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Abstract

Linoleic and e-linolenic acid are essential for normal cellular function, and act as precursors for the synthesis of longer
chained polyunsaturated fatty acids (PUFAs) such as arachidonic (AA), eicosapentaenoic (EPA) and docosahexaenoic acids
(DHA), which have been shown to partake in numerous cellular functions affecting membrane fluidity, membrane enzyme
activities and eicosanoid synthesis. The brain is particularly rich in PUFAs such as DHA, and changes in tissue membrane
composition of these PUFAs reflect that of the dietary source. The decline in structural and functional integrity of this tissue
appears to correlate with loss in membrane DHA concentrations. Arachidonic acid, also predominant in this tissue, is a major
precursor for the synthesis of eicosanoids, that serve as intracellular or extracellular signals. With aging comes a likely increase
in reactive oxygen species and hence a concomitant decline in membrane PUFA concentrations, and with it, cognitive
impairment. Neurodegenerative disorders such as Parkinson’s and Alzheimer’s disease also appear to exhibit membrane loss of
PUFAs. Thus it may be that an optimal diet with a balance of n-6 and n-3 fatty acids may help to delay their onset or reduce

the insult to brain functions which these diseases elicit. Published by Elsevier Science Ltd.

1. Introduction

In 1929, Burr and Burr [21] discovered the essential-
ity in the animal kingdom of the fatty acids linoleic
(LA ~ 18:2n-6) and o-linolenic (LNA ~ 18:3n-3) acid.
The abbreviations n-6 and n-3 for these unsaturated
fatty acids represent the position of the first double
bond when counting from the methyl carbon atom at
the distal end of the fatty acid (FA) chain. These FAs
and their respective derivatives are also commonly
referred to as omega-6 and omega-3 FAs respectively.

Abbreviations: FA, fatty acids; EFAs, essential fatty acids;
PUFAs, polyunsaturated fatty acids; LA, linoleic acid; LNA, linole-
nic acid; DHA, docosahexaenoic acid; AA, arachidonic acid; DGLA,
dihomo-gamma linoleic acid; EPA, eicosapentaenoic acid; DPA, doc-
osapentaenoic acid; PE, phosphatidyl ethanolamine; PS, phosphati-
dyl serine; PC, phosphatidyl choline; PI, phosphatidyl inositol; PD,
Parkinson’s disease; AD, Alzheimer’s disease.
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Both these FAs are required for synthesis of long-
chained fatty acids, as they cannot be synthesized de
novo and consequently are referred to as essential
fatty acids (EFAs). This important finding raised many
questions, but in particular the issue about the bio-
chemical and biophysical mechanisms that lead to
their essentiality. To date, a multitude of mechanisms
have been explored, for example, their effects on; the
structural integrity and fluidity of membranes [33,130];
enzyme activities [80,120,125]; lipid-protein interactions
[117]; and their role as precursors for eicosanoids, such
as prostaglandins, leukotrienes and thromboxanes.

The discovery of the important roles played by FAs
prompted investigators to determine their requirements
for optimal health [2,34,67]. In the past, n-3 FAs were
only classed as essential because of their ability, albeit
very limited as compared to n-6 FAs, to ameliorate
some classic symptoms of essential fatty acid de-
ficiency, such as dermatitis [4], growth retardation
[162] and reproductive failure [24]. However, n-3 FAs
have other roles as suggested by their special promi-
nence in neural and retinal tissues [3,19,29,84]. For
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example, they have been reported as having profound
influences in the CNS [25,64,69,99,159]. In addition, n-
6 and n-3 PUFAs such as dihomo-gamma-linolenic
acid (DGLA ~ 20:3n-6), arachidonic acid (AA ~ 20:4n-
6) and eicosapentaenoic acid (EPA ~ 20:5n-3) are pre-
cursors for eicosanoids biosynthesis [35,108], which
can exert a wide range of biological actions [53].
Whilst EPA content of membranes is a source for eico-
sanoid synthesis, DHA content may also play a con-
tributory role, both directly and indirectly. Although a
relatively unexplored field, DHA can function as a
source for EPA through a retroconversion reaction,
which in turn will be oxygenated to the various eicosa-
noid metabolites [30]. Direct oxygenated products of
DHA, resulting from peroxidative damage have also
been identified and are commonly referred to as doco-
sanoids [5,111,118]. These DHA derivatives resemble
eicosanoids and may provide a source of unique me-
diators of physiological processes in the CNS, such as
that reported in the rat pineal body [118], but in
particular the retina [111].

PUFA composition within membranes has also
been reported to modulate the efficiency of numer-
ous membrane transporters and enzymes

Table 1
Dietary fatty acid composition of plant oils and nuts®

[42,99,103,114,128,129,131,143].  This  review is
intended to summarize the implications of dietary FA
on the biophysical and functional properties of brain
membranes, their effects on eicosanoid production,
and the possible connections between membrane EFA,
aging and oxidative stress with the onset of neuro-
degenerative diseases.

2. Dietary sources and synthesis of essential fatty acids

The recommendations for dietary intake of EFAs
are not easy to propose since optimal requirements are
not fully known. However, in order to ensure the best
biological functions, an intake of about 3—6% of total
fat is generally recommended [13]. Bjerve et al. [13],
reported that within the n-6 family, LA is the major
EFA and based on animal studies about 1-2% of total
caloric intake is required to relieve symptoms induced
by its deficiency. LNA provision at 0.5-1% of total fat
is also required as a source for EPA and DHA syn-
thesis, for neuronal and visual tissues, and during
pregnancy and nursing. Thus the requirements of EPA
and DHA would be about 0.4%, and according to

Species Description Fatty acids (mol%)

18:1n-9 18:2n-6 18:3n-3 n-6:n-3
Juglans cinerea Butternut 19.0 61.9 16.0 39
Aleurites moluccana Candlenut oil 10.5 48.4 28.5 1.7
Ricinus communis Castor oil 3.0 4.0 tr > 4.0
Castanea mollisima Chestnut 54.0 249 2.7 9.2
Cocos nucifera Coconut oil 4.5 1.4 - -
Zea mays L. Corn oil 30.5 52.0 1.0 52.0
Gossypium hirsutum Cottonseed oil 18.3 50.5 tr > 50.5
Nr Evening primrose oil 7.5 74.9 - -
Vitis vinifera Grapeseed oil 22.0 67.0 0.9 74.4
Cannabis sativa Hemp seed oil 12.0 55.0 25.0 2.2
Linum usitaissimum Linseed oil 16.6 14.2 59.8 0.24
Brassica alba White mustard seed oil 23.2 8.9 10.4 0.85
Olea europea Olive oil 78.1 7.3 0.6 12.2
Elaeis giuneensis African palm oil 37.7 10.6 0.2 53.0
Carya illioensis Pecan 66.9 22.1 1.1 20.1
Papaver somniferium Poppy seed oil 11.0 72.0 5.0 14.4
Brassica campestris Rapeseed oil 53.5 23.5 14.0 1.68
Carthamus tinctorius Safflower oil 13.8 75.2 tr > 75.2
Sesamum indicum Sesame oil 38.2 45.0 0.6 75.0
Soja max Soybean oil 22.0 53.0 7.5 7.07
Helianthus annus Sunflower oil 19.5 68.5 0.1 685
Juglans nigra Walnut, black 29.1 58.3 4.9 11.9
Juglans regia Walnut, English 19.1 57.4 13.1 4.38
Trittcom aestiuum Wheat germ oil 21.8 57.9 5.1 11.4

% Abbreviations: tr: trace amount; 18:1n-9: eicosanoic acid; 18:2n-6: linoleic acid (LA); 18:3n-3: alpha linolenic acid (LNA). Data taken from
reviews by Gruger [48], and Salem [116].
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Bjerve et al. [13] the optimum dietary intake of these
EFAs would be around 900 mg/day for EPA and
400 mg/day for DHA.

Plants, particularly seed oils, provide rich sources of
triglycerides containing PUFAs, usually of the n-6
family (Table 1). Leafy vegetables and some fruits con-
tribute PUFAs of the n-3 variety, mainly 18:3n-3 [124].
Fresh fish and processed fish oils have been shown to
be the major dietary sources of C20 and C22 n-3
PUFAs in the Western diet (Table 2). Consumption of
EFAs in sufficient concentrations is of course a limit-
ing factor that determines their concentrations in tis-
sues. Additionally, FAs must first cross the intestinal
epithelium before reaching the different tissues, where
digestion and absorption constitute further problems
in their availability [23]. Carlier et al. [23], showed that
the EFAs taken up by tissues are recovered in rela-
tively high proportions as components of phospholi-
pids. The majority of membrane PUFAs are
synthesized from dietary LA and LNA, which act as
precursors for the synthesis of these longer-chained

Table 2
Dietary fatty acid composition of marine and freshwater fishes®

PUFAs via a series of desaturation and elongation
reactions (Fig. 1) [127,151].

3. The effects of dietary fats on brain fatty acid
composition

Tinoco [135] reported that the general composition
in the phospholipid fractions of the brain contained
very little LA. Arachidonic acid was found to be an
important component, but the major PUFA present
was usually DHA [73,161]. High levels of DHA have
also been reported in subcellular fractions such as
synaptosomes [84,150], synaptic vesicles [155], mito-
chondria [156], microsomes [128] and nerve growth
cones [81].

Modifications of the brain membrane fatty acid
composition have been reported with supplementation
of various dietary oils [3,17,36,45,54,62,74,75,84,128,
133,153,155] (Table 3). Furthermore, changes in
PUFA content of microsomal and mitochondrial mem-

Species Common name Fatty acids (mol%)
18:3n-3 18:4n-3 20:1n-9 20:5n-3 22:1n-9 22:5n-3 22:6n-3

Mallotus villosus Capelin (female) nr nr 17.2 8.6 14.2 0.9 4.8
Gadus morhua Cod, Atlantic 0.1 0.1 1.2 17.7 1.1 0.9 37.5
Prognichthys agoo Flying fish (dorsal) nr nr nr 4.8 nr nr 25.6
Meianogrammus Haddock 0.3 nr 3.5 14.3 nr 0.7 24.3
Hippoglossus hippoglossus Halibut nr 1.4 7.3 12.6 5.0 2.3 19.2
Clupea harengus Herring, Pacific 0.6 2.8 9.4 8.6 11.6 1.3 7.6
Scomber scombrus Mackerel 1.3 3.4 3.1 7.1 2.8 1.2 10.8
Brevoortia tyrannus Menhaden 0.9 1.9 0.9 10.2 1.7 1.6 12.8
Mugil cephalus Mullet, striped 1.4 3.0 0.7 7.5 0.7 3.9 13.4
Sebastes marinus Perch, ocean 0.6 1.6 8.0 9.3 8.7 0.6 12.0
Sardinops sagax Pilchards 0.9 2.0 5.4 6.7 9.4 2.3 16.1
Oncorhynchus tshawytscha Salmon, chinook 0.9 1.5 4.7 8.2 3.6 2.4 59
Oncorhynchus keta Salmon, chum 1.0 2.0 5.4 6.7 9.4 2.3 16.1
Oncorhynchus gorbuscha Salmon, pink 1.1 29 4.0 13.5 3.5 3.1 18.9
Nr Sardine 1.3 2.9 8.1 9.6 7.8 2.8 8.5
Lateolabrax japonicus Sea bass nr 2.6 nr 10.6 nr 1.8 21.8
Lamna cornubica Shark, porbeagle nr nr nr 2.8 nr 13.7 29.0
Etelis evurus Snapper nr nr nr 3.7 nr 1.4 33.8
Microstomus kitt Sole, lemon 2.0 1.6 3.9 11.9 tr 10.6 7.0
Nr Swordfish 0.4 0.7 4.6 44 2.0 3.1 17.8
Salmo gairdneri Trout, rainbow 5.2 1.5 3.0 5.0 1.3 2.6 19.0
Thunnus maccoii Tuna, bluefin tr 0.9 0.3 6.4 54 1.4 17.1
Katsuwonus pelamis Tuna, skipjack 1.2 0.5 2.0 13.2 tr 1.5 17.3
Protothaca stiminea Clam, littleneck 1.6 3.0 3.5 10.0 2.6 1.7 14.5
Callinectes sapidus Crab, blue 1.2 0.6 1.9 13.4 1.5 1.1 11.0
Mytilus californianus Mussel nr 1.6 2.6 14.0 nr 1.1 27.7
Crassostrea gigas Oyster, Pacific 1.6 4.3 tr 21.5 2.6 1.0 20.2
Placopecten magellanicus Scallop, sea 0.3 1.8 1.7 21.3 0.2 1.0 26.2

& Abbreviations: 18:3n-3: alpha linolenic acid (LNA); 18:4n-3: stearidonic acid; 20:1n-9: eicosanoic acid; 20:5n-3: eicosapentanoic acid (EPA);
22:1n-9: 22:5n-3: docosapentaenoic acid (DPA); 22:6n-3: docosahexaenoic acid (DHA). Data taken from reviews by Gruger [48], and Salem

[116].



386 K.A. Youdim et al. | Int. J. Devl Neuroscience 18 (2000) 383-399

n-6 n-3
REACTION
Linoleic alpha-linolenic
(18:2n-6) (18:3n-3)
.. _Delta 6-desaturation__
\
gamma-linolenic Stearidonic
(18:3n-6) (18:4n-3)
<eeee Elongation _____ -
\
Dihomo-gamma Eicosatetraenoic
linolenic (20:3n-6) (20:4n-3)

A \

Arachidonic Eicosapentaenoic
(20:4n-6) (20:5n-3)
i 4
<eeeem Elongation _____,
'
Docosatetraenoic Docosapentaenoic
(22:4n-6) (22:5n-3)
[
elongation
'
Docosapentaenoic 24:5n-3
(22:5n-6) desaturation
24:6n-3
B-oxidation

Docosahexaenoic
(22:6n-3)

Fig. 1. Common pathways by which unsaturated fatty acids are con-
verted to long-chain polyunsaturated fatty acids in animals.

Table 3
Dietary modulation of fatty acid composition in brain membranes®

branes have also been reported [39,79,134,140]. In gen-
eral, the developing brains of young animals can be
modulated with dietary FAs supplemented over a
short period of just a few weeks, as has been reported
in mice [74], guinea pigs [155], and chicks [3]. With
age, the modulation by dietary FAs on brain mem-
brane FA composition takes longer, with most studies
generally feeding older animals for at least 8 weeks
[17,84]. However, in most of these studies, the exact
time when changes in FA composition occurred, after
supplementation began, is rarely investigated. Another
factor to consider in comparing the time course
required to change brain FA composition is the con-
centration of the supplement being used, which ranges
from 5 to 20% of the diet.

Fish oils, which contain high levels of C20 and C22
PUFAs, exert the most profound influence on brain
PUFA concentrations, in particular that of DHA
(Table 2.). Interestingly the increase in DHA levels by
dietary fish oils has a reciprocal effect on docosapen-
taenoic acid (DPA ~ 22:5n-6) levels. In liver, diets rich
in n-6 FAs would cause a significant increase in AA in
response to DHA declines, yet in brain, AA concen-
trations are less influenced, and instead levels of DPA
increase dramatically. This was shown by Neuringer
and co-workers [91], who fed monkeys diets deficient
in LNA throughout gestation and then to their infants
during postnatal development. Animals fed diets de-
ficient of n-3 displayed considerably less DHA in the
cerebral cortex as compared with those fed a balanced
diet, which was compensated by an increase in DPA
concentrations. Anderson [3], reported similar compen-

Diet Tissue Lipid class Fatty acids (mol%) Reference
20:4n-6 22:5n-6 22:5n-3 22:6n-3
Chow diet ad lib RWB TLE 9.7 0.9 nr 12.3 [58]
Starved for two days RWB TLE 9.8 0.9 nr 12.2 [58]
10% Peanut oil RWB PE 18.1 8.1 - 7.9 [94]
10% Rapeseed oil RWB PE 14.6 2.6 - 15.3 [94]
18:2n-6 +18:3n-3 RWB PE 11.8 1.0 0.3 23.7 [136]
18:2n-6 only, RWB PE 13.8 20.4 0.02 1.8 [136]
8.5% Corn 0il-1.5% salmon oil RWB TLE 9.1 0.4 0.2 12.3 [17]
3% Corn 0il-7% salmon oil RWB TLE 7.7 0.3 0.6 14.6 [17]
Palm oil (n-3 deficient) RBSt PC 3.7 nr nr 44 [133]
Sardine oil RBSt PC 2.1 nr nr 5.8 [133]
Palm oil (n-3 deficient) RBSt PE 9.0 nr nr 11.4 [133]
Sardine oil RBSt PE 8.0 nr nr 18.4 [133]
8.04% Soybean oil® CkWB TLE 10.7 3.7 nr 9.7 [3]
7.41% Corn oil® CkWB TLE 10.5 8.3 nr 2.5 [3]
7.41% Corn oil +0.26%22:6n3° CkWB TLE 9.1 2.5 nr 12.8 [3]

# Abbreviations: RWB: rat whole brain; RBSt: rat brain stem; CkWB: chick whole brain; TLE: total lipid extract; PE: phosphatidyl ethanola-
mine; PC: phosphatidyl choline; 20:4n-6: arachidonic acid (AA); 22:5n-6: docosapentaenoic acid (DPAn-6); 22:5n-3: docosapentaenoic acid

(DPAn-3); 22:6n-3: docosahexaenoic acid (DHA).

® Fat composition made up to 10% with hydrogenated coconut oil.
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satory increases in retinal and brain DPA content fol-
lowing the decline in DHA levels, in chicks fed diets
containing corn oil, which has an n-6:n-3 ratio of 52
(Table 1). They also showed that this adjustment was
reversed when corn oil was supplemented with DHA-
ester. The results suggest that a high degree of unsa-
turation is required in brain, which appears to be best
provided by DHA, but when dietary DHA is low, a
compensatory increase in DPA levels occurs. The im-
portance of DHA in brain tissue is further supported
by several studies which have shown that a reduction
of DHA concentrations following deprivation of n-3
FAs is reversible, with original concentrations obtained
within a few weeks [3,29,38]. However, it would appear
that declines in DHA levels through dietary depri-
vation of n-3 FA is more difficult in aged animals.
This was shown by Bourre et al. [16], who found that
adult rats fed a LNA deficient diet for 7 months did
not exhibit declines in brain DHA levels, but instead
significant declines were observed in other organs such
as the liver and heart. These results further suggest the
necessity to preserve brain DHA levels, though at the
expense of other organs.

The information from these findings would suggest
an essentiality for DHA in brain membranes, as it may
play an important role in certain aspects of brain func-
tion [25,64,69,99,133,159]. One functional role may
relate to its contribution in maintaining an appropriate
state of membrane fluidity. Consequently, maintenance
of an appropriate state of fluidity may modulate a
number of aspects of lipid-protein interactions, includ-
ing certain enzyme activities. It can also be degraded
to EPA [151], a precursor for functionally important
lipoxygenase products [30]. It is also worth noting that
DHA, with its high degree of unsaturation, may be a
vulnerable target to the damaging effects of lipid per-
oxidation. This raises the question that in such a deli-
cate tissue such as the brain, evolution would have
substituted DHA for a less vulnerable FA species if its
presence was not essential for certain functions. Should
DHA concentrations, not to mention that of other
PUFAs, be altered in cell membranes, it is likely to
have serious implications on the overall cellular func-
tion.

4. Membrane structure and function: relation to fatty
acid profile

Inspite of the diversity in the types of cell mem-
branes, they all compartmentalize the cell and provide
domains in which very active enzymes, ions and trans-
porters can be found. In general the lipid bilayer tends
to exist at an optimum transition point between gel
and liquid crystal, and the maintenance of this state,
often loosely referred to as fluidity, is of paramount

importance. The term “membrane fluidity” refers to
the physical state of the fatty acyl chains comprising
the membrane bilayer structure, as well as a measure
of the different rates of motion of molecule elements
within the membrane. The fatty acyl chains, which eli-
cit the most influence, such as AA, EPA and DHA,
contain double bonds, which are exclusively in the cis
conformation. The replacement of even a single double
bond in these PUFAs is sufficient to exert a profound
effect on the physical properties of the membrane
[28,82]. However, it cannot be taken as axiomatic that
there is a simple linear relationship between the physi-
cal properties and the number of double bonds.

Many cellular functions and responses are thought
to be affected, as a consequence of membrane lipid
modification. However, it is important to realize that
there are also inconsistencies with regard to this area,
making it difficult to draw a general conclusion regard-
ing functional changes in response to such modifi-
cations. Even if changes in fluidity parallel functional
modifications, this may just be an ensuing effect, rather
than a causative effect. Nevertheless, a wealth of stu-
dies have highlighted the important roles played by
lipids. The exact mechanism whereby lipids can influ-
ence the properties of enzymes and transporters is still
unclear. It is possible that the different lipids exert
different effects on the fluidity of the membrane which
result in the enhancement or loss of important associ-
ations between enzymes or transporters and the mem-
brane, thus affecting the accessibility of their binding
sites to their respective substrates. The subject of mem-
brane transporters and enzyme activities is a very
broad topic, however, some important activities associ-
ated with brain function, found to be affected by
PUFASs are discussed below.

Membrane FA composition, which as discussed pre-
viously, can be modulated through dietary sources,
provides the general framework that coordinates the
fluidity of the membrane and consequently the effi-
ciency of membrane systems. One particular membrane
transporter whose activity is often assessed, is that of
the Na™, K" ATPase. Viani [150] reported that age-re-
lated declines in PUFASs resulted in a decrease of Na ™,
K™ ATPase activity in brain synaptosomes. However,
Tsutsumi et al. [143], showed that rats fed high LA
safflower oil did not exhibit significant changes in
synaptosomal Na™®, K™ ATPase activity following the
decline in DHA levels. They did however find, Na™,
K" ATPase activity in myelin decreased together with
5’-nucleotidase activity in the rat cortex and hippo-
campus. Polyunsaturated fatty acids have also been
shown to regulate neuronal excitability [152]. Vreug-
denhil et al. [152], showed that extracellular appli-
cation of DHA or EPA to freshly isolated
hippocampal CAl neurons produced a concentration-
dependant shift of the voltage dependence of inacti-
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vation of Na® and Ca®" currents to more hyperpol-
arized potentials. This consequently accelerated the in-
activation and retarded the recovery from inactivation,
which may have potential anticonvulsive effects in
vivo. With respect to enzymes important in cellular
function, an important relationship between DHA and
PLA, has been reported [59,80,120]. Shikano et al.
[120], found that following DHA supplementation into
culture of human eosinophilic leukemia cells (Eol-1),
platelet activating factor (PAF) production was
reduced, whilst supplementation with EPA had no
effect. It appeared that DHA attenuated PLA, activity,
though the exact mechanism was not known, conse-
quently reducing the levels of AA liberated, a rate lim-
iting step in the synthesis of biologically active
eicosanoids. Martin [80], also found a correlation
between DHA and PLA, activity, a rate-limiting
enzyme involved in the hydrolysis of AA from mem-
branes for metabolism into eicosanoids. He showed
that supplementation of PC12 cell media with DHA
increased levels of this PUFA in ethanolamine glycero-
lipids of the neurite and nerve growth cone (NGC)
fraction, which was accompanied by a concomitant
decline in PLA, activity, which may have important
implications, when considering the role PLA, plays in
ischemia. The involvement of DHA in synaptic signal
transduction has also been reported [59]. Jones and co-
workers [59], demonstrated that following intravenous
infusion of {4,5-3H}DHA, that plasma {3H}DHA in-
corporation is selectively increased into synaptic mem-
brane phospholipids of the rat brain in response to
cholinergic activation. This indicates a primary role for
DHA in phospholipid mediated signal transduction at
the synapse involving activation of phospholipase A,
(PLA,) and/or C. The potential role of PUFAs in sig-
nal transduction, was also reported by Slater et al.
[125], who found using a model bilayer system, that
alterations in the unsaturation of phosphatidyl choline
(PC) phospholipids, elevated the activity of protein
kinase C (PKC) alpha, possibly through changes in
membrane surface curvature stress. By contrast,
increasing the unsaturation of phosphatidyl serine
(PS), decreased PKC alpha activity. The effects of PS
unsaturation may be due to specific lipid—protein inter-
actions. This result indicates that changes in phospho-
lipid unsaturation may have profound effects on signal
transduction pathways in which PKC plays a contribu-
tory role. Similar effects of PUFAs on PKC activity
have also been reported by Goldberg and Zidovetzki
[42].

These observations reported above are the some of
the specific effects that PUFAs play on cellular ac-
tivity, moreover, several behavioral aspects of brain
function have also been shown to be affected by diet-
ary FAs. For example, rats fed a safflower oil diet,
which has a n-6:n-3 FA ratio greater than 75 (Table 1),

through two generations exhibited significantly lower
phospholipid levels of DHA, by as much as 90% com-
pared with those fed a soybean oil diet which has a
more balanced n-6:n-3 ratio of approximately 7 [69].
Presumably the high levels of LA in safflower oil
down-regulated n-3 EFA desaturation, resulting in the
loss of membrane n-3 PUFAs. Reflexes and motor
abilities developed normally in both dietary groups,
but deficient rats did exhibit fewer exploratory beha-
viors. They also performed more poorly in maze-learn-
ing tasks. More recent studies have also reported a
correlation between changes in behavior and learning
parameters with changes in brain membrane PUFAs
composition [25,47,99,133]. Okuyama [99], reported
that the general behavioral patterns in rats fed 5% saf-
flower oil containing 75% LA for two generations dif-
fered significantly from those in rats fed perilla oil,
high in n-3 fatty acids (53%). Brightness-discrimi-
nation, learning ability and retinal function were also
higher in rats fed perilla oil compared with those fed
safflower and also with those fed 5% soybean oil (53%
n-6 and 4% n-3). Greiner et al. [47], showed that fol-
lowing an n-3 deficient diet, rats performed poorer in
olfactory-based and spatial learning tasks. Further-
more, Chalon [25] found that a fish oil complex (50%
salmon o0il+50% palm oil) enhanced neurochemical
and behavioral variables in monoaminergic functions
of rats, compared with those fed a combination of pea-
nut and rapeseed oil, high in n-6 FAs. Changes in cer-
ebral acetylcholine uptake, following dietary DHA
supplementation has also been reported [87]. Docosa-
hexaenoic acid was found to ameliorate impaired
learning ability in stroke-prone spontaneously hyper-
sensitive rats exhibiting cholinergic dysfunction [87].

The importance of n-3 PUFAs was also reported by
Yamamato and co-workers [159], who found that rats
fed LNA had a longer mean survival time and
increased learning ability in senescence. It seems unli-
kely that these effects were due to LNA itself, as very
little concentrations are retained in brain membranes,
and to date no biological functions have been reported
for this fatty acid, except as that of a precursor to n-3
PUFAs. The role of PUFAs in cognitive and beha-
vioral functions in not just limited to rat models. In
fact, Kalmijn [63], using data from the Zutphen elderly
study found that in participants, n-3 PUFA consump-
tion, primarily in the form of fish oil, tended to be
inversely associated with cognitive impairment and
cognitive decline. Additionally, the Zutphen elderly
study raised the possibility that LA intake is positively
associated with cognitive impairment.

So far, the discussion has focused on the importance
of increasing concentrations of brain PUFAs, in par-
ticular that of DHA, through dietary manipulations,
and the potential benefits that may transpire with
respect to cellular functions, as well as brain functions
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such as memory, learning and behavior. However, it is
important that the reader be aware of the importance
of EFAs in the neurologic development of the embryo-
nic brain. It has been suggested that the growing fetus
obtains its supply of EFAs from its mother’s EFA
stores [146]. Thus, it would seem logical that if these
stores are limited or not balanced with the correct
PUFAs, there is the potential risk for structural aber-
rations, which may have deleterious effects on fetal
and/or neonatal brain functions.

Production of neurons (neurogenesis) takes place
over varying lengths of time, depending on the region
of the nervous system and the neuron type [50]. Neu-
rogenesis peaks around the 14th week of gestation and
is completed by around the 25th week, once adult
neuron numbers are attained [50]. Just prior to com-
pletion of neurogenesis, functional connections
between target cells in the nervous system are estab-
lished, through the growth of neurites (axons and den-
drites) and the formation of synapses, known as
synaptogenesis. This too, follows a cell and region
specific timetable. Following neuron development, glial
cells begin to originate (gliogenesis). Unlike neurons,
glial cell production continues throughout adult life.
The importance of DHA during these various develop-
mental stages was shown by Green and co-workers
who found that at the 17th embryonic day the increase
in rat brain PUFA concentrations plateaued, except
that of DHA, which accumulated further [46]. This
steep accumulation was found to occur just prior to
synaptogenesis. Similar findings had previously been
reported by Martin and Bazan [81], who found that
both nerve growth cones and synaptosomes incorpor-
ated {3H}DHA during synaptogenesis in particular the
phosphatidyl ethanolamine, serine and choline phos-
pholipid classes, with a nominal amount found in the
phosphatidyl inositol (PI) fraction. These findings in
part suggest a necessity for DHA, and hence sufficient
dietary consumption by the mother, that can be uti-
lized by the developing fetus. Furthermore, reports
have shown the importance of DHA during gliogenesis
[55,56]. Tkemoto et al. [55,56], found using PC12 cells
that DHA promotes neurite outgrowth, in contrast to
AA which suppresses this process. They hypothesised
that decreased phospholipid synthesis, in particular PE
by arachidonic acid may lead to the suppression of
neurite growth.

5. Essential fatty acids as precursors of eicosanoids

In addition to functioning as physical and chemical
barriers separating aqueous compartments, membrane
lipids as discussed earlier, are involved in many aspects
of cell function and response. With the discovery that
several classes of lipid have profound effects on cell

function, particular attention is now directed at investi-
gating the role(s) of specific FAs in different regulatory
processes. When cells are activated by a variety of
stimuli, their membrane lipids are rapidly remodelled
to generate biologically active lipid mediators that can
serve as intracellular or extracellular signals. The pri-
mary sources of these active lipid mediators are from
the EFA families derived from LA and LNA. As pre-
viously described, FAs provide energy and are an inte-
gral part of the cell membrane, but some of the FAs
are precursors for what have been defined as eicosa-
noids, which include: prostaglandins (PG), thrombox-
anes (TX), leukotrienes (LT), and the intermediate
hydroperoxyeicosatetraenoic (HPETE) and hydroxyei-
cosatetraenoic (HETE) acids.

Both prostaglandins and leukotrienes act in a para-
crine and autocrine form on cell function through a
family of transmembrane receptors [20,126] regulating
numerous aspects of cell functions. In addition, exper-
imental evidence supports the position that the eicosa-
noid compounds are also involved in a range of
physiological and pathological processes, including
vascular [93], immunological [44,52] and inflammatory
[96] responses. Thus, EFAs are essential not only
because they must be provided in the diet, as they can
not be synthesised de novo, but also in part because of
their physiological importance.

Interestingly, administration of distinct EFA precur-
sors, influences, eicosanoid production, which can
evoke opposing effects to potentiate or reduce inflam-
matory mediators [108]. In addition, numerous exper-
imental and clinical studies have suggested that marine
n-3 PUFAs such as EPA and DHA have significant
benefits in preventing the development of atherosclero-
sis and lipoprotein metabolism [15,101,157]. For
example, epidemiological evidence suggests that diets
rich in DHA might protect against cardiovascular dis-
ease, by working at two levels: lowering plasma lipids
and affecting eicosanoid biosynthesis [1,92]. Fish oils,
as shown in Table 2, provide a rich source of PUFAs,
especially EPA and DHA, which as discussed pre-
viously, have been found to increase membrane com-
positions of these respective PUFAs in various
peripheral tissues [8,19,74,88,89,95,100]. Enrichment of
the diet with EPA is followed by a concomitant
enhancement in the activity of 5-lypoxygenase enzyme,
because this FA is a preferred substrate for 5-lypoxy-
genase as compared with AA [97]. This is an important
physiological event since the metabolism of EPA
favors the synthesis of leukotriene Bs (LTBs) instead
of LTB, (Fig. 2). Consequently, the less active LTB;
as compared with LTB4 in chemotactic and aggrega-
tion activities will potentiate a more confined inflam-
matory response during an inflammatory-mediated
insult. In addition, membrane EPA and DHA as
modulated by dietary sources are also precursors of
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the 3-series of prostanoids and the 5-series of leuko-
trienes (Fig. 2), which have been shown to exhibit les-
ser aggregatory and inflammatory properties compared
with the corresponding AA metabolites. Hence, this
suggests that diets providing high concentrations of
PUFAs (i.e., fish and fish oils) not only modulate
membrane composition, providing a beneficial milieu
for optimum membrane function (as has been shown
in brain and retinal tissues), but also reduce synthesis
of harmful eicosanoids derived from AA, the concen-
trations of which are lowered in compensation for the
increase in membrane PUFAs provided by the diet.
Suffice it to say, the opposite is seen with the con-
sumption of diets high in n-6 FA which provide a
source for AA synthesis.

Regardless of whether membrane AA concentrations
are lowered by diets high in n-3 FA or increased by
diets high in n-6 FA, the PUFA with the highest con-
centrations within membranes is most often than not
AA [160]. This may in part explain the fact that AA is
the most common substrate in humans for the syn-
thesis of eicosanoids, which yield two series of prosta-
glandins, the 1 and 3 series. The synthesis of
prostaglandins begins with the rate-determining hy-
drolysis of AA and other 20-carbon PUFAs from the
sn2-position of the phospholipids [66,126]. Metabolites

of AA are responsible for many of the manifestations
of inflammation.

Arachidonic acid liberated from the phospholipids is
a short-lived molecule that immediately becomes the
substrate of heme-containing enzymes that add oxygen
atoms to various positions in the chain, creating a var-
iety of highly functional groups. Such changes trans-
form the highly lipophilic AA into compounds of
intermediate lipid:water solubility to allow better diffu-
sion through water phases and cytoplasmic constitu-
ents. Consequently, the effect resulting from one of the
oxidation steps is in the formation of a five- or six-car-
bon ring in the middle of the chain, increasing its
rigidity as compared to its linear precursor. This
enhanced rigidity is important in the binding of AA
metabolites to corresponding receptors and thus for
the cellular actions that they promote. Arachidonic
acid metabolism is initiated either by cyclooxygenase,
generating prostaglandins, thromboxanes, and prosta-
cyclines, or by lipooxygenase to generate leukotrienes
and lipoxins (Fig. 2).

6. Cyclooxygenase-derived eicosanoids

The cyclooxygenase-catalyzed addition of two mol-
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Fig. 2. Dietary fatty acids as precursors for eicosanoid synthesis.
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ecules of oxygen results in the synthesis of prostaglan-
dins. The cyclooxygenase enzyme converts AA into
cyclic endoperoxide, a key precursor molecule in the
syntheses of prostacyclin (PGI,) a potent vasodilator,
thromboxane (TXA,) a potent vasoconstrictor, and
other prostaglandins (PGE,,, PGF, and PGD,)
(Fig. 2). These aforementioned eicosanoids are syn-
thesized from PGH, an initial product of the action of
cyclooxygenase on free arachidonic acid [119]. In some
systems such as vascular endothelial cells and smooth
muscle cells, PGI, is perhaps the most important pro-
duct. PGI,, synthesized by both endothelial and vascu-
lar smoother muscle cells, has opposite effects on
platelets and vascular tone acting as a potent vasodila-
tor and endogenous inhibitor of platelet aggregation.
TXA, is the predominant cyclooxygenase product in
platelets and acts as a vasoconstrictor and promotor
of platelet aggregation. In the case of cardiovascular
disease, both PGI, and TXA, appear to play a very
important role in the pathogenesis of vascular occlu-
sive syndrome in humans [37]. PGI, appears to play a
local role at the platelet—vascular interface counteract-
ing the TX-mediated effects on platelet aggregation.
Different prospective clinical trials have demonstrated
the efficacy of aspirin (a cyclooxygenase inhibitor)
treatment in unstable angina [57]. Increased evidence
has been accumulated for the role of TX as a mediator
of patho-physiological processes and some human dis-
eases. From clinical trials it seems that TXA, has a
functional importance in the pathogenesis of transient
ischemic attacks and stroke [147]. Interestingly, a
TXA, receptor, which has been cloned from cultured
rat astrocytes, is homologous with mouse and human
TXA, receptors at 92.7% and 71.8%, respectively, and
has shown ubiquitous expression in brain glial cells
such as astrocytes, oligodendrocytes and microglia
[66]. The selective conservation of the capability to
synthesize specific eicosanoids such as TXA, indicates
that these cells have a characteristic AA metabolism
and that these metabolites must play important roles
in the brain. In addition, two distinct pools of phos-
pholipases may subsist in the cell, a cytosolic (5-lipoxy-
genase) and a microsomal (cyclooxygenase) [10].
Interestingly, lipopolysaccharide stimulates the for-
mation of PGE, [107], while zymosan, a phagocytosa-
ble inflammatory mediator, stimulates the formation
of LTCy4, LTBy, and PGE,4 [41].

7. Lipoxygenase system

The lipoxygenases are di-oxygenases that incorpor-
ate molecular oxygen into specific positions within
PUFAs, and based on the site of insertion of the oxy-
gen, are classified as 5-, 12-, or 15-lipoxygenases [121].
Lipoxygenases catalyze the addition of a single mol-

ecule of oxygen converting AA to oxygenated products
(leukotrienes) which posses potent biological proper-
ties. Lipoxygenase activity has been detected in plate-
lets, leukocytes, lungs, skin, ocular tissue, and blood
vessels [83]. In brain, 12-lipoxygenase has been found
to be most prominent, expressed in cortical neurons,
oligoendrocytes, and astrocytes [6]. The main metab-
olite produced by this enzyme is 12-HETE. It has been
suggested, that these metabolites may play important
roles as second messengers in synaptic transmission
and intercept the learning and memory processes [105].
Interestingly, a significant association has been shown
between the decrease of glutathione and the activation
of 12-lipoxygenase, and its connection to Ca?" influx
and neural toxicity [110]. Its activity can be stimulated
by chemical, mechanical, or immunological challenge,
although it has been suggested that this enzyme is in-
itially activated by glutathione depletion [72].

When AA is subject to oxidation via the 5-lipoxy-
genase enzyme the product is 5(S)-hydroperoxy-
6,8,11,14-cicostetraenoic  acid (5-HPETE). Under
appropriate stimulatory conditions, including the pre-
sence of Ca’* and ATP, 5-lipoxygenase catalyzes two
sequential reactions. The first involves the insertion of
molecular oxygen at the carbon-5 position of AA to
form 5-HPETE, followed by the metabolism of 5-
HPETE into unstable epoxides e.g., LTA,4. Because
these compounds are relatively unstable they are
hydrated enzymatically to LTB,4, or conjugated with
glutathione to its metabolites leukotrienes C4, D4 and
E4. The physiological effects of leukotrienes, involve,
increased vascular permeability, enhanced contraction
of smooth muscle cells in both large and smaller
arteries, including coronaries vessels, dilatation of
postcapillary venules, and enhanced mucous secretion
[139]. These compounds also play important roles in
immune response [115]. In both experimental animals
and man, 5-lipoxygenase activity has been found to
increase in anaphilactic and inflammatory processes.
LTB, is a potent activator of human neutrophils that
enhances their adherence to the endothelial cells sur-
face [83] an important early signal which mediates the
migration of neutrophils to sites of inflammation (neu-
trophil chemotaxis). In addition, LTC4-Dy4-E, increase
vascular permeability and represent major inflamma-
tory mediators secreted by mast cells, eosinophils, or
basophils following antigen challenge [139]. Therefore,
an understanding of the regulation of the 5-lipoxygen-
ase, is important in future attempts to control these
pathophysiological processes.

The initial events involved in accessing the precursor
for the synthesis of eicosanoids such as those men-
tioned above, begin interestingly by the activation of
receptors on the cell surface followed by G-protein
coupled stimulation of phospholipase C, an enzyme
located on the internal surface of the plasma mem-



392 K.A. Youdim et al. | Int. J. Devl Neuroscience 18 (2000) 383-399

brane. Phospholipase C catalyzes the hydrolysis of
membrane bound phosphatidylinositol-2,4-biphosphate
(PIP,), resulting in the formation of 1,4,5-triphosphate
(IP;) and diacylglycerol (DAG). In addition, increased
Ca’" levels also activate PLA,, releasing AA from
membrane phospholipids [9]. Leukotrienes, like prosta-
glandins, act through G-protein-coupled transmem-
brane receptors [20]. Although the distribution of 5-
lipoxygenase is restricted to certain myeloid cells,
LTB, is secreted by other cells because the enzymes
capable of catalyzing the conversion of LTB4 to other
leukotrienes are widely distributed in tissues [10,20]. In
fact LTB4 has been identified in inflammatory exudates
in arthritis [142] and cystic fibrosis [71] and in the epi-
dermis of patients with psoriasis [141]. Leukotrienes
C4-Dy4-E4 have also been identified in several models of
inflammation, in particular, hypersensitivity disorders
such as asthma [61]. Therefore, those agents or dietary
interventions capable of reducing the synthesis of
LTB,4 will play an important role in reducing the in-
flammatory components that accompany various
pathological processes.

8. Essential fatty acids and aging

The recognition of FA, as mediators of several phys-
iological functions including the immune response is
recent. Interest in the effects of FA, and the potential
for therapeutic use, is a new concept. Modifications in
prostaglandin synthesis induced by dietary FA has
been shown with regard to saturated FAs, EFA de-
ficiency; LA and LNA and n-3 PUFAs. Tissue concen-
trations of these PUFAs have been shown to decrease
during aging [160,161]. Linoleic acid in particular, has
been clearly shown to decrease in the elderly subjects
while those of monounsaturated FAs increase [149].
These changes may have relevant physiological conse-
quences upon health outcome and health related path-
ologies associated with aging.

One age-related factor influencing membrane PUFA
composition, are the enzymes involved in their syn-
thesis from dietary precursors, such as LA and LNA
(Fig. 1). Studies have shown that in aging rodents,
liver capacity to desaturate n-6 and n-3 FAs increased,
while that of their brain decreased [31,73,77]. However,
other studies have shown that in aged rodents, the
desaturase capacity of the rat liver [11,14,70] and
mouse liver [18] decreases with age. Although there are
a number of conflicting results reported, it is generally
thought, that A6 and A5 desaturase activities decline
during aging. Interestingly, dietary supplementation
with EFAs can influence age-related changes in desa-
turase activity [14,32,40,76]. In this regard, with a
decline in A6 desaturase activity, high consumption of
LA and LNA would have a reduced impact on the

synthesis of longer-chained PUFAs. However, the con-
sumption of diets containing C20 and 22 PUFAs
would avoid this limiting factor. Similar affects have
also been shown with dietary supplementation of
yLNA, often in the dietary form of evening primrose
oil, which would by-pass the initial A6 desaturase step,
and hence provide a source for n-6 PUFAs. This may
be important, as yLNA increases the content of its
elongase product DGLA within cell membranes with-
out concomitant changes in AA [108]. Subsequently,
upon stimulation, DGLA can be converted by inflam-
matory cells to 15-(S)-hydroxy-8,11,13-eicosatrienoic
acid and PGE;. This is noteworthy, because both these
compounds posses anti-inflammatory and antiproli-
ferative properties [35,108].

While changes in PUFA synthesis plays an import-
ant role, due attention must also be paid to the role
played by oxidative stress (OS), which refers to the
cytopathologic consequences of a mismatch between
the production of reactive oxygen species (ROS) and
the cells ability to defend itself against them. Numer-
ous studies have been performed in this regard, which
have shown an age-related increase in ROS and their
deleterious effects on lipids, in particular their PUFA
components. These age-related declines in peripheral
tissue PUFAs compositions, have previously been
shown [160,161]. The increase in lipid peroxidation
alters membrane permeability as well as oxidation of
structurally important proteins, consequently disrupt-
ing transmembrane ion movements and cellular meta-
bolic processes [82,137].

Brain synaptic function, has also been shown to be
compromised, as a consequence of aging [145]. One
particular feature observed was an increase in lipid
peroxidation end-products which was reflected by the
decline in membrane PUFAs such as DHA. Morpho-
logical and functional changes found to correlate with
PUFA declines, included: swollen astrocytes, deformed
nerve cell nuclei, reduced acetylcholine release and
decreased membrane fluidity [145]. These detriments
could however, be reduced with antioxidant pre-sup-
plementation. In addition, oxidative damage to cellular
membranes plays an important role in the pathobiol-
ogy of both chronic and acute tissue injuries. In fact it
has been hypothesised, that in various disease con-
ditions such as diabetes, cystic fibrosis, kwashiorkor,
multiple sclerosis and some other neurological dis-
orders in which some form of oxidative stress is
involved, tissue FA patterns are characteristic of EFA
deficiency [49]. Essential fatty acids also appear to play
important roles on cytotoxic and tumour cell drug re-
sistance to a variety of tumour cells in vitro, as found
with LA and EPA, which potentiate the cytotoxicity of
the anti-cancer drug: vincristine. These results, coupled
with the observation that various FAs can alter the ac-
tivity of cell membrane bound enzymes such as Na™,
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K "-ATPase and 5’-nucleotidase [143,150], levels of
various antioxidants [63], p53 expression and the con-
centrations of protein kinase C [42,125], suggest that
EFAs and their metabolites, may significantly influence
tumour cell drug resistance and tumor development.
However, the effect of EFAs on cellular response still
remains to be fully characterized.

Growing data from experimental models and from
autopsies of human brain, implicate oxidative stress in
diseases such as: Parkinsons’s disease (PD), Alzhei-
mer’s disease (AD), and amyotrophic lateral sclerosis
(ALS) [78,123]. Increased lipid peroxidation in the sub-
stantia nigra is one manifestation that occurs in Par-
kinson patients, along with increased dopamine
turnover, reduced glutathione levels, elevated iron
levels [102]. Increased lipid peroxidation, has also been
observed in those diagnosed with Alzheimer’s. Prasad
[106] showed, that the PE fraction of Alzheimer’s dis-
eased brains, in particular regions such as hippo-
campus, parahippocampal gryus and inferior parietal
lobule exhibited significant declines in concentrations
of in particular DHA, AA and stearic acid (18:0).
Unfortunately, there is a paucity of studies that have
reported the role of diet and these diseases. What the
results indicate, is that the EFA components of brain
membranes are targets for OS, which appears to par-
ticipate in the onset of these diseases. It seems likely
that this is a progressive accumulation of damage, not
a sudden insult, as these neurodegenerative diseases
are most prominent in the elderly. The question
remains ‘“‘can eating sufficient/appropriate amount of
EFAs help against the onset of these diseases?”’. Cynics
would argue that surely by consuming more dietary
EFA that this will only accommodate ROS in their
destructive roles. This may well be true, but results
have shown that consumption of EFA does not
potentiate the damage induced by ROS. Calviello [22]
reported that low doses of EPA and DHA (360 mg/kg
body weight/day) substantially modified the membrane
composition of these particular FAs, without increas-
ing susceptibility to oxidative stress. Unfortunately,
this study did not examine the FA composition of
brain membranes, which would have responded well to
this supplementation. This would have been a good
marker to test oxidative stress, since brain tissue has a
low antioxidant status compared with other peripheral
tissues [160,161]. Venkatraman [148] showed that in
rat liver, following consumption of a 10% fish oil diet,
there were significant increases in antioxidant defenses
as compared with those receiving corn oil diet. Similar
findings using Swiss 3T3 fibroblasts were reported by
Benito and co-workers [7]. They found that enrichment
of media with 5.6% EPA significantly increased super-
oxide dismutase, glutathione peroxidase and transfer-
ase activities compared with media that had been
supplemented with LA.

It is interesting to note, that a number of other stu-
dies have shown negative effects related to LA sup-
plementation, particularly its relationship  with
cytokines. It has been known for several years that
CNS damage by infection, trauma, toxic agents, or
oxidative stress usually leads to the formation of
increased amounts of injury mediators such as Tumor
Necrosis Factor (TNFa) and/or interleukine-15 (IL-
1) [158]. Increased levels of these two cytokines, are
linked to numerous degenerative diseases, including
neurological disorders. These inflammatory disorders
are complex and involve the activation of different
genes, and the expression a large array of proteins
with distinct activity involved in the molecular and cel-
lular inflammatory responses [113]. Interestingly, an
increased production of proinflammatory cytokines in
the absence of the inflammatory stimulus is a frequent
phenomenon that occurs in the elderly [85]. In con-
junction with this observation, it has also been
reported that TNFu is produced in higher amounts
during cytotoxic reactions in the elderly [26]. Even
though the CNS cytokines play crucial roles in regulat-
ing the immune response to foreign antigens (infec-
tions), and in developing cellular and humoral
immunity and inflammatory responses in brain, their
toxic effects may be detrimental. In fact, an association
has been demonstrated between cytokines and the pro-
duction of oxygen species, changes in cell membrane
composition, regulation of adhesion molecules, and
apoptosis [90]. Toberek [138] found that LA may influ-
ence cytokine mediated cell dysfunction including
TNFo induced apoptosis. Although this study investi-
gated this action in endothelial cells, it seems feasible
that this may also be a physiological occurrence within
brain cells. Such disruption may explain in part, the
observed cognitive impairment in the participants of
the Zutphen study consuming high LA. Other detri-
mental affects associated with LA have also been
reported. Increased OS as measured by urinary ex-
cretion of 8-iso PGF,,, a product of a free radical cat-
alyzed reaction, was found following dietary
supplementation with 11.5% LA [144]. Adverse affects
associated with Parkinson’s have also been linked with
LA. Pezzella [104], found that exposure of dopamine,
which is known to have an increased turnover as
characteristic of this disease, to an excess of LA in the
presence of ferrous irons, potentiates the production of
the neurotoxin quinone of 6-hydroxydopamine. The
involvement of AA derived products, have been shown
to be involved in the production and functions of cyto-
kines, thus, it has been proposed that dietary effects
on eicosanoid production could have important effects
on cytokine production [27,98].

It is important that the reader also be aware of the
roles played by EFAs in ischemic brain injury. Over
recent years, knowledge about the mechanisms of
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ischemic brain damage has increased considerably.
Onset of cerebral ischemia results in a series of changes
in brain metabolism, which eventually leads to declines
in/loss of neuronal function. Alterations in membrane
integrity during an ischemic insult can be attributed to
phospholipid degradation. This may as a consequence
of increased activation of phospholipases during an
ischemic condition [112], and increased free radical
reactions on membranes [154]. This degradation of
membrane phospholipids leads to an increased level of
free fatty acids. Furthermore, AA liberated from the
membrane and its metabolites, has been shown to be
the major contributor of disturbances in membrane
functions, for example, declines in mitochondrial res-
piratory function [51,132] and ion transport systems
[109].

As mentioned earlier, the generation of AA metab-
olites by cyclo-oxygenase and lipoxygenase requires
oxygen, such that their production occurs predomi-
nantly during reperfusion. With these factors borne in
mind, numerous studies have investigated how dietary
EFAs may be able to ameliorate some of the deleter-
ious symptoms associated with ischemia/reperfusion.
This has been shown, following dietary supplemen-
tation with; ethyl docosahexaenoate [43], ethyl eicosa-
pentate [65] and fish oils [68,86]. Thus, limiting the
amount membrane AA, through manipulation by diet-
ary n-6 FAs such as DHA or EPA will inevitably
reduce the amount of free AA generated during ische-
mia/reperfusion and consequently less AA metabolites.
In addition, it was reported earlier, that the activity of
PLA,, a rate limiting step in the release of AA from
membrane phospholipid could be reduced by dietary
DHA, which too can reduce the availability of free
AA for metabolism into various eicosanoids [59,80].

A vast amount of work still remains to be investi-
gated, regarding these observations before any general
conclusions can be made. What these studies continue
to show, are the diverse roles played by PUFAs and
how members from different families exhibit/manifest
different cellular functions/responses. Nonetheless, the
findings that an optimum DHA milieu is important in
various cognitive, behavioral and memory functions
would suggest an important role for these PUFAs, and
that this enhancement may preclude/delay the onset of
neurodegenerative diseases. This is not to say that it
will prevent their onset. The age-related decline in
PUFAs may also play a part, in the detrimental roles
that appear to be related to LA. A decline in the syn-
thesis of PUFA from dietary LA will ultimately result
in the increase incorporation of this FA into cell mem-
branes. Likewise, cell membrane concentrations of this
FA will also increase as a percentage of total FA, as
PUFA concentrations decline from increased insult by
ROS.

9. Conclusions

As early as 1929, Burr and Burr reported the
essentiality for linoleic and linolenic acid in the
human diet. Aptly these fatty acids became to be
referred to as “‘essential fatty acids” and with time,
and increasing knowledge, so did their various desa-
turated and elongated derivatives (Fig. 1). A vast
amount of literature has shown the effects of modu-
lating membrane FA composition on the functional
efficacy of certain membrane associated enzymes as
well as the functional roles of the whole tissue i.e.
brain. Change in the membranes’ fluidity appears to
have the greatest influence on functional role played
by certain enzymes. A tight control of FA inter-
actions and their hydrophobic associations with pro-
teins, as well as their influence on protein—protein
interactions, contributes to attaining an appropriate
state of fluidity, for the cell to perform its normal
functions. These associations, have been shown to
be altered by dietary consumption of different FAs.
Two families, n-6 and n-3 exert the most influence,
the content in membranes often reflecting the predo-
minant dietary source.

Dictary sources that are bias to one FA family,
often predispose cell membranes to those FAs. In gen-
eral, the results observed from the studies reviewed
here would indicate to the reader that maintaining an
appropriate membrane EFA status is extremely im-
portant, in so far as cell functions. Those EFAs that
appear to have more biological importance are mem-
bers of the n-6 family in particular DHA. Maintaining
concentrations of this PUFA, is likely to favor
enhanced cognitive, learning and memory functions. It
would appear that neurodegenerative disorders, such
as PD and AD for example, often exhibit significant
declines in this and other PUFAs, which may in part,
contribute to some of the observed declines in brain
functions. Eating a diet that would supply/maintain
concentrations of these PUFAs, may help to delay the
changes associated with diseases. The problem facing
those already exhibiting clinical signs of these diseases
is that a simple dietary regime may not be sufficient to
reverse the process. It may be that a nutritional sup-
plement of PUFAs is required, not to retard the dis-
ease but possibly help maintain the status quo of the
individuals’ general mental health. Unfortunately this
may have certain drawbacks, especially when one
raises the question of OS and the increase in lipid per-
oxidation of the PUFA components of cell mem-
branes. The solution would therefore be, to provide in
addition to essential PUFAs (without compromising
their beneficial effects), antioxidant supplements such
as vitamin E. In accordance with this, results from our
lab have shown that consumption of fruit and veg-
etables rich in antioxidant flavanoids may contribute
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against the deleterious affects associated with ROS
damage to brain function [12,60,122]. These and other
types of antioxidant supplementation with an appro-
priate proportion of n-3 FA are the principle dietary
components one should consume to help protect
against insults associated with aging.
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