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Abstract

1. Fish oils are rich in the long-chair3 polyunsaturated fatty acids Keywords

(PUFAs), eicosapentaenoic (26:3) and docosahexaenoic (22:8) - Lymphocyte

acids. Linseed oil and green plant tissues are rich in the precursor fatdacrophage
acid,a-linolenic acid (18:8-3). Most vegetable oils are rich in the * Immune system

6 PUFA linoleic acid (18126), the precursor of arachidonic acid® 'nflammation
(20:4n-6). - Fish oil _
2. Arachidonic acid-derived eicosanoids such as prostaglapdite E E;ﬁ?s:turated faty acid
pro-inflammatory and regulate the functions of cells of the immuneg:;. <anoid

system. Consumption of fish oils leads to replacement of arachidonic_ ..~ ... . . . .
acid in cell membranes by eicosapentaenoic acid. This changes the

amount and alters the balance of eicosanoids produced.

3. Consumption of fish oils diminishes lymphocyte proliferation, T-

cell-mediated cytotoxicity, natural killer cell activity, macrophage-

mediated cytotoxicity, monocyte and neutrophil chemotaxis, major

histocompatibility class Il expression and antigen presentation, pro-

duction of pro-inflammatory cytokines (interleukins 1 and 6, tumour

necrosis factor) and adhesion molecule expression.

4. Feeding laboratory animals fish oil reduces acute and chronic

inflammatory responses, improves survival to endotoxin and in mod-

els of autoimmunity and prolongs the survival of grafted organs.

5. Feeding fish oil reduces cell-mediated immune responses.

6. Fish oil supplementation may be clinically useful in acute and

chronic inflammatory conditions and following transplantation.

7.n-3 PUFAs may exert their effects by modulating signal transduc-

tion and/or gene expression within inflammatory and immune cells.

Biosynthesis and sources of different
fatty acids

mally supplies adequate amounts. However,
cell membranes require unsaturated fatty
acids to maintain their structure, fluidity and
All mammals can synthesise fatty acidsfunction. Therefore, a mechanism for the
de novofrom acetyl coenzyme A. The end introduction of double bonds (i.e., desatura-
product of the fatty acid synthetase enzymédion) exists. The introduction of a single
is palmitic acid (16:0), which in turn can be double bond between carbon atoms 9 and 10
elongated to stearic acid (18:0). There igs catalysed by the enzym&®-desaturase,
little need for the synthesis of saturated fattywhich is universally present in both plants
acids in Western man, since the diet norand animals. This enzyme catalyses the con-
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version of stearic acid to oleic acid (181 Lymphocyte proliferation

9). Plants, unlike animals, can insert addi-

tional double bonds into oleic acid between Lymphocyte proliferationis usually meas-
the existing double bond at the 9 positiorured as the incorporation of radioactively
and the methyl terminus of the carbon chairlabelled precursors (e.g., thymidine) into
a/Al2desaturase converts oleic acid into li-DNA. A suitable stimulus (termed a mito-
noleic acid (18:2-6) while aA'>-desaturase gen) to activate the lymphocytes is required;
converts linoleic acid inta-linolenic acid mitogens used most frequently are con-
(18:3n-3). Since animal tissues are unable tganavalin A (Con A) and phytohaemaggluti-
synthesise linoleic andx-linolenic acids, nin (PHA) which stimulate T lymphocytes
these fatty acids must be consumed in thepecifically, bacterial lipopolysaccharide
diet and so are termed essential fatty acidd_PS) which stimulates B lymphocytes and
Using the pathway outlined in Figure 1, anipokeweed mitogen (PWM) which stimulates
mal cells can convert dietargi-linolenic  a population of both T and B lymphocytes.
acid into eicosapentaenoic acid (208) Monoclonal antibodies to lymphocyte sur-
and docosahexaenoic acid (2218); by a face structures (e.g., CD3) can also be used
similar series of reactions dietary linoleicto stimulate proliferation.

acid is converted vig-linolenic (18:3n-6) Feeding animals (rats, mice, chickens,
and dihomoy-linolenic (20:3 n-6) acids to rabbits) diets containing high levels (70 to
arachidonic acid (20m6). Then-9,n-6and 200 g/kg) of fish oil (rich in eiocosapen-
n-3 families of polyunsaturated fatty acidstaenoic and docosahexaenoic acids) has been
(PUFAs) are not metabolically interconvert-shown to result in suppressed proliferation
ible in mammals. Many marine plants, espesf lymphocytes stimulated with T- or B-cell
cially the unicellular algae in phytoplankton,mitogens compared with feeding diets rich
also carry out chain elongation and furthem other fats such as lard, coconut oil, corn
desaturation ofi-linolenic acid to yield the oil, safflower oil or linseed oil (10-15). Re-
long-chaim-3 PUFAs eicosapentaenoic andcently, it was reported that eicosapentaenoic
docosahexaenoic acids. Itis the formation cdnd docosahexaenoic acids are equipotent in
these long chain-3 PUFAs by marine algae reducing murine spleen lymphocyte prolif-
and their transfer through the food chain teration (16). Diets containing large amounts
fish that accounts for their abundance imf linseed oil (rich ina-linolenic acid) de-

some marine fish oils. crease lymphocyte proliferation compared
with saturated fatty acid- -6 PUFA-rich
Influence of dietary n-3 PUFAs on diets (12,17,18). Recently, it was shown that
the functions of cells of the increasing the amount atlinolenic acid in
immune system the rat diet at the expense of linoleic acid

decreases spleen lymphocyte proliferation
Many studies have investigated the ef{19).

fects of the amount and type of fatin the diet Sometimes, the effects 03 PUFA-rich
upon immune cell functions, particularly lym-diets on lymphocyte proliferation were dem-
phocyte proliferation in response to mito-onstrated when the cells were cultured in
gens. These studies have been reviewed seutologous serum, but were lost if the cells
eral times in recent years (1-9); the effects offere cultured in foetal calf serum (11-13).
n-3 PUFAs are the most well documentedCulture of cells in foetal calf serum may
and will be summarised here. explain the lack of effect upon spleen lym-



Fatty acids and immunity 469

Figure 1 - PUFA metabolism. A3,
stearic acid A8, A9, Al2 and AlS indicate

18:0 desaturase enzymes.
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phocyte proliferation of feeding fish anddiets of healthy women (51 to 68 years of
linseed oils to mice reported in some studieage) with encapsulated3 PUFASs (approxi-
(20,21). It has been shown that the changesately 2.4 g/day) resulted in a lowered mito-
in lymphocyte fatty acid composition in- genic response of peripheral blood mono-
duced by dietary manipulations are bettenuclear cells (PBMNCs) to PHA (23). More
maintained if the cells are cultured in autolorecently, a decreased response of PBMNCs
gous rather than foetal calf serum (22). to Con A and PHA following supplementa-
Twelve weeks of supplementation of thetion of the diet of volunteers on a low fat, low
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cholesterol diet with 1.23 g3 PUFAs/day sunflower oil die{18). More recently, it was

was reported (24), while 18 g of fish oil/dayshown that increasing the amountielino-

(approximately 6 gn-3 PUFAs/day) for 6 lenic acid in the rat diet at the expense of

weeks resulted in lowered PHA-stimulatedinoleic acid decreases spleen NK cell activ-

proliferation of PBMNCs 10 weeks afterity (19).

supplementation had ended (but not at the No studies have investigated the effect of

end of the supplementation period) (25). dietary lipids on human NK cell activity,
although it was reported that intravenous

Cytotoxic T lymphocyte-mediated cytolysis injection of a triacylglycerol-containing
eicosapentaenoic acid into healthy human

The cytotoxic T lymphocyte activity of volunteers results in suppression of periph-

spleen lymphocytes was reported to be lowegral blood NK cell activity 24 h later (31).

after feeding mice 100 g/kg fish oil for up to

10 weeks than after feeding 100 g/kg linseeBhacrophage-mediated cytotoxicity

oil (26). Feeding chickens diets containing

70 g/kg fish or linseed oil significantly re-  Dietary fish oil (100 g/kg) has been re-

duced spleen cytotoxic T-cell activity com-ported to significantly suppress lysis of tar-

pared with diets containing 70 g/kg lard orget tumour cells by mouse-elicited perito-

corn oil (27). neal macrophages (32-35). The target cell
lines used in these studies are sensitive to
Natural killer cell-mediated cytolysis killing by tumour necrosis factor (TNF)-

(L929 cells; 33,34) or nitric oxide (P815

Feeding mice diets containing 100 g/kgeells; 32,35). Thus, the suppressed macro-
fish oil caused a decrease in spleen naturphage-mediated cytolysis observed after fish
killer (NK) cell activity compared with feed- oil feeding suggests that fish oil reduces the
ing chow or 100 g/kg corn oil (28,29). In theproduction of nitric oxide and TNF (see
study of Berger et a121) female mice were later).
fed for 5 months on diets containing 100 g/
kg olive, safflower, linseed or fish oil and theNeutrophil and monocyte chemotaxis
spleen NK cell activity of the pups was
determined before they were weaned; the Chemotaxis of human peripheral blood
activity was lower in the fish oil group thanneutrophils and monocytes towards a variety
in the safflower or olive oil groups. Yaqoobof chemoattractants including leukotriene
et al. (30) fed weanling rats for 10 weeks oL T) B,, platelet-activating factor, formyl-
a low fat diet or on diets containing 200 g/kgmethionyl-leucyl-phenylalanine and autolo-
hydrogenated coconut, olive, safflowergous serum is suppressed following the sup-
evening primrose or fish oil before measurplementation of the human diet with-3
ing spleen NK cell activity. It was found thatPUFAs (36-40).
feeding each of the high fat diets resulted in
lower NK cell activity compared with feed- MHC expression and antigen presentation
ing the low fat diet; feeding the fish oil diet
resulted in the lowest activity. Similar re- Inclusion of n-3 PUFAs in the diet of
sults have been found in more mature ratsiice or rats results in a diminished percent-
fed on these diets for 12 weeks (15). It waage of peritoneal exudate cells bearing the
reported that a 200 g/kg linseed oil dietajor histocompatibility class (MHC) Il an-
decreased rat spleen lymphocyte NK celigens on their surface (41-44). The level of
activity compared with feeding a 200 g/kgMHC Il expression on positive cells is also
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suppressed by fish oil feeding (43). In accormost conditions the principal precursor for
dance with these animal studies, supplemetthese compounds is arachidonic acid. The
tation of the diet of human volunteers withprecursor PUFA is released from membrane
n-3 PUFAs (approximately 1.56 g/day) for 3phosphatidylcholine by the action of phos-
weeks resulted in a decreased level of MH@holipase A or from membrane phosphati-
Il (HLA-DP, -DQ and -DR) expression on dylinositol-4,5-bisphosphate (P)Pby the
the surface of peripheral blood monocyteactions of phospholipase C (PLC) and a
(45). These observations suggest that diethacylglycerol (DAG) lipase. The pathways
rich inn-3 PUFAs will result in diminished of eicosanoid synthesis begin with cyclo-
antigen presentation. Indeed, feeding micexygenase, which yields the PGs and TXs,
the ethyl ester of eicosapentaenoic acid forar with the 5-, 12- or 15-lipoxygenases, which
period of 4 to 5 weeks resulted in diminishedield the LTs, HPETEs, HETEs and LXs
presentation of antigen (keyhole limpetFigure 2). The amounts and types of
haemocyanin; KLH) by spleen ce#g vivo eicosanoids synthesised are determined by
(46). Dendritic cells are the key antigenthe availability of arachidonic acid, by the
presenting cellsn vivo. We have recently activities of phospholipase,sand PLC, by
observed that, compared with a low fat diethe activities of cyclooxygenase and the li-
or a diet containing 200 g/kg safflower oil,poxygenases, by the cell type and by the
feeding rats a diet containing 200 g/kg fismature of the stimulus.
oil significantly diminishes MHC Il expres-  Cells of the immune system are an impor-
sion on dendritic cells andx vivoantigen tant source of eicosanoids and they are sub-
(KLH) presentation by dendritic cells (ob-ject to their regulatory effects (48-51); the
tained by cannulation of the thoracic duct) tanost well-documented effects are those of
KLH-sensitised spleen lymphocytes (47). PGE. In vivo, PGs are involved in modulat-
ing the intensity and duration of inflamma-
Influence of dietary n-3 PUFAson tory and immune responses; PGias a
the interactions between cells of
the immune system

Phospholipid
Communication between cells of the im- ‘ Phospholipase Az
mune system is achieved by virtue of thg
production of chemical mediators (e.g. /\
eicosanoids, cytokines, nitric oxide (NO)) o _ o
R . Arachidonic acid Eicosapentaenoic acid
and by direct cell-to-cell contact mediateg (20:4n-6) (20:51-3)

by adhesion moleculesn-3 PUFAs have
been found to influence each of these conj

117

H H P Cyclooxygenase  Lipoxygenases Cyclooxygenase Lipoxygenases
munication links. POl LTA, oty L TAc
XA, LTB4 TXAs LTBs
n-3 PUFAs and eicosanoid production TXB, LTCq TXBs LTCs
PGD, LTD, PGD3 LTDs
PGE, LTE, PGE; LTEs
Eicosanoids are a family of oxygenated PGF2 5-HPETE PGF3 5-HEPE
. . . . . . 5-HETE
derlyatlves gf dlhom(y—llnol-enlc,- arachl- 15-HPETE
donic and eicosapentaenoic acids. Eicosg- 15-HETE
cy : 12-HPETE
noids include prostaglandins (PGs), throm- 19-HETE

boxanes (TXs), LTs, lipoxins (LXshydro-

peroxye|cpsatetraen0|c _aud? (HPETES) a'nlqgure 2 - Synthesis of eicosanoids from arachidonic and eicosapentaenoic acids. HEPE
hydroxyeicosatetraenoic acids (HETES). Inndicates hydroxyeicosapentaenoic acid; see text for explanation of other abbreviations.
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number of pro-inflammatory effects includ-used murine resident peritoneal macrophag-
ing induction of fever and erythema, in-es (60-65), one study using rat resident al-
creased vascular permeability and vasodilareolar macrophages (66) and one study us-
tion and enhancement of pain and oedeniag rat resident peritoneal macrophages (67)
caused by other agents such as bradykinmeport an enhancing effect af-3 PUFAs
and histamine. PGElso regulates the pro- upon TNF production; only one study which
duction of both monocyte/macrophage- andsed rat resident peritoneal macrophages has
lymphocyte-derived cytokines (see 52). Irreported reduced TNF production following
chronic inflammatory conditions increasedish oil feeding (68). Three studies report
rates of PGE production are found, and thatn-3 PUFA-rich diets do not affect TNF
elevated PGproduction has been observedoroduction by CFA-elicited peritoneal mac-
in patients suffering from infections. LTsrophages from rats or mice (62,63,67). The
have chemotactic properties and are involveeffect of dietaryn-3 PUFAs upon TNF pro-
in the regulation of inflammatory and im-duction by thioglycollate-elicited peritoneal
mune processes; 4-series LTs regulate cytoaacrophages is unclear, with studies report-
kine production. ing no effect (35,63,69,70), reduction (34,
The n-3 PUFAs, eicosapentaenoic ands3,71) or enhancement (35,69). Comparison
docosahexaenoic acids, competitively inhibibf the outcome of these studies is compli-
the oxygenation of arachidonic acid by cy-cated by the different procedures usedsbor
clooxygenase. In addition, eicosapentaenoidvo culture of the cells. That such details are
acid (but not docosahexaenoic acid) is ablenportant in determining outcome is shown
to act as a substrate for both cyclooxygenad®y the studies of Erickson’s group (35,69) in
and 5-lipoxygenase. Thus, ingestion of fistwhich there was no effect of diet upon TNF
oils which contaim-3 PUFAs will result in  production when thioglycollate-elicited mac-
a decrease in membrane arachidonic acidphages were stimulated with LPS for 1 or
levels and a concomitant decrease in th&h but if they were stimulated for 24 h there
capacity to synthesise eicosanoids fromwvas increased TNF production by cells from
arachidonic acid (e.g., 53); eicosapentaenoftsh oil-fed mice. The only animal study
acid gives rise to the 3-series PGs and TXshich has investigated TNF production by
and the 5-series LTs (Figure 2). The eicosairBMNCs showed decreased production fol-
oids produced from eicosapentaenoic acibwing the infusion of a 10% (v/v) fish oil
do not always have the same biological propemulsion (72); this is an interesting observa-
erties as the analogues produced from aractiion since it agrees with the findings of a

donic acid. number of studies using human PBMNCs
(see below). In addition to studies measuring
n-3 PUFAs and cytokine production TNF productiorex vivg Black and Kinsella

(33) and Renier et al. (34) showed that feed-

Since cytokine production is regulateding mice n-3 PUFA-rich diets resulted in
by eicosanoids (see 52) and since dietamgduced ability of elicited peritoneal macro-
lipids affect eicosanoid production, it mightphages to kill L929 cells; L929 cells are
be expected that dietary lipids, especiallkilled by TNF and so the reduced cytotoxic-
those containingn-3 PUFAs, will affect ity of macrophages towards these cells sug-
cytokine production. The effects ofi-3 gests areduced ability to produce TNF. Two
PUFAs on cytokine production have beernimal studies have investigated the effects
reviewed several times in recent years (7,54f dietary lipids upon circulating TNF levels
59). which would perhap®flectin vivoproduc-

Animal studiesAll studies which have tion of the cytokine. Watanabe et al. (63)
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found that TNF levels were significantly linseed oil was reported (75). Recently, it
higher in the plasma of LPS-injected micevas observed that feeding mice a diet con-
fed a diet containing perilla oil than in thetaining 10 g/kg of ethyl esters of eicosapen-
plasma of those fed a safflower oil-rich diettaenoic or docosahexaenoic acid for 10 days
Similarly, Chang et al. (65) reported highersignificantly decreaseei vivolL-2 produc-
serum TNF levels 1 and 1.5 h followingtion by spleen lymphocytes stimulated with
intraperitoneal injection of LPS into fish oil- Con A; bothn-3 PUFAs were equally effec-
fed mice compared with those fed coconutive (16). In another study weanling mice
or corn oil. were fed for 8 weeks on a low fat diet or on
All studies which have used thioglycol- diets containing 200 g/kg hydrogenated co-
late-elicited peritoneal macrophages and theonut, olive, safflower or fish oil; the spleen
only study to use Kupffer cells report thalymphocytes were subsequently stimulated
dietary fish oil results in decreased vivo with Con A (14). The concentration of IL-2
production of IL-1 (34,53,70,71,73). In con-was higher in the medium of spleen lympho-
trast, two studies have reported that fish oitytes from mice fed olive or safflower oil
enhances IL-1 production by murine resithan in the medium of cells from mice fed the
dent macrophages (60,64). In addition, Ertdbw fat diet or hydrogenated coconut oil; fish
et al. (74) showed that the reductionér oil feeding had no effect upon the IL-2 con-
vivo IL-1 production by resident peritonealcentration in the medium. In contrast, higher
macrophages which accompanies haemolk-2 production by Con A-stimulated spleen
rhagic shock in corn or safflower oil-fed lymphocytes taken from autoimmune dis-
mice was prevented by fish oil feeding. Thisease-prone mice fed 100 g/kg fish oil com-
study also showed no difference in IL-1pared with those fed 100 g/kg corn oil has
production by resident peritoneal macrophagsieen reporte(¥ 6); the intracellular levels of
es taken from sham-operated mice fed theseRNA for IL-2 were also elevated in the fish
three diets (74). oil-fed mice although these levels could not
There are no studies reporting the effedbe quantified. A recent study reported that
of dietary fatty acids upon IL-6 productioninclusion of a-linolenic acid or eicosapen-
by resident peritoneal macrophages. Oneenoic plus docosahexaenoic acid in the
study using murine thioglycollate-elicited diet of monkeys resulted in enhanegdwivo
peritoneal macrophages showed a signifiproduction of IL-2 (77). The latter study
cant reduction in LPS-stimulated IL-6 pro-related the discrepancies in the literature to
duction following fish oil feeding (53); pro- the levels of vitamin E included in the diets
duction following stimulation of the cells used.
with TNF was also significantly reduced There have been few animal studies of
(Yaqoob P and Calder PC, unpublished olthe effects of dietary lipids on lymphocyte-
servations). Rat PBMNCs showed reducederived cytokines other than IL-2. The stud-
IL-6 production following fish oil infusion ies which have been reported suggest mini-
for 4 days (72). mal effects of dietary fat upon production of
In contrast to the large number of studie$L-4, IL-10 and interferon (IFN)-(14,76),
in animals of the effects of dietary lipids,but more studies need to be performed to
especially fish oil, upon thex vivoproduc- confirm this.
tion of macrophage-derived cytokines (see Human studiesEndres et al. (37) were
above), there have been relatively few studhe first to show that supplementation of the
ies on lymphocyte-derived cytokines. De-diet of healthy volunteers with-3 PUFAs
creased IL-2 production by alveolar lympho-diminishesex vivoproduction of IL-Ir, IL-
cytes from pigs fed diets containing fish orl3 and TNF by human PBMNCs. Interest-
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ingly, the production of these cytokines rewere stimulated with “low” concentrations
mained suppressed for 10 weeks after thg0.001 pg/ml) of LPS (79). Interestingly, if
supplementation had ended, indicating thhigher LPS concentrations were used there
long period of “washout” required to reversewas no effect of the supplementation upon
the effects of fish oil supplementation. It isproduction of these two cytokines; TNF
also worth noting that this study showed thaproduction was unaffected by3 PUFAs
the precise effects of dietamy3 PUFAs vary in this study. Recently, the effects of di-
according to the stimulus used to inducetarya-linolenic acid upon IL-13 and TNF-
cytokine production. A later study by Endresa production by human cells have been
et al. (25) using the same supplementatioreported; subjects consumed a sunflower
regime reported a decreaseen vivolL-2  oil-rich diet (which was very similar to their
production in response to Con A; the reductypical diet) or a diet rich ina-linolenic
tion was greater 10 weeks after supplemeracid which was provided by linseed oil
tation had ended than at the end of suppleapsules and linseed oil-based spreads and
mentation. Virella et al. (78) reported that écooking oils (80). In this way the linseed oil
weeks of supplementation of the diet withconsumption increased to a mean of 13.7 g/
2.4 g eicosapentaenoic acid per day resultethy. Ex vivo production of both IL-13 and

in lowered production of IL-2 by PBMNCs TNF-a by PBMNCs was decreased by the
stimulated with PHA or PWM; in agreementlinseed oil diet. If the subjects then supple-
with the long “washout” period suggested bymented their diet with encapsulated eicosa-
Endres et al. (25,37), IL-2 production respentaenoic plus docosahexaenoic acids (2.7
mained low 8 weeks after the supplementag/day) production of both cytokines was
tion had ended but returned to pre-suppldurther decreased. These authors showed a
mentation levels 22 weeks post-supplemercorrelation between mononuclear cell
tation. Meydani et al. (23) supplemented theicosapentaenoic acid content and produc-
diet of healthy young (20-33 years of agejion of IL-1R8 and TNFa.

and older (51-68 years of age) women with Supplementation of the diet of healthy
2.4 gn-3 PUFAs per day and examined volunteers or multiple sclerosis patients with
vivoproduction of a range of cytokines afterencapsulated fish oil providing approximately
4, 8 and 12 weeks. There were time-depen&-gn-3 PUFAs per day for 24 weeks resulted
ent decreases in the production of IL-18, ILin lowerex vivaproduction of IL-113, TNFe,

2, TNF and IL-6 by PBMNCs from the older IL-2 and IFNy by PBMNCs (81). An earlier
women; production of TNF and IL-6 by cellsstudy reported lower production of IL-1 by
from the young women was also significantPBMNCs taken from rheumatoid arthritis
ly decreased and there were trends towargstients who had consumae3 PUFAs for
decreased production of IL-11R and IL-2 by24 weeks (82); interestingly, cells from the
these cells. The same workers have studiguhtients who consumed an olive oil placebo
the effect of including fish (providing 1.23 g (9 g/day) in this trial also showed diminished
n-3 PUFAs/day) in a low fat, low cholesterolIL-1 production. There was increased pro-
diet for 24 weeks; thex vivoproduction of duction of IL-2 by PBMNCs from rheuma-
IL-1R, IL-6 and TNF by PBMNCs was sig- toid arthritis patients who supplemented their
nificantly reduced and there was a nonsigdiet with olive oil or a “low” level ofn-3
nificant reduction in IL-2 production (24). PUFAs for 24 weeks; this increase did not
The production of IL-1 and IL-6 in whole occur in patients consuming a “high” level
blood cultures was decreased if the subjects n-3 PUFAs (82).

had consumed 1.1 to 1.6rg3 PUFAs per Recently, circulating cytokine levels in
day for 6 to 8 weeks but only if the culturespatients receiving intravenous infusions of
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lipid emulsions post-surgery were reporte@l. (32), reported thain-3 PUFA feeding
(83); patients received either a medium chairdiminishes macrophage cytotoxicity towards
long chain triacylglycerol mix (50:50 v/v) or NO-sensitive P815 cells, suggestive of re-
this mix also containing fish oil (50:30:20 v/duced NO production. Yaqoob and Calder
v/v). Patients received 50 g fat per day oi1(53) found that several high fat diets, includ-
days 1 and 2 post-surgery and 100 g fat pérg 200 g/kg fish oil, enhanced NO produc-
day on days 3, 4 and 5; thus patients in th@n by murine thioglycollate-elicited mac-
group receiving the fish oil-containing emul-rophages compared with a low fat diet; there
sion received approximately 3 (days 1 and 2yere no significant differences in NO pro-
or 6 (days 3, 4 and 5)rg3 PUFAs per day. duction by macrophages from mice fed dif-
Plasma TNFe levels were significantly lower ferent high fat diets. Fish oil has been re-
in the fish oil group at 6 days post-surgeryported to enhance NO production by murine
plasma IL-6 levels were lower (but not sigperitoneal (34), rat lung (66) and pig lung
nificantly) 10 days post-surgery and the post75) macrophages.

surgery increase in plasma IL-10 levels was Recently, Harris et al. (86) reported in-

reduced in this group. creased appearance of NO metabolites in the
urine of healthy human volunteers who
n-3 PUFAs and cytokine receptor expression supplemented their diet with 5 g fish oll

concentrate per day (providing 3 g eicosa-

Feeding rats a diet containing 200 g/kgoentaenoic acid plus docosahexaenoic acid)
fish oil lowered the proportion of spleen andor 3 weeks; interestingly, 3 g of eicosapen-
thymic lymphocytes bearing the IL-2 receptaenoic acid alone did not alter urinary NO
tor (IL-2R; CD25) following Con A stimula- metabolite levels. The levels measured by
tion (13). Spleen lymphocytes from rats fedHarris et al. (86) were assumed to indicate
fish oil also showed a lower level of expreswhole body NO production; as such, a vari-
sion of the IL-2R following mitogenic stim- ety of sources of NO are likely to exist and
ulation (15). In accordance with these anithe authors concluded that much of it origi-
mal studies, supplementation of the diet ohated from endothelial cells. There is much
patients with psoriasis or atopic dermatitigdirect and circumstantial evidence tma8
withn-3 PUFA ethyl esters (6 g/day) caused®UFAs enhance NO production by endothe-
a significant reduction in the percentage ofial cells (see 86 for references).
IL-2R* blood lymphocytes following PHA
stimulation(84); the level of expression of n-3 PUFAs and adhesion molecule expression
the IL-2R on the positive cells was also

significantly reduced. Adhesion molecules are involved in many
cell-to-cell interactions. For example, inter-

n-3 PUFAs and nitric oxide production by action between T lymphocytes and antigen-

macrophages presenting cells is in part mediated by the

ligand-receptor pairs CD11a/CD18:CD54,

Two studies using rat resident peritoneaCD11a/CD18:CD102 and CD2:CD58 (for
macrophages reported that NO production ieviews, see 87-89). Thus, an efficient cell-
significantly diminished by fish oil feeding mediated immune response requires appro-
(68,85). In contrast, Hubbard et al. (35) foungbriate levels of expression of these mol-
no effect of feeding mice 100 g/kg linseed oecules on T lymphocytes. In addition, leuco-
fish oil upon exvivo NO production by cyte adhesion to the endothelium involves a
thioglycollate-elicited macrophages; neverhumber of ligand-receptor pairs including

theless these workers, as well as Somers @011a/CD18:CD54, CD54:CD11a/CD18,
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CD49d/CD29:CD106, CD2:CD58, CD62L: shown to reduce the expression of CD106,
MAdCAM-1 and CD44: hyaluraonate (for CD62E and CD54 on the surface of LPS-
reviews, see 87-89). Thus, the movement aftimulated human umbilical vein endotheli-
leucocytes between body compartments, intal cells (93). Recently, it was shown that
and out of lymphoid organs and into sites oinclusion of eicosapentaenoic or docosahex-
immune or inflammatory reactivity requiresaenoic acid in the medium of cultured rest-
adhesion molecule expression. Adhesiomg or LPS- or cytokine-stimulated human
molecule expression appears to be involvedmbilical vein endothelial cells decreased
in several acute and chronic inflammatorythe ability of peripheral blood lymphocytes
disease processes (for a review, see 90), atabind (94); botm-3 PUFAs were shown to
antibodies against certain adhesion moleculekecrease the level of expression of CD106,
can reduce chronic inflammatory diseaséut not of CD54 or CD62E, on the surface of
(90). cytokine-stimulated endothelial cells. This
In vitro studies of n-3 PUFAs and adhe-latter study also reported, for the first time,
sion molecule expressiolh has become ap- thein vitro effect oin-3 PUFAs on adhesion
parent thain-3 PUFAs can affect adhesionmolecule expression on lymphocytes: incu-
molecule expression by some cell types, diation of lymphocytes with either eicosa-
leasin vitro. Calder et al. (91) observed thatpentaenoic or docosahexaenoic acid reduced
murine thioglycollate-elicited peritoneal mac-the level of expression of CD11a and CD62L
rophages cultured in the presence of eicosaut did not affect CD49d expression (94). In
pentaenoic or docosahexaenoic acid werngarallel with this reduction, the binding of
less adherent to artificial surfaces (the adhdymphocytes to untreated or cytokine-stimu-
sion to one of these surfaces is mediated bgted endothelial cells was diminished. In
CD11a/CD18) than those cultured with som@nother recent study, incubation with eicosa-
other fatty acids. This observation suggestsentaenoic acid was shown to reduce the
that n-3 PUFAs decrease expression of eitevel of expression of CD54, but not CD11a,
ther CD11a or CD18 or both proteins. Moreon the surface of resting or IRNstimulated
recently, De Caterina et al. (92) reported thadtuman monocytes (95); docosahexaenoic
culture of human adult saphenous vein eracid did not alter expression of these mol-
dothelial cells with docosahexaenoic acidkcules. Thus, it appears that culture of
significantly decreased the cytokine-induceanacrophages, monocytes, lymphocytes or
expression of CD106, CD62E and CD54 in &ndothelial cells witm-3 PUFAs can de-
dose-dependent manner. The adhesion ofease adhesion molecule expression result-
U937 monocytes or human peripheral bloodhg in diminished ability to bind to other cell
monocytes to the endothelial cells was ditypes.
minished following incubation of the latter  Effects of dietary n-3 PUFAs on adhe-
with docosahexaenoic acid (92). Since thesion molecule expressidmere are few stud-
binding between monocytes and endothelidés of the effects of inclusion af3 PUFAs
cells partially depends upon CD106 expresn the diet upon adhesion molecule expres-
sion on the endothelial cells, the reducedion, although it was recently shown that
expression of CD106 caused by docosahesupplementation of the human diet witi3
aenoic acid appears to have a function®UFAs results in significantly lower levels
effect. Kim et al. (93) reported that incuba-of expression of CD11a and CD54 on pe-
tion of LPS-stimulated pig aortic endothelialripheral blood monocytes (45). Feeding rats
cells with eicosapentaenoic acid resulted ia diet containing 200 g fish oil/kg signifi-
diminished binding between these cells andantly reduced (by 20 to 35%) the levels of
U937 monocytes. Eicosapentaenoic acid waxpression of CD2 and CD11a on freshly
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prepared lymphocytes and of CD2, CD11a&cute inflammatory responses
and CD54 on Con A-stimulated lympho-
cytes (15). Furthermore, the levels of CD2, Arachidonic acid-derived eicosanoids are
CD11a and CD54 were reduced on popliteahvolved in mediating inflammatory re-
lymph node lymphocytes following localisedsponses. Sinae3 PUFAs diminish the pro-
graftvshost or hostsgraft responsesvivo  duction of these mediators, they should exert
(96). Reduced adhesion molecule expresnti-inflammatory activities. Indeedn-3
sion suggests that cells will be less able tPUFAs decrease the production of pro-in-
interact with receptor-bearing cells. In acflammatory mediators such as PGénd
cordance with this, we have recently obiTB, during antigen-induced inflammation
served that lymph node lymphocytes obef the air pounch (97), carrageenan-induced
tained from fish oil-fed rats adhere less welinflammation of the footpad (97) and zymo-
to macrophage and endothelial cell monosan-induced peritoneal inflammation (98).
layers (Sanderson P and Calder PC, unpuibhe latter study also reported that dietary
lished observations). These observations su§-PUFAs inhibited the influx of neutrophils
gest thatn-3 PUFA feeding will affect the into the peritoneal cavity which accompa-
movement of lymphocytes and monocytesies such treatment. Feeding rats 100 g/kg
between body compartments and perhagsd liver oil for 10 weeks significantly low-
into sites of inflammatory or autoimmuneered (by 40%) the inflammatory response to
activity. carrageenan injection into the footpad com-
pared with feeding coconut oil or groundnut
Dietary fatty acids and invivo meas- oil (99). In accordance with that observa-
ures of cell-mediated immunity and tion, feeding rats high fat diets containing
inflammation ethyl esters of eicosapentaenoic or docosa-
hexaenoic acid resulted in a 50% reduction
The studies outlined above have investiin footpad swelling in response to carrageen-
gated the effects of dietary manipulationsn injection compared with feeding safflower
uponex vivofunctions of isolated cell popu- oil (100); both n-3 PUFAs were equally
lations. Although a number of consistengffective.
patterns have emerged from these studies,
there are also contradictory reports and it i81vivo responses to endotoxin and cytokines
evident that the outcome of sua@x vivo
measures is strongly influenced by the ex- Intravenous infusions of a 10% (v/v) li-
perimental conditions used. Furthermdme, pid emulsion rich in fish oil into guinea pigs
vivo cells exist as part of a network beingsignificantly enhanced survival to intraperi-
influenced by other cell types; often suchoneally injected LPS compared with infu-
interactions are disturbed by the purificatiorsion of a 10% (v/v) safflower oil emulsion
of the particular cell types to be studied(101); the total amount of lipid infused was
Therefore, it is important to investigate thel3 g/animal. The same workers later showed
effect of dietary fats on the intact, fully thatfeeding a fish oil-rich diet to guinea pigs
functioning system in which all normal cel-for 6 weeks significantly increased survival
lular interactions are in place. The ability tato an intraperitoneal injection of LPS com-
makein vivo measures of inflammation andpared with animals fed a safflower oil-rich
cell-mediated immunity offers the prospecdiet (102).
of investigating the effects of dietary ma- In accordance with the diminished sus-
nipulations upon the overall responses ofeptibility to the lethal effects of endotoxin
these systems. in experimental animals, feeding weanling
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rats a 100 g/kg fish oil diet for 8 weeksthis reduction was not statistically signifi-
significantly decreased a number of re<ant (110). Supplementation of the diet of
sponses to intraperitoneal TNF-the rises volunteers consuming a low fat, low cho-
in liver zinc and plasma C3 concentrationslesterol diet with 1.25 @-3 PUFA/day di-
the fall in plasma albumin concentrationminished the DTH responses to 7 recall
and the increases in liver, kidney and lun@ntigens (24).

protein synthesis rates were all prevented

by the fish oil diet (103). Fish oil feeding to Graft vs hostand host vs graft responses

rats or guinea pigs also diminishes the pyro-

genic(104,105) and anorexic effects (103, The so-called popliteal lymph node
106) of IL-1 and TNFa compared with (PLN) assay provides a useful experimental

feedingn-6 PUFA-containing oils. model in rodents for measuring graits
host (GvH) and hostvs graft (HvVG) re-
Delayed-type hypersensitivity sponses elicited by injection of allogeneic

cells into the footpad of the host. The GvH

The delayed-type hypersensitivityresponse primarily involves the polyclonal
(DTH) reaction is the result of a cell-medi-activation, and subsequent proliferation, of
ated response to challenge with an antigemost B-cells, although NK cells may also be
to which the individual has already beeninvolved in the host defence. In contrast,
primed. There are several reports that ththe HvG reaction is a T-cell-mediated re-
DTH response in rodents is significantlysponse, in which CTLs of the host recognise
reduced by-3 PUFAs. For example, intra- MHC antigens on the injected cells. In both
gastric administration of a fish oil concen-cases the enlargement in PLN size (more
trate to rats for 50 days lowered the DTHhan 15-fold in the GvH response and 4-
response to bovine serum albumin comfold in the HvG response) is due largely to
pared with administering safflower oil, ol- proliferation of activated host cells; most of
ive oil or watet(97) while addition of ethyl these originate within the PLN although
esters of either eicosapentaenoic or docosthere is also some recruitment of cells from
hexaenoic acid to the diet of mice consumthe bloodstream. A suppressed HvG re-
ing a safflower oil diet reduced the DTHsponse was observed in mice fed a 160 g/kg
response to tuberculin (107); both-3 fish oil diet compared with those fed a stan-
PUFAs were equally effective. The DTHdard chow diet (111); lower levels of fish
response to sheep red blood cells in miceil (25, 50, 100 g/kg) did not significantly
was diminished following tail-vein injec- affect the response. Significantly dimin-
tions of emulsions of triglycerides rich inished GvH and HvG responses (by 34%
eicosapentaenoic or docosahexaenoic acahd 20%, respectively) were observed in
(108); a soybean oil emulsion was injectedats fed 200 g/kg fish oil compared with
in the control animals. Most recently, it wasthose fed a low fat diet or diets containing
reported that feeding aged beagle dogs 200 g/kg coconut, olive, safflower or
long-chainn-3 PUFA-rich diet significant- evening primrose oils (96). Such observa-
ly diminished the DTH response to intra-tions accord with the demonstrations of sig-
dermal KLH compared with feeding dietsnificantly diminishedex vivoT lymphocyte
containing smaller amounts of long-chainproliferation, NK cell activity and CTL ac-
n-3 PUFAs (109). tivity following fish oil feeding. Feeding

Feeding a linseed oil-rich diet to healthyrats a 200 g/kg fish oil diet resulted in fewer
human volunteers for 8 weeks lowered théL-2R* cells and CD18CD3 cells in the
DTH response to 7 recall antigens, althougpopliteal lymph node following the GvH
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response, indicating an inhibition of lym-oil infusion was reported (114); in turn
phocyte activation and a decrease in theoybean oil enhanced survival compared
proportion of NK cells, respectively (96). with saline infusion. Oral fish oil (4.5 g/
Recently, a dose-dependent effect of linday) has also been shown to prolong the
seed oil compared with sunflower oil uponsurvival of islets of Langerhans grafts in
the GvH response in rats was reported (18jnice (115).

Animal models of organ transplantation Effects of n-3 PUFAs in animal models of
inflammatory and autoimmune diseases

Graft rejection in transplantation sur-
gery is caused by an immune reaction to Dietary fish oil has been shown to have
the foreign material introduced into thesignificantly beneficial clinical, immuno-
body; T-cells have been implicated in aclogical and biochemical effects in a num-
celerated graft rejection, but antibodieder of animal disease models. These ef-
with specificity for the graft donor have fects include increased survival and de-
also been observed following rejectioncreased proteinuria and anti-DNA antibod-
implying that both cell-mediated immuni- ies in mice with autoimmune glomerulo-
ty and humoral immunity play a part in thenephritis, a model for systemic lupus
rejection process. Studies investigating therythematosus (41,116-119), decreased
effects of eicosanoids on organ transplarjeint inflammation in rodents with col-
tation pre-date those investigating the eflagen-induced arthritis (120,121) and less
fects of fatty acids. Some eicosanoids pranflammation in rats with various models
mote graft rejection while others promoteof colitis (122-125). These observations
graft survival (for a review, see 112).suggest that diets enriched iR3 PUFASs
Therefore, sincen-6 andn-3 PUFAs will might be of some therapeutic benefit in
affect the levels and types of eicosanoidthese diseases in man.
formed, they would be expected to influ-
ence graft survival. In addition, PUFAsClinical studies of the effects of
exert immunomodulatory effects whichdietary fatty acids in inflammatory
might be independent of eicosanoids andnd autoimmune diseases and in
so these effects might play a role in en{ransplantation
hancing graft survival. The effect of feed-
ing n-3 PUFASs to recipient or donor or Inflammatory and autoimmune diseases
both upon subsequent cardiac allograft sur-
vival was investigated in rats (113). It was The low incidence of cardiovascular
found that survival was prolonged if thedisorders amongst populations consuming
recipients were fed fish oil or ethyl esterdarge quantities of oily fish has been well
of eicosapentaenoic or docosahexaenoi@ocumented (126-128), but the intense in-
acid regardless of the diet of the donor, oterest in fish oil and heart disease has
if the donors were fed fish oil or ethyl overshadowed the unusual pattern of the
esters of eicosapentaenoic or docosancidence of some other diseases in native
hexaenoic acid or fish oil regardless of thé&reenland Eskimos. Kromann and Green
diet of the recipient or if both donor and(127) described a very low incidence of
recipient were fed fish oil. Greater prolon-autoimmune and inflammatory disorders,
gation of cardiac survival in rats receivingsuch as psoriasis, asthma and type-I diabe-
an infusion of fish oil post-transplantationtes, and the complete absence of multiple
compared with those receiving soybeaisclerosis in a population of Greenland Es-
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kimos compared with sex- and age-<yclosporin A. Better kidney function in kid-
matched groups living in Denmark. Thusney graft recipients who consumed fish oil
the n-3 PUFA-containing fish oil in the (8 g/day for one year post-transplant) was
Eskimo diet could have a protective rolereported, although there was no reduction in
towards these types of diseases. Most akjection episodes compared with controls
these diseases are characterised by inafi-37). Bennett et al. (138) reported no rejec-
propriate activation of T-cells resulting in tion incidents in a group of kidney transplant
attack on, and ultimately destruction of,recipients who received 9 or 18 g eicosapen-
host tissues. Typically, the sites of tissug¢aenoic acid/day for 16 weeks post-trans-
destruction (e.g., joints in rheumatoid ar-plantation; cyclosporin nephrotoxicity did
thritis, neural tissue in multiple sclerosis)not occur in this group but did occur in the
contain activated T-cells and macrophagesontrol group who supplemented their diet
and mediators produced by these cellsyith corn oil.
such as cytokines, eicosanoids and reac-
tive oxygen species. The favourable outMechanisms bywhich n-3 PUFAs
come resulting from dietary fish oil in might exerttheir effects
animal models of inflammatory and au-
toimmune diseases (see above) indicates Clearlyn-3 PUFAs do influence the func-
that there may be some benefit from suptional activities of cells of the immune sys-
plementation of the diet of suitable pa-tem, although a number of conflicting obser-
tients withn-3 PUFAs. There have been avations have been made. These fatty acids
number of clinical trials assessing the benappear to alter the production of mediators
efits of dietary supplementation with fishinvolved in communication between cells of
and other oils in several inflammatory andhe immune system (eicosanoids, cytokines,
autoimmune diseases; these studies haw) and to alter the expression of key cell
been reviewed elsewhere (7,129-134). surface molecules involved in direct cell-to-
cell contact (adhesion molecules). The pro-
Transplantation duction of cytokines and NO is regulated by
eicosanoids and so am3 PUFA-induced
The animal studies described above indiehange in the amount and types of eicosanoids
cate that PUFAs, particularlg-3 PUFAs, formed could, at least partially, explain the
could be used to prolong the survival ofeffects ofn-3 PUFAs. However, many of the
organ transplants. Recipients of kidney transeffects ofn-3 PUFAs appear to be exerted in
plants who received 9 g fish oil/day for onean eicosanoid-independent manner. Thus,
year post-transplant (in conjunction withother mechanisms of action of3 PUFAs
cyclosporin A and prednisolone) had signifupon immune cell function must be consid-
icantly improved glomerular filtration rate ered. One such mechanism could be through
and significantly diminished cyclosporin A regulating expression of key genes involved
nephrotoxicity although there was no effecin immune cell functioning and in the pro-
upon graft survival (135). A similar finding duction of immune cell-derived mediators.
was made by Homan van der Heide et al.
(136) who reported that renal transplant paevidence that n-3 PUFAs affect gene expres-
tients who received fish oil (6 g/day for thesion in cells of the immune system
first post-operative year) in combination with
cyclosporin A had better kidney function Itis now well documented that fatty acids
and less rejections over one year compareaifect the expression of genes involved in
with patients who received coconut oil anchepatic fatty acid and lipoprotein metabo-
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lism (for reviews, see 139-141) and the gendsvel of mRNA for inducible NO synthase
involved in adipocyte differentiation and (iNOS), the enzyme responsible for NO pro-
development (for reviews, see 140,142). Diduction in macrophages stimulated in this
etary n-3 PUFAs have particularly potentway; the lower level of INOS mRNA was
effects upon the expression of genes fadue to an inhibition of transcription (146).
proteins involved in hepatic peroxisomal
proliferation, fatty acid oxidation and lipo- Mechanisms by which n-3 PUFAs might
protein assembly (e.g., 143). Studies of theffect gene expression
effects of fatty acids upon the expression of
genes important in immune cell functioning  Thus, it is now apparent that3 PUFAs
are few and relatively recent. might affect immune cell function partly by
n-3 PUFAs and cytokine gene expresregulating the expression of genes encoding
sion. Inclusion of fish oil in the diet of au- for proteins involved in cellular responses
toimmune disease-prone mice resulted iand in communication between cells. One
elevated levels of MRNA for IL-2, IL-4 and mechanism by whicim-3 PUFAs could af-
TGF-3 and reduced levels of mMRNA for cfect gene expression is through changes in
myc and c-ras in the spleen (76). The santle signal transduction pathways which link
authors also showed that dietary fish oitell surface receptors to the activation of
completely abolished mRNA production fornuclear transcription factors. Alternatively,
IL-1R, IL-6 and TNFa in the kidneys of n-3 PUFAs (indeed PUFAs in general) or
these animals (144). It has been reported theteir derivatives might bind directly to nuclear
feeding mice a fish oil-rich diet significantly transcription factors thereby altering their
diminished the level of IL-13 mRNA in LPS- activity.
or phorbol ester-stimulated spleen lympho- Fatty acids and signal transduction.
cytes(145); the lower IL-13 mRNA level Many lipids are involved directly in intracel-
was not due to accelerated degradation bidlar signalling pathways; for example, hy-
to impaired synthesis. Fish oil feeding todrolysis of membrane phospholipids such as
mice lowered basal and LPS-stimulated TNFPIP, and phosphatidylcholine by phospholi-
o mRNA levels in peritoneal macrophagespases generates second messengers such as
(34). DAG and inositol-1,4,5-trisphosphate {IP
n-3 PUFAs and adhesion molecule gen®ther phospholipids play a role in activating
expressionDe Caterina et al. (92) showedor stabilising enzymes involved in intracel-
that incubation of human saphenous veifular signalling; for example, phosphatidyl-
endothelial cells with docosahexaenoic aciderine is required for protein kinase C (PKC)
results in reduced levels of MRNA for CD106 activation. DAG activates some isoforms of
n-3 PUFAs and NO synthase gene exPKC and also activates sphingomyelinase to
pressionKhair-EIl-Din et al. (146) reported release the second messenger ceramide.
that incubation of murine thioglycollate-elic- Ceramide in turn may be converted to sphing-
ited peritoneal macrophages with docosassine and sphingosine-1-phosphate; sphing-
hexaenoic acid decreased NO production iosine inhibits PKC and activates some phos-
response to LPS plus IFNtor IFN-y plus pholipases. Since PJhosphatidylcholine,
TNF-a) and that the inhibition was concen-phosphatidylserine and DAG all contain fatty
tration dependent. Neither arachidonic noacyl chains attached to the-1 and -2 posi-
eicosapentaenoic acids at concentrations tibns of the glycerol moiety, itis conceivable
up to 100 pM affected NO production. Thisthat changing the type of fatty acid present
study found that incubation of the cells withmay alter the precise properties of these
docosahexaenoic acid resulted in a lowezompounds with regard to their functions in
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signal transduction. Certainly, changing thecid composition of the substrate phospho-
fatty acid composition of the diet (e.g., bylipids. Addition of 14.4 g per day of fish oil-
feeding fish oil) markedly alters the phos-derivedn-3 PUFAs to the diet for 10 weeks
pholipid and DAG molecular species com+esulted in lower platelet activating factor-
positions of lymphocytes (147) and macroor LTBs-stimulated IRgeneration in periph-
phages (148). That such changes might deral blood neutrophils (40). The platelet ac-
rectly influence signal transduction pathwaysivating factor and LTB receptors are
is shown by the observations that PKC isoupled via G-proteins to PLCR. In a recent
more active in the presence of dioleoylglycstudy, it was observed that calcium iono-
erol or diarachidonoylglycerol than in thephore- or Con A-stimulated4Beneration in
presence of DAGs containing two saturatedat lymphocytes was significantly reduced if
fatty acids or one saturated and one unsatuhe lymphocytes came from animals fed fish
ated fatty acid (149) and that rat spleen PK@Gil (Sanderson P and Calder PC, unpub-
is less active inthe presence ohaB PUFA- lished observations). Furthermore, it was
rich phosphatidylserine compared with dound that, although the amount of REC
PUFA-poor phosphatidylserine (150). in rat lymphocytes was unaffected by diet,
In support of the idea that-3 PUFAs the ability to phosphorylate, and so to acti-
influence intracellular signalling pathways,vate, the enzyme in response to suitable
DAG generation was reduced in Con A-stimuliappeared to be significantly impaired
stimulated lymphocytes taken from mice fedy fish oil feeding (Sanderson P and Calder
the ethyl ester of docosahexaenoic acid con®C, unpublished observations). Lymphocyte
pared with those taken from safflower oil-PLCy-1 is activated by one or more tyrosine
fed mice (151). More recently, it was showrkinases (Ick, fyn, ZAP-70); thus, these ob-
that feeding either eicosapentaenoic or daservations are suggestive of lowered activity
cosahexaenoic acid to mice results in resf certain tyrosine kinases following fish oil
duced DAG generation by Con A-stimulatedeeding. How n-3 PUFAs inhibit tyrosine
spleen lymphocytes (16); this study alsdinase activity is not clear but these tyrosine
showed, for the first time, that fish oil-de-kinases are associated with specific regions
rivedn-3 PUFAs suppress ceramide generasf the plasma membrane. This association
tion in Con A-stimulated lymphocytes. Themight require certain phospholipid fatty acid
DAG in these studies could have been genecompositions or membrane physical proper-
ated by the activity of phosphatidylcholineties which could be markedly alteredn
PLC, phospholipase D or phosphatidylinosiPUFA incorporation, thus resulting in an
tol PLC or a combination of these. A recentnability of the tyrosine kinase to maintain
study which showed reduced calcium ionoits optimal activity.
phore-stimulated DAG production in mac- It has been proposed that unsaturated
rophages from eicosapentaenoic acid-fefatty acids themselves may have a direct
mice compared with those fedau® PUFA-  effect uponintracellular signalling pathways
rich diet suggested that phosphatidylcholinéfor a review, see 152). This direct modula-
hydrolysis contributed significantly to the tory effect of fatty acids has been most ex-
total DAG formed (148), implicating phos- tensively documented in relation to PKC
phatidylcholine PLC and/or phospholipaseactivity which was shown to be enhanced by
D in DAG formation. These data indicatedocosahexaenoic acid (153). In contrast, al-
thatn-3 PUFAs in some way affect the activ-though it was reported that eicosapentaenoic
ity of one or more phospholipases resporand docosahexaenoic acids increased brain
sible for the generation of key second medPKC activity in the absence of phosphatidyl-
sengers; this may be via changes in the fatgerine and DAG, in the presence of phospha-
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tidylserine and DAG both-3 PUFAs caused products (e.g., myc, fos, jun), steroid hor-
up to 60% inhibition of PKC activity (154). mone receptors and specific transcription
Other studies have shown that eicosapeifactors such as NF-IL-2, NF-IL-6 and NF-
taenoic and docosahexaenoic acids inhibiCAM-1. NF-kB plays a key role in inducing
rat lymphocyte or macrophage PKC activitythe production of many key mediators within
in the presence of calcium, phosphatidylsetthe immune system: NkB regulates the
ine and DAG(155,156), whereas protein synthesis of cytokines including IL-1, IL-2,
kinase A activity was unaffected by thesdlL-6, TNF-a and IFNy, of cytokine recep-
fatty acids. In accordance with both the ditors including IL-2R, of adhesion molecules
rect effects oh-3 PUFAsIn vitro (155,156) including CD54, CD62E and CD106, of en-
and the effects of enriching phosphatidylserzymes involved in mediator generation such
ine withn-3 PUFAs (150), feeding mice fish an iNOS and of a range of acute phase
oil resulted in diminished spleen lympho-proteins (for a review, see 161). KB-is
cyte PKC activity (157). activated by the phosphorylation and subse-
A change in the concentration of intra-quent dissociation of one of its three sub-
cellular free calcium is often a key compo-units, the so-called inhibitongB (IkB); this
nent in the intracellular signalling pathwayleaves the remaining dimer free to translo-
which follows the stimulation of lympho- cate to the nucleus and bind to appropriate
cytes, macrophages and other cells by growtiesponse elements on target genes. It ap-
factors, cytokines and antigens. There is nowears that, at least in response to some stimuli,
considerable evidence that free fatty acid#he phosphorylation okB is performed by
influence these changes. For example, it wd3KC. Given the effects af-3 PUFAs out-
reported that oleic acid, but not stearic acidined previously (e.g., reduced PLC activity,
inhibited the target cell- or Con A-stimulatedresulting in reduced DAG and JRenera-
rise in intracellular free calcium concentration, resulting in turn in a reduced intracellu-
tion in a cytotoxic T-cell line (158). Severallar free calcium rise and a reduced activation
unsaturated fatty acids includioglinolenic, of PKC isoforms), it is evident how these
eicosapentaenoic and docosahexaenoic dedty acids could prevent activation of NF-
ids inhibit the anti-CD3-induced increase irkB and so suppress expression of a range of
intracellular free calcium concentration ingenes including those for cytokines, cytokine
the Jurkat T-cell lin€159,160); the fatty receptors, adhesion molecules and iNOS.
acids appeared to act by blocking calciun€eramide can also activate KB-independ-
entry into the cells and it was concluded thagntly of PKC activity; thus, the observation
they act directly upon receptor-operated cabf Jolly et al. (16) of reduced ceramide pro-
cium channelfkeduced IPlevels as a result duction within lymphocytes from-3 PUFA-
of diminished phospholipase activity (seded mice could also partly account for the
above) would also contribute to decreaserkeduced functional responses (e.g., IL-2 pro-
intracellular free calcium concentrations,duction and proliferation) of these cells.
which in turn would reduce the activity of  Some transcription factors are receptors
some isoforms of PKC. for lipophilic molecules; these include ste-
Fatty acids and transcription factors roid hormone receptors and the family of
within cells of the immune systdogmpho-  receptors known as peroxisomal proliferator
cytes and other immune and inflammatonactivated receptors (PPARSs). Eicosanoid
cells contain many transcription factors in-derivatives of arachidonic acid including
cluding nuclear transcription facteB (NF- PGA,, PGB,, PGD, 15-deoxyA1214PGJ],
KB), nuclear transcription factor of activatedbut not PGE PGF, or PG}, are activators
T-cells (NFAT), AP-1, various oncogeneof PPARy, y and 6 (162); LTB,, 8-HETE
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Figure 3 - Schematic representa-
tion of the mechanisms by
which n-3 PUFAs might influ-
ence immune cell function.
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and 12-HETE appear to activate PRAR selves are activators of PPARs (for reviews,
only (162). In contrast to their role as PPARsee 140,141). Very recently, and in contrast
activators, most eicosanoids are poor PPAR earlier reports, it has been found that
ligands (162), although 8-HETE is a highunsaturated fatty acids (linoleéc;linolenic,
affinity ligand for PPARI (162). The claim y-linolenic, arachidonic, eicosapentaenoic,
that LTB, is a PPAR ligand (163) is now and docosahexaenoic acids) bind directly to
disputed (162). It has been claimed that 19?PARx (162,166)9 (162) andy (166). Thus,
deoxyA214PGJlis aligand for PPAR(164- it appears that PUFAs are both activators of
166) and PPAR (166), although Forman et and ligands for some forms of PPARs. The
al. (162) showed it does not bind PPlABr  mechanism of action and functional effects
0. Interestingly, the eicosapentaenoic acidf PPARs have been reviewed in detail re-
derivative 8-HEPE is a potent activator ofcently (140,141). PPAR isoforms have been
and ligand for, PPAR (162). The various identified in lymphoid tissues. Usirig situ
roles of arachidonic and eicosapentaenoidNA hybridisation and immunohistochemi-
acid derivatives as activators and ligands afal staining Braissant et al. (167) identified
PPAR isoforms provide a mechanism bynoderate to very strong expression of
which these fatty acids can affect the activitPPARx, 3 andy in rat spleen (both red and
of these transcription factors. It has beewhite pulp) and lymph nodes; Kliewer et al.
known for some time that PUFAs them-(168) had earlier reported the presence of
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PPARyandmRNA in murine spleen. These immune cells to the effects of steroid hor-
observations suggest that genes within cellmones (e.g., 172).

of the immune system will be subject to

In addition to the effects which influence

regulation by ligands for PPAR isoforms;the activity of transcription factorsn-3
these include PUFAs and PUFA derivativesPUFAs might also regulate the synthesis of
Cells of the immune system also possedsanscription factors. Fernandes et al. (76)
steroid hormone, vitamin D and retinoic acideported markedly decreased c-myc mRNA
receptors making them subject to the effecim spleens from fish oil-fed mice; c-myc
of ligands of these transcription factors. INmRNA encodes a transcription factor.

cidentally, it is proposed that PUFAs regu-

Figure 3 attempts to give an overview of

late the pathway of activation of steroid horthe sites at whicin-3 PUFAs might influ-
mone receptors (for reviews, see 169-171gnce the functional activities of cells of the
which may account for the observations thatnmune system.
PUFAs, particularlyn-3 PUFAs, sensitise
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