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Interaction of lipids with immune
function I: Biochemical effects of dietary
lipids on plasma membranes

Michael D. Peck

University of Miami School of Medicine, Miami, FL USA

Lipids have especially potent and complex effects on the body’s response to infection or stress. These effects are
related to the diverse functions that lipids perform, especially as structural components and metabolic intermedi-
ates. In this article, the basic biochemical processes by which lipids modulate pathways occurring in plasma
membranes will be reviewed. These processes include modulation of the biophysical properties of the phospholipid
bilayer, production of lipid peroxides, metabolism of 20-carbon fatty acids to eicosanoid end-products, and the
direct effects of fatty acids on signal transduction. In a subsequent article, the animal and human experimental
data on the interactions of lipids with the immune system will be reviewed. (J. Nutr. Biochem. 5:466-478, 1994.)

Keywords: lipids; immunity; nutrition; membranes; eicosanoids; lipid peroxides; membrane fluidity

Lipid Biochemistry

In general, the fatty acid composition of adipose tissue and
cell membranes reflects the dietary composition of lipids,
and there are ample data to confirm that dietary lipids are
incorporated into tissue lipids.'* For example, Mori and
associates found that daily supplementation of MaxEPA cap-
sules (2.67 g eicosapentaenoic acid [EPA]/day and 1.72 g
docosahexaenoic acid [DHA]/day) for 3 weeks decreases
arachidonic acid (AA) and increases EPA and DHA in plate-
let phospholipids from healthy males.?

Of particular interest to discussion of the immune system
is that dietary lipids alter phospholipid profiles of leukocytes
such as lymphocytes,* macrophages,” and polymorphonu-
clear cells (PMNs).>* For example, Cleland and associates
found that membrane phospholipid fatty acid profiles of both
induced peritoneal PMNs and resting splenic mononuclear
cells reflect dietary lipid intake (olive, sunflower, linseed,
or fish oils).® Although the length of time for maximal fatty
acid incorporation into lymphocytes is 4 to 6 weeks,* signifi-
cant incorporation of w-3 polyunsaturated fatty acids (PUFA)
has been found to occur as early as after 2 weeks of feeding.’

The differences in structure of lipids is critical, as they
determine their functional characteristics.'® Fatty acids are
alkyl chains that terminate in carboxyl groups, and are classi-
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fied primarily on the basis of chain length and degree of
unsaturation (Table 1).) In addition, PUFA are classified
by the position of the first double bond. Four classes of
unsaturated fatty acids are recognized, the parent molecules
being palmitoleic acid (16:1 ®-7), oleic acid (18:1 w-9),
linoleic acid (18:2 w-6; LA), and a-linolenic acid (18:3
w-3; ALA) (Figure 1).""* Each class is made up of a family
of fatty acids that can be synthesized from the parent fatty
acids, but a fatty acid of one class cannot be converted
biologically to another class. For example, although oleic
acid (18:1 w-9) can be elongated and desaturated to eicosa-
trienoic acid (20:3 w-9), it cannot be converted to AA (20:4
w-6).

Very few -3 PUFA are naturally present in most oils
and fats (Table 2). Canola and soybean oils, for example,
which are commonly used in medical foods,'? contain only
10% and 7% ALA, respectively. In contrast, some fish oils
contain 25 to 35% w-3 PUFA."3 These oils are isolated from
fish that live on vegetation that grows in cold water. For

*Fatty acid structure is abbreviated as the length, followed by the number
of double bonds, and finally by the position of the first double bond. The
position of the first double bond can be identified in two ways: in the delta
system (A), the carbon atoms are numbered from the carboxyl end; in the
omega system (w or n), the carbons are numbered from the methyl end.
For example, 20:4 w-6 refers to arachidonic acid, which is a 20 carbon
acid with four double bonds, the first of which starts six carbons from the
methyl end. Naturally occurring fatty acyl double bonds are in the cis
position. Trans-unsaturation of double bonds may occur during hydrogena-
tion or processing by intestinal bacteria in ruminants.
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Table 1 Names and classes of fatty acids

Biochemical effects of lipids on membranes: Peck

Abbreviation Common name Chemical name* Melting point (°C)
2:0 acetic ethanoic 16.7
4:0 butyric butanoic -7.9
6:0 caproic hexanoic -3.4
8:0 caprylic octanoic . 16.7
10:0 capric decanoic 31.6
12:0 lauric dodecanoic 442
14:0 myristic tetradecanoic 53.6
16:0 palmitic hexadecanoic 63.1
161 -7 palmitoleic hexadecanoic 0
18:0 stearic octadecanoic 69.6
18:1 0-9 oleic cis-octadecenoic 13.2
18:1 »-9 elaidic trans-octadecenoic 440
18:2 w-6 linoleic cis, cis-octadecadienoic -5.0
18:2 w-6 linoelaidic trans, trans-octadecadienoic 28.5
18:3 0-3 «-linolenic 9, 12, 15-octadecatrienoic -11.0
18:3 w-6 v-linolenic 6, 9, 12-octadecatrienoic

20:3 w-9 11, 14, 17-eicosatrienoic

20:3 w-6 vy-homolinolenic 8, 11, 14-eicosatrienoic

20:4 w-6 arachidonic eicosatetraenoic —-49.5
20:5 0-3 EPA eicosapentaenoic —-54.1
22:1 w-9 erucic docosenoic 347
22:6 0-3 DHA docosahexaenoic —44.3

This is adapted from the CRC Handbook of Biochemistry and Molecular Biology, Lipids, Carbohydrates, and Steroids (Fasman, G.D., ed., 3rd

edition).
*Unless otherwise indicated, all double bonds are cis.
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Figure 1 The four families of polyunsaturated fatty acids and their metabolism. Both palmitic (16:0) and stearic (18:0) acids are present in the
diet and can by synthesized endogenously. Linoleic (18:2 w-6) and linolenic (18:3 w-3) acids can only be obtained from the diet. All four families
of unsaturated fatty acids compete for the same desaturase and elongase enzymes. (Based on data from Montgomery et al'® and Gurr.")
Abbreviations: OA, oleic acid; LA, linoleic acid; ALA, a-linolenic acid; GLA, y-linolenic acid; AA, arachidonic acid; EPA, eicosapentaenoic acid; DHA,

docosahexaenoic acid.

example, the phytoplankter Monochrysis lutheri, which is
found in the North Atlantic Ocean, has 22% EPA and 11%
DHA (wt/wt).'*

There are various ratios of saturated and unsaturated fats
in natural foods (Table 2). Animal fats are generally more
saturated than vegetable oils, except for coconut and palm
oils. Plant oils are composed of only 10 to 20% saturated
fats, compared with 40 to 60% in animal fats. The remainder
of the fatty acids in plant oils are unsaturated, and vary from
predominantly oleic acid-containing oils (such as olive oil
with 79% oleic acid) to linoleic acid-containing oils (such
as safflower oil with 76% LA).

Some lipids are essential to the diet. These essential lipids
include fat-soluble vitamins (vitamins A, D, and E), and

PUFA of the linoleic and a-linolenic acid groups (w-6 and
-3 PUFA)."S w-6 and w-3 PUFA are destined more for
structural positions in cell membranes than for storage depots
of triglycerides. In addition, they have unique precursor roles
as substrates for eicosanoid synthesis.

Essential fatty acids are those that the body cannot synthe-
size de novo, specifically, LA and ALA. The essential nature
of these fatty acids was discovered by Burr and Burr in
1929.'51¢ The recommended minimum requirement for es-
sential fatty acids is 1 en%," although it may be as low as
0.2 to 0.3 en%.? Deficiency of these essential fatty acids for
more than 6 to 8 weeks leads to a syndrome that includes
stunted growth, dermatologic abnormalities (scaly skin, alo-
pecia, and brittle nails), infertility, renal abnormalities (papil-
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Table 2 Fatty acid composition of fats and oils (% composition)

iodine
SFA MFA PFA OA LA ALA EPA DHA MP(°C) value
Coconut oil 82 5 1 5 1 25 10
Palm kernel oil 81 i 2 11 2 24 37
Beef tallow 54 39 2 36 2 42 50
Paim oil 49 37 37 9 2 35 54
Olive oil 13 79 7 79 7 -6 81
Peanut oil 17 46 32 45 32 3 93
Cottonseed oil 22 18 60 18 60 -1 106
Sesame oil 14 40 42 40 42 -6 107
Canola oil 6 61 30 61 21 9 115
Corn ail 12 31 56 31 56 -20 123
Sunflower oil 10 20 66 20 66 —-17 126
Soybean oil 14 24 54 24 47 7 -16 130
Herring il 19 60 16 7 4 140
Safflower oil 7 17 76 17 76 145
Cod liver oil 37 41 22 17 2 2 9 9 165
Menhaden oil 34 33 30 13 8 170
Linseed il 8 20 72 20 18 54 —24 179
Perilla oit 8 18 73 18 15 58 195
MaxEPA oil 44 29 27 15 1 3 14 9

(Based on Shils and Young, ¢ Chee et al.,'* and Altman.'*

lary necrosis, hematuria, and hypertension), abnormal liver
mitochondria, decreased capillary resistance, increased sus-
ceptibility to infection, decreased cardiac contractility, and
erythrocyte fragility leading to osmotic hemolysis.'"!”

Many if not all of these signs of deficiency may relate
to changes in biomembranes and eicosanoid synthesis." For
example, the changes in hepatic mitochondria are due to
increased permeability of the mitochondrial membranes to
water and ions, leading to swelling of the mitochondria and
decreased ATP production. This in turn leads to less efficient
conversion of food energy into metabolic energy and results
in stunted growth.

Both LA and ALA can prevent many of the signs of
essential fatty acid deficiency. Supplementation of either of
these essential fatty acids is adequate to maintain normal
growth, capillary resistance, erythrocyte structure, and mito-
chondrial function. LA is, however, superior to ALA in
treating dermatitis, infertility, neuropathies, and impaired
wound healing.'"!"" It is not known whether these differences
are due to differences in the relative effects of the two
essential fatty acids on membrane structure and function or
on eicosanoid production.

Cell membranes

The lipid bilayer forms the structural framework for all
biomembranes.'® It serves to define outside and inside com-
partments, and it regulates the nature of communication
between the outside and inside of the cell (such as the passage
of ions or molecules, or conformational changes in mem-
brane components). Enzymes that catalyze transmembrane
or intramembrane reactions may be attached to membranes.
Most fundamental biochemical processes involve mem-
branes at some point; examples include protein biosynthesis
and secretion, bioenergetic reactions, and hormonal re-
sponses. The diversity of function of biomembranes is pri-
marily due to different proteins present in the membrane.

468 J. Nutr. Biochem., 1994, vol. 5, October

Our present concepts of the structure of biomembranes
are based on the fluid-mosaic model suggested by Singer
and Nicholson.'” This model (Figure 2) describes a fluid-
like phospholipid bilayer with freely diffusing globular pro-
teins that are embedded to various degrees. Although the
traditional model described a rather homogeneous interior,
recent evidence suggests that membrane proteins do not
diffuse freely, which may directly affect their function.'®
The lateral domains of membranes are heterogeneous and
differentiated, and some regions may not be structured in
the traditional homogeneous phospholipid bilayer. There is

Singer-Nicholson Fluid Mosaic Model
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Figure 2 The Singer-Nicholson fluid mosaic model. The matrix of the
membrane is formed by the phospholipid bilayer. Proteins are scattered
throughout the bilayer of the plasma membrane in the pattern of a
mosaic. Various types of proteins are associated with the lipid bilayer,
including surface and transmembrane proteins. Proteins are not fixed
in position and have lateral mobility and rotational freedom. Flip-flop,
however, does not occur, so that the surface of a protein exposed
to extracellular fluid does not flip over and become exposed to the
cytoplasm. (Based on Singer and Nicholson,?)



a nonrandom distribution of over 100 species of lipids in
biomembranes; the reasons for this heterogeneity and the
mechanism responsible for it are not known. The constraints
on membrane structure are not rigid, however, because cell
viability can be maintained within a wide range of lipid
composition.?

The heterogeneity of biological membranes is due, to
some degree, to the simultaneous existence of lipids in differ-
ent phases. Mixtures of lipids in water can exist in four
different phases.?'?? The bulk of lipids in biological mem-
branes exists in the lamellar liquid crystalline phase, in which
there is a high degree of order of the polar head groups and
disorder of the acyl chains (Figure 3). At lower temperatures,
under experimental conditions, this mixture can exist as the
lamellar gel phase, in which there is tighter packing and
more order of the acyl chains. In the hexagonal I phase (Hy),
lipids exist as cylinders packed in a hexagonal pattern with
the polar head groups outside. In the hexagonal II phase
(Hyp), the polar head groups are inside. Hexagonal structures
exist in small domains in biomembranes, such as hepatic
microsomes, mitochondrial inner membranes, and retinal rod
outer segments, and may be especially critical to membrane
fusion.?*>-?* In fact, membrane lipids are polymorphic and
can exist in different phases. For example, phosphatidyletha-
lomine prefers the H,, hexagonal phase.?!

The transition of lipids from gel to liquid crystalline
phases (conceptually similar to the transition of ice to liquid
water) is characterized by the melting temperature, which
is the midpoint of this transition. Several factors determine
the melting temperature.'® First, and most important, are
the interactions among acyl chains even though polar head
groups can also influence the melting temperature. Second,
the longer the acyl chain length, the higher the melting

Figure 3 Schematic representations of lipid-water phases. L: lamel-
lar gel phase, which is formed at low temperatures and in which the
fatty acyl chains are packed more tightly together and are more highly
ordered; La: lamellar liquid crystalline phase, which represents the bulk
of lipids in biological membranes and in which there is considerable
disorder of the acyl chains; H,: hexagonal Il phase in which the lipids
are in the form of cylinders, with the polar groups facing the inside
where there is a column of water; H,: hexagonal | phase in which the
lipids are in the form of cylinders, with the polar groups on the outside
in contact with water. (Diagram based on Gennis,’® adapted from
Shipley et al.2")
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temperature because of increased Van der Waals forces.
Third, the presence of double bonds lowers the melting
temperature because of increased disorder among the acyl
chains; cis-double bonds lower the melting temperature
much more than trans-double bonds (7able 2).

The maximal effect on melting temperature occurs when
the double bond is in the middle of the acyl chain (for
example, oleic acid, in which the double bond is at the »-9
position in an 18 carbon chain).?” In addition, the differences
among the effects of increasing unsaturation (oleic, linoleic,
and arachidonic acids) on membrane fluidity are relatively
small compared with the changes noted between saturated
(palmitic) and monounsaturated (oleic) fatty acids, sug-
gesting that the first double bond plays the most important
role.”

The heterogeneity of biomembranes is characterized by
asymmetry in both lateral and transverse directions.'® Trans-
verse asymmetry has been documented in the lipid bilayers
of the erythrocytes and Gram-negative bacteria, suggesting
a physiologic role for this type of heterogeneity because
different lipid compositions face different environments (that
is, the interior and the exterior of the cell). Transbilayer
motion, or flip-flop, is negligible for proteins, but does occur
to some degree for membrane lipids. In the erythrocyte,
for example, phosphatidylcholine and sphingomyelin are
maintained at the exterior layer, and phosphatidylethanol-
amine and phosphatidylserine are maintained inside.? Trans-
verse asymmetry is maintained by the physical requirements
of membrane curvature, by interactions with the cytoskele-
ton,* and by ATP-dependent enzyme flipases.>' All of these
factors probably play a role in maintenance of transverse
asymmetry because the rate of spontaneous lipid transbilayer
motion, which normally occurs over several days, can be
dramatically decreased by inhibitors of the cytoskeleton and
of ATP.'8

There are macroscopic lateral heterogeneities apparent in
many cells, including sperm, rod, and nerve cells.'® One
of the best examples of macroscopic heterogeneity is the
intestinal epithelial cell, where there is clear differentiation
between the basolateral and apical regions. These macro-
scopic heterogeneities are maintained by protein-protein in-
teractions, gap junctions, and cytoskeletal interactions, (such
as patching and capping of surface antigens). Although more
difficult to demonstrate, there are also microscopic lipid
heterogeneities with distinct composition and physical prop-
erties. There may be regions of different fluidity, as both
gel and liquid crystalline phases exist in different domains
(Figure 4).5 These different domains could be responsible
for sequestration of enzymes, or could be areas for phase
transitions that would allow increased flip-flop, increased
permeability, or increased adhesion of lipid vesicles. For
example, fusion between membrane organelles may involve
a transition of lamellar liquid crystalline to Hy phases.*

As noted above, lateral heterogeneities are also main-
tained by interactions with the cytoskeleton, which interacts
with the plasma membrane to provide structural support and
perhaps to modulate signalling functions. The cytoskeleton,
which is a network of filaments and other structures in
eukaryotic cells, plays a mechanical role to support the
plasma membrane, maintain the shape of the cell, attach to
membrane sites of intracellular contact, and regulate the
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Figure 4 The structurally distinct domains of plasma membranes. In
this highly schematized diagram of a plasma membrane, Klausner
and associates have illustrated the diversity of lipid domains within
membranes. These domains may represent lamellar gel, liquid crystal-
line, or hexagonal phases. Indeed, some may represent areas of in-
creased or decreased fluidity of liquid crystaliine phases. For instance,
cis-unsaturated fatty acids may partition into a more disordered region
than saturated or trans-unsaturated fatty acids; the function of the
protein embedded in this domain may be altered by this difference in
fluidity. (Based on Klausner et al.*?)

positions and movements of organelles.* Thus, the heteroge-
neity, or topography, of the plasma membrane is due to
a number of factors, including cytoskeleton interactions,
phospholipid phase transitions, ATP-dependent enzymes,
and membrane curvature. Within each one of these distinct
domains are unique biophysical characteristics related to the
fluidity of the phospholipid tails.

Membrane fluidity

Membrane fluidity is a biophysical concept used to describe
the resistance to movement of various types of molecules
within membranes. Experimental assays used to estimate
membrane fluidity utilize lipophilic probes that are inserted
into the biomembranes by diffusion. The environmental re-
straints on probe rotation reflect lipid packing and membrane
organization. Examples include electron spin resonance
(ESR), nuclear magnetic resonance (NMR), and either time-
resolved or steady-state fluorescent anisotropy, using probes
such as diphenylhexatriene (DPH).?

Unfortunately, there are problems with all of these assays.
First, biomembranes, as mentioned, are not homogeneous
liquids, and the probes may diffuse into different domains
within the membranes.’®*” Second, the probes themselves
have preferred orientation, and range is constrained. Third,
the lipophilic probes will also diffuse nonselectively into
lipid domains throughout the cell, including lipid droplets
in the cytoplasm.*® Finally, although the local rotations and
oscillations of lipophilic probes can be quantitated by these
methods, the lateral diffusion of intramembranous molecules
may have more physiologic importance.*® Lateral diffusion
is better estimated by techniques such as photobleaching
recovery. Despite the complexities and inadequacies of the
assays available for estimation of membrane fluidity, these
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assays can yield useful information about changes in the
biophysical characteristics of biomembranes, provided they
are not too strictly interpreted.3340-42

Membrane fluidity is strongly related to lipid packing or
order. For, instance, fluidity can be altered by the cholesterol
to phospholipid ratio, the degree of fatty acid unsaturation
including the ratio of cis to trans double bonds, and environ-
mental factors such temperature and pressure.** Biomem-
branes generally are kept in liquid crystalline phases in which
fluidity is maintained to support life functions; membranes in
gel states do not support biochemical reactions. For example,
trout biomembranes will adjust their fatty acid content by
increasing unsaturation to maintain membrane fluidity when
they are exposed to cold waters.*

The lateral diffusion of lipids in biomembranes is also
inversely related to lipid packing density.'® Lateral diffusion
can be estimated by photobleaching recovery in which laser
light bleaches a uniformly labeled membrane. The rate of
return of fluorescence to that area is a direct measurement
of the lateral mobility of labeled molecule, whether lipid or
protein. Lateral diffusion of intramembranous proteins may
be constrained by increased viscosity of membranes, as well
as by cytoskeletal attachments.*’

Membrane fluidity can be altered by dietary lipids and
disease. Experimentally, incubation of cells in culture with
exogenous fatty acids produces changes in membrane fatty
composition and fluidity.?*34%-5 Increasing the amount of
PUFA in the diet increases the membrane ratio of polyunsat-
urated to saturated fatty acids (P/S ratio) and membrane
fluidity.?”*'>2 Clinical studies have shown that membrane
fluidity changes in injured patients, with both severe injury
and sepsis resulting in decreased fluidity of peripheral blood
cells,**** although major burn injury increases fluidity of
human peripheral blood lymphocytes.>

Changes in membrane fluidity brought about either by
manipulation of dietary lipids or by exposure to carrier-
bound free fatty acids in culture media can aiter the function
of cells. Murphy reviewed the experimental evidence associ-
ating changes in membrane phospholipid fatty acyl composi-
tion (and thereby membrane fluidity) with intramembranous
enzyme function and concluded that membrane fluidity af-
fects intramembranous protein function by stabilizing opti-
mal protein conformation and by constraining the lateral
mobility of proteins.*

There is evidence that increases in membrane fluidity
increase the mobility of intramembranous proteins. For ex-
ample, Borochov and Shinitzky found that cholesterol deple-
tion, which increases membrane fluidity, decreases the
exposure of membrane proteins to the outer environment.”’
In addition, Fernandes has noted that dietary fish oil in-
creases lymphocyte IL-2 receptor expression, which may be
caused by an increase in membrane fluidity.”'

The study of patching and capping of surface proteins,
which are early events in cell activation, reveals information
about the lateral movement of membrane proteins, as well
as their interactions with the cytoskeleton. Klausner and
associates found that murine lymphocytes incubated with
cis-unsaturated fatty acids have increased membrane fluidity
and inhibited capping by anti-mouse gamma globulin.*¢ Pho-
tobleaching recovery of the cross-linked membrane immu-
noglobulin showed that unsaturated free fatty acids do not



hinder the immobilization of cross linked receptors, sug-
gesting that the inhibition by unsaturated free fatty acids
occurs during the final energy-dependent aspect of capping
that aggregates the immobilized receptors into a polar cap.
Cis-fatty acids may alter lipid packing around crucial intra-
membranous proteins (like calcium-binding proteins), caus-
ing them to change their conformation, thus releasing
calcium, and inhibiting capping by interfering with cytoskel-
eton interactions.*®

Although others have also shown that free fatty acids
inhibit patching and capping,® we have shown that mice
fed diets with 40 en% safflower or fish oil have lympho-
cytes in which capping with anti-CD44 monoclonal antibod-
ies is increased, compared with lymphocyte anti-CD44 cap-
ping in animals fed diets from coconut or olive oil
(unpublished data, 1993). In addition, murine lymphocytes
incubated with oleic acid show an increase in expression of
CD44 antigens, and also an increase in CD44 receptor cap-
ping, compared to those incubated with stearic acid.®'

Experimental models in which receptor capping is altered
by lipids have also shown that lymphocyte blastogenesis is
changed. For example, using mice fed as described above,
we have shown that membrane fluidity increases with both
safflower and fish oil diets, and that lymphocyte mitogenesis
is inhibited.®? These results are similar to those of Hoover
and associates, who found that murine lymphocytes incu-
bated with LA also show an increased expression of surface
antigen but decreased mitogenesis.”® They note that their
results were similar with ALA (just as we found similar
results with both safflower and fish oils), suggesting that
these effects are not mediated by prostaglandins. It should
be noted, however, that PGE, suppresses antigen pre-
sentation by peritoneal macrophages, suggesting that some
component of surface protein activity is modulated by pros-
taglandins.®* Hoover and associates propose that partitioning
of fatty acids into particular lipid domains affects the protein/
lipid interaction, protein conformation, and ultimately the
linkage between the membrane and the cytoskeleton, re-
sulting in altered capping properties.*

These observations are still somewhat dependent on the
model used. In contrast to the findings above that increased
lymphocyte membrane fluidity is associated with decreased
mitogenesis, Hoover and associates noted that incubation of
LA increases the response of BHK-21 cultured cells (a rat
lymph node line) to mitogen stimulation.>® Similarly, Traill
and associates have shown that increasing cholesterol in
chicken peripheral blood lymphocytes decreases fluidity and
also blastogenesis, and that “‘activated lipid” (a unique phos-
pholipid preparation) increases fluidity and PHA-induced
blastogenesis.** This effect is dose dependent, as higher
doses of activated lipid will suppress the PHA response. We
have also shown that incubation of murine splenic lympho-
cytes with cis-unsaturated fatty acids increases both fluidity
and blastogenesis at low doses.*

Macrophage function may also be altered by lipids via
changes in membrane fluidity. Phagocytosis is a special form
of endocytosis by macrophages in which large particles such
as microorganisms and cell debris are ingested via large
endocytic vesicles called phagosomes. After particles bind
to the surface of the phagocyte, activated receptors transmit
signals to the cell interior to initiate the response. Pseudopods
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are subsequently extended and engulf the particle and fuse
at their tips.

A number of studies have documented that incubation
with cis-unsaturated fatty acids increases phagocytosis by
macrophages.*®5755%8 For example, Calder and associates
found that murine thioglycollate-elicited peritoneal macro-
phages incubated with albumin-complexed unsaturated fatty
acids (LA, ALA, AA, EPA, and DHA) have increased phago-
cytosis of zymosan particles.®® The rate of phagocytosis
correlates with the P/S ratio (r = 0.747). The correlation
between phagocytosis and membrane phospholipid polyun-
saturated fatty acid content is also very high (»r = 0.928).
The effects of DHA and EPA on phagocytosis, however, are
not as marked as predicted based on the degree of unsatura-
tion. Specifically, although linoleic acid increases phagocy-
tosis to 145% of control, EPA increases it only to 126% and
DHA to 135%.%® This discrepancy between observed and
predicted results suggests another mechanism for the action
of PUFA, specifically that due to lipid peroxidation.

Lipid peroxides

PUFA are prone to peroxidation, or formation of free radi-
cals, and as such can potentially damage cell membranes.
Free radicals are molecules with unpaired electrons in the
outer orbit (Freeman and Crapo,* Pryor,” Slater,”' and Ger-
din and Haglund™). As such, they are highly reactive and
play integral roles as intermediates in normal biochemical
reactions. They are produced either by radiation effects or
through reduction-oxidation reactions with transition metals
or enzymes. Tissue injury increases the production of free
radicals, which in turn contribute to the pathophysiology of
injury or disease.

Lipid peroxides are formed from autooxidation (from
exposure of unsaturated fatty acids to molecular oxygen) or
from peroxidation from attack by other free radicals. Most
peroxidation in biomembranes involves AA and DHA."
Lipid domains that exist in the gel phase may be more
susceptible to peroxidation.” The consequences of lipid per-
oxidation include decreased membrane fluidity (although
the effect may vary with the model),” oxidation of thiol
groups of enzymes in the membranes, and liberation of
breakdown products (such as malondialdehyde [MDAYJ),
which produce damage elsewhere. In fact, measurements of
MDA or conjugated dienes (CD), are used as evidence of
lipid peroxidation processes.

Cellular defenses against free radical damage include
chain-breaking scavengers, many of which are lipid-soluble
and act by scavenging the chain-carrying oxygen radicals.™
Although B-carotene and retinoic acid play minor roles,
vitamin E (especially a-tocopherol) is the major lipid perox-
ide scavenger. Vitamin C (ascorbic acid), which is itself a
chain-breaking scavenger, contributes by regenerating re-
duced forms of vitamin E.”' Selenium, an integral compo-
nent of glutathione peroxidase, is effective at restoring many
of the functions impaired by vitamin E deficiency.” Lympho-
cyte function is dependent on the intake of antioxidant vita-
mins, such a B-carotene, selenium, and vitamins A and E.’s

Plasma membranes are critical sites for free radical reac-
tions (Figure 5).%° The plasma membrane, as the first site of
contact with the cell’s environment, encounters extracellular
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Figure 5 Free radical damage to membranes. Lipid peroxides are
initiated by oxygen free radicals, forming lipid free radicals. Following
initiation, there is rapidly accelerating propagation through chain reac-
tions in which lipid radicals collide with each other and generate more
lipid radicals. Often these react with oxygen to form lipid peroxyi radicals.
If antioxidants (such as vitamin E) do not convert the lipid radicals into
inactive molecules, these radicals can catalyze a number of damaging
reactions in cell membranes, including amino acid oxidation, protein-
protein cross-linking and protein strand scission. Malondialdehyde
(MDA, is released from some of these reactions, and can mediate other
damaging consequences. {Based on Freeman and Crapo.®)

free radicals before other cell components. The perhydroxyl
radical (the protonated form of the superoxide radical), parti-
tions into lipids in the membrane, at which time unsaturated
fatty acid and transmembrane proteins with oxidizable amino
acids are attacked. Subsequent reactions may proceed to the
interior of the cell.

One of the other effects of lipid peroxides may be to
modulate eicosanoid synthesis. Farrukh and associates, for
example, found that lipid peroxides increase cyclooxygenase
and lipoxygenase products of AA.”” On the other hand, Mos-
coni and associates found that the decrease in platelet throm-
boxane seen in rats gavaged with fish oil could be abrogated
by vitamin E.”

Because of these diverse effects throughout the cell, free
radical production plays an important role in many dis-
eases.”#® Deficiency states of natural scavengers, such as
deficiencies of vitamin E, vitamin C, or selenium, are associ-
ated with signs consistent with radical production, such as
the increased fragility of erythrocytes in vitamin E defi-
ciency. An excess of catalysts of free radical production,
such as iron overload in hemochromatosis, causes both tissue
damage and direct injury to tissues by toxins including para-
quat, alcohol, and carbon tetrachloride.

The best-characterized example of free radical injury is
reperfusion damage that occurs when blood flow is restored
to a previously ischemic organ such as the intestine.’! In
reperfusion injury, tissue damage due to ischemia is exacer-
bated by xanthine dehydrogenase products; the tissue dam-
age secondary to reperfusion can be blocked by superoxide
dismutase, allopurinol, and desferoxamine. Similar tissue
damage in the reperfused liver can be blocked by vitamin E,
suggesting that reperfusion injury is related to lipid peroxide
production.’?
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Shock states, in which there is inadequate tissue perfusion
due to hemorrhage or inflammation, are also associated with
free radical production.® The role of lipid peroxides in shock
is suggested by the observation that a-tocopherol is protec-
tive against mortality from endotoxin in mice, restoring liver
ATP stores by reducing the lipid peroxide ioad.’*#

Lipid peroxides may also contribute to the multiple organ
failure syndrome (MOFS), which is characterized by the
failure of two or more organ systems, commonly kidneys,
liver, heart, or lungs, following a variety of inciting events,
such as trauma, sepsis, or hemorrhagic shock. Oxygen free
radical scavengers protect against lung, liver, and kidney
damage in experimental models of MOFS.” The mechanism
by which free radicals exacerbate MOFS may be through
damage to the intestinal mucosa, thus allowing for bacterial
translocation from the gut lumen.® In addition, free radicals
may have their greatest effect through modulation of media-
tors, such as endothelium-derived relaxing factor (nitric
oxide), which would worsen vasodilation and vascular col-
lapse 788

Injuries are associated with increased appearance of lipid
peroxidation products. Demling and Lal.onde have shown
an increase in plasma MDA and CD following burn injury
in sheep.® The increase in plasma peroxidation products is
associated with increased oxygen consumption, lung inflam-
mation, and liver dysfunction, and is attenuated by allopuri-
nol.*® (The beneficial effects of allopurinol are limited to
the lung; liver dysfunction is not affected.) Similarly, Horton
and White have found lazaroids (inhibitors of lipid peroxida-
tion) improve the cardiac dysfunction associated with burn
injury.”!

The contribution of lipid peroxides to shock and MOFS
may also be related to direct effects on cell function and
survival. For example, lymphocyte proliferation is sup-
pressed by PUFA in vitro; because lymphocytes in culture
are unable to elongate and desaturate 18-carbon fatty acids
to AA—a failure that eliminates the possibility of suppres-
sion by eicosanoids—this phenomenon is probably due to
lipid peroxidation.®? Further evidence for the role of lipid
peroxides on leucocyte function is the observation that the
suppression of peripheral blood mononuclear cell prolifera-
tion in response to mitogens is reversed by vitamin E, and
that there is a direct correlation between plasma a-tocopherol
levels and blastogenesis in healthy males fed defined diets
with 40 en% fish oil.**

More directly, PUFA have a pronounced cytotoxic effect
in culture. For example, gram-positive cocci are sensitive
to AA in culture, and can be protected by catalase and iron
chelators.” Further, cytotoxicity of lymphocytes incubated
with fatty acids is increased by decreasing fatty acyl chain
length and by increasing unsaturation.®> Finally, Begin has
shown that PUFA have cytotoxic effects on both normal and
transformed cells and can stimulate growth when fatty acid
concentration is low (less than 20 pM) but are cytotoxic when
levels are high (greater than 100 uM).*97 The cytotoxicity of
the fatty acids is associated with their ability to induce lipid
peroxidation and can be blocked by vitamin E, although,
paradoxically, EPA and DHA do not always increase levels
of MDA.

Although lipid peroxidation may play a significant role
in the pathophysiology of disease and injury, the role of



dietary PUFA in increasing the body’s burden of lipid perox-
ides is unknown. PUFA, especially highly unsaturated fatty
acids such as EPA and DHA, can undergo rapid autoxida-
tion.”® At room temperature with exposure to atmosphere
oxygen, fish oils lose a significant portion of their EPA and
DHA to autooxidation. Feeding high amounts of fish oil to
animals can lead to yellow fat disease, in which lipofuscin
(the polymerized, peroxidized polyunsaturated fatty acid-
protein complexes produced by high PUFA intake without
adequate vitamin E) is deposited in tissues, especially cardiac
muscle.” Nonetheless, there is little direct evidence that
dietary lipid peroxides produce organ dysfunction, and
Kinsella has concluded that the intake of dietary w-3 PUFA
should not exert any deleterious effects via peroxidation as
long as adequate vitamin E is consumed.”

Eicosanoids
Eicosanoid synthesis

Eicosanoids are products formed from 20 carbon PUFA.
They share a 5 carbon ring structure and sites of oxygenation.
Most mammalian cells, except erythrocytes, can metabolize
AA, but different cells generate different profiles of AA
end-products.'®'92 Only a few cell lines, however, including
leukocytes, hepatocytes, and gastric and adrenal cells, have
specific prostaglandin receptors.'®* Furthermore, only mini-
mal concentrations (10-°g/g) are needed for physiologic
effects in target cells. This necessity for small concentrations,
together with the very short half-lives, suggest that eicosa-
noids have autocrine or paracrine effects on nearby cells,
rather than on distant organ systems.'%-'%4

Eicosanoid release is stimulated by a variety of sub-
stances. Collagen, thrombin, bradykinin, antigen-antibody
complexes, oxygen free radicals, growth factors, and cyto-
kines are all capable of stimulating release of esterified AA
and further enzymatic modification to eicosanoid prod-
ucts.'® The two major pathways of AA metabolism begin
with the enzymes cyclooxygenase, which produces prostan-
oids (prostaglandins and thromboxanes), and lipoxygenase,
which produces leukotrienes, hydroxyeicosatetraenoic acids,
and lipoxins (Figure 6). (A third pathway, through cyto-
chrome P, forms epoxides, which are converted to hy-
droxy-fatty acids.)

The main source of AA is membrane phospholipids, al-
though free fatty acids are also a significant source of eicosa-
noid precursors.'® Esterified AA is released by the action
of phospholipase A,, a membrane-bound enzyme activated
by calcium that releases AA primarily from phosphatidyl-
choline, and by phospholipase C, which is specific for phos-
phatidylinositol (Figure 6).'"

Eicosanoids primarily regulate cellular activity by alter-
ing intracellular levels of cAMP and cGMP.'®! For example,
PGE, suppresses lymphocyte blastogenesis by increasing
cAMP levels. Other eicosanoids, such as leukotrienes, in-
crease ¢cGMP levels, which have opposing effects to in-
creases in cAMP levels. The cAMP to cGMP ratio, rather
than the absolute amount of either cyclic nucleotide, ulti-
mately determines the magnitude and direction of the cellular
response.'®!

AA pathways are regulated both by dietary and pharmaco-
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Figure6 Proposed reactions that lead to the formation of eicosanoids
from membrane phospholipids. Hydrolysis of PC or PE by PLC pro-
duces DAG, which is acted on by lipases to liberate AA. In addition,
DAG-kinase phosphorylates DAG to form PA, a substrate for PLA,,
also producing AA. PKC hydrolyses Pl, PIP, and PIP, to generate DAG
and IP;. IP; increases cytosolic calcium, which in turn stimulates PKC.
DAG also stimulates PKC, which increases AA production by PLA,.
These lines of metabolism converge to liberate AA, which in turn is
the substrate for oxygenase systems (see text). (Based on Levine.10?)
Abbreviations: DAG = Diacylglycerol; HETE = Hydroxyeicosatetraenoic
Acid; HPETE = Hydroperoxyeicosatetraenoic Acid; IP; = Inositol Tris-
phosphate; LO = Lipoxygenase; PA= Phosphatidic Acid; PC =Phos-
phatidyl Choline; PE =Phosphatidyl Ethanolamine; Pl= Phosphatidyl
Inositol; PIP =Phosphatidylinositol Phosphate; PIP,=Phosphatidyl-
inositol Bisphosphate; PKC = Protein Kinase C; PLA, =Phospholipase
Az; PLC =Phospholipase C.

logic means. w-3 PUFA directly suppress the activity of
cyclooxygenase, inhibiting formation of dienoic prostanoids
(such as TXA, and PGE,). In addition, dietary w-3 PUFA
provide substrates for eicosanoid production that result in
less biologically potent end-products, such as PGE, and
LTB;.195-'% There are also pharmacologic inhibitors specific
for cyclooxygenase (such as aspirin, ibuprofen, and indo-
methacin) and for lipoxygenase (for which none have been
approved for clinical use).!'¢

The role of prostaglandins in modulation of immune proc-
esses is complex, depending on the concentration of PG,
the length of PG-target cell interaction, and the state of
differentiation of the target ceil.'® Prostaglandins do not
play a critical role in the maintenance of normal immune
responses in healthy humans, as evidenced by the absence of
deleterious effects in patients chronically using nonsteroidai
anti-inflammatory analgesics (NSAIDs).!® Yet, when the
immune system is stimulated, prostaglandins generally func-
tion to provide feedback inhibition.

Modulation of eicosanoid production by dietary lipids

The fatty acid composition of dietary lipids directly affects
membrane phospholipid fatty acid profiles and in turn modu-
lates eicosanoid synthesis. Marshall and Johnston studied
rats fed diets with different ratios of linoleic to linolenic
(that is, -6 to w-3) fatty acids and found that dietary lipid
composition is reflected in the phospholipid fatty acid pro-
files of splenocytes, thymocytes, lymphocytes, and mast
cells.''™-"'2 The replacement of phospholipid fatty acids by
-3 PUFA is due to competition for the A-6 desaturase
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enzymes. Additionally, as the amount of ®-3 PUFA increases
in diets, there are associated decreases in w-6 metabolites,
such as PGE,, secondary to inhibition of PG synthetase
complex and to decreased amounts of AA available as sub-
strate.

Other studies have confirmed the displacement of AA
from leucocyte plasma membranes,*!'*-''® and one has found
a significant inverse linear correlation between dietary w-3
PUFA and phospholipid AA concentration.''® Other tissues,
such as liver cells,'”® heart, and kidney cells,'® similarly
showed decreased AA and increased EPA and DHA in phos-
pholipids from animals on fish oil diets. (Interestingly, there
is tissue specificity regarding the uptake and/or subsequent
elongation and desaturation of EPA and DHA: although
renal cell membranes from rats fed tuna oil contain equal
amounts of EPA and DHA, phospholipids from cardiac cells
in the same animals show a 23 to 1 predominance of DHA
over EPA.'2%) Although a direct correlation has been found
between dietary w-3 PUFA and triglyceride content, the
response of tissue phospholipids is more complex: it is a
competitive hyperbolic response, which can be predicted by
the Lands equations.'?’

The suppression by w-3 PUFA of dienoic prostanoids
and tetraenoic leukotrienes has also been documented by a
number of investigators.!0%-13.115.119.122.124 [n murine mastocy-
toma cells, the magnitude of the suppression of dienoic
prostanoids and tetraenoic leukotrienes is greater than the
enhancement of trienoic prostanoids and pentaenoic leuko-
trienes by EPA-enriched diets,® although humans sup-
plemented with 4 g EPA daily have demonstrated only
increased LTBs production by PMNs, without change in
LTB..'” There is, however, a direct correlation between the
PMN membrane phospholipid EPA to AA ratio and PMN
production of LTB,/LTB,.'*

Eicosanoids and the immune response

PGE, has been shown to play important roles in regulating
the immune response. Its proinflammatory effects include
fever, erythema, increased vascular permeability, vasodila-
tion, and enhancement of the pain and edema caused by
bradykinin and histamine.'> PGE, also modulates leucocyte
function, probably by increasing intracellular cAMP levels.
Lymphocytes and macrophages both have receptors for and
can secrete prostaglandins.'?® The different effects of prosta-
glandins on immune cells also appears to be related to the
degree of differentiation of the cell populations because PG
increase differentiation and maturation of immature lympho-
cytes.!0

PGE, at physiologically relevant concentrations generally
suppresses T cell function, such as mitogen-induced blasto-
genesis, clonal expansion, antigenic stimulation, E-rosette
formation, lymphokine production, generation of cytotoxic
cells, and lymphocyte migration.'00.101.103.127-130 (One subset
of T cells, suppressor T cells, may be stimulated by prosta-
glandins, but the contribution of this effect overall will still
be one of suppression of T-cell function.'*) For example,
T lymphocyte suppression in human diseases is associated
with increased prostaglandin activity.'3!-'3 Moreover, mono-
cytes, which are responsible for a large portion of PGE,
production, also have increased activity in chronic inflamma-
tory conditions.'®
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The effects of PGE, on B cell function and antibody
production are dose dependent. At low doses, PGE, tends
to enhance antibody production,!®:101.130.133 while it sup-
presses B-cell proliferation.'0!.103.128

PGE, suppresses cytokine release,'0!:103.128.129.134 ipcluding
IL-1 and tumor necrosis factor (TNF). Indeed, one of the
primary roles of PGE, is to down-regulate the release of
cytokines such as TNF, which has been implicated in the
pathogenesis of septic shock.'30.134.133

Prostaglandins suppress phagocyte function. PG depress
chemotaxis, chemokinesis, aggregation, spreading, and oxi-
dative metabolism of leukocytes.!%>'2¢ Biphasic responses
are also noted in natural killer cells and macrophages such
that low doses enhance and high doses suppress cellular
function.'®

Lipoxygenase products (especially 5-lipoxygenase, or 5-
LO) play important roles in allergic and immune reactions
and are produced by all leukocytes except lymphocytes.!?3128
LTC, LTD, and LTE are the slow-reacting substances (SRS)
released in response to IgE and are responsible for the
smooth muscle restriction of anaphylactic reactions. Some
researchers have argued that these leukotrienes (LTC,, LTD,,
and LTE,) also play an important role in the pathogenesis
of shock.'* Moreover, 5-LO products amplify platelet-
activating factor by PMNs. The major 5-LO product in-
volved in modulation of the immune system, however, is
LTB..

LTB, is a major mediator of leucocyte activity. It stimu-
lates aggregation lysosomal release and chemotaxis of
PMNS. Most leukocytes do not synthesize 5-LO products
on a constitutive basis; the main source of LTB, is PMNs. !+
The significance of 5-LO products in the immunosuppres-
sion associated with injury or infection is not well described.
Nonetheless, Schonfeld and associates have shown that
PMNs isolated from trauma patients show a decreased capac-
ity to generate LTB, in the first week after injuries.'*

The role of 5-LO products on lymphocyte function is not
clear. Lymphocytes do not synthesize LO products,
but lymphocyte function does seem to be suppressed by
LTB.. ' LO inhibitors, on the other hand, have also been
shown to suppress blastogenesis and natural killer cell func-
[ion.|374139

Cell activation

Lymphocyte activation is initiated by appropriate ligand
binding to surface receptors (Figure 6). These activated re-
ceptors, in turn, activate phospholipase C, which frees phos-
phatidylinositol-bisphosphate (PIP,) to generate inositol
trisphosphate (InsP;) and diacylglycerol (DAG). InsP, re-
leases calcium from the calcium-sequestering compartment,
leading to proliferation. DAG can be cleaved to release
AA, or it can activate protein kinase C, which can then
phosphorylate a number of proteins with different functions.

Many steps of this signaling pathway can be affected by
lipids. Incubation of fatty acids with a cell line of human
colon cancer cells shows that LA decreases, and ALA in-
creases the incorporation of InsP,.'%° PI turnover, as well as
intracellular calcium concentrations, are suppressed in rats
fed fish oil diets.'*' On the contrary, Richieri and Kleinfeld
observed that oleic acid compared with stearic acid inhibits



the rise in intracellular calcium in cytotoxic T cells following
activation by target cells or by mitogens, but that it does
so by altering less than 10 mol/mol/% of the fatty acid
composition of the membrane without change in the produc-
tion of IP metabolites.!*? Because these effects can be re-
versed by incubation of the cells with fatty acid-free albumin,
the authors concluded that the effect was due to perturbation
of the physical properties of membrane lipids, distal to cell
surface recognition events and to phospholipase C activation.

Cis-unsaturated fatty acids also directly activate protein
kinase C independent of changes in intracellular calcium.
Unsaturated fatty acids activate protein kinase C in cellular
preparations of central nervous system (CNS) homogenates
and of human PMNs.'#-145 Protein kinase C in human PMNs
is activated by unsaturated (oleic, linoleic, and linolenic)
acids but not by saturated (palmitic and stearic) fatty acids.'*?
This effect is not abrogated by inhibitors of either cyclooxy-
genase or lipoxygenase and appears to parallel the number
of double bonds, with ALA having the most potent effect.
Leach and Blumberg, however, found no correlation between
the degree of fatty acyl unsaturation and protein kinase C-
enhanced activity in CNS homogenates.'* Nonetheless, they
did confirm that all unsaturated fatty acids were more effec-
tive than saturated fatty acids at stimulating protein kinase
C. Thus, unsaturated fatty acids may contribute to transmem-
brane signalling and cellular activation independent of eico-
sanoid metabolism.

Summary

Dietary lipids are distributed throughout the body, not only
in storage form as adipose tissue, but also as the structural
components of cell membranes. As such, they provide the
pool of substrates for eicosanoid metabolism. The unique
biochemical properties of fatty acids also allow them to act
directly on transmembrane signalling processes, and, in the
unstable form of free radicals, transmit damage to plasma
membranes and the interior of the cell.

Essentially, all of the functional properties of lipids are
vital to the maintenance of the normal immune response.
For example, phagocytosis, the host’s first defense against
invading bacteria, is modulated by lipids at a number of
steps: (a) influx of phagocytes to a site of inflammation; (b)
endocytosis of particles or bacteria; (c) oxygen-dependent
intracellular killing; and (d) regulation of phagocyte activity
by cytokines or leukotrienes. In a subsequent review article,
findings on the effects of lipids on specific areas of the
immune system, including phagocytosis, lymphocyte func-
tion, and cytokine production, will be discussed, as will the
results of manipulating lipids in models of transplantation,
cancer, essential fatty acid deficiency, autoimmune disease,
and infection.

References

1 Sanders, T.A. and Roshanai, F. (1983). The Influence of Different
Types of w3 Polyunsaturated Fatty Acids on Blood Lipids and
Platelet Function in Healthy Volunteers. Clin. Sci. 64, 91-99

2 Cunnane, S.C., Manku, M.S., and Horrobin, D.F. (1984). Essential
Fatty Acids in the Liver and Adipose Tissue of Genetically Obese
Mice: Effect of Supplemental Linoleic and +y-linolenic Acids. Br.
J. Nutr. 53, 441-448

10

11

12

13

14

15

17

i8

20

21

22

23

24

25

26

Biochemical effects of lipids on membranes: Peck

Mori, T.A., Codde, J.P., Vandongen, R., et al. (1987). New Findings
in the Fatty Acid Composition of Individual Platelet Phospholipids
in Man After Dietary Fish Oil Supplementation. Lipids 22,744-750
Tiwari, R.K., Clandinin, M.T., Cinader, B., et al. (1987). Effect of
High Polyunsaturated Fat Diets on the Composition of B Cell and
T Cell Membrane Lipids. Nutr. Res. 7, 489-498

Chapkin, R.S. and Carmichael, S.L. (1990). Effects of Dietary n-
3 and n-6 Polyunsaturated Fatty Acids on Macrophage Phospholipid
Classes and Subclasses. Lipids 25, 827-834

Cleland, L.G., Gibson, R.A., Hawkes, J.S., et al. (1990). Comparison
of Cell Membrane Phospholipid Fatty Acids in Five Rat Strains
Fed Four Test Diets. Lipids 25, 559-564

Diboune, M., Ferard, G., Ingenbleck, Y., et al. (1992). Composition
of Phospholipid Fatty Acids in Red Blood Cell Membranes of
Patients in Intensive Care Units. Effects of Different Intakes of
Soybean Oil, Medium-Chain Triglycerides, and Black-Currant Seed
QOil. JPEN. 16, 136-141

Lands, W.E.M., Morris, A., and Libelt, B. (1991). The Function of
Essential Fatty Acids. In Health Effects of Dietary Fatty Acids,
(G.J. Nelson, ed.), pp. 2141, American Oil Chemists’ Society,
Champaign, IL USA

Sprecher, H. (1989). Metabolism of Dietary Fatty Acids. In Health
Effects of Dietary Fatty Acids, (G.J. Nelson, ed.), pp. 12-20, Ameri-
can Qil Chemists’ Society, Champaign, IL USA

Montogomery, R., Conway, T.W., Spector, A.A. (eds.) (1990). Bio-
chemistry: A Case-Oriented Approach, C.V. Mosby, St. Louis, MO
USA

Gurr, M.L. (1992). Role of Fats in Food and Nutrition, Elsevier
Applied Science, London, UK,

Gottschlich, M. (1992). Selection of Optimal Lipids. Nutr. Clin.
Pract. 7, 155-156

Chee, K.M., Gong, J.X., Good Rees, D.M., et al. (1990). Fatty Acid
Content of Marine Oil Capsules. Lipids 25, 523-528

Ackman, R.G. (1982). Fatty Acid Composition of Fish Oil. In
Nutritional Evaluation of Long-Chain Fatty Acids in Fish Oil, (S.M.
Barlow and M.E. Stansby, eds.) Academic Press, New York, NY
USA

Holman, R.T. (1992). A Long Scaly Tale-The Study of Essential
Fatty Acid Deficiency at The University of Minnesota. In Essential
Fatty Acids and Eiconsanoids, (A. Sinclair, R. Gibson, eds.), Ameri-
can Oil Chemists’ Society, Champaign, IL USA

Burr, G.O. and Burr, M.M. (1929). A New Deficiency Disease
Produced by the Rigid Exclusion of Fat from the Diet. J. Biol.
Chem. 82, 345-367

Linscheer, W.G. and Vergroesen, A.J. (1988). Lipids. In Modern
Nutrition in Health and Disease, (M.E. Shils and V.R. Young, eds.),
Lea & Febiger, Philadelphia, PA USA

Gennis, R.B. (1989). Biomembranes: Molecular Structure and
Function, Springer-Verlag, New York, NY USA

Singer, S.J. and Nicholson, G.L. The Fluid Mosaic Model of the
Structure of Cell Membranes. Science 175, 720-731

Sparrow, C.P.,, Ganorg, B.R., and Raetz, C.R. (1984). Escherichia
coli Membrane Vesicles with Elevated Phosphatidic Acid Levels.
Biochim. Biophys. Acta 7196, 373-383

Shipley, G.G. (1973). Recent X-ray Diffraction Studies of Biologi-
cal Membrane Components. In Biological Membranes, (D. Chap-
man and D.F.H. Wallach, eds.), Academic Press, New York, NY
USA

Cullis, PR., de Kruijff, B., Hope, M.J,, et al. (1983). Structural
Properties of Lipids and their Functional Roles in Biological Mem-
branes. In Membrane Fluidity in Biology Membrane Fluidity in
Biology, (R.C. Aloia, ed.), Academic Press, New York, NY USA

Cullis, PR. and de Kruijff, B. (1979). Lipid Polymorphism and
the Functional Roles of Lipids in Biological Membranes. Biochim.
Biophys. Acta. 559, 399-420

Gruner, S.M. (1985). Intrinsic Curvature Hypothesis for Biomem-
brane Lipid Composition: A Role for Non-Bilayer Lipids. Proc.
Natl. Acad. Sci. USA 82, 3665-3669

Seddon, J.M. (1990). Structure of the Inverted Hexagonal (H,;)
Phase and Non-Lamellar Phase Transitions of Lipids. Biochim. Bio-
phys. Acta 1031, 1-69

Cullen, J., Phillips, M.C. and Shipley, G.G. (1971). The Effects of
Temperature on the Composition and Physical Properties of the
Lipids of Pseudomonas fluorescens. Biochem. J. 128, 733-742

J. Nutr. Biochem., 1994, vol. 5, October 475



Review

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

45

46

47

48

49

50

Léger, C.L., Daveloose, D., Christon, R., et al. (1990). Evidence
for a Structurally Specific Role of Essential Polyunsaturated Fatty
Acids Depending on Their Peculiar Double-Bond Distribution in
Biomembranes. Biochemistry 29, 7269-7275

Stubbs, C.D., Kouyama, T., Kinosita, K., et al. (1981). Effect of
Double Bonds on the Dynamic Properties of the Hydrocarbon Re-
gion of Lecithin Bilayers. Biochemistry 20, 42574262

Verkleij, A.J., Zwaal, R.E.A., Roelofsen, P, et al. (1973). The Asym-
metric Distribution of Phospholipids in the Human Red Cell Mem-
brane. Biochim. Biophys. Acta 323, 178-193

Dressler, V., Haest, CW.M., Plasa, G., et al. (1984). Stabilizing
Factors of Phospholipid Asymmetry in the Erythrocyte Membrane.
Biochim. Biophys. Acta 775, 189-196

Zachowski, A, Favre, E, Cribier, S, et al. (1986). Qutside-Inside
Translocation of Aminophospholipids in the Human Erythrocyte
Membrane is Mediated by a Specific Enzyme. Biochemistry 285,
2585-2590

Klausner, R.D., Kleinfeld, A.M., Hoover, R.L. et al. (1980). Lipid
Domains in Membranes. J. Biol. Chem. 255, 1286-1295

Quinn, P.J. (1990). Dynamics and Receptor Function of Membranes.
Biochem. Soc. Trans. 18, 133-136

Luna, EJ. and Hitt, A.L. (1992). Cytoskeleton-Plasma Membrane
Interactions. Science 258, 955-963

Stubbs, C.D. (1983). Membrane Fluidity: Structure and Dynamics
of Membrane Lipids. Essays in Biochem. 19, 1-39

Klausner, R.D., Bhalla, D.K., Dragsten, P., et al. (1980). Model for
Capping Derived from Inhibition of Surface Receptor Capping by
Free Fatty Acids. Proc. Natl. Acad. Sci. USA 77, 437441
Williams, B.W., Stubbs, C.D. (1988). Properties Influencing Fluoro-
phore Lifetime Distribution in Lipid Bilayers. Biochemistry 27,
7994-7999

Stubbs, C.D., Tsang, W.M., Belin, J., et al. (1980). Incubation of
Exogenous Fatty Acids with Lymphocytes. Changes in Fatty Acid
Composition and Effects on the Rotational Relaxation Time of
1,6-Diphenyl-1,3,5-hexatriene. Biochemistry 19, 27562762

Viret, J., Daveloose, D., and Leterrier, F. (1990). Modulation of the
Activity of Functional Membrane Proteins by the Lipid Bilayer
Fluidity. Advances in Membrane Fluidity. In Membrane Transport
and Information Storage, pp. 239-253, Alan R. Liss, Inc, New
York, NY, USA

Stubbs, C.D., Smith, A.D. (1984). The Modification of Mammalian
Membrane Polyunsaturated Fatty Acid Composition in Relation
to Membrane Fluidity and Function. Biochim. Biophys. Acta 779,
89-137

Spector, A.A. and Yorek, M.A. (1985). Membrane Lipid Composi-
tion and Cellular Function. J. Lipid Res. 26, 1015-1035

Stubbs, C.D. and Smith, A.D. (1990). Essential Fatty Acids in
Membrane: Physical Properties and Function. Biochem. Soc. Trans.
18, 779-781

Shinitzky, M. and Inbar, M. (1974). Difference in Microviscosity
Induced by Different Cholesterol Levels in the Surface Membrane
Lipid Layer of Normal Lymphocytes and Malignant Lymphoma
Cells. J. Mol. Biol. 85, 603-615

Traill, K.N., Ratheiser, K., Pfeilschifter, R., et al. (1986). Lympho-
cyte Membrane Lipid Composition and Mitogen Responsiveness
in Chickens: Role of Membrane “‘Fluidity”. Eur. J. Immunol. 16,
75-82

Callaghan, T.M., Metezeau, P., Gachelin, H., et al. (1990). Modula-
tion of the Binding and Endocytosis of Concanavalin A by Guinea
Pig Keratinocytes: Reversible Antagonistic Effects of Cholesterol
and Phospholipid-Liposomes. J. Invest. Dermatol. 94, 58-64
Hazel, J.R. and Williams, E.E. (1990). The Role of Alterations in
Membrane Lipid Composition in Enabling Physiological Adaptation
of Organisms to Their Physical Environment. Prog. Lipid Res. 29,
167-227

Carpenter, D., Jackson, T., Hanley, M.R. (1987) Coping with a
Growing Family. Nature 325, 107-108 )

Mahoney, E.M., Hamill, A.L., Scott, W.A. et al. (1977). Response
of Endocytosis to Altered Fatty Acyl Composition of Macrophage
Phospholipids. Proc. Natl. Acad. Sci. USA 74, 4895-4899
Mahoney, E.M., Scott, W.A., Landsberger, FR, et al. (1980). Influ-
ence of Fatty Acyl Substitution on the Composition and Function
of Macrophage Membranes. J. Biol. Chem. 255, 49104917
Hoover, R.L., Bhalla, D.K., Yanovich, S., et al. (1980). Effects of

476 J. Nutr. Biochem., 1994, vol. 5, October

51

52

53

54

55

56

57

58

59

60

61

62

63

65

66

67

68

69

70

71

72

73

74

Linoleic Acid on Capping, Lectin Mediated Mitogenesis, Surface
Antigen Expression, and Fluorescent Polarization in Lymphocytes
and BHK Cells. J. Cell Physiol. 103, 399-406

Fernandes, G. (1989). Effect of Dietary Fish Oil Supplement on
Autoimmune Disease: Changes in Lymphoid Cell Subsets, Onco-
gene mRNA Expression and Neuroendocrine Hormones. In Health
Effects of Fish and Fish Oil, (R K. Chandra, ed.), ARTS Biomedical,
St. John’s, Nova Scotia, Canada

Berlin, E., Bhathena, S.J., Judd, J.T., et al. (1989). Dietary Fat and
Hormonal Effects on Erythrocyte Membrane Fluidity and Lipid
Composition in Adult Women. Metabolism 38, 90-796
Franceschi, D., Graham, D., Kim, D.H,, et al. (1989). Trauma Alters
the Lymphocyte’s Plasma Membrane Fluidity. J. Trauma 28, 1029
Todd, J.C. and Mollitt, D.L. (1991). Erythrocyte Membrane Alter-
ations Induced by Sepsis. J. Trauma 31, 1040

Tolentino, M.V,, Sarasua, M.M. Hill, O.A_, et al. (1991). Peripheral
Lymphocyte Membrane Fluidity After Thermal Injury. J. Burn Care
Rehabil. 12, 498-504

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

Borochov, H. and Schinitzky, M: (1976). Vertical Displacement of
Membrane Proteins Mediated by Changed Microviscosity. Proc.
Nail. Acad. Sci. USA 73, 45264530

Karnovsky, M.J. (1979). Lipid Domains in Biological Membranes.
Am. J. Path. 97, 212-222

Hoover, R.L., Lynch, R.D., and Karnovsky, M.J. (1977). Decrease
in Adhesion of Celis Cultured in Polyunsaturated Fatty Acids. Cell
12, 295-300

Mandel, g G., Clark, W. (1978). Functional Properties of EL-4
Tumor Cells with Lipid-Altered Membranes. J. Immunol 120,
1637-1643

Peck, M.D., Li, Z., Han, T., et al. (1994). Fatty Acid Unsaturation
Stimulates Membrane-Cytoskeleton Interactions in Mouse Splenic
Lymphocytes. (in press)

Peck, M.D,, Li, Z., and Pressman, B.C. (1992). Lymphocyte Mem-
brane Anistropy is Affected by Dietary Lipids and is Correlated
with the Lymphocyte Blastogenic Response to LPS. Surgical Forum
43, 19-21

Stephan, R.N., Conrad, P.J., Saizawa, M., et al. (1988). Prostaglandin
E, Depresses Antigen-Presenting Cell Function of Peritoneal Macro-
phages. J. Surg. Res. 44, 733-739

Peck, M., Li, ZM., Mantelle, L., et al. (1992). The Effect of Fatty
Acids on Lymphocyte Membrane Organization and Blastogenesis.
FASEB J. 6, A1370

Schroit A.J., Rottem, S., and Gallily, R. (1976). Motion of Spin-
Labeled Fatty Acids in Murine Macrophages: Relation to Cellular
Phagocytic Activity. Biochim. Biophys. Acta 426, 499-512
Schroit, A.J., Gallily, R. (1976). Macrophage Fatty Acid Composi-
tion and Phagocytosis: Effect of Unsaturation on Cellular Phagocytic
Activity. Immunology 36, 199-205

Lokesh, B.R., Wrann, M. (1984). Incorporation of Palmitic Acid
or Oleic Acid into Macrophage Membrane Lipids Exerts Differential
Effects on the Function of Normal Mouse Peritoneal Macrophages.
Biochim. Biophys. Acta 792, 141-148

Calder, PC., Bond, J.A., Harvey, D.J, et al. (1990). Uptake and
Incorporation of Saturated and Unsaturated Fatty Acids into Macro-
phage Lipids and Their Effect upon Macrophage Adhesion and
Phagocytosis. Biochem J. 269, 807-814

Freeman, B.A., Crapo, J.D. (1982). Free Radicals and Tissue Injury.
Lab. Invest. 47, 412-426

Pryor, W.A. (1982). Free Radical Biology: Xenobiotics, Cancer,
and Aging. Ann. NY Acad. Sci. 393, 1-22

Slater, T.F., Cheeseman, K.H., Davies, M.J., etal. (1987). Symposium
on Nutritional Aspects of Free Radicals. Proc. Nutr. Soc. 46, 1-12
Gerdin, B. and Hagiund, U. (1993). Possible Involvement of
Oxygen-Free Radicals in Shock and Shock-Related States. In Hand-
book of Mediators in Septic Shock, (E.A. Neugebauer and J.W.
Holaday eds.), CRC Press, Boca Raton, FL. USA

Cervato, G., Viani, P., Masserini, M., et al. (1988). Studies on
Peroxidation of Arachidonic Acid in Different Liposomes Below
and Above Phase Transition Temperature. Chem. Phys. Lipid 49,
135-139

Niki, E. (1987). Lipid Antioxidants. How They May Act in Biologi-
cal Systems. Br. J. Cancer 5§, 153-157



75

76

77

78

79

80

81

82

83

85

86

87

88

89

91

92

93

95

96

97

98

101

Hoekstra, W.G. (1975). Biochemical Function of Selenium and its
Relation to Vitamin E. Fed. Proc. 34, 2083-2089

Bendich, A. (1988). Antioxidant Vitamins and Immune Responses.
In Nutrition and Immunology, (R.K. Chandra, ed.), Alan R. Liss,
Inc., New York, NY USA

Farrukh, 1.S., Michael, J.R., Peters, S.P, et al. (1988). The Role of
Cyclooxygenase and Lipoxygenase Mediators in Oxidant-induced
Lung Injury. Am. Rev. Respir. Dis. 137, 1343-1349

Mosconi, C., Colli, S., Medini, L., et al. (1988). Vitamin E Influences
the Effects of Fish Oil on Fatty Acids and Eicosanoid Production
in Plasma and Circulating Cells in the Rat. Biochem. Pharmacol.
37, 3415-3421

Slater, T.F. (1984). Free-Radical Mechanisms in Tissue Injury. Bio-
chem. J. 222, 1-15

Cross, C.E. (moderator) (1987). Oxygen Radicals and Human Dis-
ease. Ann. Intern. Med. 107, 526-545

Granger, D.N,, Rutili, G., McCord, J.M. (1981). Superoxide Radi-
cals in Feline Intestinal Ischemia. Gastroenterology 81, 22
Marubayashi, S., Dohi, K., Ochi, K., et al. (1986). Role of Free
Radical in Ischemic Rat Liver Cell Injury: Prevention of Damage
by a-tocopherol Administration. Surgery 99, 184-191

Lal.onde, C., Daryani, R., Campbell, C., et al. (1993). Relationship
between Liver Oxidant Stress and Antioxidant Activity after Zymo-
san Peritonitis in the Rat. Crit. Care Med. 21, 894-900

Sugino, K., Dohi, K., Yamada, K., et al. (1985). The Role of Lipid
Peroxidation in Endotoxin-Induced Hepatic Damage and the Protec-
tive Effect of Antioxidants. Surgery 101, 746-751

Sugino, K., Dohi, K., Yamada, K., et al. (1989). Changes in the
Levels of Endogenous Antioxidants in the Liver of Mice With
Experimental Endotoxemia and the Protective Effects of the Antioxi-
dants. Surgery 105, 200-206

Haglund, U. (1993). Systemic Mediators Released from the Gut in
Critical Illness. Crit. Care Med. 21, S15-S18

Gryglewski, R.J., Palmer, A M.J., and Moncada, S. (1986). Superox-
ide Anion is Involved in the Breakdown of Endothelium-Derived
Vascular Relaxing Factor. Nature 320, 454-456

Rubanyi, G.M. and Vanhoutte, P.M. (1986). Superoxide Anions and
Hyperoxia Inactivate Endothelium-Derived Relaxing Factor. Am. J.
Physiol. 250, H822-H827

Demling, R.H. and LaLonde, C. (1990). Systemic Lipid Peroxida-
tion and Inflammation Induced by Thermal Injury Persists into the
Post-Resuscitation Period. J. Trauma 30, 69-74

Demling, R.H. and Lal.onde, C. (1990). Early Postburn Lipid Perox-
idation: Effect of Ibuprofen and Allopurinol. Surgery 107, 85-93
Horton, J.W. and White, D.J. (1992). U-74, 500A Inhibition of
Burn-Induced Cardiac Dysfunction. J. Surg. Res. 52, 251-257
Chow, S.C., Sisfontes, L., Bjorkhem, I, et al. (1989). Suppression
of Growth in a Leukemic T Cell Line by n-3 and n-6 Polyunsaturated
Fatty Acids. Lipids 24, 700-704

Kramer, T.R., Schoene, N., Douglass, L.W., et al. (1991). Increased
Vitamin E Intake Restores Fish-oil-induced Suppressed Blastogene-
sis of Mitogen-stimulated T lymphocytes. Am. J. Clin. Nutr. 54,
896-902

Knapp, H.R. and Melly, M.A. (1986). Bactericidal Effects of Polyun-
saturated Fatty Acids. J. Infect. Dis. 154, 84-94

Kageyama, K., Nagasawa, T., Kimura, S., et al. (1980). Cytotoxic
Activity of Unsaturated Fatty Acids to Lymphocytes. Can. J. Bio-
chem. 58, 504-508

Begin, M.E. (1987). Effects of Polyunsaturated Fatty Acids and of
Their Oxidation Products on Cell Survival. Chem. Phys. Lipids 45,
269-313

Begin, M.E., Ells, G., and Horrobin, D.F. (1988). Polyunsaturated
Fatty Acid-Induced Cytotoxicity Against Tumor Cells and Its Rela-
tionship to Lipid Peroxidation. J. Natl. Cancer Inst. 80, 188-194
Kinsella, J.E. (1991). Dietary N-3 Polyunsaturated Fatty Acids of
Fish Oils, Autoxidation Ex Vivo and Peroxidation in Vivo: Implica-
tions. In Nutritional and Toxicological Consequences of Food Pro-
cessing, (M. Friedman, ed.), Plenum Press, New York, NY USA
Sanders, T.A. (1989). Effects of Fish Qils on Lipid Metabolism.
Nutrition 5, 248-250

Goodwin, J.S. and Ceuppens, J. (1983). Regulation of the Immune
Response by Prostaglandins. J. Clin. Immunol. 3, 295-315
Janniger, C.K. and Racis, S.P. (1987). The Arachidonic Acid Cas-
cade, An Immunologically Based Review. J. Med. 18, 69-80

102
103

105

106

107

108

109

110

111

112

113

114

115

116

117

118

119

120

121

122

123

124

125

Biochemical effects of lipids on membranes: Peck

Levine, L. (1988). Introduction. Prog. Allergy 44, 1-9

Parker, C.W. (1986). Leukotrienes and Prostaglandins in the Inmune
System. Adv. Prostaglandin Thromboxane Leukot. Res. 16,113-134
Samuelsson, B., Paoletti, R. (eds). (1982). Leukotrienes and Other
Lipoxygenase Products. Raven Press, New York, NY USA
Lands, W.E.M. (1989). Differences in n-3 and n-6 Eicosanoid Pre-
cursors. Adv. Prostaglandin Thromboxane Leukot. Res. 19, 602-605
Needleman, P., Raz, A., Minkes, M.S., et al. (1979). Triene Prosta-
glandins; Prostacyclin and Thromboxane Biosynthesis and Unique
Properties. Proc. Natl. Acad. Sci. USA 76, 944-948

Lee, T.H., Mencia-Heurta, J.M., and Shih, C. (1984). Characteriza-
tion and Biologic Properties of 5, 12,-Dihydroxy Derivatives of
Eicosapentaenoic Acid, Including Leukotriene Bs and the Double
Lipoxygenase Product. J. Biol. Chem. 259, 2383-2389

Terano, T., Salmon, J.A., and Moncada, S. (1984). Biosynthesis
and Biological Activity of Leukotriene Bs. Prostaglandins 27,
217-232

Lokesh, B.R. and Kinsella, J.E. (1987). Modulation of Prostaglandin
Synthesis in Mouse Peritoneal Macrophages by Enrichment of Lip-
ids with either Eicosapentaenoic or Docosahexaenoic Acids in Vitro.
Immunobiology 175, 406-419

Rockwell, W.B. and Ehrlich, H.P. (1990). Ibuprofen in Acute-Care
Therapy. Ann. Surg. 211, 78-83

Marshall, L.A. and Johnston, P.V. (1982). Modulation of Tissue
Prostaglandin Synthesizing Capacity by Increased Ratios of Dietary
Alpha-Linolenic Acid to Linoleic Acid. Lipids 17, 905-913
Marshall, L.A., Johnston, P.V. (1983). The Effect of Dietary a-
Linolenic Acid in the Rat on Fatty Acid Profiles of Immunocompe-
tent Cell Populations. Lipids 18, 737-742

Murphy, R.C., Pickett, W.C., Culp, B.R,, et al. (1981). Tetracne and
Pentaene Leukotrienes: Selective Production From Murine Mastocy-
toma Cells After Dietary Manipulation. Prostaglandins 22, 613622
Cinader, B., Clandinin, M.T., Hosokawa, T., et al. (1983). Dietary
Fat Alters the Fatty Acid Composition of Lymphocyte Membranes
and the Rate at Which Suppressor Capacity is Lost. Immunol Lett.
6, 331-337

Magrum, L.J. and Johnston, P.V. (1983). Modulation of Prostaglan-
din Synthesis in Rat Peritoneal Macrophages with w-3 Fatty Acids.
Lipids 18, 514-521

Tiwari, R.K., Clandinin, M.T., and Cinader, B. (1986). Effect of
High/Low Dietary Linoleic Acid Feeding on Mouse Splenocytes:
Modulation by Age and Influence of Genetic Variability. Nutr. Res.
6, 1379-1387

Brouard, C. and Pascaud, M. (1990). Effects of Moderate Dietary
Supplementations with n-3 fatty acids on Macrophage and Lympho-
cyte Phospholipids and Macrophage Eicosanoid Synthesis in the
Rat. Biochim. Biophys. Acta 1047, 19-28

Lee, J.H., lkeda, I, and Sugano, M. (1992). Effects of Dietary
n-6/n-3 Polyunsaturated Fatty Acid Balance on Tissue Lipid Levels,
Fatty Acid Patterns, and Eicosanoid Production in Rats. Nutrition
8, 162-166

Lokesh, B., LiCari, J., and Kinsella, J.E. (1992). Effect of Different
Dietary Triglycerides on Liver Fatty Acids and Prostaglandin Syn-
thesis by Mouse Peritoneal Cells. J.P.E.N. 16, 316-321
Abeywardena, M.Y., McLennan, PL., and Charnock, J.S. (1991).
Differences Between In Vivo and In Vitro Production of Eicosanoids
Following Long-term Dietary Fish Oil Supplementation in the Rat.
Prostaglandins Leukotrienes Leukot. Essent. Fatty Acids 42,
159-165

Lands, W.EM., Morris, A., and Libelt, B. (1990). Quantitative
Effects of Dietary Polyunsaturated Fats on the Composition of Fatty
Acids in Rat Tissues. Lipids 25, 505-516

Hwang, D.H. and Carroll, A.E. (1980). Decreased Formation of
Prostaglandins Derived From Arachidonic Acid by Dietary Linole-
nate in Rats. Am. J. Clin. Nutr. 33, 590-597

Lokesh, B.R., Hsieh, H.I., and Kinsella, J.E. (1986). Peritoneal
Macrophages From Mice Fed Dietary (n-3) Polyunsaturated Fatty
Acids Secrete Low Levels of Prostaglandins. J. Nuw: 116,
2547-2552

German, J.B., Lokesh, B., and Kinsella, J.E. (1987). Modulation of
Zymosan Stimulated Leukotriene Release by Dietary Unsaturated
Fatty Acids. Prostaglandins Leukot. Med. 30, 69-76

Strasser, T., Fischer, S., and Weber, P.C. (1985). Leukotriene B; is
formed in Human Neutrophils After Dietary Supplementation with

J. Nutr. Biochem., 1994, vol. 5, October 477



Review

126

127

128

129

130

131

132

133

134

135

136

137

lcosapentaenoic Acid. Proc. Natl. Acid. Acid. Sci. USA 82,
1540-1543

Robertson, R.P. (1986). Characterization of Prostaglandin and Leu-
kotriene Receptors: An Overview. Prostaglandins 31, 395-411
Ninnemann, J.L. and Stockland, A.E. (1984). Participation of Prosta-
glandin E in Immunosuppression Following Thermal Injury. J.
Trauma 24, 201-207

Parker, C.W. (1987). Lipid Mediators Produced Through the Lipoxy-
genase Pathway. Ann. Rev. Immunol. 5, 65-84

Kunkel, S.L. (1988). The Importance of Arachidonate Metabolism
by Immune and Nonimmune Cells. Lab. Invest. 58, 119-121
Plescia, O.J., Racis, S. Prostaglandins as Physiological Immuno-
regulators. Prog. Allergy 44, 153-171

Fisher, R.I. and Bostick-Bruton, H. (1982). Depressed T Cell Prolif-
eration Responses in Hodgkin’s Disease. J. Immunol 129,
1770-1784

Holdstock, G., Chastenay, B.F,, and Krawitt, E.L. (1982). Studies
on Lymphocyte Hyporesponsiveness in Cintosis. Gastroenterology
82, 206-212

Staite, N.D. and Panayi, G.S. (1984). Prostaglandin Regulation of
B-Lymphocyte Function. Immunol. Today 5, 175-178

Waymack, J.P., Moldawer, L.L., Lowry, S.F, et al. (1990). Effect
of Prostaglandin E in Multiple Experimental Models. J. Surg. Res.
49, 328-332

Rock, C.S. and Lowry, S.F. (1991). Tumor Necrosis Factor-a. J
Surg Res 51, 434-445

Keppler, D., Hagmann, W., Denzlinger, C. (1987). Leukotrienes as
Mediators in Endotoxin Shock and Tissue Trauma. In First Vienna
Shock Forum, Part A: Pathophysiological Role of Mediators and
Mediator Inhibitors In Shock, pp. 301-309, Alan R. Liss, Inc., New
York, NY USA

Davies, P. (1987-1988). Lipoxygenase Products in Immunity. /mmu-
nol. Invest. 16, 623-647

478 J. Nutr. Biochem., 1994, vol. 5, October

138

139

140

141

142

143

144

145

146

147

Schonfeld, W., Knoller, J., Joka, T., et al. (1992). Leukotriene Gener-
ation in Patients with Multiple Injuries. J. Trauma 33, 799-806
Kelly, J.P,, Johnson, M.C., and Parker, C.W. (1979). Effect of Inhibi-
tors of Arachidonic Acid Metabolism on Mitogenesis in Human
Lymphocytes, Possible Role of Thromboxanes and Products of the
Lipoxygenase Pathway. J. Immunol. 122, 1563-1571

Awad, AB., Fink, C.S., and Horvath, P.J. (1993). Alteration of
Membrane Fatty Acid Composition and Inositol Phosphate Metabo-
lism in HT-29 Human Colon Cancer Cells. Nutr. Cancer 19, 181-190
Bankey, PE., Billiar, T.R., Wang, W.Y., et al. (1989). Modulation
of Kupffer Cell Membrane Phospholipid Function by n-3 Polyunsat-
urated Fatty Acids. J. Surg. Res. 46, 439-444

Richieri, G.V., Kleinfield, A.M. (1989). Free Fatty Acid Pertubation
of Transmembrane Signaling in Cytotoxic T Lymphocytes. J. Immu-
nol. 143, 2302-2310

McPhail, L.C., Clayton, C.C., and Snyderman, R. (1984). A Potential
Second Messenger Role for Unsaturated Fatty Acids: Activation of
Ca’*-Depedendent Protein Kinase. Science 224, 622625

Leach, K.L. and Blumberg, PM. (1985). Modulation of Protein
Kinase C Activity and [s3H]Phorbol 12, 13-Dibutyrate Binding by
Various Tumor Promoters in Mouse Brain Cytosol. Cancer Res. 45,
1958-1963

Murakami, K., Chan, S.Y., and Routtenberg, A. (1986). Protein
Kinase C Activation by cis-Fatty Acid in the Absence of Ca>* and
Phospholipids. J. Biol. Chem. 261,15424-15429

Shils, M.E. and Young, V.R. (1988). Average Values for Triglycer-
tdes, Fatty Acids, and Cholesterol in Selected Foods and Qils. In
Modern Nutrition in Health and Disease (M.E. Shils and V.R.
Young, eds.) pp. 1547-1548, Lea and Febiger, Philadelphia, PA
USA

Altman, P.L. and Dittmer, D.S. (eds.) (1972). Biology Data Book,
Federation of American Societies of Experimental Biology,
Bethesda, MD USA



