The membranes
were incubated with primary antibodies overnight, and then the secondary antibodies for 1 h.
The protein bands were visualized with enhanced chemiluminiscence (ECL) detection system.
The expression levels of protein were quantified with Fusion software.

2.6. Statistical Analysis

All experimental data were expressed as the mean ˘ SEM. Statistical differences were analyzed
by one-way ANOVA, followed by Fisher’s least significant difference (LSD’s) multiple comparison
test using SPSS 18.0 analysis software (SPSS, Chicago, IL, USA). Statistical significance was shown as
* p < 0.05, ** p < 0.015, and *** p < 0.001.
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3. Results

3.1. DHA Prevents Fructose-Induced Lipid Accumulation in Primary Mouse Hepatocytes

To examine the effect of DHA on fructose treated primary mouse hepatocytes, cells were incubated
for 24 h in DMEM/F12 medium containing 12.5 mM fructose (F), 12.5 mM fructose plus 25 μM DHA
(F + DHA), or 25 μM DHA (DHA); control (CT) incubations only had vehicle. Then the cells were
subjected to Oil Red O staining. After 24 h of incubation with fructose, the volume and numbers of
lipid droplets were significantly increased indicating fructose treatment enhanced hepatic steatosis.
In contrast, there was less triglyceride accumulation in DHA and F + DHA groups (Figure 1).
Our data indicates that fructose treatment can cause TG accumulation and DHA may ameliorate
this adverse effect.

Figure 1. DHA ameliorates fructose induced TG accumulation in primary mouse hepatocytes Oil Red
O staining. Original magnification: ˆ400; CT: control; F: fructose; F + DHA: fructose plus DHA.

3.2. DHA Attenuates Fructose-Induced Hepatic Steatosis Involving Changes in Expressions of Genes Related to
Lipid Metabolism

To investigate the molecular basis for DHA preventing fructose-induced hepatic steatosis, we
examined the expression of several genes involved in hepatic lipid metabolism using quantitative
Real-Time PCR. The genes responsible for de novo lipogenesis, including FAS and ACC, were
significantly up-regulated in the fructose treatment group (Figure 2A,B). Meanwhile, the other genes
related to fatty acid oxidation, such as CPT-1α and ACOX1 remained unchanged compared with
control (Figure 2C,D). However, the DHA treatment group showed no significant increase of FAS and
ACC expression compared with control (Figure 2A,B). In contrast, an upregulation of CPT-1α and
ACOX1 was observed in the DHA treatment groups (Figure 2C,D). These findings suggest that the
ameliorating effect of DHA on fructose-induced hepatic steatosis was attributed to the increase in fatty
acid oxidation and decrease in de novo lipogenesis.

3.3. ER Stress Pathways Mediates Fructose-Induced Lipid Accumulation

To test whether fructose triggered ER stress in hepatocytes, cells were treated with 2 μg/mL
tunicamycin (TM), or pretreated with 2 mM 4-phenylbutyric acid for 1 h, and then incubated with
12.5 mM fructose (F + PBA) for 24 h respectively. Oil Red O staining showed increased TG accumulation
in hepatocytes with treatment of fructose or the ER stress inducer TM. Interestingly, pretreatment
with the ER stress inhibitor significantly decreased TG accumulation (Figure 3). Next, we investigated
changes of mRNA levels of lipid homeostasis-related genes in response to ER stress. As illustrated
in Figure 4A,B, compared with the control group, fructose and TM treatment increased the mRNA
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levels of FAS and ACC. However, pretreatment with the ER stress inhibitor PBA prevented these
changes (Figure 4A,B). TM treatment significantly up-regulated CPT-1α and ACOX1 expressions, but
no changes were seen in the fructose treatment group and PBA pretreatment group (Figure 4C,D).
Together, these findings suggest that fructose-induced hepatic steatosis is mediated by triggering the
ER stress response.

Figure 2. DHA regulates the expressions of genes involved in hepatic lipid metabolism. CT: control;
F: fructose; F + DHA: fructose plus DHA. Expression values were normalized to control group. Data are
expressed as mean ˘ SEM (n = 4). Data of the four groups were compared by ANOVA with LSD’s test
(* p < 0.05).

Figure 3. Effect of ER stress response on TG accumulation in primary mouse hepatocytes by treatment
with ER stress inhibitor PBA or ER stress inducer TM. Oil Red O staining. Original magnification:
ˆ400; CT: control; F: fructose; F + PBA: fructose plus PBA pretreatment; TM: tunicamycin.
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Figure 4. ER stress response mediated hepatic steatosis. CT: control; F: fructose; F + PBA: fructose plus
PBA pretreatment; TM: tunicamycin. Expression values were normalized to control group. Data are
expressed as mean ˘ SEM (n = 4). Data of the four groups were compared by ANOVA with LSD’s test
(* p < 0.05, *** p < 0.001).

3.4. ER Stress Response Is Involved in the Protective Effects of DHA against Fructose-Induced
Hepatic Steatosis

To further delineate the protective role of DHA in fructose-induced ER stress response and hepatic
steatosis, we examined the changes of markers in the ER stress-activated unfolded protein response
(UPR) pathways. Firstly, we examined the effects of DHA on chaperone expression using real-time
PCR. The results indicated that DHA or PBA treatment significantly decreased fructose-induced
upregulation of GRP78 in primary hepatocytes (Figure 5A). The reduction of GRP78 expression was
further confirmed by Western blot (Figure 5B,C). Additionally, one of the markers of ER membrane
protein IRE1α and its phosphorylated form p-IRE1α were drastically increased by fructose or TM
treatment. However, both DHA and PBA prevented these changes (Figure 5B,D,E). The mRNA levels
of X-box binding protein 1 (XBP-1) and C/EBP homologous protein (CHOP) were significantly elevated
by fructose and TM treatment, whereas transcription factor C/EBPα mRNA level was not significantly
up-regulated compared with DHA or PBA treatment (Figure 5F–H). These results suggest that DHA
may alleviate the fructose-induced ER stress response in primary hepatocytes.
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Next, we investigated whether DHA could affect the expression levels of hepatic lipid-homeostasis
regulators using Western blot analysis or quantitative real-time PCR. First, we detected expression
levels of some nuclear transcription factors which control hepatic de novo lipogenesis. As shown
in Figure 6, the fructose-induced upregulation of liver X receptor (LXR) was suppressed by DHA
treatment (Figure 6C). Both DHA and PBA treatment significantly decreased fructose-induced
sterol-regulatory element-binding protein 1 (SREBP-1c) and carbohydrate responsive element binding
protein (ChREBP) expression (Figure 6A,B,G). We next assessed the levels of ACC and ACOX1 which
receive regulation from the above mentioned nuclear transcription factors. A decrease in ACC protein
level was observed in cells treated with DHA or PBA (Figure 6E); however, ACOX1 levels were
elevated in these groups (Figure 6F). Taken together, these findings indicate that DHA ameliorates
fructose-induced hepatic steatosis by alleviating the ER stress response.

Figure 5. DHA alleviated fructose-induced ER stress response in primary mouse hepatocytes.
CT: control; F: fructose; F + DHA: fructose plus DHA; F + PBA: fructose plus PBA pretreatment;
TM: tunicamycin. Data are expressed as mean ˘ SEM (n = 4). Data of five groups were compared by
ANOVA with LSD’s test (* p < 0.05, *** p < 0.001).
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Figure 6. DHA selectively regulated gene expression related to lipid-homeostasis in primary mouse
hepatocytes. CT: control; F: fructose; F + DHA: fructose plus DHA; F + PBA: fructose plus PBA
pretreatment. Data are expressed as mean ˘ SEM (n = 4). Data of five groups were compared by
ANOVA with LSD’s test (* p < 0.05, *** p < 0.001).

4. Discussion

Recent epidemiological and animals studies have strongly certified that the overconsumption
of fructose is involved in the development of NAFLD [10–12]. Due to the relatively slow rate of
progression from mild nonalcoholic fatty liver to more severe hepatitis or fibrosis and lack of approved
pharmacotherapy for NAFLD [30], we have the opportunity to take some measurements to prevent
the progression of NAFLD. Previous studies have shown that supplementation of DHA and EPA-rich
fish oil has a beneficial effect on hepatic lipid metabolism [20,21]. Therefore, we speculate that DHA
may have a therapeutic effect on fructose-induced hepatic steatosis.

In the present study, we demonstrated that fructose treatment of primary mouse hepatocytes
induced an obvious hepatic steatosis observed by Oil Red O staining. This effect is attributable in part
to its upregulation of lipid-related genes such as ACC and stearoyl-CoA desaturase (SCD) causing the
ER stress response. The supplementation of DHA can prevent the adverse metabolic effects caused by
fructose treatment. In addition, the fructose-provoked ER stress response was also inhibited by DHA.
Taking together, these findings support the notion that DHA can ameliorate fructose-induced hepatic
lipid accumulation through alleviating ER stress response.

NAFLD is characterized by increased triglyceride in the liver. The accumulation of hepatic
lipid is attributed to increased de novo lipogenesis, increased fatty acid uptake, or reduced fatty acid
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oxidation [31]. In the current study, primary hepatocytes treated with fructose shown enhanced
de novo lipogenesis, which is consistent with previous reports [10–12]. Some studies suggested that
the lipogenic enzymes such as FAS and ACC were significantly up-regulated in fructose solution
fed mice, which play important roles during hepatic de novo lipogenesis [17,32]. Moreover, fructose
feeding increases the binding of LXR to the SREBP-1c promoter [33]. LXR is highly expressed in the
liver, which induces SREBP-1c, FAS, ACC and SCD-1 transcription. Interestingly, ChREBP is also a
direct target of LXR, which was found to be elevated in fructose treated hepatocytes. In the present
study, DHA significantly reduced the expression levels of these key transcription factors and target
enzymes in primary mouse hepatocytes, which is consistent with previous studies with fructose or
fish oil feeding [20,34]. Another important finding was that DHA might ameliorate fructose-induced
TG accumulation through increasing fatty acid oxidation. Hepatic de novo lipogenesis is considered
to have an indirect effect on the increased levels of malonyl-CoA, which decreases the amount of
fatty acid entering the mitochondria via restraining carnitine palmitoyltransferase 1 (CPT1) [35].
CPT1 is a rate-limiting enzyme of β-oxidation in the liver, which is necessary for long chain fatty
acid entry into mitochondria for β-oxidation [36]. The current study found that the expression of
CPT1 was significantly increased upon DHA treatment. Similarly, DHA elevates the expression of
acyl-CoA oxidase 1 (ACOX1), an enzyme responsible for catalyzing peroxisomal β-oxidation of fatty
acids. It seems that these results are due to the nuclear transcription factor activation by DHA as a
PPARα ligand [37]. This findings further support the idea that DHA exerts its protective effects on
fructose-induced hepatic steatosis through reducing key lipogenic enzymes expression and increasing
fatty acid oxidation in hepatocytes.

Recently, ER stress response signaling has been tightly linked to hepatic lipid metabolism, insulin
action, inflammation and apoptosis [26,27,38–40]. Previous studies showed that liver-specific IRE1α
deletion and ATF6 knockout mice developed serious hepatic steatosis upon pharmacological ER
stress [39,40]. Transcription factor XBP1 is a key regulator of the mammalian ER stress response
as a downstream target of phosphorylated IRE1α. Moreover, it is implicated that XBP1 regulates
hepatic lipogenesis unrelated to its role in the ER stress response [38]. Here, we found that fructose
treatment caused the ER stress response in primary hepatocytes as evidenced by improved expression
of ER membrane chaperone GRP78. One of the three ER-localized proteins IRE1α, and its activated
form p-IRE1α were increased in fructose-treated hepatocytes. We found that DHA can alleviate
the fructose-induced ER stress response as evidenced by down-regulation of the ER stress marker
GRP78 and total IREα or p-IREα. This preventive effect of DHA was further proven by using ER
stress inhibiter PBA and inducer TM. It has been demonstrated that TM induced pharmacological
ER stress rapidly caused hepatic steatosis [41]; However, PBA alleviates ER stress in obese ob/ob
mice and prevents hepatic TG accumulation [42,43]. This study confirms that DHA serves as an
important dietary factor for NAFLD prevention and treatment. The protective effects are attributable,
at least in part, to its roles of ER stress alleviation. All three unfolded protein response sensors, IRE1α,
PERK and ATF6 are considered to play roles in lipid storage in the liver. In the current study, we
found total IRE1α or p-IRE1α were upregulated by fructose. Activation of p-IRE1α promotes the
splicing of XBP-1 mRNA and subsequently produces a potent transcriptional activator. The current
study was unable to evaluate the formation of XBP-1s, however, we indeed found that the XBP-1
mRNA level was upregulated upon fructose treatment. It is therefore likely that a sustained ER stress
response exists, since the spliced form of XBP-1 can keep activating transcription by autoregulating
its own transcription as far as IRE1α is activated [44]. The level changes of another downstream
protein—CHOP, are similar to that of XBP-1. CHOP is a member of C/EBP family of transcriptional
factors, and has been proposed to be a dominant-negative regulator of their function. Previous study
suggests unresolved ER stress response will lead to suppression of C/EBPα partially through CHOP [27].
One limitation of this current investigation lies in the fact that we did not analyze the causative effects
of DHA on ER stress response signaling pathways, and specifically what is the signal involved in
DHA ameliorating fructose-induced hepatic steatosis. The results of this study do not explain the
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hierarchy of genetic regulation downstream of DHA treatment. Further studies on the current topic
are therefore recommended.

In summary, the present study contributed to the existing knowledge that DHA prevents
fructose-induced hepatic lipogenesis and accelerates fatty acid oxidation. The protective effect appears
to be mediated through alleviating fructose-evoked ER stress response.

5. Conclusions

Increasing sugar consumption leads to higher fructose intakes, which is considered to be a risk
factor for developing NAFLD. Therefore, life style changes and optimal dietary intervention beneficial
to NAFLD are necessary. The present study confirms previous findings and contributes additional
evidence that DHA ameliorates fructose-induced TG accumulation by preventing hepatic lipogenesis
and enhancing fatty acid oxidation. More research is needed for better understanding the ER stress
response signaling involved in these process. As a major ingredient in fish oil, DHA may have a
therapeutic potential in the prevention and treatment of NAFLD.
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Abstract: Results from prospective cohort studies on fish or long-chain (LC) n-3 polyunsaturated
fatty acid (PUFA) intake and elevated blood pressure (EBP) are inconsistent. We aimed to investigate
the summary effects. Pertinent studies were identified from PubMed and EMBASE database through
October 2015. Multivariate-adjusted risk ratios (RRs) for incidence of EBP in the highest verses
the bottom category of baseline intake of fish or LC n-3 PUFA were pooled using a random-effects
meta-analysis. Over the follow-up ranging from 3 to 20 years, 20,497 EBP events occurred among
56,204 adults from eight prospective cohort studies. The summary RR (SRR) was 0.96 (95% CI: 0.81,
1.14; I2 = 44.70%) for fish in four studies, and 0.73 (95% CI: 0.60, 0.89; I2 = 75.00%) for LC n-3 PUFA
in six studies (three studies for biomarker vs. three studies for diet). Circulating LC n-3 PUFA as
biomarker was inversely associated with incidence of EBP (SRR: 0.67; 95% CI: 0.55, 0.83), especially
docosahexaenoic acid (SRR: 0.64; 95% CI: 0.45, 0.88), whereas no significant association was found for
dietary intake (SRR: 0.80; 95% CI: 0.58, 1.10). The present finding suggests that increased intake of
docosahexaenoic acid to improve its circulating levels may benefit primary prevention of EBP.

Keywords: fish; n-3 PUFA; blood pressure; meta-analysis

1. Introduction

Elevated blood pressure (BP) has been known to be a strong modifiable risk factor for stroke,
coronary heart disease (CHD), and early mortality worldwide [1,2]. Fish consumption plays an
important role in the modulation of BP in hypertensive and normotensive adults [3–5]. Long-chain
(LC) n-3 polyunsaturated fatty acid (PUFA), including 20:5n-3 (eicosapentaenoic acid, EPA), 22:5n-3
(docosapentaenoic acid, DPA) and 22:6n-3 (docosahexaenoic acid, DHA), are mainly found in fish and
other marine products. Four previous meta-analyses of clinical trials showed that fish oil or LC n-3
PUFA supplements can dose-dependently lower BP in hypertensive patients but not in normotensive
individuals [6–9]. However, investigations using animal models have shown that diets enriched in n-3
PUFA can protect against induced BP elevations [10,11], and dietary deficiency of n-3 PUFA in young
rats was associated with development of hypertension in later life [12]. Some observational studies
have reported that an inverse association between fish or LC n-3 PUFA consumption and BP elevations
in normotensive participants [13–15], while others found no association [16,17]. Most observational
studies use dietary questionnaires to estimate intake, which is generally a poor reflection of the usual
intake of an individual. Typical fish consumption in the US and Europe is relatively low and makes
it difficult to identify associations. In addition, hypertensive individuals who changed their dietary
habit after the diagnosis may not have been excluded from study populations, which may also bias
benefit for BP towards null.
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Circulating levels of 20:5n-3 and 22:6n-3 were strongly correlated with fish or fish oil consumption,
whereas 22:5n-3 was elongated from and retroconverted to 20:5n-3. In contrast to dietary estimations,
circulating levels of LC n-3 PUFA as biomarker can objectively reflect both dietary consumption and
biologically relevant processes. Numerous studies on diet or biomarkers of LC n-3 PUFA and BP have
been cross-sectional or case-control designs, rather than prospective cohort studies. The potential
for dietary change secondary to the diagnosis of high BP can be minimized in prospective cohort
studies, due to exclusion of individuals with known hypertension at baseline. Nevertheless, results
from prospective cohort studies of fish or LC n-3 PUFA consumption in relation to elevated BP
remain inconsistent [16,18–20]. Thus, whether fish or LC n-3 PUFA intake is associated with reduced
risk of elevated BP in normotensive populations is still unclear. The aim of the present systematic
review and meta-analysis was to quantitatively evaluate associations between fish or LC n-3 PUFA
intake (diet vs. biomarker) and incidence of elevated BP with available data from prospective cohort
studies. We hypothesized that LC n-3 PUFA intake is inversely associated with incidence of EBP,
especially 22:6n-3.

2. Methods

2.1. Literature Research

Systematic literature searches were conducted to identify prospective cohort studies of fish or LC
n-3 PUFA with risk of elevated BP from EMBASE, the Cochrane Library and PubMed up to October
2015, respectively. The full details are presented in the supplementary online-data. Our search was
restricted to human studies that were published in English, and duplicated studies were excluded.
Authors were not contacted for the detailed information of primary studies and unpublished studies.
We searched systematic reviews from the above-mentioned database, and checked the reference lists to
identify publications that might have been missed.

2.2. Eligibility Criteria

The relevant studies were included if they met the following inclusion criteria: (1) Participants:
Adults of any age located in different countries; (2) Exposure of interest: Assessment of fish or LC n-3
PUFA intake, and quantitative determination of total or individual (20:5n-3, 22:5n-3 and 22:6n-3) in
circulating blood (serum/plasma/whole blood/erythrocytes); (3) Outcomes: Evaluation of elevated
BP based on a BP cutoff value (systolic BP (SBP) ě 130 mm Hg and (or) diastolic BP (DBP) ě 85 mm Hg)
or hypertension (SBP ě 140 mm Hg and (or) DBP ě 90 mm Hg), and reporting multivariate-adjusted
relative risk (RR) with 95% confidence intervals (CI); and (4) Study design: prospective cohort study
(cohort, nested case-control, and case-cohort study).

2.3. Data Extraction

Data extraction was completed independently and performed twice by two investigators, and
disagreements were reconciled by consensus. The following data was extracted from each publication:
participant characteristics (baseline age range, gender and countries), duration of follow-up, baseline
fish consumption or LC n-3 PUFA intake as exposure of interest, exposure measurement (dietary
estimations or laboratory analyses), exposure source (diet or biomarker) and multivariate-adjusted RR
with 95% CI for all categories of fish or LC n-3 PUFA (diet or biomarker) and multiple adjustment for
potential covariates.

Odds ratios (OR) in nested case-control studies were regarded as RR directly. If eligible studies
reported hazard ratio (HR) with 95% CI, each HR was assumed to approximate RR. To standardize
units of fish intake, we first converted frequency into grams per day (g/day). The amount of fish
consumption (g/day) was estimated by multiplying the frequency of consumption (servings per day)
by the corresponding portion size (grams per serving). If a publication reported servings per day as
unit of measure in fish consumption, we transferred the fish amount to grams according to descriptions
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of the publication. If no description of portion size was reported, we deemed it to be 105 grams per
serving [21]. We also defined LC n-3 PUFA as the sum of 22:6n-3, 22:5n-3, and 20:5n-3. If a publication
reported individual LC n-3 PUFA as interest exposure only, RR for individual LC n-3 PUFA can be
combined to approximately represent RR for total LC n-3 PUFA in the publication using a fixed effect
model. In addition, if the individual study only reported RR based on gender (male vs. female),
age (middle vs. elderly), or ethnic classifications (white vs. black), the RRs for the subgroups were
combined to represent a RR for the whole sample of population.

2.4. Statistic Analysis

Statistical analyses of the combined data were performed by STATA version 11.0 (Stata
CORP, College Station, TX, USA). We firstly performed a meta-analysis for the highest verses the
bottom category of baseline fish consumption, LC n-3 PUFA intake and biomarker, respectively.
Each multivariate-adjusted RR for the highest compared with the bottom category was firstly
transformed to their logarithm (logRR), and the corresponding 95% CI was used to calculate the
standard error (selogRR). Summary RR (SRR) with corresponding 95% CI as the overall risk estimate
for eligible prospective cohort studies was calculated by using a random-effects model described
by DerSimonian and Laird [22], which considers both within-study and between-study variability.
Heterogeneity across studies was evaluated with the Q test and I2 statistic [23]. An I2 value greater than
50% was regarded as indicative of heterogeneity according to Cochrane Handbook. Sensitivity analysis
was performed to evaluate the possible influence of individual study on summary results. Begg’s test
and Egger’s test were conducted to test the possibility of publication bias [24].

Dose-response analyses were conducted to determine a potential curvilinear (nonlinear) or linear
association of fish and LC n-3 PUFA intake with risk of elevated BP, respectively. Individual studies
with three or more categories were included in the dose-response analysis. We assigned median
intake of fish or LC n-3 PUFA for each category as previously described [25]. Restricted cubic splines
with three knots (two spline transformations) at fixed percentiles (25%, 50%, and 75%) was firstly
created [26,27], and then a P for nonlinearity was calculated to detect potential departure from a
simpler linear trend by testing the coefficient of the second spline equal to zero [28]. A linear trend
was estimated to achieve the associations of each 20-g/day (first quartile ) increment of fish and each
150-mg/day (first quartile ) increment of LC n-3 PUFA consumption with risk of elevated BP using a
generalized least-squares regression model (two-stage GLST in Stata) [27], respectively. Two-tailed
p < 0.05 was considered statistically significant.

3. Results

3.1. Literature Search

In total, 3508 unique citations were identified from electronic searches plus one additional article
was retrieved from reference lists (Figure 1). After the titles and abstracts were screened, 23 articles were
eligible for further full-text review. Eight relevant articles were available for the present meta-analysis
and 15 articles were excluded for other reasons as described in Supplementary Table S1.
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Figure 1. Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) Flow
Diagram for included prospective cohort studies.

3.2. Baseline Characteristics

Overall, eight relevant prospective studies (five cohort [16–18,29,30] and three nested case-control
studies [19,20,31]) were included in the present study (Table 1). Over the duration of follow up, which
ranged from 3 to 20 years, a total of 20,497 EBP events occurred among 56,204 individuals aged
18–79 years from US (five studies) [16–19,29], Europe (one study) [31] and Asia (two studies) [20,30],
respectively. Among the eight included studies, four studies evaluated EBP based on hypertension
(SBP ě 140 mm Hg and (or) DBP ě 90 mm Hg) [16,18,19,29], whereas four studies evaluated EBP
based on a BP cutoff value (SBP ě 130 mm Hg and (or) DBP ě 85 mm Hg) [17,20,30,31]. Both fish
consumption and LC n-3 PUFA intake were investigated in 2 studies [18,30], fish consumption in
two studies only [17,29], and dietary intake of LC n-3 PUFA in one study only [16]. Dietary data was
collected by interviewer-administered FFQ, using servings/week (fish) and grams/day (LC n-3 PUFA)
as unit of measure. Serum/plasma proportion of LC n-3 PUFA as a biomarker was determined in
two studies [20,31], and erythrocytes in one study only [19]. Fatty acid (FA)composition in blood
samples was quantified by gas liquid chromatography (GLC). Two studies separately included males
and females [29,30], two studies only females [16,19], one study only males [31], and three studies
included both males and females [17,18,20].
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3.3. Fish Consumption and Elevated BP

In total, four independent cohort studies of fish consumption in relation to elevated BP were
available for meta-analysis comparing the highest to the lowest category, with 3590 elevated BP
events and 17,710 participants. Fish consumption was not significantly associated with reduced
risk of elevated BP (SRR = 0.96; 95% CI: 0.81, 1.14), with a moderate heterogeneity (I2 = 44.70%)
(Figure 2). In addition, three studies were eligible for dose-response trend estimations. No evidence of a
nonlinear association was found between fish consumption and elevated BP (p = 0.15 for non-linearity)
(Supplementary Figure S1). Each 20-g/day increment of fish consumption was not significantly
associated with reduced risk of elevated BP (pooled RR = 0.98; 95% CI: 0.94, 1.03; p for trend = 0.23).
A sensitivity analysis which tested the influence of any individual study on the overall results suggested
no significant change in pooled association estimates (Supplementary Figure S2). No possibility of
publication bias was observed by visual inspection of Begg’s funnel plot (p for bias = 0.54) and Egger’s
regression test (p for bias = 0.34) (Supplementary Figure S3).

Figure 2. Associations between fish consumption and incidence of elevated BP in the highest verse the
lowest exposure category.

All relevant cohort studies are referred to by first author, year of publication, locations, and the
number of elevated BP events among participants. Squares represent study-specific risk ratio (RR), and
horizontal lines represent 95% confidence interval (CI). The pooled RR estimated by a random-effect
model in the highest compared with the bottom category of fish consumption is represented by the
black squares. The degree of heterogeneity between individual study was indicated by I square statistic.

3.4. LC n-3 PUFA and Elevated BP

In total, six independent prospective cohort studies (three studies for biomarker vs. three studies
for diet) were eligible to evaluate association between LC n-3 PUFA and incidence of elevated BP,
with 16,907 elevated BP events and 38,494 participants. LC n-3 PUFA was inversely associated with
incidence of EBP when comparing the highest with the lowest category (SRR = 0.73; 95% CI: 0.60,
0.89; I2 = 75.00%) (Figure 3). The pooled association was not significantly changed in the sensitivity
analysis (Supplementary Figure S4). Publication bias was not observed from Begg’s funnel plot (p for
bias = 0.73) and Egger’s test (p for bias= 0.66) (Supplementary Figure S5).

Three cohort studies estimated dietary intake of LC n-3 PUFA, with 15,245 EBP events and
36,112 participants. The SRR was 0.80 (95% CI: 0.58, 1.10) for dietary intake of LC n-3 PUFA, with a
high between-study heterogeneity (I2 = 79.30%). The three studies were available for trend estimation.
Evidence of a nonlinear association cannot be observed between dietary intake of LC n-3 PUFA and
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incidence of EBP (p = 0. 57 for non-linearity) (Supplementary Figure S6). There was also no linear
association between per 150 mg/day increment of LC n-3 PUFA intake and risk of EBP (SRR = 0.94;
95% CI: 0.84, 1.05; p for trend = 0.25). Two eligible studies assessed dietary intake of individual LC
n-3 PUFA, the SRR was 0.91 (95% CI: 0.73, 1.15; I2 = 80.00%) for 20:5n-3, and 0.70 (95% CI: 0.30, 1.63;
I2 = 98.40%) for 22:6n-3, respectively.

Three prospective nested case-control studies evaluated circulating levels of LC n-3 PUFA as
biomarker, with 1662 cases and 2382 participants. Circulating LC n-3 PUFA was significantly associated
with reduced incidence of EBP in the highest verse lowest category (SRR = 0.67; 95% CI: 0.55, 0.83;
I2 = 47.40%) (Figure 3). For biomarker of individual LC n-3 PUFA, the SRR was 0.53 (95% CI: 0.35, 0.78;
I2 = 0.00%) for 20:5n-3 in two studies, 0.57 (95% CI: 0.36, 0.90; I2 = 0.00%) for 22:5n-3 in one study, and
0.64 (95% CI: 0.45, 0.89; I2 = 0.00%) for 22:6n-3 in two studies, respectively.

 

Figure 3. Associations between LC n-3 PUFA and incidence of elevated BP in the highest verse the
lowest exposure category.

Included studies are subgrouped by dietary intake and biomarker of LC n-3 PUFA. All relevant
cohort studies are referred to by first author, year of publication, locations, and the number of elevated
BP events among participants. Squares represent study-specific risk ratio (RR); horizontal lines
represent 95% confidence interval (CI); diamonds represent pooled RR from prospective cohort study.
The degree of heterogeneity between individual studies was indicated by I square statistic.

4. Discussion

In the present meta-analysis, which included 20,497 EBP events and 56,204 individuals from
eight prospective cohort studies, we cannot provide a strong evidence to support increased dietary
consumption of fish or LC n-3 PUFA to be associated with reduced incidence of elevated BP. However,
circulating LC n-3 PUFA as biomarker of food n-3 PUFA intake was significantly associated with a
lower risk of elevated BP, especially 20:5n-3 and 22:6n-3, which can further build and extend on prior
meta-analyses of LC n-3 PUFA in relation to BP.

Fish can be regarded as a package of LC n-3 PUFA, other nutrients and contaminants. Thus, the
integrative effects of fish consumption may be reflected by the interactions between LC n-3 PUFA
and other constituents in fish. A meta-analysis of observational studies found that fish consumption
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or LC n-3 PUFA intake was weakly associated with reduced risk of metabolic syndrome (MS) in
two prospective cohort studies, but not in seven cross-sectional studies [32]. Consistent with the
results from pooled analysis of seven cross-sectional studies, our findings also indicated that fish or
LC n-3 PUFA intake was not significantly related to EBP as a component of MS. Most observational
studies were primarily designed to focus on total fish rather than different species of fish or different
preparation methods. Fish preparation methods may alter the relationship between fish intake and EBP
by changing the lipid profile and by generating unexpected chemicals with the use of certain cooking
methods. Frying fish, especially deep-frying, was found to generate oxidized lipids, considerably
reduce the amount of LC n-3 PUFA but increase trans-fatty acids [33], which may modify the lowing-BP
effects of total fish consumption [16]. Salted fish possibly added intake of salt, which could have
substantially attenuated or masked a beneficial effect of fresh fish, due to high-salt intake being
positively associated with BP [34]. In addition, the protective effect of fish intake might be attenuated
or even reversed by other contaminants in fish, such as mercury and pesticides. Taken together, these
limitations might contribute to the null association of fish intake with EBP in our meta-analysis.

The substantial BP reductions by LC n-3 PUFA supplementation usually occurred at relatively
high doses (ě3 g/day). Nevertheless, compared with the previous evidence, our findings do not
support LC n-3 PUFA estimated by dietary questionnaires to be associated with primary prevention
of EBP. Dietary data was usually estimated by dietary questionnaires, thus underestimation of effect
size may still persist due to dietary measurement errors or bias with consequent limited ability to
classify dietary intake of individuals accurately. In addition, most participants included in the present
meta-analysis were from US and Europe, of which typical fish intake is relatively low. Thus, the
average amount of LC n-3 PUFA intake in study populations was insufficient to strongly affect the risk
of elevated BP in initially normotensive individuals. Finally, a significant relationship could also have
remained undetected if most individuals were to have an adequate fish intake. However, this perhaps
happened in our study, considering that less than 18% of individuals ate no or little fish in the present
study. We therefore could have missed or underestimated a pronounced association due to a small
range of fish or LC n-3 PUFA intake.

Circulating levels of LC n-3 PUFA as biomarkers, compared with dietary assessment, might
provide a more reliable estimation of intake. In the present study, we found that circulating LC n-3
PUFA was inversely associated with incidence of EBP, which can further support increased intake
of fish or LC n-3 PUFA to be beneficial for EBP. Convincing evidence from numerous studies have
indicated that circulating level of LC n-3 PUFA was closely correlated with increased consumption
of fish, especially 20:5n-3 and 22:6n-3 [35,36]. Recently, a cross-sectional study suggested that plasma
concentration of LC n-3 PUFA was positively associated with marine food intake, independent of
habitual exercise, alcohol intake, and smoking habit [37]. A clinical trial compared the effects of
fish (2 servings/week, 16 weeks) and fish-oil capsules (1–2 capsules/day, 16 weeks) on n-3 PUFA
content in erythrocyte and plasma phospholipids, suggesting that consumption of equal amounts of
20:5n-3 and 22:6n-3 from fish on a weekly basis or from fish-oil capsules on a daily basis is equally
effective at enriching blood lipids with n-3 FAs [38]. Thus, LC n-3 PUFA derived from fish intake
rather than supplements can also be incorporated into serum/plasma, platelets, and tissue lipids to
change biomembrane fluidity, increase the production of vasodilators [39], reduce cardiac adrenergic
activity [40], and lower BP. The lowering-BP effects may be attributable to 22:6n-3 but not 20:5n-3,
which has been supported by most previous studies. A meta-analysis of clinical studies [6] showed
22:6n-3 had a slightly greater dose-response effect on BP levels than 20:5n-3 (´1.5/´0.77 mmHg versus
´0.93/´0.53 mmHg per gram). Mori, et al. found that 22:6n-3, but not 20:5n-3 supplementation,
reduced the 24-h and daytime ambulatory BP in mildly hyperlipidemic men [41]. However, we did
not find 22:6n-3 to be superior to 20:5n-3 with respect to EBP prevention in the present study, which
may be explained by insufficient statistical power due to the small sample size. Several possible
mechanisms can explain the anti-hypertensive property of 22:6n-3. Firstly, the 22:6n-3 can be more
preferentially incorporated into the biomembrane than 20:5n-3 [42]. The incorporation of 22:6n-3 into
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cardiomyocyte membranes can inhibit the beta-adrenergic system [43], which may help to explain
its anti-arrhythmic and BP-lowing effects. Furthermore, calcium/calmodulin-dependent kinase 4
(CaMK4) gene deletion can impair CaMK-mediated activation of eNOS, which induces hypertension
in the mice null for CaMK4 [44]. The 22:6n-3 can be incorporated into endothelial membranes to
stimulate ATP release from the endothelium, which leads to vasodilatation mediated by nitric oxide
(NO) release [45]. The induction of NO release, together with the decrease in noradrenaline levels, is
likely to be responsible for BP-lowering effect of 22:6n-3.

Our meta-analysis has several merits. Firstly, prospective study design minimized the possibility
of selection bias, and allowed inference on temporality of associations. Secondly, the included
cohort studies comprised 56,204 (men and women) with a wide age range and long-term follow-up.
Thirdly, biomarker of LC n-3 PUFA can provide objective measures of individual n-3 PUFA intake,
independent of dietary assessment errors and bias. Fourthly, intervention trials might be impractical for
prolonged compliance to the assigned amount of fish intake, thus meta-analyses of prospective cohort
studies are considered to be a powerful tool in evaluating the long-term association. Finally, food
LC-PUFA is directly calculated from fish consumption in all included studies, thus the consistent
results between fish and LC-PUFA perhaps strengthened our ultimate findings.

Nevertheless, the potential limitations should also be considered for this study. Firstly, our search
was limited to English publications, and thus a potential bias caused by the exclusion of non-English
or unpublished reports may exist; Secondly, the different exposure measurement scale across included
studies were not detailed enough to allow standardization of fish consumption, thus our analysis
primarily considered the highest versus the lowest exposure category; Thirdly, the diet measurement
errors or misclassification in dietary estimations were likely to bias the summary results towards
null. However, the use of biomarkers of dietary intake may counterbalance this point; Fourthly, in
spite of comprehensive adjustments in each included study, the possibility of residual confounding
caused by imprecisely measured or unmeasured factors cannot be excluded; Fifthly, the possibility
of measurement bias may be inevitable, because circulating levels of n-3 PUFA may be subject to
laboratory and biological variation during follow-up. Finally, we cannot perform a stratified analysis
to determine if the pooled association estimation may be modified by strata factors, due to a limited
number of studies within each subgroup.

In summary, our meta-analysis of all relevant cohort studies indicated there is no association
between fish or dietary LC n-3 PUFA consumption and incidence of elevated BP. However, our findings
show that circulating LC n-3 PUFA as biomarkers of dietary intake are inversely associated with
incidence of EBP, especially 20:5n-3 and 22:6n-3, which suggests important public health implications
for primary prevention of EBP. Stressing the consumption of food rich in LC n-3 PUFA to ultimately
improve their circulating levels is still recommended. Nevertheless, the specific biologic mechanisms
behind these conclusions remain partially unclear, and thus a replication of well-designed prospective
cohort studies and further experimental work in understanding the underlying biologic mechanisms
is necessary.

Supplementary Materials: Supplementary Materials: Supplementary materials are available online at
www.mdpi.com/2072-6643/ 8/1/58/s1.
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Abstract: Docosahexaenoic acid (DHA) is the predominant omega-3 (n-3) polyunsaturated fatty acid
(PUFA) found in the brain and can affect neurological function by modulating signal transduction
pathways, neurotransmission, neurogenesis, myelination, membrane receptor function, synaptic
plasticity, neuroinflammation, membrane integrity and membrane organization. DHA is rapidly
accumulated in the brain during gestation and early infancy, and the availability of DHA via transfer
from maternal stores impacts the degree of DHA incorporation into neural tissues. The consumption
of DHA leads to many positive physiological and behavioral effects, including those on cognition.
Advanced cognitive function is uniquely human, and the optimal development and aging of cognitive
abilities has profound impacts on quality of life, productivity, and advancement of society in general.
However, the modern diet typically lacks appreciable amounts of DHA. Therefore, in modern
populations, maintaining optimal levels of DHA in the brain throughout the lifespan likely requires
obtaining preformed DHA via dietary or supplemental sources. In this review, we examine the role
of DHA in optimal cognition during development, adulthood, and aging with a focus on human
evidence and putative mechanisms of action.

Keywords: brain lipids; omega-3 polyunsaturated fatty acids; nutrition; learning; memory;
comprehension; development; aging; neurodegeneration

1. Introduction

The cognitive ability of humans is arguably the most advanced in the entire animal kingdom.
Such advancement is believed to be conferred by an expanded cerebral cortex and a highly developed
prefrontal cortex, both of which are brain regions important for cognition. There are many different
domains to the clinical construct of cognition. These include attention, memory (working and
long-term), perception, language, problem solving, comprehension, reasoning, computation, reading
and speech. Cognition changes throughout the lifespan matching the development, maturation and
aging of the brain. The brain is a lipid-rich organ that consumes 20% of the body’s energy, but it only
comprises 2% of the body’s mass. Over half of the brain’s dry weight is comprised of lipids, and it is
especially enriched in long-chain omega-3 (n-3) polyunsaturated fatty acids (PUFAs), suggesting a
key role for these molecules in the optimal development, maturation and aging of neural structures
and networks. A substantial amount of literature exists that highlights the crucial role of nutrition
in brain development, and thus on brain function and mental performance in humans. Ultimately,
the proper functioning of the brain has significant dependence upon maintaining its optimal lipid
composition [1].

Quantitatively, docosahexaenoic acid (DHA; 22:6n-3) is the most significant n-3 PUFA in the
brain as both eicosapentaenoic acid (EPA; 20:5n-3) and α-linolenic acid (ALA; 18:3n-3) are present
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in only very small quantities. DHA makes up over 90% of the n-3 PUFAs in the brain and 10%–20%
of its total lipids. DHA is especially concentrated in the gray matter [2]. It is stored primarily
in phosphatidylethanolamine (PE) and phosphatidylserine (PS) membrane phospholipids, with
smaller amounts also found in phosphatidylcholine (PC; [3]), where it plays an important role in
the biosynthesis of PS (DHA-PS) in the brain [4]. DHA is enriched in membranes structures found
at synaptic terminals, mitochondria and endoplasmic reticulum [5], and it can ultimately affect
cellular characteristics and physiological processes including membrane fluidity, lipid raft function,
neurotransmitter release, transmembrane receptor function, gene expression, signal transduction,
myelination, neuroinflammation, and neuronal differentiation and growth [6–8].

The brain’s frontal lobes are particularly responsive to the supply of DHA during development [9].
Decades of work have clearly established the responsibilities of the frontal lobes for executive and
higher-order cognitive activities including sustained attention, planning and problem solving [10],
and the prefrontal lobe in particular for social, emotional and behavioral development [11]. Therefore,
maintaining optimal lipid composition in these brain regions, and specifically DHA levels, is not only
important during the development and maturation of the brain from gestation through childhood and
adolescence [12,13], but such maintenance is also critical for successful aging of the adult brain [1,14–16].
In this review, we will discuss the importance of DHA for optimal neurological health throughout the
lifespan, with a particular emphasis on cognitive function.

2. DHA Delivery to the Brain

DHA synthesized de novo originates from ALA via a series of desaturations and elongations
primarily within the endoplasmic reticulum (ER), with the exception of the last step, a β-oxidation
from tetracosahexaenoic acid (24:6n-3) that occurs in peroxisomes [17]. ALA is considered an essential
nutrient because humans lack the n-3 desaturase enzyme required for its production. However, it
could be argued that DHA is also an essential nutrient due to inefficiencies of the 5-desaturase and
6-desaturase enzymes (FADS1/2) needed for its biosynthesis, and the competition for these enzymes
by the omega-6 (n-6) PUFA linoleic acid (LA; 18:2n-6). LA is typically consumed in high amounts
in modern diets, which exacerbates the increase of n-6 PUFAs, as well as the decrease of n-3 PUFAs,
that are incorporated in peripheral and neural tissues [18]. Therefore, many researchers conclude that
preformed DHA consumption is required for reaching and maintaining ideal brain DHA concentrations
and related neurological functions [19–21].

There is a general consensus on the recommended daily average intake requirements for infants.
This consensus is driven by data from randomized control trials (RCTs) that suggest a minimum level
of DHA at 0.32% of total fatty acids in formula [22–24], which is towards the lower half of the global
concentration range found in human milk (0.06% to 1.4% of total fatty acids) [25,26]. The evidence for
daily intake requirements for children and adults is still emerging. Nonetheless, current guidelines are
in the range of 250 to 500 mg EPA + DHA per day [27–29]. However, most people do not consume
enough n-3 PUFAs, as indicated by average modern daily dietary DHA intakes that are closer to
100 mg per day [21,30,31].

The shift in modern diets towards reduced n-3 PUFA intake, increased n-6 PUFA consumption,
combined with less physical activity has had a detrimental impact on development and aging,
especially with regard to cognitive function. The optimal dietary n-6 to n-3 PUFA ratio is 2:1 and
below, while the current Western diet is typically in the range of 10:1 to 25:1 [32]. DHA likely played an
important role in the evolution of the human brain, as significant structural changes in the encephalon
and gains in cognitive abilities coincided with the use of aquaculture as a substantial portion of the
human diet [33,34]. Habitats near aquatic food sources, such as lakes, rivers, and the sea provided
rich dietary sources of DHA. It therefore follows that sources of preformed DHA include oils from
microalgae, fatty fish (especially salmon, mackerel, sardines, and herring), and fish oil.

The human brain metabolizes approximately 4 mg of DHA per day, resulting in an estimated
half-life of brain DHA of 2.5 years [35], much longer than that of DHA in peripheral tissues (e.g., two
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minutes in plasma; [35]). Importantly, although EPA does have significant acute anti-inflammatory
actions in neural tissue [36,37] and the absorbance of EPA and DHA to the brain are similar [38,39], EPA
levels are extremely low in brain tissue. This circumstance occurs because EPA is rapidly oxidized and
removed from the brain, or it is elongated to the n-3 PUFA docosapentaenoic acid (DPAn3; 22:5n-3),
which acts as a precursor for DHA [40]. However, EPA conversion is not a significant source of
DHA [41–43]. The rapid β-oxidation of EPA may be the result of increased uptake of EPA by
peroxisomes, where long chain fatty acids are initially catabolized before undergoing mitochondrial
oxidation [44,45]. Such energetically costly mechanisms suggest a unique requirement for DHA.
Therefore, for the purposes of this review we will consider the effects of combined n-3 PUFA
(DHA + EPA) consumption or supplementation on brain function and cognition as being significantly
dependent on DHA.

DHA is acquired during development through gestational placental transfer and from mother’s
milk during infancy. The levels of DHA in mother’s milk can be as high as 1.4% of total fatty acids
with a worldwide average of 0.32% of total fatty acids, depending on the mother’s diet and number of
pregnancies [25,46]. De novo DHA synthesis can occur in the liver, however the DHA precursor ALA
does not increase plasma DHA in humans (<0.1% conversion efficiency in humans; [47–49]). In fact,
neither ALA nor EPA is an effective dietary source of DHA due to the minimal in vivo production of
DHA from these precursors in humans, indicating that preformed DHA is most effective in maintaining
sufficient tissue stores [20]. On the other hand, DHA supplementation adds to the peripheral tissue
pool of EPA, likely due to retroconversion [50].

DHA accretion in the brain accelerates during the middle of gestation, slows down in infancy,
and reaches a plateau in early adulthood [51,52]. Half of the brain’s DHA is accumulated during
gestation, and the infant brain acquires five-times the level of lipids on a daily basis as the adult
brain [53,54]. In adults, accretion is slower, and individuals with red blood cell DHA concentrations
on par with the average European or American (~4% of total fatty acids) require 4–6 months of oral
DHA supplementation to reach a steady state concentration that is dependent on DHA dose (8%–9%
for 1000 mg per day; 5%–6% for 200 mg per day) [41]. Local de novo DHA synthesis in the brain is
very low, thus DHA levels are maintained via delivery from the blood [55,56]. Circulating levels of
DHA in the blood can reach as high as ~5% of that which is ingested orally [57] and ~0.5% of the
circulating level is delivered to the central nervous system (CNS; [35]). After oral ingestion of DHA,
lipases in the gut deliver unesterified free fatty acid (DHA-FFA) to the small intestine, and processing
by the small intestine and liver results in circulating versions of DHA as DHA-triacylglycerides
(DHA-TAGs), DHA-PC and DHA-FFA bound to low density lipoprotein (LDL) and albumin. These
various forms are dissociated at the blood-brain barrier (BBB) through both active and passive processes
that are mediated by endothelial lipases, fatty acid binding proteins (FABPs), and apolipoprotein
E (ApoE) [58–61]. Unesterified DHA freely passes the BBB [39,61], and it appears that the brain
derives most of its DHA from the unesterified FFA pool in blood [55]. Within the central nervous
system, DHA is transported primarily via FABPs [59,60] and ApoE produced by astrocytes [61].
Membrane-incorporated DHA cycles in and out of the membrane from the phospholipids to the
intracellular FFA pool via actions of DHA-coenzyme A (DHA-CoA) [62,63], providing a mechanism to
respond to dynamic cellular events and to challenges during development and aging.

3. DHA and Cognition in Development

3.1. DHA during Gestation and Infancy

DHA is necessary for the growth and maturation of an infant’s brain and retina [26,64,65], and as
outlined earlier, DHA is conditionally essential for humans since it cannot be synthesized efficiently.
This particular point needs to be stressed in that when DHA is needed in large amounts, such as
during rapid phases of brain growth, it needs to be consumed via external sources. Furthermore,
synthesis of DHA from its precursors in the fetus and placenta is insufficient to meet the demand
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of rapidly developing neural tissues [26,66–68], requiring the delivery of maternal DHA stores via
placental transfer and mother’s milk during pregnancy and after birth, respectively [66,67]. Therefore,
the adequate supply of DHA to the developing brain is largely dependent on the dietary intake of the
mother [69], and this supply is very important to the cognitive development of the progeny [70,71].

The observations above have led to the recommendation that pregnant and nursing women
should consume at least 200 mg of DHA daily [26,72]. Supplementation with DHA during pregnancy
may also benefit both the mother and baby by extending the length of gestation. A Cochrane review in
2006 concluded that maternal n-3 PUFA supplementation during pregnancy increased the gestational
age by 2.5 days resulting in an average increase of birth weight by 50 g and birth length by 0.5 cm [73].
In alignment with this finding, a meta-analysis revealed that maternal n-3 PUFA supplementation was
associated with pregnancies averaging 1.6 to 2.6 days closer to term [74]. A further meta-analysis of six
RCTs found a 31% and 61% overall reduction of the risk of preterm births (defined as delivery before
the 34th week of gestation) in all pregnancies and high-risk pregnancies, respectively, when mothers
supplemented with n-3 PUFAs [75]. Lastly, maternal supplementation of 400 mg DHA per day in the
second half of gestation was beneficial to children’s growth tested at 18 months of age. This effect was
only seen in children born to first time mothers [76]. These effects on growth and development of the
fetus likely have a profound impact on cognitive abilities later in life.

Epidemiological studies have shown the importance of DHA during pregnancy for neuronal
development. A large study (N = 11,875) showed that a lower intake of seafood, a rich source of DHA,
during pregnancy was associated with risk of suboptimal development. In contrast, children born to
mothers with a high intake of seafood during pregnancy exhibited greater pro-social behavior, better
fine motor and social development scores, and higher verbal intelligence at eight years of age [77]. RCT
trials have also provided evidence for a positive effect of DHA supplementation during pregnancy. For
instance, taking 200 mg DHA orally per day for four months during pregnancy improved cognitive
abilities of children tested at five years of age [78]. In a more recent multicenter RCT, 2399 pregnant
women, who were <21 weeks into gestation with singleton pregnancies, were supplemented with
800 mg DHA and 100 mg EPA until delivery. While there was no effect of supplementation on overall
mean cognitive scores in the offspring when measured at 18 months, the resulting data indicated that
n-3 PUFA supplementation lowered the number of preterm births and low birth weights, resulted in
fewer admissions to neonatal intensive care units, and reduced the number of children with cognitive
scores indicative of delayed cognitive development [79].

Postnatally, the importance of DHA obtained from mother’s milk for neuronal development
has been reported repeatedly [80–84]. High DHA concentrations in breast milk have been associated
with several brain-related positive health benefits in infants. These associations include a better
ability to adjust to changes in surrounding [85], better mental development [86,87], improved
hand-eye coordination [82], better attention scores [78] and memory performance later in life [88].
Nevertheless, some studies report neutral effects of DHA supplementation of lactating mothers
on neurodevelopmental outcomes, results which likely depend on length and timing of DHA
supplementation as well as the developmental time points assessed [82].

The DHA content of mother’s milk is directly dependent on the mother’s diet [26,89,90]. Dietary
intake of DHA leads to a dose-dependent increase in DHA levels of breast milk [64,91]. Typically,
DHA levels in tissues are higher in breastfed infants when compared to formula-fed infants [92]. Thus,
it is not surprising that breastfeeding in the first six months of life is recommended for the optimal
development of the baby, provided that the mother’s nutritional status is favorable [81,93]. This is
an important recommendation, and is corroborated by many studies that attest to superior neuronal
development of breastfed infants in comparison to infants fed with formula (for a review, see [90]). For
example, the Western Australian Pregnancy Cohort (Raine) Study recruited 2900 pregnant women and
followed the live births for 14 years. This long-term study provided evidence that a shorter duration
of breastfeeding may be a predictor of adverse developmental mental health outcomes throughout
childhood and early adolescence [94].
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PUFA supplementation of infant formula is an effective means to realize the benefits of breast
milk in infants who are not able to be breastfed. For example, a 2007 meta-study summarized
several RCTs that had examined PUFA supplementation of term infants and found a consistent
association of DHA (and ARA) supplementation with beneficial effects on visual development in
the first year of life [95]. For example, in a prospective, double-blind RCT (the DIAMOND study),
181 infants were enrolled at 1–9 days of age and assigned randomly to receive one of four term
infant formulas with one of four levels of DHA: Control (0% DHA, 0% ARA), 0.32% DHA, 0.64%
DHA, or 0.96% DHA for 12 months. All DHA-supplemented formulas contained 0.64% ARA. At
18 months of age, children who received DHA-supplemented formulas showed a significantly higher
MDI score [96]. In another trial, 420 healthy term infants were randomized to receive a DHA-enriched
fish oil supplement (containing at least 250 mg DHA and 60 mg EPA per day) or a placebo from
birth to six months. Developmental assessment occurred at 18 months via the Bayley Scales of Infant
and Toddler Development and the Child Behavior Checklist. Language assessment occurred at
12 and 18 months via the Macarthur–Bates Communicative Development Inventory. When compared
to placebo, the fish oil group had significantly higher erythrocyte and plasma phospholipid DHA
levels at six months of age. In a small subset analysis (about 40% of the total population), children in
the DHA-enriched fish oil group had significantly higher percentile ranks of both later developing
gestures at 12 and 18 months and the total number of gestures [97]. Supplementation of infant formula
with DHA and ARA (0.32% and 0.72% of total fatty acids, respectively) provided for the first 17 weeks
of life resulted in visual acuity scores similar to breastfed infants who performed better than control
formula fed children at four years of age [98]. However, linolenic acid (precursor to DHA) provided
via formula was ineffective in a separate trial in a similar measure of visual acuity at 16 and 34 weeks
of age [99]. These results suggest that dietary supplementation of DHA during the first year of life
likely leads to enhanced cognitive performance.

The studies cited above highlight the importance of maintaining sufficient intake of DHA during
both pregnancy and nursing. For example, Helland et al. found that the supplementation of pregnant
women with n-3 PUFAs from Week 18 of pregnancy through lactation conferred a cognitive benefit
to their children on an intelligence test at four years of age, and the cognitive benefits in the children
correlated significantly with maternal intake of DHA [87]. Furthermore, mathematical modelling
revealed that a 100 mg/day increase in maternal DHA intake resulted in a small but significant
increase in the intelligence quotient (IQ) of infants between 10 and 39 months of age [100]. Systematic
review of maternal DHA supplementation indicated that DHA supported mental development and
longer-term cognitive functioning of the child. When DHA was given to pregnant and lactating
women, an increase in maternal intake of 1 g per day of DHA increased the child’s IQ by 0.8 to 1.8
points [100]. However, when pregnant mothers were supplemented with 4 g of fish oil daily for a
shorter period (only during late gestation) no effects were observed on overall mental or psychomotor
development when measured at 10 months of age, but did positively affect hand and eye coordination
at 2.5 years [101,102]. Similarly, supplementation of infant formula with DHA (0.2% of total fatty
acids) for the first four months of infancy had no effect on Bayley Mental Index scores at 12 months of
age [103]. These data suggest that the best neurodevelopmental effects of DHA, including those on
cognitive performance, might be best achieved by exposure during both pregnancy and lactation [87].
Such findings emphasize the urgency of adequate intake of dietary DHA by pregnant and lactating
women to ensure the healthy development of the brain and visual system in their offspring.

3.2. Preterm Infants and DHA

As alluded to above, the rapid growth of the brain during the last trimester of pregnancy requires
a relatively high amount of DHA for proper brain development. Due to this circumstance, infants
born prematurely are uniquely susceptible to the effects of DHA deficiency. Moreover, the ability
of preterm infants to synthesize DHA de novo via elongation and desaturation of precursor fatty
acids is insufficient to make up for their substantial deficits in DHA tissue levels [104]. Beneficial
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effects of PUFA supplementation in preterm babies for cognitive [105] and psychomotor development
are well-established [106]. For example, Henriksen and colleagues showed that supplementation of
expressed mother milk with 32 mg DHA and 31 mg of the n-6 PUFA arachidonic acid (ARA; 20:4n-6)
per day resulted in better cognitive performance of premature infants weighing 1500 g or less at birth
when examined six months later [107].

PUFA supplementation of infant formula for preterm infants has consistently demonstrated
positive effects on aspects of neurobehavioral development [108]. High-DHA (approximately 1% total
fatty acids) formula was compared to standard DHA (approximately 0.3% total fatty acids) from Day 2
to 4 of life until term-corrected age in an RCT of preterm infants. At 18 months of age, infants born
at less than 1250 g in the high DHA group had a 50% lower likelihood of showing mental delay, as
measured by the Bayley Mental Delay Index (MDI), when compared to infants in the standard DHA
group [109]. In addition, an overall positive effect of DHA on MDI measured at 18 months of age
was only observed among girls, who had less than half the risk of mild mental delay and less than a
fifth of the risk of severe mental delay after high DHA supplementation compared to the standard
DHA group. This effect was strongest among infants of mothers with low level of education, while no
significant effect on mental development was seen among infants of mothers with higher education.
However, when the same group was studied seven years later no differences between high-DHA and
standard-DHA groups were evident in measures of weight, height, head circumference, or visual
function [110,111]. Overall, current data suggest that infants fed formula benefit greatly from standard
DHA supplementation and that this is especially important for preterm infants.

3.3. DHA during Infancy and the Relationship to Socioeconomic Conditions

The effect sizes associated with n-3 PUFA supplementation on postnatal growth and
neurodevelopment in infants are relatively small. This circumstance is likely due to study populations
that have been limited to formula-fed infants in high-income countries. Well-designed studies
examining the effect of postnatal PUFA supplementation on infant growth in low-income countries are
scarce, but some emerging data exist. For instance, a trial in rural Gambia that randomized 183 infants
to receive fish oil or olive oil placebo from 3 to 9 months of age resulted in significant increases of
growth parameters, such as mid-upper arm circumference and skin thickness in the fish oil group [112].
Interestingly, a recent Cochrane review came to the conclusion that, in high-income countries,
“there is inconclusive evidence to support or refute the practice of giving PUFA supplementation
to breastfeeding mothers in order to improve neurodevelopment,” a similar conclusion to that of
Scholtz et al. in a review highlighting the need for better study designs in future studies [113].
Nonetheless, the Cochrane review reported moderate positive evidence for measures obtained beyond
24 months related to language development and body weight in children. However, the authors
also reported neutral findings for outcomes related to child length, intelligence and problem-solving,
psychomotor development, motor development, and visual acuity among other measures. Most
positive effects were dependent upon a specific developmental stage (with some realized short-term at
birth to 12 months, and/or medium term at 12 to 24 months, and/or long term beyond 24 months).
Lastly, no side effects were reportedly associated with n-3 PUFA supplementation [114].

The financial resources of the family can impact maternal consumption of DHA via dietary or
supplementary means, ultimately affecting the DHA content of breast milk [115]. Studies of children
aged 3–5 years reveal a low intake of ALA, DHA, as well as total fat in low-income countries [116,117].
The intake of fatty acids, especially DHA, of pregnant or lactating women and their young children do
not meet the recommendations in many low-income countries [117,118]. Conversely, intake of the n-3
PUFA precursor ALA during pregnancy generally meets the recommendation in Mexico and the USA,
but does not in Chile, Bangladesh, and India [76,117,119,120]. In studies examining the intake of DHA
during pregnancy, none of the women in Mexico, Bangladesh or India met recommendations [76,117,120].
Postnatally, a decline in fat intake from 50% to 25% of energy between birth and 18 months is also
observed in children in developing countries, which is primarily driven by a decline in intake of
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mother’s milk. This decline intensifies further to about 15% of energy from fat by 2–3 years of age [112].
Importantly, the decline in breast milk intake leads to rapid reduction of dietary n-3 PUFA intake
whereas the n-6 PUFA intake remains relatively stable. Since n-6 and n-3 PUFA precursors compete for
the same elongation and desaturation enzymes, this increase in the n-6:n-3 ratio results in further
decreases in n-3 PUFAs beyond what is attributable to total ingested levels. These data highlight
the need for DHA supplementation in poorer communities in order to promote optimal cognitive
development and possibly socioeconomic development.

3.4. DHA and Cognition in Children

The effect of DHA supplementation on cognition during childhood is controversial, with studies
reporting no effects [121] or suggesting an improvement in verbal learning and memory [122]. Lower
total plasma n-3 PUFA concentrations in boys of 6–12 years are correlated with a greater number
of learning and behavior problems [123]. Children, 7–9 years of age, who were given an n-3 PUFA
enriched diet for six months exhibited significantly higher plasma and red blood cell DHA and
EPA levels, and these PUFA levels correlated with superior verbal learning, spelling and reading
abilities [122]. Moreover, activation of the prefrontal cortex, a brain region critical for executive function,
during a cognitive challenge was enhanced in 8–10-year-old normal boys who were supplemented
daily for eight weeks with 1.2 g DHA compared to placebo [124].

In the DHA Oxford Learning and Behavior (DOLAB) study, Richardson et al. performed an RCT in
362 healthy school children aged 7–9 years from mainstream primary schools in The United Kingdom
that initially underperformed in reading ability (bottom tertile). The children received either 600 mg
of algal DHA each day for 16 weeks or a corn or soybean oil placebo designed to match both taste
and color. Reading ability, working memory and behavior were measured using British Ability Scales
(BAS II) assessments and parent/teacher observations using the Conners’ Rating Scales. The results
showed subtle reading improvements across the sample, but significant results were observed in the
poorest-reading subgroup (lowest quintile). This subgroup experienced an eight-month improvement
in reading age after DHA supplementation. Moreover, parent-rated behavior problems (ADHD-type
symptoms) were significantly reduced by DHA supplementation. These data are valuable because, in
contrast to the well-known critical period for the beneficial actions of DHA on brain function during
prenatal development and early life, the DOLAB study showed that DHA can affect brain function
well beyond early development in healthy children [125].

In a recent Australian RCT, the question was asked whether supplementation of n-3 PUFAs or
n-6 PUFAs could improve cognitive performance in children [126]. A total of 616 term infants were
randomized to receive tuna fish oil (high in n-3 PUFAs) or sunflower oil (high in n-6 PUFAs) from the
time breastfeeding ceased or at the age of six months until the age of five years. Academic performance
was measured by the National Assessment Program Literacy and Numeracy (NAPLAN) in school
years 3, 5, 7 and 9. Plasma n-3 PUFA levels were measured at regular intervals until eight years of
age. No significant differences in NAPLAN scores were observed between active and control groups.
However, at eight years, n-3 PUFA levels in plasma were positively associated with the NAPLAN score
measured at five years of age. These data are encouraging, because the observed correlation between
the academic performance and n-3 PUFA levels was evident even though the supplementation had
stopped three years earlier. Furthermore, there are a few issues that may explain the lack of overall
effect in NAPLAN scale. First, the attrition of the test cohort was extremely high, and less than half of
the original study population completed the final assessment. This situation rendered the final test
size of the cohort too small to reveal statistical significance. Secondly, a relatively low amount of n-3
PUFAs were supplemented (135 mg of DHA and 32 mg of EPA), making it less likely to find significant
effects when assessing cognitive performance. Lastly, the authors acknowledged that the parents of the
children in the NAPLAN cohort were slightly older and more likely to be tertiary educated. Moreover,
the mothers were more likely to have fully breastfed than the mothers of those who did not consent to
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or provide NAPLAN data, making it very likely that background intake of n-3 and n-6 PUFAs would
also confound the results in this relatively prosperous group [126].

The positive effects of a diet rich in DHA on cognitive abilities may also have select sex differences.
A large cohort of USA children aged 6–16 years of age, who were part of the third National Health
and Nutrition Examination Survey (NHANES III), revealed cognitive benefits of higher n-3 PUFA
consumption in both boys and girls, but the effects were twice as prominent in girls [127]. The authors
speculated that the sex differences were due to a greater need for DHA in girls, since they need it not
only for their own growth and development, but also in order to accrue peripheral stores destined
to provide DHA for the neurodevelopment of their offspring. Indeed, recent animal work indicates
greater peripheral synthesis of DHA from its precursor ALA in females as compared to males, an effect
that emerges at the time of sexual maturity [128]. Interestingly, while the peripheral levels of DHA
(plasma and liver phospholipids) were higher, the brain levels were similar, leading the authors to
conclude similarly to Lassek et al. [127] that “the additional production of DHA in the liver of sexually
mature females was not particularly intended for the brain, but probably for storage and mobilization
upon future pregnancy.”

There is a fair amount of inconsistency between studies examining the effects n-3 PUFA
supplementation on cognitive performance in children or infants. Thus, there are several potential
reasons for varying results including genetic factors, study design and methodological flaws, etc. It is
also conceivable that genetic variation in fatty acid metabolism affects PUFA status. Potential genetic
and environmental factors are not typically considered when recruiting for a study, and they likely
contribute to some of the discrepancies between studies. Several study design considerations may help
to reduce data variability. For example, stratification of the study population based on baseline DHA
levels may help to avoid ceiling effects. It is also worthwhile to specify whether supplements should
be taken on an empty stomach or with food, since certain food matrices can affect the bioavailability
of n-3 PUFAs [129]. Using sensitive, standardized and validated analytical methods and cognitive
tests as well as sufficient statistical power, dose and supplementation duration might also help resolve
some supplementation effects. Importantly, the source of DHA (the particular type of fish flesh or oil,
organ meat, oils derived from algae or crustaceans such as krill, etc.) as well as the ratio of EPA to
DHA may affect the overall bioavailability of the n-3 PUFAs [130–132]. Assessment of tissue levels
of DHA is also critically dependent upon the sample assayed, where erythrocytes are preferred over
plasma fractions since their DHA content correlates better with peripheral and central concentrations
of DHA rather than being heavily influenced by recent dietary intake as is the case for plasma [133].
Furthermore, the consumption and tissue levels of other nutrients should be considered. Very recent
research published by Jernerén et al., [134] suggests that homocysteine (Hcy) status, which is affected
by B-vitamin status, may also determine the effects of n-3 PUFAs on cognitive decline and dementia
(discussed in a subsequent section). Thus, B-vitamin status may explain some more of the inconsistent
data across n-3 PUFAs supplementation trials. Last, but not least: it is important that the supplemented
materials are of high quality, the source is completely defined, and the dosages are clearly defined and
validated. In summary, assessments of dietary intakes of DHA suggest that pregnant and lactating
women and young children often do not meet recommendations. Improving the dietary habits of
mothers-to-be, pregnant and lactating women, and infants and children, with a particular focus on
consuming high-quality sources of DHA, may be feasible strategies to enhance tissue levels and reap
the corresponding developmental and cognitive benefits.

3.5. Mechanisms of DHA Actions during Development

As already outlined, DHA is accumulated in the brain tissue mainly during the second half
of pregnancy and during the first two years of life [135]. Currently the consumption of one to two
portions of fish per week, including oily fish, which is a rich source of DHA, is recommended. The
challenging question is: What are DHA’s actions in the developing brain that lead to gains in cognitive
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function? This question is far from being answered, but several pathways can be identified, many of
which overlap with those occurring during adulthood and aging (described in a subsequent section).

DHA, as the most abundant n-3 PUFA in the brain and retina, contributes to the structure
of brain cell membranes. DHA is also implicated in neurogenesis, neurotransmission, and cell
survival within the CNS [136,137]. DHA contributes to cell membrane fluidity [138] and to signal
transduction within the CNS by activating cell membrane receptors [135]. DHA also alters gene
expression in mammalian brain tissue [139,140] that influences neurite outgrowth and learning and
memory [141,142]. The process of neurite outgrowth in hippocampal neurons is enhanced by DHA,
which may in turn promote learning [141]. Growth of neurites requires the accumulation of lipids
in new membranes, and DHA helps to organize lipid raft domains in the membrane by pushing
cholesterol into these structures important for neurite extension, myelination, and membrane-mediated
signaling [143–146]. Also important for neurite outgrowth, DHA enhances protein kinase B (PKB;
also known as Akt) signaling and in turn the mTOR (mechanistic target of rapamycin) complex,
which promotes neuronal growth [147,148]. DHA improves learning and memory by facilitating
the formation of pre- and postsynaptic proteins that enable synaptic transmission and long-term
potentiation (LTP) [149]. Under oxidative stress, DHA can promote repair and growth of neurons by
activating peroxisome proliferator-activated receptor gamma (PPAR) and through its activating effect
on syntaxin-3 (STX-3) [150].

DHA is deposited within the cerebral cortex at an accelerated rate during the last trimester of
gestation and during the first two years after birth, rendering this phase of neuronal development
particularly vulnerable to nutritional insufficiencies [151]. This early accelerated rate of DHA
deposition coincides with the onset of myelination, a process that is sensitive to DHA accumulation
and stores [54,152]. Notably, animal data show that it is physiologically difficult to reverse the effects
of early brain DHA depletion [153] and that reduction of n-3 PUFAs in the diet negatively affects DHA
concentrations within the brain [154–156]. Studies in non-human primates show that low DHA levels
are associated with deficits in the visual system, in brain functions [157], and in motor capabilities [158].
Furthermore, animal models provide solid evidence that the consequences of dietary DHA deficiency
are a high n-6 to n-3 PUFA ratio in brain fatty acid composition and deficiencies in learning and
memory behaviors [142,159], possibly due, in part, to negative impacts on neurite outgrowth and
myelination [160].

4. DHA and Cognition in Adulthood and Aging

4.1. DHA during Adulthood

Cognitive function reaches its peak during middle adulthood. Thus, the detection of measurable
effects of DHA consumption requires lengthy observational or treatment periods, and measurable
effects are most effectively observed in cases of DHA-insufficiency or cognitive impairment. Indeed,
a recent meta-analysis by Abubakari et al. [161] of 12 RCTs in adults found no effect of n-3 PUFAs
on cognitive measures. However, the authors selected trials with subjects exhibiting a multitude of
baseline cognitive conditions and/or subjects diagnosed with psychiatric conditions such as depression
and schizophrenia, in addition to cognitive test parameters that likely clouded any measurable effect
of n-3 PUFAs. Another recent meta-analysis of 34 RCTs found no effect of n-3 PUFA supplementation
on cognitive performance, but the investigators combined trials performed with children, adults and
elderly without performing any subgroup analyses that considered age or dose [162]. This limited
their conclusions greatly since assessment of cognitive function is highly dependent on developmental
timeline and age. Conversely, a well-designed meta-analysis by Yurko-Mauro and colleagues revealed
that DHA + EPA supplementation improves episodic memory outcomes in adults with mild memory
complaints, an effect primarily attributable to daily DHA doses above 580 mg [163].

Observational studies suggest a correlation between blood levels of DHA and cognition in healthy
adults. For example, higher serum DHA levels were associated with better non-verbal reasoning,
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mental flexibility, working memory and vocabulary in 35 to 54 year-olds with no neuropsychiatric
disorders and no supplemental fish oil use [164]. In an extension of this study, Leckie et al. [165] found
that a higher ratio of DHA to ARA in serum counteracted the negative effect of low physical activity
on both working memory and the trail marking task. This is important since physical activity can
increase gray matter volumes and reduce the overall risk for Alzheimer’s disease [166,167].

RCTs performed with adults report mixed results for DHA and n-3 PUFA supplementation on
cognition. Supplementation of healthy adults from 18 to 70 years of age with 850 mg DHA and 630 mg
EPA daily for 12 weeks had no appreciable effect on cognition [168]. Likewise, supplementation of
young adults (18 to 35 year-olds) with 1000 mg DHA and 200 mg EPA for 12 weeks had no significant
cognitive effects [169]. Furthermore, daily supplementation with 250 mg DHA and 1740 mg EPA in a
college-age cohort for four weeks had no effect on attention, memory, or inhibitory responses [170]. In
contrast, another study performed with college-age students and a higher daily DHA dose (480 mg
DHA and 720 mg EPA) for four weeks found improvements in verbal learning and memory in the
supplemented group despite the very short treatment interval [171]. Similarly, Stonehouse et al. (2013)
reported improvement of episodic and working memory in 18 to 35 year-olds provided a high-DHA
supplement containing 1160 mg DHA and 170 mg EPA daily for six months compared to placebo
controls [172]. Interestingly, the effect on episodic memory was driven primarily by the women in
the study, whereas the men were largely responsible for the effect on working memory. This is not
completely surprising given the existence of sex differences in particular cognitive domains, including
spatial working memory [173,174]. Recently, it was also shown that deficits in episodic memory
observed in lonely individuals was prevented by n-3 PUFA supplementation for four months [175].
These data suggest that detecting cognitive effects in adults likely requires substantial levels of DHA
provided for extended treatment periods in an experimental cohort with a relatively narrow age range.

4.2. DHA during Normal Aging

The age demographics of the global population is shifting as lifespans increase over time due in
part to advancements in medicine and positive economic development. The segment of people 65 and
older is projected to triple to 1.5 billion globally by 2050 (WHO, [176]). Unfortunately, cognitive ability
declines naturally with age even in the healthiest of individuals. This decline is typically subtle, but it
is nonetheless undesirable and ultimately affects the quality of life. Environmental factors such as diet,
exercise, and DHA consumption can positively affect the normal aging process and overall mental
health and performance.

Total gray matter volume declines with age [177], matching a parallel decrease in DHA
composition [178]. This drop in DHA may be partially due to changes in activities for the
enzymes responsible for DHA accretion into phospholipids [179,180] or to shifts in plasma
pharmacokinetics [181]. Importantly, n-3 PUFA intake is positively correlated with gray matter
volume in adults [182] and in brain regions responsible for cognition in normal, elderly adults [183].
During normal aging there is a gradual 10%–15% loss of total neuronal synapses resulting in a cognitive
decline that is typically noticed around age 65 [184], and an increasing risk of dementia that is largely
negligible before age 60 [185]. However, processes leading to neuronal loss and the impairment of
brain functions may be active at much younger ages [186]. For example, in susceptible young adults,
an age-related reduction of neurons in the brain is reported [187]. Of note, declines in episodic memory
can begin as early as 20 years of age [188].

Support of the clinical findings above can be found in preclinical animal experimentation, in
which age-related neuronal loss was shown to begin at the end of adolescence in rat brains [189]. Total
synaptic loss is the best correlate of cognitive decline during aging, as overall synaptic density affects
cognitive ability [190]. Increases in oxidative stress and inflammation in both nervous and immune
systems also occur with aging [191], leading to DNA damage and telomere shortening. DHA has
proven synaptic effects that improve synapse strength and numbers, and DHA can help prevent or
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mitigate oxidative stress and neuroinflammation. These actions will be discussed in more detail in the
section on potential DHA mechanisms during aging.

Many observational studies have linked dietary consumption of n-3 PUFAs, and DHA in
particular, with improvements in cognitive function and/or reductions in cognitive decline in healthy,
aging populations. For example, DHA intake was correlated with performance and speed in a verbal
learning test performed in a cohort of 45 to 70 year-old healthy individuals [192]. Van Gelder et al. [193]
performed a prospective study using longitudinal data that calculated EPA + DHA consumption at
baseline and at five years later in 70 to 89 year-olds and found that the decline in baseline mini-mental
state exam (MMSE) scores was negatively associated with dietary EPA + DHA levels. In a group
of 65 to 80 year-old healthy individuals, consumption of greater than 2.1 g of n-3 PUFAs per day
was associated with better memory and executive function [194]. Velho et al. [195] reported that, in a
cohort of healthy elderly (over 65 years-old), those that improved their MMSE scores at 8.5 months
from baseline had higher consumption of n-3 PUFAs than those who did not show improvements.
Cross-sectional analysis of elderly Spanish residents (N = 304), with an average age of 75 years-old,
found a positive correlation between dietary DHA consumption and MMSE scores and that lower DHA
intake was a predictor of cognitive impairment [196]. In a large cohort of Chinese adults (average age
of 65; part of the Singapore Longitudinal Aging Studies) the daily consumption of fish oil supplements
was associated with higher baseline MMSE scores and a lower risk of decline in cognition over a
1.5-year span [197]. Titiova et al. [198] more recently reported a prospective observational study in
a healthy elderly population where baseline dietary DHA intake levels at age 70 were positively
correlated with larger gray matter volume and declarative memory test performance (seven minute
screen) at age 75. In a larger prospective study using data from the China Health and Nutrition Survey,
Qin et al. [199] examined the decline in global cognitive scores over an average of 5.3 years in a group
of Chinese adults (N = 1566, mean age 63 years old). This study detected a positive correlation between
at least one serving of fish per week and slower declines in global cognitive function, composite and
verbal memory scores. Finally, most recently del Brutto et al. [200] reported on a cohort from a rural
middle-to-low income area of Ecuador that cognitive function as measured by Montreal Cognitive
Assessment (MoCA) scores was positively related to the number of fish servings per week, and the
data suggested an intake of at least four fish servings per week was best.

While dietary DHA intake is a convenient measure, there are inherent flaws in the reliability and
accuracy of data acquired from food frequency questionnaires [201]. Therefore, studies that measure
tissue levels of DHA could provide a more appropriate measure of current and past DHA status in
relation to cognitive performance. Indeed, some but not all observational studies have linked DHA
concentrations in blood with overall cognition and select cognitive domains. For example, a recent
study measured the cognitive function of 2157 postmenopausal women at baseline and annually for
six years and found no correlation between erythrocyte DHA + EPA and cognitive performance in
seven cognitive domains at baseline or over time [202]. On the other hand, the Etude du Vieillissement
Arteriel (EVA) cohort of French 63 to 74 year-olds exhibited a reduced risk of overall cognitive decline
over four years in those with higher erythrocyte n-3 PUFA content [203]. Dullemeijer et al. [204]
performed a cross-sectional longitudinal study in a Dutch cohort (50–70 years old) and found that
higher plasma concentrations of total n-3 PUFAs at baseline was associated with less decline in
sensorimotor and complex speed-related cognitive domains three years later. However, they did
not observe associations with changes in memory, information-processing speed, or word fluency.
Whalley et al. [205] performed a battery of cognitive tests in a Scottish cohort at ages 64, 66, and
68 years old and found a positive correlation between overall cognitive performance over time and
erythrocyte DHA content at baseline (64 years old). Interestingly, this effect was only apparent in
the absence of the ApoE4 allele, indicating a genetic influence on the link between peripheral DHA
levels and cognition. The Framingham Offspring Study performed in a large group of elderly women
(mean age 67 years old) reported that the women with erythrocyte DHA levels (but not EPA) in the
lowest quartile had lower brain volume and poorer scores for visual memory, executive function, and
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abstract thinking than those in the top three quartiles [206]. Lower serum DHA (but not EPA) was
also found in a small selected case study group of elderly with reduced performance in the MMSE
compared to a cognitively healthy control group [207]. In this study, DHA serum concentrations were
correlated with performance on a majority of the tests (memory, attention, and mental flexibility).
Recently, Otsuka et al. [208] reported results of a cross-sectional longitudinal study in Japanese elderly
adults that revealed a link between low serum DHA levels and a greater risk for cognitive decline
over a decade as measured by the MMSE. This is especially profound given that elderly Japanese have
twice the circulating levels of DHA as compared to similar cohorts in England [208,209]. Overall, these
reports provide a suggestive link between the tissue levels of DHA and cognition during aging.

Data from RCTs in healthy aging adults has been historically sparse, but recently more trials have
been reported, with some mixed but generally positive effects of DHA and n-3 PUFA supplementation
on cognition. Initial reports indicated no differences in overall cognition in a group of elderly
individuals over 65 years of age receiving daily high or low dose fish oil for 26 weeks, however
subgroup analysis did reveal improvements in attention in those with the ApoE4 genotype [210].
Similarly, Dangour et al. [209] found no effect of daily n-3 PUFA supplementation for two years on
cognitive measures in a group of 70 to 79 year old healthy individuals. However, controls in this
study did not have a decline in cognitive performance over the two-year span, possibly masking any
potential effect of DHA. Additionally, Stough et al. [211] reported no effect of daily DHA (252 mg) for
90 days on cognition as measured by Cognitive Drug Research (CDR) scores, however this cohort
included a wide range of ages (45 to 80) and a small sample size, making interpretations difficult. In
contrast, a combined supplementation of 800 mg DHA and 12 mg lutein for four months in healthy
60 to 80 year-old women, improvements in verbal fluency, memory scores, and rate of learning were
seen [212].

More recent RCTs have yielded more compelling results than the earlier work. The Memory
Improvement With Docosahexaenoic Acid Study (MIDAS) study, performed by Yurko-Mauro and
colleagues [213], provided 900 mg of DHA or a placebo daily for 24 weeks in 485 healthy elderly
individuals (mean age of 70 years-old) who had a self-reported mild memory complaint and a MMSE
score over 26 (cognitively normal). Those supplemented with DHA exhibited improved episodic and
visual recognition memory, but not in executive or working memory, and plasma DHA levels were
directly correlated to scores in episodic memory. Furthermore, Vakhapova et al. [214,215] reported
benefits in an elderly population with memory complaints (non-dementia) of improved immediate
recall memory and sustained attention when provided a daily 300 mg DHA-phosphatidylserine
supplement for 15 weeks. In a cross-over RCT, Nilsson et al. [216] reported a benefit of 3 g daily n-3
PUFA supplementation (1050 mg DHA) for five weeks in measures of working memory and selective
attention in a group of middle age to elderly subjects. It is intriguing to think that the metric used
by Yurko-Mauro et al. and Vakhapova et al. of a mild subjective memory complaint might be an
early correlate of age-related cognitive decline, and their findings could indicate the potential power
of DHA supplementation during the long, early and undetectable phases of cognitive impairment
and dementia.

Recent RCTs have also associated the cognitive benefits of DHA with neurophysiology or
anatomical changes in the brain. Witte et al. provided n-3 PUFA supplementation (880 mg DHA
and 1320 mg EPA) for 26 weeks in healthy subjects (age 50 to 75) and found improvements in
executive function, white matter integrity, gray matter volume, and parameters of neurovascular
function compared to individuals provided a placebo. Tokuda et al. [217] provided 55 to 64 year
old Japanese men who already consumed an average of 543 mg DHA per day and had substantial
plasma DHA levels (7.0% of fatty acids) a supplement containing 300 mg DHA, 100 mg EPA, and
120 mg of ARA daily for four weeks. They report that treatment prevented a decline in auditory
event-related potential (ERP) latencies (a measure of cognitive processing speed) that was observed
in the placebo group. Deficits in auditory ERPs are typically observed in Alzheimer’s disease [218].
Finally, a very recent study reported by Strike et al. [219] suggests that a combined supplemental
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approach may be beneficial. They gave a group of postmenopausal women between the ages of
60 and 84 years-old a daily supplement containing 1000 mg DHA, 160 mg EPA, 240 mg ginkgo biloba,
60 mg phosphatidylserine, 20 mg tocopherol, 1 mg folic acid, and 20 g vitamin B12 for six months and
found a shorter mean psychomotor response latency (a measure of information processing speed) and
verbal recognition memory in the treatment group relative to the placebo group. They did not detect
any changes in executive function or paired associate learning. In totality, data from studies reporting
the effect of dietary DHA consumption, blood DHA concentrations, and supplementation with DHA
on parameters of cognition in normal aging individuals provide a substantial argument for obtaining
sufficient amounts of DHA via dietary or supplemental means during aging.

4.3. DHA and Cognition in Mild Cognitive Impairment and Dementia

During aging, an increasing share of the resources available for normal cellular maintenance
are spent on repair mechanisms needed by the cell to cope with the cumulative effects of oxidative,
inflammatory, and other environmental insults. With this shift in demand, any diminished availability
of energy, as a result of poor mitochondrial function, may result in neurodegenerative processes that
can lead to neuronal loss and eventually to cognitive impairment, dementia, or other neuropsychiatric
maladies. Unfortunately, neurodegenerative processes and neuronal cell death occur well before
clinical signs of cognitive deficits are confirmed [186]. Dementia is not a disease itself, but rather a group
of chronic symptoms that are common to several neuropsychiatric disorders (Alzheimer’s disease
(AD), Lewy body dementia, Parkinson’s disease, etc.). Dementia symptoms, such as deficits in memory,
language and executive function, lead to poor cognitive function in these individuals [186]. Dementia
often results in poor self-care that can lead to inadequate nutrition, which could potentially exacerbate
the cognitive deficits. In the most severe cases of dementia there is a loss of functional independence
that results in institutionalization. Worst-case scenarios occur in low- and middle-income, developing
countries where access to nutrient-dense foods and the ability to afford medical and functional care
are leading to exponential growth in dementia prevalence rates [220].

There is a normal degradation in cognitive ability and brain atrophy with age [221,222]. However,
the rate of atrophy is markedly higher in mild cognitive impairment (MCI) and dementia. The atrophy
rate is especially high in the subgroup of MCI subjects that eventually develop clinically diagnosed
AD [223], the most prevalent neurodegenerative disease. Approximately half of all individuals with
MCI progress into AD within five years. Furthermore, brain glucose metabolism decreases 10%–15%
during normal aging, and the extent of cognitive decline in MCI and AD is associated with the degree
of glucose metabolism loss (nearly 35% in some brain regions; [224–226]). Preclinical animal studies
have convincingly shown that DHA provided over a substantial amount of time can reduce neuronal
loss and improve learning and memory as the animals age (For meta-analysis, see [227]). However,
studying the effects of DHA on the risk of dementia is very challenging given the low incidence rates in
cognitively healthy individuals. Some estimates have called for nearly 50,000 participants at baseline
for proper statistical power [228], whereas the rate of cognitive decline during dementia is a more
accessible measure. In addition, changes in cognitive domains are dependent upon the specific type
of dementia. For example, early changes in AD are seen in episodic memory, whereas in vascular
dementia early deficits in executive function are seen. Later stages of dementia and AD involve a
multitude of cognitive domains.

Observational studies have linked the consumption of n-3 PUFAs with a lower prevalence of
dementia [229] and lower overall risk of developing dementia [230]. Albanese et al. found a significant
dose-dependent decrease in dementia relative to fish intake in a large group of subjects (14,960) residing
in middle-to-low income areas [229]. The Three-City cohort study of 8085 French residents over the
age of 65 found an inverse relationship between fish consumption and overall risk of dementia over a
four-year timeframe in ApoE4 non-carriers (80% of subjects) [230]. Blood levels of DHA have also been
tied inversely to mild cognitive impairment (MCI) and dementia. For instance, in the Framingham
study, plasma phosphatidylcholine fatty acid content was measured in 899 subjects with an average age
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of 76 and no dementia at baseline. When re-assessed for cognitive ability nine years later, individuals
in the top quartile for baseline plasma PC-DHA levels had a 47% lower risk of all-dementia (grouped
with AD) versus the other three quartiles combined. No other fatty acid was significantly correlated
(including EPA), and food intake surveys revealed that this quartile had an average DHA intake of 180
mg per day [231,232]. Cherubini et al. [233] also reported higher levels of plasma DHA in cognitively
normal subjects as compared to those with dementia in an aging Italian cohort. With regards to MCI,
Milte et al. [234] detected higher levels of the n-6 PUFA docosapentaenoic acid (DPAn-6; 22:5(n-6)) in
the erythrocytes of MCI patients relative to healthy controls. More recently, Yin et al. [235] reported
lower blood levels of DHA in amnestic and multi-domain MCI patients as compared to normal control
subjects. These are intriguing findings since the DPAn-6 replaces DHA in the brain during DHA
deficiency in an inefficient attempt to retain function.

Combinations with other nutrients are likely also important. Interesting results from the
homocysteine and B vitamins in cognitive impairment (VITACOG) trial were very recently published
in which 168 patients with MCI (ě70 years of age) were given placebo or high dose Hcy-lowering B
vitamins (folic acid, B6, B12) and assessed for brain atrophy via MRI at baseline and at a two-year
follow-up [134]. B vitamin treatment reduced the brain atrophy rates by 40%, an effect only observed
in the subgroup with the highest tertile of baseline plasma n-3 PUFA levels. Baseline plasma DHA, but
not EPA, was a significant predictor of reduced yearly brain atrophy rate in those who took B vitamins,
but not in placebo controls. Thus, the DHA status of the MCI patient affected the correlation between
vitamin B supplementation and brain atrophy, and possibly cognitive decline by extension. It would be
interesting to determine whether the Hcy and DHA status of the MCI subject affects or predicts the rate
of conversion from MCI to dementia (about 5%–10% per year). If so, perhaps supplementation with
B vitamins in combination with DHA in MCI patients would be an effective prophylactic treatment
aimed at reducing the risk of further cognitive decline and the development of dementia.

RCTs have provided evidence indicating largely positive effects of n-3 PUFA supplementation
on cognitive measures in subjects with MCI or dementia. Early evidence from Terano et al. [236]
indicated improved dementia scores in patients with moderately severe dementia caused by
thrombotic cerebrovascular disorder who received 720 mg of DHA daily for 12 months. Combined
supplementation with DHA (240 mg) and ARA (240 mg) daily for 90 days was shown to improve
attention and immediate memory in patients with mild cognitive dysfunction [237]. Furthermore,
supplementation with 720 mg DHA and 1080 mg EPA daily for 24 weeks in MCI patients improved
their scores in the Clinician’s Global Impression of Change (CIBC)-plus and Alzheimer’s Disease
Assessment Scale (ADAS)-cog [238]. Sinn et al. [239] administered several doses of n-3 PUFAs,
including high EPA (1670 mg), high DHA (1550 mg), or high LA (2200 mg) daily for six months
in MCI patients and detected improvements only in the high DHA group particularly for Initial Letter
Fluency, a measure of fluid thinking ability. The other cognitive measures did not show any differences,
but the baseline erythrocyte DHA levels in this study were higher than those of Chiu et al. (5% vs. 4.2%).
In a small, preliminary trial of 25 MCI patients, administration of a high-DHA (1440 mg) supplement
also containing small amounts of EPA, tryptophan, phospholipids, and melatonin daily for three
months improved MMSE scores, semantic verbal fluency and olfactory sensitivity [240]. The benefits
of DHA on cognition in MCI may be dose-dependent since a recent report found no effect of daily
supplementation with 180 mg DHA plus 120 mg EPA for 180 days in mild to moderate MCI patients
on scores in the MMSE and Abbreviated Mental Test (AMT) [241]. Overall, optimal tissue levels of
DHA are important in reducing the likelihood of developing, and improving the symptoms of, MCI
and dementia.

4.4. DHA and Cognition in Alzheimer’s Disease

AD is a uniquely human, progressive neurological disease resulting in hallmark neuropathology
consisting of senile plaques, neurofibrillary tangles, neuronal atrophy, and abnormal brain glucose
metabolism. AD accounts for more than 70% of dementia cases and has an estimated worldwide
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prevalence of about 4.4% of the population over 65 years old [242]. This prevalence is expected to
grow from 5.2 million Americans in 2014 to 13.8 million Americans and to 115 million people globally
by 2050 (Alzheimer’s Association 2014 report [243], WHO 2012 Dementia Report [244]). Deaths from
AD rose by 66% in a recent eight-year span, highlighting the lack of efficacious therapeutic options
currently available, aging societal demographics, and shifting environmental impacts such as nutrition
and physical activity [186]. A recent study in Medicare fee-for-service beneficiaries in the US found
that the average total cost for a patient with dementia during the final five years of life was nearly
$300,000. The out-of-pocket expenses during the final five years of life were approximately 80 times
more for dementia patients when compared to those with heart disease or cancer [245]. Caretaking
costs associated with dementia and Alzheimer’s in the US is not generally reimbursed by Medicare,
and these costs often completely deplete the household wealth of the patient and/or family member
caretakers. Unfortunately, no therapeutic cure is currently available, and few investigational new
drugs are currently being tested as pharmaceutical companies have traditionally experienced frequent
failures in attempts to find efficacy [186,246].

Late onset sporadic AD (LOAD) is the most prevalent form of AD and has the lowest identifiable
link to genetics. Therefore, LOAD may be most sensitive to environmental factors, such as diet
and DHA intake. This is especially true given that neuropathological changes occur decades before
clinically identifiable cognitive deficits, providing a long window of time for the cumulative effects
of environmental factors to affect the manifestation of the disease. Traditionally, clinical studies have
focused on later stages of the disease, when the disease neuropathology appears to be intractable and
resistant to therapeutic approaches. AD affects 32% of people over 85 years old [247], and age is the
single greatest risk factor, suggesting that even AD can be considered normal physiological aging.

Brain DHA composition likely plays a role in AD. The brains of non-DHA supplemented
Alzheimer’s patients have 65–95 nmol/g of unesterified DHA, much less than normal controls
(110 nmol/g; [248,249]). Furthermore, deficient liver biosynthesis of DHA has been observed
in AD patients, where it appears that DHA biosynthesis halts at the last β-oxidation step from
tetracosahexaenoic acid (24:6n-3) to DHA [248]. However, this is likely a minimal source of DHA (vs.
preformed via diet). Recent data also suggests that AD patients have problems processing DHA [61],
therefore the magnitude of DHA’s effects may be less in later stages of the disease [250]. Phospholipids
PC and PE from various brain regions (particularly hippocampus) in the AD brain have reduced DHA
content compared to control brains, further implicating DHA in the etiology of the disease [251,252].

Observational studies are generally supportive of a preventative role of dietary n-3 PUFAs and
DHA with regards to risk and incidence of AD. Morris et al. [253] found that one or more servings
of fish per week (or about 200 mg of DHA) was associated with a 60% lower risk of developing AD
and that total intake of DHA (but not EPA) was also a determinant of lower AD risk. Furthermore,
patients with early stage AD reportedly have lower dietary intakes of n-3 PUFAs as compared to
healthy individuals [254]. Very recently, the AD Neuroimaging Initiative trial reported results in
229 normal, 397 MCI, and 193 AD patients assessed frequently over a two-year period. They found
significant correlations between fish oil supplement use and lower brain atrophy in the hippocampus
and cortical gray matter areas across all subjects [255]. There is some inconsistency in the reports of
blood DHA levels in AD patients likely due to altered DHA pharmacology and bioavailability and
the particular tissue or lipid fraction analyzed. One of the earlier reports indicated that total PL, PC
and PE isolated from the plasma of subjects with AD, dementia, or cognitive impairment no dementia
(CIND) contained less DHA than found in healthy elderly controls [256]. Furthermore, Tully et al. [257]
reported that community-living elderly with AD had approximately half the serum concentrations
of cholesteryl ester-DHA in comparison to non-dementia controls. These data also indicated
that DHA and total saturated fatty acid levels were determinants of the clinical dementia rating.
Wang et al. [258] found that lower scores on the MMSE in mild and moderate AD patients were
associated with lower erythrocyte DHA content. More recently, Lopez et al. [259] evaluated an elderly
cohort with an average age of 80 years-old for dementia and blood DHA levels. They reported that
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plasma DHA levels in the highest tertile had 65% reduced odds of all-cause dementia and a 60%
reduced chance of AD, an effect that was recapitulated with dietary intake questionnaire data (highest
tertile of DHA intake had 72% reduced odds of developing AD). Phillips et al. [260] also found positive
correlations between composite memory scores (verbal reasoning, contextual, visual, and verbal
memory) and overall cognitive status with plasma PC-DHA content across a cohort of normal elderly,
cognitive impairment no dementia, and AD subjects.

RCTs investigating the therapeutic potential of DHA in improving the symptoms of AD are scarce
and have mixed results at best. One of the first studies was performed by Kotani and colleagues [237],
where they supplemented AD patients for 90 days with a daily dose of 240 mg DHA plus 240 mg ARA.
This study found no significant changes in the repeatable battery for assessment of neuropsychological
status test (RBANS; test five main cognitive domains). It would have been intriguing if Kotani et al.
had a DHA-alone group to assess any potential counteractive effects of ARA in the combination
administration. Subsequently, initial results from the OmegAD study in 174 mild-to-moderate AD
patients (mean age 74) provided 1720 mg DHA plus 600 mg EPA daily for six months found no changes
in ADAS-cog, MMSE, or Alzheimer’s Prevention Initiative (API) tests [261,262]. However, in this early
report of the OmegAD study, they did discover that a small subset of AD patients with milder cognitive
dysfunction had lower declines in MMSE scores after supplementation. The next reported study was
a small preliminary RCT that dosed AD patients for 24 weeks with a daily supplement containing
720 mg of DHA and 1080 mg of EPA. It reported improvements in the Clinician’s Interview-Based
Impression of Change Scale (CIBIC-plus), but not the ADAS-cog score [238]. Subsequently a large
(N = 295), multi-center (51) study was reported by Quinn and colleagues [250], where they provided
approximately 1000 mg of algal DHA daily for 18 months to patients with mild to moderate AD.
They did not detect any differences in ADAS-cog or clinical dementia rating, suggesting that DHA
is likely more effective as a prophylactic rather than a therapeutic treatment for AD. Interestingly,
DHA-treated subjects in the ApoE4 negative subgroup had less decline in ADAS-cog and MMSE
over time versus placebo, indicating a potential genotype dependence for DHA’s effects in AD. Most
recently, updated results have been described by the investigators of the OmegAD study where they
have analyzed the levels of n-3 PUFAs present in the plasma acquired at baseline and after six months
of the high-DHA supplement [263]. They report that increasing plasma levels of DHA in these AD
patients was tied to preservation of cognition as measured by ADAS-cog scores. Higher concentrations
of plasma DHA resulted in a lower rate of cognitive decline, an effect that was similar across genders.
Cerebrospinal fluid (CSF) measures were also obtained in a small group of patients (N = 33) from the
OmegAD study [264]. The patients in the treatment group had significant increases in the concentration
of DHA in the CSF, and these concentrations were inversely correlated to CSF levels of tau (total
and phosphorylated) and directly proportional to CSF levels of interleukin (IL)-1 receptor type II
(anti-inflammatory effect). Tau levels are elevated during the prodromal phase (total tau) and clinical
phase (phosphorylated tau) of AD, and these intriguing results suggest that DHA may be able to
mitigate this increase to some extent.

The role of DHA in aging and dementia continues to be an emerging area of research, and more
clinical work is certainly warranted given the limited, yet promising results thus far. The later stages of
AD are largely intractable, so emphasis should be placed on prophylactic and early-stage therapeutic
uses of DHA. Recent negative RCTs in AD patients have been focused on symptomatic effects in already
diseased individuals, where significant and irreversible neuronal loss has occurred. DHA effects may
be best determined with the disease-modifying effects of DHA focused upon in a large secondary
population with mild cognitive complaints (much like the MIDAS study), along with several risk factors
for dementia and AD (e.g., ApoE4, cardiovascular disease, low n-3 PUFA levels, early plasma AD
biomarkers, etc). Pre-planned analysis of DHA effects within specific subgroups (dementia, genotype,
baseline indicators, etc.) on repeated measures of cognitive function over a substantial amount of time
is preferable, but this approach would certainly be costly and time-consuming. Nonetheless, these
types of trials are needed to determine the prophylactic effects of DHA and the population subgroups
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that may benefit the most. In this regard, the ability of DHA to save neurons, and ultimately cognitive
capacity, from a seemingly predestined fate could be determined. Considering that the aging of the
brain occurs over decades, a general recommendation for maintaining DHA consumption throughout
adulthood seems appropriate given the substantial data in aging populations, regardless of cognitive
ability or disability.

4.5. Mechanisms of DHA Actions during Aging

Many of the effects of DHA during aging likely occur via several of the same pathways utilized
during development. These include those important for neuron growth and survival, maintenance of
myelination, reduction or resolution of inflammation, synaptic plasticity, membrane receptor function
and lipid raft organization. There is certainly overlap with mechanisms of DHA action between
normal and pathological aging. For example, the human brain contains extensive myelination that
requires resource-demanding maintenance and repair, and oligodendrocytes, the primary myelinating
cell of the CNS, require 2–3 times more energy other brain cell types [265]. It is this homeostatic
maintenance and repair of myelin that some researchers consider the weakest link in maintaining
brain health in the face of environmental insults and undesirable genetic factors. Myelin sheath
abnormalities and defects are observed in normal aging, and white matter is affected in the initial stages
of neurodegeneration [266]. Additionally, brain regions myelinated last in development are first to be
affected in AD [267], suggesting a unique susceptibility of these late-myelinated areas to white matter
defects and degeneration [268]. These observations have led to the hypothesis that amyloidogenesis
and hyperphosphorylation of tau might be byproducts of pathological strain on myelin homeostatic
processes, rather than causes [269]. The brain sacrifices axonal transport mechanisms for the sake of
saving myelin and/or as a result of poor glucose uptake and overwhelmed anti-oxidative capacity
of the neuron. These circumstances often result in synaptic loss and axonal degeneration [269,270].
Interestingly, Virtanen et al. [271] found that, in a large cohort of elderly subjects (N = 3660; ě65 years
old), higher plasma DHA was associated with a better white matter grade as measured by MRI as well
as a lower risk of subclinical brain infarcts. White matter intensities are a predictor of AD conversion
in MCI subjects, and silent brain infarcts are associated with more precipitous declines in cognitive
functions over time [272].

DHA also likely has cardiovascular benefits throughout adulthood leading to better perfusion
of the brain. These benefits include lower blood pressure, improved vasoreactivity, dampened
hepatic triglyceride synthesis, and reduced platelet aggregation. The brain is decidedly the most
perfused organ of the human body [273], and cardiovascular diseases (common with aging) increase
the risk of developing dementia [274]. Vascular dementia is the second most common form of
dementia behind AD, and cerebral blood flow reductions and vascular pathologies are often reported
in AD [275,276]. Jackson and colleagues [277] provided young adults (mean age of 22 years old)
DHA-rich oil, EPA-rich oil, or placebo daily for 12 weeks and reported increased cerebral blood flow
as measured by concentration of oxygenated hemoglobin in the DHA group as compared to placebo
controls. There was no effect of high-EPA oil treatment on blood flow. This is in line with results from
Beydoun et al. [278], who observed a positive correlation between n-3 PUFAs levels in plasma and
cognitive performance in hypertensive and dyslipidemic middle-aged people. Moreover, this
correlation was stronger than what was observed in healthy individuals. In addition, Baierle et al. [207]
found that both increased blood Hcy levels (a risk factor for cardiovascular disease) and reduced
serum DHA levels were associated with decreased cognitive performance in healthy elderly. DHA
can alter the expression of genes encoding enzymes important for Hcy metabolism, methionine
adenosyltransferase (MAT) and methylenetetrahydrofolate reductase (MTHFR) [279], and plasma Hcy
and MTHFR polymorphisms are risk factors for dementia [280].

DHA can also affect processes involved in neural plasticity and LTP, which are essential for
proper learning and memory function. DHA increases brain-derived neurotrophic factor (BDNF)
and both DHA and BDNF affect AkT and ERK/MAPK/CREB signaling pathways to ultimately
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promote neural plasticity and LTP, which require synaptic modifications that are critical to learning
and memory [281–283]. Calcium/calmodulin-dependent kinase II (CaMKII) and N-methyl-D-aspartate
(NMDA) receptor function are essential for the maintenance of LTP and are positively modulated by
DHA [284,285]. DHA also mitigates loss of the intracellular scaffold in neurodegeneration models,
helping to maintain healthy axons and synaptic structures integral to cognitive function [284,286].
Furthermore, DHA supplementation may improve cognition by enhancing neurogenesis via the
retinoid X receptor (RXR) and retinoic acid receptor (RAR), which decrease in expression with age in
animal models [287].

The aging of the brain, and especially pathological aging, is also considered to be a consequence
of sustained chronic inflammation. Alzheimer patients replete with amyloid plaques who do not
exhibit signs of dementia (high pathology controls) have very few signs of neuroinflammation and
neurodegeneration [288–290], suggesting that an inflammatory component to AD is at minimum
partially responsible for the neurodegeneration and dementia. Brains from AD patients exhibit high
levels of activated microglia [291], and the degree of cognitive impairment is inversely correlated
with the extent of microglial activation [292,293]. Cytokines from these activated microglia break
down neural membranes and release pro-inflammatory ARA metabolites, and anti-inflammatory
DHA metabolites. Elevated pro-inflammatory cytokines have been identified in the CSF of AD
patients [294–296], and amyloid beta (Aβ) itself has been shown to induce pro-inflammatory cytokines
via activation of inflammasomes [297,298]. DHA can potentially counteract the effects of Aβ since
recent data indicates that DHA enhances phagocytosis of Aβ42 by human microglia [299]. Further
implicating inflammation in neurodegeneration, gestational immune insult via a viral mimetic,
followed by a second similar insult in adulthood, leads to an AD-like phenotype in mice that includes
CNS protein aggregates and deficits in cognition [300]. Interestingly, our recent work in this maternal
immune activation model has shown that DHA provided throughout development and adulthood
significantly dampens subsequent immune stimulation by a second insult with a viral mimetic in
adulthood [301].

Important to the resolving process of inflammation, specialized pro-resolving mediators (SPMs)
are derivatives of n-3 PUFAs and are reduced in AD where brain inflammation is increased [302]. SPMs
have anti-inflammatory and pro-resolving characteristics and include protectins, D-series resolvins,
and maresins derived from DHA via cyclooxygenase (COX) and lipoxygenase (LOX) pathways [303].
Recent results from the OmegAD trial found that cultured peripheral blood mononuclear cells (PBMCs)
from AD patients who received the n-3 PUFA supplementation maintained levels of SPMs lipoxin
A4 and resolvin D1 in culture over time, even when insulted with Aβ40, whereas PBMCs from
control AD patients did not [302]. Furthermore, the effect on SPMs was positively correlated with
cognitive changes and changes in transthyretin (prealbumin), which has been shown to inhibit the
toxic effects of A. DHA and its metabolites can affect inflammation via several pathways including
activation of PPARs, inhibition of nuclear factor kappa-B (NFκB), and activation of the transmembrane
receptor GPR120. This is confirmed by observational studies showing that blood levels of n-3 PUFAs
are associated with lower cytokine levels [304,305], and supplementation with fish oil for 26 weeks
changes over 1000 genes in the PBMCs of an elderly cohort, resulting in a more anti-inflammatory
gene expression profile [306]. Furthermore, daily supplementation with high-DHA (1700 mg DHA and
600 mg EPA) for six months in AD patients (OmegAD study) reduced the levels of lipopolysaccharide
(LPS)-induced cytokines (IL-1B, IL-6) released from isolated PBMCs relative to within-patient baseline
levels [307].

During pathological aging of the brain (and even in some cognitively normal elderly),
inflammation results in neurofibrillary tangles made of abnormal forms of tau protein that cause
alterations in cytoskeletal stability, axonal transport, and loss of synaptic contacts [269,300]. This
can affect protein extrusion mechanisms and axonal energy metabolism, resulting in even more
phosphorylated tau (p-tau), axonal blockage and leakage, and ultimately cell death. DHA can
reduce p-tau levels likely by inhibition of the phosphorylation of tau via c-Jun N-terminal kinase 1
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(JNK1) [308,309] or Akt through glycogen synthase kinase-3β (GSK3β) [308,310], and help to stabilize
white matter [311]. Activation of the Akt pathway promotes cell survival via inhibition of caspase-3,
potentially saving neurons during metabolic stress in neurodegeneration. These effects are similar to
those seen in developmental reelin-signaling pathways that affect neuronal migration and cortical
structure [312,313]. Reelin expression decreases with age and increases with sufficient DHA, and
reelin is thought to be involved in the pathogenesis of AD [314]. Both reelin and DHA increase
phosphoinositide 3-kinase (PI3K) activity, which activates AkT, which in turn inhibits GSK3β. GSK3β
inhibits glycogen production and phosphorylates tau, and ultimately it is this poor glucose uptake and
storage in combination with tau hyperphosphorylation that likely precipitates AD pathology [315].
This is in line with emerging data that suggest AD pathophysiology is at least partially mediated
by impairments in brain insulin sensitivity, and in glucose metabolism and utilization, that lead to
oxidative stress and inflammation [316]. Accordingly, diabetes patients are more likely to develop
dementia [317]. Interestingly, animal and in vitro studies identify positive effects of DHA on endothelial
and glial GLUT1 levels and brain glucose uptake [318–321].

In AD, extraneuronal Aβ aggregates to form senile plaques that limit plasticity and spine
formation, promote loss of memory, increase inflammation via activated microglia, and increase
pro-inflammatory cytokines. DHA can inhibit the activity of β-secretase, thereby inhibiting the
formation of aggregates [322], and stimulate microglia to phagocytose Aβ peptides in vitro [299]. The
production of Aβ from amyloid precursor protein (APP) via β-secretase is impacted by the integrity
of lipid rafts, which can act to separate APP from the enzyme. Interestingly, there is a decrease in
the DHA content of lipid rafts in cortex of AD patients [323], and this decrease in DHA enhances
interactions between APP and β-secretase, thereby promoting amyloidogenesis in these subjects [324].
Furthermore, Aβ42 interacts with caveolin-1 containing membranes of erythrocytes in a stronger
fashion in DHA-enriched erythrocytes, suggesting that DHA might help with the clearance of Aβ

via lipid-raft mediated degradation [325]. These data are corroborated by a cross-sectional study that
measured plasma Aβ40 and Aβ42 in 1,219 normal elderly over 65 years of age and found a strong
inverse correlation between n-3 PUFA intake and plasma Aβ40 and Aβ42 levels [326].

5. General Considerations and Conclusions

There is substantial evidence regarding DHA’s importance during pregnancy and infancy on
the development of the brain and resulting cognitive function of the child. These effects on learning
ability are dependent upon accumulation of DHA during gestation and nursing, and they highlight
the need for maternal consumption of dietary or supplemental sources of DHA. Beyond development,
a greater understanding of the impact of DHA across decades of life may require piecing together
several well-designed longitudinal epidemiological studies. However, epidemiological studies may
underestimate the effect of DHA on cognition due to other long-term factors that impact mortality and
therefore those potentially helped most by DHA do not reach the age at which cognitive decline or
dementia occurs. Nutrition and diet can also be affected by education and socioeconomic factors that
can influence cognitive abilities, not to mention a propensity for a healthier lifestyle in general. Such
long-term effects on overall health, and in particular on the cardiovascular and neurological systems,
will clearly play into an individual’s cognitive abilities.

Regarding intervention trials, inter-individual and day-to-day intra-individual variability in DHA
consumption likely contributes to an under-estimation of the effect of DHA supplementation on
cognition in RCTs. The interventions are comparably much shorter than long-term dietary habits, and
RCTs are often not focused on a subject pool that is likely to benefit the most from interventions, such
as those with insufficient DHA levels. Accordingly, basal DHA levels must be taken into consideration,
as an effect of DHA is likely to be inconsequential in those with adequate tissue levels of DHA. Linking
familial risks with early plasma indicators of AD and dementia (C-reactive protein, interleukin-6 and
α1-antichymotrypsin, for example) with plasma DHA status may also help to identify those with the
most potential for benefit from supplementation. In observational trials, caution must be exercised
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when examining dietary DHA intake levels and blood concentrations of DHA. Dietary intake only
accounts for 66% of the variance in erythrocyte n-3 PUFAs concentrations, indicating that age, sex, BMI,
physical activity, micronutrient status and other factors are also involved [327]. Similarly, due to the
long half-life of brain DHA (2–3 years), fatty acid content of blood compartments may not accurately
depict brain lipid composition, especially in the cases of subjects with cognitive impairment or AD and
their likely associations with altered DHA processing [61,328]. Even if peripheral levels are comparable
between subjects, the availability of DHA for various tissues and cell types may very well be different.
This is highlighted by some recent studies utilizing isotopically labeled DHA indicating changes in
DHA dynamics within the body as we age. DHA dynamics may also be dependent on genetic factors
such as ApoE4 allele carrier status. For example, a single oral 50 mg dose of 13C-DHA took significantly
longer to clear from the blood of elderly subjects than young subjects [181]. Furthermore, the half-life
of 13C-DHA has been measured as 32 days in ApoE4 carriers, and 140 days in non-carriers [329].

Another consideration is the use of other supplements in boosting the effects of DHA, or acting
in synergy, especially with regards to aging. For example, curcumin can boost DHA levels in the
brain of animals [330], and it is intriguing to speculate that curcumin could help mitigate the losses
in DHA that are associated with the heightened β-oxidation that is observed in AD. As previously
mentioned, B vitamins and DHA work in tandem to reduce brain atrophy in MCI patients [134].
B vitamins lower Hcy, an intermediate in some oxidative stress-related pathways that are a risk
factor for vascular disease as well as dementia. Hcy can also serve as notification that pathological
neurodegenerative processes are occurring. Additionally, B vitamins may promote DHA incorporation
into phospholipids, and likely have synergistic anti-inflammatory effects. In support of a combinatorial
approach, Scheltens et al. [331] observed improvements in memory after daily supplementation with
DHA, EPA, phospholipids, choline, uridine monophosphate, vitamin E, vitamin C, selenium, folic
acid, vitamin B6, and vitamin B12 for 24 weeks in subjects with mild AD.

The non-steroidal anti-inflammatory drug (NSAID) aspirin might be another potential synergistic
agent. Acetylation by aspirin enables COX-2 to initiate the biosynthetic pathway that produces
resolvins (D1–D6) from DHA [332,333]. Aspirin-dependent resolvins are potent DHA-derived
pro-resolving immune mediators [334]. Resolvin D3 has been shown to be especially effective in
the late-resolving phase of inflammation (catabasis), the completion of which is critical to prevent
an acute inflammatory response from becoming chronic activation [335]. The use of NSAIDs has
been associated with a reduced risk for AD, especially in long-time users [336,337]. However, these
effects are not realized in currently diagnosed AD, highlighting the likely importance of preventative
supplementation [338].

Overall, DHA appears to have the ability to influence many different signaling pathways, receptor
systems, enzyme activities, membrane structures and dynamics that ultimately lead to overall better
development, maintenance and aging of the CNS, resulting in optimal cognition throughout the
lifespan. These benefits likely require a sustained supply of DHA across development, adolescence
and adulthood to build and maintain sufficient pools and/or to replenish depleted neural stores. For
those unable to obtain sufficient amounts of DHA via dietary means, supplemental DHA from fish oil
or vegetarian (algal oil) sources is ideal. DHA-containing supplements are taken daily by millions of
people worldwide and have been shown to be safe and well tolerated even at high doses [339].
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Aβ amyloid beta
AD Alzheimer’s disease
ADAS Alzheimer’s disease assessment scale
Akt protein kinase B (also PKB)
ALA α-linolenic acid
AMT abbreviated mental test
API Alzheimer’s prevention initiative
ApoE apolipoprotein E
APP amyloid precursor protein
BBB blood brain barrier
BDNF brain-derived neurotrophic factor
CaMKII calcium/calmodulin-dependent kinase II
CDR cognitive drug research
CIBC clinician’s global impression of change
CIND cognitive impairment no dementia
COX cyclooxygenase
CNS central nervous system
CSF cerebrospinal fluid
DHA docosahexaenoic acid
DHA-CoA docosahexaenoic acid coenzyme A
DPAn3 omega-3 docosapentaenoic acid
DPAn6 omega-6 docosapentaenoic acid
EPA eicosapentaenoic acid
ER endoplasmic reticulum
ERP event-related potential
FABP fatty acid binding protein
FFA free fatty acid
GSK3β glycogen synthase kinase 3-β
Hcy homocysteine
IL interleukin
IQ intelligence quotient
JNK1 c-Jun N-terminal kinase 1
LA linoleic acid
LDL low density lipoprotein
LOX lipoxygenase
LPS lipopolysaccharide
LTP long-term potentiation
MAT methionine adenosyltransferase
MCI mild cognitive impairment
MMSE mini-mental state exam
MoCA montreal cognitive assessment
MTHFR methylenetetrahydrofolate reductase
mTOR mechanistic target of rapamycin
n-3 omega-3
NFκB nuclear factor kappa-B
NMDA N-methyl-D-aspartate
NSAID non-steroidal anti-inflammatory drug
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PBMC peripheral blood mononuclear cells
PC phosphatidylcholine
PE phosphatidylethanolamine
PI3K phosphoinositide 3-kinase
PL phospholipid
PPAR peroxisome proliferator-activated receptor gamma
PUFA polyunsaturated fatty acid
PS phosphatidylserine
RAR retinoic acid receptor
RBANS repeatable battery for assessment of neuropsychological status test
RCT randomized control trials
RXR retinoid X receptor
SPM specialized proresolving mediators
STX-3 syntaxin-3
TAG triacylglyceride
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Abstract: Health benefits have been attributed to omega-3 long chain polyunsaturated fatty acids (n-3
LCPUFA). Therefore it is important to know if Australians are currently meeting the recommended
intake for n-3 LCPUFA and if they have increased since the last National Nutrition Survey in 1995
(NNS 1995). Dietary intake data was obtained from the recent 2011–2012 National Nutrition and
Physical Activity Survey (2011–2012 NNPAS). Linoleic acid (LA) intakes have decreased whilst
alpha-linolenic acid (LNA) and n-3 LCPUFA intakes have increased primarily due to n-3 LCPUFA
supplements. The median n-3 LCPUFA intakes are less than 50% of the mean n-3 LCPUFA intakes
which highlights the highly-skewed n-3 LCPUFA intakes, which shows that there are some people
consuming high amounts of n-3 LCPUFA, but the vast majority of the population are consuming
much lower amounts. Only 20% of the population meets the recommended n-3 LCPUFA intakes and
only 10% of women of childbearing age meet the recommended docosahexaenoic acid (DHA) intake.
Fish and seafood is by far the richest source of n-3 LCPUFA including DHA.

Keywords: n-3 LCPUFA; dietary intakes; Australian 2011–2012 national nutrition and physical
activity survey; recommended n-3 LCPUFA intakes

1. Introduction

Dietary fatty acids consist of saturated, monounsaturated, and polyunsaturated fatty acids (PUFA),
where the PUFA comprise of omega-6 (n-6) and omega-3 (n-3) PUFA. The major dietary n-6 PUFA are
linoleic acid (LA) and arachidonic acid (AA), whilst the major dietary n-3 PUFA are alpha-linoleic
acid (LNA), eicosapentaenoic acid (EPA), docosapentaenoic acid (DPA), and docosahexaenoic acid
(DHA) [1]. The n-3 long-chain PUFA (n-3 LCPUFA) comprise of EPA, DPA, and DHA, and are also
referred to as the marine sources of n-3 PUFA. This distinction between LNA and n-3 LCPUFA is
necessary because the majority of health benefits have been attributed to the n-3 LCPUFA rather than
to LNA.

There are numerous health benefits associated with n-3 LCPUFA [2–7]. The vast majority of health
benefits attributed to n-3 LCPUFA is in cardiovascular disease. The GISSI prevenzione trial showed that
supplementation of 0.85 g of EPA and DHA per day in men who had a previous myocardial infarction
resulted in 20% reduction in total death, 30% reduction in cardiovascular death and 45% reduction
in sudden death [5]. There is emerging evidence for the benefits of n-3 LCPUFA in mental health [8]
with the biological plausibility explained in the review by Parletta et al. [9]. Given these health benefits
various organisations, including government organisations, have come up with recommended n-3
LCPUFA intakes for optimal health.
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In Australia, the National Health and Medical Research Council (NHMRC) has nutrient reference
values (NRV) which include recommended intakes for macronutrients and micronutrients for various
age and gender categories [10]. The NHMRC NRV includes adequate intakes (AI) which is defined
as the median intakes of the population and is not a recommended intake [10]. The NHMRC
NRV suggested dietary target (SDT) intakes are recommended intakes for the prevention of chronic
disease [10]. The SDT for n-3 LCPUFA is 430 mg/day for female adults and 610 mg/day for male
adults [10] and these recommendations are based on the 90th centile of intakes from the Australian
National Nutrition Survey conducted in 1995 (NNS 1995) [11].

The International Society for the Study of Fatty Acids and Lipids (ISSFAL) recommends 500 mg
n-3 LCPUFA per day for cardiovascular health [12]. ISSFAL also has a separate recommendation for
pregnancy and lactating women and this recommendation is to consume at least 200 mg per day of
DHA based on a position paper by Berthold et al. [13].

Given these recommended intakes for n-3 LCPUFA, it is important to know what Australians are
currently consuming and if they are meeting these recommendations. Therefore, the overall aims are to
describe the current PUFA intakes; to compare the n-3 LCPUFA intakes to recommended intakes and to
compare current intakes to previous intakes. The specific aims are: (1) to report on the macronutrient
intake, including n-3 LCPUFA, per age category as published by Howe et al. [11]; (2) to compare the
median and mean n-3 LCPUFA intakes from the 2011–2012-NNPAS from food and supplements per
age category; (3) to compare the n-3 LCPUFA intakes to recommended intakes; (4) to determine if
women of childbearing age met the n-3 LCPUFA and DHA recommended intakes during pregnancy;
(5) to compare the actual adult Australian food intake from five different food groups to the respective
n-3 LCPUFA intakes; and (6) to compare the current 2011–2012 NNPAS PUFA intakes, including n-3
LCPUFA intakes, to previous PUFA intakes from the NNS 1995 [11].

2. Results

2.1. Numbers of Subjects from the 2011–2012 NNPAS and the NNS 1995 Surveys

Table 1 shows the number of people surveyed for each age and gender category from both surveys.
Overall the numbers are slightly lower in the 2011–2012 NNPAS except for the 12–18 years and the
65+ years categories.

Table 1. Total number of study participants per sex and age and category.

Age Category
2011–2012 NNPAS sample NNS 1995 Sample

Female Male Total Female Male Total

All ages 6451 5702 12,153 7242 6616 13,858
2–11 years 857 854 1711 950 971 1921
12–18 years 535 566 1101 522 564 1086
19–24 years 360 326 686 575 485 1060
25–64 years 3506 3046 6552 4137 3694 7831
ě65 years 1193 910 2103 1058 902 1960
ě19 years 5059 4282 9341 5770 5081 10,851

2011–2012 NNPAS: the 2011–2012 National Nutrition and Physical Activity Survey; NNS 1995: the National
Nutrition Survey in 1995.

2.2. The 2011–2012 NNPAS PUFA, LA, LNA, and n-3 LCPUFA Intakes per Day

Table 2 shows the PUFA, LA, LNA and the n-3 LCPUFA intakes per day (mean ˘ SEM) per
age category and gender. Generally the PUFA intakes are higher in males than females for all age
categories, except the n-3 LCPUFA intakes are higher in females aged 65+ years than males of the same
age category. The n-3 LCPUFA intakes range from 133 mg per day to 494 mg per day.
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Table 2. 2011–2012 NNPAS polyunsaturated fatty acids (PUFA), linoleic acid (LA), whilst
alpha-linolenic acid (LNA) and the n-3 long-chain PUFA (n-3 LCPUFA) intakes per day (mean ˘ SEM).

Age Category
and Gender

PUFA (g) LA (g) LNA (g) n-3 LCPUFA (mg)

Total F 9.5 ˘ 0.1 7.8 ˘ 0.06 1.2 ˘ 0.01 335 ˘ 9
Total M 11.4 ˘ 0.1 9.4 ˘ 0.08 1.4 ˘ 0.01 346 ˘ 9
2–11 F 7.1 ˘ 0.1 5.9 ˘ 0.12 0.9 ˘ 0.02 138 ˘ 10
2–11 M 8.2 ˘ 0.2 6.8 ˘ 0.13 1.0 ˘ 0.02 158 ˘ 11
12–18 F 9.6 ˘ 0.2 8.1 ˘ 0.22 1.2 ˘ 0.03 133 ˘ 7
12–18 M 11.5 ˘ 0.3 9.6 ˘ 0.22 1.4 ˘ 0.03 213 ˘ 15
19–24 F 10.1 ˘ 0.3 8.5 ˘ 0.28 1.2 ˘ 0.04 175 ˘ 14
19–24 M 13.4 ˘ 0.5 11.2 ˘ 0.42 1.6 ˘ 0.06 346 ˘ 36
25–64 F 10.2 ˘ 0.1 8.3 ˘ 0.09 1.3 ˘ 0.02 378 ˘ 14
25–64 M 12.4 ˘ 0.1 10.2 ˘ 0.12 1.5 ˘ 0.02 395 ˘ 14

ě65 F 9.1 ˘ 0.2 7.2 ˘ 0.13 1.2 ˘ 0.03 494 ˘ 26
ě65 M 10.5 ˘ 0.2 8.4 ˘ 0.17 1.4 ˘ 0.03 441 ˘ 24
ě19 F 9.9 ˘ 0.1 8.0 ˘ 0.07 1.2 ˘ 0.01 390 ˘ 11
ě19 M 12.1 ˘ 0.1 9.9 ˘ 0.10 1.5 ˘ 0.02 401 ˘ 12

F—Female; M—Male.

2.3. Comparison of the Median and Mean n-3 LCPUFA Intakes from the 2011–2012 NNPAS (Figure 1)

Figure 1 compares the median and mean n-3 LCPUFA intakes as well as the amounts coming
from food and supplement sources. The median intakes are less than 50% of the mean intakes for all
age categories, except for the 12–18 years olds which is 54% of the mean intakes. For adults (19+ years)
the median intake is 32% of the mean intakes, which is largely driven by the 65+ years age category
where the median intake is 26% of the mean intakes. This shows that n-3 LCPUFA intakes are highly
skewed with few people consuming high amounts of n-3 LCPUFA and many people consuming low
amounts of n-3 LCPUFA. The few people consuming large amounts of n-3 LCPUFA are consuming
n-3 LCPUFA supplements. The proportion of n-3 LCPUFA coming from supplements is 27% for
25–64 years, 40% for 65+ years, and 30% of 19+ years and, therefore, the mean intakes are much higher
than the mean intakes.

Figure 1. Comparison of the median and mean n-3 LCPUFA intakes from food and supplements per
age category.
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2.4. Comparison of n-3 LCPUFA Intakes to Recommended Intakes

2.4.1. The Proportion of Adult Female and Male (19+ Years) Meeting the Recommended
Intakes (Table 3)

The NHMRC NRV for n-3 LCPUFA SDT are based on the 90th centile of intakes from the previous
National Nutrition Survey 1995 [11]. Less than a quarter of Australian adults are meeting the n-3
LCPUFA recommendations for optimal health. However, those adults consuming n-3 LCPUFA
supplements approximately 50% are meeting the recommended intakes, whilst those not consuming
supplements, only approximately 10% are meeting the recommended intakes.

Table 3. Meeting the recommended intakes for n-3 LCPUFA with and without supplements.

Recommended Intakes
for Females 19+ Years

Females 19+ Years
(n = 5059)

No Supplements
(n = 4054, 75%)

With Supplements
(n = 1005, 25%)

>430 mg per day * n = 1126 (22%) n = 446 (11%) n = 673 (67%)
>500 mg per day # n = 1001 (20%) n = 386 (9.5%) n = 613 (61%)

Recommended Intakes
for Males 19+ Years

Males 19+ Years
(n = 4282)

No supplements
(n = 3625, 85%)

With supplements
(n = 657, 15%)

>500 mg per day # n = 844 (20%) n = 399 (11%) n = 368 (56%)
>610 mg per day * n = 702 (16%) n = 326 (9%) n = 302 (46%)

* National Health & Medical Research Council (NHMRC) nutrient reference values (NRV) suggested dietary
target (SDT) intakes for adult females and males; # ISSFAL recommendations for cardiovascular health.

When considering the median intakes, there was no contribution from n-3 LCPUFA supplements
(Figure 1), as only 25% of adult women and 15% of adult men consumed n-3 LCPUFA supplements
(Table 3).

2.4.2. Adult Females of Childbearing Age (16–50 Years) n-3 LCPUFA and DHA Intakes across Centiles
and Comparison to the ISSFAL Recommendations for DHA Intake (Figure 2)

There is a separate recommendation for pregnant women and the International Society for the
Study of Fatty Acids and Lipids (ISSFAL) recommends at least 200 mg DHA per day during pregnancy
and lactation [12,13]. Figure 2 shows the current consumption of n-3 LCPUFA and the respective
estimated DHA intakes for women of childbearing age.

Figure 2. Australian women’s consumption of n-3 LCPUFA and the respective estimated
docosahexaenoic acid (DHA) (mg per day) per centile.
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The median n-3 LCPUFA intake is 119 mg/day. DHA is estimated to be 43% of the total n-3
LCPUFA [11] and, therefore, the median DHA intake is estimated at 51 mg per day. Women in the 90th
centile consume on average 287 mg DHA per day which meets the recommended DHA intake of at
least 200 mg DHA per day.

2.5. Comparison of Adult Australian Intakes of food and the Respective n-3 LCPUFA in Those Foods

2.5.1. Comparison of the Amount of Food Eaten (g per Day) by Adult Australians and the Respective
Amount of n-3 LCPUFA Intakes (mg per Day) from the 2011–2012 NNPAS (Figure 3)

Figure 3 shows the amount of food eaten as grams per day by adult Australians and the respective
amount of n-3 LCPUFA intakes as milligram per day. Female and male adults consume on average
24 g and 28 g of fish/seafood per day, respectively. Female and male adults consume on average 117 g
and 170 g of meat, poultry, and game products and dishes, respectively, which are 4.5 and six times,
respectively, higher than fish/seafood. Milk products and dishes and cereal products and dishes are
consumed in greater quantities but make a small contribution to overall n-3 LCPUFA intakes. Eggs
products and dishes are consumed the least in terms of gram amounts, but provide more n-3 LCPUFA
per gram of food compared to milk products and dishes, and cereal products and dishes.
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Figure 3. Comparison of the amount of food eaten (g per day) by adult Australians and the respective
amount of n-3 LCPUFA intakes (mg per day) for five main food groups. Fish and seafood: fish, fish
and chips, prawns, canned tuna, fish with pasta, paella with seafood; meat, poultry, and game: beef
patty, steak, rabbit, offal, ham, lamb casserole, chicken stir-fry; egg products and dishes: eggs, omelette
with cheese, spinach soufflé; cereal products and dishes: biscuits, cakes, pies (including meat pies),
fried rice, pizza, vol-au-vents, quiche, gnocchi, lasagne, commercial hamburgers, croissants, pancakes;
milk products and dishes: milk, yogurt, cream, cheese, ice cream, custard, milkshakes.

Approximately 16% of the Australian population consumes “nuts and nut products”. Seven
percent of the Australian population consumes “peanuts and peanut products”, but peanuts do not
contain n-3 fatty acids. Seven percent of the Australian population consumes “other nuts and nut
product and dishes” and 2% consume “mixed nuts or nuts and seeds”, which would contribute to
LNA, but not the n-3 LCPUFA.
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2.5.2. Comparison of the Adult Female and Male Mean Consumption n-3 LCPUFA Intakes (mg per g
of Food) for the Various Food Groups (Figure 4)

Even though the consumption of fish and seafood is low (female and male mean intake of 24 g
and 28 g, respectively), fish and seafood provide the largest amount of n-3 LCPUFA per gram of food
(as shown in Figure 4).

Figure 4. The actual adult female and males (19+ years) mean consumption of n-3 LCPUFA expressed
as mg per gram of food for the various food groups.

When expressing the actual mean n-3 LCPUFA intakes per gram of food, fish and seafood products
and dishes are 15-fold higher than meat, poultry, and game products and dishes; nine-fold higher than
egg products and dishes; 38-fold higher than cereal-based products and dishes; and 114-fold higher
than milk products and dishes.

2.6. Comparison of the 2011–2012 NNPAS and NNS 1995

2.6.1. Comparison of the PUFA Intakes from the Two Australian National Nutrition Surveys: NNS
1995 and 2011–2012 NNPAS (Figure 5)

As shown in Figure 5, the total PUFA and LA intakes have decreased from 1995 to 2012, but
the LNA intakes have increased. For all ages, total PUFA decreased by 12%, LA decreased by 18%
and LNA increased by 24%. These changes differed slightly between the different age groups but the
general trend was the same.

Figure 5. Comparison of the PUFA intakes (total PUFA, linoleic acid (LA), and alpha-linolenic acid
(LNA)) (g per day) per age category.
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2.6.2. Comparison of the n-3 LCPUFA Intakes from the Two Australian National Nutrition Surveys:
NNS 1995 and 2011–2012 NNPAS (Figure 6)

As shown in Figure 6, for all ages the n-3 LCPUFA intakes have increased by 54% from 1995 to
2012, with the greatest increase of 115% in the 65+ years age category. The younger adult age group
(19–24 years) has not changed and there has been a slight 11% reduction in intakes in the 12–18 years
category. The 2–11 years old age group has also increased their n-3 LCPUFA intakes by 35%.

Figure 6. Comparison of the n-3 LCPUFA intakes per age category.

3. Discussion

This study has shown that overall the Australian PUFA intakes have decreased since 1995, but
there is an increase in omega-3 PUFA, LNA, and n-3 LCPUFA. These differences could be explained
as follows. Different databases were used for the two surveys. The NNS 1995 used a custom food
composition database which was developed by FSANZ (then known as ANZFA). The 2011–2012
NNPAS used an updated database from a custom food composition database prepared by FSANZ
(AUSNUT 2011–2013). Differences in the nutrient values between the two databases reflect not only
changes in the composition of foods, but also changes in available data and improvements in analytical
methods over the period. Furthermore, a food model booklet was produced to aid in reporting
of measures in 2011–2012 NNPAS. Food groups known to have been impacted by this change in
methodology include “cereals and mixed dishes”, which could explain the differences in PUFA intakes
in particular LA and LNA [14].

This increase, especially in n-3 LCPUFA is good as numerous health benefits have been associated
with the consumption of n-3 LCPUFA [2–7]. Current mean n-3 LCPUFA intakes for adult Australians
is 395 mg/day (277 mg/day from food and 118 mg/day from supplements), which have increased 1.6
fold since 1995, where the mean intakes were 246 mg/day. The increase can be explained by increased
intakes in adults 25 years old or older, as there were no differences in n-3 LCPUFA intakes in the
19–24 years old category (Figure 6). The increase in n-3 LCPUFA can be probably explained by an
increase in n-3 LCPUFA supplements, given that fish consumption (the major dietary sources of n-3
LCPUFA) has not changed from 26 g per day on average in NNS 1995 to 26 g in 2011–2012 NNPAS
(24 g females and 28 g males). The NNS 1995 did not report on n-3 LCPUFA supplementation. However,
currently the proportion of adults taking n-3 LCPUFA supplements is 25% for adult women and 15%
for adult men (Table 3).

However, the current adult Australian n-3 LCPUFA median intakes of 126 mg/day (from food)
and 154 mg/day (from food and supplements) are less than 50% of the mean intakes suggesting
that the n-3 LCPUFA intakes are highly skewed and that there are some people consuming high
amounts of n-3 LCPUFA, but the vast majority of the population are not consuming enough for
optimal health. In fact when compared to recommended intakes only approximately 20% of the
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population met the recommendations for optimal health. A vast majority of adult Australians that
were taking n-3 LCPUFA supplements met the recommended intakes (ranging from 46% to 67%);
however, those people not taking n-3 LCPUFA supplements, only approximately 10% of the population
met the recommended intakes. Given that approximately 20% of the population is consuming n-3
LCPUFA supplements, 80% of the Australian population is not meeting the recommended intake for
n-3 LCPUFA for optimal health.

The current adult (19+ years) Australian n-3 LCPUFA intakes are higher than the US intakes of
113 mg n-3 LCPUFA intakes per day [15], but still falls far short of populations that consume high
amounts of n-3 LCPUFA (810 mg per day, [16] and 905 mg per day [17]), such as the Japanese [16,17].
Fish and seafood is the richest source of n-3 LCPUFA and populations that consume fish/seafood, more
so than meat and poultry, have higher intakes of n-3 LCPUFA. In the current Australian population
the mean fish consumption is approximately six times lower than meat; yet consuming only one-sixth
of the meat consumption from fish/seafood provides much more n-3 LCPUFA than consuming meat
as shown in Figure 5. Moreover when the data is expressed as the mean consumption of n-3 LCPUFA
as mg per gram of food (Figure 6), n-3 LCPUFA intakes are 15-fold higher than meat.

Fayet et al. [18] has conducted dietary modelling to achieve the Australian dietary recommended
intakes for n-3 LCPUFA for all life stages [18] and the easiest way to achieve the recommended intakes
is to consume fish and seafood. The most cost effective way of meeting these recommendations is
to consume fish and seafood [18]. Fish may be expensive per kilogram; e.g., Atlantic salmon cost
approximately $29 AUD per kilogram but this translates to 16 cents per 100 mg of n-3 LCPUFA,
whilst meat costs $2 AUD per 100 mg n-3 LCPUFA (assuming meat costs approximately $25 AUD per
kilogram) [18].

There appears to be a controversy about the efficacy of recent randomised controlled trials that
assessed the health benefits of n-3 LCPUFA but there is an explanation for this. Randomised controlled
trials and meta-analysis of trials up to the year 2002 demonstrated that supplementation with n-3
LCPUFA resulted in up to a 45% reduction in overall mortality from cardiac death [5,19]. However,
reviews and meta-analyses of recent trials reported a lack of efficacy, suggesting that the n-3 LCPUFA
are dead in the water [20,21]. Critical analyses of these recent trials have suggested that the lack
of efficacy may be due to methodological problems [22]. Following the earlier successful trials, the
American Heart Association issued guidelines for people with heart disease, suggesting consumption
of at least two fish meals per week [23] in addition to fish oil supplements [24]. Between 2000 and
2010, the importation of fish oils into the USA escalated more than 10-fold from 2000 to 22,000 metric
tonnes [25]. However, trials conducted after 2002 failed to screen people for high fish and/or fish
oil supplement intake resulting in great variability of n-3 LCPUFA status across trial conditions [24].
Where screening did occur, the upper 50% of the control subjects and the lower 50% of the fish oil
intervention subjects overlapped [26], suggesting that the two groups were not separated enough to
demonstrate an effect in the test arm (n-3). Thus, future trials need to attenuate the possible ceiling
effects created by high baseline, by taking blood samples to determine compliance and correlations
between increased n-3 LCPUFA status and response.

It is well recognized that consumption of n-3 LCPUFA, especially DHA, is important for
neurological development [27,28]. Previous data has shown the importance of DHA during the
latter stages of pregnancy when the brain accrues its tissue mass [29]. More recently, however, it has
been shown that DHA is also vital at the stage of when the neural tube closes at day 28 of gestation [30].
Due to its importance, there are specific recommendations for DHA intake for pregnant and lactating
women. The Society for the Study of Fatty Acids and Lipids (ISSFAL) recommends at least 200 mg of
DHA per day during pregnancy and lactation [12,13]. The current median n-3 LCPUFA and estimated
DHA intakes in women from childbearing age are 119 mg per day and 51mg per day, respectively
(Figure 4). In order to meet the recommended 200 mg DHA intake per day, only 10% of women
(i.e., the 90th centile, Figure 4) are consuming enough DHA. An Australian study of pregnant women
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(n = 94) consumed a median DHA intake of 75 mg/day [31], which still falls short of the recommended
200 mg/day [12,13].

The main food sources of n-3 LCPUFA is from the fish and seafood category. Previous research
in Australia has shown that meat and eggs also contribute to n-3 LCPUFA intakes [1,32], with meat
contributing nearly 50% of the n-3 LCPUFA intakes [11]. This large contribution of n-3 LCPUFA intakes
is not because meat is a rich source of n-3 LCPUFA but Australians consume at least six times more
meat than fish/seafood. Yet consumption of only 26 g of fish seafood provides more than double
the n-3 LCPUFA than if one was to consume approximately 150 g of meat. To really illustrate that
fish/seafood is by far the richest source of n-3 LCPUFA, when the data is expressed as n-3 LCPUFA
consumption as mg per gram of food, fish/seafood is 15-fold higher than meat (Figure 6).

The strengths of this study are (1) the large dataset (n = 12,153 from all ages 2+ years) that
accurately reflects population intakes and (2) the ability to compare to previously published National
Nutrition Survey intakes from 1995 per age/gender category to determine the changes in PUFA intakes.
The weakness of this study is the use of 24-h recall data as fish/seafood consumption is not usually a
frequently (daily) consumed food. However, to maximise the accuracy of the data, an average of the
two 24-h recall data was used for all nutrients presented here, including n-3 LCPUFA. Furthermore, the
NNS 1995 used a food frequency questionnaire (n = 8321) in addition to the 24-h recall data, and found
no differences in n-3 LCPUFA intakes from 24-h recall data and the food frequency questionnaire [11].
Whilst the current 2011–2012 NNPAS did not use a food frequency questionnaire and hence the 24-h
recall data cannot be checked against FFQ data, one could suggest that the use of 24-h recall data in a
large population dataset assesses n-3 LCPUFA accurately, especially given that there was no difference
in intakes between the 24-h recall and the FFQ in the NNS1995 [11].

4. Materials and Methods

4.1. The Australian Health Survey 2011-13 (AHS) Containing the 2011–2012 National Nutrition and Physical
Activity Survey (2011–2012 NNPAS) Data from the Australian Bureau of Statistics (ABS)

In Australia, the Australian Health Survey 2011–2013 (AHS) was conducted by the Australian
Bureau of Statistics (ABS) and they have released several publications on their website [32]. The AHS
contains the 2011–2012 NNPAS and data was collected in 2011 and 2012 and reports made available on
the ABS website [33].

Participants (n = 12,153 individuals aged two years and older) in the 2011–2012 NNPAS were
interviewed by telephone and 24-h dietary recall of all food, beverages and supplements were recorded.
Approximately eight days later, a second 24-h dietary recall was conducted by telephone interview.
The interviewers used the automated multiple-pass method developed by the Agricultural Research
Service of the United States Department of Agriculture [34]. For further detailed information on this
dietary data collection, please refer to the ABS website [35].

4.2. NNS 1995 Survey Data

The NNS 1995 survey was conducted jointly by the Australian Bureau of Statistics and the then
Department of Health and Family Services, with representation from rural and urban areas of all
Australian states and territories [36]. Food intakes were surveyed in 13,858 individuals who were
interviewed in their homes by qualified nutritionists using the 24-h dietary recall method; 8321 of
them also completed a food frequency questionnaire.

4.3. Confidential Unit Record Files (CURF)

The CURF [37] contained unidentified information from each individual in the study, which
included the individual’s identity number and demographic descriptors (including age and gender) as
well as the amounts of each encoded food consumed by the individual in the 24-h recalls. Permission
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was sought to use the CURF data and hence the 24-h dietary recall data was obtained from the CURF
and analysed as explained below.

4.4. Analysis of 2011–2012 NNPAS 24-h Recall Data

The mean (˘SEM) of the energy and macronutrient intakes were tabulated by gender using the
same age categories as the NNS1995 as reported by Howe et al. [11] for ease of comparison. The
average of the two 24-h recalls was calculated for each individual and each nutrient. The mean (˘SEM)
intakes for all age groups and gender were calculated and are reported as total intakes and separated
into food and supplement intakes. The median n-3 LCPUFA intakes for all age groups and gender
were also calculated.

4.5. Comparison of n-3 LCPUFA to Recommended Intakes

The NHMRC NRV for the prevention of chronic disease has postulated SDT intakes for n-3
LCPUFA. The SDT are based on the 90th centile of n-3 LCPUFA intakes per gender; 430 mg/day
for women and 610 mg/day for men [10]. The ISSFAL has recommendations for n-3 LCPUFA for
cardiovascular health; ISSFAL recommends 500 mg/day [12].

From the 2011–2012 NNPAS, the proportion of female and male adults (19+ years) meeting the
recommended n-3 LCPUFA was calculated for the total sample, plus those not taking and taking n-3
LCPUFA supplements.

From the 2011–2012 NNPAS, the women of child-bearing age (16–50 years) consumption of n-3
LCPUFA intakes were determined per centile from 10th to 90th centile. As DHA was not available
from the 2011–2012 NNPAS, DHA was estimated to be 43% of the total n-3 LCPUFA [11] and, hence,
also determined per centile from 10th to 90th centile. These data were compared to the recommended
intake of at least 200 mg/day of DHA for pregnant and lactating women [12].

4.6. Comparison of Adult Australian Mean Food Intake and the Respective n-3 LCPUFA Intakes

The actual mean amount of food intake from the five main food sources of n-3 LCPUFA were
compared to the respective mean amount of n-3 LCPUFA. The mean amount of n-3 LCPUFA (mg) was
divided by the mean amount of food (g) to get n-3 LCPUFA expressed as mg per gram of food.

4.7. Comparisons of NNS 1995 and 2011–2012 NNPAS

The current PUFA intakes (2011–2012 NNPAS) were compared to the NNS 1995 PUFA intakes
which were published previously by Howe et al. [11].

5. Conclusions

Adult Australian PUFA intakes (LA intakes) may have decreased, whilst n-3 PUFA intakes
may have increased since 1995. However approximately 80% of Australians are not meeting the n-3
LCPUFA recommended intakes for optimal health and 90% of childbearing women are not meeting
the recommendations for DHA intakes during pregnancy and lactation.
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Abstract: At a population level, cardioprotective and cognitive actions of the fish oil (FO) derived
long-chain n-3 polyunsaturated fatty acids (LC n-3 PUFAs) eicosapentaenoic acid (EPA) and
docosahexaenoic acid (DHA) have been extensively demonstrated. In addition to dietary intake,
which is limited for many individuals, EPA and DHA status is dependent on the efficiency of their
biosynthesis from α-linolenic acid. Gender and common gene variants have been identified as
influencing the rate-limiting desaturase and elongase enzymes. Response to a particular intake or
status is also highly heterogeneous and likely influenced by genetic variants which impact on EPA
and DHA metabolism and tissue partitioning, transcription factor activity, or physiological end-point
regulation. Here, available literature relating genotype to tissue LC n-3 PUFA status and response
to FO intervention is considered. It is concluded that the available evidence is relatively limited,
with much of the variability unexplained, though APOE and FADS genotypes are emerging as being
important. Although genotype ˆ LC n-3 PUFA interactions have been described for a number of
phenotypes, few have been confirmed in independent studies. A more comprehensive understanding
of the genetic, physiological and behavioural modulators of EPA and DHA status and response to
intervention is needed to allow refinement of current dietary LC n-3 PUFA recommendations and
stratification of advice to “vulnerable” and responsive subgroups.

Keywords: eicosapentaenoic acid; EPA; docosahexaenoic acid; DHA; long chain n-3 PUFA; genotype;
APOE; FADS

1. Introduction

Although randomised controlled trials (RCT) are inconsistent [1–4], there is a large body of cell,
animal and human prospective cohort data demonstrating the cardiovascular and cognitive benefits
of increased fish consumption and eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA)
intake and tissue status, with underlying physiological and molecular mechanisms identified [5–9].
Such evidence has translated into typical national and international recommended intakes of
>500 mg of EPA + DHA per day in the general population to improve cardiovascular health,
>1 g EPA + DHA per day for the secondary prevention of CVD, with >200 mg DHA per day
recommended in pregnancy [10–12]. Despite the provision of such generic recommended intakes there
is a wide recognition that intake-independent EPA and DHA status and response to increased EPA
and DHA intakes is highly variable, with the aetiology of this heterogeneity poorly understood.

Unlike typical nutrients, which cannot be synthesised in vivo, EPA and DHA can to some
extent be synthesised from the precursor plant derived shorter chain n-3 fatty acids, α-linolenic acid
(αLNA) [13,14], with gender [15] and variants [16] in the rate limiting enzymes of the biosynthetic
pathway emerging as important determinants of the biosynthetic efficiency (Figure 1). Genotype is also
known to be important in taste and sensory perception and therefore food preference and intake [17,18].
In many populations oily fish is poorly tolerated relative to other foods, and regularly consumed by
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only a minority of the population [19]. Although completely unknown it is likely that genotype is an
important modulator of oily fish taste sensitivity and consumption and therefore EPA and DHA intake.
Once consumed the absorption of EPA and DHA, their subsequent tissue and cellular partitioning,
and their oxidation or metabolism into lipid derived bioactivities, is variable and likely genotype
dependent. Finally the impact of a particular tissue/cell EPA and DHA (or their metabolite) status on
cell signalling, physiological processes and ultimately health biomarkers or clinical end-points will
also be modulated be numerous variants in genes encoding, fatty acid responsive transcription factors
and other cell signalling molecules and their physiological targets.

Figure 1. Overview of the potential of genotype to influence EPA and DHA status and responsiveness.

There are numerous single reports in the literature of the impact of individual gene variants on
LC n-3 PUFA responsiveness. Rather than attempt to be exhaustive and report on all of these findings,
the majority of which require confirmation in independent studies, the review will largely focus on
a select number of genes and genotypes which have been relatively consistently shown to regulate
EPA and DHA status or responsiveness. Such genotypes may in the future be useful in the targeting of
specific EPA and DHA recommendations towards individuals likely to be deficient and responsive.

2. Genetic Determinants of EPA and DHA Biosynthesis and Status

Familial aggregation analysis indicates that 40%–70% of (red blood cell (RBC)) fatty acid status
is heritable [20]. In the Framingham Heart Study, 73% of the variability in the RBC omega-3 index
(EPA + DHA as a % total of total fatty acids (FA)) was explained by participant characteristics added
to the regression model, which included heritability (24%), EPA + DHA intake (25%), and fish oil
supplementation (15%) [21].

The endogenous synthesis of the LC PUFA, arachidonic acid (AA), and EPA/DHA occurs mainly
in the liver in humans, via a common series of desaturation and elongation reactions (Figure 2),
with delta-5 desaturase (D5DS) and delta-6 desaturase (D6DS) encoded by FADS1 and FADS2 genes
representing major regulatory steps. This pathway is the main source of tissue EPA and DHA in
those who consume little or no seafood or fish oil supplements. The efficiency of the pathway is
inherently low in humans, with an estimated conversion of αLNA to EPA of 0.2%–6% and <0.1% for
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DHA [13], and therefore any changes in bioconversion efficiency have potentially large impacts on LC
PUFA status.
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Figure 2. Long chain polyunsaturated fatty acid biosynthetic pathway.

The FADSs genes located as a head-to-head cluster on chromosome 11 (11q12.2-q13.1) [22] are
highly polymorphic with 4391 variants, predominately single nucleotide polymorphisms (SNP),
described in the National Center for Biotechnology Information dbSNP database [23], 217 of which are
missense resulting in amino acid changes in the D5DS and D6DS proteins. In 2006, 18 SNPs in the
gene cluster were genotyped in 727 adults in the German Centre of the European Community Respiratory
Health Survey [24]. All haplotypes (grouping of variants) which included the minor alleles were
associated with increases in αLNA and linoleic acid (LA) and decreases in γ-linolenic acid, AA, EPA
and n-3 docosapentaenoic acid (DPA), with no significant impact on DHA or n-6 DPA evident. A
5-locus haplotype explained 27.7%, 5.2% and 1.4% of the variability in AA, EPA and DHA levels
respectively. Interestingly this haplotype was associated with a greater than 50% lower incidence of
the chronic inflammatory conditions atopic eczema and allergic rhinitis, which may be due to the
lower availability of AA for cyclooxygenation to the strong pro-inflammatory 2-series prostaglandins
and 4-series leukotrienes. Over the last decade, and taking a similar candidate gene approach, these
initial observations of the association between FADS1-FADS2 SNPs and haplotypes and D5DS and
D6DS activities, plasma, tissue and breast milk fatty acid composition and the incidence of diseases
with chronic inflammatory components have been confirmed in subsequent studies [25–32]. In the
Verona Heart Study, a strong association with coronary artery disease was evident, with an incidence of
84% versus 66% in individuals with 6–7 versus 2–3 risk alleles [27].

DHA status during pregnancy influences infant growth and development, with breast feeding
generally recommended till at least 6 month post-partum. Xie et al., demonstrated lower breast milk
ARA, EPA, n-3 DPA and DHA in individuals homozygous for FADS1-FADS2 minor alleles [30]. In
Danish infants the impact of breast feeding, fish intake and FADS genotype on RBC DHA status at 9 m
and 3 years of age was assessed [33]. Collectively these variables explained 25% of the variation in
status at 9 m (mean DHA of 6.6% of total FA%). Homozygous carriers of the minor allele of rs1535 had
a DHA increase of 1.8 FA% whereas minor allele carriers of rs174448 and rs174575 had a decrease of
1.1 and 2.0 FA%, relative to the wild-type genotype. Interestingly further analysis indicated that about a
50 g fish intake would be needed to mitigate the impact of having only two DHA “raising” allele relative
to five, highlighting the importance of FADS genotype on infant DHA status against a background
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of limited intake. In the Koala Birth Cohort the observation of an association between low maternal
DHA intake with a reduced birth weight only in FADS minor allele carriers [34], again reinforces
the importance of DHA intake in maternal-infant nutrition against a FADS genotype background
associated with reduced endogenous synthesis.

Along with candidate gene approaches, untargeted unbiased genome wide association study
(GWAS) has approaches have also identified the FADS1-3 and also elongase (ELOVL) genes, as being
associated with LC PUFA status [35–38]. In five population-based cohorts comprising approximately
900 individual, and consistent with the initial observation of Schaeffer et al., published in 2006 [24],
variant alleles of FADS1 and FADS2 were associated with higher levels of αLNA and lower levels of
EPA and DPA, with variant alleles of ELOVL2 associated with higher EPA and DPA and lower DHA,
suggesting a decreased elongation of DPA to DHA [35]. ELOVL2 encodes elongase 2 which is critical
in the elongation of DPA to DHA [39] (Figure 2) The associations were independent of fatty fish intake,
with an absence of interaction consistent with the Koala Birth Cohort who observed similar slopes of
plasma EPA and DHA in those with 0, 1 or 2 minor FADS1-FADS2 alleles [40].

GWAS have highlighted the physiological significance of variation in the FADS locus, with
associations with plasma total cholesterol (TC), LDL-cholesterol (LDL-C), triglycerides (TG) and PUFA
composition reported [36,41,42]. In a recent GWAS analysis to investigate genetic signatures of diet
and climate adaptation in Greenland Inuits, who have a high LC n-3 PUFA intake, FADS was the
strongest locus associated with height, weight, growth hormone regulation and membrane fatty acid
composition [43].

In addition to observational analysis, the impact of FADS variants on response to EPA and DHA
supplementation has been examined. In the MARINA RCT, the FADS rs174537 genotype interacted
with treatment to determine D5DS activity; however no genotype ˆ treatment interaction was evident
for RBC EPA% and DHA%, which the authors suggested may be due to insufficient power [44]. In
the same RCT ELOVL2 gene SNPs did emerge as modulators of the TG response. After the 1.8 g/day
dose, minor allele carriers had approximately 30% higher proportions of EPA and 9% higher DHA
than non-carriers [45].

Although FADS and elongase variants have emerged as strong determinants of LC n-3 PUFA
and some information is available as to factors which may modulate genotype-fatty acid status [46]
granularity is still lacking regarding the relative effect size in various populations and the likely
influences of factors such as ethnicity and habitual intake on the penetrance of genotype. Furthermore
in the studies reported thus far associations between a large number of individual SNPs in FADS and
elongases genes and fatty acid status and “health” outcomes have been observed many of which exist
in a highly preserved linkage disequilibrium (LD) block and therefore co-inherited. The question
remains as to which are the actual functional SNPs and what is the molecular aetiology of the effect of
the variant on EPA and DHA status. In a recent seminal paper, Wang and co-workers conducted an
analysis of the association between six FADS SNPs and the lipidomic profile, FADS1-3 gene expression
and protein levels in 154 human liver samples All six allele were associated with FADS1 but not
FADS2 and 3 gene expression and also FADS1 protein levels, indicating FADS 1 is the causal gene [38].
Furthermore they identified that among 42 highly linked SNPs, 29 were in the transcription factor
(TF) binding sites of the locus. Although it is unclear exactly which SNP(s) is causal for the altered
FADS1 gene function, and the exact nature of how the SNP influences TF interaction with FADS1,
such mechanistic insights add considerable credibility to the observed association between FADS and
EPA and DHA. Further such work will lead to the identification of the most significant variant(s)
which could be used to, identify individuals at risk of compromised EPA and DHA status, and target
recommendations for additional intakes.

3. Impact of APOE Genotype on EPA and DHA Status and the Response to Fish Oil Intervention

Apolipoprotein E, first described as a component of circulating lipoproteins and a modulator
of their metabolism [47,48], has subsequently been identified as the main lipid transporter in the
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central nervous system (CNS). Two missense SNPs in the APOE gene on chromosome 19, result in
three apoE protein isoforms, namely apoE2, apoE3 and apoE4 which are distinguished by cysteine
to arginine substitutions at positions 112 and 158 in the protein: apo2 contains cysteine at both
positions, apoE3 contains cysteine at 112 and arginine at 158, with apoE4 containing arginine at both
sites [47,49]. Although not in the receptor or lipid binding regions, the amino changes influence
salt bridge formation between the N- and C-terminals domains of the protein which have profound
impacts on receptor biding activities, lipoprotein preference and apoE stability and ultimately tissue
protein concentrations [49]. APOE4 carriers have been inconsistently shown to be at higher risk of
cardiovascular diseases [50,51], with a variable penetrance attributed to modifiers such as, saturated
fat [52] and cholesterol [53] intakes, and smoking status [54]. APOE genotype has emerged as the
strongest identified common genetic predictor of longevity [55,56]. In the Genetics of Healthy Ageing
Study, the prevalence of the APOE4 allele was 6.8% in nonagenarians (90–99 years old), compared to
12.7% in matched control (55–75 years old), with APOE4 carriers having a 50% lower chance (odds
ratio (OR) = 0.48, 95% CI, 0.42–0.55) of reaching age 90 years compared to non-APOE4 carriers [55].
This reduced longevity reflects the effect of genotype on risk of age-related cognitive decline and
Alzheimer’s disease (AD), with APOE3/E4 (20% Caucasians) and APOE4/E4 (1%–2% Caucasians)
individuals at approximately 4- and 15-fold increased risk of AD with a 10–20 years earlier age of
onset [57].

Numerous potential mechanisms have been proposed to explain this association with
cardiovascular and cognitive health, including an impact of APOE genotype on LC n-3 PUFA status
and response of risk biomarkers to LC n-3 PUFA intakes. Brain tissue is highly enriched in DHA,
indicating its essentiality to neuronal function. Although not investigated prospectively or as a primary
study aim, a limited number of human studies have retrospectively reported that the cognitive benefits
associated with DHA/fish intake were absent or lower in APOE4 carriers [58–60]. For example in the
Cardiovascular Health Cognition Study, Huang and co-workers reported that in the cohort as a whole
consumption of oily fish more than twice per week was associated with a reduction in risk of AD by
41%, but stratification by APOE showed this effect to be selective to those without the APOE4 allele [55].
Supplementation with DHA for 18 m did not slow the rate of cognitive decline in patients with mild to
moderate Alzheimer disease [59]. Retrospective subgroup analysis indicated some cognitive benefits
in non-E4 carriers consistent with the epidemiological data. Variability in LC n-3 PUFA metabolism
according to APOE genotype is likely to partly explain the differential cognitive response to increased
DHA intake and status. In the Three-City Cohort of older adults, plasma EPA and DHA proportions
did not differ according to APOE genotype but the association between fish consumption and plasma
DHA was weaker in APOE4 carriers. This is consistent with the SATGENE intervention, in which
participants were prospectively recruited by APOE genotype. Following supplementation with DHA
(3.5 g per day) for 8 weeks, a 21% lower plasma phospholipid DHA enrichment was observed in
overweight APOE3/E4 relative to APOE3/E3 individuals [61]. APOE4 carriers have lower plasma
concentrations of apoE, which is in part attributed to lower hepatic apoE recycling, and apoE4 is
preferentially associated with VLDL rather than HDL, with the opposite true for apoE3 [62]. Hence,
although the aetiology of differential cognitive and plasma DHA responses to changes in DHA intake
is currently poorly understood these APOE mediated differences in overall protein concentrations
and lipoprotein partitioning together with a higher β-oxidation of DHA and lower brain uptake of a
(14C)-DHA uptake associated with the APOE4 allele [63,64], are likely to be involved.

Brain DHA is sourced from the systemic circulation with transport across the BBB involving a
number of traditional members of the LDL-receptor family which use apoE as a ligand [65], along with
the recently identified Mfsd2a [66]. The impact of APOE genotype on the expression and function of
these transporters is currently unknown.

Although not fully consistent APOE genotype has also been shown to influence the plasma lipid
response to EPA and DHA intervention, with indications of greater responsiveness in APOE4 carriers,
which may in part reflect the above described impact of genotype on fatty acid partitioning or the
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higher baseline LDL-C and TG evident in APOE4 individuals [67–72]. In the SATGENE intervention a
genotype ˆ diet interaction was evident for plasma TG, with 17% and 30% decreases in APOE3/E3
and APOE3/E4 individuals after the high fat-high saturated fat-DHA relative to the low-fat diet [67].
A greater LC n-3 PUFA induced increase in adipose tissue lipoprotein lipase expression may in part
explain the greater TG lowering in APOE4 carriers [73], with endothelial associated LPL being the
main enzyme responsible for the hydrolysis of circulating TG-rich lipoproteins. There is some earlier
evidence of a borderline significant LDL-cholesterol raising effect of DHA in APOE4 carriers in those
with modest hypertrigylceridaemia [71] which was not evident in later studies in normolipdaemic
individuals [67] or using more moderate intervention doses [68]. In a cross-sectional analysis
in 137,000 individuals Harris et al., observed no association between RBC omega-3 index and plasma
LDL-C concentrations [69].

4. Genetic Variability and the Triglyceride Response to EPA and DHA

Elevated fasting and postprandial TGs are highly clinically significant CVD risk factors, of ever
increasing prevalence, due to their strong association with adiposity and a loss if insulin sensitivity [74].
Perhaps the best described effect of EPA and DHA supplementation is its hypotrigylceridaemic
actions, with the American Heart Association recommending intakes of 2–4 g per day as a TG lowering
strategy [12]. But the TG response to increased EPA and DHA intakes is highly variable. In the
FINGEN trial, although an overall significant impact of intervention was observed, no TG lowering
was evident in 118 out of 312 participants in response to the higher dose [68,75]. As yet the genetic
basis for this variable TG response is poorly understood. In addition to APOE and FADS genotype
described above effects of variants in a number of genes involved in fatty acid metabolism and in
LC n-3 responsive transcription factors have been described [27,76–80], the majority of which have
not yet been confirmed in independent studies. For example in the 208 adults in the Quebec City
Cohort, who were supplemented with ~3 g EPA + DHA per day, SNPs in two lipogenic genes, namely
ATP citrate lyase (ACLY) and acetyl-CoA carboxylase (ACACA) explained 8% of the TG response [76].
In the same cohort and using an untargeted GWAS approach, SNP frequencies were compared in
responders and non-responders. Although no SNP were identified using the calculated threshold
for statistical significance (p < 1.87 ˆ 10´8), 13 variants emerged using a more lenient statistically
suggestive p value (p < 1 ˆ 10´5). A genetic risk score (GRS) constructed using these SNPs explained
22% of the variation in the TG response to supplementation, with this GRS explaining a much more
modest proportion of variation in the TG response in the confirmatory FINGEN cohort [81].

5. Closing Remarks

Dietary recommendations typically suggest an intake of EPA plus DHA of at least 500 mg per day.
It is likely that higher intakes are needed to meaningfully modify many of the responsive CVD risk
factors, providing some justification for increasing the current recommended intakes. However EPA
and DHA supply and sustainability is an issue, with current sources, almost exclusively derived from
fish, providing only 40% of what is needed in order for individuals globally to consume 500 mg per
day [82]. The heterogeneity in response and this issue of supply provides a rationale to stratify advice to
responsive individuals. But current understanding of the determinants of response is incomplete, with
only a proportion of the genetic contribution identified and fully substantiated, and the mechanistic
basis of identified genotype ˆ LC n-3 PUFA interactions poorly understood. Such information must
be gained from adequately powered “fit-for-purpose” studies, avoiding under-powered investigations
which may be associated with spurious conclusions. Research to date has largely employed a candidate
gene type approaches, with a future wider use of untargeted approaches such as GWAS or sequencing,
in combination with a sensitive capture of EPA and DHA intake or status, needed to identify novel
genetic modulators of EPA and DHA responses.
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6. Conclusions

Common gene variants are likely to be an important determinant of EPA and DHA status and
associated physiological impacts. In the future, and with a more robust knowledge base, it is hoped
that genotype could contribute to the targeting of dietary advice with for example increased intakes
recommended in pregnancy to those with a FADS-elongase genetic profile indicative of a compromised
EPA and DHA endogenous biosynthesis, or to APOE4 individuals who may be likely to particularly
benefit from the cognitive or TG lowering benefits.
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Abstract: We aimed to assess the correlation between docosahexaenoic acid (DHA) dietary intake
and the plasma, erythrocyte and breast milk DHA concentrations in lactating women residing in the
coastland, lakeland and inland areas of China. A total of 408 healthy lactating women (42 ˘ 7 days
postpartum) were recruited from four hospitals located in Weihai (coastland), Yueyang (lakeland) and
Baotou (inland) city. The categories of food containing DHA, the average amount consumed per time
and the frequency of consumption in the past month were assessed by a tailored DHA food frequency
questionnaire, the DHA Intake Evaluation Tool (DIET). DHA dietary intake (mg/day) was calculated
according to the Chinese Food Composition Table (Version 2009). In addition, fasting venous blood
(5 mL) and breast milk (10 mL) were collected from lactating women. DHA concentrations in plasma,
erythrocyte and breast milk were measured using capillary gas chromatography, and were reported
as absolute concentration (μg/mL) and relative concentration (weight percent of total fatty acids,
wt. %). Spearman correlation coefficients were used to assess the correlation between intakes of DHA
and its concentrations in biological specimens. The study showed that the breast milk, plasma and
erythrocyte DHA concentrations were positively correlated with DHA dietary intake; corresponding
correlation coefficients were 0.36, 0.36 and 0.24 for relative concentration and 0.33, 0.32, and 0.18 for
absolute concentration (p < 0.05). The median DHA dietary intake varied significantly across areas
(p < 0.05), which was highest in the coastland (24.32 mg/day), followed by lakeland (13.69 mg/day),
and lowest in the inland (8.84 mg/day). The overall relative and absolute DHA concentrations in
breast milk were 0.36% ˘ 0.23% and 141.49 ˘ 107.41 μg/mL; the concentrations were significantly
lower in inland women than those from coastland and lakeland. We conclude that DHA dietary
intake is positively correlated with DHA concentrations in blood and breast milk in Chinese lactating
women, suggesting that the tailored DHA food frequency questionnaire, DIET, is a valid tool for the
assessment of DHA dietary intake.
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1. Introduction

Docosahexaenoic acid (DHA, 22:6n-3) plays an important role in infant growth and development,
especially during early postnatal months, a period of rapid brain growth [1,2]. The accretion of DHA
into brain during this period mainly depends on dietary sources [3]. Therefore, for breastfeeding
infants, their nutritional status concerning DHA is largely determined by their mothers’ DHA
status [4,5]. Many professional organizations, including the Chinese Nutrition Society, recommend
lactating women to consume a minimum of 200 mg DHA per day in order to meet their own needs
and to achieve optimal growth of infants [6,7]. However, as noted by the European Commission with
the International Society for the Study of Fatty Acids and Lipids, only 25% of women at 3 months
postpartum met the recommendation [8]. In China, there is a scarcity of relevant data for lactating
women [9], possibly because there is no valid tool for the assessment of DHA intake.

The food frequency questionnaire (FFQ) has been suggested as an optimal tool in estimating
dietary intake of DHA as it cannot be synthesized in vivo and primarily comes from aquatic
products [10,11]. Most FFQs available in the literature covered the whole diets and were originally
designed to assess a wide range of nutrients, which were quite lengthy and not ideal for dietary
assessment focusing specifically on DHA [12,13]. Given that DHA is contained in only a small range of
foods, efforts have also been made to develop a tailored DHA specific FFQ [14,15], which demonstrated
comparable validity (0.42–0.52) as compared with the whole diet-based FFQs (0.19–0.54) [16]. To our
knowledge, previous studies were primarily conducted in the general populations but none in lactating
women [16]. Due to the possibility of changed dietary patterns and different metabolic profile of fatty
acid during lactation [17], the validity of FFQ in assessing dietary DHA intake of lactating women
remains to be determined.

In this study, we aimed to evaluate the performance of a newly-developed DHA specific FFQ by
assessing the correlation between dietary DHA intake and its concentration in plasma, erythrocyte and
breast milk among Chinese lactating women residing in coastland, lakeland and inland areas of China.

2. Materials and Methods

2.1. Subjects

In this study, we recruited totally 408 healthy lactating women (42 ˘ 7 days postpartum) from
four hospitals located in Weihai (coastland), Yueyang (lakeland) and Baotou (inland) city between
May and July of 2014. The inclusion criteria were: (1) healthy women aged 18–35; (2) currently
exclusive breastfeeding or partial breastfeeding (women who feed infants formula other than breast
milk); (3) having had a singleton pregnancy; (4) local permanent residents. Women were considered
not eligible if they had been diagnosed as having severe heart, liver, kidney or lung diseases,
had serious mental illness, were allergic to fish, shrimp, shellfish or other DHA-rich food, or had
participated in other research projects in the past 30 days. The Institutional Review Board/Human
Subjects Committee at Peking University Health Science Center (IRB00001052-14012; date of approval:
22-04-2014) approved the study protocol, and all participating women signed informed consents.

2.2. Data Collection

The survey consisted of two parts. Firstly, we collected information about socio-demographic
and maternal characteristics, including age, ethnicity, education level, annual family income per
capita, height, breastfeeding patterns, pre-pregnancy and postpartum weight of mothers, as well as
neonatal birth weight and gender. Then, we collected dietary information of the previous month
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by a newly designed electronic version DHA specific FFQ, the DHA Intake Evaluation Tool (DIET),
where the pictures of various kinds of food and intake reference diagrams were provided. The DIET
was designed to capture all food containing DHA listed in the China Food Composition Table (CFCT,
Version 2009) [18], including three categories: seafood (75 kinds such as mackerel, lobster and crab),
freshwater food (38 kinds such as carp, shrimp and river crab) and mutton. Totally, there were 12 food
frequency options ranging from once per month to three times per day, and 9 food intake options
ranging from 25 g to 250 g of edible portion. The survey was self-administered by lactating mothers
and took approximately 10 min on average to complete. DHA dietary intake was calculated on the
basis of the CFCT (Version 2009) [18].

To ensure the data quality, we trained all project staff intensively, standardized data collection
procedures across sites, and designated an investigator at each site to supervise the study and reported
the study process weekly.

2.3. Sample Collection and Analysis

For each participant, fasting venous blood (5 mL) and breast milk (10 mL) were collected.
The detailed procedure for blood collection and processing has been described in our previous
publication [19]. In brief, the blood samples were collected into an ethylenediaminetetraacetic acid
(EDTA)-containing tube, and placed in the refrigerator at 5 ˝C for 30 min before centrifuging at
3000 rpm for 10 min to separate plasma and erythrocytes. Breast milk samples were collected into a
sterile container in the morning (10 ˘ 2 a.m.) from the non-feeding breast manually or with a breast
pump. In the study, mothers were allowed to breastfeed the baby using one side of the breast in the
morning, and if a mother did breastfeed her baby, breast milk was collected from the non-feeding
breast. If not, breast milk was collected from either side. It has been suggested by a study [20], that fat
concentrations in the non-feeding breast are less likely to be influenced by the breastfeeding behavior
using the other breast. Both blood and milk samples were stored at the local hospital at ´20 ˝C for
about 10 days before being transported on dry ice frozen to the central laboratory where samples were
stored at ´80 ˝C in a freezer.

Total lipids in blood and breast milk samples were extracted and derived following a modified
method of Folch et al. [20], and were analyzed by capillary gas chromatography. The detailed analysis
procedure for total lipids in the blood has been descried previously [21]. The same methods were used
for breast milk analysis. Briefly, the internal standard solution with methyl ester (C11:0) was added to
each sample, and mixed with boron trifluoride and methanol. The mixture was heated at 115 ˝C for
20 min and extracted with n-hexane after cooling down to room temperature. The n-hexane containing
methyl esters of total lipids was analyzed by Agilent 6890N capillary gas chromatography (Agilent
Technologies, Palo Alto, CA, USA) equipped with a capillary column (CP-Sil 88, 50 m, 0.25 mm ID,
0.20 μm film thickness). The fatty acids were separated by a programmed temperature ramping
method, and the results were recorded via the Agilent Open LAB software (Agilent Technologies,
Santa Clara, CA, USA). Both absolute (μg/mL) and relative (weight percent of total fatty acids, wt. %)
concentrations of DHA were reported.

2.4. Statistical Analysis

The total dietary intake of DHA in the past month was calculated based on food consumption
frequency, the average amount consumed per time, and the DHA content in the food. Of the
408 participants, 3 (1 lakeland, 2 inland) with obviously abnormal dietary intake and 9 (3 coastland,
5 lakeland, 1 inland) who had consumed DHA supplements in the past month were excluded; thus,
396 subjects were included in the analysis. There were no missing data on all socio-demographic and
maternal characteristics, except that the information on education level and annual family income per
capita was missing for 3% and 6% of subjects.

Data were presented as means ˘ SDs, median (interquartile range), or percentage (%) as
appropriate. The statistical differences between regions in DHA dietary intake and the DHA
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concentrations in blood and breast milk were examined by one-way analysis of variance (ANOVA)
and Kruskal-Wallis tests, followed by Tukey’s HSD and Kruskal-Wallis one-way ANOVA by ranks
for multiple comparisons, as appropriate. In addition, we explored whether DHA concentrations in
breast milk varied across subgroups defined by maternal ethnicity, age (18.0–24.9, 25.0–29.9, and over
30.0 years), pre-pregnancy BMI (<18.5, 18.5–23.9, and 24.0 kg/m2), annual family income per capita,
education attainment (middle school or less, high school, and college or above), maternal dietary
intake and feeding methods by using multiple linear regression with adjustment for region.

Spearman correlation analysis was used to assess the correlation between DHA dietary intake
and its concentrations in biological specimens. To facilitate the description of dietary sources of DHA,
we defined a category of food (seafood, freshwater food, and mutton) as the major DHA source for
an individual if this food category comprised ě50% of total DHA intake. We compared the regional
differences in major DHA sources by using the Chi-square test. Statistical analyses were performed by
using SPSS version 20.0 (Chicago, IL, USA). P values were two-sided, and p < 0.05 was considered
statistically significant.

3. Results

3.1. Maternal Characteristics

The mean age, height, pre-pregnancy BMI, postpartum BMI of the 396 lactating mothers and
mean birth weight of their infants were 27.34 ˘ 2.97 years old, 162.04 ˘ 4.95 cm, 21.07 ˘ 3.31 kg/m2,
23.61 ˘ 3.32 kg/m2, 3.39 ˘ 0.46 kg, respectively. The mean annual family income per capita was
27,507 ˘ 18,789 Chinese Yuan. In total, 95.7% of the mothers were of Han ethnicity, and 36.8% had
high school or above education; approximate 60% of mothers breastfed exclusively. Table 1 shows
the characteristics of mothers and the infants by region. The overall tests showed that there were
significant regional differences in all the characteristics except mothers’ education, ethnics, feeding
methods and infants’ gender. Specifically, lakeland women were relatively younger, shorter in stature,
and had lower pre-pregnancy BMI and postpartum BMI.

3.2. DHA Dietary Intake

Table 2 shows the DHA dietary intake of lactating women by region. The median intake varied
significantly across the three areas (p < 0.001), which was highest in the coastland (24.32 mg/day),
followed by the lakeland (13.69 mg/day), and lowest in the inland (8.84 mg/day). Totally, 126 women
consumed mutton (19 in the coastland and 107 in the inland). The mean DHA dietary intake from
mutton was 0.15 mg/day and 6.18 mg/day for women residing in coastland and inland.

The major DHA food sources differed significantly by region (χ2 = 153.49, p < 0.001) (Table 3).
In coastland, seafood was the major food source for 48% of lactating mothers and for another 48% was
freshwater food. In inland, the major food source for 40% of the mothers was freshwater food and 35%
was mutton. In lakeland, the major food source for four fifths of women was freshwater food.

3.3. DHA Concentrations in Breast Milk and Multiple Regression Analyses

The overall mean DHA absolute and relative concentrations in breast milk were 141.49 μg/mL and
0.36%, respectively; the concentration was higher for coastland and lakeland than inland mothers in
both absolute and relative DHA concentrations (Table 4). Plasma and erythrocyte DHA concentrations
have been reported previously [19].

In multiple linear regression analyses, maternal dietary intake and geographical region were
significantly associated with both absolute and relative DHA concentrations. Maternal feeding method
was significantly associated with absolute DHA concentrations. As the results showed, none of the
characteristics (including maternal ethnic, age, pre-pregnancy BMI, annual family income per capita,
education attainment) have an impact on DHA concentrations in breast milk.

245



Nutrients 2016, 8, 312

T
a

b
le

1
.

C
ha

ra
ct

er
is

ti
cs

of
th

e
m

ot
he

rs
an

d
in

fa
nt

s
by

re
gi

on
.

C
h

a
ra

ct
e

ri
st

ic
s

T
o

ta
l

(n
=

3
9

6
)

C
o

a
st

la
n

d
(n

=
1

3
3

)
L

a
k

e
la

n
d

(n
=

1
3

0
)

In
la

n
d

(n
=

1
3

3
)

p
V

a
lu

e

M
o

th
e

rs
:

A
ge

(y
ea

r)
27

.3
4

˘
2.

97
27

.7
9

˘
2.

69
a

26
.6

1
˘

3.
08

b
27

.6
0

˘
3.

00
a

<0
.0

1
Et

hn
ic

s
(%

)
>0

.0
5

H
an

95
.7

97
.0

97
.7

92
.5

O
th

er
s

4.
3

3.
0

2.
3

7.
5

Ed
uc

at
io

n
(%

)
>0

.0
5

C
ol

le
ge

or
ab

ov
e

36
.8

38
.6

32
.5

39
.2

H
ig

h
sc

ho
ol

52
.5

51
.5

53
.2

52
.8

M
id

dl
e

sc
ho

ol
or

le
ss

10
.7

9.
9

14
.3

8.
0

A
nn

ua
lf

am
ily

in
co

m
e

pe
r

ca
pi

ta
27

,5
07

˘
18

,7
89

21
,4

74
˘

11
,2

91
a

30
,2

98
˘

23
,2

01
b

31
,5

79
˘

18
,5

24
b

<0
.0

01
H

ei
gh

t(
cm

)
16

2.
04

˘
4.

95
16

3.
28

˘
5.

05
a

15
9.

75
˘

4.
31

b
16

3.
05

˘
4.

68
a

<0
.0

01
Pr

e-
pr

eg
na

nc
y

BM
I(

kg
/m

2 )
21

.0
7

˘
3.

31
21

.8
8

˘
3.

52
a

20
.1

2
˘

2.
96

b
21

.1
9

˘
3.

22
a

<0
.0

01
Po

st
pa

rt
um

BM
I(

kg
/m

2 )
23

.6
1

˘
3.

32
24

.5
2

˘
3.

52
a

22
.5

4
˘

2.
92

b
23

.7
5

˘
3.

20
a

<0
.0

01
Fe

ed
in

g
m

et
ho

ds
(%

)
>0

.0
5

Ex
cl

us
iv

el
y

br
ea

st
fe

ed
in

g
58

.8
54

.1
63

.8
58

.6
Pa

rt
ia

lly
br

ea
st

fe
ed

in
g

41
.2

45
.9

36
.2

41
.4

In
fa

n
ts

:

Bi
rt

h
w

ei
gh

t(
kg

)
3.

39
˘

0.
46

3.
46

˘
0.

43
a

3.
28

˘
0.

44
b

3.
42

˘
0.

48
a

<0
.0

1
G

en
de

r,
M

al
e

(%
)

53
.5

51
.9

46
.9

61
.7

>0
.0

5

M
ea

ns
˘

SD
s

w
it

hi
n

a
ro

w
w

it
h

un
lik

e
su

pe
rs

cr
ip

tl
et

te
rs

ar
e

si
gn

ifi
ca

nt
ly

di
ff

er
en

t(
p

<
0.

05
).

246



Nutrients 2016, 8, 312

T
a

b
le

2
.

D
oc

os
ah

ex
ae

no
ic

ac
id

(D
H

A
)d

ie
ta

ry
in

ta
ke

of
la

ct
at

in
g

w
om

en
by

re
gi

on
(m

g/
da

y)
.

D
ie

ta
ry

S
o

u
rc

e
s

o
f

F
o

o
d

s
A

ll
(n

=
3

9
6

)
C

o
a

st
la

n
d

(n
=

1
3

3
)

L
a

k
e

la
n

d
(n

=
1

3
0

)
In

la
n

d
(n

=
1

3
3

)
p

V
a

lu
e

S
e

a
fo

o
d

M
ea

n
˘

SD
s

18
.3

7
˘

33
.2

3
27

.8
9

˘
39

.7
3

a
9.

98
˘

25
.0

7
b

13
.4

3
˘

26
.4

0
b

<0
.0

01
M

ed
ia

n
(i

nt
er

qu
ar

ti
le

ra
ng

e)
3.

28
(0

.4
8,

20
.7

2)
12

.2
6

(1
.6

5,
31

.4
2)

a
1.

70
(0

,7
.8

1)
b

1.
20

(0
,1

0.
01

)b
<0

.0
01

F
re

sh
w

a
te

r
fo

o
d

M
ea

n
˘

SD
s

14
.7

5
˘

24
.4

2
19

.7
6

˘
32

.0
8

a
17

.1
2

˘
22

.5
0

a
7.

56
˘

14
.0

7
b

<0
.0

01
M

ed
ia

n
(i

nt
er

qu
ar

ti
le

ra
ng

e)
5.

97
(2

.1
8,

15
.6

3)
7.

44
(2

.7
9,

19
.5

4)
a

10
.6

3
(4

.4
2,

21
.3

3)
a

2.
95

(0
.7

6,
7.

46
)b

<0
.0

01
M

u
tt

o
n

M
ea

n
˘

SD
s

2.
13

˘
8.

55
0.

15
˘

0.
87

a
0

˘
0

a
6.

18
˘

13
.9

0
b

<0
.0

01
M

ed
ia

n
(i

nt
er

qu
ar

ti
le

ra
ng

e)
0

(0
,0

.4
3)

0
(0

,0
)a

0
(0

,0
)a

1.
84

(0
.2

2,
5.

53
)b

<0
.0

01
T

o
ta

l
fo

o
d

in
ta

k
e

M
ea

n
˘

SD
s

30
.0

0
˘

43
.8

5
44

.3
7

˘
56

.7
7

a
24

.2
0

˘
32

.9
5

b
21

.2
9

˘
33

.9
5

b
<0

.0
01

M
ed

ia
n

(i
nt

er
qu

ar
ti

le
ra

ng
e)

13
.4

2
(5

.5
4,

32
.2

8)
24

.3
2

(8
.4

6,
57

.4
9)

a
13

.6
9

(6
.1

6,
25

.4
7)

b
8.

84
(2

.8
0,

21
.9

6)
c

<0
.0

01

M
ea

ns
˘

SD
s

or
m

ed
ia

n
(i

nt
er

qu
ar

ti
le

ra
ng

e)
w

it
hi

n
a

ro
w

w
it

h
un

lik
e

su
pe

rs
cr

ip
tl

et
te

rs
ar

e
si

gn
ifi

ca
nt

ly
di

ff
er

en
t(

p
<

0.
05

).

T
a

b
le

3
.

M
aj

or
fo

od
so

ur
ce

a
of

D
H

A
by

re
gi

on
.

T
h

e
M

a
jo

r
D

H
A

S
o

u
rc

e

C
o

a
st

la
n

d
L

a
k

e
la

n
d

In
la

n
d

n
%

n
%

n
%

Se
af

oo
d

64
48

.1
2

23
17

.6
9

22
16

.5
4

Fr
es

hw
at

er
fo

od
64

48
.1

2
10

7
82

.3
1

53
39

.8
5

M
ut

to
n

2
1.

50
-

-
47

35
.3

4
N

on
e

3
2.

26
-

-
11

8.
27

a
If

a
ca

te
go

ry
of

fo
od

(s
ea

fo
od

,f
re

sh
w

at
er

fo
od

,o
r

m
ut

to
n)

co
nt

ri
bu

te
d

to
ě5

0%
of

to
ta

lD
H

A
in

ta
ke

fo
r

an
in

di
vi

du
al

,t
hi

s
ca

te
go

ry
of

fo
od

w
as

de
fin

ed
as

th
e

m
aj

or
fo

od
so

ur
ce

of
D

H
A

fo
r

th
is

in
di

vi
du

al
.I

fa
ll

th
e

th
re

e
ca

te
go

ri
es

of
fo

od
co

nt
ri

bu
te

d
to

<5
0%

of
to

ta
lD

H
A

in
ta

ke
fo

r
an

in
di

vi
du

al
,w

e
co

ns
id

er
ed

th
at

th
er

e
w

as
no

sp
ec

ifi
c

m
aj

or
fo

od
so

ur
ce

of
D

H
A

fo
r

th
is

in
di

vi
du

al
.

247



Nutrients 2016, 8, 312

T
a

b
le

4
.

D
H

A
co

nc
en

tr
at

io
ns

in
br

ea
st

m
ilk

an
d

m
ul

ti
pl

e
lin

ea
r

re
gr

es
si

on
.

V
a
ri

a
b

le
s

B
re

a
st

M
il

k
D

H
A

(μ
g

/m
L

)
B

re
a
st

M
il

k
D

H
A

(w
t.

%
)

M
e
a
n

˘
S

D
s

β
9
5
%

C
I

p
M

e
a
n

˘
S

D
s

β
9
5
%

C
I

p

R
e
g

io
n

In
la

nd
11

3.
09

˘
72

.9
0

R
ef

.
R

ef
.

-
0.

28
˘

0.
19

R
ef

.
R

ef
.

-
C

oa
st

la
nd

16
3.

36
˘

13
3.

82
29

.6
9

8.
61

–4
8.

01
<0

.0
1

0.
43

˘
0.

28
0.

09
0.

05
–0

.1
3

<0
.0

1
La

ke
la

nd
14

8.
17

˘
10

0.
98

´2
.3

4
´2

7.
85

–2
0.

95
0.

85
0.

38
˘

0.
17

´0
.0

3
´0

.0
8–

0.
02

0.
26

A
g

e
(y

e
a
r)

<2
5.

0
15

0.
06

˘
12

1.
28

R
ef

.
R

ef
.

-
0.

36
˘

0.
19

R
ef

.
R

ef
.

-
25

.0
–2

9.
9

13
5.

12
˘

90
.7

2
´3

3.
08

´6
6.

81
–1

.9
6

0.
06

0.
36

˘
0.

24
´0

.0
2

´0
.0

8–
0.

04
0.

54
ě3

0.
0

16
1.

98
˘

15
2.

89
´1

6.
75

´5
8.

14
–2

8.
83

0.
45

0.
27

˘
0.

19
´0

.0
4

´0
.1

1–
0.

04
0.

34
E

th
n

ic
it

y
O

th
er

s
12

8.
29

˘
11

7.
84

R
ef

.
R

ef
.

-
0.

38
˘

0.
44

R
ef

.
R

ef
.

-
H

an
14

2.
08

˘
10

7.
05

´3
.5

0
´8

5.
34

–4
8.

13
0.

91
0.

36
˘

0.
21

´0
.0

6
´0

.3
3–

0.
10

0.
64

E
d

u
ca

ti
o

n
M

id
dl

e
sc

ho
ol

or
le

ss
12

4.
00

˘
92

.1
1

R
ef

.
R

ef
.

-
0.

34
˘

0.
18

R
ef

.
R

ef
.

-
H

ig
h

sc
ho

ol
13

8.
18

˘
10

3.
90

16
.5

2
´1

2.
85

–4
4.

42
0.

27
0.

36
˘

0.
23

0.
00

2
´0

.0
5–

0.
05

0.
94

C
ol

le
ge

or
ab

ov
e

15
3.

61
˘

11
7.

84
25

.2
6

´5
.5

8–
56

.5
5

0.
10

0.
38

˘
0.

24
0.

00
5

´0
.0

48
–0

.0
6

0.
86

P
re

-p
re

g
n

a
n

cy
B

M
I

<1
8.

5
13

9.
93

˘
95

.1
6

R
ef

.
R

ef
.

-
0.

38
˘

0.
27

R
ef

.
R

ef
.

-
18

.5
–2

3.
9

14
3.

25
˘

11
1.

83
9.

29
´1

5.
89

–3
4.

13
0.

48
0.

36
˘

0.
20

´0
.0

2
´0

.0
8–

0.
04

0.
62

ě2
4.

0
13

6.
51

˘
10

5.
04

´2
.4

1
´3

4.
60

–3
2.

78
0.

86
0.

25
˘

0.
27

´0
.0

4
´0

.1
4–

0.
04

0.
34

A
n

n
u

a
l

fa
m

il
y

in
co

m
e

p
e
r

ca
p

it
a

(t
e
n

th
o

u
sa

n
d

Y
u

a
n

)
2.

66
´4

.5
9–

9.
70

0.
50

0.
01

´0
.0

1–
0.

02
0.

58
F

e
e
d

in
g

m
e
th

o
d

Ex
cl

us
iv

e
br

ea
st

fe
ed

in
g

13
1.

20
˘

99
.7

4
R

ef
.

R
ef

.
-

0.
35

˘
0.

24
R

ef
.

R
ef

.
-

Pa
rt

ia
lb

re
as

tf
ee

di
ng

15
6.

20
˘

11
6.

26
24

.6
8

4.
65

–4
3.

48
<0

.0
5

0.
38

˘
0.

21
0.

03
´0

.0
1–

0.
07

0.
12

D
ie

ta
ry

D
H

A
in

ta
k

e
0.

75
0.

44
–1

.1
5

<0
.0

1
0.

00
2

0.
00

1–
0.

00
3

<0
.0

1

β
,r

eg
re

ss
io

n
co

ef
fic

ie
nt

;R
ef

.,
re

fe
re

nc
e

ca
te

go
ry

.

248



Nutrients 2016, 8, 312

3.4. Spearman Correlation Analysis

In overall analyses, the DHA dietary intake was significantly correlated with its relative
concentrations in the breast milk, plasma and erythrocyte; corresponding spearman correlation
coefficients were 0.36, 0.36 and 0.24, respectively (p < 0.001) (Table 5); similar but slightly lower
correlation coefficients were observed for absolute concentrations in the three biomarkers. In stratified
analyses by region, moderate correlations of DHA intake with both relative (0.18–0.45) and absolute
(0.15–0.41) concentrations in plasma and breast milk were identified in the three regions, although
some did not reach statistical significance. The correlations between DHA intake and erythrocyte
DHA (relative: 0.05–0.30; absolute: 0.02–0.18) were relatively lower than those of plasma and breast
milk DHA.

Table 5. Spearman correlation analysis between dietary DHA intake and DHA levels in biomarkers.

Biomarkers
All Coastland (n = 133) Lakeland (n = 130) Inland (n = 133)

r (95%CI) p r (95%CI) p r (95%CI) p r (95%CI) p

wt. %
Breast milk 0.36 (0.26–0.45) <0.001 0.45 (0.30–0.58) <0.001 0.16 (´0.02–0.33) 0.06 0.23 (0.05–0.38) <0.01

Plasma 0.36 (0.27–0.45) <0.001 0.46 (0.31–0.60) <0.001 0.21 (0.03–0.38) <0.05 0.18 (0.01–0.34) <0.05
Erythrocyte 0.24 (0.14–0.33) <0.001 0.30 (0.14–0.44) <0.01 0.05 (´0.13–0.23) 0.55 0.08 (´0.10–0.25) 0.38

μg/mL
Breast milk 0.33 (0.23–0.42) <0.001 0.39 (0.23–0.54) <0.001 0.23 (0.06–0.41) <0.01 0.25 (0.07–0.42) <0.01

Plasma 0.32 (0.23–0.41) <0.001 0.41 (0.26–0.55) <0.001 0.21 (0.04–0.39) <0.05 0.15 (´0.01–0.32) 0.08
Erythrocyte 0.18 (0.08–0.27) <0.001 0.17 (0.01–0.32) 0.06 0.18 (´0.01–0.35) 0.05 0.02 (´0.16–0.20) 0.82

4. Discussion

In this large cross-sectional study conducted in the three typical urban areas of China, the DHA
dietary intake was significantly and positively correlated with plasma, erythrocyte, and breast milk
DHA concentrations, suggesting the possibility of using the DIET to assess DHA dietary intake. We
also found that the DHA dietary intake of lactating women residing in the coastland, lakeland and
inland areas of China was substantially lower than the adequate intake (200 mg/day) recommended
by the Chinese Nutrition Society [7].

In our study, the breast milk, plasma and erythrocyte DHA concentrations were positively
correlated with DHA dietary intake; corresponding correlation coefficients were 0.36, 0.36 and 0.24 for
relative concentration and 0.33, 0.32, and 0.18 for absolute concentration. The magnitude of correlation
in our study is slightly lower than that reported by a Canadian study and a Norwegian study, both
of which also utilized DHA specific FFQ [14,15]. In the Canadian study, the correlation coefficient
between DHA dietary intake and whole blood DHA was 0.42 [15], and in the Norwegian study,
the correlation coefficient between DHA dietary intake and erythrocyte DHA was 0.52 [14]. The
underlying reasons might be complex. Firstly, such difference may be a reflection of race differences in
metabolic profile regarding DHA. Secondly, the relatively lower correlation in our study may suggest
that our estimation of dietary intake might be less accurate than in aforementioned studies. If so, the
reduced precision may be partially because we did not consider the variations in cooking methods
of aquatic products. In China, the aquatic products could be cooked in a variety of ways, and it is
unrealistic for us to accurately quantify the impacts of various cooking ways on fatty acids. Thirdly,
both the Canadian and the Norwegian study were conducted in general population [14,15], whereas
our study focused on lactating mothers whose fatty acid metabolic profile might be quite different from
other populations [17]. In any case, the magnitude of our correlation for plasma and erythrocyte DHA
was comparable to some other studies utilizing the FFQs covering the whole diet [16]. In addition
to the correlation between dietary intake of DHA and its concentrations in plasma and erythrocytes,
we also identified clear evidence of a positive correlation for breast milk, which further enhances
the validity of our findings, suggesting that the DIET is suitable for the estimation of dietary intake
of DHA. In the present study, the overall correlation coefficients were generally lower than those of
coastland women, but higher than those of lakeland and inland women, which is in accordance with
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the variations of dietary DHA intake (i.e., the overall interquartile range of intake was 5.54–32.28,
the range for coastland women 8.46–57.49, for lakeland women 6.16–25.47, and for inland women
2.80–21.96), suggesting that it is quite important for future studies to validate FFQs in a population
with diverse dietary patterns. Moreover, the correlation coefficients for plasma and breast milk were
generally higher than those for erythrocytes, which corresponds to the fact that erythrocyte DHA is
an indicator of longer term nutritional status [22], whereas plasma and breast milk DHA often reflect
short term dietary intake [12,22,23].

In our study, the median DHA dietary intake was highest in lactating mothers residing in the
coastland area (24.3 mg/day) and lowest in those from the inland area (8.8 mg/day), and the intake
of lakeland mothers (13.7 mg/day) was intermediate between them. Compared to other studies
carried out among Chinese population, the dietary intake of our population was relatively lower.
On the basis of the whole diet FFQ, three cross-sectional studies reported the dietary intake of DHA
of 54.7–93.9 mg/day, 35.4–51.7 mg/day, and 11.8–41.1 mg/day, in coastland, lakeland, and inland
pregnant women of China, respectively [24–26]. In addition to the differences in study population, our
study was carried out during the fish close season when the supply of aquatic products might reduce
materially. Another reason might be due to the differences of the questionnaire [27]. Specifically, the
food list of DIET was determined strictly following the CFCT (Version 2009) [18], and therefore only
food containing DHA indicated by CFCT was included, enabling us to calculate the dietary intake of
DHA based on standardized DHA content value for a specific food. However, foods like eggs which
have been demonstrated by other studies as a non-negligible food source for DHA were not included
in DIET as the CFCT states that DHA in eggs is not detectable [28].

It is noteworthy that the DHA dietary intake in our study as well as other studies conducted
in China are much lower than reports from other countries. In developed countries like Spain,
Japan and Korea, the dietary intake of the general population based on the whole diet FFQ was
400 mg/day, 290 mg/day and 174 mg/day, respectively [29–31]. In the USA, Australia, and Canada,
the dietary intake of general population based on DHA specific FFQ were 206 mg/day, 201 mg/day,
and 128 mg/day, respectively [21,27,32]; notably, only marine food was included in the FFQ of the USA
study. Apparently, even in the coastland of China the DHA dietary intake was only one-fifth of that in
Canada and one-tenth of that in USA [21,32]. The DHA intake differences between Chinese and other
populations are rather consistent with the differences in aquatic food consumption patterns. Firstly,
the intake of aquatic products per capita is substantially lower in China than other countries [33].
For example, the amount of aquatic products consumed by lactating women in China was only 7% of
that in Sweden [34]. Secondly, most common seafood consumed in China were scallops and lean fish
which contain less fatty acids, while people in other countries usually consumed fatty fish such as
salmon and herring with higher content of DHA [26,35]. The Chinese Nutrition Society recommends
the adequate intake of DHA as 200 mg/day for lactating women [7]. Obviously, even for women
residing in the coastal area, their DHA dietary intake was only one eighth of the recommended value,
indicating the necessity for lactating women to consume more fatty fish or take DHA supplements
under the guidance of doctors [9].

Interestingly, despite substantially insufficient dietary intake relative to the recommendations,
the mean breast milk DHA concentration in our study (0.36%) was slightly higher than the mean
level of 65 studies worldwide (0.32%) [36], which is worth studying in the future. Except dietary
intake and geographical location, we observed in multiple regression analyses that none of the
common characteristics (including maternal ethnic, age, pre-pregnancy BMI, annual family income
per capita, education attainment, and feeding methods) seemed to have an important impact on DHA
concentrations in breast milk.

Our study has strengths. Firstly, we developed a user-friendly electronic version FFQ where food
pictures and intake reference diagrams were provided, which could help the participants to recall
more accurately. Secondly, our study was conducted in three areas of China, representing three typical
areas with different dietary habits related to aquatic products. Thirdly, compared to other studies in
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the literature, our study had large sample size and simultaneously assessed the correlation between
DHA dietary intake and its concentrations in plasma, erythrocytes, and breast milk.

Our study also has limitations. First, we did not include food that may contain DHA but was not
listed in the CFCT (Version 2009). Second, this study is conducted in urban areas, which may limit
the generalization of its findings to a broader population because the availability and consumption
patterns of aquatic products between rural and urban China may be different. Third, we did not assay
α-linolenic acid that can convert to DHA and therefore may be of importance with respect to the
interpretation of the correlation between dietary intake of DHA and its concentrations. Additionally,
erythrocyte DHA measurements may be lower than the true values because of the temporary storage
of blood samples under ´20 ˝C [37,38], and consequently, the correlation between dietary intake DHA
and its concentrations in erythrocytes may be slightly compromised.

5. Conclusions

To summarize, this study is the first in China to assess the correlation between DHA dietary
intake and its concentrations of biological specimens in lactating women. The DHA dietary intake is
positively correlated with the three biomarkers, suggesting that the tailored FFQ can be used to assess
the dietary intake of DHA. Consistent with the findings from other studies, the DHA dietary intake of
lactating women in China is substantially inadequate. Given the importance of DHA nutritional status
of lactating women on the health of both mothers and infants, it is of great significance to improve the
maternal DHA nutritional status.
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