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Abstract

Typically fatty acids (FA) exert differential immunomodulatory effects with n-3 [a-linolenic acid (ALA), eicosapentaenoic acid (EPA) and docosahexaenoic acid
(DHA)] and n-6 [linoleic acid (LA) and arachidonic acid (AA)] exerting anti- and pro-inflammatory effects, respectively. This over-simplified interpretation is
confounded by a failure to account for conversion of the parent FA (LA and ALA) to longer-chain bioactive products (AA and EPA/DHA, respectively), thereby precluding
discernment of the immunomodulatory potential of specific FA. Therefore, we utilized the A6-desaturase model, wherein knockout mice (D6KO) lack the Fads2 gene
encoding for the rate-limiting enzyme that initiates FA metabolism, thereby providing a model to determine specific FA immunomodulatory effects. Wild-type (WT)
and D6KO mice were fed one of four isocaloric diets differing in FA source (9 weeks): corn oil (LA-enriched), arachidonic acid single cell oil (AA-enriched), flaxseed oil
(ALA-enriched) or menhaden fish oil (EPA/DHA-enriched). Splenic mononuclear cell cytokine production in response to lipopolysaccharide (LPS), T-cell receptor (TCR)
and anti-CD40 stimulation was determined. Following LPS stimulation, AA was more bioactive compared to LA, by increasing inflammatory cytokine production of IL-6
(1.2-fold) and TNFa (1.3-fold). Further, LPS-stimulated IFNvy production in LA-fed D6KO mice was reduced 5-fold compared to LA-fed WT mice, indicating that
conversion of LA to AA was necessary for cytokine production. Conversely, ALA exerted an independent immunomodulatory effect from EPA/DHA and all n-3 FA
increased LPS-stimulated IL-10 production versus LA and AA. These data definitively identify specific immunomodulatory effects of individual FA and challenge the
simplified view of the immunomodulatory effects of n-3 and n-6 FA.
© 2016 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

A6-desaturase (D6D), encoded by the Fads2 gene, is the rate-
limiting enzyme that initiates the metabolism of the dietary essential
plant-derived n-6 and n-3 polyunsaturated fatty acids (PUFA), linoleic
acid (LA, 18:2n-6) and a-linolenic acid (ALA, 18:3n-3), respectively,
into their downstream long chain (LC) FA conversion products [1]. The
principal FA produced from the n-6 PUFA LA is arachidonic acid (AA,
20:4n-6, direct conversion product), whereas the n-3 PUFA ALA is
converted to eicosapentaenoic acid (EPA, 20:5n-3) and subsequently
to docosahexaenoic acid (DHA, 22:6n-3), with limited conversion
efficiency (in both rodents and humans) [2]. Specifically, in humans,
approximately up to 8% of ALA is converted to EPA and<0.1% is
converted to DHA [2-5]. In humans, essential PUFA intakes are
disproportionate; n-3 PUFA intake in the form of ALA is low, whereas
n-6 PUFA intake as LA is typically 5- to 20-fold greater [6-8] and this
surplus LA is either utilized for energy production/storage or
converted to AA. Differential effects of n-3 and n-6 PUFA are reported
following FA immune cell membrane incorporation, impacting
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membrane structure and function including lipid mediator
production, lipid raft formation and signaling, leading to altered
gene expression and pathophysiological outcomes [9-15]. However,
dietary interventions attempting to discern specific protective and/or
therapeutic immunomodulatory effects of individual FA are con-
founded due to an inability to determine if the outcome is attributable
to the parent compound (LA or ALA), the downstream FA conversion
product (AA or EPA/DHA), or both.

To date, a gap exists with regard to our basic understanding of how
individual FA influence the diverse spectrum of immune cell effector
functions, in particular inflammatory cytokine production, wherein n-
3 PUFA are generally regarded to exert anti-inflammatory biological
effects and high intakes of n-6 PUFA typically promote a pro-
inflammatory phenotype [9,16]. Complicating this interpretation,
pro- and anti-inflammatory effects have been attributed to some n-6
PUFA-derived lipid mediators [17-19], and pro-resolving effects of
some AA-derived lipid mediators that down-regulate inflammatory
responses are also reported [20-24]. Therefore, this paradigm in FA
immunobiology remains controversial due to the growing evidence
that individual FA within these families can exert unique biological
effects. Using cytokine production as one aspect of immune compe-
tence that is influenced by dietary FA (assessed in the absence of a
confounding pathology), the majority of studies utilize human
mononuclear cells. In this context, EPA and DHA have been shown
to reduce peripheral blood mononuclear cell synthesis and/or
secretion of the inflammatory cytokines tumor necrosis factor (TNF)
«, interleukin (IL)-1p, IL-6 and/or interferon (IFN) vy [25-31], while
other studies have shown stimulatory [32] or no effect on these
parameters [33-35]. Conversely, AA has been shown to increase
immune cell gene expression of the inflammatory cytokines TNFa
and IL-1p [36], increase IL-6 secretion [37], and decrease anti-
inflammatory IL-10 secretion [38]. Conversely, human supplementation
with 1.5 g/day of AA showed no change in mononuclear cell
inflammatory cytokine secretion, although the sample size was limited
[39]. Data pertaining to the biological effects of the FA parent
compounds, ALA and LA, on cytokine production are less clear, and
tend to be confounded by downstream conversion to the more
biologically active FA products, as discussed above. Despite this
limitation, anti-inflammatory effects of ALA have been demonstrated
based on decreased serum levels or mononuclear cell secretion of TNF,
IL-1( and/or IL-6 [40-42], whereas a stimulatory effect on macrophage
TNFo production has been reported [43]. Although these outcomes
cannot preclude the involvement of LC n-3 FA conversion products, they
demonstrate the potential for an independent biological effect of ALA.
Finally, despite a lack of independent LA-centered investigations, many
studies commonly use high LA diet formulations as the control diet for
comparison purposes to discern the biological effects of n-3 PUFA
[27,31,34,40-42], but fail to determine the independent effects of LA
compared to other FA. Few studies have attempted to address this
question and have shown LA to increase IL-6 bioactivity [31] or have no
effect on inflammatory cytokine secretion levels [35,41,44]. LA is
generally regarded as a pro-inflammatory n-6 PUFA, however, no
human clinical evidence supports this dogmatic view [45] and
protective effects of n-6 PUFA in inflammatory diseases have been
reported (reviewed elsewhere [46]). Collectively, these studies con-
found our understanding of the effects of specific FA and highlight that
this component of FA immunobiology (in both the healthy unchal-
lenged and disease states) requires revisitation, particularly since any
beneficial or deleterious pro- or anti-inflammatory effects of individual
FA will be context-dependent. For example the anti-inflammatory
effects of n-3 PUFA are broadly interpreted to be beneficial, which is true
with respect to inflammatory pathologies and associated inflammation-
driven tissue damage, however, a robust inflammatory response
represents a normal physiological function and is necessary in situations
such as opportunistic infections.

The A6-desaturase knock-out (D6KO) mouse model provides a
means to determine the specific effects of individual FA and avoids the
confounding effect of FA conversion to LC products [47,48,49,50]. The
D6KO mouse exhibits similar FA conversion efficiency as humans [7],
thereby providing a mouse model with translational utility. The D6KO
mouse lacks a functional copy of the Fads2 gene, rendering it unable to
produce the D6D protein [49,50], thereby blocking the rate-limiting
step in FA metabolism [1]. Therefore, D6KO mice represent a tool to
determine the effects of specific FA when provided in the diet and can
be used to delineate differences between parent chain FA and their
respective LC FA conversion products. In this model, WT mice provide
insight into the influence of FA conversion on study endpoints,
whereas comparison to D6KO mice demonstrates the effects of
individual FA (when conversion is inhibited). The objective of this
study was to feed wild-type (WT) and D6KO mice specific FA-enriched
diets to assess the role of LA, AA, ALA and EPA/DHA on splenic
mononuclear cell cytokine production in response to an inflammatory
stimulus (lipopolysaccharide, LPS) and within specifically
activated immune cell compartments, namely T cells [via activation
of the T cell receptor (TCR)] and antigen presenting cells (APC, via
anti-CD40 ligation).

2. Materials and methods
2.1. Animals, housing and diets

The creation of the D6KO mouse was described previously [50]. Breeders were
transferred from University of Illinois at Urbana-Champaign to the University of Guelph
to establish a breeding colony. Heterozygous D6KO male and female mice were bred to
generate WT and KO offspring and harems were fed a basal diet, which is a modified
AIN-93G diet with corn oil as the principal dietary fat source (D03090904P, Research
Diets, New Brunswick, NJ, USA). The pups were fed the same diet until they were
weaned and genotyped at 21 days of age, at which point male and female homozygous
D6KO and WT mice were placed on one of four isocaloric experimental diets, differing
only in their principal FA source: corn oil (LA-enriched), arachidonic acid single
cell oil (ARASCO) (AA-enriched), flaxseed oil (ALA-enriched), and menhaden fish oil
(EPA/DHA-enriched). Diet formulations and diet FA compositions are shown in Tables 1
and 2, respectively. No diet was deficient in LC PUFA (>20 carbon length), and therefore,
the LA and ALA-enriched diets were supplemented with a minimal amount (0.2% w/w)
of either AA or DHA from ARASCO and docosahexaenoic acid single cell oil (DHASCO),
respectively (DSM Nutritional Products Canada Inc., Ayr, ON, Canada), to prevent LC
PUFA deficiency in D6KO mice [47]. Specifically, the LA-enriched diet was devoid of AA
but was supplemented with DHASCO, whereas the ALA-enriched diet was devoid of
EPA/DHA but supplemented with ARASCO. All diet compositions were formulated to
contain AA, which was not supplemented in the EPA/DHA-enriched diet because
menhaden fish oil contains low levels of endogenous AA. The combination of these
dietary formulations and the use of WT and D6KO mice allows for the discernment of
the individual effects of specific FA. For example, in the LA-enriched diet, the specific
effects attributed to AA can be determined in WT mice, wherein the downstream
conversion of LA to AA is intact, versus D6KO mice wherein the downstream conversion
of LA to AA is inhibited). Mice were fed experimental diets for a total of 9 weeks. At
12 weeks of age, final body weights were recorded and mice were euthanized using
CO,. During the experimental period, mice were housed as described [47], monitored
daily, and food intake and changes in body weight were recorded. Water and diets were
provided ad libitum and refreshed every 2-3 days. This investigation was approved by
the University of Guelph Animal Care Committee in accordance with the requirements
of the Canadian Council on Animal Care.

2.2. Genotyping

At 21days of age, mice were weaned and tail snips were obtained for DNA
extraction and PCR analysis to determine genotype as described [50]. The PCR primers
utilized were D6D WT forward (CGGTGGGAGGAGGAGTAGAAGAC); D6D WT reverse
(CCTCTCCCTGGTTACCTCCCTTC); D6D KO forward (GCTATGACTGGGCACAACAG); and
D6D KO reverse (TTCGTCCAGATCATCCTGATC) [47].

2.3. Fatty acid analysis by gas chromatography

Lipids were extracted from whole spleens (n=3-4/diet/genotype) and from two
individual pellets from each experimental diet using the Folch method [51]. FA methyl
esters were prepared as described previously [52] and separated on Agilent Technologies
7890 A GC System with DB-FFAP fused-silica capillary column (15 m, 0.1 um film
thickness, 0.1 mm i.d.; Agilent Technologies, Palo Alto, CA, USA). FA were identified by
comparing peak retention times with those of known standards (GLC463; Nu-Chek Prep,
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Elysian, MN, USA) using EZChrom Elite software (Version 3.3.2). FA values are expressed
as percent of total.

2.4. Splenic mononuclear cell isolation and stimulation

The spleen was selected for study as it combines innate and adaptive immunolog-
ical cells, whose coordinated responses are representative of systemic immune
competence [53]. Spleens were removed aseptically and pushed through a sterile
70 um nylon cell strainer (BD Biosciences, Mississauga, ON, Canada) and a single-cell
mononuclear cell population was enriched by density gradient centrifugation using
Lympholyte-M (Cedarlane Laboratories, Burlington, ON, Canada). Cells were counted in
a hemocytometer and viability was assessed using trypan blue exclusion, which
exceeded 97% in all samples. Subsequently, cells were suspended in complete RPMI
1640 medium containing 2.05 mM L-glutamine (HyClone, South Logan, UT, USA)
supplemented with 10% v/v fetal bovine serum (FBS; low-endotoxin, Canadian origin,
Sigma-Aldrich, St. Louis, MO, USA), 25 mM HEPES (Irvine Scientific, Santa Ana, CA, USA)
and 1% v/v penicillin streptomycin (HyClone). 5 x 10° viable mononuclear cells were
added to each well of a 96-well flat bottom plate (Sartedt, Montreal, QC, Canada). Cells
were incubated at 37 °C for 24 h under one of the following stimulation conditions:
unstimulated (complete RPMI media alone), lipopolysaccharide (LPS)-stimulated
(general inflammatory stimulus; 10 pg/ml, E. coli 055:B5; Sigma Aldrich) or T-cell
receptor (TCR)-stimulated [T cell-specific stimulus; 5 pg/mL of plate-bound anti-CD3
(clone 145-2C11; eBioscience, San Diego, CA, USA) plus 20 pg/mL of soluble anti-CD28
(clone 37.51; eBioscience)] or anti-CD40-stimulated (APC-specific stimulus; 10 pg/mL,
clone 1C10; eBioscience) which is expressed on B cells, macrophages and dendritic cells
and ligation induces a maturation signal to the APC [54]. Culture supernatant was stored
at—80 °C to await analysis.

2.5. Flow cytometry

Standard flow cytometry staining procedures were performed as described [55]
and splenic mononuclear cells were stained with either 1 pg/ml of PE-anti-mouse
major histocompatibility class (MHC)-II (I-A) (clone NIMR-4; eBioscience), 1 pg/ml
of PE-anti-mouse CD4 (clone GK1.5; eBioscience), or 1 ug/ml of PE-anti-mouse CD8
(clone 53-6.7; eBioscience) antibodies for 30 min prior to fixation in paraformaldehyde
(20 g/L) and samples were analyzed within 7 days on a Becton-Dickinson FACSCalibur
flow cytometer equipped with BD CellQuest software. This strategy targeted the two
major immune cell compartments in the spleen, namely T cells (CD4" and CD8™ T cell
subsets) and MHC Il-expressing cells (which would include dendritic cells, macro-
phages and B cells) [56]. Representative histograms for each staining condition are
shown in Supplemental Fig. 1.

2.6. Secreted cytokine analysis

Secreted levels of TNFq, IL-1f3, IL-6, IL-10 and IFN<y were simultaneously measured
in each sample using the ProCartaPlex mouse basic kit (eBioscience) using the Bio-
Plex200 System and accompanying software package, Bio-Plex Manager 6.0 (Bio-Rad,
Hercules, CA, USA).

2.7. Statistical analysis

Data were analyzed by two-way ANOVA (main effects: diet and genotype)
followed by least-squares means post-hoc test and normality was assessed using the
Shapiro-Wilk test. Differences were considered to be significant with P<.05, and all
values are expressed as means with their standard errors. Statistical analyses were
conducted using the SAS system (SAS Institute, Cary, NC, USA) for Windows (version 9.1).

3. Results
3.1. Mouse characteristics

Male and female mice were utilized in this study; however, there
was no statistical influence of sex on any of our endpoints assessed
(P>.05). Initial body weights did not differ between genotypes at the
start of the study (P>.05) and there was no difference in final body
weight or food intake between any of the groups after 9 weeks of
dietary intervention (Supplemental Table 1). Further, the D6KO mice
grew normally and showed no phenotypic signs of FA deficiency such
as dermatitis or intestinal ulcers during the experimental period,
which has been shown to manifest in D6KO mice after longer
intervention periods [50].

3.2. Splenic fatty acid composition

The splenic FA profile of WT and D6KO mice following 9 weeks of
dietary intervention is shown in Table 3. As expected, WT and D6KO
mice fed the LA-enriched diet exhibited similar splenic tissue levels of
LA, whereas the D6KO mouse exhibited low AA levels compared to the
WT, indicative of impaired conversion of LA to AA. Unlike any other
diet utilized in this study, the LA-enriched diet is devoid of AA;
however, there was a low level of AA tissue accumulation detectable in
D6KO mice (decreased by 74% compared to WT), which reflects
maternal carry over prior to the start of the dietary intervention. The
long term conservation of LC FA (i.e. AA and DHA) devoid in the diet of
D6KO mice in multiple tissues has been characterized previously [50],
and therefore, complete tissue AA depletion is not expected at
12 weeks of age. Preservation of tissue LC FA reflects the fundamental
role of these FA in membrane composition and cellular function [57].
There were significantly higher levels of total n-3 PUFA, predomi-
nantly DHA but some accumulation of EPA and DPA was detected in
LA-fed D6KO mice compared to WT. This reflects the accumulation of
LC n-3 PUFA that were provided in the diet to prevent potential
confounding effects in our model due to a lack of any dietary >20
carbon FA (LA-enriched diet is devoid of AA) and the inability to
synthesize LC PUFA in the D6KO mouse. While it is possible that the
presence of some limited background amount of DHA may have some
biological impact, it was the significant absence of AA and presence of
LA in this dietary group that was being tested and would be the main
driver of any observed outcome.

In connection to this, a similar trend was observed in mice
consuming the ALA-enriched diet, wherein both genotypes had
similar tissue levels of ALA but compared to WT mice the D6KO mice
consuming this diet exhibited no (EPA) or very low levels of LC n-3
PUFA [DPA (decreased by 94%) and DHA (decreased by 89%)
versus WT] due to Fads2 deficiency and an inability to convert ALA to
EPA/DHA (Table 3). AA levels were not significantly different between
WT and D6KO mice consuming the ALA-enriched diet, which was
supplemented with ARASCO to prevent deficiencies in>20 carbon
containing FA. In both cases, WT and D6KO mice fed the LA-enriched
and ALA-enriched diets, which contained LC PUFA from the comple-
mentary n-3 or n-6 family (in the form of DHASCO and ARASCO,
respectively), exhibited similar levels of total LC PUFA, indicating that
when FA conversion is inhibited dietary sources of LC PUFA are
preferentially retained regardless of PUFA class (i.e., n-3 or n-6 series),
which likely reflects a basic requirement for LC PUFA for optimal
membrane FA composition [57]. Furthermore, the addition of LC PUFA
is necessary to prevent the synthesis of potentially confounding PUFA
derived from the upregulation of delta-5 desaturase, which we have
shown can be prevented by addition of dietary LC PUFA [47,48].
Collectively, these data confirm that the D6D enzyme was non-
functional in the D6KO mice compared to WT. These observations
validate our experimental approach and formulation of our experi-
mental diets given that while >20 carbon chains are not essential, they
appear to be conditionally essential in the D6KO mouse, presumably to
maintain membrane fluidity.

As expected in the two groups consuming diets already enriched in
either AA or EPA/DHA, respectively, tissue FA levels were similar
between WT and D6KO mice, since tissue FA accumulation was
dependent on dietary sources, not Fads2 enzyme function and
conversion form the parent FA. These data demonstrate that the
D6KO mouse performed as expected and that the dietary FA provided
were enriched in the target tissue being studied. Furthermore, the
levels of the n-6 FA, docosapentaenoic acid (22:5n-6), an indicator of
EPA/DHA deficiency, were either undetectable or very low and did not
differ between genotypes. This is particularly relevant in the LA and
AA-enriched dietary groups in which the diet also contained a minimal
amount of DHASCO to prevent such deficiency. Similarly, the levels of
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Table 1

Diet composition

Diet constituents CO/DHASCO ARASCO/DHASCO  Flaxseed Menhaden

0il/ARASCO oil
‘LA ‘AA’ ‘ALA’ ‘EPA/DHA’

Macronutrient (g %)
Protein 20 20 20 20
Carbohydrate 64 64 64 64
Fat 7 7 7 7
kcal/g 4 4 4 4

Ingredient (g/kg)
Casein 200 200 200 200
L-Cystine 3 3 3 3
Corn Starch 397.5 3975 3975 397.5
Maltodextrin 10 132 132 132 132
Sucrose 100 100 100 100
Cellulose, BW200 50 50 50 50
$10022G Mineral Mix 35 35 35 35
V10037 Vitamin Mix 10 10 10 10
Choline Bitartrate 2.5 2.5 2.5 2.5
TBHQ 0.014 0.014 0.014 0.014
Corn Oil 66.25 0 0 0
Flaxseed Oil 0 0 66.25 0
Menhaden Oil 0 0 0 70
ARASCO (40% AA) 0 66.25 3.75 0
DHASCO (40% DHA)  3.75 3.75 0 0

* (O, corn oil; TBHQ, tertiary butylhydroquinone. Composition of AIN-93G modified diets
as provided by manufacturer, Research Diets. Diet product numbers: CO/DHA (D12041402),
ARASCO/DHASCO (D12041406), Flaxseed 0il/ARASCO (D12041404), Menhaden Oil
(D12041407). All diet compositions as % kcal: 20% protein, 64% carbohydrate, 16% fat.

AA did not differ between genotypes fed the ALA-enriched diet
due to the presence of a minimal amount of ARASCO supplied in
the diet. These data demonstrate that the effects observed were not
due to a deficiency in the complementary essential FA pathway. The
total % PUFA measured within the spleen of WT and D6KO mice was
similar to the hepatic values reported previously in this mouse model
[47,48] and is reflective of the basal tissue level of total PUFA
membrane enrichment.

3.3. Changes in splenic immune cell populations

Changes in the percentage of specific T cell subsets (CD4™" and
CD8™ T cells) and MHC II'* (total antigen presenting cells) are shown
in Fig. 1, as staining intensities did not differ between any groups.
D6KO mice consuming the LA-enriched diet (i.e. devoid of AA) had a
reduced percentage of CD4™ T cells compared to the LA-WT (Fig. 1A).
Interestingly, in the AA group, there was no difference between WT
and KO, indicating that dietary repletion of AA could reverse the effect
of Fads2 deletion and subsequent AA insufficiency. There was no

Table 2
Diet fatty acid composition *
Fatty Acid CO/DHASCO  ARASCO/DHASCO  Flaxseed Menhaden
(% of total) 0il/ARASCO  oil

‘LA ‘AA’ ‘ALA’ ‘EPA/DHA’
18:2n6 52.4 6.9 14.8 2.2
18:3n3 1.0 0.3 54.6 1.9
20:4n6 0.0 38.2 2.3 1.8
20:5n3 0.0 0.0 0.0 15.0
22:6n3 2.0 21 0.0 11.6
% Saturated 15.7 214 103 335
% Monounsaturated 28.5 245 17.3 254
% Polyunsaturated 55.8 54.1 724 411
% n-6 Polyunsaturated 52.8 51.7 17.6 6.3
% n-3 Polyunsaturated 3.0 24 54.8 34.8

* Fatty acid composition (%) of experimental diets. Lipids were extracted from two
individual pellets from each diet and analyzed by gas chromatography.

difference between WT and D6KO splenic CD4" T cell numbers in
either the ALA or EPA/DHA-enriched groups (P>.05). Independent of
genotype, mice consuming the EPA/DHA-enriched diet exhibited a
reduced percentage of CD41 T cells compared to all other dietary
groups (P<.05). Similarly, the percentage of splenic CD8* T cells was
reduced in the EPA/DHA group compared to all other dietary groups
(P<.05, Fig. 1B), whereas there was no effect of genotype on CD8* T
cells. Finally, there was no difference in the percentage of splenic MHC
II'* cells in any groups (P>.05, Fig. 1C).

3.4. Cytokine response to LPS-stimulation

Cytokine production in unstimulated mononuclear cell cultures
(independent of diet and/or genotype) was very low or undetectable,
and therefore, only the cytokine response to each stimulation
condition is shown. In response to LPS stimulation there was an
independent effect of diet on cytokine secretion (P<.05, Fig. 2),
however, there was no independent effect of genotype or significant
interaction term (diet x genotype) for any cytokines with the
exception of IFN<y. Cultures from D6KO mice fed the LA-enriched
diet (i.e., unable to convert LA to AA) exhibited a significant 80%
reduction in IFNy secretion compared to LA-fed WT mice (Fig. 2E).
The level of IFN<y produced in response to LPS did not differ between
AA-fed WT and D6KO mice. Moreover, the level of [FNy production by
both the AA-fed WT and D6KO mice was not statistically different from
WT LA-fed mice. These observations indicate that AA is the primary
inflammatory n-6 FA supporting increased IFNy production, which
can be provided directly in the diet or through endogenous conversion
of LA to AA. Conversely, [FNy secretion was reduced (independent of
genotype) by both ALA and EPA/DHA compared to LA-fed WT or AA-
fed mice.

For all other cytokines measured, independent of genotype,
comparison of both n-6 (LA and AA) versus n-3 (ALA and EPA/DHA)
FA-containing diets revealed a predominantly n-6 FA driven pro-
inflammatory cytokine secretion profile. This was most apparent in
the AA-enriched diet, wherein secretion of TNFq, IL-13 and IL-6
was increased compared to both the ALA and EPA/DHA-enriched diets
(Fig. 2A-C). Cytokine secretion in the LA-enriched diet was either
blunted (IL-6, decreased by 24%; TNFa decreased by 18%) or
unchanged (IL-13) compared to AA, indicating that the n-6 FA
conversion product AA is more potently pro-inflammatory in response
to LPS versus the parent FA, LA. Moreover, with respect to TNFa
production, LA did not differ from either ALA or EPA/DHA,
which further supports the weaker inflammatory nature of LA
compared to AA. The effects of ALA and EPA/DHA did not differ
between genotypes for TNFa, IL-13 and IL-6. Given the inability to
convert ALA to EPA/DHA in this model, these observations demon-
strate an independent inhibitory effect of ALA that is equivalent to
EPA/DHA. Conversely, although production of the anti-inflammatory
cytokine IL-10 was increased by both n-3 FA-containing diets, EPA/DHA
exhibited a more potent effect compared to ALA, whereas IL-10 levels
were significantly decreased by the n-6 FA-containing diets, LA (58%)
and AA (59%), compared to EPA/DHA (Fig. 2D). Collectively, these data
demonstrate that in response to LPS stimulation, the longer chain
conversion products AA and EPA/DHA are more bioactive compared to
their respective parent chain FA.

3.5. Cytokine response to TCR-stimulation

Genotype had no effect on the cytokine response to TCR
stimulation and there were no significant interaction terms (P>.05)
for any cytokines measured; however, this response was differentially
affected by diet as shown in Fig. 3. IFN-y production was highest in the
AA-enriched group compared to all other FA and there was no
difference in IFNvy production between the LA, ALA and EPA/DHA
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Table 3
Splenic fatty acid composition of total lipids in WT and D6KO mice *
Fatty acid Diet/genotype
(% composition) CO/DHASCO ARASCO/DHASCO Flax/ARASCO Menhaden oil

LA’ ‘AN’ ‘ALA’ ‘EPA/DHA’
WT D6KO WT D6KO WT D6KO WT D6KO

n-6 Fatty acids
18:2n-6 16.8+2.2° 20.4+0.9° 2.540.2° 2.1+0.1° 6.4+0.4¢ 6.2+0.1¢ 1.8+0.07° 1.8+£0.05°
20:4n-6 77+1.3 2.0+02° 25.340.6° 26.4+0.6° 12.7+1.9¢ 16.7+1.2¢ 6.9+0.7 7.74+0.2°
22:4n-6 12402 0.2+£0.03" 52403 6.240.04¢ 1.740.2¢ 43402 0.6+£0.038 0.74£0.028
22:5n-6 0.24+0.04 0 0.4+0.03 0 0.1+0.04 0 0.5+0.05 0.6£0.02
n-3 fatty acids
18:3n-3 0.240.05° 0.1+£0.01% 0 0 5.4+0.7° 5.540.5" 0.3+0.03* 0.3+£0.02%
20:5n-3 0.1+0.01° 0.8+£0.08" 0° 0° 0.9+0.1° 0° 734087 6.5+0.5
22:5n-3 0.54+0.03 1.6+0.1° 0.340.04° 0.24+0.02° 3.4+04° 0.24+0.03° 49+04° 5.4402¢
22:6n-3 5.7+0.6 123+08° 4.140.2%¢ 4.540.2%¢ 3.540.5¢ 0.4+0.02¢ 9.9+05" 10.0+£0.3°
% LC PUFA 16.6+2.2? 18.64+0.8° 36.8+1.1° 38.8+1.0° 23.6+3.1° 229+14° 3094+2.7° 31.74+09°
% SFA 39.1+£1.1% 40.3+£0.2° 414406 36.4+0.2° 382+1.32 37.1+0.8 44240.5° 41.6+2.7%
% MUFA 27.3+04% 20.6+0.73¢ 19.04+1.4% 16.340.9° 242427 283+0.7% 22.5+1.9%¢ 24.4+3.33¢
% PUFA 33.6+1.3° 39.14+0.7°° 39.74+0.8° 412435° 37.74+1.7%° 34.6+1.0° 33.3+23° 34.1+0.8°
% n-6 2714047 24.4+0.8 35.4+0.7° 36.4+0.9° 21.74+1.9° 27.9+1.3 10.7 +0.7¢ 11.6+0.1¢
%n-3 6.5+0.5 14.7409° 43+02° 48+03° 16.04+1.0° 6.7+0.5 22.6+1.6° 22.540.9°
n-6:n-3 ratio 434047 1.74+0.1° 8.2+£0.3° 7.6+£0.2° 1.440.2° 4340.6 0.5+0.01¢ 0.5+0.03¢

* CO, corn oil; SFA, saturated fatty acids; MUFA, monounsaturated fatty acids. Values are means + SEM and within each row values not sharing a lower case letter differ (P<0.05).

groups (Fig. 3E). Production of IL-6 and IL-1p did not differ between
either n-3 FA-enriched (i.e. ALA vs. EPA/DHA) or n-6 FA-enriched (i.e.
LA vs. AA) dietary groups. When comparing FA with similar chain
lengths (i.e. parent FA: LA vs. ALA), production of IL-6 was reduced by

A Diet: P=.007
) Genotype: P=.196
Interaction: P=.05

% and IL-1B was reduced by 42% in the ALA group (Fig. 3B-C).
Similarly, comparison of the LC FA products showed that IL-6
production was reduced by 52% and IL-13 was reduced by 34% in
the EPA/DHA group compared to AA (Fig. 3B-C). There were no
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Fig. 1. Percentage of splenic A) CD4™ T cells, B) CD8™ T cells and C) MHC II* cells in unchallenged WT and D6KO mice. Bars represent mean values + SEM (n=8-10/genotype/dietary

group) and bars not sharing a lower case letter differ (P<.05). Data was analyzed by two-way ANOVA (main effects: diet X genotype) and all P values are shown.
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Fig. 2. Mononuclear cell ex vivo LPS-stimulated cytokine secretion. A) TNFe, B) IL-1f3, C) IL-6, D) IL-10 and E) IFN"y. Bars represent mean values + SEM (n=8/group) and bars not sharing
a lower case letter differ (P<.05). Data was analyzed by two-way ANOVA (main effects: diet x genotype) and all P values are shown.

differences in TNFa production between any groups (Fig. 3A).
Contrary to the pro-inflammatory cytokine secretory profile of AA in
response to TCR stimulation, production of the anti-inflammatory
cytokine IL-10 was reduced in the AA-enriched group compared to
EPA/DHA (—61%), ALA (—31%) and LA (—24%) (Fig. 3D).

3.6. Cytokine response to anti-CD40 stimulation

Cytokine production in response to anti-CD40 stimulation is
shown in Supplemental Fig. 2. There was no difference between
dietary groups or genotypes in the production of any inflam-
matory cytokines (TNFa, IL-1PB, IL-6 and IFN<y) in response to
anti-CD40 stimulation. Conversely, the EPA/DHA-enriched diet
increased IL-10 production compared to the LA-enriched and
AA-enriched dietary groups by 45% and 60%, respectively,
whereas there was no difference between the ALA-enriched
diet and any other dietary group.

4. Discussion

The D6KO mouse used in this study is unable to metabolize dietary
essential FA into their respective downstream LC FA counterparts [1],
thereby providing a novel model to identify the immunomodulatory
effects of specific dietary FA. Therefore, we measured the percentage
of two major splenic inflammatory cytokine producing immune cell
subsets and the subsequent cytokine production profile in response to
specific stimulation conditions as an output of immune function with
the view to gain a better understanding of the unique contributions of
individual FA to this component of immune competence. The key
findings from this study demonstrated that both the percentage of
CD4™" T cells (Fig. 1) and LPS-induced IFN+y secretion (Fig. 2) were
reduced in D6KO mice consuming the LA-enriched diet compared to
WT, suggesting that these parameters are dependent, at least in part,
on either conversion of LA to AA or dietary sources of AA. An additional
key finding determined by utilizing the D6KO mouse model, was the
independent effects of parent dietary essential FA (LA and ALA) from
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their respective LC FA conversion products (AA and EPA/DHA),
which tended to be more bioactive compared to their respective
parent FA. Specifically, these critical findings include the independent
immunomodulatory effects of ALA and the less inflammatory potency
of LA versus AA.

In terms of splenic immune cell populations, there was no effect of
diet on the percentage of splenic MHC Il -expressing cells (i.e. APCs
comprised of dendritic cells, macrophages and B cells, Fig. 1), however,
the percentage of splenic CD8 ™ T cells was reduced in mice consuming
the EPA/DHA-enriched diet (Fig. 1), as seen previously [58]. The
percentage of splenic CD4* T cells did not differ between WT and KO
mice in any dietary group except for the LA-enriched diet, wherein
D6KO mice exhibited a reduction in CD4™ T cells to a similar level as
that observed in the EPA/DHA group (Fig. 1). These data suggest that
the conversion of LA to AA plays a role in sustaining splenic CD4 " T cell
numbers and further study is required to determine the effect, if any,
of dietary FA on other splenic immune cell populations.

In terms of cytokine production under various stimulation
conditions the ability to desaturate FA (ie. genotype) had very
little impact on cytokine production with the exception of IFNv.
Specifically, in response to LPS stimulation, IFNy production was

reduced in LA-fed D6KO mice compared to LA-fed WT and both WT
and D6KO AA-fed mice (which did not differ from each other, Fig. 2E).
Therefore, when AA is provided directly in the diet (i.e. AA-fed WT and
D6KO mice) or when conversion of LA to AA is permitted (i.e. LA-fed
WT mice) it potently stimulates IFN<y production in comparison to all
other FA. Therefore, LPS-stimulated IFNvy production is dependent
upon conversion from LA to AA, when dietary sources of AA are not
provided. This data also shows that AA, but not LA, is the primary
molecule needed for IFNy production. Additionally, a more funda-
mental question is addressed by these data pertaining to the
inflammatory nature of n-6 FA parent versus FA conversion product
(LA versus AA), wherein LPS-stimulated IFNy production only
increased in AA-fed D6KO and not LA-fed D6KO mice, indicating that
LA is not inherently inflammatory under this condition. Thus, the
D6KO model provides important evidence that IFNy production is
dependent upon AA and not LA. It is only through conversion to AA
that LA becomes inflammatory. This finding is translationally relevant
in light of evidence demonstrating that conversion efficiency is not the
same in all individuals due to genetic polymorphisms present in the
delta 6 desaturase enzyme and may be low in some individuals [59].
This provides the first evidence to our knowledge of an AA-specific
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effect in promoting mononuclear cell secretion of IFNvy and although
only IFNvy levels were impacted by the ability to desaturate dietary
essential FA, this does not preclude a potential effect on other aspects
of immune function and further study is warranted.

Since LPS stimulated IFN<y production was the only cytokine
endpoint affected by Fads2 status (i.e. FA conversion potential), all
other effects of dietary FA on cytokine production can be generalized
to the effects of the dominant FA provided in the diet (LA, AA, ALA, and
EPA/DHA). In this connection, AA was more potent compared to LA in
promoting a pro-inflammatory cytokine secretory profile in response
to LPS (e.g. TNFa and IL-6 levels) and TCR stimulation (e.g. IFNv),
whereas EPA/DHA exhibited the strongest anti-inflammatory effect.
LC PUFA are typically considered more bioactive in comparison to their
respective parent FA, however, in this study we were able to confirm
that these generalizations are not entirely correct through two critical
novel observations, i) that LA is not exclusively pro-inflammatory (e.g.
no difference between LA and n-3 PUFA groups in LPS-stimulated
TNFa or TCR-stimulated IFNvy), which highlights that the inflamma-
tory nature of LA is context-dependent (i.e. type of stimulus and
inflammatory cytokine produced), and ii) that ALA can exert
independent effects from EPA/DHA. The finding that LA does not
always exert an independent pro-inflammatory effect in comparison
to AA challenges the interpretation in FA immunobiology that all n-6
PUFA species are pro-inflammatory; supported by observations that
n-6 PUFA have been shown to i) enhance the severity of some
autoimmune diseases, ii) have high plasma levels associated with
certain inflammatory pathologies and iii) eicosanoids derived from n-
6 PUFA are classically pro-inflammatory (reviewed elsewhere [46]).
However, in these studies, control of n-6 PUFA conversion from LA to
AA was not possible until the development of the D6KO mouse. The
use of the D6KO mouse also permitted the novel finding of specific
immunomodulatory effects of ALA that could not be definitively
discerned in previous studies due to the confounding effect of
conversion to EPA and/or DHA [40-43], despite the low conversion
efficiency [2-5]. Our data show that ALA was as potent as EPA/DHA in
reducing inflammatory cytokine production in response to LPS (IL-6
and IL-1R) and TCR (IL-6, IL-1B and IFN<y) stimulation, thereby
demonstrating that ALA is more than simply a precursor for LC n-3 FA,
but instead exerts an independent biological effect. These data build
on previous work demonstrating the independent bioactivity of ALA
using the D6KO mouse in a model of fatty liver disease [47] and
highlight the need to critically assess the independent effects of ALA,
particularly since ALA is the most widely consumed n-3 PUFA in the
human diet [60]. Collectively, these data demonstrate the specific
influence of both n-3 and n-6 FA, provided at these levels in the diet, on
splenic immune cell populations which serve as the main cellular
source of cytokines produced in response to either cellular compartment
specific (i.e. anti-CD40, APC and TCR, T cells) or broad inflammatory (LPS)
stimuli. Moreover, this data provides the rationale for the use of the
D6KO model as a means to evaluate the biological effects of specific FA
and more broadly the use of dietary FA-specific enrichment strategies to
modify aspects of immune function to promote optimal health and
immune competence.

Phenotypic signs of LC FA deficiency in D6KO mice, such as
dermatitis and intestinal ulcers, typically do not manifest until
approximately 17-21 weeks of age [50]. This delayed onset in FA
deficiency symptoms reflects the conservation of tissue LC FA levels
(i.e. AA and DHA) in D6KO mice as demonstrated in multiple tissues
wherein both gene expression and in vivo D6D activity is confirmed to
be absent [50]. Moreover, FA depletion occurs at different rates
depending on the tissue site (i.e. brain versus heart) which likely
reflects their FA tissue-specific physiologic roles [50]. Therefore, the
low levels of AA and DHA in D6KO mice consuming the LA-enriched
and EPA/DHA-enriched diets do not reflect incomplete Fads2 deletion,
but instead reflect the preservation of maternal carryover-derived LC

FA, and the possible conditional essentiality of these FA presumably
due to their roles in membrane composition, fluidity and
cellular function [57]. The lack of FA deficiency symptoms in our
study (mice 12 weeks of age) also demonstrates the utility of the
D6KO model in studies of a shorter duration, wherein extension of our
study would result in further tissue depletion of LC FA and associated
complications.

In a typical human diet, where the relative intake of ALA is low, yet
LA is consumed in 5- to 20-fold greater amounts [6,7,9], the bulk
phospholipid detected in immune cells is reported to contain
approximately 20% AA and low levels of EPA (1%) and DHA (2.5%)
[25,40,61-64], although these proportions are altered in different
phospholipid classes [65]. Dietary enrichment of the n-3 FA membrane
composition is well-documented in human mononuclear cells and
occurs in a dose-dependent manner, reaching near-plateau levels after
4 weeks of supplementation, followed by a small rise after 8 and
12 weeks [61-63]. Therefore, we utilized a 9-week supplementation
period and showed significant splenic enrichment in both n-3 and n-6
FA species (Table 3). Generally, increased membrane phospholipid
content of n-3 PUFA occurs at the expense of n-6 PUFA, particularly AA
[61], and this fundamental change in PUFA membrane content is likely
to underlie the differential biological effects observed in mice
consuming the AA-enriched versus EPA/DHA-enriched diets. A partial
explanation for the varying effects of n-3 and n-6 classes of FA may be
due to their differential effects on lipid rafts, which are highly ordered
membrane microdomains that form platforms to facilitate signaling
events [66,67]; the composition and organization of which is
disrupted by n-3 PUFA [68,69]. Both toll-like receptor-4 and members
of its signaling complex [70-73] as well as TCR and associated signal-
transducing molecules required to sustain T cell activation [74]
localize within lipid rafts and n-3 PUFA have been shown to
disrupt downstream signaling of these pathways [75-80], and
therefore, a lipid raft-mediated mechanism may underlie the
downstream effects of n-3 PUFA on cytokine production, although
further study is required.

Alimitation of our study design is the use of dietary amounts of LA,
ALA, AA, EPA and DHA that exceeds typical human intakes that would
be equivalent to 10-20 g, although in human intervention trials
higher doses of LC n-3 PUFA are required to achieve anti-inflammatory
effects (reviewed [81]). The approach used in the present study was to
demonstrate, as a first step, potential differences arising from each
unique FA. These data establish a foundation for further research using
physiologically relevant levels of these FA comparable to human diets.
Nevertheless, our work still provides potential for translation to
humans with regard to the outcomes of our study and use of the D6KO
mouse model, since humans are poor converters of parent FA (LA and
ALA) into their downstream LC conversion product FA [7], and
therefore, are similar to knockout mice. This highlights the utility of
this mouse model in terms of attributing biological effects to specific
FA or in generating dietary strategies to attenuate chronic diseases.
Moreover, Fads2 deficiency underlies rare pathologies such as
Sjogren-Larsson syndrome and altered enzymatic D6D activity
influences the phenotype and severity of several chronic diseases
including cardiovascular disease, non-alcoholic steatohepatitis, insu-
lin resistance, neurological disorders such as schizophrenia and
certain types of cancer [82].

A component surrounding the interpretation of the immunomod-
ulatory effects of FA is the oversimplified interpretation of inflamma-
tory outcomes, wherein increased anti-inflammatory responses
mediated by n-3 PUFA are interpreted to be beneficial, when in reality
a robust inflammatory response represents a normal physiological
function and only uncontrolled inflammatory responses in disease
states are deleterious. This further highlights the contextual depen-
dency of individual FA effects and the need for critical reassessment of
FA immunomodulatory potential. Assessment of immune function
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and/or competence is complex, due to the diversity of immune cell
types and effector functions involved, which can exhibit overlapping
and redundant biological effects, thereby resulting in no single marker
of immune competence or immune function [83]. Consequently it is
challenging to comprehensively determine the effects of specific FA on
immune function. For example, the effect of n-3 PUFA supplementa-
tion (i.e. EPA/DHA) on various aspects of immune function including
phagocytosis, respiratory burst, antigen presentation, T-cell reactivity,
immunoglobulin, cytokine and lipid-mediator production have been
investigated (reviewed elsewhere [9,10,16,61]), but require revisita-
tion utilizing the D6KO model to definitely determine the specific
immunomodulatory effects of EPA/DHA versus ALA. Previously, others
have reported changes in mononuclear cell cytokine production in
response to various stimulatory conditions, however, in many cases
these studies fail to discern the effects of specific FA due to either
mixed dietary FA profiles and/or failure to account for the confounding
effect of downstream conversion of LA to AA[27,31,34,40,42] or ALA to
EPA/DHA [31,40-42,84]. Further, several studies assessing the effects
of EPA and DHA on cytokine production have only utilized an LA-
enriched diet as a means for comparison, thereby overlooking the
independent immunomodulatory effects of n-6 FA and/or assuming
adverse effects of LA [27,30,31,40,42]. The cytokine response in
healthy (disease-free) mononuclear cells reflects baseline immunor-
esponsiveness, wherein the ability to respond appropriately to
inflammatory and/or immune cell compartment specific stimuli
reflects a beneficial response by the host. Therefore, n-3 PUFA-
mediated reduced responsiveness to such stimuli may reflect a modest
reduction in inflammatory immune competence. Conversely, in
inflammatory pathologies, the ability of n-3 FA to blunt the magnitude
and/or responsiveness to stimulation would be beneficial. Collectively,
this highlights that the overall immunomodulatory effect of individual
n-3 and n-6 FA is context-dependent, and therefore, the use of
targeted dietary FA enrichment strategies to modify aspects of
immune function to promote health should be considered.

Acknowledgements

LE Robinson was supported by the Natural Sciences and Engineer-
ing Research Council of Canada. DWL Ma was funded by the Canadian
Institutes of Health Research (MOP-89971) and the Canada Founda-
tion for Innovation Leaders Opportunity Fund with matching funding
from the Ontario Research Fund. DML was supported by an Ontario
Graduate Scholarship. SAA was supported by the Canadian Breast
Cancer Foundation-Ontario Region.

Appendix A. Supplementary data

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.jnutbio.2016.01.004.

References

[1] Nakamura MT, Nara TY. Essential fatty acid synthesis and its regulation in
mammals. Prostaglandins Leukot Essent Fat Acids 2003;68:145-50.

[2] Poudyal H, Panchal SK, Diwan V, Brown L. Omega-3 fatty acids and metabolic
syndrome: effects and emerging mechanisms of action. Prog Lipid Res 2011;50:
372-87.

[3] Burdge GC, Wootton SA. Conversion of alpha-linolenic acid to eicosapentaenoic,
docosapentaenoic and docosahexaenoic acids in young women. Br ] Nutr 2002;
88:411-20.

[4] Hussein N, Ah-Sing E, Wilkinson P, Leach C, Griffin BA, Millward DJ. Long-chain
conversion of [13C]linoleic acid and alpha-linolenic acid in response to marked
changes in their dietary intake in men. ] Lipid Res 2005;46:269-80.

[5] Brenna JT. Efficiency of conversion of alpha-linolenic acid to long chain n-3 fatty
acids in man. Curr Opin Clin Nutr Metab Care 2002;5:127-32.

[6] Blasbalg TL, Hibbeln JR, Ramsden CE, Majchrzak SF, Rawlings RR. Changes in
consumption of omega-3 and omega-6 fatty acids in the United States during the
20th century. Am ] Clin Nutr 2011;93:950-62.

[7] Burdge GC, Calder PC. Dietary alpha-linolenic acid and health-related outcomes: a
metabolic perspective. Nutr Res Rev 2006;19:26-52.

[8] Burdge GC, Calder PC. Conversion of alpha-linolenic acid to longer-
chain polyunsaturated fatty acids in human adults. Reprod Nutr Dev 2005;45:
581-97.

[9] Calder PC. Mechanisms of action of (n-3) fatty acids. ] Nutr 2012;142:592S-9S.

[10] Calder PC, Dangour AD, Diekman C, Eilander A, Koletzko B, Meijer GW, et al.
Essential fats for future health. Proceedings of the 9th Unilever Nutrition
Symposium, 26-27 May 2010. Eur ] Clin Nutr 2010;64(Suppl. 4):5S1-S13.

[11] Kim W, Khan NA, McMurray DN, Prior IA, Wang N, Chapkin RS. Regulatory activity
of polyunsaturated fatty acids in T-cell signaling. Prog Lipid Res 2010;49:250-61.

[12] Miles EA, Calder PC. Influence of marine n-3 polyunsaturated fatty acids on
immune function and a systematic review of their effects on clinical outcomes in
rheumatoid arthritis. Br ] Nutr 2012;107(Suppl. 2):5S171-84.

[13] Russo GL. Dietary n-6 and n-3 polyunsaturated fatty acids: from biochemistry to
clinical implications in cardiovascular prevention. Biochem Pharmacol 2009;77:
937-46.

[14] Shaikh SR, Edidin M. Polyunsaturated fatty acids, membrane organization, T cells,
and antigen presentation. Am J Clin Nutr 2006;84:1277-89.

[15] Yaqoob P, Calder PC. Fatty acids and immune function: new insights into
mechanisms. Br ] Nutr 2007;98(Suppl. 1):541-5.

[16] Calder PC. Long chain fatty acids and gene expression in inflammation and
immunity. Curr Opin Clin Nutr Metab Care 2013;16:425-33.

[17] Altmann R, Hausmann M, Spottl T, Gruber M, Bull AW, Menzel K, et al. 13-oxo-
ODE is an endogenous ligand for PPARgamma in human colonic epithelial cells.
Biochem Pharmacol 2007;74:612-22.

[18] Natarajan R, Reddy MA, Malik KU, Fatima S, Khan BV. Signaling mechanisms
of nuclear factor-kappab-mediated activation of inflammatory genes by 13-
hydroperoxyoctadecadienoic acid in cultured vascular smooth muscle cells.
Arterioscler Thromb Vasc Biol 2001;21:1408-13.

[19] Ogawa E, Owada Y, Ikawa S, Adachi Y, Egawa T, Nemoto K, et al. Epidermal
FABP (FABP5) regulates keratinocyte differentiation by 13(S)-HODE-medi-
ated activation of the NF-kappaB signaling pathway. ] Invest Dermatol 2011;
131:604-12.

[20] Gewirtz AT, Collier-Hyams LS, Young AN, Kucharzik T, Guilford W], Parkinson JF,
et al. Lipoxin a4 analogs attenuate induction of intestinal epithelial proinflammatory
gene expression and reduce the severity of dextran sodium sulfate-induced colitis.
J Immunol 2002;168:5260-7.

[21] Levy BD, Clish CB, Schmidt B, Gronert K, Serhan CN. Lipid mediator class
switching during acute inflammation: signals in resolution. Nat Immunol 2001;2:
612-9.

[22] Serhan CN, Jain A, Marleau S, Clish C, Kantarci A, Behbehani B, et al. Reduced
inflammation and tissue damage in transgenic rabbits overexpressing 15-
lipoxygenase and endogenous anti-inflammatory lipid mediators. ] Immunol
2003;171:6856-65.

[23] Vachier I, Chanez P, Bonnans C, Godard P, Bousquet ], Chavis C. Endogenous anti-
inflammatory mediators from arachidonate in human neutrophils. Biochem
Biophys Res Commun 2002;290:219-24.

[24] Serhan CN, Chiang N, Dalli ], Levy BD. Lipid mediators in the resolution of
inflammation. Cold Spring Harb Perspect Biol 2015;7:a016311.

[25] Endres S, Ghorbani R, Kelley VE, Georgilis K, Lonnemann G, van der Meer JW, et al.
The effect of dietary supplementation with n-3 polyunsaturated fatty acids on the
synthesis of interleukin-1 and tumor necrosis factor by mononuclear cells. N Engl
] Med 1989;320:265-71.

[26] Gallai V, Sarchielli P, Trequattrini A, Franceschini M, Floridi A, Firenze C, et al.
Cytokine secretion and eicosanoid production in the peripheral blood mononuclear
cells of MS patients undergoing dietary supplementation with n-3 polyunsaturated
fatty acids. ] Neuroimmunol 1995;56:143-53.

[27] Kelley DS, Taylor PC, Nelson GJ, Schmidt PC, Ferretti A, Erickson KL, et al.
Docosahexaenoic acid ingestion inhibits natural killer cell activity and production
of inflammatory mediators in young healthy men. Lipids 1999;34:317-24.

[28] Kremer JM, Lawrence DA, Jubiz W, DiGiacomo R, Rynes R, Bartholomew LE,
et al. Dietary fish oil and olive oil supplementation in patients with
rheumatoid arthritis. clinical and immunologic effects. Arthritis Rheum
1990;33:810-20.

[29] Meydani SN, Endres S, Woods MM, Goldin BR, Soo C, Morrill-Labrode A, et al. Oral
(n-3) fatty acid supplementation suppresses cytokine production and lymphocyte
proliferation: comparison between young and older women. | Nutr 1991;121:
547-55.

[30] Meydani SN, Lichtenstein AH, Cornwall S, Meydani M, Goldin BR, Rasmussen H,
et al. Immunologic effects of national cholesterol education panel step-2 diets
with and without fish-derived N-3 fatty acid enrichment. J Clin Invest 1993;92:
105-13.

[31] Turek J, Li Y, Schoenlein IA, Allen KGD, Watkins BA. Modulation of macrophage
cytokine production by conjugated linoleic acids is influenced by the dietary n-
6:n-3 fatty acid ratio. ] Nutr Biochem 1998;9:258-66.

[32] Lokesh BR, Sayers TJ, Kinsella JE. Interleukin-1 and tumor necrosis factor synthesis
by mouse peritoneal macrophages is enhanced by dietary n-3 polyunsaturated
fatty acids. Immunol Lett 1990;23:281-5.

[33] Kew S, Mesa MD, Tricon S, Buckley R, Minihane AM, Yaqoob P. Effects of oils rich in
eicosapentaenoic and docosahexaenoic acids on immune cell composition and
function in healthy humans. Am ] Clin Nutr 2004;79:674-81.


http://dx.doi.org/10.1016/j.jnutbio.2016.01.004
http://dx.doi.org/10.1016/j.jnutbio.2016.01.004
http://refhub.elsevier.com/S0955-2863(16)00035-8/rf0005
http://refhub.elsevier.com/S0955-2863(16)00035-8/rf0005
http://refhub.elsevier.com/S0955-2863(16)00035-8/rf0010
http://refhub.elsevier.com/S0955-2863(16)00035-8/rf0010
http://refhub.elsevier.com/S0955-2863(16)00035-8/rf0010
http://refhub.elsevier.com/S0955-2863(16)00035-8/rf0015
http://refhub.elsevier.com/S0955-2863(16)00035-8/rf0015
http://refhub.elsevier.com/S0955-2863(16)00035-8/rf0015
http://refhub.elsevier.com/S0955-2863(16)00035-8/rf0020
http://refhub.elsevier.com/S0955-2863(16)00035-8/rf0020
http://refhub.elsevier.com/S0955-2863(16)00035-8/rf0020
http://refhub.elsevier.com/S0955-2863(16)00035-8/rf0025
http://refhub.elsevier.com/S0955-2863(16)00035-8/rf0025
http://refhub.elsevier.com/S0955-2863(16)00035-8/rf0030
http://refhub.elsevier.com/S0955-2863(16)00035-8/rf0030
http://refhub.elsevier.com/S0955-2863(16)00035-8/rf0030
http://refhub.elsevier.com/S0955-2863(16)00035-8/rf0035
http://refhub.elsevier.com/S0955-2863(16)00035-8/rf0035
http://refhub.elsevier.com/S0955-2863(16)00035-8/rf0040
http://refhub.elsevier.com/S0955-2863(16)00035-8/rf0040
http://refhub.elsevier.com/S0955-2863(16)00035-8/rf0040
http://refhub.elsevier.com/S0955-2863(16)00035-8/rf0045
http://refhub.elsevier.com/S0955-2863(16)00035-8/rf0050
http://refhub.elsevier.com/S0955-2863(16)00035-8/rf0050
http://refhub.elsevier.com/S0955-2863(16)00035-8/rf0050
http://refhub.elsevier.com/S0955-2863(16)00035-8/rf0055
http://refhub.elsevier.com/S0955-2863(16)00035-8/rf0055
http://refhub.elsevier.com/S0955-2863(16)00035-8/rf0060
http://refhub.elsevier.com/S0955-2863(16)00035-8/rf0060
http://refhub.elsevier.com/S0955-2863(16)00035-8/rf0060
http://refhub.elsevier.com/S0955-2863(16)00035-8/rf0065
http://refhub.elsevier.com/S0955-2863(16)00035-8/rf0065
http://refhub.elsevier.com/S0955-2863(16)00035-8/rf0065
http://refhub.elsevier.com/S0955-2863(16)00035-8/rf0070
http://refhub.elsevier.com/S0955-2863(16)00035-8/rf0070
http://refhub.elsevier.com/S0955-2863(16)00035-8/rf0075
http://refhub.elsevier.com/S0955-2863(16)00035-8/rf0075
http://refhub.elsevier.com/S0955-2863(16)00035-8/rf0080
http://refhub.elsevier.com/S0955-2863(16)00035-8/rf0080
http://refhub.elsevier.com/S0955-2863(16)00035-8/rf0085
http://refhub.elsevier.com/S0955-2863(16)00035-8/rf0085
http://refhub.elsevier.com/S0955-2863(16)00035-8/rf0085
http://refhub.elsevier.com/S0955-2863(16)00035-8/rf0090
http://refhub.elsevier.com/S0955-2863(16)00035-8/rf0090
http://refhub.elsevier.com/S0955-2863(16)00035-8/rf0090
http://refhub.elsevier.com/S0955-2863(16)00035-8/rf0090
http://refhub.elsevier.com/S0955-2863(16)00035-8/rf0095
http://refhub.elsevier.com/S0955-2863(16)00035-8/rf0095
http://refhub.elsevier.com/S0955-2863(16)00035-8/rf0095
http://refhub.elsevier.com/S0955-2863(16)00035-8/rf0095
http://refhub.elsevier.com/S0955-2863(16)00035-8/rf0100
http://refhub.elsevier.com/S0955-2863(16)00035-8/rf0100
http://refhub.elsevier.com/S0955-2863(16)00035-8/rf0100
http://refhub.elsevier.com/S0955-2863(16)00035-8/rf0100
http://refhub.elsevier.com/S0955-2863(16)00035-8/rf0105
http://refhub.elsevier.com/S0955-2863(16)00035-8/rf0105
http://refhub.elsevier.com/S0955-2863(16)00035-8/rf0105
http://refhub.elsevier.com/S0955-2863(16)00035-8/rf0110
http://refhub.elsevier.com/S0955-2863(16)00035-8/rf0110
http://refhub.elsevier.com/S0955-2863(16)00035-8/rf0110
http://refhub.elsevier.com/S0955-2863(16)00035-8/rf0110
http://refhub.elsevier.com/S0955-2863(16)00035-8/rf0115
http://refhub.elsevier.com/S0955-2863(16)00035-8/rf0115
http://refhub.elsevier.com/S0955-2863(16)00035-8/rf0115
http://refhub.elsevier.com/S0955-2863(16)00035-8/rf0120
http://refhub.elsevier.com/S0955-2863(16)00035-8/rf0120
http://refhub.elsevier.com/S0955-2863(16)00035-8/rf0125
http://refhub.elsevier.com/S0955-2863(16)00035-8/rf0125
http://refhub.elsevier.com/S0955-2863(16)00035-8/rf0125
http://refhub.elsevier.com/S0955-2863(16)00035-8/rf0125
http://refhub.elsevier.com/S0955-2863(16)00035-8/rf0130
http://refhub.elsevier.com/S0955-2863(16)00035-8/rf0130
http://refhub.elsevier.com/S0955-2863(16)00035-8/rf0130
http://refhub.elsevier.com/S0955-2863(16)00035-8/rf0130
http://refhub.elsevier.com/S0955-2863(16)00035-8/rf0135
http://refhub.elsevier.com/S0955-2863(16)00035-8/rf0135
http://refhub.elsevier.com/S0955-2863(16)00035-8/rf0135
http://refhub.elsevier.com/S0955-2863(16)00035-8/rf0140
http://refhub.elsevier.com/S0955-2863(16)00035-8/rf0140
http://refhub.elsevier.com/S0955-2863(16)00035-8/rf0140
http://refhub.elsevier.com/S0955-2863(16)00035-8/rf0140
http://refhub.elsevier.com/S0955-2863(16)00035-8/rf0145
http://refhub.elsevier.com/S0955-2863(16)00035-8/rf0145
http://refhub.elsevier.com/S0955-2863(16)00035-8/rf0145
http://refhub.elsevier.com/S0955-2863(16)00035-8/rf0145
http://refhub.elsevier.com/S0955-2863(16)00035-8/rf0150
http://refhub.elsevier.com/S0955-2863(16)00035-8/rf0150
http://refhub.elsevier.com/S0955-2863(16)00035-8/rf0150
http://refhub.elsevier.com/S0955-2863(16)00035-8/rf0150
http://refhub.elsevier.com/S0955-2863(16)00035-8/rf0155
http://refhub.elsevier.com/S0955-2863(16)00035-8/rf0155
http://refhub.elsevier.com/S0955-2863(16)00035-8/rf0155
http://refhub.elsevier.com/S0955-2863(16)00035-8/rf0160
http://refhub.elsevier.com/S0955-2863(16)00035-8/rf0160
http://refhub.elsevier.com/S0955-2863(16)00035-8/rf0160
http://refhub.elsevier.com/S0955-2863(16)00035-8/rf0165
http://refhub.elsevier.com/S0955-2863(16)00035-8/rf0165
http://refhub.elsevier.com/S0955-2863(16)00035-8/rf0165

38 J.M. Monk et al. / Journal of Nutritional Biochemistry 32 (2016) 29-38

[34] Wallace FA, Miles EA, Evans C, Stock TE, Yaqoob P, Calder PC. Dietary fatty acids
influence the production of Th1- but not Th2-type cytokines. ] Leukoc Biol 2001;
69:449-57.

[35] Yaqoob P, Calder PC. The effects of dietary lipid manipulation on the production of
murine T cell-derived cytokines. Cytokine 1995;7:548-53.

[36] Priante G, Bordin L, Musacchio E, Clari G, Baggio B. Fatty acids and cytokine mRNA
expression in human osteoblastic cells: a specific effect of arachidonic acid. Clin
Sci 2002;102:403-9.

[37] Jiang C, Ting AT, Seed B. PPAR-gamma agonists inhibit production of monocyte
inflammatory cytokines. Nature 1998;391:82-6.

[38] Verlengia R, Gorjao R, Kanunfre CC, Bordin S, de Lima TM, Curi R. Effect of
arachidonic acid on proliferation, cytokines production and pleiotropic genes
expression in jurkat cells—a comparison with oleic acid. Life Sci 2003;73:2939-51.

[39] Kelley DS, Taylor PC, Nelson GJ, Mackey BE. Arachidonic acid supplementation
enhances synthesis of eicosanoids without suppressing immune functions in
young healthy men. Lipids 1998;33:125-30.

[40] Caughey GE, Mantzioris E, Gibson RA, Cleland LG, James M]. The effect on human
tumor necrosis factor alpha and interleukin 1 beta production of diets enriched in
n-3 fatty acids from vegetable oil or fish oil. Am J Clin Nutr 1996;63:116-22.

[41] Rallidis LS, Paschos G, Liakos GK, Velissaridou AH, Anastasiadis G, Zampelas A.
Dietary alpha-linolenic acid decreases C-reactive protein, serum amyloid A and
interleukin-6 in dyslipidaemic patients. Atherosclerosis 2003;167:237-42.

[42] Zhao G, Etherton TD, Martin KR, Gillies PJ, West SG, Kris-Etherton PM. Dietary alpha-
linolenic acid inhibits proinflammatory cytokine production by peripheral blood
mononuclear cells in hypercholesterolemic subjects. Am ] Clin Nutr 2007;85:385-91.

[43] Turek]J, Schoenlein IA, Bottoms GD. The effect of dietary n-3 and n-6 fatty acids on
tumor necrosis factor-alpha production and leucine aminopeptidase levels in rat
peritoneal macrophages. Prostaglandins Leukot Essent Fat Acids 1991;43:141-9.

[44] Cranmer-Byng MM, Liddle DM, De Boer AA, Monk JM, Robinson LE. Proinflam-
matory effects of arachidonic acid in a lipopolysaccharide-induced inflammatory
microenvironment in 3 T3-L1 adipocytes in vitro. Appl Physiol Nutr Metab 2015;
40:142-54.

[45] Johnson GH, Fritsche K. Effect of dietary linoleic acid on markers of inflammation
in healthy persons: a systematic review of randomized controlled trials. ] Acad
Nutr Diet 2012;112:1029-41 [41 e1-15].

[46] Harbige LS. Fatty acids, the immune response, and autoimmunity: a question of n-6
essentiality and the balance between n-6 and n-3. Lipids 2003;38:323-41.

[47] Monteiro ], Askarian F, Nakamura MT, Moghadasian MH, Ma DW. Oils rich in alpha-
linolenic acid independently protect against characteristics of fatty liver disease in
the Delta6-desaturase null mouse. Can ] Physiol Pharmacol 2013;91:469-79.

[48] Monteiro J, Li FJ, Maclennan M, Rabalski A, Moghadasian MH, Nakamura MT, et al.
Menhaden oil, but not safflower or soybean oil, aids in restoring the
polyunsaturated fatty acid profile in the novel delta-6-desaturase null mouse.
Lipids Health Dis 2012;11:60.

[49] Stoffel W, Holz B, Jenke B, Binczek E, Gunter RH, Kiss C, et al. Delta6-desaturase
(FADS2) deficiency unveils the role of omega3- and omega6-polyunsaturated
fatty acids. EMBO ] 2008;27:2281-92.

[50] Stroud CK, Nara TY, Roqueta-Rivera M, Radlowski EC, Lawrence P, Zhang Y, et al.
Disruption of FADS2 gene in mice impairs male reproduction and causes dermal
and intestinal ulceration. J Lipid Res 2009;50:1870-80.

[51] Folch ], Lees M, Sloane Stanley GH. A simple method for the isolation and
purification of total lipides from animal tissues. ] Biol Chem 1957;226:497-5009.

[52] Anderson BM, MacLennan MB, Hillyer LM, Ma DW. Lifelong exposure to n-3 PUFA affects
pubertal mammary gland development. Appl Physiol Nutr Metab 2014;39:699-706.

[53] Mebius RE, Kraal G. Structure and function of the spleen. Nat Rev Immunol 2005;
5:606-16.

[54] Grewal IS, Flavell RA. CD40 and CD154 in cell-mediated immunity. Annu Rev
Immunol 1998;16:111-35.

[55] Fan YY, Monk JM, Hou TY, Callway E, Vincent L, Weeks B, et al. Characterization of an
arachidonic acid-deficient (Fads1 knockout) mouse model. ] Lipid Res 2012;53:1287-95.

[56] Cesta MF. Normal structure, function, and histology of the spleen. Toxicol Pathol
2006;34:455-65.

[57] Hussein N, Fedorova I, Moriguchi T, Hamazaki K, Kim HY, Hoshiba J, et al. Artificial
rearing of infant mice leads to n-3 fatty acid deficiency in cardiac, neural and
peripheral tissues. Lipids 2009;44:685-702.

[58] Monk JM, Kim W, Callaway E, Turk HF, Foreman JE, Peters M, et al.
Immunomodulatory action of dietary fish oil and targeted deletion of intestinal
epithelial cell PPARdelta in inflammation-induced colon carcinogenesis. Am ]
Physiol Gastrointest Liver Physiol 2012;302:G153-67.

[59] Abdelmagid SA, Clarke SE, Roke K, Nielsen DE, Badawi A, El-Sohemy A, et al.
Ethnicity, sex, FADS genetic variation, and hormonal contraceptive use influence
delta-5- and delta-6-desaturase indices and plasma docosahexaenoic acid
concentration in young Canadian adults: a cross-sectional study. Nutr Metab
2015;12:14.

[60] Ma QL, Gao XY, Shao SJ, Shao SX, Hu B. Discussion on professor SHAO Jing-Ming's
academic opinion of focusing spirit. Zhongguo Zhen Jiu 2014;34:615-8.

[61] Calder PC. Immunomodulation by omega-3 fatty acids. Prostaglandins Leukot
Essent Fat Acids 2007;77:327-35.

[62] Healy DA, Wallace FA, Miles EA, Calder PC, Newsholm P. Effect of low-to-moderate
amounts of dietary fish oil on neutrophil lipid composition and function. Lipids
2000;35:763-8.

[63] Thies F, Nebe-von-Caron G, Powell JR, Yaqoob P, Newsholme EA, Calder PC.
Dietary supplementation with gamma-linolenic acid or fish oil decreases T
lymphocyte proliferation in healthy older humans. ] Nutr 2001;131:
1918-27.

[64] Yaqoob P, Pala HS, Cortina-Borja M, Newsholme EA, Calder PC. Encapsulated fish
oil enriched in alpha-tocopherol alters plasma phospholipid and mononuclear cell
fatty acid compositions but not mononuclear cell functions. Eur | Clin Investig
2000;30:260-74.

[65] Sperling RI, Benincaso Al, Knoell CT, Larkin JK, Austen KF, Robinson DR. Dietary
omega-3 polyunsaturated fatty acids inhibit phosphoinositide formation and
chemotaxis in neutrophils. J Clin Invest 1993;91:651-60.

[66] Cao X, Surma MA, Simons K. Polarized sorting and trafficking in epithelial cells.
Cell Res 2012;22:793-805.

[67] Lingwood D, Simons K. Lipid rafts as a membrane-organizing principle. Science
2010;327:46-50.

[68] Brzustowicz MR, Cherezov V, Caffrey M, Stillwell W, Wassall SR. Molecular
organization of cholesterol in polyunsaturated membranes: microdomain
formation. Biophys ] 2002;82:285-98.

[69] Wassall SR, Brzustowicz MR, Shaikh SR, Cherezov V, Caffrey M, Stillwell W. Order
from disorder, corralling cholesterol with chaotic lipids. the role of polyunsatu-
rated lipids in membrane raft formation. Chem Phys Lipids 2004;132:79-88.

[70] Cuschieri ], Billigren ], Maier RV. Endotoxin tolerance attenuates LPS-induced
TLR4 mobilization to lipid rafts: a condition reversed by PKC activation. ] Leukoc
Biol 2006;80:1289-97.

[71] Jiang Q, Akashi S, Miyake K, Petty HR. Lipopolysaccharide induces physical
proximity between CD14 and toll-like receptor 4 (TLR4) prior to nuclear
translocation of NF-kappa B. ] Immunol 2000;165:3541-4.

[72] Triantafilou M, Miyake K, Golenbock DT, Triantafilou K. Mediators of innate
immune recognition of bacteria concentrate in lipid rafts and facilitate
lipopolysaccharide-induced cell activation. ] Cell Sci 2002;115:2603-11.

[73] Triantafilou M, Triantafilou K. Lipopolysaccharide recognition: CD14, TLRs and the
LPS-activation cluster. Trends Immunol 2002;23:301-4.

[74] Jury EC, Flores-Borja F, Kabouridis PS. Lipid rafts in T cell signalling and disease.
Semin Cell Dev Biol 2007;18:608-15.

[75] Lee JY, Plakidas A, Lee WH, Heikkinen A, Chanmugam P, Bray G, et al. Differential
modulation of toll-like receptors by fatty acids: preferential inhibition by n-3
polyunsaturated fatty acids. J Lipid Res 2003;44:479-86.

[76] Lee JY, Ye ], Gao Z, Youn HS, Lee WH, Zhao L, et al. Reciprocal modulation of toll-
like receptor-4 signaling pathways involving MyD88 and phosphatidylinositol 3-
kinase/AKT by saturated and polyunsaturated fatty acids. ] Biol Chem 2003;278:
37041-51.

[77] Lee]Y, Zhao L, Youn HS, Weatherill AR, Tapping R, Feng L, et al. Saturated fatty acid
activates but polyunsaturated fatty acid inhibits toll-like receptor 2 dimerized
with toll-like receptor 6 or 1. ] Biol Chem 2004;279:16971-9.

[78] Weatherill AR, Lee JY, Zhao L, Lemay DG, Youn HS, Hwang DH. Saturated and
polyunsaturated fatty acids reciprocally modulate dendritic cell functions
mediated through TLR4. ] Immunol 2005;174:5390-7.

[79] Fan YY, Ly LH, Barhoumi R, McMurray DN, Chapkin RS. Dietary docosahexaenoic
acid suppresses T cell protein kinase C theta lipid raft recruitment and IL-2
production. ] Immunol 2004;173:6151-60.

[80] Kim W, Fan YY, Barhoumi R, Smith R, McMurray DN, Chapkin RS. n-3
polyunsaturated fatty acids suppress the localization and activation of signaling
proteins at the immunological synapse in murine CD4 + T cells by affecting lipid
raft formation. ] Immunol 2008;181:6236-43.

[81] Calder PC. Marine omega-3 fatty acids and inflammatory processes: effects,
mechanisms and clinical relevance. Biochim Biophys Acta 1851;2015:
469-84.

[82] Tosi F, Sartori F, Guarini P, Olivieri O, Martinelli N. Delta-5 and delta-6
desaturases: crucial enzymes in polyunsaturated fatty acid-related pathways
with pleiotropic influences in health and disease. Adv Exp Med Biol 2014;824:
61-81.

[83] Albers R, Antoine JM, Bourdet-Sicard R, Calder PC, Gleeson M, Lesourd B, et al.
Markers to measure immunomodulation in human nutrition intervention studies.
Br J Nutr 2005;94:452-81.

[84] Kelley DS, Branch LB, Love JE, Taylor PC, Rivera YM, lacono JM. Dietary alpha-
linolenic acid and immunocompetence in humans. Am J Clin Nutr 1991;53:
40-6.


http://refhub.elsevier.com/S0955-2863(16)00035-8/rf0170
http://refhub.elsevier.com/S0955-2863(16)00035-8/rf0170
http://refhub.elsevier.com/S0955-2863(16)00035-8/rf0170
http://refhub.elsevier.com/S0955-2863(16)00035-8/rf0175
http://refhub.elsevier.com/S0955-2863(16)00035-8/rf0175
http://refhub.elsevier.com/S0955-2863(16)00035-8/rf0180
http://refhub.elsevier.com/S0955-2863(16)00035-8/rf0180
http://refhub.elsevier.com/S0955-2863(16)00035-8/rf0180
http://refhub.elsevier.com/S0955-2863(16)00035-8/rf0185
http://refhub.elsevier.com/S0955-2863(16)00035-8/rf0185
http://refhub.elsevier.com/S0955-2863(16)00035-8/rf0190
http://refhub.elsevier.com/S0955-2863(16)00035-8/rf0190
http://refhub.elsevier.com/S0955-2863(16)00035-8/rf0190
http://refhub.elsevier.com/S0955-2863(16)00035-8/rf0195
http://refhub.elsevier.com/S0955-2863(16)00035-8/rf0195
http://refhub.elsevier.com/S0955-2863(16)00035-8/rf0195
http://refhub.elsevier.com/S0955-2863(16)00035-8/rf0200
http://refhub.elsevier.com/S0955-2863(16)00035-8/rf0200
http://refhub.elsevier.com/S0955-2863(16)00035-8/rf0200
http://refhub.elsevier.com/S0955-2863(16)00035-8/rf0205
http://refhub.elsevier.com/S0955-2863(16)00035-8/rf0205
http://refhub.elsevier.com/S0955-2863(16)00035-8/rf0205
http://refhub.elsevier.com/S0955-2863(16)00035-8/rf0210
http://refhub.elsevier.com/S0955-2863(16)00035-8/rf0210
http://refhub.elsevier.com/S0955-2863(16)00035-8/rf0210
http://refhub.elsevier.com/S0955-2863(16)00035-8/rf0215
http://refhub.elsevier.com/S0955-2863(16)00035-8/rf0215
http://refhub.elsevier.com/S0955-2863(16)00035-8/rf0215
http://refhub.elsevier.com/S0955-2863(16)00035-8/rf0220
http://refhub.elsevier.com/S0955-2863(16)00035-8/rf0220
http://refhub.elsevier.com/S0955-2863(16)00035-8/rf0220
http://refhub.elsevier.com/S0955-2863(16)00035-8/rf0220
http://refhub.elsevier.com/S0955-2863(16)00035-8/rf0225
http://refhub.elsevier.com/S0955-2863(16)00035-8/rf0225
http://refhub.elsevier.com/S0955-2863(16)00035-8/rf0225
http://refhub.elsevier.com/S0955-2863(16)00035-8/rf0230
http://refhub.elsevier.com/S0955-2863(16)00035-8/rf0230
http://refhub.elsevier.com/S0955-2863(16)00035-8/rf0235
http://refhub.elsevier.com/S0955-2863(16)00035-8/rf0235
http://refhub.elsevier.com/S0955-2863(16)00035-8/rf0235
http://refhub.elsevier.com/S0955-2863(16)00035-8/rf0240
http://refhub.elsevier.com/S0955-2863(16)00035-8/rf0240
http://refhub.elsevier.com/S0955-2863(16)00035-8/rf0240
http://refhub.elsevier.com/S0955-2863(16)00035-8/rf0240
http://refhub.elsevier.com/S0955-2863(16)00035-8/rf0245
http://refhub.elsevier.com/S0955-2863(16)00035-8/rf0245
http://refhub.elsevier.com/S0955-2863(16)00035-8/rf0245
http://refhub.elsevier.com/S0955-2863(16)00035-8/rf0250
http://refhub.elsevier.com/S0955-2863(16)00035-8/rf0250
http://refhub.elsevier.com/S0955-2863(16)00035-8/rf0250
http://refhub.elsevier.com/S0955-2863(16)00035-8/rf0255
http://refhub.elsevier.com/S0955-2863(16)00035-8/rf0255
http://refhub.elsevier.com/S0955-2863(16)00035-8/rf0260
http://refhub.elsevier.com/S0955-2863(16)00035-8/rf0260
http://refhub.elsevier.com/S0955-2863(16)00035-8/rf0265
http://refhub.elsevier.com/S0955-2863(16)00035-8/rf0265
http://refhub.elsevier.com/S0955-2863(16)00035-8/rf0270
http://refhub.elsevier.com/S0955-2863(16)00035-8/rf0270
http://refhub.elsevier.com/S0955-2863(16)00035-8/rf0275
http://refhub.elsevier.com/S0955-2863(16)00035-8/rf0275
http://refhub.elsevier.com/S0955-2863(16)00035-8/rf0280
http://refhub.elsevier.com/S0955-2863(16)00035-8/rf0280
http://refhub.elsevier.com/S0955-2863(16)00035-8/rf0285
http://refhub.elsevier.com/S0955-2863(16)00035-8/rf0285
http://refhub.elsevier.com/S0955-2863(16)00035-8/rf0285
http://refhub.elsevier.com/S0955-2863(16)00035-8/rf0290
http://refhub.elsevier.com/S0955-2863(16)00035-8/rf0290
http://refhub.elsevier.com/S0955-2863(16)00035-8/rf0290
http://refhub.elsevier.com/S0955-2863(16)00035-8/rf0290
http://refhub.elsevier.com/S0955-2863(16)00035-8/rf0295
http://refhub.elsevier.com/S0955-2863(16)00035-8/rf0295
http://refhub.elsevier.com/S0955-2863(16)00035-8/rf0295
http://refhub.elsevier.com/S0955-2863(16)00035-8/rf0295
http://refhub.elsevier.com/S0955-2863(16)00035-8/rf0295
http://refhub.elsevier.com/S0955-2863(16)00035-8/rf0300
http://refhub.elsevier.com/S0955-2863(16)00035-8/rf0300
http://refhub.elsevier.com/S0955-2863(16)00035-8/rf0305
http://refhub.elsevier.com/S0955-2863(16)00035-8/rf0305
http://refhub.elsevier.com/S0955-2863(16)00035-8/rf0310
http://refhub.elsevier.com/S0955-2863(16)00035-8/rf0310
http://refhub.elsevier.com/S0955-2863(16)00035-8/rf0310
http://refhub.elsevier.com/S0955-2863(16)00035-8/rf0315
http://refhub.elsevier.com/S0955-2863(16)00035-8/rf0315
http://refhub.elsevier.com/S0955-2863(16)00035-8/rf0315
http://refhub.elsevier.com/S0955-2863(16)00035-8/rf0315
http://refhub.elsevier.com/S0955-2863(16)00035-8/rf0320
http://refhub.elsevier.com/S0955-2863(16)00035-8/rf0320
http://refhub.elsevier.com/S0955-2863(16)00035-8/rf0320
http://refhub.elsevier.com/S0955-2863(16)00035-8/rf0320
http://refhub.elsevier.com/S0955-2863(16)00035-8/rf0325
http://refhub.elsevier.com/S0955-2863(16)00035-8/rf0325
http://refhub.elsevier.com/S0955-2863(16)00035-8/rf0325
http://refhub.elsevier.com/S0955-2863(16)00035-8/rf0330
http://refhub.elsevier.com/S0955-2863(16)00035-8/rf0330
http://refhub.elsevier.com/S0955-2863(16)00035-8/rf0335
http://refhub.elsevier.com/S0955-2863(16)00035-8/rf0335
http://refhub.elsevier.com/S0955-2863(16)00035-8/rf0340
http://refhub.elsevier.com/S0955-2863(16)00035-8/rf0340
http://refhub.elsevier.com/S0955-2863(16)00035-8/rf0340
http://refhub.elsevier.com/S0955-2863(16)00035-8/rf0345
http://refhub.elsevier.com/S0955-2863(16)00035-8/rf0345
http://refhub.elsevier.com/S0955-2863(16)00035-8/rf0345
http://refhub.elsevier.com/S0955-2863(16)00035-8/rf0350
http://refhub.elsevier.com/S0955-2863(16)00035-8/rf0350
http://refhub.elsevier.com/S0955-2863(16)00035-8/rf0350
http://refhub.elsevier.com/S0955-2863(16)00035-8/rf0355
http://refhub.elsevier.com/S0955-2863(16)00035-8/rf0355
http://refhub.elsevier.com/S0955-2863(16)00035-8/rf0355
http://refhub.elsevier.com/S0955-2863(16)00035-8/rf0360
http://refhub.elsevier.com/S0955-2863(16)00035-8/rf0360
http://refhub.elsevier.com/S0955-2863(16)00035-8/rf0360
http://refhub.elsevier.com/S0955-2863(16)00035-8/rf0365
http://refhub.elsevier.com/S0955-2863(16)00035-8/rf0365
http://refhub.elsevier.com/S0955-2863(16)00035-8/rf0370
http://refhub.elsevier.com/S0955-2863(16)00035-8/rf0370
http://refhub.elsevier.com/S0955-2863(16)00035-8/rf0375
http://refhub.elsevier.com/S0955-2863(16)00035-8/rf0375
http://refhub.elsevier.com/S0955-2863(16)00035-8/rf0375
http://refhub.elsevier.com/S0955-2863(16)00035-8/rf0380
http://refhub.elsevier.com/S0955-2863(16)00035-8/rf0380
http://refhub.elsevier.com/S0955-2863(16)00035-8/rf0380
http://refhub.elsevier.com/S0955-2863(16)00035-8/rf0380
http://refhub.elsevier.com/S0955-2863(16)00035-8/rf0385
http://refhub.elsevier.com/S0955-2863(16)00035-8/rf0385
http://refhub.elsevier.com/S0955-2863(16)00035-8/rf0385
http://refhub.elsevier.com/S0955-2863(16)00035-8/rf0390
http://refhub.elsevier.com/S0955-2863(16)00035-8/rf0390
http://refhub.elsevier.com/S0955-2863(16)00035-8/rf0390
http://refhub.elsevier.com/S0955-2863(16)00035-8/rf0395
http://refhub.elsevier.com/S0955-2863(16)00035-8/rf0395
http://refhub.elsevier.com/S0955-2863(16)00035-8/rf0395
http://refhub.elsevier.com/S0955-2863(16)00035-8/rf0400
http://refhub.elsevier.com/S0955-2863(16)00035-8/rf0400
http://refhub.elsevier.com/S0955-2863(16)00035-8/rf0400
http://refhub.elsevier.com/S0955-2863(16)00035-8/rf0400
http://refhub.elsevier.com/S0955-2863(16)00035-8/rf0400
http://refhub.elsevier.com/S0955-2863(16)00035-8/rf0405
http://refhub.elsevier.com/S0955-2863(16)00035-8/rf0405
http://refhub.elsevier.com/S0955-2863(16)00035-8/rf0405
http://refhub.elsevier.com/S0955-2863(16)00035-8/rf0410
http://refhub.elsevier.com/S0955-2863(16)00035-8/rf0410
http://refhub.elsevier.com/S0955-2863(16)00035-8/rf0410
http://refhub.elsevier.com/S0955-2863(16)00035-8/rf0410
http://refhub.elsevier.com/S0955-2863(16)00035-8/rf0415
http://refhub.elsevier.com/S0955-2863(16)00035-8/rf0415
http://refhub.elsevier.com/S0955-2863(16)00035-8/rf0415
http://refhub.elsevier.com/S0955-2863(16)00035-8/rf0420
http://refhub.elsevier.com/S0955-2863(16)00035-8/rf0420
http://refhub.elsevier.com/S0955-2863(16)00035-8/rf0420

	The delta 6 desaturase knock out mouse reveals that immunomodulatory effects of essential n-6 and n-3 polyunsaturated fatty...
	1. Introduction
	2. Materials and methods
	2.1. Animals, housing and diets
	2.2. Genotyping
	2.3. Fatty acid analysis by gas chromatography
	2.4. Splenic mononuclear cell isolation and stimulation
	2.5. Flow cytometry
	2.6. Secreted cytokine analysis
	2.7. Statistical analysis

	3. Results
	3.1. Mouse characteristics
	3.2. Splenic fatty acid composition
	3.3. Changes in splenic immune cell populations
	3.4. Cytokine response to LPS-stimulation
	3.5. Cytokine response to TCR-stimulation
	3.6. Cytokine response to anti-CD40 stimulation

	4. Discussion
	Acknowledgements
	Appendix A. Supplementary data
	References


