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Abstract
Dietary fish oil, a source of polyunsaturated fatty acids (n-3 PUFA), has become increasingly
popular for antidepressant therapy, in part because about half of patients treated with conventional
antidepressants either fail to remit or discontinue therapy due to side effects. The inception of n-3
PUFA as a putative depression therapeutic may have stemmed from reports suggesting that dietary
n-3 PUFA deficiency is linked to both altered membrane PUFA content as well as clinical
depression. Several studies have examined n-3 PUFA treatment in depression, either singly or in
combination with conventional antidepressant drugs. While results have been encouraging, fish oil
treatment remains controversial. At least some of the reason for this is the lack of a defined site of
action for n-3 PUFA that would be consistent with an antidepressant effect. This review will
address this issue. While it is possible, even likely, that n-3 PUFA have multiple sites of action,
this chapter will focus on sites at which n-3 PUFA modify G protein signaling and how those sites
relate to both depression and antidepressant action. Much of the focus herein will be on
specialized membrane domains (lipid rafts) and the effects that agents modifying those rafts have
on elements of G protein signaling cascades. The relevance of specific alterations of G protein
signaling for both depression and antidepressant action will be discussed, as will the ability for n-3
PUFA to act either as an antidepressant or in concert with conventional antidepressants.

Keywords
G-protein; lipid raft; depression; antidepressant; fatty acids; fish oil

INTRODUCTION
Docosahexaenoic acid (DHA), eicosapentaenoic acid (EPA) and related n-3 PUFAs are
major constituents of neural membranes and therefore potential mediators of neuronal
signaling pathways [1]. A number of studies have addressed the possibility that dietary
PUFA is relevant to psychiatric disease, particularly depression [1, 2]. Research has focused
both on dietary deficiencies in these fatty acids contributing to pathology and the potential
for supplementation to ameliorate malaise, either alone or acting synergistically with
conventional therapies. The former is derived from longitudinal studies and the latter is very
attractive because fish oil supplementation has a very low side effect profile and likely
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includes somatic benefits. This interest is perhaps most true for depression, where dozens of
clinical trials have attempted to clarify whether fatty acids can affect disease outcome. To
date, meta-analyses of these studies have proved inconclusive, largely because of
inconsistencies between study design, particularly dosage and choice of fatty acid
compound.

The lack of clear outcome of these clinical studies and the increasing therapeutic potential of
fatty acids in other systems and disease states (e.g., cardiovascular) has lead to the
investigation of putative mechanisms of n-3 PUFA action at the cellular level. From this, a
diverse yet related collection of signaling pathways have been identified that are affected by
n-3 PUFAs. Among these, we believe one of the most prominent and relevant to depression
is the effect n-3 PUFAs have on G-protein coupled receptor (GPCR) signaling.

G-protein coupled receptors are a family of about 1, 000 transmembrane proteins that
respond to a variety of hormones and neurotransmitters as well as odorant and tastant
molecules. It is estimated that 50% of current pharmaceuticals target these receptors. Most
intriguing for the possibility of modification by PUFA is the evidence that these receptors
and their attendant signaling cascades are influenced by their distribution among membrane
microdomains. These microdomains, referred to herein as lipid rafts (Fig. 1), selectively
influence GPCR signaling, potentiating some signaling pathways and inhibiting others [3].
Fig. (2) illustrates this.

Dietary fish oil, a source of n-3 PUFA, has become increasingly popular for antidepressant
therapy in part, because about half of patients treated with conventional antidepressants fail
to remit or discontinue therapy due to side effects [4]. The inception of n-3 PUFA as a
putative depression therapy may have stemmed from reports suggesting that dietary n-3
PUFA deficiency is linked to depression [5]. A study by Frasure-Smith and colleagues [6]
showed that depressed patients had lower concentrations of total omega-3 and DHA, higher
ratios of AA to DHA and higher n-6:n-3 ratios than controls; these findings have been
confirmed by a recent meta-analysis [7]. In a small sample (n = 24), depressed subjects had
lower red blood cell (RBC) membrane levels of omega-3 fatty acids than healthy controls
and severity of depression correlated with both levels and dietary intake of omega-3 fatty
acids [8]. The omega-3 fatty acid composition of RBC membrane phospholipids, and
particularly DHA content, were significantly depleted among depressed compared with
control subjects in a similar study [9]. Note, however, that there is significant controversy as
to the effectiveness of fish oil in depression. In one study, patients with major depressive
disorder (MDD) were found to have a reduction of total omega-3 fatty acids as well as
alpha-linoleic acid (ALA) and EPA in serum cholesteryl esters compared with adults with
minor depression or healthy controls (n = 74) [10]. These same authors did not observe
increases in membrane n-3 PUFA following selective serotonin uptake inhibitor (SSRI)
antidepressant treatment.

Studies with PUFA-deficient diets showed behavioral and cognitive deficits in mice that
were reversed by addition of n-3 PUFA to their diets. Concentrations of DHA and EPA were
highest in the frontal cortex [11]. Rats deprived of n-3 PUFA for a generation showed
“depression-like” behaviors on several tests [12] and examination of the brains from these
animals showed a deficiency in brain-derived neurtrophic factor (BDNF) as well as signs of
a chronic decrease in cAMP, a product of GPCR signaling [13]. Transgenic mice with
constitutively elevated n-3 PUFA showed many of the same behavioral characteristics seen
in animals treated chronically with antidepressants [14]. Several mechanisms have been
proposed for putative antidepressant effects of n-3 PUFA. The two major hypotheses for n-3
PUFA action include anti-inflammatory properties [15] and direct interactions with
membranes (vide infra). Below we will discuss these membrane effects and their influence
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on G-protein signaling, suggesting a common mechanism between traditional
antidepressants and n-3 PUFA.

MEMBRANE FLUIDITY AND FATTY ACYLATION
Membranes are not homogeneous proteolipid sheets, but are quite structurally varied (Fig.
1). In addition to a heterogeneous distribution of protein, membrane lipids are divided into
cholesterol-rich, cytoskeletal-associated domains, commonly referred to as lipid rafts and
non-raft regions with a different lipid composition [16]. It is noteworthy that DHA,
depending upon the cell type, can comprise as much as 50% of the plasma membrane lipid.
Even in membranes where DHA is a lesser component, it appears to influence membrane
function. Whereas cholesterol-rich lipid rafts represent a highly ordered structure, DHA is
often considered the “anti-cholesterol”. Highly disordered DHA domains have been called
the antithesis of lipid raft domains as well as the ultimate non-raft membrane domain [17,
18]. Regardless of diet, membrane DHA content varies tremendously throughout the body.
The most inclusive membranes include synaptosomes, sperm, and the retinal rod outer
segment, where DHA accounts for 50 mol% of the lipid species. Supplementation however
can augment some membranes DHA content 2-10 fold [18].

Controversy exists over the site of DHA incorporation in membranes. Computational
models suggest DHA and cholesterol do not interact, but analysis of actual raft and non-raft
samples show DHA is present in both [18]. This discrepancy is likely the result of our
limitation to resolve lipid raft domains. One group proposes that most of the DHA may be
partitioning in discreet regions within rafts to avoid cholesterol interactions [19].
Computational analysis of DHA, stearic acid and cholesterol binding with rhodposin
predicts interactions with all of these, but only DHA is suggested to associate in an
arrangement that increase rhodpsin’s kinetics. This is consistent with in vitro experiments
that show DHA increases phototransduction whereas cholesterol inhibits it [20].

The idea of DHA being anti-cholesterol extends into the clinic as well where it is suggested
to benefit hypertriglyceridemia. The cardiovascular benefit of n-3 PUFAs has even lead to
an unusual move for a dietary supplement: the U.S. FDA approval of a specific blend of
omega-3-acid ethyl esters in a product called Lovaza. Given similar indications, n-3 PUFAs
are often discussed alongside statins, even though they are chemically distinct compounds.
Interestingly, however, statins are believed to worsen symptoms of depression and anxiety
whereas n-3 PUFAs alleviate them [21]. This suggests that the effects of n-3 PUFAs on the
brain may result from effects outside of cholesterol regulation and membrane fluidity.

Compared to n-3 PUFAs, the signaling disruption of statins is better understood. Statins do
not simply prevent cholesterol synthesis, but inhibit the synthesis of many cholesterol
precursors. The most significant is geranyl-geranyl pyrophosphate, a necessary lipid that
through prenylation, covalently attaches to numerous proteins to mediate membrane
association. G-proteins, especially G , are reliant on prenylation to anchor to the membrane
and therefore signal through their receptors. n-3 PUFAs on the other hand may interfere with
another lipid modification, fatty acylation. While this process may also be important in
global membrane anchoring, it is generally considered to be more instrumental in targeting
proteins to lipid raft membrane regions. Instead of a geranyl-geranyl pyrophosphate moiety,
fatty acylation usually occurs with a medium chain, saturated fatty acid such as palmitic
acid. It is unclear however, if sites of fatty acylation are completely faithful to palmitic acid,
or whether similar length fatty acids (such as DHA or EPA) can take their place. At least
one group suggests that palmitoylation of Fyn can be inhibited by DHA and EPA through
acylation with these fatty acids instead. They also showed that this swap decreased Fyn
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localization to rafts, perhaps because n-3 PUFAs are less hydrophobic than palmitic acid
[22].

If n-3 PUFAs are regulating fatty acylation in the brain, this effect may be responsible for
many of the benefits of n-3 PUFA supplementation. Synaptic proteins are heavily
palmitoylated, and changes in their acylation state are thought to be essential to proper
trafficking and function [23]. Many neuropathologies such as Huntington’s disease [24, 25]
and schizophrenia [26, 27] show alterations in protein acylation. In fact, almost all
monoamine-activated GPCRs have putative or demonstrated palmitoylation sites [28, 29].
Serotonergic receptors are among the best studied [30].

Both increases and decreases in acylation may correlate with disease because as with
phosphorylation, acylation levels may require fine-tuning. Unlike phosphorylation,
palmitoylation cannot be easily examined because fatty acids are much less antigenic and
difficult to radiolabel with strong emitters. Therefore the significance of palmitoylation in
signaling is mostly derived from mutant proteins where acylation is blocked. As a result,
acylation by other fatty acids such as n-3 PUFAs are also prevented. Fortunately advances in
mass spectroscopy and the identification of acyl-transferase proteins may soon help offer
insight into their role.

GPCRs AND FATTY ACIDS
The enormous diversity of GPCRs throughout biology justifies the current deficiencies in
our understanding of them, despite decades of research and many spectacular findings. The
range of GPCR ligands was recently expanded to include fatty acids. Long-hydrophobic
carbon chains were controversial as GPCR ligands because they were structurally very
dissimilar from most described ligands and because they could associate with the membrane
very directly.

Traditionally the focus of fatty acids and GPCRs has been on the ability of fatty acids to be
metabolized into ligands for GPCRs. This is the basis for the dueling-roles of n-6 and n-3
fatty acids, as their various metabolites are implicated in opposing biologic roles. For
example, both the n-6 archadonic acid and the n-3 eicosapentaenoic acid are metabolized
into various eicosanoids, a well studied class of GPCR ligands in the immune and
cardiovascular systems [31]. Many of the effects on inflammation are reviewed elsewhere
[32]. Pariante and colleagues have suggested that anti-inflammatory properties of n-3 PUFA
are the mediators of the observed antidepressant effects [33]. While this is possible, even
likely, we suggest multiple roles for these compounds, and focus on membrane properties
thereof.

Recently, research has also begun to focus the role of these fatty acids themselves, rather
than their metabolites, on GPCR activation. In the past decade, several previously orphaned
GPCRs have been identified as receptors for lipid messengers [34]. The first characterized,
GPR40, possesses promiscuity for many lengths and saturation of fatty acids, whereas
others, like GPR120, are more selective. Presently, it is believed that all of these receptors
are coupled to the Gαq pathway, which is described below. It has also been hypothesized
that particular fatty acids interact differently with the same receptor.

Still, the physiologic significance of these free fatty acids receptors is not well established.
The leading clue to their function is their distribution pattern in the body. Most are
expressed in at least one type of immune cell, whereas GPR41 and GPR43 are also highly
expressed in adipose tissue, GPR40 is also found in brain and pancreas tissue, and GPR120
is also found in adipose, lung, gut and brain tissues [34].
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Most physiologic characterization has been spent investigating the relationship of these
receptors in metabolic disorders. Oh and colleagues hypothesize that GPR120 plays a
significant role in both insulin resistance and inflammation. They demonstrated that n-3
PUFAs increase insulin sensitivity in obese mice only when GPR120 is present [35]. Other
efforts to study free fatty acid receptors in metabolic disorders have been reviewed [36, 37].

As an extension of this, much of the work on these receptors in the nervous system relate to
the gut-brain axis as these compounds, which are generated in the GI system, yet freely
penetrate the blood-brain barrier, have signaling properties in both brain and gut. The ability
of GPR40 and GPR120 to help mediate taste perception lead some researchers to ponder if
these are valuable targets for fighting obesity [38]. It is even possible that these receptors are
important in neurogenesis and neurodevelopment [39]. One preliminary line of evidence is
that immunostaining of newborn neurons is especially high for GPR40 versus mature
neurons [40]. Other ideas about free fatty acid receptor signaling in the brain are purely
speculative. Below, we describe many second-messenger signaling pathways that are
affected by fatty acids that may be acting in concert with these receptors.

REGULATION OF CAMP THROUGH LIPID RAFTS IN DEPRESSION
The localization of G proteins to specific membrane domains such as caveolae [41] and lipid
rafts has generated interest in these cholesterol and sphingolipid-rich detergent-resistant
membrane domains and how they affect G protein targeting and function [3]. More recent
data suggest that lipid rafts represent areas where Gαq signaling is promoted [42] and where
signaling through Gαs is inactivated [3, 43, 44]. There is a long experimental history of
agents that increase “membrane fluidity” increasing agonist- and Gαs - mediated adenylyl
cyclase. Levitski and his colleagues [45] examined this thoroughly in turkey erythrocytes
and we observed this in synaptic membranes [46]. Gαs activates adenylyl cyclase more
efficiently outside of lipid rafts and chronic treatment with antidepressants facilitates G
protein exodus from those rafts [44, 47]. Treatment of lymphocytes with DHA displaced
phospholipase D (PLD) from lipid rafts, increasing PLD activity by facilitating association
with its non-raft small G protein activator [48].

A number of studies suggest that chronic antidepressant treatment increased physical
coupling between Gαs and adenylyl cyclase. This was investigated using
immunoprecipitation of Gαs adenylyl cyclase complexes with anti- Gαs antibodies [49].
This study also provided independent verification that there was no increase in Gαs content
after antidepressant treatment. The total amount of adenylyl cyclase immunoprecipitated by
anti- Gαs increased after antidepressant treatment, consistent with the idea that
antidepressant treatment increases coupling between Gαs and adenylyl cyclase [49]. This is
consistent with the observation that chronic treatment with antidepressants results in long-
term increases in cellular cAMP [50] as illustrated in Fig. (3).

More recent data demonstrated that Gαs (and not other G proteins) became more detergent
soluble after antidepressant treatment and antidepressants have been shown to decrease Gαs
localization in lipid rafts [47, 51-53]. This has been observed after chronic treatment with
fluoxetine, desipramine, escitalopram and phenelzine. It has also been shown that some
antidepressant and some antipsychotic drugs (no antipsychotic tested affects Gαs raft
localization of Gαs -adenylyl cyclase coupling) concentrated in lipid rafts during the course
of chronic treatment [54]. Taken together, these data suggested that chronic antidepressant
treatment moved Gαs to a region of the plasma membrane where it was less complexed with
cytoskeletal elements and more available to activate adenylyl cyclase. This hypothesis is
consistent with the increased “cAMP tone” that investigators, looking at products of genes
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activated by cAMP response elements, have observed subsequent to antidepressant
treatment [50].

Note, however, that while both lipid raft disruption and chronic antidepressant treatment
increase Gαs-adenylyl cyclase coupling, antidepressant treatment is selective both in the
signaling proteins that it effects (only Gαs) and the cell types in which it works [47, 55].
HEK 293 cells show concentration of antidepressants in lipid rafts but do not show
increased Gαs-adenylyl cyclase coupling unless those HEK-293 cells are expressing type VI
adenylyl cyclase. It is noteworthy that the acute effects of cytoskeletal-disrupting drugs at
increasing the coupling between Gαs and adenylyl cyclase are also not additive with chronic
antidepressant treatment [47]. There may be an intimate relationship between Gαs, adenylyl
cyclase and microtubules in lipid rafts [56] (see Fig. 4).

Postmortem studies reveal increased lipid raft localization of Gαs in suicide victims
compared to age-matched control subjects [57], a finding consistent with an attenuation of
Gαs - adenylyl cyclase coupling. It appears that human peripheral tissue may show similar
effects. A study of about 1, 500 subjects shows that that AlF4- (Gαs) stimulated adenylyl
cyclase activity is significantly lower in platelets from depressed than from non-depressed
subjects [58]. Similarly, decreased activation of platelet PGE2-activated adenylyl cyclase
resolved, as early as one week, in those subjects showing an antidepressant response at 6
weeks [59] (Fig. 4).

As mentioned above, clinical trials of n-3 PUFA, alone or in combination with conventional
antidepressants, have had mixed results. A recent meta-analysis by Mischoulon et. al
suggests a slight advantage of n-3 PUFA over placebo, something that many conventional
antidepressants often struggle to achieve [60]. Further, recent data by Rapaport and
colleagues demonstrate a clear advantage to n-3 PUFA supplementation of SSRI therapy
[61]. This suggests the possibility that n-3 PUFA may have multiple sites and mechanisms
of action. Two possible sites or mechanisms include direct changes in lipid composition and
combination between n-3 PUFAs and palmitic acid for the acylation of lipid raft associated
proteins.

A number of authors have suggested the involvement of BDNF in both depression and
antidepressant action and Pandey and colleagues have measured both BDNF and trkB in
depression and antidepressant response [62]. trkB, the receptor for BDNF, is lipid raft
associated. N-3 PUFA treatment has been suggested to increase BDNF and the structural
changes associated with synaptic plasticity in rats [3, 63].

CONCLUSIONS
While the role of n-3 PUFA as an antidepressants continues to remain unsettled, this review
has suggested a mechanism where their actions are consistent with those of antidepressants.
By extension, a mechanism for lowered n-3 PUFA playing a role in depression is also
insinuated. Curiously, the observations that n-3 PUFA might potentiate SSRI action have
also been lent credence to a potential role for n-3 PUFAs in depression sincee modification
of G protein acylation would provide an independent site of action for fish oil, both in
modifying antidepressants and in modifying G protein signaling (hence neurotransmitter
responsiveness). The information provided in this review, both data and speculation,
confirm the importance of continued investigation into the role of fish oil, both as a
modulator of G protein signaling and as a therapeutic partner for depression.
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ABBREVIATIONS

AA Arachidonic acid

ALA Alpha-linoleic acid

BDNF Brain-derived neurtrophic factor

cAMP Cyclic adenosine monophosphate

DHA Docosahexaenoic acid

EPA Eicosapentaenoic acid

GPCR G-protein coupled receptor

MDD Major depressive disorder

PLD Phospholipase D

n-3 PUFA n-3 Polyunsaturated fatty acids

RBC Red blood cells

SSRI Selective serotonin uptake inhibitor
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Fig. (1). Lipid rafts and caveolae
Sphignolipid acyl chains are more tightly packed in rafts. Cholesterol also inserts here,
creating a highly-ordered environment that “floats” in a less-ordered, loosely packed,
phospholipid sea. Caveolae add the transmembrane protein caveolin to the specialized lipid
domains and this helps create the depicted invaginations.
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Fig. (2). Organization of signaling components into lipid rafts and caveolae
Both caveolae and non-caveolae, planar, rafts recruit or segregate proteins to enhance or
dampen signal transduction (From Allen et.al, 2007). On the left, all membrane components
of a single signaling cascade are included within the same raft, augmenting signaling. On the
right, the GPCR is shown within the raft while the G protein and effector enzyme are in non-
raft domains. This would dampen signaling. Reprinted from [3] with permission of the
publisher.
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Fig. (3). Long-term_increases in cAMP and P-CREB accompany antidepressant treatment
Chronic, but not acute, antidepressant treatment enhances cAMP signaling by increasing
Gαs-adenylyl cyclase coupling. Likewise, n-3 PUFAs also increase BDNF, a neurotropic
factor increased with CREB phosphorylation, perhaps through enhancement of G-protein
signaling. Modified from [50].
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Fig. (4). GPCR signaling is altered by n-3 PUFAs: possible sites of action
Fatty acids, including n-3 PUFAs, influence GPCR signaling by activating GPCRs,
interfering with G-protein localization, due either to altered raft properties or altered
acylation. N-3 PUFA may also alter membrane fluidity.
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