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ABSTRACT: The immune system is involved in host defense
against infectious agents, tumor cells, and environmental insults.
Inflammation is an important component of the early immunologic
response. Inappropriate or dysfunctional immune responses un-
derlie acute and chronic inflammatory diseases. The n-6 PUFA
arachidonic acid (AA) is the precursor of prostaglandins, leuko-
trienes, and related compounds that have important roles in in-
flammation and in the regulation of immunity. Feeding fish oil re-
sults in partial replacement of AA in cell membranes by EPA. This
leads to decreased production of AA-derived mediators, through
several mechanisms, including decreased availability of AA, com-
petition for cyclooxygenase (COX) and lipoxygenase (LOX) en-
zymes, and decreased expression of COX-2 and 5-LOX. This alone
is a potentially beneficial anti-inflammatory effect of n-3 FA. How-
ever, n-3 FA have a number of other effects that might occur down-
stream of altered eicosanoid production or might be independent
of this effect. For example, dietary fish oil results in suppressed pro-
duction of proinflammatory cytokines and can modulate adhesion
molecule expression. These effects occur at the level of altered
gene expression. Fish oil feeding has been shown to ameliorate the
symptoms of some animal models of autoimmune disease and to
protect against the effects of endotoxin. Clinical studies have re-
ported that oral fish oil supplementation has beneficial effects in
rheumatoid arthritis and among some asthmatics, supporting the
idea that the n-3 FA in fish oil are anti-inflammatory. There are in-
dications that the inclusion of fish oil in enteral and parenteral for-
mulae is beneficial to patients.
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This article will briefly describe the nature of the inflammatory
process, the role of n-6 PUFA- derived eicosanoids as mediators
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and regulators of inflammation, the effects of n-3 PUFA on
eicosanoid and inflammatory cytokine production and on adhe-
sion molecule expression, recent developments regarding n-3
PUFA and the expression of inflammatory genes, and the evi-
dence that supports the use of n-3 PUFA in a range of inflamma-
tory conditions.

INFLAMMATION IN HEALTH AND DISEASE

Inflammation is the body’s immediate response to infection
or injury. Its role is to begin the immunological process of
elimination of invading pathogens and toxins and to repair
damaged tissue. These responses must be ordered and con-
trolled. The movement of cells into the inflammatory/infected
site is induced by the upregulation of adhesion molecules
such as intercellular adhesion molecule-1 (ICAM-1), vascu-
lar cell adhesion molecule-1 (VCAM-1), and E-selection on
the surface of endothelial cells, allowing leukocyte binding
and subsequent diapedesis. The activity of leukocytes is in-
duced by certain triggers. One important exogenous trigger is
bacterial endotoxin (also known as lipopolysaccharide or
LPS), a component of the cell wall of gram-negative bacteria.
LPS can directly activate monocyte/macrophages, inducing
them to form cytokines such as tumor necrosis factor (TNF)-c,
interleukin (IL)-1, IL-6 and IL-8; eicosanoids, such as prosta-
glandin (PG)E,; nitric oxide; matrix metalloproteinases (MMP);
and other mediators. LPS also induces adhesion molecule ex-
pression on the surface of endothelial cells and leukocytes. The
cytokines produced by monocyte/macrophages also serve to
regulate the whole-body response to infection and injury (see
Fig. 3 of Ref. 1). Thus, inflammation and the inflammatory
response are part of the normal, innate immune response; in-
flammatory mediators also provide a link between the innate
and acquired immune responses (see Fig. 3 of Ref. 1). How-
ever, when inflammation occurs in an uncontrolled manner,
disease ensues. High levels of TNF-c, IL-1f3, and IL-6 are
particularly destructive. Chronic overproduction of TNF-o.
and IL-1 may cause muscle wasting and loss of bone mass.
TNF-a, IL-1, and IL-6 are implicated in causing some of the
pathologic responses that occur in endotoxic shock, in adult
respiratory distress syndrome, and in chronic inflammatory
diseases such as rheumatoid arthritis and inflammatory bowel
disease.
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FA AND EICOSANOIDS

The FA composition of inflammatory cells. The link between
FA and inflammation relates to the composition of inflamma-
tory cell membrane phospholipids. This is because the FA
composition of membrane phospholipids can influence vari-
ous membrane activities, which can, in turn, influence cellu-
lar responses (Fig. 1). For example, the physical nature of the
membrane, often referred to as fluidity, is regulated in part by
the FA composition of its constituent phospholipids (2).
Membrane fluidity affects the activity of membrane-bound
proteins including receptors, transporters, and enzymes (3);
thus, it can alter the responsiveness of inflammatory cells to a
stimulus (for a review, see Ref. 4). Intracellular signals, such
as DAG, inositol phosphates, and ceramide, are produced
from membrane phospholipids in response to a suitable cell
stimulus, and there is evidence that the ability of the phos-
pholipase enzymes to generate these signaling molecules can
be altered by the FA composition of the substrate phospho-
lipids (for references, see Ref. 5). Another group of media-
tors, the eicosanoids, are generated from FA liberated from
membrane phospholipids; the ability to produce these media-
tors is therefore strongly influenced by the FA composition of
membrane phospholipids (i.e., substrate availability) (see
below). Thus, the FA composition of inflammatory cells is im-
portant in terms of regulating the functional responses of those
cells.

Inflammatory cells typically contain a high proportion of the
n-6 PUFA arachidonic acid (AA; 20:4n-6) and low proportions
of n-3 PUFA, especially EPA (20:5n-3). The exact proportion of
AA in human inflammatory cells varies according to cell type
and the lipid fraction examined (see, for example, Refs. 6,7). In-
creased consumption of fish oil, which is rich in long-chain n-3
PUFA such as EPA and DHA (22:6n-3), results in increased pro-
portions of those FA in inflammatory cell phospholipids, partly
at the expense of AA (see, for example, Refs. 6,7).

tatty acid supply ]
Membrane
phospholipids
Membrane Signal transduction Lipid mediators
fluidity pathways

[ Inflammatory cell function ]

FIG. 1. Mechanisms by which altered FA supply could affect inflamma-
tory cell function.
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AA as an eicosanoid precursor. The principal functional
role for AA is as a substrate for synthesis of the eicosanoid
family of bioactive mediators [e.g., PG, thromboxanes (TX),
leukotrienes (LT), or hydroxyeicosatetraenoic acids (HETE);
see Fig. 4 of Ref. 1]. AA in cell membranes can be mobilized
by various phospholipase enzymes, especially phospholipase
A,, and the free AA can subsequently act as a substrate for
the enzymes that synthesize eicosanoids (Fig. 2). Metabolism
of AA by cyclooxygenase enzymes (COX) gives rise to the
2-series PG and TX (Fig. 2). There are two isoforms of COX:
COX-1 is a constitutive enzyme and COX-2 is induced in in-
flammatory cells as a result of stimulation and is responsible
for the markedly elevated production of PG that occurs upon
cellular activation. PG are formed in a cell-specific manner.
For example, upon activation monocytes and macrophages
produce large amounts of PGE, and PGF,,,, neutrophils pro-
duce moderate amounts of PGE,, and mast cells produce
PGD,. Metabolism of AA by the 5-lipoxygenase (5-LOX)
pathway gives rise to hydroxy and hydroperoxy deriva-
tives [S-HETE and 5-hydroperoxyeicosatetraenoic acid (5-
HPETE), respectively], and the 4-series LT, LTA,, B,, C,, D,
and E, (Fig. 2). 5-LOX is found in mast cells, monocytes,
macrophages, and granulocytes.

AA-derived eicosanoids and inflammation. Eicosanoids are
involved in modulating the intensity and duration of inflam-
matory responses (for reviews, see Refs. 8—10). For example,
PGE, has a number of proinflammatory effects including in-
ducing fever, increasing vascular permeability and vasodila-
tion, and enhancing pain and edema caused by other agents
such as bradykinin and histamine. PGE, also promotes IgE
production by B lymphocytes; IgE is a mediator of allergic in-
flammation. PGE, suppresses production of TNF-a, IL-1, and
IL-6, which, in these respects, is an anti-inflammatory action.
LTB, increases vascular permeability, is a vasoconstrictor, en-
hances local blood flow, is a potent chemotactic agent for
leukocytes, induces release of lysosomal enzymes, enhances
the generation of reactive oxygen species, and enhances pro-
duction of TNF-a, IL-1, and IL-6. Thus, LTB, is proinflam-
matory in nature. In inflammatory conditions, increased rates
of production of AA-derived eicosanoids occur, and elevated
levels of these eicosanoids are observed in blood and tissues
from patients with trauma, burns, and a variety of inflamma-
tory disorders (8,10). Interestingly, recent studies have shown
that PGE, inhibits 5-LOX, thereby preventing the generation
of the inflammatory 4-series LT (11). Recent studies have also
reported novel anti-inflammatory effects of certain lipoxins
generated from AA by 15-LOX (12,13). PGE, was found to
induce generation of one of these, lipoxin A, (11), indicating
that PGE, is involved in mediating the resolution of inflam-
mation through effects on the generation of other eicosanoids.

n-3 PUFA and eicosanoid production. Because signifi-
cantly increased consumption of long-chain n-3 PUFA results
in a decrease in the amount of AA in the membranes of in-
flammatory cells, there will be less substrate available for
synthesis of eicosanoids from AA. However, it is now appar-
ent that the ability of long-chain n-3 PUFA to influence pro-
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FIG. 2. Synthesis of eicosanoids from arachidonic acid and EPA. COX, cyclooxygenase; HETE, hydroxyeicosatetraenoic acid; HPETE, hydroperoxy-
eicosatetraenoic acid; LOX, lipoxygenase; LT, leukotriene; PG, prostaglandin; TX, thromboxane.

duction of eicosanoids extends beyond simply decreasing
substrate availability. For example, EPA competitively in-
hibits the oxygenation of AA by COX (14). Recent cell cul-
ture studies have demonstrated that n-3 PUFA suppress cy-
tokine-induction of COX-2 and 5-LOX gene expression
(15,16). Owing to these various actions, fish oil feeding re-
sults in a decreased capacity of inflammatory cells to synthe-
size COX- and 5-LOX-derived eicosanoids from AA (see, for
example, Refs. 7,17-20). The reduction in the generation of
AA-derived mediators that accompanies fish oil consumption
has led to the idea that fish oil is anti-inflammatory.

In addition to inhibiting the metabolism of AA, EPA is able
to act as a substrate for both COX and 5-LOX (Fig. 2), giving
rise to derivatives that differ in structure from those produced
from AA (i.e., 3-series PG and TX, and 5-series LT). Thus, the
EPA-induced suppression in the production of AA-derived
eicosanoids may be accompanied by an elevation in the produc-
tion of EPA-derived eicosanoids. This is most evident for the 5-
LOX products of EPA metabolism (7,20). The eicosanoids pro-
duced from EPA are considered to be less biologically potent
than the analogs synthesized from AA, although the full range
of biological activities of these compounds has not been investi-
gated. Additionally, n-3 PUFA have been shown to give rise to
novel anti-inflammatory eicosanoids generated via COX-2 (21).

n-3 PUFA AND INFLAMMATORY
CYTOKINE PRODUCTION

EPA and DHA can inhibit the production of IL-13 and TNF-o
by cultured monocytes (see Ref. 22), and the production of
IL-6 and IL-8 by cultured venous endothelial cells (23,24).
More recent studies have extended such findings to include
suppression of tissue factor production by n-3 PUFA (25).
Consistent with cell culture studies involving n-3 PUFA, fish
oil feeding decreased ex vivo production of TNF-o, IL-1[,
and IL-6 by rodent macrophages (26-28) and decreased cir-
culating TNF-a,, IL-1p, and IL-6 concentrations in mice in-
jected with LPS (29). Supplementation of the diet of healthy
human volunteers with fish oil providing more than 2.4 g/d

EPA plus DHA decreased production of TNF-a, IL-1, and IL-
6 by mononuclear cells (17,19,30,31). These inhibitory ef-
fects of n-3 PUFA on inflammatory cytokine production are
not those that would be predicted on the basis of antagonism
of PGE, production, suggesting some other mechanism of ac-
tion. This might be via effects on production of eicosanoids
other than PGE, or via eicosanoid-independent effects.

n-3 PUFA AND ADHESION MOLECULE EXPRESSION

Culture of murine macrophages with n-3 PUFA decreased
their ability to bind to various surfaces (32); how this effect
occurred was not investigated. Later studies showed that cul-
ture of human venous endothelial cells with EPA or DHA de-
creased cytokine- or LPS-induced surface expression of E-
selectin, ICAM-1, and VCAM-1 (23,33), and diminished the
adhesion of ligand-bearing monocytes (33,34). In another cell
culture study, EPA decreased surface expression of ICAM-1
on monocytes stimulated with interferon (IFN)-y (35). Di-
etary fish oil decreased expression of ICAM-1 on the surface
of murine macrophages (36). Supplementing the diet of
healthy humans with fish oil providing ~1.5 g/d EPA plus
DHA resulted in a lower level of expression of ICAM-1 on
the surface of blood monocytes stimulated ex vivo with IFN-y
(37). More recently, dietary fish was found to decrease circu-
lating levels of soluble VCAM-1 in elderly subjects (38), but
it is not clear whether this represents decreased surface ex-
pression of VCAM-1. If so, then this effect might be indica-
tive of decreased endothelial inflammation in vivo.

n-3 PUFA AND INFLAMMATORY GENE EXPRESSION

de Caterina et al. (23) demonstrated that the downregulation
of VCAM-1 expression on the surface of endothelial cells
caused by DHA was exerted at the level of VCAM-1 gene ex-
pression, and that this effect was independent of any effects
on eicosanoid production and on antioxidant status. This was
among the first demonstrations of an effect of n-3 PUFA on
the expression of inflammatory genes. More recently, it was
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shown that culturing bovine chondrocytes with o-linolenic
acid, EPA, or DHA dramatically decreased cytokine-medi-
ated induction of expression of the COX-2 (but not COX-1),
TNF-a, IL-10, and aggrecanase-1 and -2 genes (15). Re-
cently, this study was extended by a study using cultured ex-
plants of human osteoarthritic cartilage (16). Including o-
linolenic acid, EPA, or DHA in the culture medium markedly
decreased the cytokine-induced upregulation of expression of
the COX-2, IL-1a., IL-1B, TNF-0, 5-LOX, 5-LOX activating
protein (FLAP), MMP-3, MMP-13, and aggrecanase-1 genes
in these cells. The n-3 PUFA did not affect expression of the
COX-1, 12-LOX, or 15-LOX genes, which were not induced
by cytokines (16). Also, there was little effect of n-3 PUFA
on the expression of genes for the tissue inhibitor of metallo-
proteinase (TIMP)-1, -2, or -3, which again were not cytokine
inducible (16). These studies indicate a marked capacity of
n-3 PUFA to suppress the expression of inflammatory genes,
with little effect on the expression of housekeeping (e.g.,
COX-1) or anti-inflammatory (TIMP) genes. They also indi-
cate that an important, hitherto unrecognized contributor to
the reduction in the generation of AA-derived eicosanoids
after fish oil feeding may be decreased expression of the en-
zymes and proteins responsible (e.g., COX-2, 5-LOX,
FLAP). These observations provide exciting new understand-
ing of the anti-inflammatory effects of n-3 PUFA.

A limited number of feeding studies have demonstrated an
effect of dietary fish oil on inflammatory gene expression. Di-
etary fish oil completely abolished mRNA for TNF-a, IL-1(,

LPS

Transcription of :
\ inflammatory genes <
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and IL-6 in the kidneys of autoimmune disease-prone mice
(39). Feeding mice a fish oil-rich diet significantly decreased
the level of IL-1 mRNA in LPS-stimulated spleen lympho-
cytes (40). This study further demonstrated that the lower IL-
1B mRNA level was not due to accelerated mRNA degrada-
tion but to impaired mRNA synthesis (40). Fish oil lowered
LPS-stimulated TNF-o0 mRNA levels in murine peritoneal
macrophages (27). ICAM-1 mRNA levels were lower in peri-
toneal macrophages from mice fed fish oil (36). Thus, signifi-
cant evidence is emerging of an effect of dietary fish oil on
inflammatory gene expression.

Because eicosanoids derived from AA regulate inflamma-
tory gene expression, the effects of n-3 PUFA might come
about through antagonism of the effects of AA-derived medi-
ators. However, at least some of these effects have been
demonstrated to occur in an eicosanoid-independent manner
(see, for example Ref. 23). Recent studies indicate that n-3
PUFA exert some effects through direct actions on the intra-
cellular signaling pathways that lead to activation of one or
more transcription factors.

Nuclear factor kB (NFxB) is a transcription factor in-
volved in the induction of numerous inflammatory genes in-
cluding COX-2, ICAM-1, VCAM-1, E-selectin, TNF-a,, IL-
1B, IL-6, nitric oxide synthase, acute phase proteins, and
MMP in response to inflammatory stimuli (41-43) (Fig. 3).
NFxB exists as an inactive heterotrimer in the cytosol of rest-
ing inflammatory cells; one of the subunits is called the in-
hibitory subunit of NFxB (IkB). Upon stimulation, a signal-

S

gradation

TNF-o
IL-1p,

IL-6

MMP
COX-2
VCAM-1
Nitric oxide

FIG. 3. Outline of the pathway of upregulation of inflammatory gene expression via nuclear factor kB. CD14, clus-
ter of differentiation 14 (the LPS receptor); COX, cyclooxygenase; IkB, inhibitory subunit of NFkB; IkK, IxB kinase;
IL, interleukin; LPS, lipopolysaccharide; MMP, matrix metalloproteinases; NFkB, nuclear factor kB; RE, response
element; TLR, toll-like receptor; TNF, tumor necrosis factor; VCAM, vascular cell adhesion molecule. Figure previ-

ously published in Reference 43.
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ing cascade activates a protein complex known as IkB kinase
(IxK). Activated IkK phosphorylates IkB, causing its disso-
ciation from the rest of the inactive NFxB trimer (44,45). The
phosphorylated IkB is degraded. The remaining NFkB het-
erodimer is rapidly translocated to the nucleus where it binds
to response elements in target genes, thus regulating their
transcription. Recent studies suggest that one aspect of the
anti-inflammatory action of fish oil is decreased activation of
NFxB. For example, dietary fish oil resulted in a lower level
of NFxB in the nucleus (i.e., activated NFxB) of LPS-stimu-
lated murine spleen lymphocytes compared with feeding corn
oil (46). How n-3 PUFA decreases the activation of NFxB is
not clear. However, incubating human monocytes with EPA
decreased LPS-induced activation of NFkB, and this was as-
sociated with decreased phosphorylation of IkB (47). This
suggests an effect of n-3 PUFA on the signaling process lead-
ing to activation of IxK. Incubation of a pancreatic cell line
with TNF-a markedly upregulated degradation of IxB, and
this could be totally abolished by prior incubation of the cells
with EPA, but not with AA (48). This effect could be due to
inhibition of phosphorylation of IxB, thereby preventing it
from being targeted for degradation, or to inhibition of the
degradation process itself.

A second group of transcription factors currently eliciting
much interest because of their potential role in inflammation is
the peroxisome proliferator-activated receptors (PPAR). Al-
though PPAR« and -y play important roles in liver and adipose
tissue, respectively (49), they are also found in inflammatory
cells (50,51). PPAR act through dimerization with the retinoid-
X-receptor and subsequent regulation of gene expression. PPAR
can bind, and appear to be regulated by PUFA and eicosanoids
(52,53). Mice deficient in PPARo have a prolonged response to
inflammatory stimuli (53), leading to the suggestion that
PPAR activation might be “anti-inflammatory.” Activators of
both PPAR and -y have been shown to inhibit the induction of
a range of inflammatory genes including TNF-o, IL-1p, IL-6,
IL-8, COX-2, VCAM-1, nitric oxide synthase, MMP, and acute
phase proteins (51,54-60). Two mechanisms for the anti-inflam-
matory actions of PPAR have been proposed (for reviews, see
Refs. 61,62). The first is that PPAR stimulate the breakdown of
inflammatory eicosanoids through induction of peroxisomal 3
oxidation. The second is that PPAR might interfere with or an-
tagonize the activation of other transcription factors, including
NFkB. Expression of PPARo and -y in liver and adipose tissue,
respectively, is increased by feeding mice fish oil (63). The ef-
fect of fish oil on PPAR expression in inflammatory cells has
not been reported. However, it is possible that n-3 PUFA might
act by increasing the level of these anti-inflammatory transcrip-
tion factors in such cells.

A number of other transcription factors are activated by
inflammatory signals and play a role in the expression of in-
flammatory genes (for a review, see Ref. 64). Possibly n-3
PUFA might affect the activation of these factors, but this has
not been studied in detail. However, effects of n-3 PUFA on
signaling processes that lead to activation of various tran-
scription factors have been reported. For example, incubation
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of murine macrophages with EPA was found to decrease LPS-
induced phosphorylation and activation of mitogen-activated
protein kinase (65).

CLINICAL APPLICATIONS OF THE ANTI-
INFLAMMATORY EFFECTS OF n-3 PUFA

Chronic inflammatory diseases. Chronic inflammatory dis-
eases are characterized by a dysregulated T-cell response that
drives an ongoing immune response to normally benign, often
host, antigens. There is a genetic predisposition to such dis-
eases. The response has a strong inflammatory component,
and inflammatory mediators are responsible for damage to
host tissues and for the metabolic changes seen at the whole-
body level. Rheumatoid arthritis is an example of such a dis-
ease. It is characterized by a dysregulated T helper 1-type re-
sponse that promotes the production of inflammatory cytokines,
such as TNF-q, IL-1, IL-6, and IL-8 (66,67). High levels of
TNF-a, IL-1B, IL-6, IL-8, and granulocyte/macrophage-colony
stimulating factor (GM-CSF) are present in synovial biopsies
from patients with rheumatoid arthritis (68). Furthermore,
cultured synovial cells produce TNF-a,, IL-1j3, IL-6, IL-8, and
GM-CSF without any additional stimulus (68), suggesting
chronic stimulation. COX-2 expression is increased in the
synovium of rheumatoid arthritis patients, and in the joint tis-
sues in rat models of arthritis (69). PGE,, LTB,, 5-HETE, and
platelet activating factor are found in the synovial fluid of pa-
tients with active rheumatoid arthritis (70). The efficacy of
nonsteroidal anti-inflammatory drugs in rheumatoid arthritis
indicates the importance of proinflammatory COX pathway
products in the pathophysiology of the disease. Increased ex-
pression of E-selection, VCAM-1, and ICAM-1 is found in
patients with arthritis, and blocking ICAM-1 or VCAM-1
with antibodies reduces leukocyte infiltration into the syn-
ovium and synovial inflammation in animal models of the dis-
ease (for references, see Ref. 71).

The effects of fish oil on inflammatory eicosanoid and cy-
tokine production and on adhesion molecule expression suggest
that it might have a role in prevention and therapy of rheuma-
toid arthritis (and other chronic inflammatory diseases). Cer-
tainly, dietary fish oil has been shown to have beneficial effects
in animal models of arthritis. For example, dietary fish oil de-
layed the onset and reduced the incidence and severity of type II
collagen-induced arthritis in mice (72). It was recently reported
that both EPA and DHA suppress streptococcal cell wall-
induced arthritis in rats, but that EPA was more effective (73).

Numerous (at least 14) randomized, placebo-controlled,
double-blind studies of fish oil in rheumatoid arthritis have been
reported. These trials were reviewed in some detail elsewhere
(74,75) and are summarized briefly here. The trials used between
1 and 7.1 g/d EPA plus DHA (average dose was 3.3 g/d) with a
duration of 12-52 wk. Various improvements in clinical out-
comes were reported. These included reduced duration of morn-
ing stiffness, reduced number of tender or swollen joints, re-
duced joint pain, reduced time to fatigue, increased grip strength,
and decreased use of nonsteroidal anti-inflammatory drugs. In
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an editorial commentary discussing the use of fish oil in
rheumatoid arthritis, it was concluded that “the findings of
benefit from fish oil in rheumatoid arthritis are robust,” “that
dietary fish oil supplements in rheumatoid arthritis have treat-
ment efficacy,” and that “dietary fish oil supplements should
now be regarded as part of the standard therapy for rheuma-
toid arthritis” (76).

The efficacy of dietary fish oil has been examined in other
chronic inflammatory diseases including ulcerative colitis,
Crohn’s disease, lupus, and multiple sclerosis (reviewed in
Ref. 22). Although there are examples of trials reporting clin-
ical improvement in each of these conditions, in general,
these studies show little benefit (22). This may be because the
dose of n-3 PUFA used was too low, the duration of the stud-
ies was too short, the studies were insufficiently powered to
detect a significant effect, or a number of other reasons.

Atopic disease. There is currently considerable interest in
the relative effects of n-3 and n-6 PUFA in asthma (and other
atopic diseases). The discussions center on the roles of vari-
ous eicosanoids produced from AA in mediating allergic in-
flammation and in programming T lymphocytes to a pheno-
type that predisposes to such inflammation. AA-derived
eicosanoids such as PGD,, LTC,, D,, and E, are produced by
the cells that mediate pulmonary inflammation in asthma
(mast cells) and are believed to be the major mediators of
asthmatic bronchoconstriction. Thus, provision of n-3 PUFA
to asthmatics might be beneficial because of the resulting de-
crease in production of 4-series LT (7,20) and other AA-
derived mediators. However, the situation is complicated by
the fact that different eicosanoids have different effects, some
antagonizing others. For example, the observations that PGE,
inhibits 5-LOX (11) and promotes the generation of lipoxins
that act as inflammation “stop signals” (11-13) indicate that
PGE, could, in fact, be protective in active asthma. Thus, in-
terventions that aim to suppress PGE, production could be
counterproductive, at least in some asthmatics. Nevertheless,
numerous trials of fish oil in asthma and related atopic dis-
eases have been performed (for reviews, see Refs. 77,78).
Most of these studies reveal limited clinical effect, despite
significant biochemical changes (e.g., reduced 4-series LT
production), although some have shown some significant
clinical improvements at least in some patient groups (78).
However, a study performed by Broughton et al. (79) sug-
gests that fish oil should be used cautiously in asthmatics.
These researchers found that although n-3 PUFA ingestion re-
sulted in markedly improved lung function in >40% of adult
asthmatic subjects, some patients did not respond favorably
to the high n-3 PUFA intake (79). This study suggests that
there are patients who respond positively to fish oil interven-
tion and patients who are nonresponders.

Another area of current interest relates to the putative pre-
disposing role of PGE, toward atopic disease, particularly in
childhood. There has been a rapid increase in the prevalence
of childhood atopic disease in developed countries over the
last 30 years (80,81), and this coincides with the period of in-
crease in the intake of n-6 PUFA. Because PGE, regulates
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T-lymphocyte differentiation, promoting the development of the
T helper 2-type phenotype that underlies sensitization to envi-
ronmental allergens (82), it is suggested that the pattern of
change in dietary FA intake over the last 40 yr is responsible for
the increase in childhood atopic disease (83—85). Certainly there
are biochemical measurements suggesting an inverse relation-
ship between n-3 FA status and atopic disease. The proportions
of EPA, docosapentaenoic acid, and DHA were higher in umbil-
ical cord serum phospholipids from nonallergic compared with
allergic mothers (86). Higher n-3 PUFA in breast milk were as-
sociated with a decreased likelihood of atopy in the infants (87).
The proportions of DHA and of total n-3 PUFA were higher in
the serum phospholipids from 12- to 15-yr-old nonatopic con-
trols than in those from children with asthma and/or atopic der-
matitis (88). There is also epidemiologic evidence to support a
protective role of long-chain n-3 PUFA in atopic disease. Data
from the first and second National Health and Nutrition Surveys
in the United States found that dietary fish intake was positively
associated with lung function (89) and protected against wheez-
ing (90), respectively. Australian schoolchildren who included
oily fish in their diet had a much lower likelihood of having
asthma than children who did not consume oily fish (91).
Schoolchildren who went on to develop atopy had previously
consumed more margarine and less butter (and thus more n-6
PUFA) than those who did not develop atopy (92). Despite a bi-
ologically plausible mechanism and the supportive biochemical
and epidemiologic data, the key to demonstrating a protective
effect of increased long-chain n-3 PUFA consumption toward
atopic disease must come from well-designed, placebo-
controlled intervention studies. It is now recognized that sensiti-
zation to allergens occurs early in life (93); thus, the characteris-
tics of the maternal diet may be very important in determining
predisposition to atopy, and studies addressing this question
should be performed in pregnant women. Several such studies
are currently under way, and their findings are eagerly antici-
pated.

Systemic inflammatory response to surgery and injury. Itis
now recognized that a hyperinflammatory response, character-
ized by overproduction of TNF-o, IL-1p, IL-6, and IL-8, is im-
portant in the progression of very ill patients toward sepsis, i.e.,
markedly elevated circulating concentrations of these mediators
are seen in sepsis (see, for example, Refs. 94,95); Vervloet et al.
(96) stated that “these mediators are largely, if not completely,
responsible for the clinical signs and symptoms of the septic re-
sponse to a bacterial infection.” Enhanced production of AA-
derived eicosanoids such as PGE, is also associated with such a
pathophysiology (97,98). The inflammatory effects of infection
can be mimicked by administration of LPS, which causes an el-
evation of circulating concentrations of inflammatory cytokines
and an upregulation of adhesion molecule expression (for refer-
ences, see Ref. 43). Laboratory animals can be protected against
bacterial- and LPS-induced shock by neutralizing these cy-
tokines or by blocking or gene deletion of VCAM-1 or ICAM-1
(for references, see Ref. 43). The ability of n-3 PUFA to decrease
production of inflammatory cytokines and eicosanoids and to
decrease adhesion molecule expression suggests that fish oil
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might be a useful agent to aid the control of endotoxemia and
the so-called systemic inflammatory response syndrome (SIRS).
Fish oil feeding or infusions enhanced the survival of guinea
pigs after LPS challenge and decreased the accompanying meta-
bolic perturbations in guinea pigs and rats (for references, see
Ref. 43). Mice fed fish oil and then injected with LPS had lower
plasma TNF-o., IL-1f, and IL-6 concentrations than mice fed
safflower oil (29), whereas fish oil-containing parenteral nutri-
tion decreased serum TNF-o, IL-6, and IL-8 concentrations in
burned rats (99,100). Postsurgery patients administered par-
enteral fish oil after major abdominal surgery had lower serum
concentrations of TNF-a and IL-6 than those given a standard
lipid mix (101). In another study in postsurgical patients, par-
enteral fish oil decreased TNF-o. production by LPS-stimulated
whole blood and decreased serum IL-6 concentration compared
with the control group that was given standard parenteral nutri-
tion (102). Postoperative stay in the intensive care unit and in
hospital tended to be shorter in the fish oil group (102). These
studies indicate the potential for significant modification of the
inflammatory changes induced by major surgery by infusion of
n-3 PUFA in the form of fish oil (101,102). However, larger
studies are required to evaluate the effects on complication rates,
hospital stay, and mortality.

Numerous clinical trials (at least 20) have been performed
in intensive care or surgical patients using enteral formulae
containing n-3 PUFA. The majority of these trials used for-
mulae that also contained other nutrients proposed to be ben-
eficial such as arginine and nucleotides. Many of these trials
report beneficial outcomes, including decreased numbers of
infections and infectious or wound complications, decreased
severity of infection, decreased need for mechanical ventila-
tion, decreased progression to SIRS, and decreased length of
intensive care unit and/or total hospital stay (for a meta-analy-
sis, see Ref. 103). A number of these studies also measured
circulating inflammatory cytokine levels or ex vivo cytokine
production. These studies reported lower plasma concentra-
tions of inflammatory cytokines (especially IL-6) in patients
given n-3 PUFA-containing enteral formula pre- or post-
surgery than in those administered standard enteral nutrition
(104-107). Although this is in agreement with the effects of
n-3 PUFA reported in other settings, and could be used as ev-
idence of their efficacy in the trauma and postsurgery settings,
the complex nature of the formulae prevents such a clear in-
terpretation. The effects could be due to any one of the speci-
fied nutrients (i.e., arginine, nucleotides, n-3 PUFA) or to the
combination of these nutrients.

A trial performed in patients with moderate and severe acute
respiratory distress syndrome used an enteral formula claimed
to differ only in lipid source from the control (32% canola oil +
25% medium-chain TAG + 20% borage oil + 20% fish oil + 3%
soy lecithin vs. 97% corn oil + 3% soy lecithin) (108). However,
in addition to the difference in FA composition between the for-
mulae, the n-3 PUFA-rich formula contained more vitamin C
and E than the control and contained B-carotene, taurine, and
carnitine, whereas the control did not. The study included a
number of patients with surgical trauma, sepsis, and pneumonia;
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all patients had respiratory failure and about one third had fail-
ure of at least one other organ system. Patients were given ~7 g
EPA, 3 g DHA, 6 g y-linolenic acid, 1.1 g vitamin C, 400 1U vi-
tamin E, and 6.6 mg B-carotene daily for up to 7 d. By day 4, the
numbers of leukocytes and neutrophils in the alveolar fluid had
significantly declined in the treatment group and were lower
than in the control group. Furthermore, arterial oxygenation and
gas exchange were improved in the treatment group. Patients in
the treatment group had decreased requirement for supplemen-
tal oxygen, reduced time on ventilation support, and shorter
length of intensive care unit stay. Total length of hospital stay
also tended to be shorter. Fewer patients in the treatment group
developed new organ failure. Mortality was 19% in the control
group and 12% in the treatment group, but this was not a signifi-
cant difference. Nevertheless, this study suggests the efficacy of
n-3 PUFA (in combination with y-linolenic acid, medium-chain
TAG, antioxidant vitamins, taurine, and carnitine) in this group
of patients.

CONCLUDING STATEMENT

Inflammation is a component of a range of acute and chronic
human diseases, and is characterized by the production of in-
flammatory cytokines, AA-derived eicosanoids, other inflam-
matory mediators (e.g., platelet-activating factor), and adhe-
sion molecules. The n-3 PUFA decrease the production of in-
flammatory mediators and the expression of adhesion
molecules. They act both directly (e.g., by replacing AA as
an eicosanoid substrate and inhibiting AA metabolism) and
indirectly (e.g., by altering the expression of inflammatory
genes through effects on transcription factor activation).
Thus, n-3 PUFA are potentially potent anti-inflammatory
agents. As such, they may be of therapeutic use in a variety
of acute and chronic inflammatory settings. Evidence of their
clinical efficacy is stronger in some settings (e.g., in rheuma-
toid arthritis) than others (e.g., in asthma, in trauma patients).

REFERENCES

1. Calder, P.C. (2001) Polyunsaturated Fatty Acids, Inflamma-
tion and Immunity, Lipids 36, 1007-1024.

2. Stubbs, C.D., and Smith, A.D. (1984) The Modification of
Mammalian Membrane Polyunsaturated Fatty Acid Composi-
tion in Relation to Membrane Fluidity and Function, Biochim.
Biophys. Acta 779, 89-1317.

3. Murphy, M.G. (1990) Dietary Fatty Acids and Membrane
Function, J. Nutr. Biochem. 1, 68-79.

4. Grimble, R.F. (1998) Dietary Lipids and the Inflammatory Re-
sponse, Proc. Nutr. Soc. 57, 535-542.

5. Miles, E.A., and Calder, P.C. (1998) Modulation of Immune
Function by Dietary Fatty Acids, Proc. Nutr. Soc. 57,277-292.

6. Gibney, M.J., and Hunter, B. (1993) The Effects of Short- and
Long-Term Supplementation with Fish Oil on the Incorporation
of n-3 Polyunsaturated Fatty Acids into Cells of the Immune Sys-
tem in Healthy Volunteers, Eur. J. Clin. Nutr. 47, 255-259.

7. Sperling, R.I., Benincaso, A.l., Knoell, C.T., Larkin, J.K.,
Austen, K.F., and Robinson, D.R. (1993) Dietary ®-3 Polyun-
saturated Fatty Acids Inhibit Phosphoinositide Formation and
Chemotaxis in Neutrophils, J. Clin. Investig. 91, 651-660.

8. Lewis, R.A., Austen, K.F., and Soberman, R.J. (1990)
Leukotrienes and Other Products of the 5-Lipoxygenase Path-

Lipids, Vol. 38, no. 4 (2003)



350

NeJ

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

P.C. CALDER

way: Biochemistry and Relation to Pathobiology in Human

Diseases, N. Engl. J. Med. 323, 645-655.
. Tilley, S.L., Coffman, T.M., and Koller, B.H. (2001) Mixed
Messages: Modulation of Inflammation and Immune Re-
sponses by Prostaglandins and Thromboxanes, J. Clin. Inves-
tig. 108, 15-23.
Kinsella, J.E., Lokesh, B., Broughton, S., and Whelan, J.
(1990) Dietary Polyunsaturated Fatty Acids and Eicosanoids:
Potential Effects on the Modulation of Inflammatory and Im-
mune Cells: An Overview, Nutrition 6, 24—44.
Levy, B.D., Clish, C.B., Schmidt, B., Gronert, K., and Serhan,
C.N. (2001) Lipid Mediator Class Switching During Acute In-
flammation: Signals in Resolution, Nat. Immunol. 2, 612-619.
Vachier, I., Chanez, P., Bonnans, C., Godard, P., Bousquet, J.,
and Chavis, C. (2002) Endogenous Anti-Inflammatory Media-
tors from Arachidonate in Human Neutrophils, Biochem. Bio-
phys. Res. Commun. 290, 219-224.
Gewirtz, A.T., Collier-Hyams, L.S., Young, A.N., Kucharzik,
T., Guilford, W.J., Parkinson, J.F., Williams, I.R., Neish, A.S.,
and Madara, J.L. (2002) Lipoxin A4 Analogs Attenuate Induc-
tion of Intestinal Epithelial Proinflammatory Gene Expression
and Reduce the Severity of Dextran Sodium Sulfate-Induced
Colitis, J. Immunol. 168, 5260-5267.
Obata, T., Nagakura, T., Masaki, T., Maekawa, K., and Ya-
mashita, K. (1999) Eicosapentaenoic Acid Inhibits Prostaglandin
D, Generation by Inhibiting Cyclo-Oxygenase-2 in Cultured
Human Mast Cells, Clin. Exp. Allergy 29, 1129-1135.
Curtis, C.L., Hughes, C.E., Flannery, C.R., Little, C.B., Har-
wood, J.L., and Caterson, B. (2000) n-3 Fatty Acids Specifi-
cally Modulate Catabolic Factors Involved in Articular Carti-
lage Degradation, J. Biol. Chem. 275, 721-724.
Curtis, C.L., Rees, S.G., Little, C.B., Flannery, C.R., Hughes,
C.E., Wilson, C., Dent, C.M., Otterness, .G., Harwood, J.L., and
Caterson, B. (2002) Pathologic Indicators of Degradation and In-
flammation in Human Osteoarthritic Cartilage Are Abrogated by
Exposure to n-3 Fatty Acids, Arthritis Rheum. 46, 1544-1553.
Endres, S., Ghorbani, R., Kelley, V.E., Georgilis, K., Lonne-
mann, G., van der Meer, J.M.W., Cannon, J.G., Rogers, T.S.,
Klempner, M.S., Weber, P.C., Schaeffer, E.J., Wolff, S.M.,
and Dinarello, C.A. (1989) The Effect of Dietary Supplemen-
tation with n-3 Polyunsaturated Fatty Acids on the Synthesis
of Interleukin-1 and Tumor Necrosis Factor by Mononuclear
Cells, N. Engl. J. Med. 320, 265-271.
Meydani, S.N., Lichtenstein, A.H., Cornwall, S., Meydani, M.,
Goldin, B.R., Rasmussen, H., Dinarello, C.A., and Schaefer,
E.J. (1993) Immunologic Effects of National Cholesterol Edu-
cation Panel Step-2 Diets With and Without Fish-Derived n-3
Fatty Acid Enrichment, J. Clin. Invest. 92, 105-113.
Caughey, G.E., Mantzioris, E., Gibson, R.A., Cleland, L.G., and
James, M.J. (1996) The Effect on Human Tumor Necrosis Factor
o and Interleukin 1 Production of Diets Enriched in n-3 Fatty
Acids from Vegetable Oil or Fish Oil, Am. J. Clin. Nutr. 63, 116—
122.
Lee, T.H., Hoover, R.L., Williams, J.D., Sperling, R.L.,
Ravalese, J., Spur, B.W., Robinson, D.R., Corey, E.J., Lewis,
R.A., and Austen, K.F. (1985) Effects of Dietary Enrichment
with Eicosapentaenoic Acid and Docosahexaenoic Acid on in
vitro Neutrophil and Monocyte Leukotriene Generation and
Neutrophil Function, N. Engl. J. Med. 312, 1217-1224.
Serhan, C.N., Clish, C.B., Brannon, J., Colgan, S.P., Gronert, K.
and Chiang, N. (2000) Anti-Inflammatory Lipid Signals Gener-
ated From Dietary n-3 Fatty Acids via Cyclooxygenase-2 and
Transcellular Processing: A Novel Mechanism for NSAID and n-3
PUFA Therapeutic Actions, J. Physiol. Pharmacol. 4, 643—654.
Calder, P.C. (1997) n-3 Polyunsaturated Fatty Acids and Cy-
tokine Production in Health and Disease, Ann. Nutr. Metab. 41,
203-234.

Lipids, Vol. 38, no. 4 (2003)

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

de Caterina, R., Cybulsky, M.L., Clinton, S.K., Gimbrone, M.A.,
and Libby, P. (1994) The Omega-3 Fatty Acid Docosahexaenoate
Reduces Cytokine-Induced Expression of Proatherogenic and
Proinflammatory Proteins in Human Endothelial Cells, Arte-
rioscler. Thromb. 14, 1829—1836.

Khalfoun, B., Thibault, F., Watier, H., Bardos, P., and Le-
branchu, Y. (1997) Docosahexaenoic and Eicosapentaenoic
Acids Inhibit in vitro Human Endothelial Cell Production of
Interleukin-6, Adv. Exp. Biol. Med. 400, 589-597.

Chu, A.J., Walton, M.A., Prasad, J.K., and Seto, A. (1999)
Blockade by Polyunsaturated n-3 Fatty Acids of Endotoxin-
Induced Monocytic Tissue Factor Activation Is Mediated by
the Depressed Receptor Expression in THP-1 Cells, J. Surg.
Res. 87,217-224.

Billiar, T., Bankey, P., Svingen, B., Curran, R.D., West, M.A.,
Holman, R.T., Simmons, R.L., and Cerra, F.B. (1988) Fatty
Acid Uptake and Kupffer Cell Function: Fish Oil Alters
Eicosanoid and Monokine Production to Endotoxin Stimula-
tion, Surgery 104, 343-349.

Renier, G., Skamene, E., de Sanctis, J., and Radzioch, D.
(1993) Dietary n-3 Polyunsaturated Fatty Acids Prevent the
Development of Atherosclerotic Lesions in Mice: Modulation
of Macrophage Secretory Activities, Arterioscler. Thomb. 13,
1515-1524.

Yaqoob, P., and Calder, P.C. (1995) Effects of Dietary Lipid
Manipulation upon Inflammatory Mediator Production by
Murine Macrophages, Cell. Immunol. 163, 120-128.

Sadeghi, S., Wallace, F.A., and Calder, P.C. (1999) Dietary
Lipids Modify the Cytokine Response to Bacterial Lipopolysac-
charide in Mice, Immunology 96, 404-410.

Meydani, S.N., Endres, S., Woods, M.M., Goldin, B.R., Soo,
C., Morrill-Labrode, A., Dinarello, C., and Gorbach, S.L.
(1991) Oral (n-3) Fatty Acid Supplementation Suppresses Cy-
tokine Production and Lymphocyte Proliferation: Comparison
Between Young and Older Women, J. Nutr. 121, 547-555.
Gallai, V., Sarchielli, P., Trequattrini, A., Franceschini, M.,
Floridi, A., Firenze, C., Alberti, A., Di Benedetto, D., and
Stragliotto, E. (1993) Cytokine Secretion and Eicosanoid Pro-
duction in the Peripheral Blood Mononuclear Cells of MS Pa-
tients Undergoing Dietary Supplementation with n-3 Polyun-
saturated Fatty Acids, J. Neuroimmunol. 56, 143—-153.

Calder, P.C., Bond, J.A., Harvey, D.J., Gordon, S., and News-
holme, E.A. (1990) Uptake of Saturated and Unsaturated Fatty
Acids into Macrophage Lipids and Their Effect upon Macro-
phage Adhesion and Phagocytosis, Biochem. J. 269, 807-814.
Kim, D.N., Schmee, J., and Thomas, W.A. (1995) Dietary Fish
Oil Added to a Hyperlipidemic Diet for Swine Results in Re-
duction in the Excessive Number of Monocytes Attached to
the Arterial Endothelium, Atherosclerosis 81, 209-216.

de Caterina, R., and Libby, P. (1996) Control of Endothelial
Leukocyte Adhesion Molecules by Fatty Acids, Lipids 31, S57—
S63.

Hughes, D.A., Southon, S., and Pinder, A.C. (1996) (n-3)
Polyunsaturated Fatty Acids Modulate the Expression of Func-
tionally Associated Molecules on Human Monocytes in vitro,
J. Nutr. 126, 603-610.

Miles, E.A., Wallace, F.A., and Calder, P.C. (2000) Dietary
Fish Oil Reduces Intercellular Adhesion Molecule 1 and Scav-
enger Receptor Expression on Murine Macrophages, Athero-
sclerosis 152, 43-50.

Hughes, D.A., Pinder, A.C., Piper, Z., Johnson, I.T., and Lund,
E.K. (1996) Fish Oil Supplementation Inhibits the Expression of
Major Histocompatibility Complex Class II Molecules and Ad-
hesion Molecules on Human Monocytes, Am. J. Clin. Nutr. 63,
267-272.

Miles, E.A., Thies, F., Wallace, F.A., Powell, J.R., Hirst, T.L.,
Newsholme, E.A., and Calder, P.C. (2001) Influence of Age



39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

n-3 FA AND INFLAMMATION

and Dietary Fish Oil on Plasma Soluble Adhesion Molecule
Concentrations, Clin. Sci. 100, 91-100.

Chandrasekar, B., and Fernandes, G. (1994) Decreased Pro-
inflammatory Cytokines and Increased Antioxidant Enzyme
Gene Expression by ®-3 Lipids in Murine Lupus Nephritis,
Biochem. Biophys. Res. Commun. 200, 893—-898.

Robinson, D.R., Urakaze, M., Huang, R., Taki, H., Sugiyama,
E., Knoell, C.T., Xu, L., Yeh, E.T.H., and Auron, P.E. (1996)
Dietary Marine Lipids Suppress Continuous Expression of In-
terleukin- 1 Gene Expression, Lipids 31, S23-S31.

Christman, J.W., Lancaster, L.H., and Blackwell, T.S. (1998)
Nuclear Factor-kB: A Pivotal Role in Systemic Inflammatory
Response Syndrome and New Target for Therapy, Int. Care
Med. 24, 1131-1138.

Chen, F., Castranova, V., Shi, X., and Demers, L.M. (1999)
New Insights into the Role of Nuclear Factor-kB, a Ubiquitous
Transcription Factor in the Initiation of Diseases, Clin. Chem.
45,7-17.

Calder, P.C. (2002) Dietary Modification of Inflammation with
Lipids, Proc. Nutr. Soc. 61, 345-358.

Karin, M., and Ben-Neriah, Y. (2000) Phosphorylation Meets
Ubiquination: The Control of NF-xB Activity, Annu. Rev. Im-
munol. 18, 621-663.

Karin, M., and Delhase, M. (2000) The IxB Kinase (IxK) and
NF-kB: Key Elements of Proinflammatory Signalling, Semin.
Immunol. 12, 85-98.

Xi, S., Cohen, D., Barve, S., and Chen, L.H. (2001) Fish Oil
Suppressed Cytokines and Nuclear Factor kB Induced by
Murine AIDS Virus Infection, Nutr. Res. 21, 865-878.

Chen, L.H., and Zhao, Y. (2001) Eicosapentaenoic Acid De-
creases Lipopolysaccharide-Stimulated Tumor Necrosis Fac-
tor-ot Expression by Inhibiting Nuclear Factor kB Activation,
FASEB J. 15, A258.

Ross, J.A., Moses, A.G.W., and Fearon, K.C.H. (1999) The
Anti-Catabolic Effects of n-3 Fatty Acids, Curr. Opin. Clin.
Nutr. Metab. Care 2, 219-226.

Schoonjans, K., Staels, B., and Auwerx, J. (1996) The Peroxi-
some Proliferator Activated Receptors (PPARs) and Their Ef-
fects on Lipid Metabolism and Adipocyte Differentiation,
Biochim. Biophys. Acta 1302, 93-109.

Chinetti, G., Griglio, S., Antonucci, M., Torra, I.P., Delerive,
P., Majd, Z., Fruchart, J.C., Chapman, J., Najib, J., and Staels,
B. (1998) Activation of Peroxisome-Activated Receptors o
and y Induces Apoptosis of Human Monocyte-Derived Macro-
phages, J. Biol. Chem. 273, 25573-25580.

Ricote, M., Li, A.C., Willson, T.M., Kelly, C.J., and Glass,
C.K. (1998) The Peroxisome Proliferator-Activated Receptor-
v Is a Negative Regulator of Macrophage Activation, Nature
391, 79-82.

Kleiwer, S.A., Lenhard, J.M., Willson, T.M., Patel, 1., Morris,
D.C., and Lehman, J.M. (1995) A Prostaglandin J, Metabolite
Binds Peroxisome Proliferator-Activated Receptor y and Pro-
motes Adipocyte Differentiation, Cell 83, 813-819.
Devchand, P.R., Keller, H., Peters, J.M., Vazquez, M., Gonza-
lez, F.J., and Wahli, W. (1996) The PPARy-Leukotriene B,
Pathway to Inflammation Control, Nature 384, 39-43.

Jiang, C.Y., Ting, A.T., and Seed, B. (1998) PPAR-y Agonists
Inhibit Production of Monocyte Inflammatory Cytokines, Na-
ture 391, 82—-86.

Poynter, M.E., and Daynes, R.A. (1998) Peroxisome Prolifera-
tor-Activated Receptor o Activation Modulates Cellular
Redox Status, Represses Nuclear Factor kB Signalling, and
Reduces Inflammatory Cytokine Production in Aging, J. Biol.
Chem. 273, 32833-32841.

Jackson, S.M., Parhami, F., Xi, X.-P., Berliner, J.A., Hsueh,
W.A., Law, R.E., and Demer, L.L. (1999) Peroxisome Prolif-
erator-Activated Receptor Activators Target Human Endothe-

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

351

lial Cells to Inhibit Leukocyte-Endothelial Cell Interaction, Ar-
terioscler. Thromb. Vasc. Biol. 19, 2094-2104.

Marx, N., Sukhova, G.K., Collins, T., Libby, P., and Plutzky,
J. (1999) PPAR«. Activators Inhibit Cytokine-Induced Vascu-
lar Cell Adhesion Molecule-1 Expression in Human Endothe-
lial Cells, Circulation 99, 3125-3131.

Takano, H., Nagai, T., Asakawa, M., Toyozaki, T., Oka, T.,
Komuro, 1., Saito, T., and Masuda, Y. (2000) Peroxisome Pro-
liferator-Receptor Activators Inhibit Lipopolysaccharide-
Induced Tumor Necrosis Factor-Alpha Expression in Neonatal
Rat Cardiac Myocytes, Circ. Res. 87, 596-602.

Wang, P., Anderson, P.O., Chen, S.W., Paulsson, K.M., Sjogren,
H.O., and Li, S.L. (2001) Inhibition of the Transcription Factors
AP-1 and NF-xB in CD4 T Cells by Peroxisome Proliferator-
Activated Receptor y Ligands, Int. Immunopharmacol. 1,
803-812.

Xu, X., Otsuki, M., Saito, H., Sumitani, S., Yamamoto, H.,
Asanuma, N., Kouh, A.A., and Kasayama, S. (2001) PPAR o
and GR Differentially Down-Regulate the Expression of Nu-
clear Factor-kB-Responsive Genes in Vascular Endothelial
Cells, Endocrinology 142, 3332-3339.

Chinetti, G., Fruchart, J.C., and Staels, B. (2000) Peroxisome
Proliferator-Activated Receptors (PPARs): Nuclear Receptors
at the Crossroads Between Lipid Metabolism and Inflamma-
tion, Inflamm. Res. 49, 497-505.

Delerive, P., Fruchart, J.C., and Staels, B. (2001) Peroxisome
Proliferator-Activated Receptors in Inflammation Control, J.
Endocrinol. 169, 453-459.

Donnellan, C.E., Tadayyon, M., Briscoe, C., Arch, J., and
Calder, P.C. (2000) The Effect of Dietary Fatty Acids on the
Expression of Genes Involved in Lipid Handling, Proc. Nutr.
Soc. 59, 111A (Abstr.).

Hwang, D., and Rhee, S.H. (1999) Receptor-Mediated Signal-
ing Pathways: Potential Targets of Modulation by Dietary
Fatty Acids, Am. J. Clin. Nutr. 70, 545-556.

Lo, C.J., Chiu, K.C., Fu, M.J., Chu, A., and Helton, S. (2000)
Fish Oil Modulates Macrophage P44/42 Mitogen-Activated
Protein Kinase Activity Induced by Lipopolysaccharide, J.
Parenter. Enteral Nutr. 24, 159-163.

Panayi, G.S. (1999) Targeting of Cells Involved in the Patho-
genesis of Rheumatoid Arthritis, Rheumatology 38 (Suppl. 2),
8-10.

Feldmann, M., and Maini, R.N. (1999) The Role of Cytokines
in the Pathogenesis of Rheumatoid Arthritis, Rheumatology 38
(Suppl. 2), 3-7.

Feldmann, M., Brennan, F.M., and Maini, R.N. (1996) Role of
Cytokines in Rheumatoid Arthritis, Annu. Rev. Immunol. 14,
397-440.

Sano, H., Hla, T., Maier, J.A.M., Crofford, L.J., Case, J.P., Ma-
ciag, T., and Wilder, R.L. (1992) In vivo Cyclooxygenase Ex-
pression in Synovial Tissues of Patients with Rheumatoid
Arthritis and Osteoarthritis and Rats with Adjuvant and Strep-
tococcal Cell Wall Arthritis, J. Clin. Investig. 89, 97-108.
Sperling, R.I. (1995) Eicosanoids in Rheumatoid Arthritis,
Rheum. Dis. Clin. N. Am. 21, 741-758.

Faull, R.J. (1995) Adhesion Molecules in Health and Disease,
Aust. N.Z. J. Med. 25, 720-730.

Leslie, C.A., Gonnerman, W.A., Ullman, M.D., Hayes, K.C.,
Franzblau, C., and Cathcart, E.S. (1985) Dietary Fish Oil Modu-
lates Macrophage Fatty Acids and Decreases Arthritis Suscepti-
bility in Mice, J. Exp. Med. 162, 1336—1349.

Volker, D.H., FitzGerald, P.E.B., and Garg, M.L. (2000) The
Eicosapentaenoic to Docosahexaenoic Acid Ratio of Diets Af-
fects the Pathogenesis of Arthritis in Lew/SSN Rats, J. Nutr.
130, 559-565.

Calder, P.C. (2001) n-3 Fatty Acids and Rheumatoid Arthritis,
in Food and Nutritional Supplements in Health and Disease

Lipids, Vol. 38, no. 4 (2003)



352

75.

76.

7.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

P.C. CALDER

(Ransley, J.K., Donnelly, J.K., and Read, N.W., eds.), pp.
175-197, Springer Verlag, London.

Calder, P.C., and Zurier, R.B. (2001) Polyunsaturated Fatty Acids
and Rheumatoid Arthritis, Curr. Opin. Clin. Nutr. Metab. Care 4,
115-121.

Cleland, L.G., and James, M.J. (2000) Fish Oil and Rheuma-
toid Arthritis: Anti-Inflammatory and Collateral Health Bene-
fits, J. Rheumatol. 27, 2305-2307.

Knapp, H.R. (1995) Omega-3 Fatty-Acids in Respiratory Dis-
eases—A Review, J. Am. Coll. Nutr. 14, 18-23.

Calder, P.C., and Miles, E.A. (2000) Fatty Acids and Atopic
Disease, Pediatr. Allergy Immunol. 11 (Suppl.), 29-36.
Broughton, K.S., Johnson, C.S., Pace, B.K., Liebman, M., and
Kleppinger, K.M. (1997) Reduced Asthma Symptoms with n-3
Fatty Acid Ingestion Are Related to 5-Series Leukotriene Pro-
duction, Am. J. Clin. Nutr. 65, 1011-1017.

Burney, P.G.J., Chinn, S., and Rona, R.J. (1990) Has the
Prevalence of Asthma Increased in Children? Evidence from
the National Survey of Health and Growth 1973-1986, Br.
Med. J. 300, 1306-1310.

Heinrich, J., Hoelscher, B., Frye, C., Meyer, 1., Wjst, M., and
Wichmann, H.E. (2002) Trends in Prevalence of Atopic Dis-
eases and Allergic Sensitization in Children in Eastern Ger-
many, Eur. Resp. J. 19, 1040-1046.

Romagnani, S. (2000) The Role of Lymphocytes in Allergic
Disease, J. Allergy Clin. Immunol. 105, 399-408.

Hodge, L., Peat, J.K., and Salome, C. (1994) Increased Con-
sumption of Polyunsaturated Oils May Be a Cause of In-
creased Prevalence of Childhood Asthma, Aust. N.Z. J. Med.
24,7217.

Black, P.N., and Sharp, S. (1997) Dietary Fat and Asthma: Is
There a Connection? Eur. Resp. J. 10, 6-12.

Kankaanpaa, P., Sutas, Y., Salminen, S., Lichtenstein, A., and
Isolauri, E. (1999) Dietary Fatty Acids and Allergy, Ann. Med.
31,282-287.

Yu, G., Kjellman, N.I., and Bjorksten, B. (1996) Phospholipid
Fatty Acids in Cord Blood: Family History and Development
of Allergy, Acta Paediatr. 85, 679—683.

Duchen, K., Yu, G., and Bjorksten, B. (1998) Atopic Sensiti-
zation During the First Year of Life in Relation to Long-Chain
Polyunsaturated Fatty Acid Levels in Human Milk, Pediatr.
Res. 44, 478-484.

Yu, G., and Bjorksten, B. (1998) Polyunsaturated Fatty Acids
in School Children in Relation to Allergy and Serum IgE Lev-
els, Pediatr. Allergy Immunol. 8, 133-138.

Schwartz, J., and Weiss, S.T. (1994) The Relationship of Dietary
Fish Intake to Level of Pulmonary Function in the First National
Health and Nutrition Survey, Eur. Resp. J. 7, 1821-1824.
Schwartz, J., and Weiss, S.T. (1990) Dietary Factors and Their
Relation to Respiratory Symptoms: The Second National
Health and Nutrition Survey, Am. J. Epidemiol. 132, 67-76.
Hodge, L., Salome, C.M., Peat, J.K., Haby, M.M., Xuan, W.,
and Woodcock, A.J. (1996) Consumption of Oily Fish and
Childhood Asthma Risk, Med. J. Aust. 164, 137-140.

Dunder, T., Kuikka, L., Turtinen, J., Rasanen, L., and Uhari,
M. (2001) Diet, Serum Fatty Acids, and Atopic Diseases in
Childhood, Allergy 56, 425-428.

Jones, A., Miles, E., Warner, J., Colwell, B., Bryant, T., and
Warner, J. (1996) Fetal Peripheral Blood Mononuclear Cell
Proliferative Responses to Mitogenic and Allergenic Stimuli
During Gestation, Pediatr. Allergy Immunol. 7, 109-116.
Cannon, J.G., Tompkins, R.G., Gelfrand, J.A., Michie, H.R.,
Stanford, G.G., Van der Meer, J.W., Endres, S., Lonnemann, G.,
Corsetti, J., Chernow, B., Wilmore, D.W., Wolff, S.M., Burke,
J.F., and Dinarello, C.A. (1990) Circulating Interleukin-1 and
Tumor Necrosis Factor in Septic Shock and Experimental Endo-
toxin Fever, J. Infect. Dis. 161, 79-84.

Arnalich, F., Garcia-Palomero, E., Lopez, J., Jimenez, M.,

Lipids, Vol. 38, no. 4 (2003)

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

Madero, R., Renart, J., Vazquez, J.J., and Montiel, C. (2000)
Predictive Value of Nuclear Factor kB Activity and Plasma
Cytokine Levels in Patients with Sepsis, Infect. Immunol. 68,
1942-1945.

Vervloet, M.G., Thijs, L.G., and Hack, C.E. (1998) Derange-
ments of Coagulation and Fibrinolysis in Critically Ill Patients
with Sepsis and Septic Shock, Semin. Thromb. Hemost. 24,
33-44.

Grbic, J.T., Mannick, J.A., Gough, D.B., and Rodrick, M.L.
(1991) The Role of Prostaglandin E, in Immune Suppression
Following Injury, Ann. Surg. 214, 253-263.

Ertel, W., Morrison, M.H., Meldrum, D.R., Ayala, A., and
Chaudry, I.H. (1992) Ibuprofen Restores Cellular Immunity
and Decreases Susceptibility to Sepsis Following Hemorrhage,
J. Surg. Res. 53, 55-61.

Tashiro, T., Yamamori, H., Takagi, K., Hayashi, N., Furukawa,
K., and Nakajima, N. (1998) n-3 Versus n-6 Polyunsaturated
Fatty Acids in Critical Illness, Nutrition 14, 551-553.
Hayashi, N., Tashiro, T., Yamamori, H., Takagi, K., Mor-
ishima, Y., Otsubo, Y., Sugiura, T., Furukawa, K., Nitta, H.,
Nakajima, N., Suzuki, N., and Ito, I. (1998) Effects of Intra-
venous Omega-3 and Omega-6 Fat Emulsion on Cytokine Pro-
duction and Delayed Type Hypersensitivity in Burned Rats Re-
ceiving Total Parenteral Nutrition, J. Parenter. Enteral Nutr.
22,363-367.

Wachtler, P., Konig, W., Senkal, M., Kemen, M., and Koller,
M. (1997) Influence of a Total Parenteral Nutrition Enriched
with ®-3 Fatty Acids on Leukotriene Synthesis of Peripheral
Leukocytes and Systemic Cytokine Levels in Patients with
Major Surgery, J. Trauma 42, 191-198.

Weiss, G., Meyer, F., Matthies, B., Pross, M., Koenig, W., and
Lippert, H. (2002) Immunomodulation by Perioperative Ad-
ministration of n-3 Fatty Acids, Br. J. Nutr. 87, S89-S94.
Heyland, D.K., Novak, F., Drover, J.W., Jain, A., Su, X.Y.,
and Suchner, U. (2001) Should Immunonutrition Become Rou-
tine in Critically Ill Patients? A Systematic Review of the Evi-
dence, J. Am. Med. Assoc. 286, 944-953.

Braga, M., Vignali, A., Gianotti, L., Cestari, A., Profili, M.,
and Di Carlo, V. (1996) Immune and Nutritional Effects of
Early Enteral Nutrition After Major Abdominal Operations,
Eur. J. Surg. 162, 105-112.

Braga, M., Gianotti, L., Radaelli, G., Vignali, A., Mari, G.,
Gentilini, O., and Di Carlo, V. (1999) Perioperative Im-
munonutrition in Patients Undergoing Cancer Surgery, Arch.
Surg. 134, 428-433.

Gianotti, L., Braga, M., Fortis, C., Soldini, L., Vignali, A.,
Colombo, S., Radaelli, G., and Di Carlo, V. (1999) A Prospec-
tive, Randomized Clinical Trial on Perioperative Feeding with
an Arginine-, Omega-3 Fatty Acid-, and RNA-Enriched En-
teral Diet: Effect on Host Response and Nutritional Status, J.
Parenter. Enteral Nutr. 23, 314-320.

Tepaske, R., te Velthuis, H., Oudemans-van Straaten, M.,
Heisterkamp, S.H., van Deventer, S.J.H., Ince, C., Eysman, L.,
and Keseciogu, J. (2001) Effect of Preoperative Oral Immune-
Enhancing Nutritional Supplement on Patients at Risk of
Infection After Cardiac Surgery: A Randomised Placebo-
Controlled Trial, Lancet 358, 696-701.

Gadek, J.E., DeMichele, S.J., Karlstad, M.D., Pacht, E.R.,
Donahoe, M., Albertson, T.E., Van Hoozen, C., Wennberg,
A.K., Nelson, J., Noursalehi, M., and the Enteral Nutrition in
ARDS Study Group (1999) Effect of Enteral Feeding with
Eicosapentaenoic Acid, y-Linolenic Acid, and Antioxidants in
Patients with Acute Respiratory Distress Syndrome, Crit. Care
Med. 27, 1409-1420.

[Received July 3, 2002, and in revised form and accepted March 22,
2003]



