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Dietary lipids, through the degrees and patterns of farty acyl unsaturation, have the ability to suppress or enhance
the immune response. The basic biochemical mechanisms by which these lipids alter the structure and function
of plasma membranes have previously been reviewed.' In this second review, the diverse effects of lipids in
experimental animal models and clinical human studies will be discussed. The immune modulating effects of
lipids can be understood only if all the known effects of lipids on cellular function are taken into account,
including (1) changes in membranes fluidity, (2) production of lipid peroxides, (3) regulation of eicosanoid
metabolism, and (4) direct interactions with cellular activation. Explanations of the observed effects of lipids
based on only one of these mechanisms, such as changes in eicosanoid production, are simplistic and do not
explain the often contradictory findings noted. (J. Nutr. Biochem. 5:514-521, 1994.)
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Review of effects on immune function
Cytokines

Cytokines are soluble polypeptide or glycoprotein mediators
produced by cells during activation of the immune system.?
Because constitutive production is usually absent or at very
low levels, and the production and secretion of most cytokines
is of limited duration, it is likely that cytokine activity is ex-
erted over a very short distance, either on the cell of origin
(autocrine) or on neighboring target cells (paracrine). All cy-
tokines exert their action by binding to specific surface recep-
tors and initiating second messenger systems. These second
messenger systems result in alterations in gene expression,
leading to changes in cellular activity such as proliferation,
differentiation, or function. In addition, cytokines may influ-
ence both the production and action of other cytokines.
Tumor necrosis factor (TNF) is the first cytokine released
in response to bacterial endotoxin.® Monocytes and macro-
phages are the primary sources of TNF production, although
several other cells, including lymphocytes and mast cells, are
also capable of producing TNF. At low levels, TNF serves
several functions: it activates neutrophils and monocytes to
initiate microbial killing; it stimulates T- and B-cell function
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and up-regulates expression of major histocompatibility mol-
ecules; it stimulates the production of other pro-inflammatory
cytokines such as IL-1 and IL-6; and it mediates the systemic
effects of inflammation, including fever and hepatic synthesis
of acute phase proteins. Although production of small
amounts of TNF are beneficial in the response to infection,
overproduction can be dangerous. Higher quantities of TNF
unfortunately lead to adverse systemic responses that lead to
the clinical syndrome known as septic shock. Thus, down-
regulation may be beneficial to survival.

IL-1 is most likely the second cytokine released in re-
sponse to inflammatory stimuli and shares many of the pro-
inflammatory effects of TNF.* Similarly, IL-1 release occurs
with endotoxin stimulation of monocytes and macrophages,
but it is also released from a variety of other cell types (such
as epithelial and endothelial cells) due to a variety of other
stimuli. For example, IL-1 stimulates proliferation of helper
T cells and B cells and also stimulates the release of other
cytokines, including IL-2 and IL-6. Like TNF, IL-1 produces
fevers and stimulates the acute phase response.

IL-6 is also produced by monocytes and macrophages in
response to IL-1 and TNF. IL.-6 has a broad spectrum of
activities that overlaps those of TNF and IL-1; in addition,
it stimulates B cells to differentiate and secrete immunoglob-
ulins. Unlike TNF and IL-1, however, IL-6 is consistently
found in the serum of patients suffering from severe stress,
such as trauma, burns, or sepsis, and correlates moderately
well with outcome in these patients.>¢
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Many studies have shown that polyunsaturated fatty acids
(PUFA) depress cytokine production. For example, Santoli
and Zurier found that lymphocytes cultured with arachidonic
(AA), di-gamma linolenic, and eicosapentaenoic (EPA) acids
suppressed IL-2 synthesis.” Venkatraman and Fernandes
showed that the suppression of IL-2 production can be asso-
ciated with an increase in malondialdehyde (MDA) because
arachidonic acid both suppresses IL-2 production and in-
creases MDA in EL-4 cells.® Similarly, Billiar et al. found
that both fish oil and safflower oil fed to rats suppressed
Kupfter cell (hepatic macrophage) production of IL-1 and
TNE? In contrast, Ertel et al. showed that fish oil restored
the release of IL-1 and IL-2 in hemorrhagic-shocked mice.'?

The effect of lipids on cytokine production, however,
varies from species to species. Although fish oil given
to laboratory animals increases TNF production by lipo-
polysaccharide (LPS)-stimulated resident peritoneal macro-
phages due to the suppression of PGE, synthesis,'"'? fish oil
supplements in healthy men and women suppress peripheral
blood mononuclear cell production of not only TNF, but also
of IL-1, IL-2, and IL-6.'*'* Interestingly, this suppression of
cytokine production by fish oil supplements persists up to
10 weeks after the supplements have been discontinued."

In some cases indomethacin reverses the effects of fatty
acids on cytokine production,'':'* but variations in prosta-
glandin production are not the only factors responsible for
the modulation of cytokine production by fatty acids. For
example, Karmiol and associates found that IL-6 production
by human lung fibroblasts cultured with oleic, linoleic, or
linolenic acids is stimulated primarily by linoleic acid, to a
lesser extent by linolenic, and then by oleic acids.'* Further-
more, while indomethacin suppresses [L-6 production by all
fatty acids, the pattern remains the same, suggesting that the
suppression of cyclooxygenase products such as PGE, is not
only factor responsible for IL-6 production in the cells.
Santoli and Zurier found that the ability of fatty acids to
suppress 1L-2 production in cultured lymphocytes is inde-
pendent of prostaglandin synthesis.” Similarly, Hardardottir
and Kinsella found that although indomethacin increased and
exogenous PGE, decreased TNF production from peritoneal
macrophages in mice fed sardine oil, those mice produced
more TNF than mice fed safflower oil, again suggesting that
the modulation of TNF by lipids is multifactorial."

Thus, a consistent pattern of the effects of lipids on cyto-
kine production is difficult to describe. Both inhibition and
stimulation of cytokine production have been noted. The
mechanism responsible for these effects is clearly not simply
due to changes in eicosanoid production, because often the
degree of unsaturation of the fatty acid treatments determines
the magnitude of the change in cytokine production. Finally,
the changes in cytokine production due to lipids may depend
on the disease process, because hemorrhagic shock appears
to change the response to fish oil feedings.!*

Phagocytes

Phagocytosis, the engulfment of microbes, is one of a num-
ber of nonspecific antimicrobial systems that constitute in-
nate immunity. Accumulation of phagocytes at sites of acute
inflammation is generally not affected by lipids.'¢-'® although
-3 PUFA increase both the influx of polymorphonuclear

Studies of lipids and immunity: Peck

cells (PMNs) in response to zymosan'® and the number of
PMNs and mononuclear phagocytes in chronic inflamma-
tion.'® Once phagocytes arrive at the site of inflammation,
however, their function may be altered by lipids. For ex-
ample, phagocytosis is suppressed by saturated fats,??' al-
though the type of PUFA to which phagocytes are exposed,
whether w-6 or w-3 PUFA, has no effect on phagocytosis.'”22

The effect of dietary lipids on bactericidal killing by
phagocytes is minimal. We found that PMNs harvested from
burned rats fed a variety of natural trigiycerides showed no
differences in bactericidal index,? and Blonk et al. have
shown that healthy human males supplemented with EPA/
DHA capsules for 12 weeks have PMNs that kill S. aureus
at a normal rate ex vivo.*

Nonetheless, lipids effect distinct changes in the oxygen-
dependent intracellular killing mechanisms, which include
the generation of oxygen free radicals. Unsaturated fatty
acids in culture media suppress the FMLP-induced degranu-
lation and respiratory burst of phagocytes.?>?” On the other
hand, unsaturated fatty acids increase hydrogen peroxide
production and enhance superoxide release.'”'®?* Although
suppression of the respiratory burst is associated with in-
creases in intracellular cAMP levels,? indomethacin has
no effect on alterations of chemiluminescence of peritoneal
macrophages incubated with either AA or EPA,” suggesting
that these changes are not related to alterations in eicosanoid
synthesis. In fact, Costa Rosa et al. found that mononuclear
intracellular concentrations of hexokinase, glutathione per-
oxidase, and citrate synthetase are modified by dietary
PUFA, suggesting regulation of protein synthesis.'* Phago-
cytes from injured patients may not respond to dietary lipid
manipulation; as Gadd and Hansbrough have shown, the
PMN oxidative burst, suppressed by burn injury, is not amel-
iorated by the addition of fish oil to the diet of mice.?

Thus, it appears that some functions of phagocytes are
clearly affected by lipids. For example, phagocytosis is sup-
pressed by saturated fats, and there are changes in intracellu-
lar killing mechanisms with unsaturated fatty acids. Again,
because blockade of cyclooxygenase has no effect on fatty
acid-induced changes in chemiluminescence, and because
these changes are seen either with fatty acids of w-6 or
-3 families, it does not appear that the effects are mediated
primarily through modulation of eicosanoid synthesis.

T-lymphocytes

Cell-mediated immunity, effected by T-lymphocytes, begins
with proliferation of lymphocyte populations following ap-
propriate ligand binding to cell surface receptors. Lympho-
cyte proliferation (or blastogenesis) can be induced
experimentally by mitogens, such as plant lectins, or in
culture with allogeneic lymphocytes in the mixed lympho-
cyte response. The ability of lymphocytes to respond to
stimuli such as mitogens has been used as a measurement
of lymphocyte responsiveness and activation. Lipids, intro-
duced exogenously both through the diet and as free fatty
acids bound to carriers in cell culture media, affect lympho-
cyte proliferation.

Diets high in fat suppress blastogenesis.?"*** In fact,
growing rats fed diets with 15% (wt/wt) fat, compared with
3% in controls, develop thymic involution after 3 months.*
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The suppressive effects of high fat diets appear consistent
in all studies when T cells are used as the responding popula-
tion but become inconsistent when B cells are studied.?'-*?
The degree of unsaturation of the dietary fatty acids appears
to be a less potent regulator of lymphocyte proliferation than
high amounts of dietary fat because safflower and corn oil
have the same effect as lard and coconut oil when diets with
20 en% are fed to mice.?"** Splenic lymphocytes from septic
animals do not, however, share this sensitivity to high fat
diets.*

When high amounts of dietary fat are not the major deter-
minant of lymphocyte responsiveness, the degree of unsatu-
ration (specifically the PUFA family) can be a powerful
modulator of blastogenesis. Diets that are high in »-6 PUFA,
such as safflower or corn oils, lead to suppression of lympho-
cyte blastogenesis and are associated with increases in PGE,
production.’*¥-% In contrast, diets enriched with -3
PUFA enhance lymphocyte proliferation and are associated
with a decrease in PGE, production.**~*? Fish oil, however,
does not enhance lymphocyte blastogenesis in burned
mice.?* In addition to suppressing PGE, release, w-3 PUFA
may alter PG receptor expression or intracellular cAMP to
c¢GMP ratios; it has been observed that splenocytes from
mice fed w-3-enriched diets are less responsive to PGE-
induced changes in proliferation.*

Delayed-type hypersensitivity (DTH) reactions result
from interaction of T lymphocytes with antigens, peaking
at 2 to 3 days. Antigen is encountered and initially processed
by macrophages, which are activated to release cytokines
such as IL-1 and TNF. The macrophages present the pro-
cessed antigen to T lymphocytes, which then produce other
cytokines such as IL-2 and interferon. DTH reactions are
probably important for host defense against intracellular
pathogens such as Mycobacteria, Listeria, and Salmonella
species of bacteria, in addition to viruses. Although a few
studies have shown that the type or amount of dietary fat
does not affect DTH responses in experimental animals,' 404
the majority of studies have shown that lipids can signifi-
cantly suppress the DTH response.

Dietary PUFA suppress the DTH response, whether they
are from the w-6*4" or the w-3 family.'** Some studies,
however, have noted that fish oil diets increase the DTH
response in septic or burned guinea pigs.*** Because the
former studies were conducted with animals that were not
stressed, these findings suggest that the stress of infection
or injury may permit the eicosanoid-modulating properties
of fish oil to improve the DTH response.

B-lymphocytes

B lymphocytes produce antibodies, which are glycoproteins
that bind to antigens and are the primary component of
humoral immunity. Blastogenesis of B cells can be increased
by feeding rats diets that include soybean oil.** Production
of antibodies by B cells, however, may not be affected by
dietary lipids.'®*% The inconsistent results from studies that
have shown that dietary lipids do affect antibody production
do not allow formulation of any general conclusion. For
example, corn oil diets, which increase PGE, production,
suppress antibody production,* >34 while diets deficient
in essential fatty acids and fish oil (which decrease PGE,
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production) depress antibody production.*'* Further confu-
sion results from observations that antibody production can
be increased by corn 0il,' linseed 0il,* and coconut oil,> all
of which vary strikingly in their polyunsaturated to saturated
ratio and in the their families of unsaturated fatty acids. It
is tempting to view these discrepancies as due to differences
in animal models or in the assays used to measure antibody
production, but the fact remains that the mechanism by
which dietary lipids modulate B cell populations and anti-
body production is unknown.

Although some specific mechanisms remain unclear, lip-
ids have a profound effect on lymphocyte function. For the
most part, diets high in fat suppress lymphocytes, as do diets
high in w-3 PUFA. In addition, w-3 fatty acids appear to
enhance lymphocyte activity, as measured either by blasto-
genesis or in the DTH response.

Cytotoxicity

Another major effector of the immune system is the lysis
or killing of one cell type by another, including macrophages,
natural killer (NK) cells, and cytotoxic T lymphocytes
(CTLs). These cells are involved in protecting the body
against viruses and intracellular bacteria; surveying the body
for tumor cells; mediating the rejection of allograft tissues
after transplantation; and initiating the chronic self-destruc-
tion of autoimmune diseases. These killing mechanisms
often involve macrophages acting as antigen-presenting cells
(APCs) in bringing antigen to the lymphocytes. Both the
antigen-presenting capability and the tumoricidal properties
can be up-regulated by interferon-y (IFN-vy).

Generally, diets high in fat suppress cytolysis,’** al-
though this suppression also occurs in diets that are deficient
in essential fatty acids and in diets with PUFA.*** In some
studies, unsaturated fatty acids in culture inhibit cytolysis,*'
while in others it is enhanced.’>** The effect is due to more
than changes in membrane fluidity alone, as trans 18:1 (with
a melting point of 53°F) has a higher cytotoxic index than
15:0 (with a melting point of 52°F).%? Because lymphocytes
in culture do not have the enzymes necessary to elongate
and desaturate 18 carbon fatty acids from the medium into
eicosanoid by-products, it is unlikely that this effect is due
to changes in eicosanoid metabolism.

-3 PUFA have mixed effects on cytotoxicity. Meydani
et al. found that young mice respond to fish oil diets by
suppressing NK cell activity (although this effect is not seen
in old mice),* and Yamashita et al. found that EPA emulsions
also suppress NK cell activity.> DHA suppresses macro-
phage tumoricidal activity, although bacterial phagocytosis
and intracellular killing by macrophages are not affected.™
Higher concentrations of IFN-y can overcome the suppres-
sion of macrophage killing of mastocytoma cells in mice.™
In contrast, Fernandes and associates found that fish oil
diets restore NK cell activity in mice prone to autoimmune
disease.” Similarly, Schlager and associates showed that
incubation with «a-linolenic acid (ALA) enhances cytotoxic-
ity of murine macrophages against fibrosarcoma cells.*
Nonetheless, not all studies have shown an effect of dietary
lipids on NK cell or CTL activity.*’

Antigen presentation by accessory cells such as macro-
phages may also be modulated by lipids. Long-chain w-3



PUFA depress APC function in normal mice,* an effect that
may be due to suppression of IFN release.?' The opposite
effect, however, is seen in hemorrhagic-shocked mice, in
which fish oil restores APC function.'®

Lipids may exert their effects on tumor surveillance by
altering the susceptibility of tumor cells to attachment and
lysis by cytotoxic host cells. Although some investigators
have not confirmed that alterations in target cell membrane
phospholipid fatty acid profiles are associated with changes
in susceptibility to cytolysis,* others have found that unsatu-
rated fatty acids introduced to the cells in the culture media
are associated with increased lysis.®'%? The increases in sus-
ceptibility to lysis appear to parallel the increase in unsatura-
tion of the fatty acids, as well as the increase in membrane
fluidity.**

Review of effects on disease or injury

As anticipated from the multiple effects of lipids on cellular
function, the effects on immune function are quite varied
and sometimes even contradictory. It is not unexpected, as
shown below, that the results from studies of specific disease
processes are also at variance with each other. The disease
processes reviewed below have in common some aspect of
alteration in immune function, either as a primary causative
pathophysiologic factor (such as autoimmune disease or can-
cer), as a direct consequence of either the injury or infectious
process, or iatrogenic immunosuppression (such as that used
in transplantation).

Essential fatty acid deficiency

Essential fatty acid deficiency (EFAD) is a clinical syndrome
that is rare in humans. Nonetheless, experimentally induced
EFAD in mice and rats permits useful studies of the role of
PUFA in the immune system. As predicted when its essential
precursors are eliminated from the diet, eicosanoid produc-
tion is lower in cells from EFAD mice and rats.***” Function
of some inflammatory cells is depressed by this suppression
of eicosanoid synthesis. For example, PMN oxidative burst,
chemotaxis, and aggregation are impaired by EFAD in rats
and associated with decreased LTB, production; normal
function of PMNs can be restored by addition of exogenous
LTB, in culture.*

Not all of the anti-inflammatory effects of EFAD are re-
lated to decreased production of eicosanoids. On the one hand,
Lefkowith et al. have found that EFAD impairs the capacity
of resident peritoneal macrophages to spread and adhere.®
This defect in adherence, however, cannot be pharmacologi-
cally induced in normal cells with cyclooxygenase blockade,
lipoxygenase blockade, or a platelet-activating factor receptor
antagonist, suggesting that the decreased production of the
metabolites of AA is not responsible. On the other hand, the
addition of phospholipase inhibitor in normal cells was able
to induce a spreading and adherence defect similar to that seen
with EFAD. The authors suggest that AA, the release of which
is prevented by phospholipase inhibitors, may be an intracel-
lular mediator of macrophage adherence.®

Autoimmune disease

Fish oil supplements have been shown to slow the progres-
sion of autoimmune disease. Diets enriched with fish oil
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prolong the survival of autoimmune-prone mice and may
do so by reducing the production of pro-inflammatory pros-
taglandins and leukotrienes.”®”" For example, studies done
in NZB X NZW F, mice, which are prone to autoimmune
glomerulonephritis and early death, showed that fish oil
diets are associated with a lower population of autoantibody-
producing lymphocytes (Ly1B+) and lower levels of circulat-
ing anti-DNA antibodies. In addition, the mice fed fish oil
have less proteinuria, less severe glomerulosclerosis and
renal periarteritis, and longer survival than mice fed corn
oil or lard.*

The results from clinical studies, however, have been
mixed. For example, Kremer and associates have shown in
a nonrandomized, double-blinded, placebo-controlled cross-
over trial that fish oil supplements (15 mg MaxEPA capsules
per day) decrease PMN LTB, production and improve clini-
cal symptoms.” Others, however, have shown no clinical
improvement associated with fish oil in patients with psoria-
sis™ or systemic lupus nephritis.”

Transplantation

Mertin et al. found that subcutaneous injection with certain
PUFA prolongs the survival of skin allografts in mice.”>"? In-
jections of LA, ALA, or AA three times a week in mice
increase the median survival time of skin allografts. Interest-
ingly, they found that the increase in median survival times of
allografts was directly correlated with the degree of unsatura-
tion of the fatty acids used, which suggests that this effect was
related more to the physical properties of PUFA (such as an
increase in membrane fluidity or lipid peroxidation) than to
the differential production of eicosanoid metabolites.” These
investigators also found that primary and subsequent memory
cytotoxic allograft responses decreased in animals treated
with LA. The immunosuppressant effects of LA, however,
disappear in splenectomized mice, suggesting that this is not a
direct effect on lymphocytes themselves, but rather mediated
through other effector cells in the immune system.”

In support of the concept that increased allograft survival
is not due solely to increased PGE, synthesis, others have
found that w-3 PUFA are immunosuppressive. For example,
Kelley et al. found that cyclosporine given in a fish oil vehicle
compared with olive oil increased the survival of rat heart
transplants, and that delayed-type hypersensitivity is also sup-
pressed.” The results of a nonblinded, noncontrolled trial of
fish oil supplements in renal transplant patients have also
shown a decrease in the rate of deterioration of renal allograft
function.” These observations indicate that w-3 PUFA,
through an unspecified immunosuppressive effect, prolong
allograft survival, as do w-6 PUFA. Because both families of
PUFA have the same effect on allograft survival, the effect is
more likely due to the shared physical properties of PUFA
on cell membranes rather than the production of divergent
eicosanoid metabolites with differing biologic potency.

Cancer

Both the amount and type of dietary lipid affect neoplastic
disease in laboratory animals. Diets that are high in fat
lead to increases in the incidence and number of dimethyl
hydrazine-induced colon carcinomas in rats,* decreased

J. Nutr. Biochem., 1994, vol. 5, November 517



Review

tumor latency and lymphocyte cytotoxicity in mice with B16
melanoma,*® and increased incidence and growth rate of
DMBA-induced mammary carcinoma in rats.*®' These ex-
perimental data parallel epidemiologic studies that suggest
that high fat diets increase the risk of neoplastic disease in
humans.*?

PUFA have also been shown to facilitate tumor growth.
For example, both King and Kollmorgen found that diets
with 20% (wt/wt) corn oil increase the incidence and growth
rate of DMBA-induced mammary carcinoma in rats.5%8!
Mertin and Hunt showed that EFAD diets lead to decreased
incidence of methylcholanthrene tumors in mice, further
suggesting that the production of dienoic prostanoids such
as PGE, suppresses tumor surveillance.” In addition, both
corn and safflower oil diets lead to increased tumor incidence
and volume in rats with aflatoxin-B liver tumors in rats* or
in mice with B16 melanoma.®® There is concern that as
PUFA intake in the American diet has increased to replace
saturated fat and decrease the risk of atherosclerotic disease,
the incidence of neoplastic disease may rise.*”

Not all PUFA facilitate tumor growth. Supplementation
with fish oil on a daily basis decreases the weight and volume
of mammary tumors in rats.** Supplementation with fish oils
in this model is associated with both decreased PGE. in
tumor microsomes and increased w-3 PUFA in tumor cell
phosphatidylcholine, thus confirming the association be-
tween PGE, and tumor surveillance. It is also known from
specimens of human hepatocellular carcinoma that mem-
brane ALA and DHA are lower than in reference specimens,
and levels of thromboxane and prostacyclin are higher.™
Permeability of tumor cells also increases after incubation
with DHA,* suggesting yet another mechanism for the sup-
pressive effects of fish oil on tumor growth. Fish oil may
benefit the tumor-bearing host by decreasing prostanoid pro-
duction and destabilizing tumor cell membranes.

Immune responses to tumors can either enhance the
growth of a tumor or cause its eradication from the host.
Several types of cytotoxic interactions occur between tumor
cells and host effector mechanisms. The lytic interaction
through which cytotoxic T-lymphocytes destroy appropriate
target cells is a multi-step process in which the plasma
membrane of the cytotoxic T cell is undoubtedly important
because of direct contact with the target cell.™ Fatty acids
incorporated into cytotoxic T-lymphocytes may enhance or
inhibit cell-mediated cytotoxicity, while unsaturated fatty
acids enhance cytolysis, and saturated fatty acids inhibit it.%}
In addition, fatty acids alter the susceptibility of tumor cells
to cytolysis mediated by antibody or complement.®!¢28¢ In-
creases in membrane PUFA increase susceptibility of tumor
target cells to lysis in some experiments,®'*2 although other
investigators have found that in vivo feeding experiments
did not show the same results as those with cultured cells.*
Nonetheless, in experiments in which increased tumor
growth is associated with either increased amount of dietary
fat or increases in polyunsaturated fat, both suppression of
cytotoxicity® and lymphoproliferation in response to mito-
gens* have been noted. To the degree that the host immune
response is important in maintaining suppression of tumor
growth, dietary lipids play a significant role in enhancement
or suppression of tumor growth via modulation of lympho-
cyte activity and target cell membrane susceptibility.
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Outcome from infection

Cyclooxygenase products play a role in the morbidity and
mortality that accompany Gram-negative bacterial infec-
tions. EFAD rats, which produce prostaglandins in smaller
quantities, are more resistant to endotoxin shock than con-
trols,*” and ibuprofen protects against mortality after cecal
ligation and puncture (a model of bacterial peritonitis) in
mice that have been subjected to hemorrhagic shock.*

As expected, diets rich in PUFA also modulate the re-
sponse to bacterial infection, although the experimental re-
sults are not consistent. On the one hand, several
investigators have found that fish oil, given either enterally
or parenterally, improves survival from endotoxin or bacte-
rial shock.®-?2 On the other hand, some investigators have
found that the type and amount of fish oil have no effect
on survival from bacterial infection.® In one of our own
studies, we found that diets based on w-6 PUFA-rich vegeta-
ble oils or fish oils have no difference in their effect on
survival from bacterial peritonitis in guinea pigs fed enterally
for 2 weeks during the infection.* Paradoxically, in another
of our studies, we reported that fish oil dramatically increases
mortality from Pseudomonas infection in burned mice.*
Interestingly, our best survival rates in the guinea pig study
were achieved with a diet composed of a mixture of vegeta-
ble and fish oils, with a resultant -6 to w-3 ratio of approxi-
mately 2 to 1. Although the pure fish oil diets were associated
with a decrease in splenocyte PGE, production and an in-
crease in delayed-type hypersensitivity responses, these
changes in prostanoid production and immune function ap-
peared to be insufficient by themselves to improve survival.

Conclusion

In summary, lipids modulate the immune system by (1)
altering membrane fluidity, (2) producing lipid peroxides,
(3) regulating eicosanoid metabolites, and (4) interacting
directly with cellular activation processes. Dietary lipids are
absorbed and distributed to essentially every cell membrane
in the body. There they perform important structural and
functional roles. Membrane fluidity and eicosanoid synthesis
are the two realms in which lipids have their most potent
effects. Lipid peroxidation challenges the plasma membrane
to protect the cell, and under conditions of stress or anti-
oxidant depletion, significant free radical damage can occur.
These multiple effects result in marked differences in
outcome in animal models in which activation of the immune
system plays a significant role. Examples include trans-
plantation, in which allograft survival is prolonged by PUFA;
cancer, in which low fat or w-3 PUFA diets decrease the
incidence and growth of tumors; and autoimmune disease,
in which survival is prolonged by dietary w-3 PUFA. These
studies and others suggest the following syllogism: (a) PGE,
is immunosuppressive; (b) w-3 PUFA inhibit PGE, synthe-
sis; and (c) therefore, w-3 PUFA are immunostimulators.
Not all results in animal models, however, are consistent
with each other. For example, -3 PUFA may improve out-
come from infection in one model, while increasing mortality
in others. Also puzzling are the observations that both w-6
and w-3 PUFA prolong allograft survival in transplantation
models. Although it may be predicted that increased produc-



tion of PGE, by LA would suppress the immune response
(thus increasing mortality from infection and prolonging
allograft survival), fish oil diets sometimes have a similar
effect. Therefore, the syllogism suggested above may be too
simplistic to describe the effects of PUFA on the immune
response.

The immune modulating effects should thus be antici-
pated based on all the effects of PUFA, not just those second-
ary to eicosanoid metabolites. Models in which outcome
correlates with the degree of unsaturation rather than the
family classification can be explained by either the increased
fluidity of leucocyte membranes or the increased burden of
lipid peroxides. The area of direct effects of fatty acids on
signal transduction is yet unexplored in animal models of
disease or injury. Further research on lipids and the immune
response should help to integrate measurements of eicosa-
noid activity, membrane fluidity, and peroxide formation,
thus summing up the multiple effects of the lipid treatment.
The direct effect of fatty acids on transmembrane signalling
is also a fertile area for exploration.
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