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Abstract

The structure, size, stability, and functionality of lipid rafts are still in
debate, but recent techniques allowing direct visualization have char-
acterized them in a wide range of cell types. Lipid rafts are potentially
modifiable by diet, particularly (but not exclusively) by dietary fatty
acids. However, it is not clear whether dietary polyunsaturated fatty
acids (PUFAs) are incorporated into raft lipids or whether their low
affinity to cholesterol disallows this and causes phase separation from
rafts and displacement of raft proteins. This review examines the poten-
tial for dietary modification of raft structure and function in the immune
system, brain and retinal tissue, the gut, and in cancer cells. Although
there is increasing evidence to suggest that membrane microdomains,
and their modulation, have an impact in health and disease, it is too
early to judge whether modulation of lipid rafts is responsible for the
immunomodulatory effects of n-3 PUFA. In addition to dietary fatty
acids, gangliosides and cholesterol may also modulate microdomains
in a number of tissues, and recent work has highlighted sphingolipids
in membrane microdomains as potential targets for inhibition of tumor
growth by n-3 PUFA. The roles of fatty acids and gangliosides in cogni-
tive development, age-related cognitive decline, psychiatric disorders,
and Alzheimer’s disease are poorly understood and require clarification,
particularly with respect to the contribution of lipid rafts. The roles of
lipid rafts in cancer, in microbial pathogenesis, and in insulin resistance
are only just emerging, but compelling evidence indicates the growing
importance of membrane microdomains in health and disease.

257



Annu. Rev. Nutr. 2009.29:257-282. Downloaded from www.annualreviews.org
by RENSSELAER POLY TECHNIC INSTITUTE on 01/04/12. For persona use only.

258

Contents

INTRODUCTION .................. 258
Lipid Rafts: What Are They,
and Do They Actually Exist? .... 258
Caveolae: A Subset of Lipid Rafts... 259
Modification of Lipid Raft Structure
and Function by Fatty Acids.... .. 259
LIPID RAFTS AND IMMUNE
FUNCTION.............oooenen. 260
Lipid Rafts as Platforms for Cell
Activation in the
Immune System ................ 260
Influence of Fatty Acids on
Intracellular Signaling in T
Lymphocytes; Role
of Lipid Rafts................... 261
Fatty Acid—Induced Changes
in Membrane Architecture

and Antigen Presentation. ....... 263
Fatty Acids and Potassium Channels
in Lymphocytes................. 264

Are Lipid Rafts Responsible for the
Immunomodulatory Effects of
n-3 Polyunsaturated
Fatty Acids? ................ ..., 264
NUTRITIONAL SIGNIFICANCE
OF LIPID RAFTS IN VISUAL
AND COGNITIVE
FUNCTION.............oonnne. 265

INTRODUCTION

Lipid Rafts: What Are They,
and Do They Actually Exist?

The lipid raft hypothesis suggests that there is
a degree of self-organization within cell mem-
branes such that dynamic microenvironments
are created within the exoplasmic leaflets of the
phospholipid bilayer of plasma membranes to
preferentially group transmembrane proteins
according to their function (71). These rafts
have been proposed to serve as platforms
to facilitate apical sorting, the association of
signaling molecules and interactions between
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cell types (52, 71). It is well accepted that there
are phase transitions at certain thresholds of
cholesterol, giving rise to liquid-ordered and
liquid-disordered phases. The liquid-ordered
phases contain a high proportion of saturated
fatty acids because these pack more readily
against cholesterol (101). However, despite a
large body of work, some doubts still persist
regarding the existence and nature of lipid rafts
(58, 101, 102, 137). These doubts have arisen
mainly due to limitations in the interpretation
of the methods available to study rafts. The
most widely used technique is the preparation
of detergent-resistant membranes, which are
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suggested to represent raft domains, since
they contain the glycosylphosphatidylinositol-
anchored proteins, cholesterol, and sphin-
golipids characteristic of lipid rafts. In support
of this idea, the liquid-ordered phases rich
in cholesterol and sphingolipids in artificial
membranes are resistant to detergent extrac-
tion (130). However, there is a possibility that
detergent solubilization could induce nonphys-
iological rearrangements in bilayer structure,
and in particular that the detergent could in-
duce the formation of holes in the membrane,
which allow mixing of the inner and outer
leaflet and the appearance of cell-signaling
proteins in detergent-resistant membrane
fractions (58, 101). Clearly, direct visualization
of rafts would resolve uncertainties about
their existence and structure, but fluorescence
microscopy studies have tended to produce
mixed results (101), and it is argued that rafts
are too small to be resolved by conventional
microscopy techniques (137). A recent study
used a combined statistical immuno-electron
microscopy approach to directly visual-
ize plasma membrane microdomains, but
immuno-gold labelings of validated raft and
nonraft markers were indistinguishable (22).
However, statistical analysis of the plasma
membrane sheets demonstrated differences
in the extent of clustering tendency and size
of the gold-labeled clusters. Other recently
developed techniques, including stimulated
emission depletion nanomicroscopy, single
molecule tracing, fluorescence lifetime imag-
ing, and fluorescence correlation spectroscopy
are beginning to allow direct visualization
and analysis of raft size and behavior (128).
However, a recent article suggests that work
in this area is becoming overly reliant on the
lipid raft model and that studies are examining
whether lipid rafts are involved in particular
processes rather than questioning whether
alternative models exist (72). Kenworthy (72)
suggests that mechanistic models linking mi-
crodomain structure and function are required
to systematically evaluate how the structural
and dynamic features of lipid rafts influence
protein diffusion and reaction kinetics.

Caveolae: A Subset of Lipid Rafts

Caveolae are a subset of lipid rafts, which are
flask-shaped invaginations of plasma membrane
observed by electron microscopy in many cell
types, but notably not in most lymphocytes (see
55 for review). As with lipid rafts, palmitoy-
lated proteins are responsible for the structural
organization of the caveolae, forming hairpin-
like structures, which tightly bind cholesterol
(55). In this case, the proteins are termed cave-
olins and their absence from most lymphocytes
suggests that they are essential for the forma-
tion of caveolae (142). Indeed, forced expres-
sion of caveolins in lymphocytes results in the
formation of caveolae (42). An exception is hu-
man CD21+ and CD26+ lymphocytes isolated
from peripheral blood, which stain positive for
caveolin-1 (55).

Stimulation of murine macrophage cell lines
with lipopolysaccharide increases expression of
caveolin-1 mRNA (83), and it has been sug-
gested that specific lipid microdomains des-
tined to form caveolae originate in the Golgi
apparatus and are transported to the plasma
membrane as vesicular organelles (142). Thus
it appears that the presence of caveolae at the
cell surface may be a transient phenomenon, al-
though this may depend on the cell type and/or
its state of activation (55). It is interesting to
note that this trafficking system operates in both
directions, since caveolin can bind free choles-
terol, which, if oxidized, results in the displace-
ment of caveolin from the plasma membrane to
intracellular vesicles (143).

Modification of Lipid Raft Structure
and Function by Fatty Acids

Both linoleic acid and docosahexaenoic acid
(DHA) increased the clustering of a lipid raft
probe compared with oleic acid and untreated
cells, demonstrating that polyunsaturated fatty
acids (PUFAs) appear to specifically increase the
clustering of proteins in cholesterol-dependent
microdomains (22). The authors suggest that
the poor affinity of long-chain PUFAs for
cholesterol provides a lipid-driven mechanism
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for lateral phase separation of cholesterol-rich
microdomains and alters the dynamic parti-
tioning of acylated proteins (22). Similarly,
Shaikh et al. (132, 133) suggest that phos-
pholipids containing highly disordered polyun-
saturated acyl chains that exhibit low affin-
ity to cholesterol would be expected to phase
separate from rafts. They further demon-
strated that an oleic acid (OA)-containing
phosphatidylethanolamine (PE) and a DHA-
containing PE phase separated differently from
the lipid raft molecules, sphingomyelin, and
cholesterol in monolayer and bilayer mem-
branes (132, 133). The interactions between
DHA-containing PE and cholesterol were less
favorable, and as a result, these PE species were
less likely to be found in detergent-resistant
membrane fractions than OA-containing PE
(133).

The size, stability, and functionality of puta-
tive membrane microdomains, including rafts,
are still very much in debate. It has been sug-
gested that although some domains are macro-
scopic and stable for extended periods, others
are tiny and unstable, existing only momentar-
ily, and as a result are very poorly understood
(111, 138). A Keystone Symposium on Lipid
Rafts and Cell Function proposed that mem-
brane rafts are generally small (10-200 nm)
but can coalesce through protein-protein and
protein-lipid interactions to form larger plat-
forms (112). They represent cellular structures
that are potentially modifiable by diet, particu-
larly (but not exclusively) by fatty acids. Impor-
tantly, there is increasing evidence to suggest
that membrane microdomains, and their modu-
lation, have an impact in health and disease (93,
128). This review examines the potential for di-
etary modification of raft structure and function
in the immune system, in brain and retinal tis-
sue, in the gut, and in cancer cells. It also exam-
ines emerging evidence for a role of lipid rafts
as dietary targets in specific cells involved in in-
sulin resistance and atherogenesis. The review
mainly focuses on modification of lipid rafts by
fatty acids, particularly n-3 PUFAs, although
it also considers the impact of diet on sphin-
golipids in rafts, focusing on the important
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roles of gangliosides in the central nervous sys-
tem, the gut, and adipose tissue.

LIPID RAFTS AND IMMUNE
FUNCTION

Lipid Rafts as Platforms for Cell
Activation in the Immune System

Membrane microdomains have been studied
extensively with respect to T lymphocyte
responses to activation (52, 71, 115). There
is visual evidence of clustering of signaling
components at T lymphocyte synapses using
the nontoxic B subunit of cholera toxin, which
binds the glycosphingolipid, GM1, a putative
raft reporter (52). A novel approach whereby
anti- T cell receptor (TCR)-coated microbeads
were attached to T cells and then stripped
away, along with patches of membrane, has
demonstrated the presence of the TCR and
associated signaling molecules, including
linker for activation of T cells (LAT), but
there did not appear to be an increase in
cholesterol, as might be expected on the basis
of its presence in putative lipid rafts (54).
The authors concluded that protein-protein
interactions, rather than protein-lipid inter-
actions, and subsequent clustering are the
key features of signaling assemblies (53). This
view is supported by Douglas & Vale (33),
who used sophisticated imaging techniques to
track individual fluorescent proteins involved
in T cell receptor signaling to show that LAT
mutants lacking residues specifically required
for protein-protein interactions did not cluster.
Other studies by the Harder group have used
fluorescence techniques to show that conden-
sation of the plasma membrane occurs at the
TCR activation site, suggesting the formation
of ordered lipid phases (46, 47). These studies
used a dye, Laurdan, which is incorporated
into the membrane and undergoes changes in
its emission spectrum, corresponding to the
level of lipid ordering, allowing quantification
of the condensation (46, 47). The influence of
the fatty acid composition of the plasma mem-
brane on this condensation is not clear, but it is
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conceivable thatincreasing the polyunsaturated
fatty acid content of lymphocyte plasma mem-
branes, either in vitro or in vivo, could affect the
formation of ordered lipid phases and therefore
the formation of TCR-signaling assemblies.

Influence of Fatty Acids on
Intracellular Signaling in T
Lymphocytes; Role of Lipid Rafts

Interaction between the TCR and the anti-
gen/MHC complex on an antigen-presenting
cell induces phosphorylation of activation mo-
tifs in the accessory chains of the TcR com-
plex by members of the Src family of tyrosine
kinases, Lck and Fyn (Figure 1). The phos-
phorylated accessory chains in the TcR (CD3()

then activate the ZAP70 protein tyrosine ki-
nase. Once activated, ZAP70 phosphorylates
Vav, SLP76, and LAT. LAT is a key activa-
tor of downstream signaling targets, which in-
clude PLCy, Grb2, and the small G protein,
Ras. An increase in free intracellular calcium
([Ca%*];) results from activation of phospho-
lipase Cy1 (PLCy1). Propagation of multiple
signaling pathways leads eventually to activa-
tion of transcription (Figure 1).

To date, most of the evidence relating to
PUFA modification of lipid rafts and T cell sig-
naling is based on detergent extraction. For ex-
ample, in vitro studies using Jurkat cells have
demonstrated that treatment with eicosapen-
taenoic acid (EPA) at a concentration of 50 uM
results in marked enrichment of both EPA and

No effect
EPA inhibits of EPA
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displacing LAT Mo effect.
?ecrui 1m0em EPA inhibits
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EPA reduces level, EPA reduces
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on ZAP70 signaling displacement)
I
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Ras
Rac1
EPA reduces
Ca signaling
"~ Raf MEKK
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MEK JNK P38MAPK
EPA inhibits
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Erk-1/2 c-Jun ATF-2
A
Transcription Transcription
regulation regulation
Figure 1
In vitro effects of eicosapentaenoic acid (EPA) on T lymphocyte signaling.
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docosapentaenoic acid (DPA) in lipids isolated
from rafts and the displacement of acylated pro-
teins (149). There is no information regarding
the extent to which membrane microdomains
in human lymphocytes could be modulated
by dietary supplementation with n-3 PUFAs,
although lymphocyte lipids (in a whole-cell
extract) are readily modified by fish oil supple-
mentation (73), and murine T lymphocyte rafts
have been shown to be responsive to dietary fish
0il (38, 152). However, as discussed above, since
raft formation and stability are based on interac-
tions between saturated acyl chains and choles-
terol, if detergent-resistant membrane (DRM)
fractions truly represent lipid rafts, then the ob-
servations that PUFAs incorporate into these
fractions is somewhat contrary to expectations.

Activation of cell signaling often involves
protein palmitoylation, perhaps coupled with
targeting to lipid rafts (178). Thus, altering the
fatty acid composition of the cell dramatically
could alter protein acylation and/or redistribu-
tion of proteins into, or out of, rafts (166). Both
arachidonic acid (AA) and EPA appear to impair
the formation of the immunological synapse
at the T lymphocyte/antigen-presenting cell
interface by inhibiting the relocalization of
specific proteins to the synapse (48). Liang etal.
(89) demonstrated that the Src family kinase,
Fyn, could be S-acylated with fatty acids other
than palmitate, including oleic acid and arachi-
donic acid, and that acylation with arachidonic
acid or EPA resulted in displacement of both
Fyn and LAT from membrane rafts in Jurkat
cells. In agreement with this, a separate study
demonstrated that DRMs from Jurkat cells
treated with either AA or EPA in vitro had a
reduced content of Lck and Fyn (148, 149).
However, Lck-driven tyrosine phosphorylation
of CD3( and recruitment of ZAP70 were not
influenced by EPA, which led to the suggestion
that the partial displacement of Lck by EPA
was not sufficient to significantly perturb T
cell signaling (Figure 1). Furthermore, Lck
appears to be capable of phosphorylating
CD3¢ independent of raft localization (27,
167). It has been suggested that by associating
with the TCR, the transmembrane adaptor
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protein LAT forms a structural scaffold for
subsequent signal transduction (53). Treatment
of Jurkat cells and human peripheral blood T
lymphocytes (PBTL) with EPA, but not stearic
acid, markedly diminished the phosphorylation
of LAT and PLCy1, and it was suggested that
this was due to selective partial displacement of
LAT from DRMs by EPA (Figure 1). Together,
these results suggest that tyrosine phosphoryla-
tion of LAT and PLCy!1 are the most upstream
signaling events in T" lymphocytes influenced
by n-3 PUFAs and potentially represent a key
mechanism by which n-3 PUFAs modulate
lymphocyte activation. Further studies have
shown that EPA treatment in vitro results in
a decline in intracellular calcium signaling,
which is likely to be a direct result of the effects
of this fatty acid on LAT and PLCy1 (Figure 1;
14, 148, 174). Separate studies have shown
that exposure of murine allogeneic cytotoxic
T cells to low concentrations of unsaturated
fatty acids (<10 pM) inhibited the release
of intracellular calcium following conjugate
formation and subsequently inhibited lysis
of target cells, even though binding to target
cells was unaffected (5). The inhibition of
calcium release was linearly correlated with a
decrease in membrane acyl chain order, leading
the authors to suggest that modulation of
membrane structure accounted for the altered
signaling and cell function (5). Only one study
to date has tested the effects of dietary fish oil
on early intracellular signaling in lymphocytes.
In this study, feeding fish oil to rats resulted in
inhibition of the tyrosine phosphorylation of
PLCy1 in spleen lymphocytes stimulated by
the mitogen Concanavalin A (123).

The impact of EPA on downstream signal-
ing events in Jurkat cells and human PBTL also
appears to be selective (175). Asaresult of T cell
activation, three families of mitogen-activated
protein kinases (MAPKs) are activated by
phosphorylation (Figure 1). The extracellular
signal-regulated kinases (ERKs), c-Jun NH,-
terminal kinases (JNKs) and p38 MAPK are
regulated by distinct but cross-talking signaling
pathways (Figure 1). EPA was demonstrated
to selectively block JNK activation in Jurkat
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T cells compared with stearic acid (Figure 1;
148). In contrast, EPA did not affect activation
of p38 MAPK or of ERK1/2 (175), although
there is at least one report of an inhibitory
effect of EPA on MAP kinase activation (89),
and a separate study has reported an inhibitory
effect of PUFA on ERK 1/2 phosphorylation
in Jurkat cells (29). Transient transfection of
Jurkat T cells with plasmids containing a
reporter (luciferase) gene controlled by nuclear
factor of activated T cells (NF-AT), activator
protein 1 (AP-1), or nuclear factor kappa B
(NFkB) demonstrated that EPA inhibited
activation of NF-AT but not AP-1 or NFkB
(Figure 1; 175). Thus, the effects of EPA on
T cell signaling appear, on the whole, to be
distinct and selective, at least in vitro, and to
involve displacement of LAT from DRMs,
impairment of PLCy1 phosphorylation and
calcium signaling, and finally, impairment of
JNK and NF-AT activation (148, 149, 174,
175). It is notable that much of the work in
this area has investigated the effects of EPA
rather than DHA. However, one study (31) has
demonstrated that phospholipase D1, which
is normally located in DRMs, is displaced
following treatment with DHA, and its activity
is increased. Another study suggested that
DHA alters the composition of membrane
microdomains in Jurkat T cells and suppresses
components of IL-2 receptor signaling (85).

In mice fed either fish oil or purified DHA,
the recruitment of PKC6 into rafts of T cells
was inhibited relative to those from mice fed
corn oil, and subsequently there was reduced
activation of AP-1, NFkB, IL-2 production,
and T cell proliferation (37). Fish oil treat-
ment also enhanced Fas colocalization with raft
molecules, which was associated with the ability
of PUFAs to promote activation-induced cell
death in T cells (152).

Although a limited number of animal stud-
ies support the role of lipid rafts in mediating
the effects of PUFAs on immune function, it
is still largely unclear whether displacement of
key signaling proteins from putative lipid rafts
and the down-regulation of signaling pathways
by n-3 PUFAs are physiological phenomena

that could explain the immunomodulatory
properties of fish oil in humans [e.g., down-
regulation of the early lymphocyte activation
marker, CD69 (73)]. Given the uncertainties re-
garding the existence and structure of lipid rafts
and the interpretation of data based on differ-
ing methodologies, there is a clear need for fur-
ther research to investigate the impact of mod-
ulation of plasma membrane microdomains in
T cells on cell signaling and subsequent cell
function.

Fatty Acid-Induced Changes
in Membrane Architecture
and Antigen Presentation

Studies conducted in the early to mid 1990s
found that cell surface expression of major his-
tocompatibility complex (MHC) IT and antigen
presentation via MHC II are decreased follow-
ing in vitro exposure of antigen-presenting cells
to EPA or DHA (44, 62, 74, 75, 165). A lim-
ited number of studies have investigated the ef-
fect of dietary PUFAs on MHC II expression
(60, 61, 124). The study by Sanderson et al.
(124) demonstrated that feeding a fish oil-rich
diet to rats resulted in decreased expression of
MHCIII on dendritic cells, which was associated
with a decreased capacity to present antigen to
antigen-sensitized spleen T cells. However, the
reduction in antigen presentation was probably
much greater than could be explained by the re-
duction in MHC II expression, suggesting that
other interactions between antigen-presenting
cells and T lymphocytes were affected by
dietary n-3 PUFAs. Recently, the effects of
PUFAs on MHC I expression and on MHC
I-mediated antigen presentation were reported
for the first time (135). Expression of MHC I
was decreased following in vitro treatment of
B lymphocytes with arachidonic acid or DHA.
The effect was dependent on fatty acid con-
centration, with arachidonic acid being slightly
more effective than DHA. There were func-
tional consequences of the reduced MHC I
expression: Cytotoxic T lymphocyte—mediated
lysis of target cells enriched with either arachi-
donic acid or DHA was decreased in a fatty
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acid-concentration-dependent manner (135).
By blocking resident MHC I molecules on the
cell surface, it was determined that arachidonic
acid and DHA decreased the surface appearance
of new MHC I by slowing the flow of new class
I molecules from the endoplasmic reticulum to
the Golgi (135). This highlights a novel mecha-
nism by which fatty acids affect antigen presen-
tation, although EPA was not examined in this
study, and there is, as yet, no evidence that this
mechanism is reproduced in a dietary setting. In
reviews by the same authors, it is suggested that
PUFAs could affect MHC class I surface expres-
sion atadditional points (134, 136). Itis possible
that PUFAs alter the conformation, lateral or-
ganization, and/or orientation of MHC class I
and class II glycoproteins and of costimulatory
and adhesion molecules (134, 136). Although
these possibilities remain to be investigated, at
least one other study supports the concept that
PUFAs may influence protein trafficking: Seo
etal. (131) demonstrated that DHA can inhibit
trafficking of Ras and other lipidated proteins
to the plasma membrane through the secretory
pathway.

Fatty Acids and Potassium Channels
in Lymphocytes

Voltage-gated potassium channels (K, chan-
nels) play an important role in signaling in
lymphocytes (104). The channels are trans-
membrane proteins, which have a nonrandom
distribution in the plasma membrane (104),
colocalize with CD3 molecules (104), undergo
conformational changes during activation and
inactivation, and can be influenced by lipid-
protein interactions (70). Alteration of the lipid
composition of lymphocyte membranes has
been shown to alter the kinetics of the K,1.3
channels of human lymphocytes: Polyunsat-
urated fatty acids (linoleic acid, arachidonic
acid, and DHA) at 50 uM influenced both the
activation and inactivation kinetics, whereas
palmitic, stearic, and oleic acids did not (153).
The authors speculated that this could be due
to alteration of the composition of lipid rafts,
within which K;1.3 channels are thought to
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be localized, but this was not demonstrated
directly and there was no information regard-
ing the functional consequences of the altered
activation kinetics of the channel (153).

Are Lipid Rafts Responsible for the
Immunomodulatory Effects of n-3
Polyunsaturated Fatty Acids?

Since the 1980s, a large body of evidence has
evolved that suggests that fatty acids are capa-
ble of modulating immune function (170). Ini-
tially, many of the effects were demonstrated in
animals, but studies are now increasingly being
conducted in either healthy humans or in pa-
tients suffering from specific immune-related
diseases. However, human studies investigating
the relationship between dietary fatty acids and
the immune response have been disappoint-
ingly inconsistent. There are likely to be several
reasons for this. First, the doses of fatty acids
tested in human studies, even when adminis-
tered atlevels many-fold higher than normal di-
etary intakes, do not compare with the very high
levels employed in most animal studies. Second,
in studies investigating the effects of fish oil on
immune function, preparations of fish oil have
varied considerably in their relative contents of
EPA and DHA, which might have resulted in
different effects. Third, the majority of the hu-
man studies have been insufficiently powered
to take into account the enormous variation in
parameters of immune function, for example,
ex vivo cytokine production, which is now rec-
ognized to be influenced by genotypic variation
(49).

The issue of dose is clearly an important one
in view of potential public health policy and
recommendations. The considerable inconsis-
tency in previous reports on the effects of n-3
PUFAs on ex vivo production of inflamma-
tory cytokines was thought to be due to dif-
ferences in administered doses (17). However,
this does not fully account for the inconsistency,
since some studies employing high doses of n-3
PUFAs showed no effect on cytokine produc-
tion, whereas others using low doses reported
inhibition (see 17 for references). Mantzioris
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et al. (96) adopted the novel approach of set-
ting target tissue concentrations of EPA; rather
than target dietary intakes; they aimed to in-
crease the mononuclear cell EPA content to
1.5% of total fatty acids by two weeks of dietary
modification. Although this resulted in individ-
ual subjects consuming different quantities of
n-3 PUFAs, the strategy was based on the ob-
servation by Caughey et al. (20) that the EPA
content of mononuclear cells is strongly associ-
ated with ex vivo production of IL-1 and tu-
mor necrosis factor-a (TNF«) and that 1.5%
EPA results in maximum suppression of cy-
tokine synthesis. This may explain why Thies
et al. (156) reported that fish oil supplemen-
tation, providing 0.72 g/d EPA and 0.28 g/d
DHA, failed to inhibit ex vivo cytokine pro-
duction in healthy subjects, since the mononu-
clear cell EPA content only just reached 1.5%
of total fatty acids. However, a study using a
much higher dose of 2.1 g/d EPA plus 1.1 g/d
DHA also showed no effect of fish oil supple-
mentation on ex vivo production of cytokines,
despite achieving mononuclear cell EPA levels
of 2.5% of total fatty acids after 4 weeks and
3.3% at 12 weeks (172). It is likely that many
of the studies described above lacked sufficient
power and may therefore have missed subtle
effects of the n-3 PUFAs. Thus, although the
approach suggested by Mantzioris et al. (96) is
interesting, it does not adequately explain the
discrepancies in the literature. Clarification is
still required, perhaps through the design of ad-
equately powered studies using a range of doses
of n-3 PUFAs and assessment of mononuclear
cell EPA content. The attainment of a notional
threshold of 1.5% EPA should perhaps be re-
visited and considered in the context of changes
in membrane microdomains, which could then
be mapped onto cellular functions.

It is notable in some studies that EPA and
DHA have differential effects on immune func-
tion. For example, Thies et al. (158) demon-
strated that fish oil, but not DHA, inhibited
natural killer cell activity, suggesting that EPA
rather than DHA might be responsible for the
effect. However, Kew et al. (73) presented ev-
idence to suggest that DHA altered immune

function to a greater degree than did EPA. The
issue of the potentially different immunomod-
ulatory properties of EPA and DHA is one
which has not been adequately investigated and
is clearly important given the variation in the
proportions of EPA to DHA in preparations
used in the studies described above. There is
a need, therefore, not only to examine the ef-
fects of the dose of n-3 PUFAs on immune and
inflammatory responses, but also the separate
effects of EPA and DHA and their combina-
tion in different ratios. If these fatty acids truly
possess different immunomodulatory capabil-
ities, a mechanistic basis needs to be derived,
and this may or may not involve effects at the
membrane microdomain level.

It is apparent from the literature that fish
oil has a greater impact on immune function
in the elderly compared with young subjects
(100, 156-158). The mechanistic basis for thisis
not understood, but if fatty acids modulate im-
mune function by raft-dependent means, then
an explanation is required for the differential
response of young versus older subjects. Thus,
although some compelling evidence from in
vitro and animal experiments indicates that n-3
PUFAs modulate immune function by effects
on membrane microdomains, there is a lack of
direct evidence that this is physiologically rel-
evant in humans, and a number of aspects of
the immunomodulatory effects of n-3 PUFA
are difficult to explain on the basis of lipid rafts
at this stage.

NUTRITIONAL SIGNIFICANCE
OF LIPID RAFTS IN VISUAL
AND COGNITIVE FUNCTION

Polyunsaturated Fatty Acids, Lipid
Rafts, and Brain Function

The fatty acid composition of central ner-
vous tissue of vertebrates plays an important
role in maintaining the structural and func-
tional integrity of membranes. When levels of
DHA are reduced in animals, they underper-
form in learning and cognitive function tests,
but this can be reversed by restoring DHA
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supply (9, 10). The mechanisms by which
DHA-containing phospholipids could affect
cognitive function are uncertain, but sev-
eral have been suggested (122). Among its
many roles, DHA influences the function of
the blood-brain barrier (122), the activity of
membrane-bound enzymes (15) and ionic chan-
nels (163), dopaminergic and serotoninergic
neurotransmission (79, 177), and signal trans-
duction (160). In addition, DHA can protect
against neuronal cell death by apoptosis (2), in-
duce synaptic growth cones during neuronal
development (8, 12), regulate nerve growth fac-
tors (63) and neuronal size (1), and modulate
gene expression in the brain (9, 10, 30, 78).
Whether these effects are manifested through
influence on the structure or biophysical prop-
erties of membrane microdomains or lipid rafts
is as yet relatively unexplored. However, cave-
olae are widely expressed in the central ner-
vous system in brain microvessels, endothe-
lial cells astrocytes, oligodendrocytes, Schwann
cells, dorsal root ganglia, and hippocampal neu-
rons (3). They are absent from most neurons
and neuroblastoma cells, but these appear to
possess planar lipid rafts instead (3). It has been
proposed that neurotransmitter signaling may
occur through clustering of receptors in lipid
rafts or caveolae, and the effects of lipid rafts
on neurotransmitter signaling have been impli-
cated in neurological and psychiatric diseases
(3). However, there is currently no clear defi-
nition of the role of rafts in neurotransmitter
signaling, and there are significant limitations
in our understanding of their role in normal
development and disease.

Polyunsaturated Fatty Acids in Visual
and Cognitive Function During Early
Development and Age-Related
Degeneration

Because the incorporation of arachidonic acid
and DHA is particularly high during the pre-
natal period and the first two years of life (36),
there has been significant interest in the possi-
bility that supplementation during pregnancy
and lactation, or the addition of PUFAs to
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infant formulas, may have an impact on vi-
sual and cognitive development. Kitajka et al.
(77, 78) demonstrated that DHA-containing
phosphatidylethanolamine species (particularly
18:0/22:6) in rat brain were increased after con-
sumption of w«-linolenic acid or a mixture of
EPA and DHA from conception to adulthood,
indicating that it is possible to increase lev-
els of DHA in neural membranes. However,
despite evidence for diverse effects of PUFAs
in neuronal function, as described above, ev-
idence for effects of n-3 PUFA supplemen-
tation on visual and cognitive development
during childhood is still rather preliminary.
Several reviews, including two Cochrane re-
views, conclude that evidence for beneficial ef-
fects of n-3 PUFA supplementation on early
visual and cognitive development in term and
preterm infants is inconclusive (36, 139, 140)
and too inconsistent to justify the supplemen-
tation of infant formula with DHA (99). How-
ever, the term “cognition” is very broad, cover-
ing memory, learning, reasoning, attention, and
language, and it is clearly difficult to compare
individual studies that assessed visual and cogni-
tive outcomes in different ways and in different
study designs. Thus, there is scope for further
investigation in this area. The potential benefits
of DHA supplementation on cognition in older
children has not yet been investigated, but the
potential for benefit traditionally has been be-
lieved to be smaller than that for young infants
because DHA incorporation becomes less sig-
nificant after two years of age (110). However,
it has been suggested that deficiencies or imbal-
ances in long-chain PUFAs may be associated
with childhood developmental and psychiatric
disorders, including attention-deficit hyperac-
tivity disorder, dyslexia, dyspraxia, and autism
spectrum disorders (6, 116). Attempts to treat
these conditions with PUFA supplementation
have been described in a small number of stud-
ies, but these have involved different popula-
tions, study designs, treatments, and outcomes,
and the results have been mixed (4, 116). An ex-
ample is the Oxford-Durham study, a double-
blind, randomized, placebo-controlled study
with a one-way crossover (placebo to active
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treatment), which reported improvements in
reading, spelling, and behavior following sup-
plementation with EPA; DHA, and y-linolenic
acid in children with developmental coordi-
nation disorder, a condition affecting approx-
imately 5% of school-age children (117). The
high proportion of EPA in the supplements, rel-
ative to DHA, as well as the inclusion of the
n-6 PUFA, y-linolenic acid, make the interpre-
tation of these results somewhat difficult, as the
improvements cannot be clearly ascribed to a
single fatty acid. Although it might be predicted
that DHA would be the primary component of
interest, intervention studies in adult psychi-
atric disorders have also reported some benefi-
cial effects of EPA-rich supplements (147). In-
deed, it has recently been suggested that “EPA
may prove more efficacious in addressing ner-
vous system disorders, such as depression, while
DHA may be more beneficial in heart disease
prevention” (18). This has led to the suggestion
that the influence of n-3 PUFAs might be man-
ifested through cerebrovascular effects rather
than (or in addition to) the incorporation of
DHA into structural lipids (potentially in lipid
rafts) in the brain (147). However, this sugges-
tion is as yet unsubstantiated.

Epidemiological associations between fatty
acid abnormalities and adult psychiatric dis-
orders, such as depression and schizophrenia,
have been reported in the literature (see 147).
Studies investigating the therapeutic potential
of n-3 PUFAs in mental illness are as yet in-
conclusive, but recent reviews suggest that the
available evidence is strong enough to justify
continued study (7, 16, 92, 147). There has also
been considerable recent interest in the pos-
sible role of dietary fatty acids in age-related
cognitive decline and in cognitive impairment
related to Alzheimer’s disease (AD). Several ob-
servational and epidemiological studies suggest
that saturated fatty acids have negative effects
on cognitive function and that high intakes of
MUFAs and PUFAs are associated with reduced
risk for cognitive decline and protection against
the risk of AD (144). However, a Cochrane re-
view (91) of the evidence thatn-3 PUFA supple-
mentation prevents cognitive impairment and

dementia in cognitively intact elderly persons
found that no randomized trials in their search
met the selection criteria (placebo-controlled,
double-blinded, minimum six months duration,
involving persons aged 60 and over without
pre-existing dementia, and employing cogni-
tive endpoints). They concluded that although
a growing body of evidence from biological,
observational, and epidemiological studies sug-
gests that n-3 PUFAs provide a protective ef-
fect against dementia, data from appropriate
randomized trials are required to support this.
These data are just beginning to emerge, al-
though results from a recent trial showed no
effect of 26 weeks of n-3 PUFA supplementa-
tion on cognitive performance in older subjects
without dementia (161).

In addition to the observation that aging has
been associated with the loss of both arachi-
donic acid and DHA in the brain (28, 40), some
evidence from postmortem analysis indicates
that brain membrane phospholipids from AD
patients are deficientin DHA (113). Hashimoto
et al. (56) investigated the effects of dietary
DHA on levels of p-amyloid (AB) and on
cholesterol in DRMs from the cerebral cortex
in a rat model of AD and found that both were
decreased compared with controls. They also
reported a negative correlation between the
number of reference memory errors and the
molar ratio of DHA to palmitic and stearic
acids, which led them to suggest that DHA pro-
tected against memory deficits in this model
(56). Ina later study, they related these effects to
changes in synaptic plasma membrane fluidity

7).

Dietary Gangliosides, Polyunsaturated
Fatty Acids, and Retinal Development
and Function

Dietary long-chain PUFAs have long been rec-
ognized to modify the fatty acid composition
of phospholipids in the developing retina (150,
151). Gangliosides are sialic acid—containing
glycosphingolipids that are present in the outer
leaflets of all mammalian plasma membranes,
where they participate in recognition and
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signaling activities. They are enriched in lipid
rafts in neuronal cell membranes and play an
important role in the retina as well as in brain
physiology and pathology (13, 145). Because
neonates and infants receive gangliosides from
human milk, it has been suggested that di-
etary gangliosides may be important for reti-
nal development. Rats fed dietary gangliosides
showed increased total retinal ganglioside con-
tent during development; the compositional
changes in retinal phospholipids in response to
both dietary gangliosides or PUFAs may affect
light adaptation and signaling, which in turn
could lead to enhanced retinal development in
neonates (105).

In contrast to these important roles of
neuronal gangliosides, it has been reported
that brain injury can lead to the release of
gangliosides from damaged neuronal cells and
potentially can induce the production of inflam-
matory mediators by brain microglia and as-
trocytes (76, 114) by a mechanism that involves
signaling through Toll-like receptor 4 (67).

Gangliosides have also been reported to play
a role in the extracellular deposition of A,
which is a hallmark of AD (173). Complex gly-
cosphingolipids appear to mediate transport of
amyloid precursor protein to the cell surface,
which leads to proteolytic processing and for-
mation (173). Sphingomyelin is a major source
of ceramides, which are lipid mediators gener-
ated by sphingomyelinases following activation
by inflammatory cytokines (80) and oxidative
stress (25). Cutler et al. (25) reported signifi-
cant increases in levels of membrane-associated
oxidative stress, long-chain ceramides, and free
cholesterol in brain cells during normal aging
in mice, in AD patients, and in neurons exposed
to AB. Treatment of neurons with a-tocopherol
or an inhibitor of sphingomyelin synthesis pre-
vented these changes and protected against Ap3-
induced death (25). The dietary implications of
these findings remain to be determined.

Cholesterol and Neuronal Function

The physiological role of cholesterol in the
brain is unclear, although it appears to play
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important roles in regulating synaptic plastic-
ity, memory encoding, and storage (98, 146).
Both local synthesis and uptake are thought
to contribute to the brain pool of cholesterol,
and, as with DHA feeding (10), a cholesterol-
enriched diet improved spatial learning in the
Morris water-maze paradigm (34). These be-
havioral changes were shown to be associated
with modulation of both pre- and postsynap-
tic function (34). Although a deficit in brain
cholesterol appears to be detrimental for brain
function, a body of evidence suggests that a re-
duction in brain cholesterol could be benefi-
cial in preventing the accumulation of AR and
therefore could be beneficial in the prevention
and cure of AD (see 82). In accordance with
this finding, patients treated with statins have
a reduced incidence of AD (65), although this
could arguably be due to effects of statins that
are independent of their cholesterol-lowering
ability, such as anti-inflammatory activity (82).
Nevertheless, in vitro studies in cells overex-
pressing amyloid precursor protein or other
proteins involved in A3 accumulation also show
that cholesterol synthesis inhibitors and statins
inhibit AR release (23, 35, 39). This led to the
conclusion that excess amyloid in AD is caused
by high cholesterol and that Af is produced in
cholesterol-rich lipid rafts (82). However, this
conclusion is controversial because some of the
cholesterol-reduction treatments resulted in a
very high membrane cholesterol loss, which
mightbe expected to disrupt not only lipid rafts,
but also the membrane as a whole (82). Fur-
thermore, different extraction and separation
protocols for lipid rafts resulted in different
conclusions, and several studies show only mi-
nor quantities of AR or its precursor protein
in rafts (35). Opinion clearly differs on the is-
sue, but Ledesma & Dotti (82) conclude that
the data do not prove that rafts and high neu-
ronal cholesterol are involved in A accumula-
tion in AD, while recognizing that future work
may clarify the issue. In the meantime, there
are studies demonstrating both a reduced (81)
and elevated (129) level of cholesterol in AD
brains. Itis also not clear at present whether ex-
tracellular uptake of cholesterol is a significant
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source of neuronal cholesterol and, in an argu-
ment against a useful role for diet or statins in
brain function, it has been proposed that neu-
ronal cholesterol content is chiefly dependent
on internal synthesis (32).

LIPID RAFTS AND CANCER

Elevated levels of saturated fatty acids and
cholesterol are thought to be a general prop-
erty of cancerous cells (88, 138). The in-
creased cholesterol, often caused by upregu-
lation of hydroxymethylglutaryl-coenzyme A
(HMG CoA) reductase, is suggested to lead
to coalescence of lipid rafts and thus to stim-
ulate the oncogenic pathway (88). Cholesterol
depletion disrupts rafts, bringing about a re-
distribution of raft components, and these
cholesterol-depleted cells appear to be par-
ticularly sensitive to apoptosis (88). However,
the effects of cholesterol depletion are nonspe-
cific and disrupt many cellular processes, which
limits their application in therapy. If dietary
components, such as n-3 PUFAs, were to bring
about a more targeted reduction in raft choles-
terol content, they could prove useful. Inter-
estingly, n-3 PUFAs are reported to suppress
HMG CoA reductase activity (84), and some
evidence suggests that n-3 PUFAs have anti-
carcinogenic properties (45, 66, 125).

A number of lipid raft proteins have been
postulated to be targets for the effects of n-3
PUFAs (see 138 for review). These include es-
trogen receptors and epidermal growth factor
receptors (EGFRs), which colocalize in rafts
(97). N-3 PUFAs have been shown to mod-
ulate signaling through these receptors and
to inhibit tumor growth in breast cancer cell
lines and models (125). A specific role for lipid
rafts was suggested by Schley et al. (126), who
demonstrated that EPA and DHA were incor-
porated into lipid rafts (prepared by detergent
extraction) in MDA-MB-231 cells, replacing
sphingomyelin, cholesterol, and diacylglycerol,
decreasing EGFR levels in the rafts, and in-
creasing the phosphorylation of both EGFR
and p38 MAPK. The sustained activation of
EGFR and p38 MAPK was associated with

a decrease in growth rate (126) and has also
been implicated in the induction of apopto-
sis (24, 127). The overall picture presented
by Schley et al. (126, 127) is that n-3 PUFAs
are incorporated into DRMs of cultured breast
cancer cells, where they activate neutral sphin-
gomyelinase, which results in depletion of
membrane sphingomyelin and cholesterol ex-
clusion. Sphingomyelin hydrolysis generates
ceramide, a proapoptotic signal, whereas the
lowered cholesterol content results in cytosolic
expulsion of EGFR. Subsequent phosphoryla-
tion of this receptor generates further proapop-
totic signals, perhaps through p38 MAPK ac-
tivation. Ultimately, these events lead to cell
apoptosis and reduced cell numbers. This work
highlights membrane microdomains as the fo-
cus for improved understanding of membrane-
mediated signaling events and, in particular, a
novel, membrane-based mechanism for the in-
hibition of breast tumor growth by n-3 PUFAs.
However, it would be important to confirm the
physiological application of the findings, given
the relatively high concentrations of total fatty
acids used (100-150 uM) and the use of deter-
gent for the characterization of lipid rafts.
Several other raft-associated molecules have
also been implicated as potential targets for
modulation by n-3 PUFAs. For example, cell
adhesion molecules involved in metastasis are
often located within lipid rafts, and their ex-
pression and signaling are affected by the
cellular cholesterol or n-3 PUFA content.
However, there is as yet no direct evidence that
this involves redistribution or displacement of
raft proteins (138). Itis also worth putting these
observations in the context of the total evidence
for the protective effects of n-3 PUFAs in breast
cancer. Although some epidemiological studies
suggest an inverse relationship (118), prospec-
tive cohortstudies do not, on the whole, support
an association between n-3 PUFA consump-
tion and breast cancer risk (94). Nevertheless,
two recent reviews explore potential lipid raft—
mediated mechanisms for modulation of signal-
ing pathways by fatty acids in cancer (21, 109).
Sphingolipids are also receiving increasing at-
tention in the context of cancer research on the
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basis of their roles in the regulation of prolifera-
tion, apoptosis, transformation, differentiation,
and motility (103, 173). As described above,
alterations in sphingolipid metabolism have al-
ready been shown to contribute to the devel-
opment of chemoresistance, and they there-
fore represent a potentially important target for
future therapeutic strategies, which may well
exploit their location in lipid rafts.

LIPID RAFTS IN THE GUT

Glycolipids appear to be the predominant raft-
promoting components of the small intestinal
brush border, constituting up to 30% of total
lipid, whereas cholesterol and sphingomyelin
make up only about 10% and 5%, respectively
(50). It is suggested to be because of this make-
up that lipid rafts from small intestinal brush
borders are largely resistant to cholesterol de-
pletion (26, 50). As with other cell types, inter-
pretation of data concerning lipid rafts in the
small intestine is largely indirect and subject
to uncertainty. However, Danielsen & Hansen
(26) maintain that the lipid rafts in the small
intestinal brush border are stable rather than
transient and may be larger than those in other
cell types. They also suggest that organiza-
tion into glycolipid-based microdomains, sta-
bly cross-linked by galectin-4, plays a role in
apical trafficking (51). On the other hand, lipid
rafts (and in particular, sphingolipid-enriched
microdomains) have been demonstrated to be
exploited as a portal for the entry of pathogens
in epithelial cells (reviewed in 11, 95, 173). In
particular, cell surface gangliosides have been
identified as unintended target receptors for
bacterial adhesion (119). It has been suggested
that dietary gangliosides could act as putative
decoys and thus interfere with pathogen en-
try (119). The role of gangliosides in human
breast milk is an active area of research, par-
ticularly with respect to early infant develop-
ment and gastrointestinal infections. Differ-
ences in the relative concentration of individual
gangliosides in human milk from mothers de-
livering preterm and term infants have been
reported (120). One study has tested the
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impact of infant formula containing ganglio-
sides on the fecal flora of preterm infants
and demonstrated lower Escherichia coli counts
and higher levels of the beneficial Bifidobacteria
compared with standard formula (121). How-
ever, whether these effects in any way involve
modulation of cell composition or behavior by
gangliosides is not known; it is notable that the
carbohydrate portions resemble those of free
oligosaccharides with proven prebiotic capabil-
ities (119). Nevertheless, dietary gangliosides
have been shown to modify the composition of
the brush border membrane in intestinal mu-
cosa (106, 107), and an increase in ganglioside
content decreased the cholesterol and caveolin-
1 content of lipid microdomains (108). Choles-
terol depletion in membranes inhibits cellular
entry of pathogens and generation of inflamma-
tory signals by disrupting microdomain struc-
ture; thus, the authors went on to demonstrate
that feeding dietary gangliosides resulted in re-
duced generation of inflammatory eicosanoids
and cytokines by intestinal mucosa following
acute exposure to bacterial endotoxin (108).

LIPID RAFTS, DIABETES, AND
CARDIOVASCULAR DISEASE

Membrane Microdomains,
Gangliosides, and Insulin Sensitivity

Recent evidence has highlighted the possibil-
ity that obesity and insulin resistance involve
disordered lipid dynamics and membrane mi-
crodomains (43). Studies have identified the
presence of a caveolin-binding domain in the
insulin receptor and direct binding of the in-
sulin receptor and caveolin-1 (43). As discussed
in this review, gangliosides, which are thought
to be key components of lipid rafts, play im-
portant roles in both the brain and the small
intestine. Recent studies have described the
generation of mutant mice unable to synthesize
the widely distributed ganglioside, GM3: the
mice, although viable, demonstrate a height-
ened sensitivity to insulin (169). Obese Zucker
fa/fa rats and 0b/ob mice have increased levels
of GM3 synthase mRNA in their adipose tissue
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(64), and direct addition of GM3 to 3T3-LI
adipocytes suppresses insulin-stimulated phos-
phorylation of the insulin receptor (154), sup-
porting a regulatory role of the receptor by
this and perhaps other gangliosides. Insulin sig-
naling is in fact initiated in glycosphingolipid-
enriched membrane domains (both rafts and
caveolae) (64). However, in the GM3 synthase
knockout mice, insulin receptor phosphoryla-
tion was altered in skeletal muscle and liver,
but not in adipose tissue, leading the authors
to suggest that this may reflect differences in
the glycolipid composition or signaling path-
ways in the two tissues (169). The nutritional
significance of the absence of GM3 was high-
lighted by the fact that lack of GM3 conferred
protection from high-fat-diet-induced insulin
resistance; after the high-fat dietary treatment,
the mutant mice had lower insulin levels and
enhanced responsiveness to glucose in compar-
ison with wild-type mice (169). It should be
noted thatalthough the authors refer to the mu-
tants as having heightened insulin sensitivity,
there were no statistically significant differences
in insulin sensitivity measured by euglycemic-
hyperinsulinemic clamps; the differences were
only apparent for the glucose tolerance tests and
measurements of insulin receptor phosphoryla-
tion (169). Nevertheless, this study provides an
intriguing insight into the possibility that the
GM3 ganglioside is involved in diet-induced
insulin resistance in the metabolic syndrome.
Furthermore, in vitro studies have shown that
the insulin receptor forms complexes with GM3
and with caveolin-1 in an independent man-
ner and that GM3-enrichment of membranes
results in increased mobility of the insulin
receptor by weakening its interaction with
caveolin-1 (69). These studies further identi-
fied that a lysine residue located just above
the transmembrane domain of the insulin re-
ceptor (3 subunit was essential for the interac-
tion with GM3 (69). Together, the data sug-
gest that GM3 regulates the localization of the
insulin receptor in membrane microdomains.
However, Kabayama et al. (69) further pro-
posed that separate and distinct membrane sub-
domains comprise insulin-receptor/caveolin

complexes and insulin receptor/GM3 com-
plexes; they term the former caveolae and
the latter glycosphingolipid-enriched domains
(GEMs). Live cell studies of the real time lat-
eral interactions between the insulin receptor,
caveolin-1, and GM3 showed that accumula-
tion of GM3 appears to cause displacement
of the insulin receptor from the caveolae mi-
crodomains into GEMs, and the change in ratio
of insulin receptor complexes in caveolae ver-
sus GEMs alters insulin signaling in adipocytes
(69). There is some evidence that the insulin
receptor is not alone in being regulated by its
interactions with GM3; Kabayama et al. (69)
suggest that the same concepts for control may
be applied to receptor tyrosine kinases.

In vitro studies demonstrate that in
adipocytes in which insulin resistance was
induced by TINF-«, inhibition of insulin sig-
naling and the elimination of insulin receptors
from caveolae were associated with accu-
mulation of GM3 (68, 69, 154). Conversely,
GM3 depletion counteracted the inhibitory
effects of TNF-« on insulin receptor in-
ternalization and elimination from caveolae
(64, 68, 69, 154). This suggests that the link
between chronic low-grade inflammation
in obesity and metabolic syndrome might
directly involve gangliosides in a membrane
microdomain-related mechanism.

A recent study demonstrates thata synthetic
inhibitor of glycosphingolipid synthesis can im-
prove glucose control and insulin sensitivity
in both Zucker diabetic rats and diet-induced
obese mice, raising the possibility for new drug-
based treatments of type 2 diabetes (176). How-
ever, since the inhibitor acts at the initial step in
the synthesis of a large number of glycosphin-
golipids, the identity of the critical component
is not clear (176).

Modification of Endothelial Nitric
Oxide Synthase via Membrane
Microdomains

Endothelial nitric oxide synthase (eNOS) plays
an important role in regulation of vascular tone

by nitric oxide (NO), and this has significant

www.annualreviews.org o Nutrition and Lipid Rafts

271



Annu. Rev. Nutr. 2009.29:257-282. Downloaded from www.annualreviews.org
by RENSSELAER POLY TECHNIC INSTITUTE on 01/04/12. For persona use only.

272

implications for cardiovascular disease (162).
The enzyme is thought to be located in caveolae
(41, 168) and its activity regulated by calmod-
ulin, which dissociates it from caveolin-1 (155).
Given the substantial evidence for cardiopro-
tective effects of n-3 PUFAs through a number
of mechanisms, their impact on NO production
and regulation of eNOS activity has been of in-
terest. Li et al. (86, 87) reported that in vitro
treatment of human umbilical vein endothe-
lial cells with both EPA (86) and DHA (87)
altered the phospholipid composition of cave-
olae and displaced caveolin-1 from mi-
crodomains. These effects were accompanied
by translocation of eNOS from caveolae to
soluble membrane fractions and an increase
in eNOS activity (86, 87). The physiologi-
cal relevance of these findings remains to be
confirmed.

Fatty Acids, Lipid Rafts,
and Environmental Toxicity
in Endothelial Cells

The potential for nutrition to modulate the
toxicity of environmental pollutants is becom-
ing increasingly recognized. Because many per-
sistent organic pollutants are fat-soluble, it
has been proposed that high-fat foods, which
contribute a potential excess of calories as
well as environmental toxins, pose multiple
risks to health. The uptake of polychlorinated
biphenyls (PCBs) by endothelial cells has been
shown to be increased in the presence of linoleic
acid (141), and it has been suggested that PCBs

SUMMARY POINTS

activate endothelial cells by mechanisms involv-
ing caveolae (90). Itis possible that PCBs accu-
mulate in the caveolae of endothelial cells and
somehow interact with specific fatty acids since
linoleic acid amplified, whereas a-linolenic acid
protected against, PCB-induced endothelial
activation (159, 164). Oily fish containing long-
chain n-3 PUFAs could potentially be contam-
inated with organic pollutants and thus repre-
sent a food group that has substantial health
benefits as well as possible risks (59). However,
the consensus is that fish consumption should
be encouraged because of its considerable car-
dioprotective properties.

CONCLUSIONS

Improved techniques for direct visualization of
putative lipid rafts are beginning to resolve the
uncertainty about their existence and structure,
but the extent to which they are modifiable by
diet remains to be clarified. In vitro studies sug-
gest that PUFAs cause substantial reorganiza-
tion of membrane microdomains, which has an
impact on signaling and function in a number of
cell types. The relevance of this work to dietary
modification of cell function requires further
investigation. Gangliosides are emerging as raft
components with diverse roles in several tissues,
including the brain, small intestine, and adipose
tissue. In each of these tissues, they are critical
for normal development and function, but they
also appear to be involved in pathological pro-
cesses. The potential for dietary modification
of gangliosides is relatively unexplored.

1. Lipid rafts are potentially modifiable by diet, particularly (but not exclusively) by dietary
fatty acids. However, itis not clear whether dietary PUFAs are incorporated into raftlipids
or whether their low affinity to cholesterol disallows this and causes phase separation from
rafts and displacement of raft proteins. Incorporation of PUFAs into rafts is somewhat
contrary to expectations, but most of the evidence suggesting this comes from in vitro

experiments and remains to be clarified.
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2. In vitro and animal studies suggest that n-3 PUFAs modulate the structure and com-

position of lipid rafts, displace key signaling proteins, and alter protein trafficking in T
lymphocytes. The physiological relevance of these observations needs to be examined in
vivo in humans in order to judge whether modulation of lipid rafts is responsible for the
immunomodulatory effects of n-3 PUFAs.

3. Animal studies suggest that brain DHA is important for learning and cognitive function.
Evidence for beneficial effects of n-3 PUFA supplementation in visual and cognitive
function in infants and children is inconclusive, and although it might be predicted that
DHA would most likely be beneficial on the basis of its abundance in the central nervous
system, some evidence suggests that EPA is efficacious and the effects do not necessarily
involve incorporation into structural lipids or rafts in the brain.

4. Gangliosides are enriched in lipid rafts in neuronal cell membranes, but their roles are

complex. They are important for retinal and brain development, but they also appear
to play a role in the inflammatory response to brain injury and in AD. Dietary PU-
FAs, gangliosides, and cholesterol may influence these processes, but this area is poorly
understood.

5. Exposure of specific cancer cell lines to n-3 PUFAs results in disruption of lipid rafts,
generation of ceramide from sphingomyelin hydrolysis, expulsion of the EGFR, and in-
duction of apoptosis. This highlights membrane microdomains as potential targets for
inhibition of tumor growth by n-3 PUFAs. Sphingolipid metabolism appears to con-
tribute to chemoresistance and may represent a potentially important target for future
therapeutic strategies.

6. Glycolipids are prominent raft-promoting components of the small intestinal brush bor-

der and have been suggested to play a role in apical trafficking. However, they can also be
exploited as a portal for the entry of pathogens. Dietary gangliosides could act as decoys
to interfere with pathogen entry; this could represent a mechanism by which gangliosides
from breast milk protect against gastrointestinal infections in infants.

7. In addition to the roles in the brain and small intestine, both desirable and undesirable,
gangliosides may also play a role in the induction of insulin resistance in adipose tissue.
Insulin signaling is initiated in glycosphingolipid-enriched membrane domains and the
ganglioside, GM3, appears to mediate the high-fat-diet-induced insulin resistance in an
animal model by direct effects on the insulin receptor.

8. Preliminary evidence suggests that long-chain n-3 PUFAs may have an impact on en-
dothelial function through mechanisms involving membrane microdomains.

FUTURE ISSUES

1. One of the problems in this area has been that different methodologies generate mem-
brane material with differing structural characteristics, making interpretation difficult
(171). Improved techniques for the visualization of lipid rafts in intact living cells will,
without doubt, aid advances in our understanding of the true nature of lipid rafts.
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. It will be particularly important to clarify the impact of dietary fatty acids on lipid raft

structure, using direct techniques, and to examine whether modulation of lipid rafts is
responsible for the immunomodulatory effects of n-3 PUFAs.

. The roles of fatty acids and gangliosides in cognitive development, age-related cognitive

decline, psychiatric disorders, and AD are poorly understood and require clarification,
particularly with respect to the contribution of lipid rafts.

. The roles of lipid rafts in cancer, in microbial pathogenesis, and in insulin resistance

are only just emerging, but compelling evidence indicates the growing importance of
membrane microdomains in health and disease.

. Future work should advance our understanding of the mechanisms by which dietary

components, particularly fatty acids, influence the activity of so many different cell types
and with such diverse implications for normal development, health, and disease.

DISCLOSURE STATEMENT

The author is not aware of any biases that might be perceived as affecting the objectivity of this

review.

LITERATURE CITED

1.

10.

11.

12.

Ahmad A, Moriguchi T, Salem N. 2002. Decrease in neuron size in docosahexaenoic acid-deficient brain.
Pediatr. Neurol. 26:210-18

. Akbar M, Kim HY. 2002. Protective effects of docosahexaenoic acid in staurosporine-induced apoptosis:

involvement of the phosphatidylinositol-3 kinase pathway. 7. Neurochem. 82:655-65

. Allen JA, Halverson-Tamboli RA, Rasenick MM. 2007. Lipid raft microdomains and neurotransmitter

signaling. Nat. Neurosci. 8:128-40

. Amminger GP, Berger GE, Schifer MR, Klier C, Friedrich MH, Feucht M. 2007. Omega-3 fatty acids

supplementation in children with autism: a double-blind randomized, placebo-controlled pilot study.
Biol. Psychiatry 61:551-53

. Anel A, Richieri GV, Kleinfeld AM. 1993. Membrane partition of fatty acids and inhibition of T cell

function. Biochemistry 32:530-36

. Antalis CJ, Stevens L], Campbell M, Pazdro R, Ericson K, Burgess JR. 2006. Omega-3 fatty acid status

in attention-deficit/hyperactivity disorder. Prostaglandins Leukot. Essent. Fatty Acids 75:299-308

. Appleton KM, Hayward RC, Gunnell D, Peters TJ, Rogers PJ, et al. 2006. Effects of n-3 long-chain

polyunsaturated fatty acids on depressed mood: a systematic review of published trials. An. 7. Clin. Nutr.
84:1308-16

. Auestad N, Innis SM. 2000. Dietary n-3 fatty acid restriction during gestation in rats: neuronal cell body

and growth cone fatty acids. Am. J. Clin. Nutr: 71:312-14S

. Barcel6-Coblijn G, Hogyes E, Kitajka K, Puskds LG, Zvara A, et al. 2003. Modification by docosa-

hexaenoic acid of age-induced alterations in gene expression and molecular composition of rat brain
phospholipids. Proc. Natl. Acad. Sci. USA 100:11321-26

Barcel6-Coblijn G, Kitajka K, Puskds LG, Hégyes E, Zvara A, etal. 2003. Gene expression and molecular
composition of phospholipids in rat brain in relation to dietary n-6 to n-3 fatty acid ratio. Biochim. Biophys.
Acta 1632:72-79

Bavari S, Bosio CM, Wiegand E, Ruthel G, Will AB, et al. 2002. Lipid raft microdomains: a gateway for
compartmentalized trafficking of Ebola and Marbug viruses. 7. Exp. Med. 195:593-602

Bazan NG, Rodriguez de Turco EB. 1994. Pharmacological manipulation of docosahexaenoic phos-
pholipid biosynthesis in photoreceptor cells: implications in retinal degeneration. 7. Ocul. Pharmacol.
10:591-604

Yaqoob



Annu. Rev. Nutr. 2009.29:257-282. Downloaded from www.annualreviews.org
by RENSSELAER POLY TECHNIC INSTITUTE on 01/04/12. For persona use only.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

Blennow K, Davidsson P, Walin A, Fredman P, Gottfries CG, et al. 1991. Gangliosides in cerebrospinal
fluid in “probable Alzheimer’ disease.” Arch. Neurol. 48:1032-35

Bonin A, Khan NA. 2000. Regulation of calcium signaling by docosahexaenoic acid in human T cells:
implication of CRAC channels. 7. Lipid Res. 41:277-84

Bourre JM, Francois M, Youyou A, Dumont O, Picotti M, et al. 1989. The effects of dietary alpha-
linolenic acid on the composition of nerve membranes, enzyme activity, amplitude of electrophysiological
parameters, resistance to poisons and performance of learning tasks in rats. 7. Nuzr: 119:1880-92
Buydens-Branchey L, Branchey M, Hibbeln JR. 2008. Associations between increases in plasma n-3
polyunsaturated fatty acids following supplementation and decreases in anger and anxiety in substance
abusers. Prog. Neuropsychopharmacol. Biol. Psychiatry 32:568-75

Calder PC. 2001. Polyunsaturated fatty acids, inflammation and immunity. Lipids 36:1007-24

Calder PC, Deckelbaum RJ. 2008. Omega-3 fatty acids: time to get the message right! Curs: Opin. Clin.
Nutr. Metab. Care 11:91-93

Calder PC, Yaqoob P, Thies F, Wallace FA, Miles EA. 2002. Fatty acids and lymphocyte functions.
Br. J. Nutr: 87:531-48

Caughey GE, Mantzioris E, Gibson RA, Cleland LG, James MG. 1996. 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. 7. Clin. Nutr. 63:116-22

Chapkin RS, Seo J, McMurray DN, Lupton JR. 2008. Mechanisms by which docosahexaenoic acid and
related fatty acids reduce colon cancer risk and inflammatory disorders of the intestine. Chenz. Phys. Lipids
153:14-23

Chapkin RS, Wang N, Fan Y-Y, Lupton JR, Prior IA. 2008. Docosahexaenoic acid alters the size and
distribution of cell surface microdomains. Biochim. Biophys. Acta 1778:466-71

Cordy JM, Hussain I, Dingwall C, Hooper NM, Turner AJ. 2003. Exclusively targeting beta-secretase
to lipid rafts by GPI-anchor addition up-regulates beta-site processing of the amyloid precursor protein.
Proc. Natl. Acad. Sci. USA 100:11735-40

Cuadrado A, Garcia-Fernandez LF, Gonzalez L, Suarez Y, Losada A, et al. 2003. Aplidin induces apop-
tosis in human cancer cells via glutathione depletion and sustained activation of the epidermal growth
factor receptor, Src, JNK, and p38 MAPK. 7. Biol. Chem. 278:241-50

Cutler RG, Kelly J, Storie K, Pedersen WA, Tammara A, et al. 2004. Involvement of oxidative stress-
induced abnormalities in ceramide and cholesterol metabolism in brain aging and Alzheimer’s disease.
Proc. Natl. Acad. Sci. USA 101:2070-75

Danielsen EM, Hansen GH. 2006. Lipid raft organization and function in brush borders of epithelial
cells. Mol. Membr: Biol. 23:71-79

Delgado P, Fernandez E, Dave V, Kappes D, Alarcon B. 2000. CD3 delta couples T cell receptor
signaling to ERK activation and thymocyte positive selection. Nazure 406:426-30

Delion S, Chalon S, Guilloteau D, Lejune B, Besnard JC, Durand G. 1997. Age-related changes in
phospholipid fatty acid composition and monoaminergic neurotransmission in the hippocampus of rats
fed a balanced or an n-3 polyunsaturated fatty acid-deficient diet. 7. Lipid Res. 38:680-89

Denys A, Hichami A, Khan NA. 2001. Eicosapentaenoic acid and docosahexaenoic acid modulate MAP
kinase (ERK1/ERK2) signaling in human T cells. 7. Lipid Res. 42:2015-20

De Urquiza AM, Liu S, Sjoberg M, Zetterstrom RH, Griffiths W, et al. 2000. Docosahexaenoic acid, a
ligand for the retinoid X receptor in mouse brain. Science 290:2140-44

Diaz O, Berquand A, Dubois M, Di Agostino S, Sette CC, etal. 2002. The mechanism of docosahexaenoic
acid-induced phospholipase D activation in human lymphocytes involves exclusion of the enzyme from
lipid rafts. 7. Biol. Chem. 277:39368-478

Dietschy JM, Turley SD. 2001. Cholesterol metabolism in the brain. Curr: Opin. Lipidol. 12:105-12
Douglas AD, Vale RD. 2005. Single-molecule microscopy reveals plasma membrane microdomains
created by protein-protein networks that exclude or trap signaling molecules in T cells. Ce// 121:937-50
Dufour F, Liu Q-Y, Gusev P, Alkon D, Atzori M. 2006. Cholesterol-enriched diet affects spatial learning
and synaptic function in hippocampal synapses. Brain Res. 1103:88-98

Ehehalt R, Keller P, Haass C, Thiele C, Simons K. 2003. Amyloidogenic processing of the Alzheimer
beta-amyloid precursor protein depends on lipid rafts. 7. Cell. Biol. 160:113-23

www.annualreviews.org o Nutrition and Lipid Rafts

275



Annu. Rev. Nutr. 2009.29:257-282. Downloaded from www.annualreviews.org
by RENSSELAER POLY TECHNIC INSTITUTE on 01/04/12. For persona use only.

276

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

Eilander A, Hundscheid DC, Osendarp SJ, Transler C, Zock PL. 2007. Effects of n-3 long chain polyun-
saturated fatty acid supplementation on visual and cognitive development throughout childhood: a review
of human studies. Prostaglandins Leukot. Essent. Fatty Acids 76:189-203

Fan Y-Y, Ly LH, Barhoumi R, McMurray DN, Chapkin RS. 2004. Dietary docosahexaenoic acid sup-
presses T cell protein kinase C6 lipid raft recruitment and IL-2 production. 7. Immunol. 173:6151-60
Fan Y-Y, McMurray DN, Ly LH, Chapkin RS. 2003. Dietary n-3 polyunsaturated fatty acids remodel
mouse T-cell lipid rafts. 7. Nuzr. 133:1913-20

Fassbender K, Simons M, Bergmann C, Stroick M, Lutjohann D, et al. 2001. Simvastatin strongly
reduces levels of Alzheimer’s disease beta-amyloid peptides A beta 42 and A beta 40 in vitro and in vivo.
Proc. Natl. Acad. Sci. USA 98:5856-61

Favreliere S, Stadelman-Ingrand S, Huhuet F, Javel D, de Piriou A, et al. 2000. Docosahexaenoic
acid-enriched phospholipid diets modulate age-related alterations in rat hippocampus. Newurobiol.
Aging 21:653-60

Feron O, Michel JB, Sase K, Michel T. 1998. Dynamic regulation of endothelial nitric oxide synthase:
complementary roles of dual acylation and caveolin interactions. Biochemzistry 37:193-200

Fra AM, Williamson E, Simons K, Parton RG. 1995. De novo formation of caveolae in lymphocytes by
expression of VIP21-caveolin. Proc. Natl. Acad. Sci. USA 92:8655-59

Frithbeck G, Léopez M, Diéguez C. 2007. Role of caveolins in body weight and insulin resistance regu-
lation. Trends Endocrinol. Metab. 18:177-82

Fujikawa M, Yamashita N, Yamazaki K, Sugiyama E, Suzuki H, Hamazaki T. 1992. Eicosapentaenoic
acid inhibits antigen-presenting cell function of murine splenocytes. Inzmunology 75:330-35

Funahashi H, Satake M, Hasan S, Sawai H, Newmann RA, et al. 2008. Opposing effects of n-6 and n-3
polyunsaturated fatty acids on pancreatic cancer growth. Pancreas 36:353-62

Gaus K, Chklovskaia E, Fazekas de St Groth B, Jessup W, Harder T. 2005. Condensation of the plasma
membrane at the site of T lymphocyte activation. 7. Cell Biol. 171:121-31

Gaus K, Zech T, Harder T. 2006. Visualizing membrane microdomains by Laurdan 2-photon mi-
croscopy. Mol. Membr: Biol. 23:41-48

Geyeregger R, Zeyda M, Zlabinger GJ, Waldhausl W, Stulnig TM. 2005. Polyunsaturated fatty acids
interfere with formation of the immunological synapse. 7. Leukoc. Biol. 77:680-88

Grimble RF, Howell WM, O’Reilly G, Turner SJ, Markovic O, et al. 2002. The ability of fish oil to
suppress tumor necrosis factor alpha production by peripheral blood mononuclear cells in healthy men
is associated with polymorphisms in genes that influence tumor necrosis factor alpha production. 4. 7.
Clin. Nutr. 76:454-59

Hansen GH, Immerdal L, Thorsen E, Niels-Christiansen LL, Nystrom BT, et al. 2001. Lipid rafts exist
as stable cholesterol-independent microdomains in the brush border membrane of enterocytes. 7. Biol.
Chem. 276:32338-44

Hansen GH, Pedersen J, Niels-Christiansen LL, Immerdal L, Danielsen EM. 2003. Deep-apical tubules:
dynamic lipid-raft microdomains in the brush border region of enterocytes. Biochem. 7. 373:125-32
Harder T. 2004. Lipid raft domains and protein networks in T-cell receptor signal transduction.
Curr: Opin. Immunol. 16:353-59

Harder T, Kuhn M. 2000. Selective accumulation of raft-associated membrane protein LAT in T cell
receptor signaling assemblies. 7. Ce/l Biol. 151:199-207

Harder T, Scheiffele P, Verkade P, Simons K. 1998. Lipid domain structure of the plasma membrane
revealed by patching of membrane components. 7. Cell Biol. 141:929-42

Harris J, Werling D, Hope JC, Taylor G, Howard CJ. 2002. Caveolae and caveolin in immune cells:
distribution and functions. Trends Immunol. 23:158-64

Hashimoto M, Hossain S, Agdul H, Shido O. 2005. Docosahexaenoic acid-induced amelioration on
impairment of memory learning in amyloid p-infused rats relates to the decreases of amyloid  and
cholesterol levels in detergent-insoluble membrane fractions. Biochim. Biophys. Acta 1738:91-98
Hashimoto M, Hossain S, Shimada T, Shido O. 2006. Docosahexaenoic acid-induced protective effects
against impaired learning in amyloid B-infused rats is associated with increased synaptosomal membrane

fluidity. Clin. Exp. Pharmacol. Physiol. 33:934-39

Yaqoob



Annu. Rev. Nutr. 2009.29:257-282. Downloaded from www.annualreviews.org
by RENSSELAER POLY TECHNIC INSTITUTE on 01/04/12. For persona use only.

58.

59.

60.

61.

62.

63.

64.
65.

66

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

Heerklotz H. 2002. Triton promotes domain formation in lipid raft mixtures. Bigphys. 7. 83:2693-701
Hennig B, Ettinger AS, Jandacek R], Koo S, McClain C, et al. 2007. Using nutrition for intervention
and prevention against environmental chemical toxicity and associated diseases. Environ. Health Perspect.
115:493-95

Huang SC, Misfeldt ML, Fritsche K. 1992. Dietary fat influences Ia antigen expression and immune
cell populations in the murine peritoneum and spleen. 7. Nuzr: 122:1219-31

Hughes DA, Pinder AC, Piper Z, Johnson IT, Lund EK. 1996a. Fish oil supplementation inhibits the
expression of major histocompatibility complex class II molecules and adhesion molecules on human
monocytes. Am. . Clin. Nutr. 63:267-72

Hughes DA, Southon S, Pinder AC. 1996b. (n-3) Polyunsaturated fatty acids modulate the expression
of functionally associated molecules on human monocytes in vitro. 7. Nutr: 126:603-610

Tkemoto A, Nitta A, Furukawa, Ohishi M, Nakamura A, Fujii Y, Okuyama H. 2000. Dietary n-3 fatty
acid deficiency decreases nerve growth factor content in rat hippocampus. Neurosci. Lett. 285:99-102
Inokuchi]-I. 2006. Insulin resistance as a membrane microdomain disorder. Biol. Pharm. Bull. 29:1532-37
Jick H, Zornberg GL, Jick SS, Seshadri S, Drachman DA. 2000. Statins and the risk of dementia.
Lancet 356:1627-31

. JohnsonIT, Lind EK. 2007. Nutrition, obesity and colorectal cancer. Aliment Pharmacol. Ther. 26:161-81
67.

Joul, Lee JH, Park SY, Yoon HJ, Joe E-H, Park EJ. 2006. Gangliosides trigger inflammatory responses
via TLR4 in brain glia. Am. 7. Pathol. 168:1619-30

Kabayama K, Sato T, Kitamura F, Uemura S, Kang BW, etal. 2005. TNFa-induced insulin resistance in
adipocytes as a membrane microdomain disorder: involvement of ganglioside GM3. Glycobiology 15:21-29
Kabayama K, Sato T, Saito K, Loberto N, Prinetti A, et al. 2007. Dissociation of the insulin receptor
and caveolin-1 complex by ganglioside GM3 in the state of insulin resistance. Proc. Natl. Acad. Sci. USA
104:13678-83

Kabouridis PS, Janzen J, Magee AL, Ley SC. 2000. Cholesterol depletion disrupts lipid rafts and mod-
ulates the activity of multiple signaling pathways in T lymphocytes. Eur. 7. Immunol. 30:954-63
Katagiri YU, Kiyokawa N, Fujimoto J. 2001. A role for lipid rafts in immune cell signaling. Microbiol.
Immunol. 45:1-8

Kenworthy AK. 2008. Have we become overly reliant on lipid rafts? EMBO Rep. 9:531-35

Kew S, Mesa MD, Tricon S, Buckley R, Minihane AM, Yaqoob P. 2004. Effects of eicosapentaenoic
and docosahexaenoic acid-rich oils on immune cell composition and function in healthy humans. Am. 7.
Clin. Nutr. 79:674-81

Khair-el-Din TA, Sicher SC, Vazquez MA, Lu CY. 1996. Inhibition of macrophage nitric-oxide produc-
tion and Ja-expression by docosahexaenoic acid, a constituent of fetal and neonatal serum. Anz. 7. Reprod.
Immunol. 36:1-10

Khair-el-Din TA, Sicher SC, Vazquez MA, Wright W], Lu CY. 1995. Docosahexaenoic acid, a major
constituent of fetal serum and fish oil diets, inhibits IFN gamma-induced Ia-expression by murine
macrophages in vitro. 7. Immunol. 154:1296-306

Kim OS, Park EJ, Joe E, Jou L. 2002. JAK-STAT signaling mediates ganglioside-induced inflammatory
responses in brain microglial cells. 7. Biol. Chem. 277:40594-601

Kitajka K, Puskds LG, Zvara A, Hackler L, Barcel6-Coblijn G, etal. 2002. The role of n-3 polyunsaturated
fatty acids in brain: modulation of rat brain gene expression by dietary n-3 fatty acids. Proc. Natl. Acad.
Sci. USA 99:2619-24

Kitajka K, Sinclair AJ, Weisinger RS, Weisinger HS, Mathai M, et al. 2004. Effects of dietary omega-3
polyunsaturated fatty acids on brain gene expression. Proc. Natl. Acad. Sci. USA 101:10931-36

Kodas E, Vancassel S, Lejeune B, Guilloteau D, Chalon S. 2002. Reversibility of n-3 fatty acid deficiency-
induced changes in dopaminergic neurotransmission in rats: critical role of developmental stage. 7. Lipid
Res. 43:1209-19

Kronke M. 1999. Involvement of sphigomyelinases in TNF signaling pathways. Chem. Phys. Lipids
102:157-66

Ledesma MD, Abad-Rodriguez ], Galvan C, Biondi E, Navarro P, et al. 2003. Raft disorganization leads
to reduced plasmin activity in Alzheimer’s disease brains. EMBO Rep. 4:1190-96

www.annualreviews.org o Nutrition and Lipid Rafts

277



Annu. Rev. Nutr. 2009.29:257-282. Downloaded from www.annualreviews.org
by RENSSELAER POLY TECHNIC INSTITUTE on 01/04/12. For persona use only.

82. Ledesma MD, Dotti CG. 2005. Role of brain cholesterol in Alzheimer’s disease. In Lipid Rafts and Traffic,
ed. RAJ Mcllhinney, NM Hooper, pp. 129-38. London: Portland Press
83. Lei MG, Morrison DC. 2000. Differential expression of caveolin-1 in lipopolysaccharide-activated
murine macrophages. Infect. Immun. 68:5084-89
84. Le Jossic-Corcos C, Gonthier C, Zaghini I, Logette E, Shechter I, Bournot P. 2005. Hepatic farnesyl
diphosphate synthase expression is suppressed by polyunsaturated fatty acids. Biochem. 7. 385:787-94
85. Li Q, Wang M, Tan L, Wang C, Ma J, et al. 2005. Docosahexaenoic acid changes lipid composition and
interleukin-2 receptor signaling in membrane rafts. 7. Lipid Res. 46:1904-13
86. Li Q, Zhang Q, Wang M, Zhao S, Ma J, et al. 2007. Eicosapentaenoic acid modifies lipid composition
in caveolae and induces translocation of endothelial nitric oxide synthase. Biochimie 89:169-77
87. Li Q, Zhang Q, Wang M, Liu F, Zhao S, et al. 2007. Docosahexaenoic acid affects endothelial nitric
oxide synthase in caveolae. Arch. Biochem. Biophys. 466:250-59
88. LiYC, Park MJ, Ye SK, Kim CW, Kim YN. 2006. Elevated levels of cholesterol-rich lipid rafts in cancer
cells are correlated with apoptosis sensitivity induced by cholesterol-depleting agents. Am. 7. Pathol.
168:1107-18
89. Liang X, Nazarian A, Erdjument-Bromage H, Bornmann W, Tempst P, Resh MD. 2001. Heterogeneous
fatty acylation of Src family kinases with polyunsaturated fatty acids regulates raft localization and signal
transduction. 7. Biol. Chem. 276:30987-94
90. Lim EJ, Smart EJ, Toborek M, Hennig B. 2007. The role of caveolin-1 in PCB77-induced eNOS
phosphorylation in human-derived endothelial cells. Amz. 7. Physiol. Heart Circ. Physiol. 293:H3340-47
91. Lim WS, Gammack JK, Van Niekerk J, Dangour AD. 2006. Omega 3 fatty acid for the prevention of
dementia. Cochrane Database Syst. Rev. 1:CD005379
92. Lin PY, SuKP. 2007. A meta-analytic review of double-blind, placebo-controlled trials of antidepressant
efficacy of omega-3 fatty acids. 7. Clin. Psychiatry 68:1056-61
93. Ma DW. 2007. Lipid mediators in membrane rafts are important determinants of human health and
disease. Appl. Physiol. Nutr. Metab. 32:341-50
94. MacLean CH, Newberry SJ, Mojica WA, Khanna P, Issa AM, et al. 2006. Effects of omega-3 fatty acids
on cancer risk: a systematic review. 74MA 295:403-15
95. Manes S, del Real G, Martinez A. 2003. Pathogens: raft hijackers. Nat. Rev. Immunol. 3:557-68
96. Mantzioris E, Cleland LG, Gibson RA, Neumann MA, Demasi M, James MJ. 2000. Biochemical effects
of a diet containing foods enriched with n-3 fatty acids. Am. . Clin. Nutr. 72:42-48
97. Martin MB, Franke TF, Stoica GE, Chambon P, Katzenellenbogen BS, et al. 2000. A role for Akt in me-
diating the estrogenic functions of epidermal growth factor and insulin-like growth factor I. Endocrinology
141:4503-11
98. Martin SJ, Grimwood PD, Morris RG. 2000. Synaptic plasticity and memory: an evaluation of the
hypothesis. Annu. Rev. Neurosci. 23:649-711
99. McCann JC, Ames BN. 2005. Is docosahexaenoic acid, an n-3 long chain polyunsaturated fatty acid,
required for development of normal brain function? An overview from cognitive and behavioural tests
in humans and animals. Az. 7. Clin. Nutr. 82:281-95
100. Meydani SN, Endres S, Woods NM, Goldin BR, Soo C, etal. 1991. Oral n-3 fatty acid supplementation
suppresses cytokine production and lymphocyte proliferation: comparison between young and older
women. 7. Nutr. 121:547-55
101. Munro S. 2003. Lipid rafts: elusive or illusive? Ce// 115:377-88
102. Nichols B. 2005. Cell biology without a raft. Narure 436:638-39
103. Ogretmen B, Hannun YA. 2004. Biologically active sphingolipids in cancer pathogenesis and treatment.
Nat. Rev. Cancer 4:604-16
104. Panyi G, Bagdiany M, Bodnir A, Vimosi G, Szentesi G, et al. 2003. Colocalization and nonrandom
distribution of K, 1.3 potassium channels and CD3 molecules in the plasma membrane of human T
lymphocytes. Proc. Natl. Acad. Sci. USA 100:2592-97
105. Park EJ, Suh M, Clandinin M'T. 2005. Dietary ganglioside and long-chain polyunsaturated fatty acids
increase ganglioside GD3 content and alter the phospholipid profile in neonatal rat retina. Invest.
Opthalmol. Vis. Sci. 46:2571-75

Yaqoob



Annu. Rev. Nutr. 2009.29:257-282. Downloaded from www.annualreviews.org
by RENSSELAER POLY TECHNIC INSTITUTE on 01/04/12. For persona use only.

106.

107.

108.

109.

110.

111.
112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

Park EJ, Suh M, Ramanujam K, Steiner K, Begg D, Clandinin M'T. 2005. Diet-induced changes in
membrane gangliosides in rat intestinal mucosa, plasma and brain. 7. Pediatr: Gastroenterol. Nutr: 40:487—
95

Park EJ, Suh M, Thomson AB, Ramanujam KS, Clandinin M'T. 2006. Dietary gangliosides increase the
content and percentage of ether phospholipids containing 20:4n-6 and 22:6n-3 in weanling rat intestine.
7 Nutr: Biochem. 17:337-44

Park EJ, Suh M, Thomson B, Ma DWL, Ramanujam K, Clandinin MT. 2007. Dietary ganglioside
inhibits acute inflammatory signals in intestinal mucosa and blood induced by systemic inflammation of
Escherichia coli lipopolysaccharide. Shock 28:112-17

Patra SK. 2008. Dissecting lipid raft facilitated cell signaling pathways in cancer. Biochim. Biophys. Acta
1785:182-206

Paus T. 2005. Mapping brain maturation and cognitive development during adolescence. Trends Cogn.
Sei. 9:60-68

Pike LJ. 2003. Lipid rafts: bringing order to chaos. 7. Lipid Res. 44:655-67

Pike LJ. 2006. Rafts defined: a report on the Keystone Symposium on Lipid Rafts and Cell Function.
7. Lipid Res. 47:1597-98

Prasad MR, Lovell MA, Yatin M, Dhillon H, Markesbery WR. 1998. Regional membrane phospholipid
alterations in Alzheimer’s disease. Neurochem. Res. 23:81-88

Pyo H, Joe E, Jung S, Lee SH, Jou I. 1999. Gangliosides activate cultured rat brain microglia. 7. Biol.
Chem. 274:34584-89

Razzaq TM, Ozegbe P, Jury EC, Sembi P, Blackwell NM, Kabouridis PS. 2004. Regulation of T cell
receptor signaling by membrane microdomains. Imzmunology 113:413-26

Richardson AJ. 2004. Long-chain polyunsaturated fatty acids in childhood developmental and psychiatric
disorders. Lipids 39:1215-22

Richardson AJ, Montgomery P. 2005. The Oxford-Durham study: a randomized, controlled trial of
dietary supplementation with fatty acids in children with developmental coordination disorder. Pediatrics
115:1360-66

Rose DP, Connolly JM. 1999. Omega-3 fatty acids as cancer chemopreventive agents. Pharmacol. Ther:
83:217-44

Rueda R. 2007. The role of dietary gangliosides on immunity and prevention of infection. Br. 7. Nutr.
98:568-72

Rueda R, Garcia-Salmeré6n JL, Maldonado J, Gil A. 1996. Changes during lactation in ganglioside
distribution in human milk from mothers delivering preterm and term infants. Biol. Chem. 377:599-601
Rueda R, Sabatel JL, Maldonado J, Molina JA, Gil A. 1998. Addition of gangliosides to an adapted milk
formula modifies the levels of fecal Escherichia coli in preterm newborn infants. 7. Pediatr: 133:90-94
Salem N, Litman B, Kim H-YY, Gawrisch. 2001. Mechanisms of action of docosahexaenoic acid in the
nervous system. Lipids 36:945-59

Sanderson P, Calder PC. 1998. Dietary fish oil appears to prevent the activation of phospholipase C-g
in lymphocytes. Biochim. Biophys. Acta 1392:300-8

Sanderson P, MacPherson GG, Jenkins CH, Calder PC. 1997. Dietary fish oil diminishes the antigen
presentation activity of rat dendritic cells. 7. Leukot. Biol. 62:771-77

Sauer LA, Blask DE, Dauchy RT. 2007. Dietary factors and growth and metabolism in experimental
tumours. 7. Nutr. Biochem. 18:637-49

Schley PD, Brindley DN, Field CJ. 2007. (n-3) PUFA alter raft lipid composition and decrease epidermal
growth factor receptor levels in lipid rafts of human breast cancer cells. 7. Nutr. 137:548-53

Schley PD, Jijon HB, Robinson LE, Field CJ. 2005. Mechanisms of omega-3 fatty acid-induced growth
inhibition in MDA-MB-231 human breast cancer cells. Breast Cancer Res. Treat. 34:199-212

Schmitz G, Grandl M. 2008. Update on membrane microdomains. Curr: Opin. Clin. Nutr: Metab. Care
11:106-12

Schonknecht P, Lutjohann D, Pantel J, Bardenheuer H, Hartmann T, et al. 2002. Cerebrospinal fluid
24S-hydroxycholesterol is increased in patients with Alzheimer’s disease compared to healthy controls.
Neurosci. Lett. 324:83-85

www.annualreviews.org o Nutrition and Lipid Rafts

279



Annu. Rev. Nutr. 2009.29:257-282. Downloaded from www.annualreviews.org
by RENSSELAER POLY TECHNIC INSTITUTE on 01/04/12. For persona use only.

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

144.

145.

146.

147.

148.

149.

150.

151.

Schroeder RJ, Ahmed SN, Zhu'Y, London E, Brown DA. 1998. Cholesterol and sphingolipid enhance the
Triton X-100 insolubility of glycosylphosphatidylinositol-anchored proteins by promoting the formation
of detergent-insoluble ordered membrane domains. 7. Biol. Chem. 273:1150-57

Seo ], Barhoumi R, Johnson AE, Lupton JR, Chapkin RS. 2006. Docosahexaenoic acid selectively inhibits
plasma membrane targeting of lipidated proteins. FASEB 7. 176:770-72

Shaikh SR, Brzustowicz MR, Gustafson N, Stillwell W, Wassall SR. 2002. Monounsaturated PE does
not phase-separate from lipid raft molecules sphingomyelin and cholesterol: role for polyunsaturation?
Biochemistry 41:10593-602

Shaikh SR, Dumaual AC, Castillo A, LoCascio D, Siddiqui RA, et al. 2004. Oleic and docosahexaenoic
acid differentially phase separate from lipid raft molecules: a comparative NMR, DSC, AFM and deter-
gent extraction study. Biophys. 7. 87:1752-66

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

Shaikh SR, Edidin M. 2007. Immunosuppressive effects of polyunsaturated fatty acids on antigen
presentation by human leukocyte antigen class I molecules. 7. Lipid Res. 48:127-38

Shaikh SR, Edidin M. 2008. Polyunsaturated fatty acids and membrane organization: elucidating mech-
anisms to balance immunotherapy and susceptibility to infection. Chermz. Phys. Lipids 153:24-33

Shaw AS. 2006. Lipid rafts: Now you see them, now you don’t. Nat. Immunol. 7:1139-42

Siddiqui RA, Harvey KA, Zaloga GP, Stillwell W. 2007. Modulation of lipid rafts by w-3 fatty acids
in inflammation and cancer: implications for use of lipids during nutritional support. Nuzr: Clin. Prac.
22:74-88

Simmer K, Patole S. 2004. Longchain polyunsaturated fatty acid supplementation in preterm infants.
Cochrane Database Syst. Rev. 1:CD000375

Simmer K, Patole S, Rao SC. 2008. Longchain polyunsaturated fatty acid supplementation in infants
born at term. Cochrane Database Syst. Rev. 1:CD000376

Slim R, Hammock BD, Toborek M, Robertson LW, Newman JW, etal. 2001. The role of methyl-linoleic
acid epoxide and diol metabolites in the amplified toxicity of linoleic acid and polychlorinated biphenyls
to vascular endothelial cells. Toxicol. Appl. Pharmacol. 171:184-93

Smart EJ, Graf GA, McNiven MA, Sessa WC, Engelman JA, et al. 1999. Caveolins, liquid-ordered
domains and signal transduction. Mol. Cell. Biol. 19:7289-304

Smart EJ, Ying YS, Conrad PA, Anderson RGW. 1994. Caveolin moves from caveolae to the Golgi
apparatus in response to cholesterol oxidation. 7. Cell. Biol. 127:1185-97

Solfrizzi V, Capurso C, D’Introno A, Colacicco AM, Frisardi V, et al. 2008. Dietary fatty acids, age-
related cognitive decline and mild cognitive impairment. 7. Nutr. Health Aging 12:382-86

Sonnino S, Chigorno V. 2000. Ganglioside molecular species containing C18 and C20-sphingosine in
mammalian nervous tissues and neuronal cell cultures. Biochim. Biophys. Acta 1469:63-77

Sparks DL, Martin TA, Gross DR, Hunsaker JC. 2000. Link between heart disease, cholesterol and
Alzheimer’s disease: a review. Microsc. Res. Tech. 50:287-90

Stahl LA, Begg DP, Weisinger RS, Sinclair AJ. 2008. The role of omega-3 fatty acids in mood disorders.
Curr. Opin. Invest. Drugs 9:57-64

Stulnig T, Berger M, Sigmund T, Raderstorff D, Stockinger H, Waldhausl W. 1998. Polyunsaturated
fatty acids inhibit T cell signal transduction by modification of detergent-soluble membrane domains.
7. Cell Biol. 143:637-44

Stulnig TM, Huber ], Leitinger N, Imre E-M, Angelisoval P, et al. 2001. Polyunsaturated eicosapen-
taenoic acid displaces proteins from membrane rafts by altering raft lipid composition. 7. Biol. Chem.
276:37335-40

Suh M, Wierzbicki AA, Clandinin MT. 1994. Dietary fat alters membrane composition in rod outer
segments in normal and diabetic rats: impact on content of very long chain (C greater than or equal to
24) polyenoic fatty acids. Biochim. Biophys. Acta 1214:54-62

Suh M, Wierzbicki AA, Lien EL, Clandinin M'T'. 2000. Dietary 20:4n-6 and 22:6n-3 modulates the profile
of long- and very-long-chain fatty acids, rhodopsin content, and kinetics in developing photoreceptor
cells. Pediatr: Res. 48:524-30

Yaqoob



Annu. Rev. Nutr. 2009.29:257-282. Downloaded from www.annualreviews.org
by RENSSELAER POLY TECHNIC INSTITUTE on 01/04/12. For persona use only.

152.

153.

154.

155.

156.

157.

158.

159.

160.

161.

162.

163.

164.

165.

166.

167.

168.

169.

170.

171.

172.

173.

Switzer KC, Fan YY, Wang NY, McMurray DN, Chapkin RS. 2004. Dietary n-3 polyunsaturated
fatty acids promote activation-induced cell death in Th1-polarized murine CD4+ T cells. 7. Lipid Res.
45:1482-92

Székely A, Kitajka K, Panyi G, Marian T, Gaspar R, Krasznai Z. 2007. Nutrition and immune system:
Certain fatty acids differently modify membrane composition and consequently kinetics of K(V)1.3
channels of human peripheral lymphocytes. Iimmunobiology 212:213-27

Tagami S, Inokuchi JJ, Kabayama K, Yoshimura H, Kitamura F, etal. 2002. Ganglioside GM3 participates
in the pathological conditions of insulin resistance. 7. Biol. Chem. 277:3085-92

Takahashi S, Mendelsohn ME. 2003. Calmodulin-dependent and -independent activation of endothelial
nitric-oxide synthase by heat shock protein 90. 7. Biol. Chem. 278:879-86

Thies F, Miles EA, Nebe-von-Caron G, Powell JR, Hurst TL, et al. 2001. Influence of dietary supple-
mentation with long-chain n-3 or n-6 polyunsaturated fatty acids on blood inflammatory cell populations
and functions and on plasma soluble adhesion molecules in healthy adults. Lipids 36:1183-93

Thies F, Nebe-von-Caron G, Powell JR, Yaqoob P, Newsholme EA, Calder PC. 2001. Dietary supple-
mentation with g-linolenic acid or fish oil decreases T lymphocyte proliferation in healthy older humans.
7 Nutr. 131:1918-27

Thies F, Nebe-von-Caron G, Powell JR, Yaqoob P, Newsholme EA, Calder PC. 2001. Dietary supple-
mentation with eicosapentaenoic acid, but not with other long-chain n-3 or n-6 polyunsaturated fatty
acids, decreases natural killer cell activity in healthy subjects aged >55y. Am. 7. Clin. Nutr. 73:539-48
Toborek M, Lee YW, Garrido R, Kaiser S, Hennig B. 2002. Unsaturated fatty acids selectively induce
an inflammatory environment in human endothelial cells. Amz. 7. Clin. Nutr: 75:119-25

Vaidyanathan VV, Rao KVR, Sastry PS. 1994. Regulation of diacyglycerol kinase in rat brain membranes
by docosahexaenoic acid. Newurosci. Lett. 179:171-74

van de Rest O, Geleijnse JM, Kok FJ, van Staveren WA, Dullemeijer C, et al. 2008. Effect of fish oil on
cognitive performance in older subjects—a randomized, controlled trial. Neurology 71:430-38

van Haperen R, de Waard M, van deel E, Mees B, Kutryk M, et al. 2002. Reduction of blood pressure,
plasma cholesterol and atherosclerosis by elevated endothelial nitric oxide. 7. Biol. Chem. 277:48803-7
Vreugdenhil M, Bruehl C, Voskuyl RA, Kang JX, Leaf A, Waldman WJ. 1996. Polyunsaturated fatty
acids modulate sodium and calcium currents in CAl neurons. Proc. Natl. Acad. Sci. USA 93:12559-63
Wang L, Reiterer G, Toborek M, Hennig B. 2008. Changing ratios of omega-6 to omega-3 fatty acids
can differentially modulate polychlorinated biphenyl toxicity in endothelial cells. Chemz. Biol. Interact.
172:27-38

Weatherill AR, Lee JY, Zhao L, Lemay DG, Young HS, Hwang DH. 2005. Saturated and polyunsaturated
fatty acids reciprocally modulate dendritic cell functions mediated through TLR4. 7. Imunol. 174:5390—
97

‘Webb Y, Hermida-Matsumoto L, Resh MD. 2000. Inhibition of protein palmitoylation, raft localization
and T cell signaling by 2-bromopalmitate and polyunsaturated fatty acids. 7. Biol. Chem. 275:261-70
Werlen G, Hausmann B, Palmer E. 2000. A motif in the alpha-beta T cell receptor controls positive
selection by modulating ERK activity. Nature 406:422-26

Xu'Y, Buikema H, van Gilst WH, Henning RH. 2008. Caveolae and endothelial dysfunction: filling the
caves in cardiovascular disease. Eur: . Pharmacol. 585:256-60

Yamashita T, Hashiramoto A, Haluzik M, Mizukami H, Beck S, et al. 2003. Enhanced insulin sensitivity
in mice lacking ganglioside GM3. Proc. Natl. Acad. Sci. USA 100:3445-49

Yaqoob P. 2003. Lipids and the immune response—from molecular mechanisms to clinical applications.
Curr. Opin. Clin. Nutr. Metab. Care 6:133-50

Yaqoob P, Calder PC. 2007. Lipid rafts—composition, characterization, and controversies. 7. Nutr
137:548-53

Yaqoob P, Pala HS, Cortina-Borja M, Newsholme EA, Calder PC. 2000. Encapsulated fish oil en-
riched in a-tocopherol alters plasma phospholipid and mononuclear cell fatty acid compositions but not
mononuclear cell function. Eur: 7. Clin. Nutr: 30:260-74

Zeidan YH, Hannun YA. 2007. Translational aspects of sphingolipid metabolism. Tiends Molec. Med.
13:327-36

www.annualreviews.org o Nutrition and Lipid Rafts

281



Annu. Rev. Nutr. 2009.29:257-282. Downloaded from www.annualreviews.org
by RENSSELAER POLY TECHNIC INSTITUTE on 01/04/12. For persona use only.

282

174.

175.

176.

177.

178.

Zeyda M. Staffler G, Horejsi V, Waldhaus] W. 2002. LAT displacement from lipid rafts as a molecular
mechanism for the inhibition of T cell signaling by polyunsaturated fatty acids. 7. Biol. Chem. 277:28418—
23

Zeyda M, Szekeres AB, Saemann MD, Geyregger R, Stockinger H, et al. 2003. Suppression of T cell
signaling by polyunsaturated fatty acids: selectivity in inhibition of mitogen-activated protein kinase and
nuclear factor activation. 7. Immunol. 170:6033-39

Zhao H, Przybylska M, Wu I-H, Zhang J, Siegel C, et al. 2007. Inhibiting glycosphingolipid synthesis
improves glycemic control and insulin sensitivity in animal models of type 2 diabetes. Diabetes 56:1210-18
Zimmer L, Dellion-Vancassel S, Durand G, Guilloteau D, Bodard S, et al. 2000. Modification of
dopamine neurotransmission in the nucleus accumbens of rats deficient in n-3 PUFA. 7. Lipid Res.
41:32-40

Zlatkine P, Mehul B, Magee Al 1997. Retargeting of cytosolic proteins to the plasma membrane by the
Lck protein tyrosine kinase dual acylation motif. 7. Cell Sci. 110:673-79

Yaqoob



Annu. Rev. Nutr. 2009.29:257-282. Downloaded from www.annualreviews.org
by RENSSELAER POLY TECHNIC INSTITUTE on 01/04/12. For personal use only.

Contents

From Tryptophan to Hydroxytryptophan: Reflections on a Busy Life
Hans Fisher ... .. ... . 1

Dietary Protein, Weight Loss, and Weight Maintenance
ML.S. Westerterp-Plantenga, A. Niewwenhuizen, D. Tomé, S. Soenen,

and KR, WESterterp ..........ooi i 21
Is There Glucose Production Outside of the Liver and Kidney?
Stephen F. Previs, Daniel Z. Brunengraber, and Henri Brunengraber .................... 43

Use of Phosphatide Precursors to Promote Synaptogenesis
Richard . Wurtman, Mebmet Cansev, H. Ismail Ulus, and Toshimasa Sakamoto .. ... .. 59

Roles for Vitamin K Beyond Coagulation
Sarab L. Booth ... 89

Vitamin D Gene Pathway Polymorphisms and Risk of Colorectal,
Breast, and Prostate Cancer
Marjorie L. McCullough, Roberd M. Bostick, and Tinisha L. Mayo ..................... 111

Functional Significance of Zinc-Related Signaling Pathways
in Immune Cells
Hajo Haase and Lothar Rink ............. ... . . ... . i, 133

Mammalian Zinc Transporters: Nutritional and Physiologic Regulation
Louis A. Lichten and Robert J. Cousins ....................ccciiiiiiiiiiiiiiiiiinin. 153

Sialic Acid is an Essential Nutrient for Brain Development
and Cognition
Bing Wang ... 177

Management of the Metabolic Syndrome and Type 2 Diabetes
Through Lifestyle Modification
Faidon Magkos, Mary Yannakoulia, fean L. Chan, and Christos S. Mantzoros ........ 223

The Nutritional Significance of Lipids Rafts
Parveen Yaqoob .......... ... . 257

Genetic Variation and Effects on Human Eating Behavior
Mariken de Krom, Florianne Bauer, David Collier, R A.H. Adan,
and Susanme E. la Fleur ... .. . . 283

R
Annual Review of

Nutrition

Volume 29, 2009



Annu. Rev. Nutr. 2009.29:257-282. Downloaded from www.annualreviews.org
by RENSSELAER POLY TECHNIC INSTITUTE on 01/04/12. For personal use only.

vi

Is There a Fatty Acid Taste?
Richard D. Mattes ... 305

Nutritional Systems Biology: Definitions and Approaches
Gianni Panagiotou and Jens Nielsen ..........................cccciiiiiiii. 329

Navigating Between the Scylla and Charybdis of Prescribing Dietary
Protein for Chronic Kidney Diseases

Harold A. Franch and William E. Mitch .............. .. ... .. ....c.cccccicciiiiii... 341
Nonalcoholic Fatty Liver Disease and Low-Carbohydrate Diets

Linda Wasserbach York, Swathy Puthalapattu, and George Y. Wu ...................... 365
Effects of Arsenic on Maternal and Fetal Health

Marie Vabter ... ... .. .. 381
Nutrient Biofortification of Food Crops

Kendal D. Hirschi ........... ... . e 401
Indexes
Cumulative Index of Contributing Authors, Volumes 25-29 ........................... 423
Cumulative Index of Chapter Titles, Volumes 25-29 .......................oooee, 426
Errata

An online log of corrections to Annual Review of Nutrition articles may be found at
http://nutr.annualreviews.org/errata.shtml

Contents



	Annual Reviews Online
	Search Annual Reviews
	Annual Review of Nutrition
Online
	Most Downloaded Nutrition
Reviews
	Most Cited Nutrition
Reviews
	Annual Review of Nutrition
Errata
	View Current Editorial Committee

	All Articles in the Annual Review of Nutrition, Vol. 29

	From Tryptophan to Hydroxytryptophan: Reflections on a Busy Life
	Dietary Protein, Weight Loss, and Weight Maintenance
	Is There Glucose Production Outside of the Liver and Kidney?
	Use of Phosphatide Precursors to Promote Synaptogenesis
	Roles for Vitamin K Beyond Coagulation
	Vitamin D Gene Pathway Polymorphisms and Risk of Colorectal,Breast, and Prostate Cancer
	Functional Significance of Zinc-Related Signaling Pathwaysin Immune Cells
	Mammalian Zinc Transporters: Nutritional and Physiologic Regulation
	Sialic Acid is an Essential Nutrient for Brain Developmentand Cognition
	Management of the Metabolic Syndrome and Type 2 DiabetesThrough Lifestyle Modification
	The Nutritional Significance of Lipids Rafts
	Genetic Variation and Effects on Human Eating Behavior
	Is There a Fatty Acid Taste?
	Nutritional Systems Biology: Definitions and Approaches
	Navigating Between the Scylla and Charybdis of Prescribing DietaryProtein for Chronic Kidney Diseases
	Nonalcoholic Fatty Liver Disease and Low-Carbohydrate Diets
	Effects of Arsenic on Maternal and Fetal Health
	Nutrient Biofortification of Food Crops




