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Fatty acids have various effects on immune and inflammatory responses, acting as intracellular and intercellular mediators. Polyunsaturated fatty acids (PUFAs) of the omega-3 family have overall
suppressive effects, inhibiting lymphocyte proliferation, antibody and
cytokine production, adhesion molecule expression, natural killer cell
activity and triggering cell death. The omega-6 PUFAs have both
inhibitory and stimulatory effects. The most studied of these is arachidonic acid that can be oxidized to eicosanoids, such as prostaglandins,
leukotrienes and thromboxanes, all of which are potent mediators of
inflammation. Nevertheless, it has been found that many of the effects
of PUFA on immune and inflammatory responses are not dependent
on eicosanoid generation. Fatty acids have also been found to modulate phagocytosis, reactive oxygen species production, cytokine production and leukocyte migration, also interfering with antigen presentation by macrophages. The importance of fatty acids in immune
function has been corroborated by many clinical trials in which
patients show improvement when submitted to fatty acid supplementation. Several mechanisms have been proposed to explain fatty acid
modulation of immune response, such as changes in membrane fluidity and signal transduction pathways, regulation of gene transcription,
protein acylation, and calcium release. In this review, evidence is
presented to support the proposition that changes in cell metabolism
also play an important role in the effect of fatty acids on leukocyte
functioning, as fatty acids regulate glucose and glutamine metabolism
and mitochondrial depolarization.

Introduction
Fats are usually thought of as dispensable
or even harmful components of foodstuffs,
being associated with atherosclerosis and
obesity. Doctors and mothers discourage their
consumption by children because of their
low nutritional value and because they might
displace other high quality nutrients, such as
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proteins, vitamins or even fibers. Even biochemists frequently despise fats because most
of them can be synthesized in the organism
and there is the general notion that, because
of their simple structure, fats are not important information carriers, such as proteins or
nucleic acids. But this is an oversimplified
way of looking at this wide class of molecules, which includes fatty acids, steroids,
Braz J Med Biol Res 33(11) 2000
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oil-soluble vitamins, isoprenols - and whichever other substance that can be extracted by
organic solvents, which is the definition of a
lipid. Among these are the fatty acids, carboxylic acids to the organic chemist, which
vary from 2 to 26 carbons, with none, one or
various unsaturations. Fatty acids have dissociation constants (pKa) of about 4.5, which
means that, at physiological pH 7.4, the vast
majority (about 1000:1) of these molecules
will be in the dissociated form (as a salt). The
acid and salt forms of fatty acids, for instance, butyric acid and butyrate, arachidonic acid and arachidonate, will be considered here as interchangeable chemical forms,
as accepted by most investigators.
It has been known since the nineteenth
century that fatty acids can be synthesized
from other nutrients, such as carbohydrates
and proteins. But even among these simple
molecules there are some that are essential to
the organism, i.e., the generally known polyunsaturated fatty acids (PUFAs). Notwithstanding their simple nature, these molecules
generate a series of highly specialized and
potent cell mediators - such as the prostaglandins (PG) and leukotrienes (LT). Fatty
acids are also important components of other
inter- or intracellular communication molecules, such as platelet activating factor, diacylglycerol and ceramides. As this review
will try to point out, even the least sophisticated fatty acids such as the volatile fatty
acids or the long-chain saturated fatty acids
have important roles in cell metabolism,
structure and regulation, with considerable
implications in the immune function when
the cells in question are leukocytes.
The immune system works with specific
and nonspecific recognition of foreign molecules, leading to their inactivation or destruction also by specific or nonspecific
means. The specific immune response and
the generalized inflammatory reactions are
tightly interwoven. To understand the relation between fatty acids and immunology it
is therefore necessary to consider their role
Braz J Med Biol Res 33(11) 2000

in inflammation as well as their effect on
leukocytes. Fatty acids interfere with many
steps of inflammation, such as vascular contraction, chemotaxis, cell adhesion and diapedesis, and cell activation. Fatty acids can
modulate leukocyte function, controlling proliferation, production of cytokines and adhesion molecules, and causing cell death. This
review will also point out the changes in cell
metabolism as an additional mechanism for
the modulation of leukocyte function by
fatty acids. Many of the effects just mentioned occur via eicosanoids - PG, LT, thromboxanes (TX) and lipoxins - derived from
arachidonic acid. This review will focus on
the effect of free fatty acids and will not
particularly explore eicosanoid actions, frequently mentioned in pharmacology textbooks.

Effects of fatty acids on inflammation
Inflammation comprises a series of events
associated with tissue injury caused by nonspecific agents or by immune-mediated reactions. The typical description of inflammation involves 4 main features: swelling,
pain, increases of temperature, and erythema.
Fatty acids not only can cause inflammation,
particularly arachidonic acid, but also mediate many of its effects.

Regulation of vascular permeability
and contraction, pain and fever
Arachidonic acid lowers the pain threshold, although it cannot cause pain itself. This
hyperalgesic action can be reproduced experimentally, although in a less efficient way,
by linoleic, linolenic and gamma-linolenic
acids. Although the inhibition of cyclooxygenase is important for the effect of arachidonic acid, it has no action on the mild
hyperalgesia brought about by other PUFAs.
Prostaglandins are also important mediators
in the induction of fever by their action on
the central nervous system. On the other
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hand, it has been found that diets rich in
omega-3 fatty acids prevent fever caused by
lipopolysaccharide (1).

Chemotaxis, adhesion and
diapedesis
Many eicosanoids such as LTB4 and TX
have a chemotactic effect. On the other hand,
PGE2 can inhibit leukocyte migration and
activity. Fatty acids and fatty acid-derived
mediators can also regulate the expression of
adhesion proteins, such as integrins and
selectins, both in leukocytes and in endothelial cells (2). This type of regulation is important for cell rolling, migration, diapedesis
and activation.
Seljeflot et al. (2) have shown that endothelial cells of smokers subjected to an
omega-3 fatty acid-rich diet express higher
levels of E-selectin and vascular cell adhesion molecule-1 (VCAM-1). This effect is
opposed by the finding that omega-3 fatty
acids and oleate reduce the expression of
VCAM-1 (both protein and mRNA levels),
E-selectin and intercellular adhesion molecule-1 (ICAM-1) by endothelial cells. Endothelial cells treated with arachidonic acid
(20:4 n-6) or its hydroperoxy (HPETE) or
hydroxy (HETE) derivatives, have a reduced
ability to adhere to neutrophils and monocytes, probably due to the concomitant decrease in the expression of ICAM-1, Eselectin and VCAM-1, quantified both at the
protein and mRNA levels (3).
Yaqoob (4) has shown that monounsaturated fatty acid-rich diets lower peripheral
monocyte adhesion, whereas Calders group
(3) found that saturated fatty acids enhance
cultured macrophage adhesion when compared to PUFA. It has been found that monocytes treated with eicosapentaenoic acid
(EPA) have lower expression of ICAM-1, an
effect that is opposite to that of docosahexaenoic acid (DHA) (5). After monocyte stimulation, it has been found that both EPA and
DHA (omega-3 fatty acids) had a reduced

expression of ICAM-1 (5). Young et al. (6)
have shown that linoleic acid, a PUFA, increases ICAM-1. Adhesion molecules, such
as CD11b/CD18/Mac-1, a beta2 integrin,
are quickly accumulated on the neutrophil
surface, whose affinity state is increased
upon cell treatment with oleic acid (7). Such
oleic acid-treated neutrophils can also aggregate easier and show higher adhesion to
endothelial cells (8).
Butyrate, a short-chain fatty acid, has
been shown to decrease the expression of
ICAM-1 and LFA-3 and to increase constitutive as well as cytokine-induced expression of B7-2 (9).
Omega-3 PUFA can suppress neutrophil
chemotactic responsiveness to LTB4 and
FMLP. Such effect correlates with inhibition
in signal transduction pathways between the
receptor and phospholipase C, with suppression of IP3 formation (3). Fish oil-rich diets
(rich in omega-3 fatty acids) raise bronchoalveolar fluid myeloperoxidase activity in
endotoxin-injected rats (10). This enzyme is
associated with oxidative stress since it catalyzes the production of free radicals and is a
marker of polymorphonuclear accumulation
at the inflammatory site. Short-chain fatty
acids, on the other hand, inhibit human polymorphonuclear migration (11).

Phagocyte activation, phagocytosis,
respiratory burst (reactive oxygen
and nitrogen species) and
microbicidal action
Neutrophils and macrophages usually
must be activated in order to phagocytose
particles, release protein and lipid mediators
and produce reactive oxygen and nitrogen
species. Fatty acids have been implicated
in such effects. Neutrophils contain NADPH
oxidase, an enzyme that generates superoxide. NADPH oxidase can be directly stimulated by arachidonic acid, leading to free
radical production, and can probably stimulate cell microbicidal activity and, if the
Braz J Med Biol Res 33(11) 2000
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system is not adequately controlled, cause
tissue injury (12).
Superoxide can be spontaneously or enzymatically, via superoxide dismutase, converted into hydrogen peroxide, another reactive oxygen intermediate. Diets rich in omega6 or saturated fatty acids are associated with
lower superoxide and hydrogen peroxide production by stimulated neutrophils (13), which
correlates with diminished glucose-6-phosphate dehydrogenase activity. This enzyme
is one of the major generators of NADPH
synthesis in the cell, and NADPH, in turn, is
an essential substrate for superoxide generation by NADPH oxidase (13). Patients fed
diets containing fish oil (omega-3 fatty acids) show decreased production of reactive
oxygen species by stimulated neutrophils,
which is independent of cyclooxygenase and
degranulation (14).
The presence of medium-chain fatty acidcontaining phospholipids in neutrophil culture increases the production of reactive oxygen species, whereas in vivo treatment with
these fatty acids reduces hydrogen peroxide
production, nitroblue tetrazolium reduction,
and impairs phagocytosis and Staphylococcus aureus killing (15).
Another important molecule produced
by phagocytes is nitric oxide (NO). The production of NO is catalyzed in phagocytes by
inducible NO-synthase (iNOS), upon cell
activation. The transcription of iNOS and
the production of NO by macrophages can
be inhibited by PUFA, the effect being greater
for 22-carbon than 20-carbon fatty acids,
and for omega-3 fatty acids, particularly DHA
(16).
As mentioned before, the production of
reactive oxygen and nitrogen species by
phagocytes is important for these cells to
exert their microbicidal function. However,
upon cell hyperstimulation, such as in chronic
inflammatory or immune diseases, reactive
species are deleterious to the organism. The
general mechanisms for cell protection involve the production of enzymatic (such as
Braz J Med Biol Res 33(11) 2000

catalase, superoxide dismutase, glutathione
peroxidase) and non-enzymatic (such as tocopherol, ascorbic acid, glutathione) antioxidants. Diets rich in omega-3 fatty acids
increase lipid peroxidation while concomitantly raising glutathione peroxidase activity. This enzyme is particularly important in
cell protection from oxidant stress under
physiological conditions, converting peroxides into their alcoholic derivatives, at the
expense of glutathione (17).
The microbicidal activity of neutrophils
also depends on enzymes and other toxic
substances present in their granules released
upon cell activation. Myeloperoxidase and
transferrin, but not beta-glucuronidase release from activated neutrophils is inhibited
by cell treatment with unsaturated fatty acids
with odd carbon number, such as 13:1, 17:1
and 19:1. Some of these odd-numbered fatty
acids increase, while others decrease superoxide generation (18).
PUFAs usually have an inhibitory effect
on phagocytosis and phagocyte microbicidal
activity when added to diets, but can stimulate these activities when directly added to
cell cultures, although some experimental
data are contradictory. Macrophages cultured
in myristate- or palmitate-enriched medium
or long-chain saturated fatty acids show decreased phagocytic activity against zymosan
particles, although cells treated with PUFA,
especially arachidonic acid and DHA, show
an increased phagocytic capacity and microbicidal action. This effect is associated with
PLA2 regulation, calcium release and tyrosine kinase activity (19). Neutrophils
treated with long-chain fatty acids with at
least 3 double bonds, especially arachidonic
acid and fatty acids of the omega-3 subclass,
show enhanced antiparasitic activity against
Plasmodium falciparum (20). The addition
of cyclooxygenase and lipoxygenase inhibitors has no effect on the increased cytotoxicity induced by the fatty acids, which implies
that eicosanoids do not seem to mediate such
cell modulation (20). Macrophages from rats
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fed PUFAs showed decreased phagocytic
capacity, as well as lowered cell migration
compared to those from saturated fatty acidfed animals, which correlated with a decrease in the pentose-phosphate pathway and
glutaminase activities (21). Short-chain fatty
acids strongly inhibit Staphylococcus aureus
phagocytosis and killing by human phagocytes (11).
Macrophages not only kill microorganisms but also tumor cells. The cultivation of
macrophages in the presence of DHA (22:6
n-3) led to decreased lysis of mastocytoma
cells, an effect that was partially reproduced
by arachidonic acid, potentiated by IFNgamma and independent of cyclooxygenase
products and bacterial phagocytic action (3).

Production of cytokines and other
cell mediators, antigen presentation
and lymphocyte activation
Activated leukocytic inflammatory cells
produce many cytokines important in both
inflammatory and immune reactions. Gamma-linolenic acid reduces IL-1beta secretion
by monocytes (22). Other authors (23,24)
have found that omega-6 PUFAs generally
raise IL-1 production and that omega-3
PUFAs have the opposite effect.
The data on the effects of PUFA on TNFalpha production by phagocytes are contradictory. Gamma-linolenic and arachidonic
acids (omega-6) administered both in vivo
and in vitro can lower TNF-alpha production
by monocytes or macrophages and the effect
of the latter is reversed by treatment with
indomethacin (22), indicating that PG or TX
are involved in TNF production. Chavali et
al. (25) showed that TNF-alpha levels can be
raised by diets rich in omega-3 fatty acids,
whereas Kelley et al. (23) showed decreased
TNF-alpha secretion by neutrophils from
DHA-fed subjects. As to the volatile fatty
acids, the delivery of butyrate via liposomes
or its addition to culture medium decreases
TNF-alpha production by Kupffer cells (26).

On the other hand, human neutrophils treated
with omega-3 fatty acids show decreased
production of IFN-gamma (24).
Linoleic acid, an omega-6 PUFA, increases the expression of IL-8, a proinflammatory chemokine produced by monocytes,
fibroblasts and endothelial cells (6). Omega6 fatty acid-rich diets and direct incubation
of macrophages with arachidonic acid also
raise IL-6 concentration, possibly via generation of PGI2 (27). In contrast, IL-8, IL-6
and IL-10 expression is lowered by omega-3
fatty acids and oleate in endothelial cells and
monocytes, an effect associated with reduced
adhesion molecule expression and lower
adhesion capacity of monocytes (25,27).
Monocytes from animals fed diets rich in
omega-3 fatty acids (fish oil) have lower
antigen-presenting capability (5), that may
be associated with a decreased expression of
major histocompatibility complex II (MHC
II) molecules on macrophages, which are
essential for antigen presentation to lymphocytes (5). PUFAs, especially DHA, can inhibit the expression of these molecules in
INF-gamma-stimulated cells. It was shown
that this effect on MHC II expression is
necessary for antigen presentation by macrophages, independent of cytotoxicity and
inhibition of cyclooxygenase and is detectable at the mRNA level (28). Butyrate, a
volatile fatty acid, reduces macrophage ability to stimulate lymphocytes (9,26).
Diets rich in omega-3 fatty acids have
lower levels of PGE2, 5-keto-PGF1alpha and
TXB2 compared to those rich in omega-6
fatty acids (25). Omega-3 fatty acid-rich diets can also decrease LTB4 production, which
is correlated with lower neutrophil chemotaxis. On the other hand, as expected, diets
rich in omega-6 fatty acids increase PGE2,
LTB4, LTC4, LTD4, 6-keto-PGF1alpha and
TXB2, probably due to greater production of
arachidonic acid, the eicosanoid precursor.
Butyrate can increase Kupffer cell production of PGE2 and upregulate inducible cyclooxygenase mRNA levels (26).
Braz J Med Biol Res 33(11) 2000
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Another lipid mediator produced by phagocytes that is important in inflammation and in
the immune response is the platelet-activating
factor. The production of this mediator in
stimulated neutrophils is decreased in alphalinoleate-rich diets (omega-3) when compared
with linoleate and is associated with decreased
availability of lyso-platelet activating factor,
its precursor, probably due to inhibition in
transacylase activity (29).
Fatty acid-rich diets, particularly of the
omega-3 type, are frequently associated with
diminished hypersensitivity reactions. Part
of this effect may be due to lowered histamine production or release. Thus, omega-3
PUFAs reduce histamine content in the supernatant of mast cell culture, whereas arachidonic acid and short-chain fatty acids have
an opposite effect (30). Moreover, omega-3
PUFA also lowered histamine release upon
cell stimulation with a ionophore (30). On
the other hand, arachidonic acid increases
the intracellular histamine content, while
omega-3 fatty acids decrease it (30).

Effects of fatty acids on lymphocytes
Cell activation

Lymphocyte activation is usually inhibited by fatty acids, particularly by PUFA and
volatile fatty acids. Thus, the pretreatment of
animals with butyrate was shown to inhibit
T-cell proliferation to immobilized anti-CD3
monoclonal antibody (9). Omega-3 fatty acidrich diets are associated with a lower percentage of activated T and B cells upon
stimulation (14), but with an increased proliferative response to T-cell mitogens (31).
Control of cell proliferation and cell death

The efficiency of the immune system not
only relies on the possibility of specific recognition of foreign antigens, but also on the
great amplification of the response by quick
induction of lymphocyte proliferation. Many
Braz J Med Biol Res 33(11) 2000

experiments performed with concanavalin
A- or lipopolysaccharide-activated lymphocytes show that fatty acids, particularly PUFA
and volatile fatty acids, can inhibit cell proliferation by an eicosanoid-independent action (32,33). It is also known that higher
doses of these fatty acids can cause cell
death via apoptosis or, depending on their
concentration, necrosis. Because of these
effects, patients with autoimmune diseases
or chronic inflammation have been advised
to eat PUFA-rich diets. It should be mentioned that a minimum amount of fatty acids
is needed for optimum lymphocyte proliferation, as in the absence of fatty acids cells
have impaired growth (34,35). Accordingly,
it has been shown that lymphocyte DNA
synthesis is stimulated by low and inhibited
by high free fatty acid concentrations (36).
The cytotoxic effect of PUFA on lymphocytes or leukemia cell lines has long
been known. Cell death occurs by apoptosis
at concentrations close to the physiological
free fatty acid concentrations, as assessed by
induction of internucleosomal DNA cleavage, chromatin condensation and nuclear
breakdown (37,38). Higher doses of fatty
acids preferentially cause necrosis, with a
rapid loss of membrane integrity, lysosomal
enzyme leakage and cell swelling. Both apoptosis and necrosis seem to be associated
with oxidative stress, as they can be partially
prevented by antioxidants such as tocopherol
(37). As to eicosanoids, they have been found
to play an important role in apoptosis depending on the cell type or treatment. In fact,
cyclooxygenase inhibitors and sometimes lipoxygenase inhibitors have been found to
protect cells from PUFA-induced cytotoxicity (38).
Another class of fatty acids known to be
cytotoxic and to have inhibitory effects on
lymphocyte proliferation is that of the volatile fatty acids, particularly butyrate. This
acid has been shown to suppress T-cell proliferation to immobilized anti-CD3 monoclonal antibody (9). Butyrate-induced cyto-
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toxicity mainly occurs by induction of apoptosis, an effect probably associated with histone acetylation (39). Tumor cells seem to be
more susceptible to butyric acid than their
normal counterparts. This effect of butyrate
is potentiated by propionate and acetate,
which might indicate a potential use of this
fatty acid in cancer treatment (40).
Antibody production

Lymphocytes of the B lineage produce
specific antibodies in response to antigen
stimulation. Antibody production, switching and secretion can be modulated by fatty
acids. Thus omega-3 PUFAs inhibit IgA,
IgM and IgG production by rat lymphocytes,
an effect that can be counteracted by lectin
(3). Diets low in fat, deficient in essential
fatty acids or rich in fish omega-3 fatty acids
are associated with better prognosis and
higher survival in antibody-mediated autoimmune diseases and lower IgE production.
Omega-3 fatty acids administered orally
modulate hypersensitivity reactions (41).
Mice fed linoleate (omega-6) have lower IgE
production than those fed alpha-linoleate
(omega-3). Nevertheless, mice fed alphalinoleate survive more than those fed linoleate after antigen-induced anaphylactic
shock, probably because of suppression of
eicosanoid synthesis (42). Moreover, mice
fed high PUFA-fat diets show a reduced
delayed hypersensitivity response to challenge, coupled to a transient decrease in IgM
antibody formation, but no alterations in IgG
or IgE production (43).
Butyrate, a short-chain fatty acid, enhances IL-6, IL-4 and phorbol 12-myristate
13-acetate IgM production, an effect associated with histone acetylation (44).

Lymphocyte cytokine production and
cell surface molecule expression
As is the case for macrophages and neutrophils, fatty acids can also modulate lym-

phocyte cytokine production. Thus, dihomogamma-linoleic acid and arachidonic acid
inhibit the production of IL-2 by lymphocytes, an effect that cannot be abolished by
cyclooxygenase inhibitors. Most PUFAs can
decrease IL-2 production, particularly of the
omega-3 class, and EPA has the highest
potency among them, an effect associated
with their inhibitory action on lymphocyte
proliferation and with lowered expression of
IL-2 receptor, with a decrease in naive T
cells and a rise in memory T cells (3,24).
Interleukin-4 production by lymphocytes
can be negatively regulated by PGE2 in culture and is found at lower concentrations in
animals fed omega-3 fatty acid-rich diets (31).
Palmitic acid enhances the release of IFNgamma by human lymphocytes, while diminishing TNF-alpha production (35). The
same authors have shown that other saturated fatty acids are more potent than unsaturated fatty acids in modulating cytokine
production, particularly in relation to IFNgamma. Lymphocytes treated with omega-3
fatty acids as well as with butyrate show
decreased IFN-gamma production (24,39).
Lymphocyte interaction with other cells,
important for immune response regulation
and cell migration, depends on the expression of many surface proteins, which can be
modulated by fatty acids. Thus, animals fed
diets rich in omega-3 fatty acids (fish oil)
and omega-6 fatty acids (olive oil) have decreased expression of LFA-1, ICAM-1 and
CD2 (3,31). Pretreatment of lymphocytes
with DHA or EPA (omega-3) can reduce the
expression of the adhesion molecules Lselectin and LFA-1 (45). The addition of
DHA or EPA acids to adhesion assays involving endothelial cells and lymphocytes
reduces cell interaction, which is associated
with reduced expression of VCAM-1 (45).
Docosahexaenoic acid increases the expression of Thy-1.2 and alters CD8 epitope
expression, therefore potentially regulating
T-cell activation. There is also regulation of
CD44 and CD45 expression by fatty acids,
Braz J Med Biol Res 33(11) 2000
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particularly oleic acid, although the effect on
CD45 can also occur by cell treatment with
stearic acid. Oleic acid increases CD44 and
CD45 capping, as has been confirmed by in
vivo and in vitro studies (46).
Fish oil-rich diets (omega-3 PUFA) are
associated with higher TGF-beta1 expression in T cells (31). This growth factor is
implicated in immune response modulation.

Natural killer and lymphokineactivated killer cell activity
A very important cell type that acts in
natural immunity is the natural killer (NK)
cell, which can identify and kill virus-infected or microbe-infected cells, as well as
tumor cells. Regarding natural immunity
against tumor cells, lymphokine-activated
killer (LAK) cells, that efficiently recognize
and kill transformed cells, are also very important. As a rule, omega-3 PUFA can inhibit NK cell activity. For instance, high fat
diets, particularly those rich in omega-3
PUFAs, can lower NK and LAK cell activity, as well as the number of circulating cells
(14,23). This inhibitory effect is also found
in other experimental models, such as animals submitted to intravenous infusion with
omega-3 PUFA and human cells treated in
culture with omega-3 PUFA, that not only
suppress NK, but also LAK cell activity
(24). Oleic and palmitic acid-rich diets also
seem to inhibit NK cell activity (4), whereas
short-chain fatty acids, when delivered with
parenteral nutrition, increase the cytotoxic
activity of these cells (47).
The immune response to tumors depends
on the balance of T-helper and T-suppressor
cells. It has been found that such a ratio is
increased in patients with solid tumors submitted to diets rich in omega-3 PUFA, mainly
due to a decrease in suppressor T cells,
indicating that these fatty acids could inhibit
tumor growth (48).
Table 1 summarizes the effects of fatty
acids on leukocyte function.
Braz J Med Biol Res 33(11) 2000

Mechanisms of cell modulation
induced by fatty acids
Several groups have investigated the
changes induced by fatty acids in cell membrane functioning, transduction pathways,
protein acylation, and calcium release in
leukocytes (for reviews, see Refs. 3,4). Fatty
acids, particularly arachidonic and oleic acids, can also trigger lipid body formation in
leukocytes, which seems to play a role during the inflammatory response (49).
Cell functioning, however, depends on
the efficient activation of metabolic pathways in order to obtain ATP, and structural
molecules such as nucleotides and phospholipids and NADPH for macromolecule synthesis, among others (50). In the absence of
glucose and glutamine, leukocytes cannot
synthesize macromolecules, migrate or proliferate. The study of cell metabolic regulation is therefore a fundamental approach in
immunology and in the study of inflammation. Fatty acids are associated with a series
of metabolic pathways, being synthesized
from amino acids and glucose, esterified to
glycerol to form phospholipids and triacylglycerol or broken down to acetyl CoA or
CO2, generating energy. Probably because
of this key position in cell metabolic pathways, fatty acids can regulate their own synthesis and breakdown, as well as interfere
with neighboring metabolic routes.

Fatty acids, biochemical pathways
and mitochondria
As mentioned before, lipids are important membrane components, sources of energy and of cell mediators, being essential
for cell survival and function. There are
many feedback loops that guarantee controlled fatty acid metabolism. For instance,
animals fed PUFA-rich diets have reduced
transcription of many lipogenic enzymes,
such as fatty acid synthase, acetyl CoA carboxylase, malic enzyme, pyruvate kinase and
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phosphoenolpyruvate carboxykinase (51).
Lymphocytes treated with propionate have
impaired lipid synthesis and diminished proliferation and macrophages treated with this
fatty acid show changes in metabolism (32,
52).
Many effects of fatty acids on cells can
be explained by the uncoupling of mitochondria. Most studies on the uncoupling effect
have been conducted on liver, muscle or
adipose tissue mitochondria, but the phenomenon has also been characterized in intact lymphocytes (53). Until now, nevertheless, the exact mechanism is not known,
although there is a consensus about the interaction between fatty acids and the ADP/ATP
antiporter/carrier, which might act as an uncoupling protein (54). Arachidonic acid has
been shown to inhibit complexes I and III of
the respiratory chain, a fact that might explain its uncoupling effect (55). Such inhibition is associated with a high production of
hydrogen peroxide when pyruvate plus
malate or succinate are used as substrates.
However, some authors believe that, under
physiological conditions, fatty acids act only
as mild uncouplers, preventing pronounced
changes in transmembrane potential that
could lead to reactive oxygen species forma-

tion (56). The uncoupling effect of fatty
acids is greater for PUFAs and considerably
mild for short-chain fatty acids (55).
Depolarization of the inner mitochondrial membrane by fatty acids is important
because of its consequences for energy metabolism and cell death. As mentioned before, fatty acids, particularly PUFAs, are
cytotoxic, causing cell death via apoptosis or
necrosis. It has been proposed that these
effects can be triggered in the mitochondria.
Depolarization is associated with the leakage of cytochrome c, which then can bind to
Apaf-1 and trigger the caspase pathway of
apoptosis. Concomitantly, depolarization
causes impaired ATP synthesis and greater
reactive species formation, which can then
impair cellular homeostasis and promote lipid peroxidation, respectively. As a consequence, cytoplasmic and lysosomal membrane integrity may be lost, characterizing
necrosis. The death pathway which cells will
undergo depends, therefore, on the extent of
mitochondrial damage triggered by fatty acids (57).
It was once generally considered that
lymphocytes, macrophages and neutrophils
obtain most of their energy by metabolism
and oxidation of glucose and that lympho-

Table 1 - Summary of the effects of fatty acids on leukocytes.
Macrophages and neutrophils
- Fatty acid-fed animals show decreased cell activation, production of reactive oxygen species
(ROS), phagocytosis and antigen presentation (by macrophages) (5,13-15,19,21,28).
- The addition of fatty acids to the cell medium increases ROS formation and phagocytosis (12,15,20).
- Omega-3-rich diets decrease IL-1beta, IL-6 and IL-8 production, whereas omega-6-rich diets increase
the production of these cytokines (6,22-25,27).
Lymphocytes
- PUFAs at low concentrations are needed for cell proliferation, but at high concentrations, inhibit
proliferation (14,31-34,36).
- PUFAs inhibit antibody synthesis and IL-2 production (3,24,41,43).
- Omega-3-rich diets decrease NK and LAK cell activity (14,23,24).
- Omega-3 fatty acids decrease adhesion molecule expression and lymphocyte adhesion to the
endothelium (3,31,45).
General effects
- PUFAs and volatile fatty acids at high concentrations cause cell death via apoptosis or necrosis (37-40).
- Omega-3-rich diets inhibit the production of eicosanoids (PG, LT, TX), whereas omega-6-rich diets
have the opposite effect (25).
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cytes which had not been subjected to an
immune response (resting lymphocytes) were
metabolically quiescent. Evidence has been
obtained, however, that the rate of glutamine
utilization by these cells is either similar to
or greater than that of glucose. Neither glutamine nor glucose are fully oxidized; almost
all of the glucose used is converted to lactate
and almost all of the glutamine to glutamate,
lactate and aspartate (56). On the basis of
end the products of metabolism and maximal activities of some enzymes, it has been
assumed that a similar if not identical biochemical pathway exists in macrophages,
lymphocytes and neutrophils.
The role of high rates of glutaminolysis
and glycolysis in lymphocytes, macrophages,
and neutrophils has been established. Both
processes provide ATP and metabolic intermediates for biosynthetic pathways: glycolysis provides glucose-6-phosphate for the
formation of ribose-5-phosphate for DNA
and RNA synthesis, NADPH for macromolecule synthesis and glycerol-3-phosphate for
phospholipid synthesis, and glutaminolysis
provides ammonia and aspartate for purines
and pyrimidines for DNA and RNA synthesis (50).
The question that then arises is how it is
possible to obtain information on the metabolic regulation of cells and tissues. One
means of obtaining this information is by the
determination of enzyme activities of metabolic pathways. Key enzymes can provide
information on the maximal capacities of
certain pathways in metabolism. The quantitative value of the approach depends upon
the care with which the enzymes are chosen.
They must function only in the pathway
being assessed and must catalyze non-equilibrium reactions (50).
Hexokinase is the key enzyme for the
control of the flux of metabolites through
glycolysis, glucose-6-phosphate dehydrogenase for the pentose-phosphate pathway, citrate synthase for the tricarboxylic acid cycle,
and phosphate-dependent glutaminase for
Braz J Med Biol Res 33(11) 2000

glutaminolysis. The activity of these enzymes
in lymphoid organs (thymus, spleen and
mesenteric lymph nodes) of rats fed a high
omega-6 PUFA diet is markedly changed
after 6 weeks and this effect is exacerbated
after 14 months (13). The administration of
an omega-3 PUFA-enriched diet for 6 weeks
increases hexokinase in the spleen and thymus and reduces this enzyme activity in the
mesenteric lymph nodes, whereas citrate synthase activity is diminished in the spleen and
lymph nodes and enhanced in the thymus
(17). This type of diet raises the activity of
glucose-6-phosphate dehydrogenase in the
three lymphoid organs. It is interesting to
point out, however, that when fish oil (rich in
omega-3 PUFAs) is given by gavage the
findings obtained do not fully reproduce
those obtained with the fish oil-enriched diet
(17,58). This observation indicates that the
route of oil administration is able to cause
different effects and this subject does deserve to be carefully investigated.
In macrophages isolated from the intraperitoneal cavity of rats fed an omega-6
PUFA-rich diet, marked changes in phagocytosis capacity, hydrogen peroxide production and also in the metabolism of glucose
and glutamine have been reported (59). In
studies carried out in vivo and on isolated
lymphocytes (60), the reduced proliferative
capacity of mesenteric lymph node-derived
lymphocytes from rats fed unsaturated fatty
acid-rich diets could well be a consequence
of changes in glucose and glutamine metabolism. This effect could be due to gene
transcription regulation. In fact, fatty acids
can have a direct effect on gene transcription
by interaction and activation of specific transcription factors, the peroxisome proliferator activated receptors (PPAR), of the family
of the retinoic acid receptors. Such proteins,
divided into 4 major classes - alpha, beta,
gamma and delta-PPAR, dimerize with
retinoic acid and can then recognize specific
DNA responsive elements positively or negatively modulating gene transcription. It is by
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Table 2 - Summary of the mechanisms proposed for the effect of fatty acids on leukocytes.
Membrane fluidity
- PUFAs increase and saturated fatty acids decrease membrane fluidity. These changes can affect the
activity of transmembrane proteins, such as cell receptors and ionic channels (3,4).
Transduction pathways
- Fatty acids are known to modulate various transduction pathways, such as PKC. Many proteins of
transduction pathways are modulated by acylation (3,4).
Calcium release
- Fatty acids, particularly polyunsaturated acids, increase intracellular calcium concentrations, allowing a
series of proteins to be modulated (3,4).
Mitochondria
- Fatty acids can cause mitochondrial depolarization and uncoupling, which is probably associated with
their cytotoxic action (53-56).
Cell metabolism
- Omega-6 and omega-3 PUFA-rich diets cause marked changes in the activities of key enzymes of
glucose and glutamine metabolism, which have been associated with impaired lymphocyte
proliferation, hydrogen peroxide production and phagocytic capacity of macrophages. This effect is
partially due to regulation of gene expression. Fatty acids can directly regulate gene transcription via
binding to PPAR (13,17,32,49,51,52,58,59).

this mechanism that fatty acids regulate their
own metabolism and interfere with other
metabolic routes, as is the case for linolenic
acid induction of acyl-coenzyme A synthetase
or oleic acid induction of phosphoenolpyruvate kinase (49,51).
Table 2 summarizes the possible mechanisms of leukocyte modulation by fatty acids.

Concluding remarks
Experimental evidence points to the important role of fatty acids in the immune and
inflammatory responses. Most studies have
focused on the effects of PUFAs, particularly omega-3, derived from fish oil. These
omega-3 fatty acids generally inhibit immune and inflammatory functions by decreasing lymphocyte proliferation, cytokine
production, NK cytotoxicity, and antibody
production, among other effects. Many of
these studies are based on the effects of fatty
acid-rich diets. The fatty acids that most
affect the immune system are those of the
omega-3 type, which has an inhibitory action, as mentioned before, followed by the
omega-6 type, which mostly has a less pro-

nounced effect. As to this last group of fatty
acids, some of its effects can be attributed to
the formation of eicosanoids (PG, TX, LT)
or even alteration in glucose and glutamine
metabolism. Unfortunately, however, most
studies so far have involved mixtures of fatty
acids, particularly as diet components. Today, research tends to focus on the separate
effect of individual PUFAs, in the search for
those with greatest potency in each given
condition. Finally, diets rich in medium-chain
or long-chain saturated fatty acids have practically no effect on immune and inflammatory functions. On the other hand, shortchain fatty acids, also known as volatile fatty
acids, such as butyric acid, have many effects on immune and inflammatory systems,
at times of a stimulatory nature and at others
of an inhibitory nature. The effects of fatty
acid-rich diets are important when considering the treatment of immunosuppressed patients and those with autoimmune conditions. Thus, many studies have been performed on fish oil-fed patients with chronic
inflammatory diseases or allergy, usually associated with improvement. Therefore, the
importance of fatty acids for the immune and
Braz J Med Biol Res 33(11) 2000
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inflammatory systems cannot be overlooked.
These metabolites are important components
of the diet and act as both intracellular and

extracellular mediators, positively or negatively regulating physiological and pathological conditions.
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