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Introduction

The history of fatty acids

Summary

n-3 Polyunsaturated fatty acids (PUFAs) are recognized as having an anti-
inflammatory effect, which is initiated and propagated via a number of mech-
anisms involving the cells of the immune system. These include: eicosanoid
profiles, membrane fluidity and lipid rafts, signal transduction, gene exp-
ression and antigen presentation. The wide-range of mechanisms of action of
n-3 PUFAs offer a number of potential therapeutic tools with which to treat
inflammatory diseases. In this review we discuss the molecular, animal model
and clinical evidence for manipulation of the immune profile by n-3 PUFAs
with respect to inflammatory bowel disease. In addition to providing a poten-
tial therapy for inflammatory bowel disease there is also recent evidence that
abnormalities in fatty acid profiles, both in the plasma phospholipid mem-
brane and in perinodal adipose tissue, may be a key component in the multi-
factorial aetiology of inflammatory bowel disease. Such abnormalities are
likely to be the result of a genetic susceptibility to the changing ratios of
n-3 : n-6 fatty acids in the western diet. Evidence that the fatty acid compo-
nents of perinodal adipose are fuelling the pro- or anti-inflammatory bias of
the immune response is also reviewed.

Keywords: immune response, inflammatory bowel disease, polyunsaturated
fatty acids

kind was related to atheroma [1]. Danish scientists Bang &
Dyerberg attributed the paucity of ischaemic heart disease in
the Greenland Eskimos to their marine diet [2]. Low inci-
dences of heart disease in Japan and in Norway during the

Over the years, fat has played a much-maligned role as an
unhealthy component of our diet. It is only recently, with the
growing realization that there are many different forms of
fat, that it has been deemed conceivable that they have a
range of differing biological properties and physiological
effects. The first advances in the understanding of the differ-
ing properties of fats were made in the field of cardiovascular
medicine. Evans & Burr, in the United States, had discovered
the essential fatty acids as early as 1929. In 1937 the British
physiologist Hugh Sinclair, having visited Evans, suggested
that a deficiency in some fatty acids might account for the
rise in western diseases, such as ischaemic heart disease. In
1944 he visited the Greenland Eskimos and noted their sig-
nificantly lower incidence of heart disease and other inflam-
matory diseases. His letter to the Lancet in 1956, entitled
‘Deficiency of essential fatty acids and atherosclerosis etcet-
era, challenged the long-held belief that dietary fat of any

German invasion, when fish consumption increased signifi-
cantly, mirror these findings. Among other inflammatory
diseases noted to have a low incidence in populations con-
suming a marine diet high in omega-3 fatty acids is inflam-
matory bowel disease [3]. In Japan, the gradual replacement
of a traditional diet high in fish-based n-3 PUFAs and
increasing dietary consumption of n6 PUFAs in meat has
been linked with the increasing incidence of Crohn’s disease
[4].

Where do polyunsaturated fatty acids come from?

In western man, diet normally supplies adequate amounts of
saturated fatty acids but cell membranes also require unsat-
urated fatty acids (that is fatty acids with carbon double
bonds) to maintain their structure, fluidity and function.
The ‘%’ or ‘omega’ number of the fatty acid nomenclature
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Fig. 1. The metabolic pathways of omega-3 and omega-6 fatty acids.

refers to the number of double bonds. A mechanism exists
for the insertion of double bonds called desaturation. Plants
possess enzyme A9-desaturase (E.C. 1:14-99-5) which catal-
yses this reaction and enables them to insert double bonds
into oleic acid to produce linoleic acid (LA), from which
omega-6 fatty acids are derived, and alpha-linolenic acid
(ALA), from which omega-3 fatty acids are derived. Animals
lack the enzyme A9-desaturase and are therefore unable to
synthesize LA and ALA. LA and ALA must therefore be con-
sumed in the diet; hence they are called essential fatty acids.
Once consumed LA and ALA are converted by a chain of
elongation and desaturation reactions to arachidonic acid
(AA) and eicosapentaenoic acid (EPA, 20:5n-3), respec-
tively. EPA is then elongated further to form docosa-
hexaenoic acid (DHA, 22:6n-3). Many marine plants,
especially unicellular algae in phytoplankton, are capable of
carrying out the steps that yield the long-chain #-3 polyun-
saturated fatty acids EPA and DHA from ALA. It is the for-
mation of EPA and DHA by marine algae and their transfer
through the food chain to fish that accounts for the abun-
dance of 1n-3 PUFAs in some marine fish oils (Fig. 1).

What is the significance of polyunsaturated fatty acids in
the diet?

Omega-3 PUFAs in particular are essential for normal foetal
development and after birth for the biochemical develop-
ment of the brain and retina. In rhesus monkeys dietary defi-
ciency of omega-3 fatty acids during development results in
functional changes in the newborn, including diminished
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Fig. 2. Eicosanoid synthesis from arachidonic acid and EPA.

vision, abnormal electroretinographs, impaired visual
evoked potentials, polydipsia and disturbed cognition. Sim-
ilar studies in humans are limited by ethical considerations,
but these findings do raise the question of whether infant
formulas should be supplemented with omega-3 fatty acids.

It appears that it is not only the amount of essential fatty
acids in our diet that is important but also the ratio of
omega-3 to omega-6 fatty acids. The Palaeolithic diet on
which man evolved and for which our genetic profile is pro-
grammed has a ratio of omega-3 : omega-6 of 1, as does the
traditional Greek diet used in the Lyon Heart Study, which
showed significant prevention of ischaemic heart disease.
The scientific basis for this is likely to be related to the inabil-
ity of mammals to interconvert between the omega-3 and
omega-6 pathways. As their metabolisms require the same
enzymes this results in competition between the two fami-
lies. Therefore, an excess of one family can interfere with
metabolism of the other, significantly reducing its incorpo-
ration into tissue lipids.

Studies show that if omega-3 fatty acids (DHA and EPA)
are incorporated into the phospholipid membrane of cells in
higher proportions than omega-6 fatty acids (AA) the result-
ing eicosanoids released in the inflammatory cascade,
including prostaglandins class 3 and PGE3, are less proin-
flammatory than the prostaglandins classes 1 and 2, throm-
boxanes A2 and leukotrienes (especially LTB4), released by
AA if omega-6 fatty acids predominate (Fig. 2).

Ratios of polyunsaturated fatty acids in the western diet

In industrialized society the ratio of 1n-6 : n-3 is high due to
increased consumption of n-6 rich vegetable oils and
decreased consumption of n-3 rich foods such as fish. Epi-
demiological studies suggest that our intake of n-6 fatty
acids had increased from 10 g/day in the late 1970s to 15 g/
day by the 1990s. This is an increase from a balanced ratio of
1 to a ratio between 15 and 16:7 : 1. Although vegetable oils
such as palm, sunflower, rapeseed and soya-bean have a low
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n-6 :n-3 ratio the process of partial hydrogenation they
undergo for commercial use depletes the #-3 levels. Inten-
sive cereal-based livestock production results in less n-3 in
meat and the decreased use of butterfat, lard and tallow also
diminishes the amount of n-3 in our diet today. The
decreases in the amount of #-3 and increases in levels of -6
in the western diet are reflected in the levels measured in
breast milk [5].

The British Nutrition Foundation Task Force on Unsa-
turated Fatty Acids recommends a daily intake of 0-5-1-0 g of
n-3 long-chain fatty acids [6]. In an attempt to restore a
healthier ratio of fatty acids in the western diet the UK Foods
Standards Agency held an alpha linolenic workshop in 2002
to look into the possibility of feeding livestock ALA rich oils
in order to increase the population’s dietary intake. There are
concerns about the oxidative stress that can result from
increases in intake of n-3 fatty acids if they are not accom-
panied by adequate amounts of vitamin E, an antioxidant
also present in higher levels in more primitive diets.

Studies have looked at the significance of an increased
ratio of n-6 : n-3 in a variety of disease processes. In colorec-
tal cancer a ratio of less than 2-5: 1 reduces rectal cell pro-
liferation [7]. In cardiovascular disease a ratio of less that 4 :
1 produced a decrease in total mortality. A ratio of 2-3:1
suppressed inflammation in patients with rheumatoid
arthritis and a ratio of 5: 1 benefited asthma sufferers [8].
Increasing dietary n-3 fatty acids has also been shown to
decrease the incidence of malignancy in experimental animal
with mammary, pancreatic, prostatic and gastrointestinal
neoplasms [9-12].

Links between lipids and immune system

Abnormalities of fat have been implicated in Crohn’s disease
since Crohn himself described the characteristic pathological
fat wrapping and adipose tissue hypertrophy on surgical
specimens [13-15]. As early as 1992 it was observed that
patients with inflammatory bowel disease had an abnormal
plasma phospholipid fatty acid profile [16]. Geerling et al.
showed that in patients with active and inactive Crohn’s dis-
ease there is a specific loss of omega-3 fatty acids in the
plasma phospholipids and in adipose tissue compared with
controls [17]. Kuroki et al. also showed serum concentra-
tions of total n-3 and total PUFAs to be lower in Crohn’s
patients than in a matched group of normal controls [18].
Unpublished work in this department has showed a specific
loss of n-3 PUFAs in the perinodal adipose tissue in Crohn’s
patients (work submitted, Westcott et al.). The loss of the
omega-3 fatty acids which increases the n-6:n-3 ratio,
would lead to a predominance of proinflammatory
eicosanoids. These observations suggest a specific link
between PUFAs, the immune system and pathogenesis of
this disease. However, a lower than normal n-6:n-3 fatty
acid ratio is seen in peripheral blood mononuclear cells
(PBMCs) in patients with Crohn’s disease, suggesting that

there may also be changes in the cellular uptake and metab-
olism of fatty acid in cells of the immune system [19].

The relevance of the loss in unsaturated fats being demon-
strable in the perinodal adipose tissues is of particular inter-
est as the perinodal fat is usually incorporated into the
lymphoid cells of the lymph node (as discussed below).
However, the correlation between the 7-6 : n-3 ratio inside
the lymph node in the perinodal adipocytes is lost in Crohn’s
disease, with the -6 : n-3 ratio being higher then normal in
the perinodal adipocytes (probably as a result of the loss of
n-3) but lower than normal in the cells of the lymph node.
(work submitted, Westcott et al.) Changes in fatty acid stor-
age in adipose tissue and uptake and metabolism of fatty
acids in immune cells may contribute as much as changes in
dietary fatty acids to the immunological changes in Crohn’s
disease. Recent evidence for this comes from the findings
that dietary fish oil supplementation in Crohn’s disease
patients results in lower production of the key inflammatory
mediators, prostaglandin E2 (PGE2) and interferon (IFN)-
gamma by blood mononuclear cells [20]. The contribution
of multiple factors to the immunological changes in Crohn’s
disease may be the basis for some of the equivocal results in
studies using fatty acids to treat Crohn’s disease in which the
dietary component alone is changed.

The observation that adipose tissue associated with the
heart, pericardium and large blood vessels was metabolically
active as opposed to being merely structural, as had been
thought previously, led to the investigation of adipose depos-
its at other sites [21]. In mammals adipose tissue is always
split into a few large depots and many scattered smaller ones.
Many of the smaller ones contain lymph nodes and all large
lymph nodes and their connecting ducts are embedded in
adipose tissue. It is notable that even in the leanest mammals
there are always adipose deposits around lymph nodes and
these deposits seem to be preferentially spared in starvation.
These observations led to the hypothesis that perinodal adi-
pose tissue could be participating in the immune response.

In vivo and in vitro studies showed that perinodal adipose
tissue had special properties, which enable it to interact
locally with lymphoid tissues [22]. Cultured lymphoid cells
stimulate lipolysis by up to threefold in explants of perinodal
adipose tissue, much more that in similarly treated samples
from adipose deposits elsewhere [23]. In addition, adipo-
cytes from around mesenteric, omental and popliteal lymph
nodes have lower rates of spontaneous lipolysis but release
more glycerol in the presence of combinations of noradren-
alin, tumour necrosis factor-o. (TNF-ot) and interleukins
than adipocytes from sites in the same depot more distant
from the nodes [24]. Triacylglycerols in all perinodal adipose
tissue studied contained more polyunsaturated fats and
fewer saturated ones than those in adipose tissue remote
from nodes [25].

These observations were consistent with the hypothesis
that perinodal adipose provides an energy source for lym-
phoid cells, and hence plays a role in the relationship
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between dietary lipids and immune activity by sequestering
fatty acids for the exclusive use of the immune system. The
dendritic cells, which frequent lymph nodes and ducts and
have a major role in antigen presentation, may be mediating
this interaction, as they have been noted to acquire large
droplets of triacylglycerols [26]. This proposed relationship
between adipose tissue and the immune system might also
explain the redistribution of adipose tissue that takes place
after a long period of chronic inflammation. In Crohn’s dis-
ease, abnormalities of fat in the mesentery have long been
noted on surgical specimens as characteristic features of the
disease. The cytokine TNF-o. seems to be involved in the
unusual arrangements and accumulation of mesenteric adi-
pose tissue [14]. Interestingly, in another immune disease
HIV there are also characteristic changes in the morphology
of the adipose tissue, with enlargement in those areas asso-
ciated with lymphoid tissue and shrinkage in those that are
not. Retroviral infection is known to make dendritic cells
alter their secretion of some of the cytokines to which perin-
odal adipocytes respond [27,28].

Polyunsaturated fatty acids and inflammatory bowel
disease

Animal models of inflammatory bowel disease and
PUFAs

Shoda etal. investigated the therapeutic efficacy of n-3
PUFAs in rats with trinitrobenzene sulphonic acid (TNBS)-
induced colitis, a recognized model for Crohn’s disease. In
these models an elemental diet (ED) enriched with 2% n-3
rich perilla oil was compared to an ED enriched with 2% n-
6 rich safflower oil. In the #-3 oil group plasma levels of LT B4
and the ulcer index were significantly reduced compared
with those in the n-6 group. Moreover, the ulcer index and
LTB4 levels were significantly correlated. In this study, when
enrichment of the ED with ALA was compared with enrich-
ment with EPA/DHA, the former was therapeutically supe-
rior at suppressing levels of LTB4 and hence the ulcer index
[29].

Vilaseca et al. also used the TNBS rat model in two groups
treated with 4 weeks of a dietary supplement enriched with
either sunflower (n-6) or cod liver oil (n-3). Luminal
eicosanoid levels increased significantly in both groups after
intracolonic administration of TNBS. Generation of PGE2
and LTB4 peaked at day 3 and declined thereafter, whereas
TXB2 continued to increase from days 3—20 in the n-6 group.
This response was blunted in the n-3 group. Macroscopic
and histological levels of inflammatory damage were scored
at 20, 30 and 50 days. In the n-3 group the score was mark-
edly reduced after 30 days and inflammation and ulceration
were almost absent by 50 days. The study concluded that this
was due to the blunting of the TXB2 increase in the n-3
group [30]. Hirata et al. also looked at PGE2 levels in a dex-
tran sulphate sodium (DSS)-induced rat model of UC. They

Polyunsaturated fatty acids and the colon

showed a correlation between lower levels of PGE2 and more
severe colonic lesions suggesting that PGE2 might act as an
inhibitory factor against the development of inflammation
in intestinal mucosa [31]. Empey et al. provided further
evidence for a protective effect of n-3 PUFAs, judged on a
macroscopic and histological basis in rats with 4% acetic
acid-induced mild colitis [32].

In the most recent study, rats were fed a diet rich in either
n-3 or n-6 fatty acid for 12 days before enteritis was induced
using TNBS. Histologically, the mucosal changes were sig-
nificantly more severe in the rats that had been fed the n-6
diet than those that had been fed the #-3 diet. Serum IL-6
levels were significantly higher in the 1-6 group than the n-
3 group suggesting that a possible mechanism for suppres-
sion of mucosal inflammation could be blockage of mucosal
IL-6 secretion. Interestingly, there were no differences in
TNF-o. levels between the two groups [33].

Despite the seemingly promising therapeutic efficacy of n-
3 PUFAs in animal models of induced colitis other authors
have queried the wisdom of extrapolating results directly
from animals to humans in view of the potential physiolog-
ical and pathological differences that exist between animal
models and the human form of the disease.

Nutritional studies

The deficiency of omega-3 fatty acids in patients with
Crohn’s disease suggests that there is therapeutic potential to
modulate the immune response by increasing the n-3 : n-6
ratio. Further rationale for the use of n-3 fatty acids lies in
the anti-inflammatory properties of the eicosanoids that are
derived from them. It was the use of elemental feeds as a sup-
portive treatment for Crohn’s disease that focused attention
on the potential therapeutic significance of fat. Meta-analy-
ses showed a remission rate of 60% with enteral feeds used
on an intention to treat basis [34]. More recently there has
been controversy regarding the efficacy of enteral therapy for
inflammatory bowel disease in adults and the rates quoted in
the meta-analysis questioned. In contrast, there is firm evi-
dence to support the use of enteral feeding as primary ther-
apy for Crohn’s disease in children [35]. There are problems
inherent to enteral therapy such as palatability, compliance,
aspiration, non-absorption and limited data on its mode of
action. However, even in adults they have a useful, steroid-
sparing effect. Currently, enteral therapy is not used
routinely as the primary treatment except in paediatric pop-
ulations and specific adult subgroups. There is currently no
evidence to support the use of enteral nutrition in ulcerative
colitis.

It has now been established that the type and amount of
fat in enteral feed is relevant to their efficacy [36]. Initially it
was hypothesized that it was the absence of whole proteins,
and therefore the decreased antigenic load, in elemental
feeds that was responsible for inducing remission but subse-
quent studies showed that polymeric feeds in which nitrogen
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is presented as undigested protein, and in which fat provided
30-35% of the calories were equally effective [34]. Subse-
quent trials showed that increasing levels of long chain trig-
lycerides (LCTs) had a detrimental effect whereas no obvious
deleterious effects were seem with medium chain triglycer-
ides (MCTs). Bamba et al. demonstrated that qualitatively
among LCTs, high levels of the n-6 PUFA have a worse effect
than high oleic acid levels. This result has, however, not been
reproduced consistently [37].

Ikehata et al. looked at the effects of immunonutrition on
the cellular mediators of intestinal inflammation. They sup-
plemented the parenteral nutrition in 10 patients with active
Crohn’s disease with an infusion of the #-3 fatty acid eicos-
apentaenoic acid (EPA) for 2 weeks. They isolated polymor-
phonuclear leucocytes (PMNLs), from the patients’ blood,
before and after the treatment, and measured the amount of
leukotriene B4 (LTB4) and leukotriene B5 (LTB5) they pro-
duced. They showed LTBS5 levels to be significantly lower in
the patients with Crohn’s disease than in healthy control sub-
jects but the level of LTB5 and the ratio of LTB5:LTB4
increased significantly after supplementation with EPA. This
trial did not, however, correlate their cellular findings with
clinical improvement in the disease [38].

Clinical trials

Epidemiological observations of the incidence of inflamma-
tory bowel disease and the significance of fat in the formu-
lation of elemental feeds seen to induce remission in Crohn’s
disease led to a number of trials to study the apparently anti-
inflammatory effects of n-3 PUFAs as a putative treatment in
inflammatory bowel disease. The abnormal plasma phos-
pholipid fatty acid profile changes noted in inflammatory
bowel disease strengthened the rationale for using n-3
PUFAs as a treatment. In addition, changes in the
eicosanoids derived from plasma phospholipids have been
noted in inflammatory bowel disease. For example, one of
the most inflammatory arachidonic acid metabolites leukot-
riene B4 (LTB4) is elevated in inflamed intestinal mucosa
[39]. Another AA metabolite, thromboxane A2 (TXA2), is
released as an early change even in uninflamed tissue in
inflammatory bowel disease [40]. n-3 PUFAs also inhibit
interleukin (IL)-1B, TNF production and act as free radical
scavengers [41,42].

The conflicting results from the trials have been ascribed
to a number of causes, the main ones being patient selection,
influence of concomitant therapy, choice of placebo, patient
compliance and differences in study design. In general, the
increased compliance associated with new formulations of
fish oils that have less unpleasant side effects offer a poten-
tially useful therapeutic modality for the management of
inflammatory bowel disease. Therapeutic strategies that pre-
vent recurrence would be of particular benefit, as endoscopic
follow-up of patients who have had resections of ileal
Crohn’s disease show a postoperative recurrence rate of 73%

within 1 year and 85% within 3 years. Half the patients
followed-up in a 10-year postoperative period will require
further surgical intervention [43].

Putative mechanisms for the immunomodulatory
effects of n-3 PUFAs

Despite some conflicting evidence on the effects of n-3
PUFAs on the immune system there is still a strong body of
evidence to suggest an immunomodulatory role for them. To
this end a great deal of work has been conducted recently in
an attempt to elucidate a mechanism by which they may be
exerting their effects. There are six main avenues of current
research investigating a potential mechanism of immuno-
modulatory mechanism.

Modulation by eicosanoids

The production of cytokines and nitric oxide is regulated by
eicosanoids, therefore it has been suggested that an alteration
in the amount or type of eicosanoid could provide some
explanation of the effects of n-3 PUFAs (Fig. 3).

The eicosanoids derived from AA are more proinflamma-
tory than those derived from EPA or DHA. In addition,
dietary supplementation in human and animal studies with
FO results in a decrease in membrane levels of AA [58,59] (as
they are replaced with the n-3 PUFA) and an associated
decrease in its capacity to produce AA-derived eicosanoids,
as a result of competitive inhibition of oxygenation of AA
[60,61]. There is a consequent increase in the level of EPA-
derived eicosanoids and as a result there are significant
effects on processes such as platelet aggregation, vasocon-
striction, neutrophil function, inflammation and immunity
[62].

The main source of eicosanoids is macrophages, but it
appears that their production can be modulated not only by
their anatomical site and the nature of their stimulus, but

Arachidonic acid
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Fig. 3. Immunomodulatory effects of eicosanoids.
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also by the presence of lymphocytes. As well as being the
main source of eicosanoids immune cells are also subject to
their regulatory effects. The most studied of these is PGE2. T
lymphocytes have receptors for PGE1 and PGE2 and these
PGs suppress T lymphocyte proliferation, T cell-mediated
toxicity, IL-2 production and natural killer (NK) cell activity
in vitro [63,64]. B cells also have PGE2 receptors and PGE2
can modulate antibody production. PGs also inhibit produc-
tion of IL-1 and TNF by macrophages [65]. NK cell activity
is enhanced by LTB4, which can also enhance IFN-y produc-
tion by lymphocytes [66,67]. There is new evidence that
prostaglandins also regulate chemokine receptor expression,
migration and apoptosis of dendritic cells [68]. Eicosanoids
clearly have a direct effect on the function of immune cells
and as they themselves can be modulated by n-3 PUFAs, this
provides a putative mechanism for their effects.

n-3 PUFAs, membrane fluidity and lipid rafts

Fatty acids have important structural roles in the membrane.
The composition of cell membranes is usually characteristic
for the cell type. Stimulation of lymphocytes is accompanied
by an almost immediate de novo synthesis and turnover of
membrane phospholipids. If there is an increase in the pro-
portion of unsaturated fatty acids in the membrane its flu-
idity increases. Dietary supplementation with n-3 fatty acids
produced a sustained increase in membrane fluidity, even
after withdrawal of the supplementation, in human erythro-
cyte membranes [69]. Other studies have supported this
finding [70,71].

There are also fatty acid-dependent effects on the confor-
mation of protein complexes in the membrane. A number of
membrane-bound enzymes and receptors are highly sensi-
tive to their fatty acid environment. It has recently been pro-
posed that initiation and propagation of the signalling events
taking place in immune cells occur in specialized membrane
regions called lipid rafts [72,73]. These detergent-insoluble
glycolipid domains are specialized membrane compartments
enriched in cholesterol and glycolipids. They also contain
signalling molecules, suggesting that they may act as plat-
forms for multi-component transduction complexes. On
receptor binding, immune receptors become raft-associated
and additional components of the signalling pathways are
recruited to rafts in order to form signalling complexes.
Entry of immune receptors may be responsible for regula-
tion of cell activation and raft integrity certainly seems to be
crucial to the initiation and maintenance of intracellular
signals.

In vitro evidence suggests that n-3 PUFAs suppress T cell
activation by displacing acylated, signalling proteins from
rafts by altering raft lipid composition [74]. Docosa-
hexaenoic acid (DHA) causes partial disorganization of lipid
rafts in stimulated human peripheral blood mononuclear
cells, resulting in displacement of phospholipases D (PLD).
This displacement of PLD seems to be responsible for its
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activation. Activation of PLD is known to stimulate antipro-
liferative signals in lymphoid cells, which may account for
the immunosuppressive effects of DHA [75]. Dietary n-3
PUFAs have now also been shown to differentially modulate
lipid raft composition in vivo [76]. Therefore, the effects of
the fatty acid environment on lymphocyte membrane recep-
tors and enzymes, offers an alternative hypothesis for how n-
3 PUFAs might exert an effect. Lipid rafts are also known to
be sensitive to pharmacological agents, making them poten-
tial targets for immune regulation.

n-3 PUFAs and signal transduction

Lipids are involved in many intracellular signalling pathways.
Some phospholipids are acted upon by phospholipases to
generate secondary messengers, such as phosphatidylinositol
4,5-bisphosphate generating diacylglycerol and inositol-1, 4,
5-triphosphate. Others are involved in activating or stabiliz-
ing enzymes in the signalling pathways, such as phosphati-
dylserine, which is required for the activation of protein
kinase C (PKC). As all phospholipids and the secondary mes-
sengers that they generate contain fatty acyl chains it is con-
ceivable that altering the type of fatty acid may change the
properties of these molecules. There are many signal
transduction pathways in immune cells, particularly in T and
B-lymphocytes, where they amplify extracellular signals to
trigger transcriptional events in the nucleus.

EPA and DHA are capable of inhibiting PKC, and decreas-
ing generation of the relevant secondary messengers, with-
out affecting protein kinase A (PKA) [77-79]. Consistent
with the suppression of generation of secondary messengers
by n-3 PUFAs is a study showing that dietary supplementa-
tion with 14-4 g per day of FO for 10 weeks resulted in a
decrease in production of inositol-1, 4, 5-triphosphate by
human peripheral blood neutrophils stimulated with platelet
activating factor (PAF) and LTB4. Many secondary messen-
gers in immune cells utilize changes in intracellular free cal-
cium as a key step in the pathway and fatty acids can
influence these changes. Oleic, but not stearic acid, inhibited
the concanavalin A (Con-A) stimulated rise in intracellular
free calcium concentration in a CTL cell line [80]. Other
studies have suggested that the fatty acids act by blocking cal-
cium entry into the cells by having a direct effect upon recep-
tor operated calcium channels.

A novel mechanism by which fatty acids modulate signal-
ling pathways and target gene expression is the reciprocal
modulation of the activation of Toll-like receptor (TLR) 4,
and its down-stream signalling pathways, by saturated and
unsaturated fatty acids [81,82]. Unsaturated fatty acids
suppress the NF [kappa] B activation & cyclo-oxygenase
(COX)-2 expression that can be induced by a TLR-2 agonist
in macrophages. In contrast, saturated fatty acids potentiate
TLR-2 agonist-induced NF [kappa] B activation and COX-2
expression in macrophages [83]. COX-2 expression is unde-
tectable in normal intestine but it is induced in apical epi-
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thelial cells of inflamed foci in inflammatory bowel disease
[84]. The mucosal inflammation in inflammatory bowel dis-
ease is a consequence of the inflammatory response to micro-
biota in the bowel and TLRs provide the route by which
recognition of the bacteria occurs. The differential modula-
tion of TLRs by different types of dietary fatty acid could have
profound implications for the role of dietary fats in modu-
lation of the immune and inflammatory responses induced
by activation of TLRs in the intestine. Manipulation of the
composition of dietary fat could modulate not only TLR acti-
vation but also signalling paths downstream of TLRs, target
gene expression and the consequent cellular responses.

n-3 PUFAs and gene expression

Fatty acids also affect the expression of genes for proteins
involved in hepatic fatty acid and lipoprotein metabolism.
They may act by covalent modification, redox state or pro-
teolytic modification or through binding of an activating
ligand by the transcription factor in the same fashion as ste-
roid hormones. Alternatively, they may act by altering the
levels of other mediators, such as eicosanoids and cytokines,
which affect gene expression. Studies are currently working
on the theory that fatty acids serve as ligands for transcrip-
tion factors.

Cells of the immune system contain many transcriptional
factors which regulate a whole range of cytokines, adhesion
molecules, enzymes involved in mediator generation and
acute phase proteins, one of which is NF [kappa] B. There
has been speculation that the effects of PUFAs on the expres-
sion of cytokines and adhesion molecules are mediated via
this transcription factor. NF [kappa] B is activated by phos-
phorylation, often by PKC, and a recent study by Camandola
et al. supported this assertion by showing that AA strongly
stimulates the nuclear translocation of NK [kappa] B in the
human promonocyte line, probably through the effects of
eicosanoids on the activation of PKC [85].

Forman et al. studied the activators and ligands for the
peroxisome proliferator-activated receptor family (PPAR): a
group of key nuclear receptors involved in the regulation of
lipid homeostasis [86—89]. PPARs regulate the expression of
target genes by binding to DNA sequence elements, called
PPAR response elements. These studies showed that PGs A2,
B2, D2 and 15deoxy[DELTA] 12, 14-PGJ2 are activators of
PPAR-[alpha], [gamma] and [delta], that LTB4, 8-HETE and
12-HETE are activators of PPAR- [alpha] only and that
PGE2, PGF20 and 12 are not activators of PPAR. Later data
suggested that most eicosanoids are poor ligands for PPAR.
PUFAs themselves are activators of PPAR; in fact, they bind
directly to PPAR [alpha], [gamma] and [delta] [86,88]. EPA-
derived 8-HETE is a potent activator and ligand of PPAR and
PPAR isoforms have also been identified in lymphoid tissues
in rat spleen and lymph node, suggesting that genes within
cells of the immune system could indeed be subject to regu-
lation by PUFAs [89].

Colonic epithelial cells, which express high levels of PPAR-
gamma protein, produce inflammatory cytokines that play a
role in inflammatory bowel disease [90]. PPAR-gamma
ligands significantly interfere with the ability of colonocytes
to express the immunomodulatory cytokines implicated in
the manifestation of intestinal inflammation by attenuating
cytokine gene expression. This is thought to occur via inhi-
bition of the activation of the transcription factor, NF kap-
paB [91]. Bassaganya-Riera et al. showed a direct correlation
between clinical amelioration of dextran sodium sulphate
(DSS) and CD4"-induced colitis by CLA in mice and CLA-
induced PPAR-gamma and -delta, transcriptionally modu-
lated PPAR-gamma and -delta-responsive gene clusters
involved in lipid metabolism and epithelial cell maturation.
Loss of the PPAR gamma in the colon, by the use of specific
deletions, abrogated the beneficial effects of CLA in DSS-
induced colitis in this model. In addition, CLA repressed
TNF-alpha expression and NF [kappa] B activation while
inducing the immunoregulated cytokine transforming
growth factor beta-1 (TGF-beta-1) [92]. This work provides
molecular evidence that CLA ameliorates colitis via a PPAR-
dependent mechanism, hence supplying a potential thera-
peutic tool for the manipulation of intestinal inflammation
by the use of PPAR ligands.

n-3 PUFA modulation of antigen presenting capacity

The effects of n-3 PUFAs have been noted already. As dem-
onstrated by Hughes et al. in vivo, when healthy human vol-
unteers are given a dietary fish oil supplement for 21 days the
intensity of expression of MHC II antigen-presenting mole-
cules on peripheral blood monocytes decreases significantly,
although the percentage of monocytes expressing the mole-
cules does not change. However, when the monocytes are
stimulated with IFN-y (with the exception of HLA-DQ)
both the intensity of MHC II molecule expression and the
percentage of monocytes expressing MHC II decreases [93].
These results were reproduced, in vitro, by the same group
when they incubated human monocytes for 48 h at 37
degrees, with and without EPA and DHA. In the samples
with EPA there was a lower intensity of expression of HLA-
DR and ICAM-1 but in the DHA samples there was a higher
intensity of expression of the same molecules. Activation
with IFN-y, however, significantly lowered the expression of
HLA-DR, -DP and ICAM-1 with both EPA and DHA. Both
the in vitro and in vivo experiments therefore suggest that the
mechanism of modulation of the immune response by n-3
PUFAs might be via modulation of antigen-presenting cell
function.

The capacity of antigen-presenting cells to function effec-
tively is also supported by the apparent down-regulation of
expression of adhesion molecules, specifically ICAM-1, by n-
3 PUFAs. The theory for this being that without appropriate
adhesion molecule expression the ability of antigen bearing
cells in circulation to travel to lymphoid areas, where they
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present antigen to T lymphocytes and stimulate an immune
response, would be extremely limited.

n-3 PUFA modulation of gastrointestinal flora

The role of intestinal bacteria has long been recognized in
human colitis. Studies have shown an excess of entero-
adhesive and entero-haemorrhagic Escherichia coli in ulcer-
ative colitis and reduced levels of Bifidobacteria in patients
with Crohn’s disease [94,95]. Any effects exerted by PUFAs
on intestinal flora could therefore alter the balance of inflam-
mation in the intestine. Ringo efal. demonstrated that
dietary lipids had an effect on gastrointestinal flora, in par-
ticular, on the level of lactic acid bacteria [96]. Kankaanpaa
et al. characterized this effect, showing that high concentra-
tions of PUFAs inhibited the growth and mucus adhesion of
selected Lactobacilli, while growth and mucus adhesion of
Lactobacilli casei Shirota was promoted by low concentra-
tions of gamma-linolenic acid and arachidonic acid. They
also showed that PUFAs altered bacterial adhesion sites on
Caco-2 cells [97]. It is suggested that dietary PUFAs affect
mucosal adhesion sites for gastrointestinal bacteria by mod-
ifying the composition of the intestinal wall.

As the adhesion of gastrointestinal bacteria to the mucosa
is pivotal to the beneficial effects of probiotics, these findings
suggest that the action of probiotics in the gut could be mod-
ulated by dietary PUFAs. This effect was illustrated in gno-
tobiotic pigs, in which omega-3 PUFA administration
significantly increased the number of Lactobacilli paracasei,
adhering to jejunal mucosa [98]. This stimulatory effect of
PUFAs on lactobacilli adhesion suggests that they could be
used to enhance the effectiveness of probiotics. Amelioration
of colonic inflammation by dietary supplementation with
conjugated linoleic acid (CLA) was demonstrated by
challenging pigs fed either a soybean-supplemented or CLA-
supplemented diet with a colitis-inducing bacterial pathogen.
The group fed CLA preventatively before onset of enteric dis-
ease showed attenuated inflammatory lesion development as
evaluated by histology and immunohistochemistry. In addi-
tion cytokine profiles and lymphocyte subset distributions in
the pigs fed CLA resembled those of non-infected pigs [99].

These studies, together with others showing that human-
derived Bifidobacterium species can biosynthesize conju-
gated linoleic acid [100] and that addition of probiotic
bacteria to infant formulae can differentially influence the
infant’s plasma lipid composition [101], suggest a definite
role for the interactions between PUFAs and gastrointestinal
bacteria in the balance of inflammation in the intestine.

Conclusions

This review describes the complex interactions between lip-
ids and the immune system and explains how these might
provide an insight into the multi-factorial aetiology of
inflammatory bowel disease. It illustrates how PUFAs mod-

Polyunsaturated fatty acids and the colon

ulate a wide-range of steps on the pathway to inflammation,
from their effects on signal transduction via the protein
kinase and Toll-like receptor pathways, to their role in mod-
ulation of expression of genes for the inflammatory cytokines
implicated in colitis via the PPAR family of nuclear receptors.
The influence of dietary PUFAs on phospholipids, their
eicosanoid derivatives and the transmembrane-signalling
lipid rafts into which they are arranged provide multiple
mechanisms for dietary modulation of the balance of inflam-
matory mediators in the gut. In addition, gut mucosal
inflammation is now recognized as being determined by the
gastrointestinal microflora. We review evidence for the inter-
actions between PUFAs and bacteria and the implications for
the enhanced use of probiotics. Recognition of the multiple
mechanisms by which PUFAs exert their effects provides
potential therapeutic tools for the amelioration of colitis.

Furthermore, based on emerging evidence of abnormali-
ties of PUFA ratios in perinodal adipocytes and immune cells
in blood we have suggested a role for PUFAs as a potential
factor in the complex aetiology of inflammatory bowel
disease.
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