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Abstract: The diet is considered to have a major impact on human health. Dietary lipids including long chain polyunsaturated fatty acids
(LCPUFA) possess potent immunomodulatory activities. Over the last decades the incidence of inflammatory disorders including allergic
and cardiovascular diseases (CVD) has been rising. This phenomenon is associated with deficiencies in N-3 LCPUFA, found in fatty fish,
and increased content of N-6 LCPUFA in the Western diet. LCPUFA act via different mechanisms including membrane fluidity, raft
composition, lipid mediator formation, signaling pathways and transmembrane receptors. N-3 LCPUFA eicosapentaenoic acid (EPA) and
docosahexaenoic acid (DHA) can reduce the development of allergic disease by affecting both the innate and adaptive immune system
involved in the initiation and persistence of allergic disease. Fish oil has been shown to be effective in the primary prevention of allergic
disease in infants at risk when supplemented during pregnancy and lactation. Subtle effects of N-3 LCPUFA on the outcome of the im-
mune response may underlie these protective effects. This review describes the currently reported effects of LCPUFA on dendritic cells,
T cells, B cells and mast cells. Also CVD are positively affected by N-3 LCPUFA. Populations consuming high amounts of oily fish are
protected against CVD. Moreover N-3 LCPUFA are effective in the secondary prevention of cardiovascular events. Amongst other ef-
fects, EPA and DHA have been shown to suppress endothelial cell activation hereby reducing adhesion molecule expression and endo-
thelial cell — leukocyte interactions. This review describes the mechanistic basis of the preventive role for N-3 LCPUFA in allergic dis-

ease and CVD.
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SOURCE AND CONVERSION OF DIETARY POLYUN-
SATURATED FATTY ACIDS

The lipid composition of the cell membrane determines cell
structure and function for a large part. Dietary lipids incorporate in
the phospholipids of the cell membrane and can alter membrane
structure and function in a large variety of cell types [1]. Lipids are
hydrophobic structures, rich in nonpolar hydrocarbon regions and
relatively few polar groups. Lipids play a key role in energy stor-
age, membrane structure or have specific biological functions. One
class of lipids are the fatty acids, which are generally bound to a
glycerol backbone and stored as triacylglycerols (triglycerides) in
animal fats and vegetable oils as well as phospholipids found in the
lipid bilayer of cell membranes [2, 3]. These amphipathic phosphol-
ipids consist of two hydrophobic fatty acid chains and a polar phos-
phate-containing head group Fig. (1A).

Fatty acids are composed of an unbranched hydrocarbon chain
with a carboxyl group at the end and contain a variable, usually
even, number of carbon atoms. The most common range is from 12
to 20 carbons per chain, with 16- and 18-carbon fatty acids particu-
larly common. The aliphatic chain is either saturated or unsaturated,
depending on the absence or presence of double bonds. Polyunsatu-
rated fatty acids (PUFA) form a subgroup within the group of fatty
acids and are referred to as polyunsaturated when containing two or
more double bonds [2, 3]. Double bonds can have either a cis or
trans configuration. Most often unsaturated fatty acids contain cis
double bonds which may result in bending of the structure, prevent-
ing tight packing. By contrast trans double bonds do not cause this
change in shape and are often the result of human processing (trans
fats) [3]. Chain length and degree of unsaturation of a fatty acid
determines its melting point. Most plant triacylglycerols are liquid
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at room temperature because the fatty acids of these vegetable oils
are predominantly unsaturated.

PUFA are categorized into N-6 or N-3 fatty acids according to
the position of the double bond nearest to the methyl end Fig. (1B).
Linoleic acid, consisting of 18 carbon atoms and two double bonds
as is referred to in its notation (18:2 N-6, LA), and a-linolenic acid
(18:3 n-3; ALA) are essential fatty acids and found in plants only,
they are precursors for long chain (LC)PUFA consisting of 20 or
more carbon atoms. LA is found in vegetable oils such as corn,
sunflower and soybean oil. ALA can be found in green leafy vege-
tables, walnuts and rapeseed and flaxeed (linseed) oil [2-4]. These
PUFA can be metabolized in the body into other N-6 or N-3 fatty
acids by elongation of the acyl chain by elongases and insertion of
extra double bonds by desaturases. Via several steps LA can be
converted into arachidonic acid (20:4n-6; AA) whereas ALA can be
converted into eicosapentaenoic acid (20:5n-3; EPA) and docosa-
hexaenoic acid (22:6n-3; DHA) [2, 3, 5, 6]. AA can be found in
meat whereas oily fish is a rich source of n-3 LCPUFA EPA and
DHA. Salmon, fresh tuna, mackerel, herring, pilchards and sardines
are examples of fatty fish. Depending upon the type of fish the av-
erage content of EPA plus DHA for an oily fish meal varies be-
tween 1 and 3.59 [2, 3, 7].

Besides oily fish, products rich in ALA also can add to the N-3
LCPUFA status due to conversion of ALA into N-3 LCPUFA in the
body. However, the proportion of ALA converted into EPA is low
and conversion to DHA is even less efficient. There is heterogene-
ity in the findings; highest estimated fractional conversion is 4%
[8], while most other studies have reported lower estimates of
conversion (0.05% or less), see Burdge et al. 2006 for an over-
view [6]. Nevertheless, an increase in the ALA intake is demon-
strated to increase proportions of EPA in plasma and cell lipids,
though not of DHA [9-11]. ALA has been shown to be less potent
than N-3 LCPUFA in providing health benefits so ALA requires
high intake. The best strategy to increase the N-3 LCPUFA content
is to eat oily fish on a regular basis.

© 2012 Bentham Science Publishers



2376 Current Pharmaceutical Design, 2012, Vol. 18, No. 16

A B

van den Elsen et al.

n-6 n-3
Linoleic acid (LA; 18:2) a-Linolenic acid (ALA; 18:3)
A6-desaturase
y-Linolenic acid (GLA; 18:3) 18:4
. COX/LOX . y Elongase *
1/3series <+—— Dihomo-y-linolenic acid (DGLA; 20:3) 20:4
eicosanoids A5-desaturase
2/4 series M Arachidonic acid (AA; 20:4) Eicosapentaenoic acid (EPA; 20:5) w 3/5 series
eicosanoids Elongase eicosanoids
22:5
Elongase
A6-desaturase
p-oxidation

Docosahexaenoic acid (DHA; 22:6)

Fig. (1). A. Phospholipids are the principal components of the cell membrane. Glycerol phospholipids are most common and are composed of a polar phos-
phate group (1) bound to glycerol (2). R is a small polar head group such as choline. Also bound to glycerol are two fatty acids (3) that may differ from each
other. B. The metabolic conversion pathways and eicosanoid synthesis from PUFA of the N-6 and N-3 series.

MECHANISM OF ACTION OF LCPUFA

Among all lipids in particular LCPUFA are widely held to act
on physiological functions via several cell mechanisms. Regarding
the immune status, in general N-6 LCPUFA are considered as being
proinflammatory and N-3 LCPUFA as being protective against
inflammation. N-6 LCPUFA AA is a precursor for inflammatory
type 2-series prostanoids and the 4-series leukotriens (LT) since it
serves as a substrate for cycooxygenases (COX) and lipoxygenases
(LOX). By contrast N-3 LCPUFA EPA is converted by the same
enzyme families into 3- and 5-series eicosanoids, known to be less
biologically active or even protective against inflammation. In addi-
tion, many of the anti-inflammatory effects of N-3 LCPUFA are
exerted at the level of altered gene expression through modification
of transcription factor activity. For example enzymes responsible
for producing inflammatory eicosanoids (e.g. COX-2 and 5-LOX),
inflammatory cytokines and adhesion molecules are regulated on
gene expression level by LCPUFA. This can be achieved either by
direct interaction with ligand-binding transcription factors or via
membrane or cytoplasmic signaling pathways finally altering tran-
scription factor activation [1]. Peroxisome proliferator-activated
receptors (PPAR), nuclear factor kappa beta (NF-xB) and mitogen
activated protein kinase (MAPK) are examples of transcription
factors being regulated by PUFA. Recently it was discovered that G
protein-coupled receptor 120 (GPR120) is a transmembrane DHA
receptor and moreover LCPUFA can affect the Toll-like Receptor
(TLR) signaling pathway which involves NF-xB. Hence, LCPUFA
may act on intra- and extracellular receptors which may activate the
cell and result in the expression or suppression of genes encoding
for proteins including cytokines.

L CPUFA Enhance Membrane Fluidity

The fluid mosaic model is frequently used to describe the struc-
ture of cell membranes. The cell membrane consists of an asymmet-
ric lipid bilayer with functional lipids such as cholesterol and pro-
teins embedded; these can migrate within the membrane. The fatty
acid composition of the cell is mostly cell specific but may change
for example over time or due to the diet [12, 13]. Membrane com-
position strongly affects membrane fluidity. An increase in the
content of unsaturated fatty acids like LCPUFA in membrane phos-

pholipids is accompanied by an increase in membrane fluidity so a
decrease in microviscosity [13, 14]. More fluidic membranes can
give rise to changes in cell function since in a more fluid membrane
protein-protein and protein-lipid interaction can take place more
easily.

LCPUFA Alter Lipid Raft Composition

Lipid rafts are highly organized regions in the cell membrane
that differ in composition between various cell types. Rafts are
relatively rigid as compared to their surrounding and are rich in
cholesterol and sphingolipids with long saturated fatty acyl chains.
Many signaling proteins including receptors, enzymes and sub-
strates are concentrated in these areas in order to facilitate efficient
intracellular signaling in response to extracellular stimuli. This
occurs as a result of clustering of different lipid rafts rich in signal-
ing proteins [15, 16]. Because of the kinked structure of LCPUFA
by incorporation of LCPUFA affects raft organization and interac-
tions between lipids and proteins. This is not compatible with the
highly organized lipid raft structure and will cause displacement of
proteins, and by increasing membrane fluidity affect lipid raft clus-
tering, hereby suppressing signal transduction [17].

LCPUFA asPrecursorsof Lipid Mediators
Eicosanoids

20-Carbon N-6 LCPUFA AA and dihomo-y-linolenic acid
(DGLA) and N-3 LCPUFA EPA are precursors for eicosanoids.
Eicosanoids derived from AA have the most potent biological func-
tions. Many cell types liberate AA from membrane phospholipids
upon stimulation. PUFA are liberated from membrane phosphati-
dylcholine or phosphatidylinositol-4, 5-bisphosphate (PIP,) by cy-
tosolic phospholipase A, (PLA;) or by actions of phospholipase C
(PLC) and a diacylglycerol (DAG) lipase respectively [18-21]. Af-
ter release from the cell membrane AA can be metabolized by COX
enzymes resulting in the formation of inflammatory prostaglandins
(PG) and thromboxanes (TX) of the 2-series (e.g. PGD,) or by 5-,
12-, and 15-LOX which yield inflammatory LT of the 4-series,
lipoxins (LX), hydroperoxyeicosatetraenoic acids (HPETE) and
hydroxyeicosatetraenoic acids (HETE). Major biologically active
AA-metabolites are PGD,, PGE,, PGl,, PGF,, and TXA,, support-



n-3 LCPUFA in Allergic and Cardiovascular Disease

ing the inflammatory cascade. It is cell type dependent which me-
tabolite is formed predominantly. Half life of these mediators is
very short (only seconds) and they act locally on cell surface recep-
tors [22]. Furthermore non-esterified PUFA can be a substrate for
cytochrome P450 monooxygenases (CYP). CYP-mediated oxida-
tion of AA results in a variety of eicosanoids such as epoxides
known to contribute to cell activation. N-3 LCPUFA are converted
by CYP especially when little COX or LOX activity is present [23].

N-3 LCPUFA EPA and DHA competitively inhibit AA metabo-
lism because incorporation of EPA and DHA in the cell membrane
phospholipids occurs partly at the expense of AA. Subsequently,
less substrate will be available for synthesis of AA-derived eicosa-
noids [14, 24]. Conversion of EPA is resulting in mediators of the
3-series of prostaglandins and tromboxanes via COX and the 5-
series of leukotriens via 5-LOX, which are believed to be less pro-
inflammatory than the AA-derived metabolites [18, 21]. Indeed in
humans fish oil supplementation has been shown to reduce produc-
tion of PGE,, TXB,, LTB,, 5-HETE and LTE, by inflammatory
cells while resulting in increased production of LTBs, LTEs and 5-
HEPE [25, 26]. EPA and DHA are poor COX and LOX substrates
compared to AA and inhibit COX activity [18, 27, 28]. Also gene
expression of other proteins involved in AA-metabolism can be
regulated by N-3 LCPUFA [29].

Resolvins

N-3 LCPUFA in the cell membrane give rise to other anti-
inflammatory mediators as well. These are called EPA and DHA-
derived resolvins (resolution phase interaction products) [30]. Re-
solvins are anti-inflammatory lipid mediators derived from EPA
and DHA via COX-2 activity. Resolvins of the E-series such as
Resolvin E1 (RVE1) are derived from EPA, while resolvins from
the D-series are products of DHA [31, 32]. RvE1 receptor activa-
tion can lead to potent anti-inflammatory effects. In a mouse model
for peritonitis administration of EPA and COX inhibitor aspirin
resulted in the generation of RVEL in peritoneal exudates presuma-
bly via 5-LOX and aspirin-acetylated COX-2 as well as inhibition
of leukocyte infiltration. Administration of synthetic RVE1 gave
similar results. Furthermore, synthetic RVE1 was shown to protect
against the development of colitis in mice via reduction of leuko-
cyte infiltration and proinflammatory gene expression [33]. In addi-
tion, RVELl reduced IL-12 production and migration of mouse
spleen dendritic cells activated with pathogen extract [34]. Moreo-
ver, DHA conversion via COX-2 gives rise to immunoregulatory
docosatrienes and neuroprotective neuroprotectins [35, 36].

L CPUFA Alter Cdl Signaling Pathways

Fatty acids may have other functions in signal transduction than
discussed above. Many phospholipids are involved in signaling
pathways and changes in the type of fatty acid present may alter
activity and function in signal transduction [19]. It has been shown
that the fatty acid composition of DAG may affect the activity of
protein kinase C (PKC) [37]. Furthermore, PKC was less active in
the presence of phosphatidylserine rich in LCPUFA as compared to
a phosphatidylserine low in LCPUFA content [38]. However, not
only the fatty acid composition of phospholipids involved in intra-
cellular signaling is important; fatty acids can have direct effects on
signal transduction pathways as well. Expression and activity of
protein kinases can be altered by different fatty acids; this has been
most extensively studied for PKC and was shown to be reduced by
EPA and DHA. Also fish oil supplementation in mice reduced
spleen lymphocyte PKC activity [39]. Furthermore, cytosolic cal-
cium concentrations are regulated by PUFA. LA, AA, ALA, EPA
and DHA have shown to induce calcium release from the endo-
plasmic reticulum (ER) and block the calcium influx via receptor-
mediated calcium channels in T cells [40, 41]. In addition, they can
enhance receptor-mediated calcium efflux [42]. Due to these kinds
of downstream changes the activity of transcription factors such as
NF-kB can be suppressed too.
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N-3 LCPUFA May Suppress Generation of Reactive Oxygen Spe-
cies

A variety of tissues and cells produce reactive oxygen species
(ROS). Superoxide is the main relevant ROS since it is the precur-
sor of most other ROS. Studies supplementing animals with fish oil
are inconclusive about the effect of N-3 LCPUFA on ROS produc-
tion in macrophages, monocytes and neutrophils (see [19] for an
overview) which might be caused by differences in study setup
such as cell type analyzed, diet or stimulus used. However, in most
studies dietary N-3 LCPUFA reduce superoxide and/or hydrogen
peroxide production [43-45]. Furthermore it has been reported that
EPA (+DHA) supplementation to healthy human volunteers can
lower superoxide production in blood neutrophils and monocytes
[46, 47]. Many enzymes including NADPH oxidase are involved in
ROS formation and different eicosanoids, cytokines and PKC con-
trol several of these enzymes [18, 48]. N-3 LCPUFA might sup-
press the production of ROS by affecting these molecules. This was
shown by Wong et al. reporting that DHA inhibited NADPH oxi-
dase and ROS generation in RAW264.7 cells while saturated lauric
acid activated both.

N-3 LCPUFA Suppress NF-xB and MAPK Signaling

The NF-xB signal transduction cascade is important in the gen-
eration of inflammatory responses. It induces the transcription of a
range of inflammatory genes including COX-2, E-selectin, intercel-
lular adhesion molecule-1 (ICAM-1), vascular cell adhesion mole-
cule-1 (VCAM-1), tumor necrosis factor-a (TNF-a), interleukin
(IL) 1B, IL-6 and inducible nitric oxide synthase (iNOS) [49, 50].
N-3 LCPUFA reduce NF-xB activity, although the exact mecha-
nism is not clear. EPA or fish oil incubation of human monocytes
was found to reduce lipopolysaccharide (LPS)-induced activation of
NF-kB, whereas AA did not [51-54]. Zhao et al. showed that this
was in association with a reduction in IxB phosphorylation, pre-
venting dissociation of the NF-xB complex and consequent nuclear
translocation and gene transcription. This suggests an effect of N-3
LCPUFA upstream in the NF-xB pathway [54]. In addition, TNF-a
induced IkB degradation can be eradicated by EPA incubation in a
pancreatic cell line [55]. N-3 LCPUFA can suppress activation of
other signaling cascades as well, which results in the activation of
various transcription factors. Lo et al. reported that incubation of
murine macrophages with EPA reduced LPS-induced phosphoryla-
tion and activation of MAPK [56]. So far it is not exactly known
how N-3 LCPUFA can diminish MAPK signaling, both PKC-
dependent and independent mechanisms are involved. Furthermore
they seem to act upstream and downstream of MAPK kinase
(MAPKK) [57, 58].

PUFA as Ligand for the Nuclear Receptor PPAR

Besides suppression of signaling pathways that converge on
transcription factor activation, fatty acids appear to enhance the
activity of the transcription factor family PPAR directly. PPAR-a is
important in lipid metabolism and is found mostly in liver. PPAR-
B/d is found in many tissues, but its role is still unclear while
PPAR-y is expressed mainly in adipose tissue and has been shown
to influence adipocyte differentiation, glucose metabolism and
macrophage development and function [59]. PPAR are also found
in inflammatory cells and certain fatty acids and eicosanoids can act
as their ligands [60, 61]. To regulate gene expression PPAR dimer-
ize with another nuclear receptor, the retinoic-X-receptor (RXR)
that among others is activated by DHA [62]. Activation of PPAR
by ligand binding (e.g. fatty acids from the diet) promotes altera-
tions in gene transcription of genes containing PPAR response ele-
ments [63]. LA, ALA, AA, EPA and DHA have been shown to be
efficient activators of PPAR-a and -3, and to a much lesser extent
PPAR-y [64]. Kleiwer et al. reported that PPAR-a and -y were acti-
vated by LA, ALA and AA [63]. Activators of both PPAR-a en -y
inhibited activation of inflammatory genes including TNF-a, IL-1p,
IL-6, IL-8, COX-2, iNOS and VCAM-1 [61, 65-69]. The anti-
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inflammatory effects of PPAR might be due to stimulation of in-
flammatory eicosanoid breakdown via induction of peroxisomal p-
oxidation and/or the suppression of activation of other transcription
factors. For example, PPAR-y activation by N-3 LCPUFA may
prevent NF-kB activation [68]. Nuclear receptors generally lack
specificity for N-3 LCPUFA,; therefore they are not sufficient in
explaining the effects of N-3 LCPUFA on the immune system [1].

Transmembrane Receptorsfor LCPUFA
N-3 LCPUFA as Ligand for GPR120

GPR120 has been discovered recently as a N-3 LCPUFA recep-
tor. Stimulation of GPR120 by long-chain fatty acids enhanced
intracellular calcium and MAPK extracellular signal-regulated
kinase (ERK) (p44/42) activation in HEK 293 cells, while reducing
IKKB and c-Jun N-terminal kinase (JNK) phosphorylation, kB
degradation and TNF-a and IL-6 secretion in RAW 264.7 cells [70,
71]. GPR120 is highly expressed in macrophages, monocytic cells
and adipose tissue and EPA and DHA have potent anti-
inflammatory effects in these cell types. DHA showed comparable
reduction of the LPS-induced inflammatory response as the syn-
thetic GPR120 agonist GW9508. Also suppression of TNF-o in-
duced inflammation was shown. B-Arrestin2 associates with
GPR120 leading to internalization of this complex and B-arrestin2
then binds to TAK1 binding protein 1 (TAB1), resulting in reduced
TAKZ1 activation. Downstream of TAK1 are the IKKB/NF-kB and
JNK pathway which explains the suppression of both LPS and
TNF-a signaling after GPR120 activation. Although GPR120 is a
Gagq/11 G protein coupled receptor, these effects were independent
of Gag/11. In addition, macrophage-mediated tissue inflammation
could be reduced in obese mouse fed a N-3 LCPUFA diet via
GPR120 signaling [71].

PUFA Suppress TLR Activation

In addition to GPR120, N-3 LCPUFA can signal via TLR. Satu-
rated fatty acids are - as an integral part of the lipid A tail of LPS
from Gram-negative bacteria - essential for the biological activities
of this TLR4 ligand. Removal of acylated saturated fatty acids from
lipid A results in complete loss of endotoxic activity [72, 73]. Fur-
thermore, free fatty acids modulate TLR activation. Saturated fatty
acids activate TLR4 inducing the expression of COX-2, iNOS and
IL-10 via NF-xB signaling in murine monocytic RAW 264.7 cells,
while unsaturated fatty acids including LA, AA, EPA and DHA
inhibit the induced expression of these inflammatory markers in-
volving reduced degradation of 1kB [73]. These effects involve
lipid raft association. Saturated lauric acid has shown to induce
receptor dimerization and recruitment of TLR4 into lipid rafts as
well as downstream signaling pathways and gene expression. DHA
on the other hand reduced LPS- and lauric acid-induced dimeriza-
tion and recruitment of TLR4 into lipid rafts. This process occurred
in a ROS-dependent manner [72]. In addition, lauric acid potenti-
ates while DHA reduces lipopeptide-induced TLR2 activation [72,
74].

ENHANCED N-6 OVER N-3 LCPUFA INTAKE IS ASSOCI-
ATED WITH INCREASED INCIDENCE OF ALLERGIC
AND CARDIOVASCULAR DISEASE

Epidemiological data provide strong evidence of a steady in-
crease in incidence and prevalence of many allergic and inflamma-
tory diseases over the last decades in the Western world. The dis-
eases which incidences are rising since the 1950s includes allergic
rhinitis, asthma, atopic dermatitis, food allergies, cardiovascular
disease (CVD), inflammatory bowel disease, and autoimmune dis-
eases like diabetes mellitus type 1 [1, 75-78]. For example between
1979 and 1991 the prevalence of asthma, hay fever and atopic der-
matitis doubled in Swedish school children [79]. These changes
cannot solely be explained by genetics [1]. The modern diet differs
largely from more traditional diets. Amongst other changes in the
diet, in the Western countries the consumption of N-3 PUFA has
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gradually decreased. On the other hand the diet has excessive
amounts of N-6 PUFA, mainly LA, from increased consumption of
plant oils and products such as margarines. Historically the dietary
ratio of N-6 to N-3 fatty acids approached 1/1 and Inuits consume a
diet with a ratio of roughly 1/2.5 [76, 80, 81]. Populations consum-
ing high levels of N-3 LCPUFA from seafood such as Inuits and
Japanese have low prevalence of CVD, psoriasis, asthma, allergic
sensitization towards inhalant allergens and rheumatoid arthritis
[82-84]. Besides living condition, allergen exposure and genetics
the diet high in N-3 LCPUFA is likely to positively affect disease
prevalence. However, in current Western diets this ratio is 10/1 up
to 25/1 [76, 80, 81]. This suggests an insufficient N-3 LCPUFA
intake and as a consequence human inflammatory cells and struc-
tural cells like blood vessel endothelial cells contain high propor-
tions of AA and low proportions of N-3 LCPUFA. Currently, the
mean ratio for immune cells is about 20% AA, 1% EPA and 2.5%
DHA [85]. The exact proportion of AA in these cells varies accord-
ing to the cell type and lipid fraction used.

Dietary Supplementation with N-3 LCPUFA Increases Mem-
brane EPA and DHA Content

Increased exposure to N-3 LCPUFA changes the fatty acid
composition of cells in a dose-dependent way. It has been shown in
vitro that EPA and DHA fairly easily incorporate into mammalian
cells [14, 24]. Also in animal studies, feeding fish oil to rodents
confirms an increased EPA and DHA content in various cell types,
while AA content is reduced [86, 87]. In humans consumption of
N-3 LCPUFA increases the content of these fatty acids in plasma
lipids and many different cell types including cord blood cells,
platelets, erythrocytes, leukocytes, endothelial cells and cardiac
cells [88-91]. Incorporation of EPA and DHA in human cells occurs
in a dose dependent manner. Several studies show that supplemen-
tation between 1 and 6.5 g EPA plus DHA per day results in (near)
linear relationships between EPA and DHA intake and content of
plasma and platelet phospholipids and neutrophils [92, 93]. How-
ever, incorporation into the different cell types occurs at different
rates and with different efficiencies [94]. After four weeks of sup-
plementation with EPA and DHA incorporation of these fatty acids
reaches its maximum for serum cholesteryl esters and mononuclear
cells, whereas for erythrocytes this takes between 2 and 6 months in
humans [90, 94]. If fish oil supplementation is abandoned EPA
levels return to basal levels in mononuclear cells and erythrocytes
within 8 weeks, while DHA remains elevated for a longer period of
time. Erythrocyte DHA content is not even reduced to baseline
levels 20 weeks after ending supplementation [89, 90, 95]. Current
intake of N-3 LCPUFA in Western countries is low, for the UK <
0.25 g/day is consumed which is probably representative for other
Western countries [96]. Recommendations vary in general between
0.45-1.2 g N-3 LCPUFA/day in adults [96, 97].

The recognition that N-3 LCPUFA exert anti-inflammatory
effects has led to the insight that supplementation with N-3
LCPUFA may be of clinical benefit in the prevention or treatment
of allergic or inflammatory diseases. In this review we will high-
light the effects of N-3 LCPUFA in the prevention of allergic dis-
ease and cardiovascular inflammation. For allergic disease both the
innate and adaptive immune response will be discussed. In view of
the steadily increasing prevalence of CVD we chose to discuss this
type of inflammation too and describe the effect of N-3 LCPUFA
on a structural cell type, the endothelial cell (EC).

N-3 LCPUFA IN THE PREVENTION OF ALLERGIC DIS-
EASE

The incidence of allergic disease has been rising steadily in the
Western world during the last decades and affects at least 15% of
the infant population and 7% of adults is affected with asthma being
only one of the major allergic diseases [98-100]. Alterations in
dietary composition may have impact on the susceptibility to de-
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velop allergic disease which can already be established during ges-
tation or early infancy. Studies in both humans and animals have
shown that environmental influences (including diet) during early
life have profound and long-lasting effects on human health [101-
103]. LCPUFA might exert positive effects on the unborn child,
since they are important for the developing fetus. It requires fatty
acids to build cell membranes and maintain their fluidity and con-
formation. Large amounts of PUFA (especially LCPUFA AA and
DHA\) need to be transferred to the fetus. A deficiency in LCPUFA
is directly linked to poor fetal development, and consequently to
defects [104]. Kabesch et al. have reported that in some European
countries one in three children shows allergic sensitization and one
in ten suffers from asthma [105]. Many factors, including dietary
deficiencies in antioxidants and fibers as well as increased total fat
intake have been incriminated to contribute to the increase in aller-
gic manifestations. However, also the increased intake of N-6 over
N-3 PUFA may have impact on the allergic outcome [81]. Indeed,
N-6 PUFA have been shown to increase the susceptibility of aller-
gic sensitization since these are precursors for PGE, [77, 106]. Epi-
demiological evidence by Hodge et al. showed a protective effect of
N-3 LCPUFA [106]. Furthermore, in 22 children with asthma
and/or allergic dermatitis aged 12-15 years and 23 non-atopic age-
matched controls was observed that N-3 LCPUFA concentrations
were reduced in serum of allergic adolescents in comparison to the
control group. In addition, the ratio of N-6/N-3 LCPUFA was
higher in the allergic group [107].

N-3 LCPUFA Supplementation During Pregnancy and Lacta-
tion Reduce Allergic Incidence and Symptomsin Offspring

Pregnancy Studies

Allergic diseases are determined in early life, or even in utero;
therefore prevention should preferably start very early in life. Sup-
ply of N-3 LCPUFA to the fetus must come from maternal sources
(placenta and breast milk) which make the maternal LCPUFA
status important. The maternal plasma phospholipid DHA concen-
tration determines DHA supply to the fetus. Increased consumption
of DHA during pregnancy or lactation increases the DHA content
of maternal and cord plasma and breast milk [108, 109]. Regular
consumption of oily fish has been shown to result in higher mater-
nal erythrocyte DHA content [110, 111]. Possible protective effects
of early N-3 LCPUFA exposure have been examined in supplemen-
tation studies with fish oil.

Recent studies report the effects of fish oil supplementation
during pregnancy for the primary prevention of allergic disease. In
a randomized placebo-controlled trial, women at risk of giving birth
to a child at high risk of developing allergic disease were supple-
mented with 1.6 g EPA and 1.1 g DHA or placebo (soy oil) from
week 25 of gestation to on average 3-4 months of lactation. Chil-
dren (n = 117) were followed on the risk of developing allergic
sensitization and disease during the first year of life. The accumula-
tive incidence of food allergy during the first year of life was re-
duced by 85% in the N-3 LCPUFA group compared to the placebo
group as determined by a reaction to egg or milk in presence of
detectable IgE antibodies or a positive skin prick test towards these
antigens. Furthermore, IgE associated eczema was reduced by more
than 60% in the 12 month follow up period. This study indicated
that maternal N-3 LCPUFA supplementation during late pregnancy
and lactation reduced the risk of food allergy and IgE-associated
eczema during the first year of life in children at risk of allergic
disease [112]. Moreover, Furujehlm et al. have shown a reduced
incidence of IgE-associated disease after N-3 LCPUFA supplemen-
tation at 2 year of age too. This was related to EPA and DHA pro-
portions in plasma phospholipids of mother and child [113].

Dunstan et al. supplemented 83 pregnant woman whose off-
spring were at risk of developing allergic disease in a double blind,
randomized, placebo-controlled trial with fish oil (3.7 g N-3
LCPUFA (1.1 g EPA + 2.2 g DHA) per day) or control capsules
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(olive oil) from week 20 of pregnancy until delivery [114, 115].
Umbilical cord plasma IL-13 concentrations were significantly
lower after fish oil exposure and inversely related to cord erythro-
cyte DHA content [114]. Neonatal mononuclear cells secreted less
Th1 and Th2 cytokines in response to allergen stimulation after fish
oil consumption and IL-10 secretion in response to house dust mite
or cat hair extract was significantly reduced. At one year of age,
infants exposed to fish oil during pregnancy were 60% less likely to
be sensitized to egg allergen as determined by skin prick testing and
the same tendency was shown for peanut and cow’s milk protein.
Although the incidence of atopic dermatitis was not different be-
tween the groups, fish oil treated children showed significantly
fewer severe symptoms [115].

Instead of providing fish oil to increase N-3 LCPUFA status in
pregnant woman, the Salmon in Pregnancy Study (SiPS) was the
first study to increase the intake of oily fish (two portions salmon
per week) from week 20 of pregnancy until delivery in pregnant
women whose offspring were at high risk of developing atopic
disease. The salmon, specifically farmed for the study, provided
about 3.45 g EPA plus DHA per week. In the salmon group EPA
and DHA percentages in plasma phosphatidylcholine were higher at
weeks 34 and 38 of pregnancy as compared to 20 weeks, EPA
showed the largest increase. In the control group these fatty acids
decreased during pregnancy. Also in umbilical cord plasma phos-
phatidylcholine the EPA and DHA content was higher in the
salmon group as compared to controls subjects. EPA was even 2-
fold higher in the salmon group, while DHA was 1.2-fold increased.
This indicates enhanced N-3 LCPUFA transfer to the fetus. Chil-
dren will be followed for atopic disease status during the first years
of life [116].

Lactation Studies

In two small studies including healthy and allergic mothers the
PUFA composition of breast milk was assessed in relation to the
allergic outcome of their offspring [117, 118]. In both studies it was
shown that an increased N-6/N-3 PUFA ratio in breast milk was
related to atopic disease in the infant. In the allergic infants the N-
6/N-3 PUFA ratio was also higher in the serum cholesteryl ester
fraction as a result of reduced N-3 PUFA content and in the serum
lipid triglyceride fraction as a result of an increase in N-6 PUFA
[118]. Fish oil supplementation during pregnancy is shown to in-
crease breast milk N-3 PUFA levels and enhances IgA, IL-6, IL-10
and sCD14 concentrations in human milk [119]. Although the ef-
fect on the allergic outcome of N-3 LCPUFA supplementation dur-
ing lactation only has not been studied yet this may be beneficial as
well. Lauritzen et al. showed long-term immunologic effects in
children at 2.5 year of age that were exposed to N-3 LCPUFA in
the first 4 months of life via breastfeeding. Supplementation with
1.5 g N-3 LCPUFA per day has been associated with significantly
higher production of Th1l type interferon-y (IFN-y) in a whole blood
assay compared to children with low maternal N-3 LCPUFA intake
during lactation. This may reflect a faster maturation of the immune
system [120].

EFFECTSOF LCPUFA ON IMMUNE CELLS

Although some studies have a relatively small study population,
supplementation studies provide evidence that N-3 LCPUFA can
exert protective effects in the development of allergic disease when
supplemented early in life (during pregnancy and lactation), at least
in children at high risk. The mechanisms of effect remain to be
elucidated but may comprise cells of the innate as well as the adap-
tive immune system Fig. (2).

L CPUFA Suppress DC Activation In vitro

Dendritic cells (DC) are the link between the innate and the
adaptive immune system. Both N-3 as well as N-6 LCPUFA were
able to inhibit the expression of LPS-induced CD40, CD80 and/or
CD86 co-stimulatory signals and suppressed T cell proliferation
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Fig. (2). Summary of the effects of moderate N-3 LCPUFA dosage on immune cell function. For details see text. AD = atopic dermatitis, SPT = skin prick test

and cytokine production when the DC were added to naive T cells,
hence rendering a tolerogenic DC phenotype [121-123]. For N-3
LCPUFA these effects were obtained via PPAR-y activation and/or
inhibition of MAPK p38 [122, 123]. Zapata-Gonzalez et al. and
other studies have shown a suppression of LPS-induced expression
of major histocompatibility complex (MHC) class Il receptors on
DC by N-3 LCPUFA and also a reduced capacity to present antigen
to T cells [122, 123]. Also in rats fed fish oil a reduction in MHC 11
expression on DC and diminished antigen presentation was ob-
served [124]. In a recent study DHA and EPA were found to sup-
press Thl polarizing IL-12 secretion by LPS-stimulated bone mar-
row derived DC while regulatory 1L-10 production was enhanced.
LA did not affect cytokine secretion of the DC [125]. N-6 LCPUFA
AA-derived eicosanoids such as PGE, and PGD, and other media-
tors such as histamine influence the activity of the DC. Both hista-
mine and PGD, decreased IL-12 secretion by DC and promote a
Th2 cell response [126-128]. Furthermore, TNF-a is important in
migration and functional maturation of DC. Production of these
inflammatory mediators also may be reduced by N-3 LCPUFA.

LCPUFA May Affect T Cell Proliferation and Polarization

Th1/Th2 polarization can be affected by the fatty acid composi-
tion of the diet. An increased dietary N-6/N-3 PUFA ratio may
induce a shift in the Th1/Th2 balance towards a Th2 prone response
[129]. In the study by Mizota et al. Balb/c mice and humans were
provided with diets supplemented for four weeks with different N-
6/N-3 PUFA ratios due to variations in ALA content. Secretion of
IFN-y by splenoyctes was significantly enhanced in mice fed a N-3
PUFA rich diet (N-6/N-3 PUFA ratio = 0.25) as compared to a N-6
PUFA rich diet (N-6/N-3 = 42.9). Secretion of IL-4 was reduced in
both the N-6 rich and N-3 rich diet as compared to a diet with N-
6/N-3 = 2.27. The ratio of IFN-y to IL-4 was significantly higher in
mice fed the N-3 PUFA rich diet. In humans the ratio of IFN-y/IL-4
production by peripheral blood mononuclear cells was significantly
higher during consumption of N-3 PUFA (N-6/N-3 = 3) as com-
pared to a N-6 PUFA rich diet (N-6/N-3 = 44), as a result of re-
duced IL-4 secretion [129]. However, Zhang et al. found opposite
results by fish oil in C57BL/6 mice. They reported suppression of
Th1 development (reduced % IFN-y positive cells) by fish oil but
no enhanced Th2 polarization (% IL-4 positive cells) in splenic T
lymphocytes cultured under Th2 polarizing conditions [130].
Kleemann et al. also reported suppressed IFN-y but increased regu-
latory IL-10 mRNA expression in the Peyer’s patches of fish oil-fed

BB rats [131]. However, IL-10 is often marked as a Th2 type cyto-
kine. Unfortunately not all studies assessed regulatory cytokine
secretion, which might benefit the T cell balance. Wallace et al.
have observed that feeding a 20% fish oil diet to C57BI/6 mice had
little effect on IL-4 secretion and gene expression by splenocytes
but reduced IL-2 and IFN-y production and T cell proliferation.
Also in vitro IL-2 secretion by murine splenocytes was inhibited
with high EPA and DHA doses however; low doses tended to en-
hance IL-2 secretion [132]. In addition, in humans supplementation
with high dose of fish oil (3-6 g/day) resulted in reduced IL-2 and
IFN-y production and decreased T cell proliferation [133, 134];
whereas moderate fish oil supplementation (up to 2 g/day) in-
creased T cell proliferation and IFN-y production ex vivo although
no effect on IL-4 secretion was seen which enhanced the Th1/Th2
ratio [135]. Yaqoob et al. supplemented MF1 mice with fish oil and
spleen lymphocytes were cultured for 24 hours. They have not
shown an effect on IFN-y concentrations; however IL-4 and IL-10
concentrations in supernatants tended to be lower in the fish oil
group [136]. Some studies do not report effects on these outcomes
[90]. Also AA-derived PGE; has in vitro been shown to suppress T
cell activation and proliferation including inhibition of IL-2 and
IFN-y production, shifting the T cell response towards Th2 [137-
139]. N-3 LCPUFA decreased the production of PGE, which bene-
fits the Th1/Th2 balance in allergic individuals. On the other hand,
Trebble et al. reported an increase in PGE, secretion by fish oil
supplemented humans (2 g/day) [135]. Differences in results may
be due to varying study parameters such as differences in species
and cell types studied, LCPUFA type and route of cell activation.
Furthermore, dose seems to be rather important. Unfortunately,
many effects have been studied in Thl type of animal models. N-3
LCPUFA do not seem to suppress either Thl or Th2 responses.
Possibly the principal immune response is targeted, this is the Th2
response in neonates and atopic subjects. So far it is unknown how
N-3 LCPUFA can selectively suppress a Th response; it has been
suggested that N-3 LCPUFA support regulatory T cell function [1].

T cell responses can be modulated either directly by fatty acid
incorporation in the T cell membrane or indirectly e.g. via interac-
tion with antigen-presenting B cells or DC with different fatty acid
composition [140-143]. LCPUFA selectively alter protein composi-
tion of the cytoplasmic (inner) lipid leaflet by altering lipid compo-
sition since they can dislocate acetylated proteins that are anchored
to the cytoplasmic lipid leaflet from the membrane. This has been
shown to be a functional effect since it correlates with impaired
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calcium signaling [144, 145]. Phosphorylation of linker for activa-
tion of T cells (LAT) is inhibited by N-3 LCPUFA in T cells and
LAT displacement from rafts by N-3 LCPUFA leads to the sup-
pression of T cell responses in vitro [17, 146]. In animal studies
alteration of T cell lipid rafts has been shown to be functional and
the effects of N-3 LCPUFA on early signaling events have been
confirmed [147, 148]. By changing the number and activity (prolif-
eration and cytokine secretion) of immune cells N-3 LCPUFA af-
fect maturation and polarization of the immune system [1].

N-3LCPUFA May Reduce |gE Production by B Cells

As reported by dietary intervention studies during pregnancy N-
3 LCPUFA show a strong tendency to reduce IgE antibody levels.
Weise et al. found in B cells from human peripheral blood mono-
nuclear cells that DHA inhibited IgE production [149]. However,
animal feeding studies are inconclusive possibly due to different
animal species used, see [19]. So far the underlying mechanism is
unknown. Effects on DC, Th1/Th2 ratio as well as direct effects on
the B cell may be involved. For example PGE, promotes IgE pro-
duction by B cells, which will reduce after AA substitution by N-3
LCPUFA [138, 150, 151]. However, Péne et al. reported contrast-
ing results, namely that PGE; inhibited IgE production by pe-
ripheral blood lymphocytes [152]. Furthermore cytokines includ-
ing IL-4 and IL-13 induce IgE isotype switching in plasma cells.
Possibly the production of these cytokines by T cells and mast cells
is suppressed by N-3 LCPUFA [114]. Recently it has been discov-
ered that DHA can reduce IgE production by human B cells via the
IL-4 pathway or via an effect on CD40 [149].

Are LCPUFA Able to Affect Mast Cell Activation and Signal-
ing?

Although the anti-inflammatory effects of LCPUFA have been
demonstrated in neutrophils and mononuclear cells, effects on mast
cell function have not been fully addressed [153]. Modulation of
mast cell degranulation and secretion of cytokines can be beneficial
in the prevention of mast cell-mediated diseases including allergy.

Mast cell activation often involves the Fce receptor | (FceRl).
Allergen-specific IgE binds to the extracellular domain of the
FceRI1. As soon as IgE binds to the FceRI receptor, the receptor is
stabilized. Binding of the allergen to surface bound IgE results in
FceRlI receptor aggregation and activation, followed by phosphory-
lation of LAT Fig. (3). Lyn phosphorylates tyrosine residues in the
immunoreceptor tyrosine-based activation motifs (ITAM) of the
FceRI which causes the recruitment of Syk [154]. Activation of
tyrosine kinase Syk may be affected by LCPUFA [155]. Further
downstream activation of PLC is induced causing PIP, to divide
into the second messengers inositol-1,4,5 triphosphate (IP3) and
DAG. These mediators contain fatty acid tails and therefore might
be regulated by LCPUFA. IP; binds its receptor on the ER and
causes calcium to be released with as a consequence mast cell de-
granulation and cytokine release [156, 157]. An overview of cur-
rently reported effects of LCPUFA on mast cell degranulation and
mediator secretion can be found later in this section. Together with
DAG, calcium also activates PKC leading to generation of intracel-
lular ROS such as superoxide [156, 157]. It has been described that
N-3 LCPUFA may suppress both PKC and ROS generation in dif-
ferent cell types. However, studies assessing the impact of
LCPUFA on ROS production in mast cells are rare. Nakano et al.
found that AA and EPA enhance ROS production in mast cells
[155] and canine mastocytoma cell line C2 cells incubated with LA,
AA, ALA and EPA increased ROS production. The latter might
involve the susceptibility of PUFA to lipid peroxidation. Antioxi-
dant supplementation resulted in a lower increase in ROS produc-
tion [158].

The pathophysiological importance of ROS generated from
mast cells has not been fully elucidated. At high levels ROS are
involved in the innate immune response while at low levels they are
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involved in cell signaling [159]. ROS are formed in many signaling
pathways in mast cells and play an important role in mast cell sig-
naling by mediating calcium influx and the secretion of histamine,
eicosanoids and cytokines including I1L-8 and TNF-a via NF-xB
and/or MAPK signaling [159-162]. Furthermore, tyrosine phos-
phorylation of PLC and LAT is ROS dependent [160].

LCPUFA May Alter Mast Cell Degranulation

The effect of PUFA on mast cell degranulation has been studied
in different cell types. Teshima et al. found N-6 PUFA LA, AA and
y-linolenic acid (18:2n-6) to dose-dependently increase the cytoso-
lic free-calcium concentration and degranulation in rat basophilic
leukaemia (RBL)-2H3 cells independent of IP; formation [163].
Activation of PKC by fatty acids including AA has been reported
and might be involved here too [164]. Incubation with N-3 PUFA
ALA and EPA did not result in activation [163]. Nakano and col-
leagues reported that AA significantly increased B-hexosaminidase
release upon IgE-antigen stimulation and EPA showed the same
tendency. This might be the result of effects early in FceRI signal-
ing. In AA-supplemented cells, the intracellular calcium concentra-
tion was increased and in both AA- and EPA-supplemented cells
tyrosine phosphorylation of Syk and LAT was enhanced as well as
intracellular ROS generation required for tyrosine phosphorylation
of LAT and intracellular calcium mobilization. Fatty acid supple-
mentation did not alter expression level of the FceRI on the cell
surface [155]. Besides this mast cell degranulation perhaps occurs
more easily when the membrane is more fluid as a result of PUFA
incorporation. Also in C2 cells incubation with AA and EPA in-
creased histamine release; AA-mediated increase was significantly
higher from EPA-incubated cells [165].

Others did not see an effect of LCPUFA on mast cell degranu-
lation. Peritoneal mast cell histamine release by compound 48/80
inducing non-receptor mediated degranulation was not different for
mast cells isolated from rats fed a fish oil diet as compared to a diet
rich in N-6 fatty acids or saturated fatty acids [166]. Also murine
mast cells (PT-18 cells) incubated with AA or EPA in vitro did not
show an effect on histamine release [167]. Incubation of cultured
human mast cells from umbilical cord mononuclear cells with EPA
did not affect histamine release too [27].

Furthermore, several (LC)PUFA have been shown to reduce
mast cell degranulation. Fish oil contains various N-3 LCPUFA
besides EPA and DHA; 6,9,12,15,18,21-Tetracosahexaenoic acid
(THA 24:6n-3) is one of these. In mouse mast cell line MC/9 cells
AA increased histamine content whereas N-3 PUFA including
EPA, DHA and THA reduced histamine content. Only ionophore-
stimulated histamine release was affected by PUFA, while sponta-
neous and antigen-mediated degranulation was not. LA, AA, EPA,
DHA and THA but not ALA reduced histamine release [168]. ALA
incubation in RBL-2H3 cells increased both ALA and DHA content
in different lipid fractions in the cell whereas LA and AA were
decreased. Histamine release in this study was reduced by ALA
[169]. Currently reported effects of LCPUFA on mast cell degranu-
lation vary widely and are inconclusive.

N-3 LCPUFA Suppress PGD, and PGE, Secretion by Mast Cells

PGD, is the main prostanoid secreted by activated mast cells
and associated with allergic diseases because of its functions in
vasodilatation and immune cell activation [27]. In addition, PGD; is
a random migration stimulating (chemokinetic) factor of neutro-
phils and eosinophils [170]. AA-derived mediators such as PGD,
are very important for the initiation of the allergic response. C2
cells supplemented with AA and EPA showed an increase in PGE,
production, although the increase in EPA was significantly lower
than AA incubated cells [165]. However, in general N-3 LCPUFA
have shown to be potent inhibitors of pro-inflammatory lipid me-
diators including PGD,. Feeding rats a diet rich in fish oil increased
N-3 LCPUFA and reduced AA in peritoneal mast cell phospholip-
ids. As a result upon mast cell stimulation PGD, and PGE, secre-
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Fig. (3). Proposed mechanisms by which N-3 LCPUFA can affect mast cell function. Currently known effects of N-3 LCPUFA on mast cells are indicated in
the figure. Furthermore effects found in other cell types, but so far not studied in mast cells are extrapolated and included in the figure. An enhancing effect of
N-3 LCPUFA is indicated by (+); a reduction by (-) and (?) means inconclusive results. N-3 LCPUFA incorporate in the cell membrane and increase mem-
brane fluidity and change lipid raft formation leading to suppressed signal transduction. FceRI receptor activation by an allergen results in phosphorylation of
Syk, which can be enhanced by EPA supplementation. Further downstream activation of PLC is induced causing PIP, to divide into the second messengers IP;
and DAG. Calcium (Ca?") is released from the ER which can be induced by N-3 LCPUFA, while calcium influx across the membrane is reduced and calcium
efflux stimulated by N-3 LCPUFA. PKC is activated by DAG, this activation can be reduced by N-3 LCPUFA either directly or via altering the fatty acids
composition of phospholipids involved. Together calcium and PKC contribute to mast cell degranulation; the findings for N-3 LCPUFA on mast cell degranu-
lation are contrasting. Furthermore calcium and PKC affect gene transcription involved in cytokine release. In addition IgE receptor activation leads to activa-
tion of Ras influencing the generation of intracellular ROS. While N-3 LCPUFA have shown to be able to suppress ROS production in different cell types, the
results from the few studies in mast cells show the opposite. Ras also activates the MAPK signaling route leading to proinflammatory eicosanoid formation via
PLA, together with increased gene transcription involved in cytokine release. Both MAPK activation and eicosanoid formation of the 2/4 series can be reduced
by N-3 LCPUFA. For mast cells the effects of N-3 LCPUFA on cytokine secretion are largely unknown. Besides FceRI the mast cell contains TLR on their
surface that signal via the NF-xB pathway thereby inducing cytokine secretion. This can be reduced by N-3 LCPUFA involving reduced receptor clustering
and reduced phosphorylation of 1kB. Recently the GPR120 receptor for DHA has been discovered. So far it is unknown whether this receptor is present on
mast cells, but its activation by DHA can reduce NF-«B signaling or activate a G protein. Finally, PPAR can be activated by N-3 LCPUFA inhibiting the acti-
vation of inflammatory genes. For abbreviations and details see text. MAPKKK = MAPKK Kkinase

tion were reduced when compared to a diet mainly containing satu-
rated fatty acids [171]. THA has shown to be effective in reducing
the antigen-stimulated production of eicosanoids, like other N-3
LCPUFA do in murine MC/9 cells [168]. EPA can reduce PGD,
secretion by cultured human mast cells by inhibiting COX-2 activ-
ity [27]. Furthermore, synthetic phospholipids containing DHA
inhibit 5-LOX activity of rat basophilic leukemia cell line RBL-1
[169]. As a result of other lipid mediators formed in the presence of
N-3 LCPUFA, the allergic response may benefit from dietary sup-
plementation with these fatty acids.

LCPUFA May be Able to Affect the Mast Cell Phenotype

The effect of LCPUFA on mast cell mediator secretion is rele-
vant for both the initiation and persistence of the allergic response.
Although LCPUFA can regulate several transcription factors in-

volved in cytokine release by lymphocytes and macrophages [18,
19, 172], little is known about the effects of LCPUFA on cytokine
secretion by mast cells. In rodents fish oil supplementation reduced
the ex vivo production of TNF-a, IL-1p and IL-6 by macrophages
[136, 173]. Dietary fish oil consumption by healthy volunteers re-
duces production of TNF-a, IL-1 and IL-6 by mononuclear cells.
Moreover, production of these cytokines is dose dependently re-
duced by N-3 LCPUFA intake [135, 174]. Similar effects on cyto-
kine secretion might occur in mast cells. Effects on cytokine pro-
duction are most likely the effect of altered activity of transcription
factors; reduced activation of NF-xB and activation of PPAR-y may
be involved. Furthermore, MAPK pathways are known to regulate
pro-inflammatory mediator secretion. PPAR-y is known to be ex-
pressed by mast cells and has been shown to be involved in the
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release of cytokines like IL-5 and TNF-a but not histamine in mast
cells [175]. PPAR-y agonists have been shown to lower the amount
of intracellular ROS [176], therefore PPAR-y agonists including N-
3 LCPUFA might have a positive effect on allergic mediator secre-
tion. ROS can regulate tyrosine phosphorylation near the cell mem-
brane, such as phosphorylation of LAT and PLC-vy, finally resulting
in a reduction in cytokine secretion [155, 160]. Nakano et al. re-
ported that AA dose-dependently augmented TNF-a release in
RBL-2H3 cells [155]. Incubation of murine PT-18 cells with AA or
EPA but not LA in vitro resulted in enhanced release of platelet-
activating factor independent of mast cell activation (histamine
release). No antioxidants were used in these cell cultures which
makes that oxidative stress may be involved in these effects [167].

There is still much unknown about the effects of LCPUFA on
mast cells however several mechanisms by which N-3 LCPUFA
can affect mast cell function, contributing to the prevention of al-
lergic disease, have been discussed. Furthermore, mast cells and
their products are involved in function, maturation and migration of
B cells, T cells and DC and the interplay between all these cells is
very important in allergic disease. T cell responses can be modu-
lated via cytokines such as IL-4, TNF-o or PGD, released by mast
cells [140, 141]. In addition, interaction of mast cells with B cells
via CD40-CD40L can result in Th1-skewing of naive T cells or, in
the absence of T cells induce IgE production [141]. Mast cell cyto-
kines including IL-4 and IL-13 induce IgE isotype switching of B
cells [126, 140, 141, 177-179]. Histamine and PGD, can decrease
IL-12 secretion by DC and promote a Th2 cell response. Further,
TNF-a is important in migration and functional maturation of DC
[128]. As a result an effect of N-3 LCPUFA on mast cell function
can also affect allergic responses via other cell types. Alteration of
the mast cell phenotype by N-3 LCPUFA might result in a reduced
susceptibility to develop allergy or allergic inflammation.

N-3LCPUFA IN THE PREVENTION OF CVD

CVD have become the leading cause of morbidity and mortality
in developed countries, and surprisingly in some developing coun-
tries too. Worldwide CVD result in death of approximately 16.7
million people each year. CVD include coronary heart disease (in-
cluding angina pectoris, myocardial infarction and sudden death),
stroke and peripheral vascular disease. Cardiovascular risk factors
include hypertension and dyslipidemia (especially elevated plasma
levels of low-density lipoprotein (LDL)) which are often found in
metabolic disorders such as diabetic disease and obesity [180, 181].

The most important contributor to increasing CVD is athero-
sclerosis. Atherosclerosis is a complex, chronic inflammatory proc-
ess accompanied by accumulation of lipids and fibrous elements in
the large arteries [181]. Atherosclerosis is an inflammatory disease
because of the interaction between modified lipoproteins, mono-
cyte-derived macrophages, T lymphocytes and the cell elements of
the vessel wall [182, 183]. Plaques formed consist of macrophage-
derived foam cells, immune cells, vascular EC, smooth muscle
cells, platelets, extracellular matrix, and a lipid-rich core with ex-
tensive necrosis and fibrosis of surrounding tissues [184]. The ad-
hesion of leukocytes to endothelium is involved in the early phases
of atherosclerosis [185]. Plaques may occlude the flow of oxygen-
rich blood to the organs and other parts of the body and under cer-
tain conditions may rupture, leading to coronary events such as
myocardial infarction.

A key event leading to the formation of plaques is the entry of
LDL into the arterial intima. LDL is a major risk factor for athero-
sclerosis because it can be modified, mostly via oxidation, generat-
ing oxidized LDL, minimally modified LDL (mmLDL), and other
biologically active forms that initiate inflammatory processes in the
blood vessel wall. Modified LDL is taken up by macrophages and
these cells become lipid-laden foam cells. Modified LDL also
upregulates VCAM-1 and ICAM-1 expression and induces mono-
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cyte adhesion to activated endothelium, an early event in the devel-
opment of atherosclerotic lesions [186, 187].

Vascular inflammation, which is closely related to endothelial
dysfunction is often involved in CVD and occurs at an early stage
of atherosclerotic cardiovascular disorders. Vascular inflammation
is caused by activation of the endothelium. This can be caused by
decreased or abnormal shear stress, hypoxia, inflammatory cytoki-
nes, and leukocyte activation. EC activation is followed by an in-
crease in leukocyte-endothelium adhesion via upregulation of endo-
thelial cell adhesion molecules (CAM) which bind circulating leu-
kocytes. In addition, secretion of proinflammatory factors like
monocyte chemoattractant protein 1 (MCP-1), IL-6, I1L-8, TNF-a
and granulocyte-macrophage colony-stimulating factor (GM-CSF)
by EC themselves enhances leukocyte adherence, and transmigra-
tion to the endothelium, and provocation of endothelial dysfunction
and tissue injury [187, 188].

N-3 LCPUFA Contributeto the Primary Prevention of CVD

Populations consuming high amounts of fish or other seafood
containing high levels of N-3 LCPUFA are protected against car-
diovascular morbidity and mortality. Inuit populations consuming a
marine food diet (500 g/day) rich in N-3 LCPUFA (5 - 15 g/day)
have a low cardiovascular mortality, despite the high fat percentage
of the diet (40% of calories) [76, 82, 189-191]. The diet in the
United States is equally high in fat, however is low in N-3 and high
in N-6 fatty acids. Between 1974 and 1976 deaths due to ischemic
heart disease counted for 5.3% of all deaths in Greenland compared
to0 40.4% of deaths in the US [76]. The Japanese population also has
a low cardiovascular mortality [192]. Differences in genetic factors
are unlikely to fully explain the difference in coronary heart disease
(CHD) between Japanese and Western people. Studies of Japanese
migrants to the US clearly illustrated an increase in CHD morbidity
and mortality in Japanese men in the US [193]. Furthermore, the
protective role of fish is supported by the difference in cardiovascu-
lar mortality between fishing and farming villages in Japan. Japa-
nese fishers (250 g fish/day) have lower blood pressures and re-
duced incidence of heart disease compared to Japanese farmers (90
g fish/day). In addition, the Japanese population has a six fold lower
incidence of atherosclerosis and heart disease than the US popula-
tion (<20 g fish/day) [82, 194]. In both Inuit and Japanese, the EPA
and DHA contents of plasma and platelet and tissue phospholipids
are high whereas the relative concentration of AA is low [82].

N-3 LCPUFA May Prevent CVD Via Epigenetic Programming

Programming of atherosclerosis and its complications might
occur via an effect on vascular physiology. Epidemiological and
pathological studies in animals and humans have shown that expo-
sure to an adverse maternal environment during development in-
creases adult vascular disease in the offspring [195, 196]. Nelson et
al. examined that endothelial dysfunction marker ICAM-1 was
elevated at birth in umbilical cord plasma in the offspring of type 1
diabetic mothers. This reflects is a possible mechanism for in utero
programming of (vascular) disease which is probably involved in an
increased atherosclerotic risk later in life [196, 197]. Animal studies
indicate that permanent changes either in DNA methylation and/or
chromatin modification are responsible for the epigenetic pro-
gramming of increased atherosclerosis susceptibility [196]. Sten-
vinkel et al. has found that inflammation is indeed linked with
DNA hypermethylation in peripheral blood cell DNA. This DNA
hypermethylation was associated with (cardiovascular) mortality
[198]. Jiang et al. showed that DNA hypermethylation of specific
genes is important in atherosclerosis. PPAR ligands, to which N-3
LCPUFA belong, can alter epigenetic modifications in genes par-
ticipating in atherogenesis hence reducing hypermethylation [199-
201]. Several PPAR activators have been shown to reduce the ex-
pression of VCAM-1 on the surface of EC during inflammatory
conditions [202]. Dietary N-3 LCPUFA are associated with de-
creased plasma homocysteine levels, a risk factor for atherosclero-
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sis inducing DNA methylation [203, 204]. Homocysteine upregu-
lates expression of adhesion molecules such as ICAM-1 on EC and
this is reduced by PPAR agonists [205, 206]. In addition, a number
of chromatin modifying enzymes, which control CAM expression,
have PPAR response elements in their promoters so can be regu-
lated via N-3 LCPUFA [207-209]. Early exposure to N-3 LCPUFA
may contribute to a subtle but persistent effect on the development
of CVD later in life.

N-3 LCPUFA Contributeto the Secondary Prevention of CVD

Primary prevention avoids the development of CVD, whereas
secondary prevention aims at reducing the incidence of new cardio-
vascular events and the increase of survival in patients with estab-
lished disease. Several secondary prevention studies in post-
myocardial infarction patients providing oily fish or fish oil have
shown a protective effect of N-3 fatty acids on mortality, which is
confirmed by meta-analysis [210-215]. The GISSI Prevenzione
study investigated the effect of modest supplementation of N-3
LCPUFA (850 mg EPA and DHA daily) in approximately 11,000
post myocardial infarction patients. The risk reduction of cardio-
vascular death was remarkable, with an overall reduction of 30%.
Furthermore, the study reported a beneficial effect of subjects also
taking aspirin. Aspirin treatment enhances EPA conversion to prod-
ucts including RvE1, which might have caused this cardiovascular
benefit [34, 210]. The DART trial (diet and reinfarction trial) was a
randomized controlled trial in which it was observed that intake of
two or three portions of fatty fish per week may reduce mortality in
men who have recovered from myocardial infarction. They have
found a 29% reduction of mortality in those advised to eat fatty fish
compared to people not advised to eat fatty fish [211]. Further, the
JELIS trail tested the effect of adding EPA to statin therapy in
Japanese people among whom the baseline intake of N-3 LCPUFA
is high compared to the Western population. Also here a 19% re-
duction in major coronary events was observed using EPA [215].
Hence, N-3 LCPUFA have preventive importance in humans af-
fected with CVD. In general, 1 g/day of N-3 LCPUFA is considered
effective for secondary prevention of myocardial infarction [216-
218].

N-3LCPUFA IMPROVE ENDOTHELIAL FUNCTION

There are several mechanisms to explain cardiovascular protec-
tion of N-3 LCPUFA. Originally the beneficial effects were attrib-
uted to the decrease in production of inflammatory eicosanoids and
other prothrombotic and vasoconstrictive mediators, reducing in-
flammatory processes within the vessel wall. In addition, N-3
LCPUFA may suppress leukocyte and smooth muscle migration
into the vessel wall intima since they have been shown to dampen
EC cytokine secretion and CAM expression in vitro, reducing the
susceptibility to develop atherosclerosis [216, 219-222]. Further-
more, DHA supplementation to HUVEC altered distribution of
endothelial nitric oxide synthase (eNOS) — responsible for cardio-
vascular homeostasis — by displacement of eNOS from caveolae
[223, 224]. Hence DHA may reduce the susceptibility to develop
atherosclerosis by supporting eNOS [224]. In humans N-3
LCPUFA resulted in a 43% increase in nitric oxide metabolites in
urine, implicating an increase in nitric oxide which implicates an
improvement of the endothelium and vasodilatory responses [225].
In animal models as well as dietary intervention trials in humans N-
3 LCPUFA have been shown to reduce atherosclerosis via suppres-
sion of plaque build up. In humans N-3 LCPUFA prevented the
processes that cause death such as plaque rupture, thrombosis, myo-
cardial infarction and stroke e.g. by stabilizing atherosclerotic
plaques [226, 227]. In addition, a number of risk factors involved in
the development of atherosclerosis are positively affected such as
reduced blood pressure and serum triacylglycerol levels. In humans,
N-3 LCPUFA decrease serum triglycerides and very low-density
lipoprotein cholesterol, while LDL cholesterol tends to be either
elevated or unchanged [228, 229]. An impaired endothelial re-

van den Elsen et al.

sponse may be secondary to atherosclerotic damage or a conse-
quence of raised blood pressure. Systolic and diastolic blood pres-
sure are directly related to risk of CHD and stroke [230]. Only 4
mm Hg reduction in diastolic blood pressure reduces the risk of
stroke by more than 34% and CHD by 14%, possibly due to the
damaging effect of pressure on the vessel wall creating a spot for
plaque formation [231, 232]. Supplementation of N-3 LCPUFA can
act vasodilatory by reduced TXA, and increased PGl production.
In addition, PGE; and PGF; stimulate renin production resulting in
increased blood pressure, whereas EPA-derived prostaglandins do
not [233, 234]. A meta-analysis of 31 placebo controlled trials, with
an average dose of 4.8 g EPA+DHA/day observed an overall reduc-
tion in systolic blood pressure of 3 mm Hg and a reduction of 1.5
mm Hg in diastolic blood pressure in hypertensive but not in nor-
motensive individuals [235]. More recently an overall reduction of
2.3 mm Hg in systolic blood pressure and a 1.5 mm Hg reduction in
diastolic blood pressure were observed after combining 36 individ-
ual studies with fish oil doses ranged from 0.2 — 15 g/day (3.7 g/day
on average) and a treatment period of 12 weeks on average [236].
Hence, N-3 LCPUFA improve endothelial function which has an
impact on the development of CVD since the endothelium is a key
player in these kinds of pathologic conditions.

N-3 LCPUFA Reduce Endothelial Cell Adhesion Molecule Ex-
pression

Adhesion of leukocytes to the endothelium is a critical event in
the pathogenesis of certain vascular diseases. Increased expression
of adhesion molecules on EC contributes to the early phases of
inflammation, vascular injury and atherogenesis [186, 187, 222].
Conditions that trigger leukocytes to leave the circulation may oc-
cur in damaged veins in chronic venous diseases [237].

Endothelial CAM which play an important role in leukocyte
adhesion and transendothelial migration include E-selectin
(CD62E) mediating the initial tethering of leukocytes and ICAM-1
(CD54) and VCAM-1 (CD106) recognizing integrin ligands on the
leukocyte surface and involved in the more firm adhesion of leuko-
cytes to the endothelium [187].

In vitro Studies

Incubation of primary human umbilical vein endothelial cells
(HUVEC) with LCPUFA increases the content of the respective
LCPUFA in cell phospholipids [221]. In in vitro cultures in which
EC were directly exposed to pure LCPUFA, endothelial activation
was attenuated. EPA and DHA can decrease the expression of
ICAM-1 and VCAM-1 on EC [221, 222, 238, 239] and leukocyte
adhesion to EC [221, 222, 239]. Not only N-3 LCPUFA are able to
suppress CAM expression. AA and its hydroperoxy (HPETE) and
hydroxy (HETE) derivatives have shown to reduce neutrophil and
monocyte adhesion to HUVEC. The TNF-a induced E-selectin,
ICAM-1 and VCAM-1 expression was suppressed by these media-
tors; 15-HPETE was most effective [186].

De Caterina et al. showed that DHA, but not EPA supplementa-
tion for 96 hours with up to 25umol/L, decreased endothelial ex-
pression of E-selectin, ICAM-1 and VCAM-1 in a dose-dependent
manner in human saphenous vein endothelial cells (HSVEC) after
incubation with a proinflammatory stimulus (IL-1B) [222, 239,
240]. Also the adhesion of monocytic cells to HSVEC was reduced
by DHA incubation [239]. The inhibition of endothelial activation
by LCPUFA increased with the number of double bonds. Double
bond position or configuration (i.e. cis or trans) do not make a dif-
ference. DHA appears to be the most potent inhibitor of endothelial
activation amongst LCPUFA [240]. Weber et al. demonstrated that
DHA, but not EPA or AA dose-dependently decreased TNF-a in-
duced surface expression of VCAM-1 on HUVEC and reduced
subsequent monocytic cell adhesion. E-selectin or ICAM-1 induc-
tion by TNF-a or IFN-y and upregulation of ICAM-1 and VCAM-1
by IL-1p remained unaffected [221]. It has been reported by Collie-
Duguid et al. that 65umol/L EPA and DHA for 24 hours reduced
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mRNA expression for E-selectin, ICAM-1 and VCAM-1 in IL-1B
stimulated, but not in resting HUVEC [238]. Furthermore, EPA
reduced IFN-y induced ICAM-1 expression on monocytes [241].
Yates et al. 2011 showed that adhesion of flowing neutrophils to
HUVEC after TNF-a stimulation is dose-dependently inhibited by
supplementation with DHA but not EPA. Cells that did adhere were
activated and able to migrate across the endothelium normally; this
suggests that DHA interferes with selectin-mediated tethering of
adhesion. DHA reduced the expression of E-selectin on the surface
of HUVEC, while mRNA levels for E-selection were not changed
by DHA supplementation [242]. E-selectin is known to be concen-
trated in lipid rafts [243]. DHA incorporates into these parts of the
membrane, possibly affecting E-selectin expression. In addition
PGD, is known to stabilize neutrophil adhesion and induction of
neutrophil transmigration. In the presence of EPA PGD; is gener-
ated, which inhibited migration of neutrophils across EC [244].

Dietary Supplementation Studies

Increased dietary salmon intake in pregnancy dampened ex vivo
offspring EC activation. ICAM-1 and VCAM-1 expression on rest-
ing HUVEC was not affected, but endothelial activation in response
to LPS was reduced. After ex vivo LPS stimulation EC surface ex-
pression of ICAM-1 and VCAM-1 and EC IL-6 production were
reduced. In contrast, production of G-CSF in response to LPS was
higher by EC in the salmon group and secretion of some other me-
diators was not affected by the intervention. This implicates some
selectivity or specificity to the anti-inflammatory effects of dietary
N-3 LCPUFA. Reduced CAM expression on EC could result in less
adherence and transmigration of leukocytes into vascular tissue.
This suggests an anti-inflammatory effect of dietary N-3 LCPUFA
on human EC and is a possible mechanism by which these fatty
acids can lower cardiovascular risk [245]. Studies of dietary fatty
acids on EC adhesion molecule expression are few. Dietary fish oil
in rodents decreased expression of several adhesion molecules on
lymphocytes [246], macrophages [247] and dendritic cells [248]. A
fish oil supplementation study in humans decreased ICAM-1 ex-
pression on ex vivo IFN-y stimulated monocytes [249].

N-3 L CPUFA Reduce Endothelial M ediator Secr etion

Decreased generation of inflammatory cytokines after N-3
LCPUFA incubation has been demonstrated in vitro.

EPA and DHA inhibit the production of IL-6 and IL-8 by ve-
nous endothelial cells, whereas N-6 LCPUFA AA was ineffective
[222, 250]. Khalfoun found EPA to be more potent in inhibiting IL-
6 secretion than DHA [250]. This suggests that N-3 LCPUFA may
be involved in suppressing inflammation. Furthermore, incubation
of EC with N-3 LCPUFA resulted in an almost completely inhib-
ited production of platelet derived growth factor-like protein; as a
result intimal smooth muscle cell proliferation may be suppressed
[251].

N-3 LCPUFA Reduce Endothelial Cell Activation in Associa-
tion with Suppression of ROS, NF-kB and MAPK Signaling
Cascades

Endothelial CAM expression and secretion of proinflammatory
factors are induced by activation of NF-xB and/or involve MAPK
cascades in endothelium [220, 252]. Intracellular signaling mecha-
nisms for inhibiting endothelial activation by N-3 LCPUFA are not
fully elucidated, but may involve inhibition of these pathways [220,
253]. Xue et al. have demonstrated that both EPA and DHA dimin-
ish activation of p38 and c-Jun N-terminal kinase (JNK) kinases of
TNF-a stimulated HUVEC. This may contribute to the inhibiting
effects of N-3 LCPUFA on endothelial activation by proinflamma-
tory stimuli [220]. Others have shown that VCAM-1 and partly E-
selectin, but not ICAM-1 expression required mobilization of the
transcription factor NF-xB in HUVEC and that DHA incorporation
inhibits activation of this signal transduction pathway [221]. Wang
et al. reported recently a reduction in surface VCAM-1 expres-
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sion on EC after >40 ymol/L DHA incubation, attributed to an
inhibitory effect on the NF-xB pathway [254]. Critical in NF-xB
activation is the inhibition of the production of the ROS hydrogen
peroxide. N-3 LCPUFA may decrease the production of ROS,
partly through the formation of active metabolites like resolvins.
ROS activate NF-«xB, probably by promoting degradation of 1xB.
N-3 LCPUFA may modulate receptor responses to atherogenic
stimuli (e.g. mmLDL) by inhibiting ROS generation, leading to a
decrease in endothelial activation and atherogenesis [185, 216].
Gene expression of COX-2 - involved in plaque angiogenesis and
rupture — is reduced by similar mechanisms. Together this affects
leukocyte adhesion to the endothelium, early atherogenesis and
later stages of plague development and plaque rupture [185].

PREVENTION OF CVD BY N-3 LCPUFA MAY INVOLVE
MAST CELL MEDIATOR SECRETION

Recently the involvement of mast cells in atherosclerosis has
been discovered. Mast cells are present in the vessel wall and in
atherosclerotic lesions. They release pro-inflammatory cytokines
such as TNF-a, IL-6, IL-8, MCP-1 and IFN-y that induce plaque
formation, progression and destabilization by targeting various
mechanisms [255]. Also lipid mediators such as leukotriens are
involved [256]. Mast cell mediators induce adhesion molecule ex-
pression and leukocyte adhesion, leading to enhanced plaque in-
flammation [255, 257]. Furthermore, other mechanisms including
lipid uptake and vascular permeability are promoted by mast cell
mediators [255, 258, 259]. This makes the mast cell a promising
novel therapeutic target in CVD. Possibly N-3 LCPUFA generate
their protective effect in CVD partially by affecting the mast cell
phenotype prevent CVD.

SUMMARY

PUFA are incorporated into the cell membranes of virtually all
cells of the body. An increase in N-3 LCPUFA intake increases the
n-3 LCPUFA content of the cell membranes. n-3 LCPUFA and
their effects on human health are interesting in the view of the
steadily increasing incidence of allergic and inflammatory diseases.
N-3 PUFA, especially LCPUFA EPA and DHA, exert anti-
inflammatory and immunoregulatory effects, whereas N-6 PUFA
do not. However, exposure to N-3 LCPUFA is in general low in the
Western world.

The beneficial effects of N-3 LCPUFA on the development of
allergic disease are complex. It is the result of a range of effects on
different types of cells. N-3 LCPUFA have been shown to inhibit
DC activation and antigen presentation, to affect T cell polarization
and reduce IgE production by B cells. Although there are several
studies reporting about the effects of EPA and DHA on DC, T and
B cells, the effect on mast cell degranulation and mediator release is
still largely unknown. Besides the direct action on the generation of
inflammatory eicosanoids, N-3 LCPUFA may act on signal trans-
duction pathways. In general they are able to suppress ROS genera-
tion and NF-xB and MAPK signaling pathways while activating
PPAR. However, the exact mechanism of action differs between
cell type and route of stimulation. Interference with cell signaling
may suppress or enhance nuclear transcription factors and the ex-
pression of genes encoding for proteins including cytokines. It is
likely that these kinds of effects can alter the mast cell phenotype
which may contribute to the prevention of allergic disease. All to-
gether the immune modulating effects of N-3 LCPUFA on cells of
the innate and adaptive immune system may reduce the develop-
ment of allergic disease.

N-3 LCPUFA not only have strong impact on the function of
cells of the immune system, also structural cells benefit from these
dietary fatty acids. There is an inverse relationship between the
intake of N-3 LCPUFA and the incidence of CVD, at least for a
part because of a reduction in atherosclerosis. The underlying
mechanism for beneficial effects attributed to N-3 LCPUFA in-
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cludes an endothelial mechanism of action, which lowers leukocyte
recruitment to the vessel wall. A lot of information is available
from in vitro studies in which primary HUVEC are exposed to sin-
gle, pure fatty acids in high concentrations. Animal studies have
also shown that dietary fish oil reduces leukocyte adhesion to EC.
Cardioprotective effects have been confirmed by several studies in
humans, investigating the association of fish or N-3 LCPUFA and
CVD. In addition, mortality outcomes in post-myocardial infarction
patients are reduced by fish and N-3 LCPUFA. Therefore, fish con-
taining high levels of N-3 LCPUFA may be useful (in combination
with other therapies) in treatment or prevention of the development
of CVD. However, the precise antiatherogenic effects of N-3
LCPUFA in humans are not well established. Recently the contri-
bution of mast cells to atherosclerotic plaque formation has been
discovered. Possibly N-3 LCPUFA reduce pro-inflammatory mast
cell mediator secretion leading to reduced plaque progression and
rupture. This may contribute to the antiatherogenic effects.

In conclusion, N-3 LCPUFA can affect cell function and con-
tribute to the primary prevention of allergic and cardiovascular
disease. As a result they may be able to support the effectiveness of
drugs currently used to treat this kind of inflammatory disorders.

ABBREVIATIONS

AA = Arachidonic acid

AD = Atopic dermatitis

ALA = a-Linolenic acid

CAM = Cell adhesion molecule

CHD = Coronary heart disease

COoX = Cyclooxygenase

CYP = Cytochrome P450

CvD = Cardiovascular disease

DAG = Diacylglycerol

DART = Diet and reinfarction trial

DC = Dendritic cell

DGLA = Dihomo-y-linolenic acid

DHA = Docosahexaenoic acid

EC = Endothelial cell

eNOS = Endothelial nitric oxide synthase

EPA = Eicosapentaenoic acid

ER = Endoplasmic reticulum

ERK = Extracellular signal-regulated kinase

FceRlI = Fce receptor |

GM-CSF = Granulocyte-macrophage colony-stimulating
factor

GPR120 = G protein-coupled receptor 120

HETE = Hydroxyeicosatetraenoic acids

HPETE = Hydroperoxyeicosatetraenoic acids

HSVEC = Human saphenous vein endothelial cell

HUVEC = Human umbilical vein endothelial cell

ICAM-1 = Intercellular adhesion molecule-1

IFN-y = Interferon-y

IgE = Immunoglobulin E

1xB = Inhibitory subunit of NF-xB

IKK = kB kinase

IL = Interleukin

iNOS = Inducible nitric oxide synthase

IP3 = Inositol trisphosphate
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ITAM = Immunoreceptor tyrosine-based activation
motifs

IJNK = c-Jun N-terminal kinase

LA = Linoleic acid

LAT = Linker for activation of T cells

LCPUFA = Long chain polyunsaturated fatty acids

LDL = Low-density lipoprotein

LOX = Lipoxygenase

LPS = Lipopolysaccharide

LT = Leukotriene

LX = Lipoxins

MHC = Major histocompatibility complex

MAPK = Mitogen activated protein kinases

MAPKK = MAPK Kkinase

MAPKKK = MAPKK kinase

MCP-1 = Monocyte chemoattractant protein 1

MHC = Major histocompatibility complex

mmLDL = Minimally modified LDL

NF-xB = Nuclear factor-xB

PG = Prostaglandin

PIP, = Phosphatidylinositol-4,5-bisphosphate

PKC = Protein kinase C

PLA, = Phospholipase A,

PLC = Phospholipase C

PMA = Phorbol myristate acetate

PPAR = Peroxisome proliferator-activated receptors

PUFA = Polyunsaturated fatty acid

ROS = Reactive oxygen species

RXR = Retinoic-X-receptor

SPT = Skin prick test

Th = T helper

THA = 6,9,12,15,18,21-Tetracosahexaenoic acid

TLR = Toll-like Receptor

TNF-a = Tumor necrosis factor-o

X = Tromboxane

VCAM-1 = Vascular cell adhesion molecule-1
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