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Modulation of immune function by dietary fatty acids
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Biosynthesis and sources of different fatty acids

All mammals can synthesize fatty acids de novo from acetyl-
CoA. The endproduct of the fatty acid synthetase (EC
2.3.1.85) enzyme is palmitic acid (16 : 0), which in turn can be
elongated to stearic acid (18:0). There is little need for the
synthesis of saturated fatty acids in Western man, since the
diet normaily supplies adequate amounts. However, cell
membranes require unsaturated fatty acids to maintain their
structure, fluidity and function; therefore, a mechanism for the
introduction of double bonds (i.e. desaturation) exists. The
introduction of a single double bond between C-9 and C-10is
catalysed by the enzyme A®-desaturase, which is universally
present in both plants and animals. This enzyme results in the
conversion of stearic acid to oleic acid (18: 17-9). Plants,
unlike animals, can insert additional double bonds into oleic
acid between the existing double bond at the C-9 position and
the methyl terminus of the C chain; a A'>-desaturase converts
oleic acid into linoleic acid (18 : 2n-6) while a A'*-desaturase
converts linoleic acid into a-linolenic acid (18 : 3n-3). Since
animal tissues are unable to synthesize linoleic and a-
linolenic acids, these fatty acids must be consumed in the diet
and so are termed essential fatty acids. Using the pathway
outlined in Fig. 1, animal cells can convert dietary a-linolenic
acid into eicosapentaenoic acid (20:5n-3) and docosahex-
aenoic acid (22 : 6n-3); by a similar series of reactions dietary
linoleic acid is converted via y-linolenic (18:3n-6) and
dihomo-y-linolenic (20:3x-6) acids to arachidonic acid
(20:4n-6). The n-9, n-6 and n-3 families of polyunsaturated
fatty acids (PUFA) are not metabolically interconvertible in
mammals. Many marine plants, especially the unicellular
algae in phytoplankton, also carry out chain elongation and
further desaturation of a-linolenic acid to yield the long-chain
n-3 PUFA eicosapentaenoic and docosahexaenoic. It is the
formation of these long-chain n-3 PUFA by marine algae and
their transfer through the food chain to fish that accounts for
their abundance in some marine fish oils.

Cells of the immune system

Animals possess several barriers for protection against
disease and infection. Some of these are present before
exposure to infections, microbes or other foreign molecules

and are not enhanced by such exposures. These are
components of innate (or natural) immunity, and include
phagocytic cells in the blood and in tissues, a class of
lymphocytes called natural killer (NK) cells and various
blood-borne chemicals. Other defence mechanisms are
induced or stimulated by exposure to foreign substances,
are specific for distinct macromolecules and increase in
magnitude with each successive exposure to a particular
macromolecule. These mechanisms constitute specific (or
acquired) immunity.

The specific immune system has developed to include a
number of cooperative functions between effector cells and
molecules, allowing amplification of immune responses.
Specific immune responses are classified into two types,
humoral and cell-mediated immunity, based on the
components of the immune system that are involved in
the response. Humoral immunity is mediated by antibodies
that are released by B-lymphocytes into the bloodstream
and are responsible for specific recognition and elimination
of antigens. Cell-mediated immunity involves specific
antigen recognition by T-lymphocytes.

The cells of the immune system are normally present as
circulating cells in blood and lymph, as anatomically-
defined collections in lymphoid organs (thymus, spleen,
Iymph nodes) or as scattered cells in virtually all tissues.
The principal cells of the immune system are T- and B-
lymphocytes, NK cells, dendritic cells, mononuclear
phagocytes (monocytes and macrophages) and granulo-
cytes (these include neutrophils, eosinophils and baso-
phils); together these cells are termed leucocytes.

Influence of dietary n-3 polyunsaturated fatty acids on
the functions of cells of the immune system

Many studies have investigated the effects of the amount
and type of fat in the diet on immune cell functions,
particularly lymphocyte proliferation in response to mito-
gens. These studies have been reviewed several times in
recent years (Kinsella et al. 1990; Yaqoob & Calder, 1993;
Peck, 1994; Calder, 1995, 19964, b, ¢, 1998; Calder &
Yaqoob, 1997); the effects of n-3 PUFA are the most well
documented and will be summarized here.

Abbreviations: Con A, concanavalin A; DAG, diacylglycerol; IL, interleukin; IP;, inositol-1,4,5-trisphosphate; LPS, lipopolysaccharide; LT, leukotriene;
MHC, major histocompatability complex; NF, nuclear transcription factor; NF«xB, NF kappa B; NK, natural killer; PBMNC, peripheral blood
mononuclear cells; PG, prostaglandins; PHA, phytohaemagglutinin; PKC, protein kinase C; PLC, phospholipase C; PPAR, peroxisomal proliferator-
activated receptors; PUFA, polyunsaturated fatty acids; TNF, tumour necrosis factor.
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Fig. 1. Polyunsaturated fatty acid metabolism. A5, A6, A9, A12 and A15, Desaturase enzymes.

Lymphocyte proliferation

Lymphocyte proliferation is usually measured as the
incorporation of radioactively-labelled precursors (e.g.
thymidine) into DNA. A suitable stimulus (termed a
mitogen) to activate the lymphocytes is required; mitogens
used most frequently are concanavalin A (Con A) and
phytohaemagglutinin (PHA) which stimulate T-lympho-
cytes specifically, bacterial lipopolysaccharide (LPS) which
stimulates B-lymphocytes and pokeweed (Phytolacca
americana) mitogen which stimulates a population of both
T- and B-lymphocytes. Monoclonal antibodies to lympho-
cyte surface structures (e.g. CD3) can also be used to
stimulate proliferation.

Feeding laboratory animals (rats, mice, chickens, rabbits)
on diets containing high levels (70-200 g/kg) of fish oil
(rich in eiocosapentaenoic and docosahexaenoic acids) has
been shown to result in suppressed proliferation of spleen
lymphocytes stimulated with T- or B-cell mitogens
compared with feeding diets rich in other fats such as lard,
coconut oil, maize oil, safflower oil or linseed oil
(Alexander & Smythe, 1988; Kelley et al. 1988; Fritsche
et al. 1991; Yaqoob et al. 1994a; Sanderson et al. 1995a;
Yaqoob & Calder, 1995a). Recently it was reported that
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eicosapentaenoic and docosahexaenoic acids are equipotent
in reducing murine spleen lymphocyte proliferation (Jolly
et al. 1997). Feeding diets containing 76-200 g linseed oil
(rich in a-linolenic acid)/kg has been shown to decrease
proliferation compared with feeding saturated fatty acid- or
n-6 PUFA-rich diets (Marshall & Johnston, 1985; Fritsche
et al. 1991; Jeffery et al. 1996). Sometimes these effects
were demonstrated when the cells were cultured in
autologous serum, but were lost if the cells were cultured
in fetal calf serum (Kelley et al. 1988; Fritsche et al. 1991;
Yaqoob et al. 19944). Culture of cells in fetal calf serum
may explain the lack of effect on spleen lymphocyte
proliferation of feeding fish and linseed oils to mice
reported in some studies (Cathcart ef al. 1987; Berger et al.
1993). It has been shown that the changes in lymphocyte
fatty acid composition induced by dietary manipulations
are better maintained if the cells are cultured in autologous
rather than fetal calf serum (Yaqoob ef al. 1995).
Supplementation of the diets of healthy women (51-68
years of age) for 12 weeks with encapsulated n-3 PUFA
(approximately 2.4 g/day) resulted in a lowered mitogenic
response of peripheral blood mononuclear cells (PBMNC)
to PHA (Meydani et al. 1991). More recently, a decreased
response of PBMNC to Con A and PHA following
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supplementation of the diet of volunteers on a low-fat, low-
cholesterol diet with 1.23g n-3 PUFA/d was reported
(Meydani et al. 1993), while 18 g fish oil/d (approximately
6g n-3 PUFA/d) for 6 weeks resulted in lowered PHA-
stimulated proliferation of PBMNC 10 weeks after
supplementation had ended (but not at the end of the
supplementation period) (Endres ef al. 1993).

Cytotoxic T-lymphocyte-mediated cytolysis

The cytotoxic T-lymphocyte activity of spleen lymphocytes
was reported to be lower after feeding mice on 100 g fish
oil/kg for up to 10 weeks than after feeding 100 g linseed
oil/kg (Fritsche & Johnston, 1990). Feeding chickens on
diets containing 70g fish or linseed oil/kg significantly
reduced spleen cytotoxic T-cell activity compared with
diets containing 70g lard or maize oil/kg (Fritsche &
Cassity, 1992).

Natural killer cell-mediated cytolysis

Feeding mice on diets containing 100 g fish oil/kg caused a
decrease in spleen NK cell activity compared with feeding
chow or 100 g maize oil/kg (Meydani et al. 1988; Lumpkin
et al. 1993). In the study of Berger et al. (1993), female
mice were fed on diets containing 100 g olive, saffiower,
linseed or fish oil/kg for 5 months and the spleen NK cell
activity of the pups was determined before they were
weaned; the activity was lower in the fish-oil group than in
the safflower- or olive-oil groups. Yaqoob et al. (1994b)
fed weanling rats on a low-fat diet or on diets containing
200g hydrogenated coconut, olive, safflower, evening
primrose (Oenothera biennis) or fish oil/kg for 10 weeks
before measuring spleen NK cell activity. It was found that
feeding each of the high-fat diets resulted in lower NK cell
activity compared with feeding the low fat-diet; feeding the
fish-oil diet resulted in the lowest activity. Similar results
have been found in more mature rats fed on these diets for

12 weeks (Sanderson er al. 1995a). Recently it was’

reported that a 200g linseed oil/kg diet decreased rat
spleen lymphocyte NK cell activity compared with feeding
a 200 g sunflower oil/kg diet (Jeffery et al. 1996).

No studies have investigated the effect of dietary lipids
on human NK cell activity, although it was reported that
intravenous injection of a triacylglycerol containing
eicosapentaenoic acid into healthy human volunteers
resulted in suppression of peripheral blood NK cell activity
24 h later (Yamashita et al. 1991).

Macrophage-mediated cytotoxicity

Dietary fish oil (100 g/kg) has been reported to suppress
significantly the lysis of target tumour cells by mouse
elicited peritoneal macrophages (Somers et al. 1989; Black
& Kinsella, 1993; Renier et al. 1993; Hubbard et al. 1994).
The target cell lines used in these studies are sensitive to
killing by tumour necrosis factor (TNF)-a (1.929 cells;
Black & Kinsella, 1993; Renier et al. 1993) or NO (P815
cells; Somers et al. 1989; Hubbard er al. 1994). Thus, the
suppressed macrophage-mediated cytolysis observed after
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fish-oil feeding suggests that fish oil reduces the production
of NO and TNF (see pp. 280-283).

Neutrophil and monocyte chemotaxis

Chemotaxis of human peripheral blood neutrophils and
monocytes towards a variety of chemo-attractants, includ-
ing leukotriene (LT) By, platelet-activating factor, formyl-
methionine-leucine-phenylalanine and autologous serum, is
suppressed following the supplementation of the human
diet with n-3 PUFA (Lee et al. 1985; Endres et al. 1989;
Schmidt et al. 1989, 1992; Sperling et al. 1993).

Major histocompatibility complex expression and antigen
presentation

Inclusion of n-3 PUFA in the diet of mice or rats results in a
dimished percentage of peritoneal exudate cells bearing the
major histocompatibility complex (MHC) class II antigens
on their surface (Kelley et al. 1985; Mosquera et al. 1990,
Huang er al. 1992; Sherrington er al. 1995). The level of
MHC 1I expression on positive cells is also suppressed by
fish-oil feeding (Huang er al. 1992). In accordance with
these animal studies, supplementation of the diet of human
volunteers with n-3 PUFA (approximately 1-56 g/d) for 3
weeks resulted in a decreased level of MHC 1II (human
leucocyte antigen-DP, -DQ and -DR) expression on the
surface of peripheral blood monocytes (Hughes et al
1996a). These observations suggest that diets rich in n-3
PUFA will result in diminished antigen presentation.
Indeed, feeding mice on the ethyl ester of eicosapentaenoic
acid for a period of 4-5 weeks resulted in diminished
presentation of antigen (keyhole limpet (Megathura
crenulata) haemacyanin) by spleen cells ex vivo (Fujikawa
et al. 1992). Dendritic cells are the key antigen-
presenting cells in vivo. We have recently observed that,
compared with a low-fat diet or a diet containing 200 g
safflower oil/kg, feeding rats on a diet containing 200 g fish
oil/kg significantly diminishes MHC Il expression on
dendritic cells and ex vivo antigen (keyhole limpet
haemocyanin) presentation by dendritic cells (obtained by
cannulation of the thoracic duct) to keyhole limpet
haemocyanin-sensitized spleen lymphocytes (Sanderson et
al. 1997).

Influence of dietary n-3 polyunsaturated fatty acids on
the interactions between cells of the immune system

Communication between cells of the immune system is
achieved by virtue of the production of chemical mediators
(e.g. eicosanoids, cytokines, NO) and by direct cell-to-cell
contact mediated by adhesion molecules (Fig. 2). n-3
PUFA have been found to influence each of these
communication links.

n-3 Polyunsaturated fatty acids and eicosanoid production

Eicosanoids are a family of oxygenated derivatives of
dihomo-y-linolenic, arachidonic and eicosapentaenoic
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Fig. 2. Schematic representation of the different means by which cells of the immune system communicate with one another in order to respond

appropriately to stimuli.

acids. Eicosanoids include prostaglandins (PG), thrombox-
anes, LT, lipoxins, hydroperoxyeicosatetraenoic acids and
hydroxyeicosatetraenoic acids. Under most conditions the
principal precursor for these compounds is arachidonic
acid. The precursor PUFA is released from membrane
phosphatidylcholine by the action of phospholipase A, (EC
3.1.1.4) or from membrane phosphatidylinositol-4,5-bi-
sphosphate by the actions of phospholipase C (EC 3.1.4.3;
PLC) and a diacylglycerol (DAG) lipase (EC 3.1.1.34). The
pathways of eicosanoid synthesis begin with cyclooxygen-
ase (EC 1.14.99.1), which yields the PG and thromboxanes,
or with the 5-, 12- or 15-lipoxygenases (EC 1.13.11.34, EC
1.13.11.31 and EC 1.13.11.33 respectively), which yield
the LT, hydroperoxy-eicosatetraenoic acids, hydroxyeico-
satetraenoic acids and lipoxins (Fig. 3). The amounts and
types of eicosanoids synthesized are determined by the
availability of arachidonic acid, by the activities of
phospholipase A, and phospholipase C, by the activities
of cyclooxygenase and the lipoxygenases, by the cell type
and by the nature of the stimulus.

Cells of the immune system are an important source of
eicosanoids and they are subject to their regulatory effects
{Goldyne & Stobo, 1982; Goodwin & Cueppens, 1983;
Hwang 1989; Roper & Phipps, 1994); the most-well-
documented effects are those of PGE,. In vivo, PG are
involved in modulating the intensity and duration of
inflammatory and immune responses; PGE, has a number
of pro-inflammatory effects, including induction of fever
and erythema, increased vascular permeability and vasodi-
lation and enhancement of pain and oedema caused by
other agents such as bradykinin and histamine. PGE; also
regulates the production of monocyte-, macrophage- and
lymphocyte-derived cytokines (see Rola-Pleszczynski &
Stankova, 1992). In chronic inflammatory conditions
increased rates of PGE; production are found, and elevated
PGE, production has been observed in patients suffering
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from infections. LT have chemotactic properties and are
involved in the regulation of inflammatory and immune
processes; 4-series LT regulate cytokine production.

The n-3 PUFA, eicosapentaenoic and docosahexaenoic,
competitively inhibit the oxygenation of arachidonic acid
by cyclooxygenase. In addition, eicosapentaenoic acid (but
not docosahexaenoic acid) is able to act as a substrate for
both cyclooxygenase and 5-lipoxygenase. Thus, ingestion
of fish oils which contain n-3 PUFA will result in a
decrease in membrane arachidonic acid levels and a
concomitant decrease in the capacity to synthesize
eicosanoids from arachidonic acid (for example, see
Yaqoob & Calder, 1995b); eicosapentaenoic acid gives
rise to the 3-series PG and thromboxanes and the 5-series
LT (Fig. 3). The eicosanoids produced from eicosapentae-
noic acid do not always have the same biological properties
as the analogues produced from arachidonic acid.

n-3 Polyunsaturated fatty acids and cytokine production

Since cytokine production is regulated by eicosanoids (see
Rola-Pleszczynski & Stankova, 1992) and since dietary
lipids affect eicosanoid production, it might be expected
that dietary lipids, especially those containing n-3 PUFA,
will affect cytokine production. The effects of n-3 PUFA on
cytokine production have been reviewed several times in
recent years (Meydani 1992, 1996; Blok et al. 1996;
Endres, 1996; Endres & von Schacky, 1996; Calder, 1997).

Animal studies. A number of studies have reported that
feeding rodents on n-3 PUFA-containing oils results in
enhanced production of TNF by macrophages ex vivo
(Lokesh et al. 1990; Hardardottir & Kinsella, 1991, 1992;
Turek ef al. 1991; Watanabe et al. 1991; Blok et al. 1992;
Chang et al. 1992; Chaet et al. 1994; Hubbard et al. 1994;
Somers & Erickson, 1994), although there are reports of
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Fig. 3. Synthesis of eicosanoids from arachidonic and eicosapentaenoic acids. PG, prostaglandin, TX, thromboxane; LT, leukotriene; HPETE,
hydroperoxyeicosatetraenoic acid; HETE, hydroxyeicosatetraenoic acid; HEPE, hydroxyeicosapentaenoic acid.

decreased production (Renier et al. 1993; Boutard et al.
1994; Yaqoob & Calder, 1995b; Wallace et al. 1998) or no
effect (Turek et al. 1991; Watanabe et al. 1991; Hard-
ardottir & Kinsella, 1992; Hubbard et al. 1994; Somers &
Erickson, 1994; Tappia & Grimble, 1994). These differ-
ences between studies appear not to relate to species,
duration of feeding or type or amount of n-3 PUFA in the
diet (see Calder, 1997). However, there may be some
relationship with the state of activation of the macrophages
used and with the stimulus used for activation. Several
studies have used resident peritoneal or alveolar macro-
phages or Kupffer cells, while other studies have used
elicited peritoneal macrophages; the agents used to elicit
macrophages include thioglycollate, casein and complete
Freund’s adjuvant. All studies which have used murine
resident peritoneal macrophages (Lokesh et al. 1990;
Hardardottir & Kinsella, 1991, 1992; Watanabe et al.
1991; Blok et al. 1992; Chang et al. 1992), one study using
rat resident alveolar macrophages (Chaet et al. 1994) and
one study using rat resident peritoneal macrophages (Turek
et al. 1991) report an enhancing effect of n-3 PUFA on
TNF production; only one study which used rat resident
peritoneal macrophages has reported reduced TNF produc-
tion following fish-oil feeding (Boutard et al. 1994). Three
studies report that n-3 PUFA-rich diets do not affect TNF
production by complete Freund’s adjuvant-elicited perito-
neal macrophages from rats or mice (Turek et al. 1991;
Watanabe et al. 1991; Hardardottir & Kinsella, 1992). The
effect of dietary n-3 PUFA on TNF production by
thioglycollate-elicited peritoneal macrophages is unclear,
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with studies reporting no effect (Watanabe et al. 1991;
Hubbard et al. 1994; Somers & Erickson, 1994; Tappia &
Grimble, 1994), reduction (Renier et al. 1993; Yaqoob &
Calder, 1995b; Wallace et al. 1998) or enhancement
(Hubbard et al 1994; Somers & Erickson, 1994).
Comparison of the outcome of these studies is complicated
by the different procedures used for ex vivo culture of the
cells. That such details are important in determining
outcome is shown by the studies of Erickson’s group
(Hubbard et al. 1994; Somers & Erickson 1994) in which
there was no effect of diet on TNF production when
thioglycollate-elicited macrophages were stimulated with
LPS for 1 or 8h, but if they were stimulated for 24 h there
was increased TNF production by cells from fish oil-fed
mice. The only animal study which has investigated TNF
production by PBMNC showed decreased production
following the infusion of a 100ml fish oil/l emulsion
(Grimm et al. 1994); this is an interesting observation since
it agrees with the findings a number of studies using human
PBMNC (see pp. 282-283). In addition to studies
measuring TNF production ex vivo, Black & Kinsella
(1993) and Renier et al. (1993) showed that feeding mice n-
3 PUFA-rich diets resulted in reduced ability of elicited
peritoneal macrophages to kill 1.929 cells; 1.929 cells are
killed by TNF and so the reduced cytotoxicity of
macrophages towards these cells suggests a reduced ability
to produce TNF. Two animal studies have investigated the
effects of dietary lipids on circulating TNF levels which
would perhaps reflect in vivo production of the cytokine.
Watanabe er al. (1991) found that TNF levels were
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significantly higher in the plasma of LPS-injected
(10mg/kg body weight) mice fed on diets containing
100g perilla oil/kg (high in w«-linolenate) than in the
plasma of those fed on 100 g safflower oil/kg (high in «-
linoleate). Similarly, Chang et al. (1992) reported higher
serum TNF levels | and [-5h following intraperitoneal
injection of LPS (10 pg) into fish oil-fed mice compared
with those fed on coconut or maize oil.

All studies which have used thioglycollate-elicited
peritoneal macrophages and the only study to use Kupffer
cells report that dietary fish oil results in decreased ex vivo
production of interleukin (IL)-1 (Billiar ef al. 1988; Renier
et al. 1993; Tappia & Grimble, 1994; Yaqoob & Calder
1995h; Wallace et al. 1998). In contrast, two studies have
reported that fish oil enhances IL-1 production by murine
resident macrophages (Lokesh er al. 1990; Blok et al
1992). In addition, Ertel et al. (1993) showed that the
reduction in ex vivo IL-1 production by resident peritoneal
macrophages which accompanies haemorrhagic shock in
maize oil- or safflower oil-fed mice was prevented by fish-
oil feeding. This study also showed no difference in IL-1
production by resident peritoneal macrophages taken from
sham-operated mice fed on these three diets (Ertel er al.
1993).

There are no studies reporting the effect of dietary fatty
acids on IL-6 production by resident peritoneal macro-
phages. One study using murine thioglycollate-elicited
peritoneal macrophages showed a significant reduction in
LPS-stimulated IL-6 production following fish-oil feeding
(Yagoob & Calder, 1995b); production following stimula-
tion of the cells with TNF was also significantly reduced (P
Yaqoob and PC Calder, unpublished results). Rat PBMNC
showed reduced IL-6 production following fish-oil infusion
for 4d (Grimm et al. 1994).

Since PGE; inhibits the production of TNF, IL-1 and IL-
6 (Kunkel et al. 1982; Knudsen er al. 1986; Renz et al
1988; Endres et al 1991) and since fish-oil feeding
significantly diminishes PGE, production (for example,
see Yaqoob & Calder, 1995b), the observations of some
workers that fish-oil feeding results in enhanced production of
macrophage-derived cytokines suggests that the mechanism
of action of n-3 PUFA is via a decrease in PGE, production.
However, addition of PGE, to cultures of peritoneal
macrophages from fish oil-fed mice did not lower TNF
production to the level of cells from animals fed on other diets
(Hardardottir & Kinsella, 1991), suggesting a less straightfor-
ward explanation. Indeed, the situation will be more complex,
because 4-series LT enhance TNF, IL-1 and IL.-6 production
(Kunkel et al. 1982; Rola-Pleszczynski & Lemaire, 1985;
Dubois et al. 1989; Gagnon et al. 1989; Schade er al. 1989;
Poubelle et al. 1991) and fish-oil feeding will decrease 4-
series LT production (for example, see Lee et al. 1985;
Chapkin et al. 1990); thus, n-3 PUFA feeding will decrease
the production of both inhibitory and stimulatory factors.
Thus, the precise effect of n-3 PUFA feeding on production of
macrophage-derived cytokines might relate to the changed
balance in production of PGE; and 4-series LT and also to the
balance in production between these mediators and the
analogues produced from eicosapentaenoic acid. It is possible
that the contradictory reports in the literature relate simply to
the relative changes n-3 PUFA-containing diets have induced

https://doi.org/10.1079/PNS19980042 Published online by Cambridge University Press

in production of PGE,, LTB,, LTC, and eicosapentaenoic
acid-derived PG and LT. Furthermore, the apparently
contradictory effects observed for resident and elicited
macrophages and with different types of eliciting agent might
relate to different capacities of the different types of cells to
produce PG and LT.

In contrast to the large number of studies in animals of
the effects of dietary lipids, especially fish oil, on the ex
vive production of macrophage-derived cytokines there
have been relatively few studies on lymphocyte-derived
cytokines. Decreased 1L-2 production by alveolar lympho-
cytes from pigs fed on diets containing 105 g fish or linseed
oil/kg was reported (Turek et al. 1994). In contrast, higher
IL-2 production by Con A-stimulated spleen lymphocytes
taken from autoimmune-disease-prone mice fed on 100 g
fish oil/kg compared with those fed on 100 g maize oil/kg
has been reported (Fernandes er al. 1994); the intracellular
levels of mRNA for IL-2 were also elevated in the fish oil-
fed mice, although these levels could not be quantified. A
recent study reported that inclusion of a-linolenic acid or
eicosapentaenoic plus docosahexaenoic acids in the diet of
monkeys resulted in enhanced ex vivo production of IL-2
(Wu er al. 1996). In another study weanling mice were fed
for 8 weeks on a low-fat diet or on diets containing 200 g
hydrogenated coconut, olive, safflower or fish oil/kg; the
spleen lymphocytes were subsequently stimulated with Con
A (Yaqoob & Calder, 1995a). The concentration of IL-2
was higher in the medium of spleen lymphocytes from mice
fed on olive or safflower oil than in the medium of cells
from mice fed on the low-fat diet or hydrogenated coconut
oil; fish-oil feeding had no effect on the IL-2 concentration
in the medium. Recently it was observed that feeding mice
on a diet containing 10 g ethyl esters of eicosapentaenoic or
docosahexaenoic acid/kg for 10d significantly decreased
ex vivo IL-2 production by spleen lymphocytes stimulated
with Con A; both n-3 PUFA were equally effective (Jolly et
al. 1997).

There have been few animal studies of the effects of
dietary lipids on lymphocyte-derived cytokines other than
IL-2. The studies which have been reported suggest
minimal effects of dietary fat on production of IL.-4, IL-
10 and interferon-y (Fernandes ef al. 1994; Yaqoob &
Calder, 1995a), but more studies need to be performed to
confirm this.

Human studies. A large number of studies have now
investigated the effect of supplementation of the diet of
healthy subjects with n-3 PUFA on cytokine production by
PBMNC ex vivo (Endres et al. 1989, 1993; Meydani et al.
1991, 1993; Molvig et al. 1991; Virella er al. 1991; Cooper
et al. 1993; Gallai ez al. 1993; Caughey et al. 1996); studies
have also been performed in patients with rheumatoid
arthritis (Kremer et al. 1990), inflammatory skin diseases
(Soyland et al. 1994), type-1 diabetes (Molvig et al. 1991)
and multiple sclerosis (Gallai et al. 1993). Endres et al.
(1989) were the first to show that #-3 PUFA diminish ex
vivo production of IL-1a, IL-18 and TNF. Interestingly, the
production of these cytokines remained suppressed for 10
weeks once the supplementation had ended, indicating the
long period of ‘washout’ required to reverse the effects of
fish-oil supplementation. It is also worth noting that this
study showed that the precise effects of dietary n-3 PUFA
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vary according to the stimulus used to induce cytokine
production. A later study by Endres et al. {1993) using the
same supplementation regimen reported a decrease in ex
vivo IL-2 production in response to Con A; the reduction
was greater 10 weeks after supplementation had ended than
at the end of supplementation. Virella et al. (1991) reported
that 6 weeks of supplementation of the diet with 2.4 ¢
eicosapentaenoic acid/d resulted in lowered production
of IL-2 by PBMNC stimulated with PHA or pokeweed
mitogen; in agreement with the long ‘washout’ period
suggested by Endres et al. (1989, 1993), IL-2 production
remained low during 8 weeks after the supplementation had
ended but returned to pre-supplementation levels 22 weeks
after supplementation. Meydani et al. (1991) supplemented
the diet of healthy young (20-33 years of age) and older
(51-68 years of age) women with 2-4 g n-3 PUFA/d and
examined ex vivo production of a range of cytokines after 4,
8 and 12 weeks. There were time-dependent decreases in
the production of IL-18, IL-2, TNF and IL-6 by PBMNC
from the older women; production of TNF and 1L-6 by cells
from the young women was also significantly decreased
and there were trends towards decreased production of IL-
1f and IL-2 by these cells. The same workers have studied
the effect of including fish (providing 1-23 g n-3 PUFA/d)
in a low-fat low-cholesterol diet for 24 weeks; the ex vivo
production of IL-1f, IL-6 and TNF by PBMNC was
significantly reduced and there was a non-significant
reduction in IL-2 production (Meydani et al. 1993). The
production of IL-1 and IL-6 in whole blood cultures was
decreased if the subjects had consumed 1.1-1.6g n-3
PUFA/d for 6-8 weeks, but only if the cuitures were
stimulated with ‘low’ concentrations (<0-001 pg/mi) of
LPS (Cooper et al. 1993). Interestingly, if higher LPS
concentrations were used there was no effect of the
supplementation on production of these two cytokines;
TNF production was unaffected by n-3 PUFA in this study.
Recently the effects of dietary a-linolenic acid on IL-1§
and TNFo production by human cells have been reported;
subjects consumed a sunflower oil-rich diet (which was
very similar to their typical diet) or a diet rich in a-linolenic
acid which was provided by linseed-oil capsules and
linseed oil-based spreads and cooking oils (Caughey et al.
1996). In this way the linseed-oil consumption increased to
a mean of 13-7g/d. Ex vivo production of both IL-1§ and
TNFo by PBMNC was decreased by the linseed-oil diet. If
the subjects then supplemented their diet with encapsulated
eicosapentaenoic plus docosahexaenoic acid (2-7 g/d)
production of both cytokines was further decreased. These
authors showed a correlation between mononuclear-cell
eicosapentaenoic acid content and production of IL-18 and
TNFo.

Supplementation of the diet of healthy volunteers or
patients with multiple sclerosis with encapsulated fish oil
providing approximately 5g n-3 PUFA/d for 24 weeks
resulted in lower ex vivo production of IL-183, TNF-«, IL-2
and interferon-y by PBMNC (Gallai et al. 1993). An earlier
study reported lower production of IL-1 by PBMNC taken
from patients with rheumatoid arthritis who had consumed
n-3 PUFA for 24 weeks (Kremer et al. 1990); interestingly,
cells from the patients who consumed an olive-oil placebo
(9g/d) in this trial also showed diminished IL-1 produc-
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tion. There was increased production of IL-2 by PBMNC
from patients with rheumatoid arthritis who supplemented
their diet with olive oil or a ‘low’ level of n-3 PUFA for 24
weeks; this increase did not occur in patients consuming a
‘high’ level of n-3 PUFA (Kremer et al. 1990).

Recently, circulating cytokine levels in patients
receiving intravenous infusions of lipid emulsions
post-surgery were reported (Wachtler et al. 1997);
patients received either a medium-chain triacylglycerol-
long-chain triacylglycerol mix (50:50, v/v) or this mix
also containing fish oil (50:30:20, by vol.). Patients
received 50 g fat/d on days 1 and 2 post-surgery and 100 g
fat/d on days 3, 4 and 5; thus, patients in the group
receiving the fish oil-containing emulsion received ap-
proximately 3 (days 1 and 2) or 6 (days 3, 4 and 5) g n-3
PUFA/d. Plasma TNF-a levels were significantly lower in
the fish-oil group at 6d post-surgery; plasma IL-6 levels
were lower (but not significantly) 10 d post-surgery and the
post-surgery increase in plasma IL-10 levels was reduced in
this group.

n-3 Polyunsaturated farty acids and cytokine receptor
expression

Feeding rats on a diet containing 200 g fish oil/kg lowered
the proportion of spleen and thymic lymphocytes bearing
the IL-2 receptor (IL-2R; CD2S) following Con A
stimulation (Yaqoob et al. 1994a). Spleen lymphocytes
from rats fed on fish oil also showed a lower level of
expression of the IL-2R following mitogenic stimulation
(Sanderson et al. 1995a). In accordance with these animal
studies, supplementation of the diet of patients with
psoriasis or atopic dermatitis with n-3 PUFA ethyl esters
(6g/d) caused a significant reduction in the percentage of
IL-2R* blood lymphocytes following PHA stimulation
(Soyland et al. 1994); the level of expression of the IL-2R
on the positive cells was also significantly reduced.

n-3 Polyunsaturated fatty acids and nitric oxide production
by macrophages

Investigations of the effects of diets rich in n-3 PUFA on
the production of reactive oxygen and nitrogen species by
phagocytic cells have yielded contradictory results (for
references, see Calder, 1996¢). Two studies using rat
resident peritoneal macrophages reported that NO produc-
tion is significantly diminished by fish-oil feeding (Boutard
et al. 1994; Joe & Lokesh, 1994). In contrast, Hubbard et
al. (1994) found no effect of feeding mice on 100 g linseed
or fish oil/kg on ex vivo NO production by thioglycollate-
elicited macrophages; nevertheless, these workers, as well
as Somers et al. (1989), reported that n-3 PUFA feeding
diminishes macrophage cytotoxicity towards NO-sensitive
P815 cells, suggestive of reduced NO production. Yaqoob
& Calder (1995b) found that several high-fat diets,
including 200 g fish oil/kg, enhanced NO production by
murine thioglycollate-elicited macrophages compared with
a low-fat diet; there were no significant differences in NO
production by macrophages from mice fed on different
high-fat diets. Fish oil has been reported to enhance NO
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production by murine peritoneal (Renier er al. 1993), rat
lung (Chaet et al. 1994) and pig lung (Turek er al. 1994)
macrophages.

Recently, Harris et al. (1997) reported increased
appearance of NO metabolites in the urine of healthy
human volunteers who supplemented their diet with 5¢
fish-oil concentrate (providing 3 g eicosapentaenoic plus
docosahexaenoic acid)/d for 3 weeks; interestingly, 3 g
eicosapentaenoic acid alone did not alter urinary NO
metabolite levels. The levels measured by Harris ef al.
(1997) were assumed to indicate whole-body NO produc-
tion; as such, a variety of sources of NO are likely and the
authors concluded that much of it originated from
endothelial cells. There is much direct and circumstantial
evidence that n-3 PUFA enhance NO production by
endothelial cells (for references, see Harris et al. 1997).

n-3 Polyunsaturated fatty acids and adhesion-molecule
expression

Adhesion molecules are involved in many cell-to-cell
interactions. For example, interaction between T-lympho-
cytes and antigen-presenting cells is in part mediated by the
ligand-receptor pairs CD11a and CD18-CD54, CD11a and
CD18-CD102 and CD2-CD358 (for reviews, see Stoolman,
1989; Springer, 1990; Hogg & Lands, 1993). Thus, an
efficient cell-mediated immune response requires appro-
priate levels of expression of these molecules on T-
lymphocytes. In addition, leucocyte adhesion to the
endothelium involves a number of ligand-receptor pairs
including CD11a and CD18-CD54, CD54-CDl1la and
CD18, CD49d and CD29-CD106, CD2-CD58, CD62L~
MAdCAM-1 and CD44-hyaluronate (for reviews, see
Stoolman, 1989; Springer, 1990; Hogg & Lands, 1993).
Thus, movement of leucocytes between body compart-
ments, into and out of lymphoid organs and into sites of
immune or inflammatory reactivity requires adhesion-
molecule expression. Adhesion-molecule expression ap-
pears to be involved in several acute and chronic
inflammatory disease processes (for review, see Faull,
1995), and antibodies against certain adhesion molecules
can reduce chronic inflammatory disease (see Faull, 1995).

In vitro studies of n-3 polyunsaturated fatty acids and
adhesion-molecule expression. It has become apparent that
n-3 PUFA can affect adhesion-molecule expression by
some cell types, at least in vitro. Calder et al. (1990)
observed that murine thioglycollate-elicited peritoneal
macrophages cultured in the presence of eicosapentaenoic
or docosahexaenoic acid were less adherent to artificial
surfaces (the adhesion to one of these surfaces is mediated
by CD11a and CD18) than those cultured with some other
fatty acids. This observation suggests that n-3 PUFA
decrease expression of either CDIla or CD18 or both
proteins. More recently, De Caterina et al. (1995) reported
that culture of human adult saphenous-vein endothelial
cells with docosahexaenoic acid significantly decreased the
cytokine-induced expression of CD106, CD62E and CD54
in a dose-dependent manner. The adhesion of U937
monocytes or human peripheral biood monocytes to the
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endothelial cells was diminished following incubation of
the latter with docosahexaenoic acid (De Caterina et al.
1995). Since the binding between monocytes and endothe-
lial cells partially depends on CD106 expression on the
endothelial cells, the reduced expression of CD106 caused
by docosahexaenoic acid appears to have a functional
effect. Kim et al. (1995) reported that incubation of LPS-
stimulated pig aortic endothelial cells with eicosapentae-
noic acid resulted in diminished binding between these
cells and U937 monocytes. Eicosapentaenoic acid was
shown to reduce the expression of CD106, CD62E and
CD54 on the surface of LPS-stimulated human umbilical-
vein endothelial cells (Kim ez al. 1995). Recently, it was
shown that inclusion of eicosapentaenoic or docosahex-
aenoic acid in the medium of cultured resting or LPS- or
cytokine-stimulated human umbilical-vein endothelial cells
decreased the ability of peripheral blood lymphocytes to
bind {Khalfoun er al. 1996); both n-3 PUFA were shown to
decrease the level of expression of CD106, but not of CD54
or CD62E, on the surface of cytokine-stimulated endothe-
lial cells. This latter study also reported, for the first time,
the in vitro effect of n-3 PUFA on adhesion-molecule
expression on lymphocytes; incubation of lymphocytes
with either eicosapentaecnoic or docosahexaenoic acid
reduced the level of expression of CDI1a and CD62L but
did not affect CD49d expression (Khalfoun ez al. 1996). In
parallel with this reduction, the binding of lymphocytes to
untreated or cytokine-stimulated endothelial cells was
diminished. In another recent study, incubation with
eicosapentaenoic acid was shown to reduce the level of
expression of CDS4, but not CDlla, on the surface of
resting or interferon-y-stimulated human monocytes
(Hughes et al. 1996b); docosahexaenoic acid did not alter
expression of these molecules. Thus, it appears that culture
of macrophages, monocytes, lymphocytes or endothelial
cells with n-3 PUFA can decrease adhesion-molecule
expression resulting in diminished ability to bind to other
cell types.

Effects of dietary n-3 polyunsaturated fatry acids on
adhesion-molecule expression. There are few studies of the
effects of inclusion of n-3 PUFA in the diet on adhesion-
molecule expression, although it was recently shown that
supplementation of the human diet with »-3 PUFA results
in significantly lower levels of expression of CD1la and
CD54 on peripheral-blood monocytes (Hughes et al.
1996a). Feeding rats on a diet containing 200 g fish oil/kg
significantly reduced (by 20-35 %) the levels of expression
of CD2 and CD1 1a on freshly-prepared lymphocytes and of
CD2, CD11a and CD54 on Con A-stimulated lymphocytes
(Sanderson et al. 1995a). Furthermore, the levels of CD2,
CD1la and CD54 were reduced on popliteal-lymph-node
lymphocytes following localized graft v. host or host v.
graft responses in vivo (Sanderson et al. 1995b). Reduced
adhesion-molecule expression suggests that cells will be
less able to interact with receptor-bearing cells. In
accordance with this suggestion, we have recently observed
that lymph-node lymphocytes obtained from fish oil-fed
rats adhere less well to macrophage and endothelial cell
monolayers (Sanderson & Calder, 1997). These observa-
tions suggest that n-3 PUFA feeding will affect the
movement of lymphocytes and monocytes between body
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compartments and perhaps into sites of inflammatory or
autoimmune activity.

Mechanisms by which n-3 polyunsaturated fatty acids
might exert their effects

Clearly n-3 PUFA do influence the functional activities of
cells of the immune system, although a number of
conflicting observations have been made. These fatty acids
appear to alter the production of mediators involved in
communication between cells of the immune system
(eicosanoids, cytokines, NO) and to alter the expression
of key cell-surface molecules involved in direct cell-to-cell
contact (adhesion molecules). The production of cytokines
and of NO is regulated by eicosanoids and, therefore, a n-3
PUFA-induced change in the amount and types of
eicosanoids formed could, at least partially, explain the
effects of n-3 PUFA. However, many of the effects of n-3
PUFA appear to be exerted in an eicosanoid-independent
manner. Thus, other mechanisms of action of #-3 PUFA on
immune cell function must be considered. One such
mechanism could be through regulating expression of key
genes involved in immune cell functioning and in the
production of immune cell-derived mediators.

Evidence that n-3 polyunsaturated fatty acids affect gene
expression in cells of the immune system

It is now well documented that fatty acids affect the
expression of genes involved in hepatic fatty acid and
lipoprotein metabolism (for reviews, see Jump ef al. 1995,
1996; Schoonjans et al. 1996) and the genes involved in
adipocyte differentiation and development (for reviews, see
Ailhaud et al. 1995; Jump et al. 1996). Dietary n-3 PUFA
have particularly potent effects on the expression of genes
for proteins involved in hepatic peroxisomal proliferation,
fatty acid oxidation and lipoprotein assembly (for example,
see Berthou er al. 1995). Studies of the effects of fatty acids
on the expression of genes important in immune cell
functioning are few and relatively recent.

n-3 Polyunsaturated fatty acids and cytokine gene
expression. Inclusion of fish oil in the diet of autoim-
mune-disease-prone mice resulted in elevated levels of
mRNA for IL-2, IL-4 and transforming growth factor-§ and
reduced levels of mRNA for c-myc and c-ras in the spleen
(Fernandes et al. 1994). The same workers also showed that
dietary fish oil completely abolished mRNA production for
IL-18, IL-6 and TNF-« in the kidneys of these animals
(Chandrasekar & Fernandes, 1994). It has been reported
that feeding mice on a fish oil-rich diet significantly
diminished the level of IL-1 mRNA in LPS-or phorbol
ester-stimulated spleen lymphocytes (Robinson et al
1996); the lower IL-18 mRNA level was not due to
accelerated degradation but to impaired synthesis. Fish-oil
feeding to mice lowered basal and LPS-stimulated TNF-o
mRNA levels in peritoneal macrophages (Renier et al.
1993).

n-3 Polyunsaturated fatty acids and adhesion-molecule
gene expression. De Caterina er al. (1995) showed that
incubation of human saphenous-vein endothelial cells with
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docosahexaenoic acid results in reduced levels of mRNA
for CD106.

n-3 Polyunsaturated fatty acids and nitric oxide synthase
gene expression. Khair-El-Din et al. (1996) reported that
incubation of murine thioglycollate-elicited peritoneal
macrophages with docosahexaenoic acid decreased NO
production in response to LPS plus interferon-y (or
interferon-y plus TNFa); the inhibition was concentration
dependent. Neither arachidonic nor eicosapentaenoic acids
at concentrations up to 100pM affected NO production.
This study found that incubation of the cells with
docosahexaenoic acid resulted in a lower level of mRNA
for inducible NO synthase, the enzyme responsible for NO
production in macrophages stimulated in this way; the
lower level of inducible NO synthase mRNA was due to an
inhibition of transcription (Khair-El-Din et al. 1996).

Mechanisms by which n-3 polyunsaturated fatry acids
might affect gene expression

Thus, it is now apparent that n-3 PUFA might affect
immune cell function partly by regulating the expression of
genes encoding for proteins involved in cellular responses
and in communication between cells. One mechanism by
which n-3 PUFA could affect gene expression is through
changes in the signal transduction pathways which link ceil
surface receptors to the activation of nuclear transcription
factors (NF). Alternatively, n-3 PUFA or their derivatives
(indeed derivatives of PUFA in general) might bind directly
to NF thereby altering their activity.

Fatty acids and signal transduction. Many lipids are
involved directly in intracellular signalling pathways; for
example, hydrolysis of membrane phospholipids such as
phosphatidylinositol-4,5-bisphosphate and phosphatidyl-
choline by phospholipases generates second messengers
such as DAG and inositol-1,4,5-trisphosphate (IP3). Other
phospholipids have roles in activating or stabilizing
enzymes involved in intracellular signalling; for example,
phosphatidylserine is required for protein kinase C (PKC)
activation. DAG activates some isoforms of PKC and also
activates sphingomyelin ceramide-phosphohydrolase (EC
3.14.41) to release the second messenger ceramide.
Ceramide in turn may be converted to sphingosine and
sphingosine-1-phosphate; sphingosine inhibits PKC and
activates some phospholipases. Since phosphatidylinositol-
4,5-bisphosphate, phosphatidylcholine, phosphatidylserine
and DAG all contain fatty acyl chains attached to the sn-1
and -2 positions of the glycerol moiety, it is conceivable
that changing the type of fatty acid present may alter the
precise properties of these compounds with regard to their
functions in signal transduction (Fig. 4). Certainly changing
the fatty acid composition of the diet (e.g. by feeding fish
oil) markedly alters the phospholipid and DAG molecular
species compositions of lymphocytes (Huang & Fritsche,
1992) and macrophages (Marignani & Sebaldt, 1995). That
such changes might directly influence signal transduction
pathways is shown by the observations that PKC is more
active in the presence of dioleoylglycerol or diarachido-
noylglycerol than in the presence of DAG containing two
saturated fatty acids or one saturated and one unsaturated
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fatty acid (Kishimoto e al. 1980) and that rat spleen PKC is
less active in the presence of an n-3 PUFA-rich
phosphatidylserine compared with a PUFA-poor phospha-
tidylserine (Bell & Sargent, 1987).

In support of the idea that n-3 PUFA influence
intracellular signalling pathways, DAG generation was
reduced in Con A-stimulated lymphocytes taken from mice
fed on the ethyl ester of docosahexaenoic acid compared
with those taken from safflower oil-fed mice (Fowler et al.
1993). More recently, it was shown that feeding either
eicosapentaenoic acid or docosahexaenoic acid to mice
resulted in reduced DAG generation by Con A-stimulated
spleen lymphocytes (Jolly et al. 1997); this study also
showed, for the first time, that fish oil-derived n-3 PUFA
suppress ceramide generation in Con A-stimulated lym-
phocytes. The DAG in these studies could have been
generated by the activity of phosphatidylcholine PLC,
phospholipase D or phosphatidylinositol PLC or a combi-
nation of these. A recent study which showed reduced
calcium ionophore-stimulated DAG production in macro-
phages from eicosapentaenoic acid-fed mice compared
with those fed on an n-6 PUFA-rich diet suggested that
phosphatidylcholine hydrolysis contributed significantly to
the total DAG formed (Marignani & Sebaldt, 1995)
implicating phosphatidylcholine PLC and/or phospholi-
pase D in DAG formation. These findings indicate that n-3
PUFA in some way affect the activity of one or more
phospholipases responsible for generation of key second
messengers; this may be via changes in the fatty acid
composition of the substrate phospholipids (Fig. 4).
Addition of 14-4 g fish oil-derived n-3 PUFA/d to the diet
for 10 weeks resulted in lower platelet-activating factor- or
LTB,-stimulated IP; generation in peripheral blood neu-
trophils (Sperling ef al. 1993). The platelet-activating factor
and LTB, receptors are coupled via G-proteins to PLCS. In
a recent study it was observed that calcium ionophore- or
Con A-stimulated IP; generation in rat lymphocytes was
significantly reduced if the lymphocytes came from animals
fed on fish oil (P Sanderson and PC Calder, unpublished
results). Furthermore, it was found that, although the
amount of PLCy-1 in rat lymphocytes was unaffected by
diet, the ability to phosphorylate, and so activate, the
enzyme in response to suitable stimuli was significantly
impaired by fish-oil feeding (P Sanderson and PC Calder,
unpublished results). Lymphocyte PLCy-1 is activated by
one or more tyrosine kinases (Ick, fyn, ZAP-70), thus, these
observations are suggestive of lowered activity of certain
tyrosine kinases following fish-oil feeding. How n-3 PUFA
might inhibit tyrosine kinase activity is not clear, but these
tyrosine kinases are associated with specific regions of the
plasma membrane. This association might require certain
phospholipid fatty acid compositions or membrane physical
properties which could be markedly altered by n-3 PUFA
incorporation, thus resulting in an inability of the tyrosine
kinase to maintain its optimal activity.

It has been proposed that unsaturated fatty acids
themselves may have a direct effect on intracellular
signalling pathways (for review, see Sumida et al. 1993).
This direct modulatory effect of fatty acids has been most
extensively documented in relation to in vitro PKC activity
which was shown to be enhanced by docosahexaenoic acid
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(Shinomura et al. 1991). In contrast, although it was
reported that eicosapentaenoic and docosahexaenoic acids
increased brain PKC activity in the absence of phospha-
tidylserine and DAG, in the presence of phosphatidylserine
and DAG both #-3 PUFA caused up to 60 % inhibition of
PKC activity (Speizer et al. 1991). Another study has
shown that eicosapentaenoic and docosahexaenoic acids
inhibit rat lymphocyte PKC activity in the presence of Ca,
phosphatidylserine and DAG (May et al. 1993); protein
kinase A activity was unaffected by these fatty acids. Rat
peritoneal macrophage PKC activity was inhibited by
eicosapentaenoic and docosahexaenoic acids (Tappia et al.
1995); again protein kinase A activity was unaffected. In
accordance with both the direct effects of n-3 PUFA in
vitro (May et al. 1993; Tappia et al. 1995) and the effects
of enriching phosphatidylserine with »n-3 PUFA (Bell &
Sargent, 1987), feeding mice on fish oil resulted in
diminished spleen lymphocyte PKC activity (van Meter et
al. 1994).

A change in the concentration of intracellular free Ca is
often a key component in the intracellular signalling
pathway which follows the stimulation of lymphocytes,
macrophages and other cells by growth factors, cytokines
and antigens. There is now considerable evidence that free
fatty acids influence these changes. For example, it was
reported that oleic acid, but not stearic acid, inhibited the
target cell- or Con A-stimulated rise in intracellular free Ca
concentration in a cytotoxic T-cell line (Richien &
Kleinfeld, 1989). Several unsaturated fatty acids, including
o-linolenic, eicosapentaenoic and docosahexaenoic acids,
inhibit the anti-CD3-induced increase in intracellular free
Ca concentration in the JURKAT T-cell line (Chow et al.
1990; Breittmayer ef al. 1993); the fatty acids appeared to
act by blocking Ca entry into the cells and it was concluded
that they act directly on receptor-operated Ca channels.
Reduced IP; levels as a result of diminished phospholipase
activity would also contribute to decreased intracellular
free Ca concentrations, which in turn would reduce the
activity of some isoforms of PKC (Fig. 4).

Fatty acids and transcription factors within cells of the
immune system. Lymphocytes and other immune and
inflammatory cells contain many transcription factors
including NF kappa B (NFxB), NF of activated T-cells,
AP-1, various oncogene products (e.g. myc, fos, jun),
steroid hormone receptors and specific NF such as NF-IL-2,
NF-IL-6 and NF-ICAM-i1. NF«xB plays a key role in
inducing the production of many key mediators within the
immune system: NFxB regulates the synthesis of cytokines
including IL-1, IL-2, IL-6, TNFa and interferon-f, of
cytokine receptors including IL-2R, of adhesion molecules
including CD54, CD62E and CD106, of enzymes involved
in mediator generation such an inducible NO synthase and
of a range of acute-phase proteins (for review, see Kopp &
Ghosh, 1995). NFxB is activated by the phosphorylation
and subsequent dissociation of one of its three subunits, the
so-called inhibitory kappaB; this leaves the remaining
dimer free to translocate to the nucleus and bind to
appropriate response elements on target genes. It appears
that, at least in response to some stimuli, the phosphoryla-
tion of inhibitory kappaB is performed by PKC. Given the
effects of n-3 PUFA outlined previously (e.g. reduced PLC
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Fig. 4. Mechanisms by which incorporation of n-3 polyunsaturated fatty acids (PUFA) into cell membranes might influence downstream signalling
events. Phospholipase Az, C, D, EC 3.1.1.4, 3.1.4.3, 3.1.4.4 respectively; |P5, inositol-1,4,5-trisphosphate; DAG, diacylglycerol; protein

phosphatase, EC 3.1.3.16.

activity, resulting in reduced DAG and IP; generation,
resulting in a reduced intracellular free Ca rise and a
reduced activation of PKC isoforms) it is evident how these
fatty acids could prevent activation of NFxB and so
suppress expression of a range of genes, including those for
cytokines, cytokine receptors, adhesion molecules and
inducible NO synthase. Ceramide can also activate NFxB
independently of PKC activity; thus, the observation of
Jolly et al. (1997) of reduced ceramide production within
lymphocytes from n-3 PUFA-fed mice could also partly
account for the reduced functional responses (e.g. IL-2
production, proliferation) of these cells.

Some transcription factors are receptors for lipophilic
molecules; these include steroid hormone receptors and the
family of receptors known as peroxisomal proliferator-
activated receptors (PPAR). Long-chain PUFA have been
shown to activate PPAR, thereby influencing their action (for
reviews, see Jump er al. 1996; Schoonjans et al. 1996).
Recently, derivatives of arachidonic acid have been shown to
be ligands for PPARa (LTB,; Devchand et al. 1996) and
PPARy (15-deoxy-A'*'*-prostaglandin J,; Forman et al.
1995; Kliewer et al. 1995), thereby providing a mechanism by

https://doi.org/10.1079/PNS19980042 Published online by Cambridge University Press

which PUFA can directly affect the activity of these
transcription factors. The mechanism of action and functional
effects of PPAR have been reviewed in detail recently (Jump
et al. 1996; Schoonjans et al. 1996). PPAR isoforms have
been identified in lymphoid tissues. Using in situ DNA
hybridization and immunohistochemical staining, Braissant
et al. (1996) identified moderate to very strong expression of
PPAR-q, -f and -y in rat spleen (both red and white pulp) and
lymph nodes; Kliewer et al. (1994) had earlier reported the
presence of PPAR-y and -6 mRNA in murine spleen. These
observations suggest that genes within cells of the immune
system will be subject to regulation by ligands for PPAR
isoforms; these include PUFA derivatives. Cells of the
immune system also possess steroid hormone, vitamin D and
retinoic acid receptors, making them subject to the effects of
ligands of these transcription factors. Incidentally, it is
proposed that PUFA regulate the pathway of activation of
steroid hormone receptors (for reviews, see Nunez, 1993;
Nunez et al. 1995; Sumida, 1995), which may account for
observations that PUFA, particularly n-3 PUFA, sensitize
immune cells to the effects of steroid hormones (for example,
see Yaqoob & Calder, 1996).
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Fig. 5. Schematic representation of the mechanisms by which n-3 polyunsaturated fatty acids (PUFA) might influence gene expression. NFxB,
nuclear transcription factor kappa B; NFAT, nuclear transcription factor of activated T-cells; PPAR, peroxisomal proliferator-activated receptors;

RE, response element.

In addition to effects which influence the activity of
transcription factors, n-3 PUFA might also regulate the
synthesis of transcription factors. Fernandes et al. (1994)
reported markedly decreased c-myc mRNA in spleens from
fish oil-fed mice; c-myc mRNA encodes a transcription
factor.

Fig. § attempts to give an overview of the sites at which
n-3 PUFA might act to influence gene expression in cells of
the immune system.
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