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Abstract Studies have demonstrated large within-popu-

lation heterogeneity in plasma triacylglycerol (TG)

response to n-3 PUFA supplementation. The objective of

the study was to compare metabolomic and transcriptomic

profiles of responders and non-responders of an n-3 PUFA

supplementation. Thirty subjects completed a 2-week run-

in period followed by a 6-week supplementation with n-3

PUFA (3 g/d). Six subjects did not lower their plasma TG

(?9 %) levels (non-responders) and were matched to 6

subjects who lowered TG (-41 %) concentrations

(responders) after the n-3 PUFA supplementation. Pre-n-3

PUFA supplementation characteristics did not differ

between the non-responders and responders except for

plasma glucose concentrations. In responders, changes

were observed for plasma hexose concentrations, docosa-

hexaenoic acid, stearoyl-CoA-desaturase-18 ratio, and the

extent of saturation of glycerophosphatidylcholine after n-3

PUFA supplementation; however, no change in these

parameters was observed in non-responders. Transcrip-

tomic profiles after n-3 PUFA supplementation indicate

changes in glycerophospholipid metabolism in both sub-

groups and sphingolipid metabolism in non-responders. Six

key genes in lipid metabolism: fatty acid desaturase 2,

phospholipase A2 group IVA, arachidonate 15-lipoxyge-

nase, phosphatidylethanolamine N-methyltransferase,

monoglyceride lipase, and glycerol-3-phosphate acyl-

transferase, were expressed in opposing direction between

subgroups. In sum, results highlight key differences in lipid

metabolism of non-responders compared to responders

after an n-3 PUFA supplementation, which may explain the

inter-individual variability in plasma TG response.
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Abbreviations

AC Acylcarnitines

AGPAT 1-Acylglycerol-3-phosphate

O-acyltransferases

ALOX15 Arachidonate 15-lipoxygenase

CPT Cell preparation tube

D5D Delta5-desaturase

DHA Docosahexaenoic acid

EPA Eicosapentaenoic acid

FDR False discovery rate

FA Fatty acid

FADS2 Fatty acid desaturase 2

ELOVL2 Fatty acid elongase

GPAM Glycerol-3-phosphate acyltransferase

glyPC Glycerophosphatidylcholines

HDL-C High-density lipoprotein cholesterol

HIF Hypoxia-inducible factor

IPA Ingenuity pathway analysis

LDL-C Low-density lipoprotein cholesterol

LPL Lipoprotein lipase

lysoPC Lysophosphatidylcholines

MGLL Monoglyceride lipase
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MUFA Monounsaturated FA

NrF2 Nuclear factor (erythroid-derived 2)-like 2

NF-kB Nuclear factor kB

PLA2 Phospholipase A2

PNPLA2 Patatin-like phospholipase domain containing

2

PBMCs Peripheral blood mononuclear cells

PPARA Peroxisome proliferator-activated receptor

alpha

PEMT Phosphatidylethanolamine

N-methyltransferase

SCD Stearoyl-CoA desaturase

TC Total cholesterol

TG Triacylglycerol

SAM Significance analysis of microarrays

SM Sphingomyelins

Introduction

The cardioprotective properties of the fish oil-derived long-

chain n-3 PUFAs, including eicosapentaenoic acid (EPA)

and docosahexaenoic acid (DHA), have been demonstrated

in numerous studies (Harris 1997). The evidence from those

studies indicates that n-3 PUFA have hypo-triglyceridemic,

anti-inflammatory, anti-atherogenic, and anti-arrhythmic

effects, which are the potential underlying mechanisms for

reducing the risk of cardiovascular disease (Harris 1997).

Yet, there is well-recognized heterogeneity in triacylglyc-

erol (TG) response to n-3 PUFA supplementation (Madden

et al. 2011): for example, 31 % of all volunteers from the

Fish Oil Intervention and Genotype (FINGEN) Study

showed no reduction in TG after 1.8 g EPA and DHA per

day for 8 weeks (Caslake et al. 2008). This heterogeneity in

TG response within studies is likely to be at least partly

attributable to genetic variability within the study popula-

tion that may be apparent in metabolic pathways.

The analysis of metabolomic and transcriptomic signa-

tures pre- and post-n-3 PUFA supplementation may pro-

vide information on the physiological pathways which are

affected by supplementation. Previous studies have dem-

onstrated the effects of nutrient intakes on the specific

metabolomic profiles (Suhre et al. 2011; Wittwer et al.

2011). Further, alterations in the metabolome may derive

from changes in gene expression levels (Wittwer et al.

2011). Recent studies demonstrate that peripheral blood

mononuclear cells (PBMCs) profiling adequately reflect

gene expression levels of various tissues (Liew et al. 2006;

Rudkowska et al. 2011b). Studies showed that supple-

mentation with n-3 PUFA can alter gene expressions

toward a more anti-atherogenic and anti-inflammatory

profile (Bouwens et al. 2009; Rudkowska et al. 2013).

Overall, the assessment of metabolic and transcriptomic

profiles can potentially enlighten us on changes that occur

in physiological pathways.

Thus, the objective was to examine whether metabolo-

me and transcriptome analyses can be used to distinguish

between subjects who respond and who do not respond to

an n-3 PUFA supplementation by lowering plasma TG

concentrations.

Subjects and methods

Study population

A total of 254 subjects from the greater Quebec City

metropolitan area were recruited to participate in the study.

In total, 210 subjects completed the intervention protocol.

For the purpose of this large-scale ‘‘Omics’’ study, the first

30 subjects who completed the study were included for the

metabolomic and transcriptomic profiling. Further, subjects

who completed the study were separated into sub-groups:

responders and non-responders. Non-responders are

defined by no reduction in plasma TG concentrations after

the n-3 PUFA supplementation (change in plasma TG

of C0 mmol/L; TG post-n-3 PUFA minus TG pre-n-3

PUFA supplementation).

Participants had a BMI between 25 and 40 kg/m2 and

were not currently taking any lipid-lowering medications.

Subjects were excluded from the study if they had taken

n-3 PUFA supplements for at least 6 months prior, used

oral hypolipidemic therapy, or had been diagnosed with

diabetes, hypertension, hypothyroidism, or other known

metabolic disorders such as severe dyslipidemia or coro-

nary heart disease. The experimental protocol was

approved by the Ethics Committees of Laval University

Hospital Research Center and Laval University. This trial

was registered at clinicaltrials.gov as NCT01343342.

Study design and diets

First, subjects followed a run-in period of 2 weeks. Indi-

vidual dietary instructions were given by a trained dietician

to achieve the recommendation from Canada’s Food

Guide. Subjects were asked to follow these dietary rec-

ommendations and maintain their body weight stable

throughout the protocol. Some specifications were given

regarding the n-3 PUFA dietary intake: not exceed 2 fish or

seafood servings per week (max 150 g), prefer white flesh

fishes instead of fatty fishes (examples were given), and

avoid enriched n-3 PUFA dietary products such as some

milks, juices, breads, and eggs. Subjects were also asked

to limit their alcohol consumption during the protocol;
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2 regular drinks per week (approximately 28 grams of alcohol

per week) were allowed. In addition, subjects were not

allowed to take n-3 PUFA supplements (such as flaxseed),

vitamins or natural health products during the protocol.

Second, after the run-in period, each participant received

a bottle containing needed fish oil capsules for the fol-

lowing 6 weeks. They were invited to take 5 (1 g of fish oil

concentrate each) capsules per day (Ocean Nutrition, Nova

Scotia, Canada), providing a total of 3 g of n-3 PUFA

(including 1.9 g EPA and 1.1 g DHA) per day. For a

facilitated digestion, we recommended to take fish oil

capsules while eating. Compliance was assessed from the

return of bottles. Subjects were asked to report any devi-

ation during the protocol, write down their alcohol and fish

consumption as well as the side effects. Before each phase,

subjects received detailed written and oral instructions on

their diet.

Biochemical parameters

Lipid, glycemic and inflammation markers

Blood samples were collected from an antecubital vein into

vacutainer tubes containing EDTA after 12-h overnight fast

and 48-h alcohol abstinence. Blood samples were taken to

identify and exclude individuals with any metabolic disor-

ders. Afterward, selected participants had blood samples

taken at prior and after the n-3 PUFA supplementation

period. Plasma was separated by centrifugation

(2,5009g for 10 min at 4 �C), and samples were aliquoted

and frozen for subsequent analyses. Plasma total cholesterol

(TC) and TG concentrations were measured using enzy-

matic assays (Burstein and Samaille 1960). The HDL-C

fraction was obtained after the precipitation of very low-

density lipoprotein and LDL particles in the infranatant with

heparin manganese chloride (Albers et al. 1978). LDL-C

was calculated with the Friedewald formula (Friedewald

et al. 1972). Fasting insulinemia was measured by radio-

immunoassay with polyethylene glycol separation (Desbu-

quois and Aurbach 1971). Fasting glucose concentrations

were enzymatically measured (Richterich and Dauwalder

1971). Apolipoprotein (apo) B100 concentrations were

measured in plasma by the rocket immunoelectrophoretic

method of Laurell, as previously described (Laurell 1966).

Plasma C-reactive protein (CRP) was measured by nephe-

lometry (Prospec equipment Behring) using a sensitive

assay, as described previously (Pirro et al. 2001).

Fatty acids analysis

Fatty acid (FA) composition of erythrocyte membranes was

determined by gas chromatographic analysis. Membranes

of lysed erythrocytes were isolated by centrifugation

(21,0009g, 15 min) and washed twice with 0.9 % NaCl

solution. Cell membranes were resuspended in 200 lL of

the NaCl solution and were spiked with phosphatidylcho-

line C:15 (Avanti Polar Lipids, Alabaster, AL), used as

internal standard. Lipids were extracted using a mixture of

chloroform–methanol (2:1 v/v) according to a modified

Folch method (Shaikh and Downar 1981). Fatty acid pro-

files were obtained after methylation in methanol/benzene

4:1 (v/v) (Lepage and Roy 1986) and capillary gas chro-

matography using a temperature gradient on a HP5890 gas

chromatograph (Hewlett Packard, Toronto, Canada)

equipped with a HP-88 capillary column (100 m 9

0.25 mm i.d. 9 0.20 lm film thickness; Agilent Technol-

ogies, Palo Atto, CA) coupled with a flame ionization

detector (FID). Helium was used as carrier gas (split ratio

1:80). FA were identified according to their retention time,

using the following standard mixtures as a basis for com-

parison: the FAME 37 mix (Supelco Inc., Bellefonte, PA)

and the GLC-411 fatty acid mix (NuChek Prep Inc, Ely-

sian, MN), as well as the following methylated fatty acids

C22:5 w6 (Larodan AB, Malmö, Sweden) and C22:5 w3

(Supelco Inc., Bellefonte, PA). Erythrocyte FA profiles

were expressed as the relative percentage areas of total

FAs.

Further, FA ratios used as surrogate measures of desat-

urase indices, including stearoyl-CoA desaturase (SCD),

delta5-desaturase (D5D), and fatty acid elongase

(ELOVL2), were calculated with the percentages of FAs in

erythrocytes. The SCD18 was calculated with the ratio of

oleic acid (18:1n-9) on stearic acid (18:0). Second, the

D5D was calculated by using arachidonic acid (20:4n-6) on

dihomo-gamma-linolenic acid (20:3n-6). The delta6-desat-

urase (D6D) was not calculated since gamma-linolenic acids

(18:3n-6) by linoleic acid (18:2n-6) FA percentages were not

detectable. Finally, ELOVL2 was calculated with the ratio of

DHA (22:6n-3) on EPA (20:5n-3).

Metabolomic analyses

Metabolite profiling

The targeted metabolite profiling with the Biocrates

Absolute IDQ p150 (Biocrates Life Sciences AG, Austria)

mass spectrometry method was used to quantify 163

metabolites from four compound classes including: 41 a-

cylcarnitines (ACs) (ACx:y, where x denotes the number of

carbons in the side chain and y the number of double

bonds), 13 amino acids (proteinogenic ? ornithine), hex-

oses (sum of hexoses—90–95 % glucose), and 107 lipids.

These lipids are subdivided into 3 different classes; 15

sphingomyelins (SM) and SM-derivatives, 15 lys-

ophosphatidylcholines (lysoPC), and 77 glyceropho-

sphatidylcholines (glyPC). Glycerophospholipids are
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further differentiated with respect to the presence of ester

(a) and ether (e) bonds in the glycerol moiety, where two

letters (aa, ae, or ee) denote that the first and the second

positions of the glycerol unit are bound to a FA residue,

while a single letter (a or e) indicates a bond with only one

FA residue; the latter molecular species are usually called

lyso-phospholipids. Assays used 10 lL of plasma from

each subject pre- and post-n-3 PUFA supplementation. The

metabolite profiling was carried out according to the

manufacturer’s instructions at CHENOMX (Edmonton,

AL, Canada). For all analyzed metabolites, the concentra-

tions are reported in lM.

Transcriptomics analyses

Peripheral blood mononuclear cells

Blood samples were collected into an 8-mL Cell Prepara-

tion Tube (CPT) (Becton–Dickinson, Oakville, On, Can-

ada) pre- and post-supplementation. Peripheral blood

mononuclear cells (PBMCs) were separated by centrifu-

gation (1,5009g, 20 min, at room temperature) and washed

according to the manufacturer’s instructions. Total RNA

were extracted with RNeasy Plus Mini Kit (QIAGEN,

Mississauga, On, Canada) according to manufacturer’s

protocol. After spectrophotometric quantification and ver-

ification of the total RNA quality via the Agilent 2100

Bioanalyser (Agilent Technologies, Palo Alto, CA, United

States), samples were used for microarray analysis. Sam-

ples were excluded from additional analysis on microarray

chips if they had poor RNA quality (RIN \ 8).

Transcriptomic profiling

Two hundred nanograms of total RNA were amplified and

labeled using the Illumina TotalPrep RNA Amplification

kit (Ambion). cRNA quality was assessed by capillary

electrophoresis on Agilent 2100 Bioanalyzer. Expression

levels of 48,803 mRNA transcripts, to investigate 37,804

genes, were assessed by the Human-6 v3 Expression

BeadChips (Illumina). Hybridization was carried out

according to the manufacturer’s instructions at the McGill

University/Génome Québec Innovation Center (Montreal,

Canada).

Analysis of microarray data

These data are based on the ‘‘minimum information about a

microarray experiment’’ (MIAME), to ensure that micro-

array data can be easily interpreted and that results derived

from its analysis can be independently verified (Brazma

et al. 2001). The microarray analysis was performed using

FlexArray software (Blazejczyk et al. 2007). The Lumi

algorithm was used to normalize Illumina microarray data.

Specifically, expression values were normalized by using

Lumi via the Robust Multiarray Average (RAM) algorithm

(Bolstad et al. 2003). This step was followed by quantile

normalization and log2 transformation. The samples were

then grouped according to time (pre- and post-supple-

mentation) and responsiveness to n-3 PUFA supplemen-

tation (responder and non-responders). To assess which

transcripts were differentially expressed between condi-

tions examined, we used a Significance Analysis of

Microarrays (SAM) algorithm, an adaptation of a t test for

microarray data, on all probes. In general, the SAM

application assigns a score to gene on the basis of changes

in gene expression relative to standard deviation of repe-

ated measurements. Then, SAM uses permutations of the

repeated measurements to estimate the False Discovery

Rate (FDR) (Tusher et al. 2001). A cutoff of P B 0.05 was

used to select the regulated genes. In addition, a fold

change cutoff was also computed by FlexArray software to

assess the level and the direction of the gene regulation.

This fold change is calculated as the absolute ratio of

normalized intensities between the mean values of all

individual fold change (post-/pre-supplementation). Thus,

two cutoff values were used to minimize the chances of

false positives. Fold changes at C1.2, and P B 0.05 (up-

regulated) or fold changes at B0.8 and P B 0.05 (down-

regulated) were taken from each treatment to determine

differentially expressed transcripts and transcript lists were

generated.

Biological pathway analyses

Pathway analyses allowed to determine whether genes found

to be differentially expressed belong to pre-defined networks

more than expected by chance alone and help to add structure

to the vast amount of data generated by microarrays. The

Ingenuity Pathway Analysis (IPA) system (Ingenuity� Sys-

tems, www.ingenuity.com) was used to visualize gene

expression data in the context of biological pathways. First,

an input file was uploaded in the IPA system: fold changes of

all probe sets between pre- and post-n-3 PUFA supplemen-

tation and dataset in Core Analysis were created. Further, the

core dataset was analyzed using the general settings for IPA

system as ‘‘Ingenuity knowledge base (genes)’’ and ‘‘con-

sidered only molecules and/or relationships where species is

humans’’. Finally, we examined the canonical pathway

analysis, in particular, the lipid metabolism category, which

allows us to link expression data to clinical endpoints for

mechanistic hypothesis generation and identification of

putative mechanisms.

The significance value associated with Functional

Analysis for a dataset is a measure of the likelihood that the

association between a set of Functional Analysis molecules
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in the experiment and a given process or pathway is due to

random chance. Smaller p values (P B 0.05) indicate sta-

tistically significant, non-random associations. The P-value

is calculated using the right-tailed Fisher Exact Test with a

cutoff of ±1.2. IPA suggests to use p-values as starting

points for further investigation; however, pathways with

larger p-values (P [ 0.05) may be biologically relevant

even if not statistically significant. In addition, there is no

directionality associated with the relationship (i.e. the

function cannot be interpreted as being up- or down-

regulated).

Statistical analyses

Results are presented as mean ± SEM. Variables not

normally distributed were transformed by natural logarithm

to normalize their distribution. Outlier values (C±3SD)

were excluded from statistical analyses. Data were ana-

lyzed using a paired t test to determine significant changes

between pre- and post-supplementation periods for each of

the subgroups: responders and non-responders. An

unpaired t test was used to establish differences between

pre- and post-data between the subgroups. The delta of

change was calculated (post-minus pre-supplementation

levels), and an unpaired t test was performed to determine

differences between responders and non-responders. Sec-

ond, an analysis of variance model (ANOVA) adjusted for

the effects of age, sex, and BMI was carried out on each of

the variables. Statistical analyses were performed with SAS

statistical software, version 9.1 (SAS Institute Inc, Cary,

NC). Statistical significance was defined as P B 0.05.

Results

First, a comparison of the biochemical parameters pre- and

post-n-3 PUFA supplementation for 6 responders and 6

non-responders who were used for the OMICs study is

presented in Table 1. In sum, the 6 responders had higher

pre-supplementation plasma glucose concentrations

compared to the 6 non-responders; yet, all other pre- and

post-supplementation parameters were similar in both

subgroups. Obviously, the n-3 PUFA supplementation was

associated with a decrease in fasting TG concentrations in

responders, from 1.75 to 0.99 mmol/L (-0.76 mmol/L,

-41 %). In contrast, the non-responders increased their

plasma TG from 1.03 to 1.12 mmol/L (0.10 mmol/L, 9 %).

In parallel, the LDL-C/apo-B ratio, an indicator of LDL-

particle size (Wagner et al. 2002), increased in responders

and decreased in non-responders. Similarly, the change

(delta value) of plasma TG and LDL-C/apo-B ratio

between responders and non-responders were different

(P = 0.0153 and P = 0.0039, respectively). In both,

responders and non-responders, there were no differences

in TC and LDL-C pre- and post-supplementation; however,

there was an increase in HDL-C and a decrease in TC/

Table 1 Biochemical parameters of responders and non-responders pre- and post-n-3 PUFA supplementation

Responders (n = 6) Non-responders (n = 6) P value between resp. and

non-resp.

Pre-n-3

PUFAs

Post-n-3

PUFAs

P value Pre-n-3

PUFAs

Post-n-3

PUFAs

P value Pre-n-3

PUFAs

Delta (post-

and pre-n-3

PUFAs)

Gender 2 men (33 %) and 4 women (67 %) 1 man (16 %) and 5 women (83 %)

Age (years) 40 ± 4 years 30 ± 4 years NS

BMI (kg/m2) 29.9 ± 1.5 30.5 ± 2.7 NS NS

Triacylglycerolsa (mmol/L) 1.75 ± 0.47 0.99 ± 0.23 0.0002 1.03 ± 0.15 1.12 ± 0.17 0.045 NS 0.0153

Cholesterol (mmol/L)

Total 5.00 ± 0.28 5.03 ± 0.42 NS 5.02 ± 0.43 4.88 ± 0.33 NS NS NS

LDL 2.76 ± 0.37 3.03 ± 0.42 NS 2.85 ± 0.43 2.57 ± 0.33 NS NS 0.0443

HDLa 1.43 ± 0.16 1.54 ± 0.18 0.0267 1.70 ± 0.11 1.80 ± 0.12 NS NS NS

Ratio TC/HDL-C 3.66 ± 0.37 3.39 ± 0.33 0.0001 3.05 ± 0.41 2.79 ± 0.30 0.0018 NS NS

Apo-B100 (g/L) 0.87 ± 0.08 0.88 ± 0.08 NS 0.81 ± 0.12 0.80 ± 0.08 NS NS NS

Ratio LDL/Apo-B 3.18 ± 0.69 3.42 ± 0.64 0.0108 3.51 ± 0.48 3.18 ± 0.48 0.0247 NS 0.0039

Glucose (mmol/L) 5.33 ± 0.19 5.42 ± 0.17 NS 4.77 ± 0.21 4.98 ± 0.29 NS 0.0058 NS

Insulin (pmol/L) 68.80 ± 20.45 90.83 ± 27.54 NS 73.00 ± 8.83 89.17 ± 5.80 NS NS NS

CRPa(mg/L) 2.11 ± 0.95 2.13 ± 1.06 NS 1.20 ± 0.40 1.10 ± 0.40 NS NS NS

Data are shown as mean ± SEM

TC total cholesterol, HDL-C high-density lipoprotein cholesterol, LDL-C low-density lipoprotein cholesterol
a P value derived from transformed data
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HDL-C ratio in responders. In addition, the delta of LDL-C

levels between responders and non-responders were dif-

ferent (P = 0.0039).

Further, results of the biochemical characteristics of the

sub-group of 6 responders and 6 non-responders used for

the OMICs study were validated in a second group of 60

responders and 60 non-responders from the entire cohort

(n = 210), as described in Table 2. In sum, the pre-sup-

plementation characteristics of 60 non-responders com-

pared to the 60 best-responders were similar; except that

higher plasma TG (P \ 0.0001), glucose (P = 0.016),

insulin (P = 0.023), and ratio TC/HDL-C (P = 0.0018)

together with lower HDL-C levels (P = 0.014) were

observed in responders. Obviously, the plasma TG

decreased in responders (P \ 0.0001) and increased in

non-responders (P \ 0.0001). Further, responders

increased HDL-C levels (P \ 0.0001) and decreased TC/

HDL-C ratio (P \ 0.0001) after n-3 PUFA supplementa-

tion. In contrast, non-responders increased their TC/HDL-

C ratio (P = 0.005) as well as insulin (P = 0.046), apoB

levels (P = 0.0015), and LDL/apo-B ratio (P = 0.0098).

Finally, changes (delta) pre- to post-n-3 PUFA supple-

mentations were different between the responders and non-

responder subgroup for TG (P \ 0.0001), TC (P = 0.026)

levels including HDL-C (P = 0.0001) and TC/HDL-C

ratio (P \ 0.0001). Further, the same variables were sta-

tistically different between groups after further adjustments

for age, sex, and BMI (data not shown). In sum, the 6

individuals that are classified as responders and non-

responders analyzed in the OMICs sub-study represent

adequately the characteristics of the responders and non-

responders of the entire cohort.

Fatty acids analysis

The 6-week n-3 PUFA supplementation as expected

increased the concentration of total n-3 and decreased total

n-6 FA content in erythrocytes in both subgroups

(Table 3). In brief, the n-3 PUFA supplementation was

associated with a similar increase in total n-3 in erythro-

cytes in both subgroups, from 7.11 to 10.38 % of total free

FA for responders and from 7.00 to 10.21 % of total free

FA for non-responders. In the responder subgroup,

increases were also observed for EPA, DHA, and n-3/n-6

FAs ratio after n-3 PUFA supplementation. In the non-

responder subgroup, an increase was observed for EPA and

ratio of n-3/n-6 FAs; however, the change in DHA content

in erythrocytes did not reach statistical significance prob-

ably due to large inter-individual variability. Further, D5D

increased and ELOVL2 decreased in both subgroups. Yet,

Table 2 Replication sample of responders and non-responders pre- and post-n-3 PUFA supplementation

Responders (n = 60) Non-responders (n = 60) P value between resp. and

non-resp.

Pre-n-3

PUFAs

Post-n-3

PUFAs

P value Pre-n-3

PUFAs

Post-n-3

PUFAs

P value Pre-n-3

PUFAs

Delta (post-

and pre-n-3

PUFAs)

Gender 26 men (43 %) and 34 women (57 %) 30 men (50 %) and 30 women (50 %) NS

Age (years) 32.02 ± 1.11 years 31.1 ± 1.16 years NS

BMI (kg/m2) 29.3 ± 0.5 29.3 ± 0.5 NS 27.8 ± 0.5 28.0 ± 0.5 0.0007 NS NS

Triacylglycerolsa (mmol/L) 1.61 ± 0.09 0.99 ± 0.06 \0.0001 1.03 ± 0.06 1.20 ± 0.07 \0.0001 \0.0001 \0.0001

Cholesterol (mmol/L)

Total 4.94 ± 0.12 4.83 ± 0.13 NS 4.77 ± 0.13 4.87 ± 0.14 NS NS 0.0264

LDL 2.87 ± 0.11 2.94 ± 0.12 NS 2.79 ± 0.12 2.84 ± 0.13 NS NS NS

HDLa 1.33 ± 0.05 1.44 ± 0.05 \0.0001 1.50 ± 0.05 1.48 ± 0.05 NS 0.0142 0.0001

Ratio TC/HDL-C 3.90 ± 0.13 3.59 ± 0.14 \0.0001 3.33 ± 0.12 3.48 ± 0.14 0.0054 0.0018 \0.0001

Apo-B 100 (g/L) 0.89 ± 0.03 0.91 ± 0.03 NS 0.83 ± 0.03 0.88 ± 0.03 0.0015 NS NS

Ratio LDL/Apo-B 3.28 ± 0.06 3.20 ± 0.05 NS 3.36 ± 0.06 3.20 ± 0.07 0.0098 NS NS

Glucose (mmol/L)a 5.15 ± 0.06 5.17 ± 0.06 NS 4.94 ± 0.05 5.04 ± 0.07 NS 0.0155 NS

Insulin (pmol/L)a,* 84.93 ± 3.47 80.91 ± 3.35 NS 75.31 ± 3.31 82.70 ± 3.90 0.0456 0.0226 NS

CRPa(mg/L) 2.78 ± 0.47 2.69 ± 0.40 NS 2.87 ± 0.68 3.06 ± 0.83 NS NS NS

Data are shown as mean ± SEM

TC total cholesterol, HDL-C high-density lipoprotein cholesterol, LDL-C low-density lipoprotein cholesterol

* Subjects excluded for responders (n = 5 for pre-n-3 PUFAs and n = 3 for post-n-3 PUFAs) and non-responders (n = 2 for pre-n-3 PUFAs and

n = 4 for post-n-3 PUFAs)
a P value derived from transformed data
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SCD18 decreased in responders and was not changed in

non-responders. There were no differences between the

delta for FA composition between responders and non-

responders.

Changes in metabolites

The results from the entire panel of metabolites analyzed

with the Biocrates Absolute IDQ p150 are available in

Supplemental file. Briefly, results demonstrate that there

was an increase in unsaturated FA in glyPC (Supple-

mental file: Table A) to a greater extent in responders as

compared to non-responders after the n-3 PUFA supple-

mentation period. In addition, the ratio of glyPC aa C40:5/

glyPC aa C40:6 in responders and non-responders

decreased after n-3 PUFA supplementation (from 0.53 to

0.31 (P = 0.05), and from 0.47 to 0.31 (P = 0.21),

respectively, for responders and non-responders). Addi-

tionally, four glycerophospholipids (PC aa C38:4, PC aa

C40:4, PC ae C36:1, PC ae C44:4) changed differently in

response to n-3 PUFA supplementation and there was a

decrease in responders but not in non-responders. Further,

results demonstrate no major differences between

responders and non-responders for SM (Supplemental file:

Table B), lysoPC (Supplemental file: Table C), AC

(Supplemental file: Table D), and amino acid (Supple-

mental file: Table E) concentrations after n-3 PUFA

supplementation. Nevertheless, the hexose (Supplemental

file: Table F) concentrations decreased in responders’

subgroup only after n-3 PUFA supplementation.

Changes in gene expression levels

First, we compared the pre- to post-n- 3 PUFA supple-

mentation gene expression values to adjust for baseline

differences since microarrays are more appropriate to dis-

tinguish changes in the relative gene expression. In the

responder subgroup, 252 transcripts were differentially

expressed (38 % (97) down-regulated and 62 % (155) up-

regulated) when comparing the pre- to post-levels of gene

expression after n-3 PUFA supplementation. In the non-

responder subgroup, 1,020 transcripts were differentially

expressed (37 % (376) down-regulated and 63 % (644) up-

regulated) when comparing the pre- to post-n-3 PUFA

supplementation gene expression levels. Finally, only 10

transcripts were changed in both subgroups. Previously,

this microarray data were validated with real-time RT-PCR

for the entire cohort (n = 30 subjects) and demonstrate that

results are highly correlated between both methods for

(Rudkowska et al. 2013).

Pathway analysis results

We first examined the pathways reported to be affected by

an n-3 PUFA supplementation (Bouwens et al. 2009;

Rudkowska et al. 2011a, 2012) and found no noteworthy

Table 3 Erythrocytes fatty acid profiles of responders and non-responders pre- and post-n-3 PUFA supplementation

(% of free FA) Responders (n = 6) Non-responders (n = 6) P value between resp.

and non-resp.

Pre-n-3

PUFAs

Post-n-3

PUFAs

P value Pre-n-3

PUFAs

Post-n-3

PUFAs

P value Pre-n-3

PUFAs

Delta (post-

and pre-n-3

PUFAs)

Stearic acid (18:0) 15.37 ± 0.33 15.42 ± 0.27 NS 15.03 ± 0.34 15.10 ± 0.33 NS NS NS

Oleic acid (18:1n-9) 11.93 ± 0.10 11.56 ± 0.25 NS 11.57 ± 0.29 11.46 ± 0.32 NS NS NS

Arachidonic acid (20:4n-6) 14.06 ± 0.16 12.87 ± 0.28 0.0118 14.10 ± 0.27 12.87 ± 0.19 0.0004 NS NS

Dihomo-gamma-linolenic acid

(20:3n-6)

2.06 ± 0.26 1.56 ± 0.19 0.0051 1.83 ± 0.07 1.43 ± 0.10 0.0054 NS NS

Eicosapentanoic acid (20:5n-3) 0.67 ± 0.09 2.33 ± 0.23 \0.0001 0.77 ± 0.12 2.12 ± 0.24 0.0044 NS NS

Docosahexaenoic acid (22:6n-3) 4.01 ± 0.56 5.05 ± 0.43 0.0059 4.10 ± 0.35 5.36 ± 0.47 NS NS NS

Total N-6 29.10 ± 0.71 25.54 ± 0.92 0.0002 29.44 ± 0.48 25.99 ± 0.57 0.0010 NS NS

Total N-3 7.11 ± 0.66 10.38 ± 0.71 \0.0001 7.00 ± 0.52 10.21 ± 0.73 0.0014 NS NS

Ratio total N-3/total N-6 0.25 ± 0.03 0.41 ± 0.04 0.0001 0.24 ± 0.02 0.40 ± 0.04 0.0018 NS NS

Desaturase indices NS

SCD18 (18:1n-9/18:0) 0.78 ± 0.02 0.75 ± 0.02 0.0153 0.77 ± 0.02 0.76 ± 0.02 NS NS NS

FADS1 D5D (20:4n-6/20:3n-6) 7.31 ± 0.78 8.80 ± 0.95 0.0053 7.76 ± 0.29 9.17 ± 0.61 0.0174 NS NS

ELOVL2 (22:6n-3/20:5n-3) 6.04 ± 0.32 2.20 ± 0.10 \0.0001 5.60 ± 0.48 2.67 ± 0.37 0.0057 NS NS

Data are shown as mean ± SEM; supplementation is the effect of n-3 PUFA supplementation on parameters

RBC red blood cells, FA fatty acid, EPA eicosapentanoic acid, DHA docosahexaenoic acid
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difference between the responder and non-responder sub-

groups for the oxidative stress response mediated by

nuclear factor (erythroid-derived 2)-like 2 (NrF2), mecha-

nism of gene regulation by peroxisome proliferators via

peroxisome proliferator-activated receptor alpha (PPARA),

hypoxia-inducible factor (HIF) signaling, nuclear factor kB

(NF-kB) signaling pathway, and oxidative stress (data not

shown). From the metabolomic results, the lipid metabo-

lism seems to be the most different between responders and

non-responders to an n-3 PUFA supplementation. There-

fore, we examined the pathways in the lipid metabolism

category and found the main changes in these 4 pathways

(P value from Fisher Exact Test): glycerophospholipid

metabolism (P = 0.02 responders; P = 0.02 non-

responders) (Table 4), sphingolipid metabolism (P = 0.27

responders; P = 0.04 non-responders) (Table 5),

arachidonic acid metabolism (P = 0.52 responders;

P = 0.11 non-responders) (Table 6), and linoleic acid

metabolism (P = NS responders; P = 0.08 non-respond-

ers) (Table 7). Other pathways in the lipid metabolism

were not modified.

Discussion

In this study sample of 30 participants, 20 % of subjects

did not lower their plasma TG concentrations with a 3 g/d

of EPA and DHA for 6 weeks. Further, the 12 individuals

who were identified as either responders or non-responders

in the sub-study represented adequately the characteristics

of the responders and non-responders of the entire cohort.

Taken as a whole, responders have a more deteriorated

Table 4 Changes in the expression of genes in PBMCs involved in glycerophospholipid metabolism after n-3 PUFA supplementation in

responders and non-responders (P = 0.02 and P = 0.02, respectively)

Gene symbol Gene name Responders

(n = 6)

Non-responders

(n = 6)

AGPAT3 1-Acylglycerol-3-phosphate O-acyltransferase 3 1.223

AGPAT4 1-Acylglycerol-3-phosphate O-acyltransferase 4 (lysophosphatidic acid acyltransferase, delta) -1.238

CDIPT CDP-diacylglycerol–inositol 3-phosphatidyltransferase 1.257

CHAT Choline O-acetyltransferase -1.273

CHKA Choline kinase alpha -1.306

CHKB Choline kinase beta -1.565

DGKE Diacylglycerol kinase, epsilon 64 kDa -1.454

DGKZ Diacylglycerol kinase, zeta -1.256

ENPP2 Ectonucleotide pyrophosphatase/phosphodiesterase 2 1.247 -1.418

ETNK1 Ethanolamine kinase 1 -1.214 -1.343

GPAM Glycerol-3-phosphate acyltransferase, mitochondrial -1.422 1.502

MGLL Monoglyceride lipase 1.547 -1.290

NAPEPLD N-Acyl phosphatidylethanolamine phospholipase D -1.357 -1.382

PEMT Phosphatidylethanolamine N-methyltransferase 1.338

PHKA1 Phosphorylase kinase, alpha 1 (muscle) 1.222 -1.204

PIGF Phosphatidylinositol glycan anchor biosynthesis, class F 1.229

PIGO Phosphatidylinositol glycan anchor biosynthesis, class O 1.279

PLA2G6 Phospholipase A2, group VI (cytosolic, calcium-independent) 1.378

PLA2G2A Phospholipase A2, group IIA (platelets, synovial fluid) -1.203

PLA2G2C Phospholipase A2, group IIC 1.396

PLA2G2D Phospholipase A2, group IID 1.232

PLA2G2F Phospholipase A2, group IIF 1.294

PLA2G4A Phospholipase A2, group IVA (cytosolic, calcium-dependent) -1.250

PLCB1 Phospholipase C, beta 1 (phosphoinositide-specific) 1.246

PLCD3 Phospholipase C, delta 3 1.340

PLCL1 Phospholipase C-like 1 -1.504 1.450

PPAP2A Phosphatidic acid phosphatase type 2A 1.336 1.207

PPAP2B Phosphatidic acid phosphatase type 2B 1.283

PPAP2C Phosphatidic acid phosphatase type 2C 1.251 -1.462

PPAPDC1A Phosphatidic acid phosphatase type 2 domain containing 1A -1.276
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biochemical profiles which are linked to more favorable

changes following n-3 PUFA supplementation. FA com-

position after n-3 PUFA supplementation between

responders and non-responders was similar, except for

DHA content and SCD18 ratio. Further, changes in glyc-

erophospholipid metabolism were observed in both sub-

groups and sphingolipid metabolism in non-responders;

nevertheless, 6 genes including: fatty acid desaturase 2

(FADS2), phospholipase A2 group IVA (PLA2G4A), ara-

chidonate 15-lipoxygenase (ALOX15), phosphatidyletha-

nolamine N-methyltransferase (PEMT), monoglyceride

lipase (MGLL), and glycerol-3-phosphate acyltransferase

(GPAM) were expressed in opposite direction between

responders and non-responders.

Pre-n-3 PUFA supplementation characteristics of

responders and non-responders did not differ except for

plasma glucose concentrations which were higher in

responders. In the responders’ subgroup, hexose concen-

trations decreased without changing plasma glucose or

insulin concentrations after n-3 PUFA supplementation.

Previous studies examining the effects of an n-3 PUFA

supplementation on glucose-insulin homeostasis are

unclear (Hartweg et al. 2008). On the other hand, plasma

glucose and TG levels are closely related to the metabolic

syndrome and previous research has shown that individuals

with higher TG levels seem to benefit the most from an n-3

PUFA supplementation (Balk et al. 2006).

After the n-3 PUFA supplementation, the non-responder

subgroup did not change DHA concentrations in RBCs as

the responders’ subgroup increased levels, despite the fact

that both groups had a similar compliance in clinical study.

Metabolomic data also demonstrate an increase in unsatu-

rated FA to a greater extent in responders than in non-

responders after the n-3 PUFA supplementation period. In

particular, the ratio of glyPC aa C40:5/glyPC aa C40:6

decreased in responders. The decrease in the ratio of glyPC

aa C40:5/glyPC aa C40:6 corresponds to an increase in

DHA levels (Altmaier et al. 2011). Further, four glycero-

phospholipids changed differently in response to an n-3

PUFA supplementation between two groups. Previously,

PC aa C38:4 concentration was positively related to

‘‘sausage/ham’’ food group, the PC aa C40:4/PC aa C40:6

ratio was inversely related to ‘‘fish’’ food group, and a

higher PC ae C36:1/PC aa C38:4 ratio was related to

‘‘flaked oats, muesli, and cornflakes’’ (Altmaier et al.

2011), which reveal that the responders may have had a

healthier FA profile post-n-3 PUFA supplementation. In

addition, this is also observed in the transcriptomic profiles

of glycerophospholipid metabolism after n-3 PUFA sup-

plementation, which changed to different extents in both

subgroups. Overall, FA incorporation in plasma and RBCs

were different between responders and non-responders.

Dietary FA intake changes the composition of cellular

membrane, which may result in changes in membrane

Table 5 Changes in the expression of genes in PBMCs involved in sphingolipid metabolism after n-3 PUFA supplementation in responders and

non-responders (P = 0.27 and P = 0.04, respectively)

Gene symbol Gene name Responders

(n = 6)

Non-responders

(n = 6)

ACER2 Alkaline ceramidase 2 1.378

ARSK Arylsulfatase family, member K -1.209

ASAH1 N-Acylsphingosine amidohydrolase (acid ceramidase) 1 -1.281

ASAH2C N-Acylsphingosine amidohydrolase (non-lysosomal ceramidase) 2C -1.361 -1.226

ENPP7 Ectonucleotide pyrophosphatase/phosphodiesterase 7 1.212

FUT7 Fucosyltransferase 7 (alpha (1,3) fucosyltransferase) -1.608

GBA3 Glucosidase, beta, acid 3 (cytosolic) -1.419

KDSR 3-Ketodihydrosphingosine reductase 1.244 1.223

PIGO Phosphatidylinositol glycan anchor biosynthesis, class O 1.279

PPAP2A Phosphatidic acid phosphatase type 2A 1.336 1.207

PPAP2B Phosphatidic acid phosphatase type 2B 1.283

PPAP2C Phosphatidic acid phosphatase type 2C 1.251 -1.462

PPAPDC1A Phosphatidic acid phosphatase type 2 domain containing 1A -1.276

PTPRJ Protein tyrosine phosphatase, receptor type, J -1.241

SGMS1 Sphingomyelin synthase 1 1.244

SGMS2 Sphingomyelin synthase 2 -1.233

SGPP1 Sphingosine-1-phosphate phosphatase 1 -1.271

SPHK1 Sphingosine kinase 1 1.247

UGT8 UDP glycosyltransferase 8 -1.315
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fluidity and permeability along with the functions of the

cells (Das 2001; Frisardi et al. 2011; Gieger et al. 2008; Ma

et al. 2004). High tissue PUFA concentrations have been

shown to have beneficial effects on the metabolic syn-

drome (Vessby 2003). Since tissue FA composition is

influenced not only by dietary fat but also by the endoge-

nous metabolism of FA and genetic variations (Madden

et al. 2011; Simopoulos 2010), it is possible that these non-

responders carry particular polymorphisms which may

influence the ability to modify FA levels in cellular

membranes. Examining the transcriptomic data,

differences in expression levels of genes that modify FA

composition were observed between responders and non-

responders after an n-3 PUFA supplementation. Specifi-

cally, FADS2 is decreased in non-responders subgroup

potentially indicating that this particular gene, which

encodes a desaturase enzyme regulating unsaturation of

FAs, is down-regulated to a greater extent by n-3 PUFA

supplementation. Previous research has demonstrated that

FADS gene clusters, especially SNPs from FADS1 and

FADS2, are major determinants of plasma DHA concen-

trations and hence plasma TG levels (Gieger et al. 2008;

Table 6 Changes in the expression of genes in PBMCs involved in arachidonic acid metabolism after n-3 PUFA supplementation in responders

and non-responders (P = 0.52 and P = 0.11, respectively)

Gene symbol Gene name Responders

(n = 6)

Non-responders

(n = 6)

ALOX5 Arachidonate 5-lipoxygenase -1.229

ALOX15 Arachidonate 15-lipoxygenase 1.216

ALOX15B Arachidonate 15-lipoxygenase, type B 1.302

CYP2F1 Cytochrome P450, family 2, subfamily F, polypeptide 1 -1.214

CYP2J2 Cytochrome P450, family 2, subfamily J, polypeptide 2 1.235

CYP4F3 Cytochrome P450, family 4, subfamily F, polypeptide 3 -1.269 -1.545

CYP4F8 Cytochrome P450, family 4, subfamily F, polypeptide 8 -1.326

GGT1 Gamma-glutamyltransferase 1 1.203 -1.313

GGT2 Gamma-glutamyltransferase 2 1.324

GGT3 Gamma-glutamyltransferase 3 pseudogene -1.298

GGT7 Gamma-glutamyltransferase 7 -1.307 1.274

GPX1 Glutathione peroxidase 1 -1.261

LCAT Lecithin-cholesterol acyltransferase 1.225

PLA2G2A Phospholipase A2, group IIA (platelets, synovial fluid) -1.203

PLA2G2C Phospholipase A2, group IIC 1.396

PLA2G2D Phospholipase A2, group IID 1.232

PLA2G2F Phospholipase A2, group IIF 1.294

PLA2G4A Phospholipase A2, group IVA (cytosolic, calcium-dependent) -1.250

PLA2G6 Phospholipase A2, group VI (cytosolic, calcium-independent) 1.378

Table 7 Changes in the expression of genes in PBMCs involved in linoleic acid metabolism after n-3 PUFA supplementation in responders and

non-responders (P = NS and P = 0.08, respectively)

Gene symbol Gene name Responders

(n = 6)

Non-responders

(n = 6)

ALOX5 Arachidonate 5-lipoxygenase -1.229

ALOX15B Arachidonate 15-lipoxygenase, type B 1.302

CYP2F1 Cytochrome P450, family 2, subfamily F, polypeptide 1 -1.214

CYP2J2 Cytochrome P450, family 2, subfamily J, polypeptide 2 1.235

CYP4F8 Cytochrome P450, family 4, subfamily F, polypeptide 8 -1.326

FADS2 Fatty acid desaturase 2 -1.306

LCAT Lecithin-cholesterol acyltransferase 1.225

PLA2G2C Phospholipase A2, group IIC 1.396

PLA2G2D Phospholipase A2, group IID 1.232

PLA2G4A Phospholipase A2, group IVA (cytosolic, calcium-dependent) -1.250
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Suhre et al. 2011). Further, PLA2 was changed after n-3

PUFA supplementation, but to different extents in both

groups. The PLA2 represent an important superfamily of

enzymes that catalyze the rate limiting hydrolysis of

membrane phospholipids. Studies have shown that EPA

can be released by the actions of calcium-independent

PLA2 (iPLA2; type VI (PLA2G6)) and DHA released by

cytosolic PLA2 (cPLA2; type IV (PLA2G4A)) (Denys et al.

2005; Lassegue and Clempus 2003). Recently, Hartiala

et al. (2012) demonstrated that a functional variant

(rs12746200) of PLA2G4A was associated with a CVD

phenotype mediated by dietary PUFAs. Additionally, the

expression levels of ALOX15 increased in responders. The

activation of ALOX15 protein has been shown to increase

synthesis of DHA (Kenchegowda and Bazan 2010; Witt-

wer and Hersberger 2007). In addition, both subgroups

increased patatin-like phospholipase domain containing 2

(PNPLA2), which catalyzes the initial step in TG hydro-

lysis and may influence quantity of DHA in cytoplasm

(Notari et al. 2006). Thus, these differences in expression

levels of genes that may influence FA composition in cell

membranes should be investigated further.

Additionally, the SCD18 desaturation ratio did not

change in non-responders after the n-3 PUFA supplemen-

tation. A recent clinical trial showed that fish intake may

lower plasma TG by reducing the SCD18 ratio; however,

mRNA levels of SCD in PBMCs were not altered after

intake of fish (Telle-Hansen et al. 2011). In the current

study, SCD gene expression levels were also not changed.

Overall, SCD levels may contribute to plasma TG con-

centrations and consequently may impact the response to

an n-3 PUFA supplementation.

N-3 PUFAs lower plasma TG concentrations by

enhancing free FA b-oxidation, increasing catabolism of

chylomicrons and very low-density lipoproteins (VLDL),

as well as up-regulating the expression of the lipoprotein

lipase (LPL) (Qi et al. 2008). Metabolomic results dem-

onstrate no major differences in AC levels between

responders and non-responders. However, previous results

show that an n-3 PUFA supplementation does increase AC

concentrations, particularly in men and consequently

indicating an increase in b-oxidation rate (Rudkowska et al.

2012). Further, we examined differentially expressed genes

in the lipid metabolism, which could influence plasma TG

concentrations. First, PEMT encodes an enzyme which

catalyzes the methylation of phosphatidylethanolamine to

form phosphatidylcholine, which is required for hepatic

secretion of TG in VLDL. Results show that PEMT gene

expression was increased in responders only. Additionally,

a study showed that PEMT-deficient mice also had sub-

stantially diminished concentrations of DHA and arachi-

donic acid in plasma (Watkins et al. 2003). Second, data

shows that responders also increased MGLL gene after n-3

PUFA supplementation. MGLL functions together with

hormone-sensitive lipase (LIPE) to hydrolyze TG stores.

MGLL also complements LPL in completing for hydrolysis

of monoglycerides resulting from the degradation of lipo-

protein TG. Third, GPAM is known to play a key role in

lipid biosynthesis (Wendel et al. 2009), which was

decreased in responders while being increased in non-

responders. Overall, future studies should investigate on

how n-3 PUFA supplementation regulates the transcription

of these key genes.

In addition, metabolomic results demonstrate that cho-

lesterol levels changed even if the SM did not differ after

n-3 PUFA supplementation; yet, transcriptomic data also

indicate a change in SM metabolism in the non-responder

subgroup. Since cholesterol concentrations are known to

slightly alter after n-3 PUFA supplementation (Balk et al.

2006); n-3 PUFA supplementation has modified cholesterol

metabolism in the non-responders to a greater extent.

In conclusion, this study demonstrates that individuals

having a more deteriorated metabolic profile before the

supplementation respond better to n-3 PUFA supplemen-

tation. In addition, differences in FA incorporation as well

as TG and cholesterol metabolism together with differ-

ences in expression of key genes exit between subjects’

responders and non-responders to an n-3 PUFA

supplementation.
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