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Abstract
Fish oil, enriched in bioactive n-3 polyunsaturated fatty acids (PUFA), has therapeutic value for
the treatment of inflammation-associated disorders. The effects of n-3 PUFAs are pleiotropic and
complex; hence, an understanding of their cellular targets and molecular mechanisms of action
remains incomplete. Here we focus on recent data indicating n-3 PUFAs exert immunosuppressive
effects on the function of effector and regulatory CD4+ T cells. In addition, we also present
emerging evidence that n-3 PUFAs have immunomodulatory effects on B cells. We then focus on
one multifaceted mechanism of n-3 PUFAs, which is the alteration of the biophysical and
biochemical organization of the plasma membrane. This mechanism is central for downstream
signaling, eicosanoid production, transcriptional regulation and cytokine secretion. We highlight
recent work demonstrating n-3 PUFA acyl chains in the plasma membrane target the lateral
organization of membrane signaling assemblies (i.e. lipid rafts or signaling networks) and de novo
phospholipid biosynthesis. We conclude by proposing new functional and mechanistic questions
in this area of research that will aid in the development of fish oil as adjuvant therapy for treating
unresolved chronic inflammation.
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1. Introduction
A combination of clinical, animal, and in vitro studies suggest consumption of fish oil has
potential therapeutic use for the treatment of inflammatory and autoimmune diseases (Galli
and Calder, 2009). Some studies even suggest other naturally occurring n-3 PUFAs such as
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alpha-linolenic (ALA) or stearidonic (SDA) acid may also have clinical applications,
although far less is known about these fatty acids (Mozaffarian, 2005; Whelan, 2009). The
primary bioactive components of fish oil are the n-3 polyunsaturated fatty acids (PUFA)
eicosapentaenoic (EPA, 20:5) and docosahexaenoic (DHA, 22:6) acids. Generally, n-3
PUFAs exert suppressive effects on innate and adaptive immunity (Galli and Calder, 2009).
However, our understanding of how these complex fatty acids from fish oil impact
inflammatory processes remains incomplete.

The best-accepted pharmacological use of n-3 PUFAs is for lowering elevated triglycerides
(Davidson et al., 2007). Many clinical studies have evaluated the effects of dietary fish oil
supplements on disorders with an inflammatory component such as cardiovascular disease,
rheumatoid arthritis, and irritable bowel disease. Some of the data suggest fish oil
supplementation has benefits for atherosclerosis, asthma, colitis, and other disease states
(Galli and Calder, 2009). Current recommendations for the public are to increase dietary
intake of these fatty acids, especially for those suffering from cardiovascular diseases.
However, inconsistent results have prevented the widespread use and regulatory approval of
EPA and/or DHA in the clinic as immunosuppressants. At the clinical level, discrepancies
arise due to differences in sample demographics, dosages, length of treatment, and sources
of fish oil (e.g. menhaden, cod-liver oil, tuna oil). From a basic science perspective,
translation is limited due to an incomplete understanding of cellular targets and molecular
mechanisms of action. In this review, we focus on the direct effects of EPA and DHA on T
and B cell function through changes in one important mechanism.

2. n-3 PUFAs and CD4+ T cells
CD4+ helper T (Th) cells are essential regulators of the immune response. Upon activation,
naïve Th cells differentiate into effector cells. For example, classical Th1 and Th2 lineages
are characterized by their cytokine secretion and immunoregulatory function. Interleukin-2
(IL-2) and interferon-gamma (IFN-γ) are signature cytokines produced by Th1 cells, which
regulate cell-mediated immune response, whereas Th2 cells regulate humoral immune
response in part by secreting IL-4, IL-5, IL-10 and IL-13. Th1 cells are of pivotal
importance for the pathogenesis of inflammatory bowel diseases (Maloy and Powrie, 2011).
Furthermore, an IL-17 producing Th cell lineage activated by IL-23 was recently identified.
These cells are classified as distinct pro-inflammatory Th17 cells (Maloy and Powrie, 2011).
Hence, autoreactive Th1 cells, as well as Th17 cells, are major players in chronic
inflammatory diseases (Sanchez-Munoz et al., 2008), and inhibition of the expansion of Th1
cells can be one of the mechanisms by which anti-inflammatory agents exert their effect.

In vitro and ex vivo studies from humans and rodents have established that EPA and/or
DHA suppress the activation of CD4+ T cells in response to an activating stimulus and tip
the balance from a pro-inflammatory Th1 to an anti-inflammatory Th2 phenotype (we
acknowledge that Th1 and Th2 designation may represent some oversimplification) (Kim et
al., 2010; Monk et al., 2010; Zhang et al., 2006). Specifically, n-3 PUFAs suppress T cell
proliferation, lower activation markers (CD69, CD25), and subsequent secretion of
cytokines (i.e. IL-2) and regulate essential lipid second messengers (Fowler et al., 1993a, b;
Jolly et al., 1997; Pompos and Fritsche, 2002). The suppression of T cell activation is clearly
dependent on the type of antigen. n-3 PUFAs suppress stimulation of naïve CD4+ T cells
when activated with anti-CD3/CD28 antibodies or antigen presenting cells, but not with
concanavalin A (Chapkin et al., 2002).

With respect to the suppression of T cell signaling, the Chapkin lab has recently
demonstrated that n-3 PUFAs inhibit mitochondrial translocation to the immunological
synapse, thereby reducing Ca2+ uptake by mitochondria (Yog et al., 2010). This in turn
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limits the cytosolic Ca2+ concentration, thereby blocking the phosphatase activity of
calcineurin. Collectively, these events reduce the dephosphorylation and nuclear
translocation of NFAT and suppress the transcription of genes involved in T-cell activation
(Yog et al., 2010). Recent data show that n-3 PUFAs also exert immunosuppressive effects
on regulatory Foxp3 CD4+CD25+ T cells (Yessoufou et al., 2009). DHA treatment dose-
dependently lowered the ability of regulatory T cells to inhibit effector T cell proliferation in
cell culture and ex vivo. This study provokes the question of what impact n-3 PUFAs may
have on the function of other T cell subsets, such as Th17 cells.

3. n-3 PUFAs and B cells
B cells are generally thought of as regulators of humoral immunity. However, there is
emerging evidence that B cells also have an important role in inflammation and
autoimmunity (Hikada and Zouali, 2010; Winer et al., 2011). The effects of fish oil on B cell
function (antigen presentation, antigen stimulated activation, proliferation, antibody
production) are not well known. A few studies, which are not in agreement, demonstrate that
fish oil can modify B cell function. For instance, one study reported that JY B cells, an
immortal cell line, treated with an n-6 or an n-3 PUFA overnight decreased presentation of
antigen to alloreactive human CD8+ T cells (Shaikh and Edidin, 2007). This was highly
consistent with several in vitro studies with dendritic cells (DC) demonstrating that n-3
PUFAs inhibit stimulation of naïve CD4+ T cells (Kong et al., 2011; Zeyda et al., 2005).
One open-ended question in this area is whether n-3 PUFAs also suppress the ability of DCs
to stimulate naïve T cell in vivo.

The effects of n-3 PUFAs on B cell proliferation appear to be the opposite of those for
effector CD4+ T cells. An in vitro study demonstrated that treatment of Raji B cells, an
immortal cell type, enhanced the proliferation of this cell type (Verlengia et al., 2004). In
agreement, a very recent study from the Shaikh lab also showed that EPA and DHA
treatment, relative to controls, promoted the proliferation of EL4 cells (a murine lymphoma
line often used as a surrogate antigen presenting cell) (Rockett et al., 2011). These data
suggest the impact of n-3 PUFAs is uniquely cell type-dependent. It is likely that n-3 PUFAs
exert differential effects between immortal cell types (e.g. Raji B cells) and primary cells
that require a stimulus for growth.

The Shaikh lab reported that treatment of murine B220+ B cells with DHA, but not EPA,
suppressed IL-6 secretion in response to lipopolysaccharide (LPS) stimulation (Rockett et
al., 2010). This was consistent with aforementioned data on n-3 PUFAs and T cell activation
as well as an in vitro study in macrophages and Ba/F3 B cells in which DHA treatment
suppressed inflammatory gene expression (Wong et al., 2009). However, ex vivo
experiments in the same study revealed a high dose of a mixed fish/flaxseed oil diet
administered to C57BL/6 mice enhanced the activation of B cells in response to stimulation
with LPS (Rockett et al., 2010). Specifically, B cells isolated from the n-3 PUFA fed
animals secreted higher levels of IL-6 and IFNγ and upregulated CD69 surface expression,
relative to those fed a purified control diet. The interpretation of these results is unclear.
From one perspective, the data suggest n-3 PUFAs are promoting a pro-inflammatory
response. This would be consistent with a few studies to show that ex vivo stimulation of
select splenic macrophages with LPS enhanced TNFα secretion (Blok et al., 1996;
Petursdottir and Hardardottir, 2007). A second interpretation is that the effects could be
driven by the high dose of n-3 PUFAs used. In this study, ~5% of the total kcal came from
EPA/DHA and ~11% from ALA. These levels are well above those used in most studies and
therefore have limited physiological relevance. Finally, it is possible that n-3 PUFAs impact
B cells in a way that would enhance their activation in vivo, which could have utility for
increasing antibody production.
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A few labs have tested the effects of n-3 PUFAs on antibody production with varying
results, likely due to differences in model systems. Beli et al., reported that IgA antibody
responses to respiratory enteric orphan virus was not modified by a fish oil diet relative to
controls (Beli et al., 2008). A very recent set of experiments showed consumption of fish oil
by Balb/c mothers lowered the antibody response for pups in response to ovalbumin
(Lauritzen et al., 2011). Similarly, human B cells treated with DHA and activated with IL-4
and anti-CD40 suppressed IgE levels. In contrast, in broiler birds, n-3 PUFA diets (both fish
and flaxseed oils) enhanced the antibody response compared to an n-6 PUFA diet (Selvaraj
and Cherian, 2004).

4. Mechanisms by which n-3 PUFAs target plasma membrane molecular
organization

The mechanisms by which n-3 PUFAs modulate lymphocyte function are pleiotropic
(Shaikh and Edidin, 2006a). EPA and DHA can lower levels of arachidonic acid-derived
eicosanoids, increase production of less inflammatory n-3 PUFA derived eicosanoids and
specialized anti-inflammatory/pro-resolving mediators (e.g. resolvins, protectins), serve as
ligands for PPARγ, and disrupt cellular signaling by targeting the molecular organization of
the plasma membrane (Chapkin et al., 2009). This latter mechanism is highly relevant given
that the plasma membrane accommodates the initial entry of lipid into the cell and thereby
influences the aforementioned downstream mechanisms that converge on activation of
inflammatory genes. In particular, n-3 PUFAs can alter numerous physical properties of
membranes including compressibility, phospholipid flip-flop, acyl chain packing (i.e.
microviscosity), elasticity, and lipid domain formation (Stillwell and Wassall, 2003).
Recently, there has been an interest in elucidating how n-3 PUFAs disrupt membrane
domain organization through changes in lipid rafts and/or by targeting specific signaling
networks.

Membrane lipid rafts are defined as transient sphingolipid/cholesterol assemblies of high
molecular order that coalescence under specific circumstances in order to compartmentalize
signaling proteins (Lingwood and Simons, 2010). The raft hypothesis has remained
contentious for several reasons. One, there are contradictions in the literature as to whether
lipid rafts specifically are required to promote intracellular signals (Kenworthy, 2008).
Second, biochemical detergent extraction can create artifacts and its overuse has simplified
the concept (Heerklotz, 2002; Kenworthy, 2008; Lingwood and Simons, 2007). Third, until
recently, direct visualization of rafts has remained elusive. However, the aforementioned
issues are now being resolved using new methodologies in multiple model systems. For
instance, lipidomics and microscopy approaches, that permit the study of domains below the
diffraction limit of a microscope, are pointing to far more convincing evidence for the
formation of sphingolipid/cholesterol clusters (Eggeling et al., 2009; Simons and Gerl,
2010). Furthermore, integrating multiple model systems including cells, plasma membrane
blebs and artificial lipid vesicles, has shed light on how liquid-liquid immiscibility promotes
formation of membrane assemblies that are highly dynamic and heterogeneous (Levental et
al., 2011). Finally, the formation of sphingolipid/cholesterol domains is not limited to the
plasma membrane, but also occurs in the Golgi where proteins are sorted (Lingwood and
Simons, 2010).

Initially, simplistic studies from detergent extraction showed EPA and DHA incorporated
into detergent resistant membranes (a very crude fraction of rafts isolated from cells), which
was associated with a disruption in the recruitment of specific CD4+ T cell proteins into rafts
and ultimately a suppression in T cell activation (Stulnig et al., 2001). A major limitation of
these experiments was the use of detergent extraction that did not provide molecular details
(Heerklotz, 2002). Recently, imaging experiments have delivered more convincing data that
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n-3 PUFAs disrupt both outer and inner membrane leaflet lipid and protein lateral
organization. The Shaikh lab demonstrated with confocal and acceptor photobleaching
FRET microscopy that n-3 PUFAs, administered in vitro and in vivo, respectively disrupted
the spatial distribution of outer leaflet GM1 clustering of EL4 and B cells, which was also
associated with some changes in protein distribution (Rockett et al., 2011). Figure 1 shows
an example of n-3 PUFAs, administered through the diet of C57BL/6 mice, dramatically
disrupting lipid raft clustering and size of B cells. Similarly, the Chapkin lab used immuno-
gold electron microscopy of plasma membrane sheets with spatial point analysis to show
that DHA specifically disrupted the distribution of inner leaflet rafts of HeLa cells with no
impact on non-raft markers (Chapkin et al., 2008a).

Upon incorporation of n-3 PUFAs into rafts, these domains undergo a change in their
molecular order. Incorporation of n-3 PUFAs into the immunological synapse of CD4+ T
cells from the fat-1 transgenic mouse increased the molecular order of lipid rafts, as
measured with polarization microscopy (Kim et al., 2008). Similarly, dietary n-3 PUFAs
lowered the uptake of C16-Bodipy into splenic B cells, suggesting n-3 PUFAs may promote
an increase in membrane order upon increasing raft size (Rockett et al., 2011). The potential
effect on lipid raft size is noteworthy, because lipid rafts are small (6–14 nm in diameter) in
order to promote nanoscale protein-protein interactions at the plasma membrane (Nicolau et
al., 2006). In contrast, EPA treatment of Jurkat T cells in vitro decreased the molecular order
of lipid rafts in the synapse (Zech et al, 2009). Chapkin and co-workers have also analyzed
lipid raft formation in Laurdan labeled Jurkat T cells at the immunological synapse
following co-culture with superantigen-pulsed human Raji B cells. General polarization
values at the synapse were significantly suppressed in DHA treated T cells, as compared to
control cells, indicating a diminution of membrane order/raft formation (Kim et al., 2010).
These data suggest that malignant transformed Jurkat cell lines may be inherently different
from primary T-cells with respect to specific plasma membrane properties, and therefore
may not be a suitable model to probe fatty acid effects on lipid raft-dependent signaling.
Clearly, more work is needed in this area since it is difficult to directly compare data from in
vitro and in vivo studies in different cell types.

In parallel with a disruption in lipid molecular organization, protein distribution and thereby
signaling is also modified with n-3 PUFAs. For instance, in the immunological synapse, n-3
PUFAs displace key signaling proteins. Fan et al from the Chapkin lab demonstrated that
fish oil-derived n-3 PUFAs differentially modulate T-cell detergent resistant and soluble
membrane phospholipid fatty acyl composition, resulting in the suppression of PKCθ
colocalization into GM-1 specific lipid rafts in mitogen-stimulated murine CD4+ T-cells
(Fan et al., 2003, 2004). Kim et al further demonstrated that n-3 PUFAs down-modulated
the migration and activation status of PKCθ and PLCγ-1, as assessed by immunostaining of
pan- or phospho-proteins in fixed cells, respectively (Kim et al., 2008) (model depicting raft
induced changes in cell signaling are shown in Figure 2). These data suggest that following
the formation of an immunological synapse between CD4+ T cells and antigen presenting
cells, dietary n-3 PUFAs alter the temporal location of critical signaling proteins at the
immunological synapse by affecting the formation of lipid rafts (Figure 2).

Additional mechanistic details on how n-3 PUFAs manipulate membrane domain
organization are emerging from atomic level measurements using model membranes.
Studies in model membranes show the DHA acyl chain (EPA has not been studied) to have
unique physical properties (Mihailescu et al., 2011; Rosetti and Pastorino, 2011; Stillwell
and Wassall, 2003). Solid-state NMR and molecular dynamic simulation studies
demonstrated DHA avoids saturated acyl chains and most importantly has a very poor
affinity for cholesterol (Mihailescu et al., 2011; Shaikh et al., 2004; Soni et al., 2008).
Therefore, this fatty acid does not interact favorably with lipid rafts. The working model,
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based largely on in vitro work, is that when DHA acyl chains incorporate into ordered
domains, the domains become de-clustered, driven by the poor affinity between DHA and
cholesterol/saturated acyl chains (Shaikh et al., 2006b). As a consequence, cholesterol
should be pushed away from rafts into non-raft domains (Grimm et al., 2011). Specifically,
movement of cholesterol from rafts to non-rafts would have an effect on the ability of
proteins (i.e. TLR4, MHC I and II, TCR complex) to optimally diffuse and cluster. The
relationship between the n-3 PUFA driven de-clustering of rafts and associated proteins and
changes in raft molecular order remains unclear.

In addition to n-3 PUFAs regulating membrane structure and function based on their
biophysical properties, these fatty acids can also regulate membrane phospholipid mass
(Collison et al., 2005a). For instance, the Jolly lab has shown that changes in membrane
phospholipid mass may be a mechanism that also contributes toward the ability of n-3
PUFAs to regulate TCR signaling. Jolly and co-workers reported that glycerol-3-phosphate
acyltransferase-1 (GPAT-1) activity, within 30 min of stimulation, dramatically increased in
T cells (Collison et al., 2005b). This was significant because GPAT-1 is the initial and rate
limiting enzyme in de novo glycerophospholipid biosynthesis. The increase in GPAT-1
activity was due to direct phosphorylation and subsequent activation by PKCθ and casein
kinase II (Collison and Jolly, 2006). These observations were further supported by data
showing that T cells from GPAT-1 knockout mice had reduced IL-2 production and
subsequent proliferation which was associated with a significant reduction in
glycerophophospholipid mass while sphingomyelin mass remained unchanged (Collison et
al., 2008). This is highly relevant for two reasons. First, aged T cells fail to activate GPAT-1
(Collison et al., 2005b) and also exhibit reduced PKCθ activation. Second, DHA suppresses
PKCθ activation in young adult mouse T cells (Kim et al., 2008). These data suggest a novel
mechanism whereby n-3 PUFA can suppress TCR signaling which reduces the activation of
GPAT-1. Taken together, a decrease in de novo membrane glycerophospholipid
biosynthesis, i.e. decreased GPAT-1 activity, would reduce the supply of phospholipids for
proper membrane integrity and subsequent plasma membrane receptor function. Limited
data are available in this area but may be a common mechanism by which antigen receptors
like T and B cell receptors can be modulated.

5. Future Directions
The study of n-3 PUFAs and membrane organization is rapidly evolving. Currently, the field
needs an integrative approach that relies on multiple model systems, more sophisticated
imaging, and employment of lipidomics to address critical questions on how these fatty
acids disrupt membrane molecular organization. We present new questions below that are of
importance toward moving the field forward.

1. What are the structural and thereby functional differences between EPA and DHA?
There are very few studies that address this question. In measurements from the
Shaikh lab with EL4 cells, EPA and DHA exerted differential effects on cholera-
toxin induced raft clustering (Shaikh et al, 2009). The Wassall lab showed
cholesterol had a poor affinity for DHA compared to fatty acids with four double
bonds or less (Shaikh et al, 2006b); however, a thorough investigation with EPA
was not conducted. A combination of atomic and molecular level studies will
address how the dynamics of these fatty acids influence their interaction with
surrounding cholesterol molecules and with neighboring saturated acyl chains. We
propose integrating experiments using model membranes in parallel with in vitro
and ex vivo studies. We also propose that it would be of high relevance to compare
both EPA and DHA from fish oil with other n-3 PUFAs such as ALA and SDA.
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2. How do n-3 PUFAs impact lipid-lipid and lipid-protein clustering between cell
types? The majority of work on n-3 PUFAs and membrane domains has focused on
immune cells (primarily T cells and very recently with B cells, macrophages, etc).
However, it is unclear if the effects of n-3 PUFAs on raft organization are
generalizable to other cell types. Along these lines, Chapkin and co-workers have
demonstrated that n-3 PUFAs alter intestinal caveolae/raft lipid composition and
resident protein localization in vivo (Ma et al., 2004a, b). Therefore, it is essential
to compare the effects of differing n-3 PUFAs on lipid-lipid and lipid-protein
clustering on a combination of both immune and non-immune cell types. For
instance, how do n-3 fatty acids impact protein clusters on myotubes and what are
the downstream functional consequences?

3. What impact do n-3 PUFAs have on the plasma membrane cytoskeleton and
membrane models outside of lipid rafts? As discussed above, the mechanistic
effects of n-3 PUFAs are pleiotropic. Thus, it is essential to determine how the
bioactive components of fish oil alter the underlying actin cytoskeleton. The
cytoskeleton regulates protein lateral diffusion and formation of clusters and it is
conceivable that n-3 PUFAs may target signaling molecules by disrupting the
cytoskeleton (Suzuki, et al., 2007). Furthermore, there are emerging models to
consider with n-3 PUFA studies that are alternatives to the lipid raft model. For
instance, diffusional trapping through protein-protein interactions may be a means
by which membrane domains form (Douglass and Vale, 2005). Therefore, studying
protein diffusion in response to n-3 PUFAs is important.

4. On what timescale(s) do n-3 PUFAs disrupt membrane lipid/protein clusters and
signaling networks? To date, most studies on n-3 PUFAs and membrane
organization have not addressed the issue of timescale. Membrane clusters are
coalescing on a very rapid timescale and how this is modified is critical toward a
complete understanding of the impact of n-3 PUFAs on membrane domain
formation and stability.

5. How is endomembrane physical organization and function influenced by n-3
PUFAs? n-3 PUFA acyl chains incorporate into endomembranes (Shaikh and
Edidin, 2006c). For example, one area of importance is the impact of EPA and
DHA acyl chains in the mitochondrial membrane. Several labs have shown that
EPA and DHA can incorporate into cardiolipin; furthermore, Jolly and co-workers
have shown that n-3 PUFAs can modify cardiolipin mass (Collison et al., 2005a).
Therefore, it is plausible that remodeling of cardiolipin has an effect on
mitochondrial bioenergetics. This could explain potential benefits of n-3 PUFAs on
mitochondrial function in several model systems (Fan et al., 2011). Also,
incorporation of EPA/DHA into the Golgi membrane may have an influence on
lipid shell formation and protein trafficking. Consistent with this viewpoint, the
Chapkin lab have demonstrated that DHA selectively alters the plasma membrane
targeting of lipidated cytosolic proteins, including Ras isoforms, by modifying
membrane lipid composition (Seo et al., 2004; Chapkin et al., 2008b). Shaikh and
Edidin have also observed that DHA can suppress the forward traffic of MHC class
I molecules (Shaikh and Edidin, 2007).

6. To what extent do n-3 PUFAs modify the lipidome? A comprehensive analysis of
the lipidome (totality of lipids in the cell) in response to fish oil feeding or
treatment in vitro with specific cell types (perhaps CD4+ T cells or B cells as a
starting point) would provide a global picture of the impact of these fatty acids.
This would advance the entire field of n-3 PUFAs and this approach has the
potential to open many new doors. For instance, analysis of the lipidome with n-3
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PUFA treatment could also provide a potential link between changes in membrane
organization to changes in cellular metabolism.

7. What is the relationship between phospholipid mass and membrane domain
organization in response to n-3 PUFAs? As discussed above, the Jolly lab found
that n-3 PUFAs can increase the mass of select phospholipids in T cells (Collison et
al., 2005a). It is conceivable that changes in the delivery of select phospholipids to
the plasma membrane, or other membranes like the mitochondria, would have an
influence on lipid-lipid and lipid-protein interactions. In addition, this could impact
the generation intracellular lipid second messengers. For example, the decrease
Jolly and co-workers report in phosphatidylcholine and phosphatidylinositol in
GPAT-1 KO mice could decrease the amount of diacylglycerol produced (Collison
et. al. 2008). Furthermore, sphingomyelin mass, and ultimately ceramide
generation, remains unchanged in these mice, which could tip the balance of pro-
and anti-proliferative signaling molecules in the T cells.

6. Conclusion
We have reviewed recent evidence demonstrating that fish oil has differential effects on the
function of CD4+ T cells and B cells. Mechanistically, we focused on advances addressing
how n-3 PUFAs disrupt membrane domain organization and phospholipid metabolism in
these cell types and have emphasized new areas of investigation. Taken together, fish oil has
tremendous potential for the treatment of inflammatory diseases, perhaps by specifically
targeting the molecular organization of the plasma membrane. This mechanism is of high
importance since the plasma membrane regulates downstream signaling, eicosanoid
generation, and gene transcription.
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Figure 1. n-3 PUFAs disrupt cholera toxin induced clustering of GM1 molecules on the outer
leaflet of the B cell plasma membrane
(A) Sample images of naïve B220+ B cells isolated from a C57BL/6 mouse fed a control
diet (CD) or a diet enriched in a high dose of n-3 PUFAs. (B) Quantification of cholera toxin
induced clusters. Data are from a recent study on n-3 PUFAs and rafts by the Shaikh lab
(Rockett et al., 2011).
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Figure 2. n-3 PUFAs increase lipid raft molecular order and suppress the recruitment and
activation status of signaling proteins in the CD4+ T cell synapse
T cell activation results in an increase in lipid raft molecular order following the formation
of the T cell – antigen presenting cell dependent immunological synapse. Green circles
indicate cholesterol-enriched liquid ordered domains, which stabilize at the immunological
synapse. Red circles indicate n-3 PUFA-dependent suppression of lipid second messengers
(PIP2, DAG) and proteins (PLCγ-1, PKCθ, F-actin, NF-kB) required for T cell activation.
APC, antigen presenting cell.
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