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Dietary polyunsaturated fatty acids (PUFA) have effects on diverse physiological processes impacting
normal health and chronic diseases, such as the regulation of plasma lipid levels, cardiovascular and immune
function, insulin action and neuronal development and visual function. Ingestion of PUFA will lead to their
distribution to virtually every cell in the body with effects on membrane composition and function, eicosanoid
synthesis, cellular signaling and regulation of gene expression. Cell specific lipid metabolism, as well as the
expression of fatty acid-regulated transcription factors, likely play an important role in determining how cells
respond to changes in PUFA composition. This review will focus on recent advances on the essentiality of these
molecules and on their interplay in cell physiology, leading to new perspective in different therapeutic fields.

Key teaching points:

• During the last 100–150 years nutritional changes have been taking place in the food supply, with the result of increased intake
of saturated- and trans-fatty acids and enormously of n-6 fatty acids, thus altering the equilibrium between n-6 and n-3
polyunsaturated fatty acids.

• Polyunsaturated fatty acids in the plasma membranes are converted into a number of important, very active, short-lived,
hormone-like compounds referred to as “eicosanoids.”

• Polyunsaturated fatty acids elicit changes in gene expression that precede changes in membrane composition by directly governing
the activity of nuclear transcription factors.

• The therapeutic efficacy of polyunsaturated fatty acids has been demonstrated in cardiovascular disease, dyslipidemias and
diabetes. Promising results has been obtained in inflammatory diseases, cancer and osteoporosis.

• The central nervous system is particularly rich in polyunsaturated fatty acids and the cerebral accretion of these fatty acids may
have been decisive in the evolution of Homo sapiens.

INTRODUCTION

Dietary intake of lipids amounts to 25%–45% of total
energy in most industrialized countries. From a biochemical

point of view the fatty acids have attracted the greatest interest
recently. Most of the dietary fatty acids are derived from meats,
oils and dairy products, giving rise to a large intake of saturated
as well as monounsaturated fatty acids and relatively modest
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amount of polyenes. Saturated fats and cholesterol represent the
most established risk factor in our diets for CVD, whereas
monoenes and PUFA probably are the most important lipids
that would provide beneficial effects if the dietary intake is
increased.

Cardiovascular diseases, dyslipidemias, diabetes, osteopo-
rosis, inflammatory diseases and cancer are all related to di-
etary factors. How is it possible that PUFA are involved in such
different pathologies? First of all, PUFA metabolism is deeply
involved in eicosanoid biosynthesis, essential for the mainte-
nance of physiological homeostasis. Secondly, PUFA interact
with nuclear receptor proteins that bind to certain regions of
DNA and thereby are able to modulate transcription of regu-
latory genes. This newly determined mechanism of action will
probably give much more understanding on how some of the
metabolic effects of PUFA can be promoted.

These interactions provide a good basis for clinical use of
these very interesting nutrients, both as dietary components and
as future drugs with potentially beneficial effects and few side
effects.

BACKGROUND

Chemistry

Chemically, PUFA belong to the class of simple lipids, as
they are fatty acids with two or more double bonds in cis
configuration.

There are two main families of PUFA: n-3 and n-6. These
fatty acids family are not convertible and have very different
biochemical roles.

Linoleic acid (n-6) (LA) and alpha-linolenic acid (n-3)
(LNA) are two of the main representative compounds, known
as dietary essential fatty acids (EFA) because they prevent
deficiency symptoms and cannot be synthesized by humans.

Sources of PUFA

The predominant sources of n-3 fatty acids are vegetable
oils and fish. Vegetable oils are the major sources of LNA. In
particular, LNA is found in the chloroplast of green leafy
vegetables, such as purslane and spinach, and in seeds of flax,
linseed, walnuts and others [1]. Fish is the main source of
eicosapentaenoic acid (C20:5n-3, EPA) and of docosahexae-
noic acid (C22:6n-3, DHA) [2]. Vegetables are the main
sources of n-6 fatty acids. The most important n-6 fatty acid,
LA, is found in large amounts in western diets in corn oil,
safflower oil, sunflower oil, and soybean oil [3]. A more
detailed description of PUFA content in food is reported in
Table 1.

Evolutionary Aspects of Diet

Studies of hunter-gatherer societies indicate that humans
evolved on a diet that was low in saturated fat and the amount

of n-3 and n-6 fatty acids was quite equal. Over the past 10,000
years with the development of agriculture, changes began to
take place in the food supply. But it was especially during the
last 100–150 years that nutritional changes have led to an
increase in saturated fats from grain-fed cattle, an increase in
trans-fatty acids from the hydrogenation of vegetable oils and
an enormous increase in n-6 fatty acids (about 30 g/day) due to
the production of oils from vegetable seeds such as corn,
safflower and cotton.

Increases in meat consumption have led to increased
amounts of arachidonic acid (C20:4n-6, AA), about 0.2–1.0
mg/day [4], whereas the amount of LNA is only 2.92 g/day [5],
and amounts of EPA, DHA are 48 and 72 mg/day, respectively.
Thus, a relative and absolute decrease in the amount of n-3 fatty
acids has led to an imbalance and increase in the ratio of
n-6/n-3.

Recommended Intakes of PUFA

The increased interest in the potential health benefits asso-
ciated with the consumption of long-chain n-3 fatty acids has
led to the sale of supplements and fortified foods containing
these fatty acids.

In Europe, estimates of minimum requirements for essential
fatty acids are often based on the Report of the Panel on
Dietary Reference Values of the Committee on Medical Aspects
of Food Policy, in which the suggested minimum requirement
for LA is approximately 1% of energy intake. The same report
suggested that the minimum requirement for LNA was 0.2%–
0.5% of energy intake [6,7].

In the United States, to date, no official dietary recommen-
dations have been made; however, it is suggested that total
PUFA intake should remain at 7% of energy and not exceed
10% of energy intake [8].

In Japan, despite the currently consumed dietary intake of
fat as percent of energy bring approximately 26%, with a
balanced intake of n-6 and n-3 PUFA, a gradual increased in
the ratio, particularly in young persons, is observed. Hence, a
more exhaustive nutritional education effort is necessary [9].

Metabolism of PUFA

Diet primarily contains EFA in the form of LA and LNA.
Within the human organism these 18-carbon precursors can be
elongated and desaturated to more highly unsaturated members
of their family, principally AA and DHA. The liver is the
primary site for EFA metabolism, although it does take place in
other tissue as well [10].

The first part of the metabolic pathway leading to AA and
EPA (C20:4 n-6 and C20:5 n-3) takes place in the endoplasmic
reticulum and consists of sequential alternating elongation and
desaturation steps catalyzed by fatty acid elongase, �6- and
�5-desaturase. The �6-desaturase seems to be the rate-limiting
step of the pathway. The mechanism of the final conversion to
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22:5n-6 and DHA is still not agreed upon by all lipid biochem-
ists. Traditionally, it has been thought to occur via a �4-
desaturase [11], but no proof of the existence of this enzyme has
ever been found [12]. Currently, most lipid biochemists are con-
vinced that the last part occurs primarily via chain elongation and
desaturation followed by a retro-conversion step of peroxisomal
beta-oxidation, the so-called “Sprecher pathway” [13].

Infante and Huszagh [14,15] believe that the current evi-
dence supports their proposal that the biosynthesis of 22:5n-6
and DHA occur via separate channeled carnitine-dependent
mitochondrial pathways. According to their view, the outer
mitochondrial membrane could well be the sole site for DHA,
whereas 22:5 n-6, EPA and AA could be synthesized in the
endoplasmic reticulum as well. They suggest that the mitochon-
dria and microsomal system could be interregulated compen-
satory-redundant systems. The reaction starts with an 18:3n-3
carnitine complex which is transported across the outer mito-
chondrial membrane, followed by binding of 18:3n-3 to a

Table 1. PUFA Content of Selected Foods

Source
Linoleic

Acid
Linolenic

Acid
Arachidonic

Acid

Cow’s milk 89 61 trace
Emmental cheese 650 370 28
Feta cheese 330 260
Gruyere cheese 1300 430
Mother’s milk 380 22 4.2
Mozzarella cheese 350 140
Parmesan cheese 270 300
Ricotta cheese 320 130
Sheep milk 160 120

Chicken egg (whole) 1350 70 70
Chicken egg (yolk) 3800 220 221

Butter fat 2300 1400
Canola oil 19100 8600
Coconut oil 1400
Corn oil 50000 900
Cotton seed oil 47800 1000
Lard 8600 1000 1070
Linseed oil 13400 55300
Margarine 17600 1900
Olive oil 8000 950
Peanut oil 23900 trace
Safflower oil 74000 470
Shark oil 270 5080
Soybean oil 53400 7600
Sunflower oil 60200 500

Bacon 6080 250 250
Beef (muscles only) 80
Calf’s kidney 61 61
Chicken (breast) 980 2.7 112
Chicken (leg) 370 10 190
Ham cooked 1100 70 50
Ham raw 2480 160 130
Horse meat (average) 160 260
Pork (muscles only) 110 25
Turkey (breast) 180 50
Turkey (leg) 750
Veal (muscles only) 197 9.1 53

Asparagus 70 6
Beans 53 62
Carrot 104.5 12.3
Cauliflower 29 109
Garlic 62 5.5
Lettuce 52 71
Peas 247 50
Potato 32.12 22.75
Purslane 89 405
Soya bean 8650 1000
Spinach 14 89
Tomato 91 9
Anchovy 50 30 10
Cod 4 2 3
Cray Fish 30 10 190
Eel 120
Herring 150 61.66 36.66
Mullet 60 26.66 210

(Table continues)

Table 1. Continued

Source
Linoleic

Acid
Linolenic

Acid
Arachidonic

Acid

Mussel 60 10 40
Oyster 10 40 10
Pike 27.57 47.33 50
Red fish (red perch) 100 45 240
Salmon 440 550 300
Sardine 100 50 10
Sole 47.5 10 23.33
Swordfish 40 230 90
Trout 74 30
Tuna 260 270 280

Maize 1630 40
Pasta made with eggs 830 76
Rice (unpolished) 780 30

Almond 9860 260
Apple 174 46
Avocado 1970 trace
Banana 34.5 24.5
Brazil nut 24900 trace
Cherry 47 46
Coconut 680 trace
Grape 111 36
Grapefruit 42 12
Macadamia nut 1300
Olive 1120 130
Peanut 13900 530
Pear 108 36
Pistachio 6500 270
Plum 63 31
Strawberry 132 112
Walnut 34100 6800 590

Data are expressed as mg/100 g edible portion.

Sources: Souci SV, Fachmann W, Kraut H: Food Composition and Nutrition

Tables 1989/1990. Wissenschaftliche Verlagsgesellschaft mbH Stuttgart. Simo-

poulos AP: Purslane: A terrestrial source of omega-3. N Engl J Med 315:833,

1986.
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multifunctional enzyme complex. A series of desaturations and
elongations follow; each of the three desaturation steps (�6, �5,
�4 n-3 desaturases) requires two molecules of the �-tocopherol
metabolite as an electron withdrawing cofactor.

From several in vivo and in vitro studies with different
animal species it is well known that LNA, LA and oleic acid
(18:1n-9) compete for the same �6-desaturase in the metabolic
cascade. Dietary studies on rats and other animals have shown
that LNA is a strong suppressor of n-6 fatty acid metabolism,
whereas 10 times as much LA is required to give an equal
suppression of n-3 metabolism [11]. In vitro studies on rat liver
microsomes have confirmed that the n-6 and n-3 substrate
competition occurs at several steps in the microsomal pathway
[16]. These effects may not only be mediated by direct com-
petitive mechanisms, but also very likely via regulation of the
activity or abundance of desaturation and elongation enzymes
at the level of expression of corresponding gene [17].

BIOLOGICAL AND FUNCTIONAL
EFFECTS OF PUFA

Essentiality

Both LNA and LA are now regarded as nutritionally EFA.
The classic symptoms of essential fatty acid deficiency (der-
matitis, growth retardation and infertility) relate to the biolog-
ical function of n-6 fatty acids [18]: LA is a structural compo-
nent in the ceramides of the water barrier of the skin; AA is a
precursor of eicosanoids; n-6 fatty acids possibly also play a
role as second messengers in the process of signal transduction
across cell membranes; LA deficiency may develop as a sec-
ondary condition in other disorders, such as protein energy
malnutrition and fat malabsorption, as a consequence of total
parenteral nutrition with inadequate LA intakes.

The understanding of the essentiality of the n-3 fatty acids
lags behind. The n-3 fatty acids can in part substitute for the n-6
fatty acids, maybe as a sparing effect, in ameliorating some of
the EFA deficiency symptoms, but are now considered also to
have their own distinct role.

The biological functions of dietary n-3 fatty acids in the
organism are [18]: to provide energy and carbon atoms; EPA
and DHA serve as a precursor for “n-3 eicosanoids;” increasing
evidence points to a specific role of DHA in membrane func-
tion, especially in retina and in neuronal tissues. Deficiencies of
n-3 PUFA lead to a loss of DHA from brain and retina-rod
outer segment phospholipids with a compensatory replacement
by 22:5 n-6. This minor change in membrane phospholipid
structure is sufficient to lead to memory loss, learning disabil-
ities and impaired visual acuity.

Eicosanoid Metabolism

EFA in the plasma membranes serve as substrates for the
enzyme cyclooxigenase (COX) and lipooxygenase (LOX) and

are converted into a number of important, very active, short-
lived, hormone-like compounds referred to as “eicosanoids.”

In human beings, AA is the most abundant precursor; it is
either derived from dietary LA or ingested as a dietary constit-
uent. Arachidonate is esterified to the phospholipids of cell
membranes or other complex lipids; since the concentration of
free AA in the cell is very low, the biosynthesis of eicosanoids
depends primarily upon its release from cellular stores by
phospholipase A2 (PLA2).

Eicosanoids influence numerous metabolic activities includ-
ing platelet aggregation, inflammation, hemorrhage, vasocon-
striction and vasodilatation, blood pressure and immune func-
tions.

In particular, AA is the substrate for the “series 2” prosta-
glandins (PGE), prostacyclins (PGI), thromboxanes (TX) and
leukotrienes (LTB4, series B4 LT); EPA is the substrate for the
“series 3” prostanoids and LTB5 (series B5 LT);

The PUFA-mediated immune response may be altered by
changes in the production of immunologic mediators such as
cytokines [19].

From the precursors AA and EPA, the synthesis of prosta-
glandins is accomplished by COX, a ubiquitous complex of
microsomal enzymes (also called endoperoxide synthase or
fatty acid cyclooxygenase). There are at least two isoforms of
this enzyme: COX-1 and COX-2. The former is constitutively
expressed in most cells (i.e., gastric mucosa, vasculature, glo-
meruli and collecting ducts of the kidney), but is more concen-
trated in the endoplasmic reticulum. In contrast, COX-2 is
normally not present, but may be induced, both in the endo-
plasmic reticulum and over the surface of the nucleus, at sites
of inflammation, by certain serum factors as inflammatory
cytokines (IL-1�, IL-6, TNF-�) and growth factors (TGF-�,
EGF), tumor promoters (phorbol esters), and cAMP [20].

The preferred substrates of COXs contain at least three
double bonds in well-defined positions. These are DGLA, AA
and EPA, which contain 3, 4 and 5 double bonds, respectively.
Another major n-3 PUFA in fish oil, DHA, inhibits COX-1
[21]. Moreover, COX-2 appears much more accommodating
than COX-1 in that it oxidizes 18 carbon PUFA with much
higher efficiency than COX-1 [22].

More recently an “unorthodox” metabolic route for PUFA
oxidation has been focused on. In particular, PUFA derived
from membrane phospholipids can undergo autooxidation in
vivo, generating a complex mixture of hydroperoxides, epox-
ides and cyclic peroxides [23].

Of particular medical interest are the isoprostanes and ep-
oxides of AA and other PUFA. Isoprostanes of PUFA consti-
tute a family of prostaglandin-related compounds, acting as
autacoids: the urinary isoprostane index offers a method to
estimate lipid peroxidation in various diseases. Epoxides of
PUFA can be formed by autooxidation, by cytochrome P450
and possibly by the oxidative burst of inflammatory cells [23].
Epoxides of LNA are toxic, whereas epoxides of AA have a
wide range of biological effects; in particular, the 5,6-epoxide
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of AA is an excellent substrate of COX and thromboxane
synthase, with vascular and renal effects [24,25].

The metabolites of EPA, DHA and AA have competitive
functions: i.e., ingestion of EPA and DHA from fish or fish oil
replaces AA from membrane phospholipids in practically all
cells, especially those of platelets, erythrocytes, neutrophils,
monocytes and liver cells.

Because of the increased amount of n-6 fatty acids in the
Western diet, the eicosanoid metabolic products from AA are
formed in larger quantities than those formed from n-3 fatty
acids. The eicosanoids from AA are biologically active in small
quantities and, if formed in large amounts, contribute to the
formation of thrombi and atheromas, the development of aller-
gic and inflammatory disorders, and cell proliferation.

Therefore, ingestion of EPA and DHA from fish or fish oil
leads to a more physiologic state characterized by the produc-
tion of prostanoids and leukotrienes that have antithrombotic,
antichemotactic, antivasoconstrictive and anti-inflammatory
properties [26,27].

Gene Expression: Epigenetic Properties of PUFA

Fuel metabolism in mammals is exquisitely regulated to
ensure the generation of the energy needed for cellular func-
tions. The search for the signaling pathway involved in the
effects of specific nutrients on gene transcription is now under
way, and several candidate proteins have been identified.

Dietary n-6 and n-3 PUFA have long been recognized as
being able to exert experimentally unique influences on meta-
bolic pathways and cellular growth [28]: the ingestion of very
long-chain PUFA (e.g., EPA) enhances mitochondrial and per-
oxisomal fatty acid oxidation [29,30]; linoleate consumption
suppresses the hyperproliferation of keratinocytes associated
with essential fatty acid deficiency [31]; arachidonate promotes
cellular growth in chemically induced mammary cancer [32]
and stimulates in vitro the conversion of preadipocytes to
adipocytes [33]; changes in mRNAs encoding several lipogenic
enzymes can be detected within hours of feeding animals diets
enriched in n-3 PUFA [34,35].

These effects are sustained so long as the n-3 PUFA remains
in the diet. In these cases, the fatty acids act like a hormone to
control the activity or abundance of key transcription factors.
The discovery that some fatty acids can act as hormones that
control the activity of transcription factors demonstrated that
fatty acids are not merely passive energy-providing molecules
but are also metabolic regulators. This finding opens novel
perspectives for deeper understanding of energy metabolism
and therapeutic interventions.

Through the application of molecular biology techniques it
was discovered that PUFA elicit changes in gene expression
that precede changes in membrane composition by directly
governing the activity of nuclear transcription factors [17,36].
PUFA regulation of gene transcription occurred within a matter
of minutes: such a time frame was too rapid to be explained

simply by changes in membrane composition and altered hor-
mone release or signaling, but is most consistent with a ligand-
mediated event [17].

Peroxisome proliferator-activated receptor-� (PPAR-�) was
the first transcription factor identified as a prospective fatty
acid receptor [37]. PPAR-� plays a role in the regulation of an
extensive network of genes involved in glucose and lipid me-
tabolism.

The finding that PUFA are potent PPAR activators parallels
the metabolic findings that in animal models n-6 and n-3 PUFA
are potent inducers of fatty acid oxidation and potent suppres-
sors of fatty acid and triacylglycerol synthesis [29,30,36].

Numerous reports unequivocally established that the 5�

flanking regions of genes encoding carnitine palmitoyltrans-
ferase, acyl-CoA oxidase, mitochondrial hydroxymethylglu-
taryl-CoA synthase, fatty acyl-CoA synthetase and mitochon-
drial uncoupling proteins all contain DNA recognition
sequences for PPAR [38–41]. Moreover, dietary studies re-
vealed that, in animals fed with a diet rich in 20-carbon and
22-carbon PUFA, the expression of the aforementioned genes
significantly increases and the induction of these genes is
associated with higher rates of fat oxidation and reduced body
fat deposition [39–41].

However, studies with the PPAR-� null mouse have shown
that PPAR-� is not the sole transcription factor involved in
mediating fatty acid effects on gene transcription.

PPAR-� also binds 20:5n-3. Activated PPAR-� induces
lipoprotein lipase and fatty acid transporters and enhances
adipocyte differentiation as well as inhibits the function of the
transcription factor NF-kB and cytokines, and therefore COX-2
expression [37].

In rodent models, pharmacological activation of PPAR-�
and PPAR-� reduces lipid levels in muscle and adipose tissue
and improves insulin sensitivity in these tissues [42,43]. Al-
though n-3 PUFA are weak agonists of PPAR when compared
with pharmacological agonists (e.g. thiazolidinediones), n-3
PUFA have significant effects on insulin sensitivity in various
tissues, particularly skeletal muscle [44].

In addition to the PPAR family (PPAR-�, -�, -�1, and -�2)
several other transcription factors have been identified as tar-
gets for fatty acid regulation, including hepatic nuclear fac-
tor-4� (HNF-4�), sterol regulatory element-binding protein
(SREBP), liver X receptors (LXR-� and -�), retinoid X recep-
tors (RXR-�), and NF-kB [17,45–48]. It is noteworthy to
mention that in order to bind to DNA and activate transcription,
PPAR requires the formation of heterodimers with RXR.

Recently, the liver X receptors (LXR-� and LXR-�) were
identified as targets for fatty acid regulation [43,48]. LXRs
bind oxysterols and regulate the expression of genes involved
in hepatic bile acid synthesis [49]. PUFA antagonize oxysterol
activation by LXR-� in HEK 293 and hepatoma cell lines by
interfering with oxysterol binding.

LXRs also play a major role in lipogenesis through the
regulation of transcription of the gene encoding the SREBP-1c
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isoform [50], a transcription factor required for the insulin-
mediated induction of hepatic fatty acid and triglyceride syn-
thesis [51]. Diets supplemented with olive, corn, soybean or
walnut oil at �20% of total calories suppress hepatic lipogenic
gene expression by suppressing the transcription of many genes
involved in de novo lipogenesis including fatty acid synthase,
stearoyl-CoA desaturase-1, L-pyruvate kinase, and S14 protein
[35,52–55]. One more piece evidence is that PUFA suppress
the nuclear content of SREBP-1c [17]. The hierarchy for fatty
acid regulation of mRNA SREBP-1c levels is 20:5n-3 � 20:
4n-6 � 18:2n-6 � 18:1n-9.

These studies provided the first indication that fatty acid
regulation of hepatic de novo lipogenesis and fatty acid oxida-
tion was not mediated through a common factor, i.e. PPAR-�.
Coupling this action with the PUFA-mediated induction of PPAR-
�-regulated genes shifts hepatic metabolism away from lipid syn-
thesis and storage toward lipid oxidation [52,55]. This mechanism
prevents lipotoxicity associated with lipid overload.

Although PUFA regulation of the SREBP-1c isoform ap-
pears to be a key player in PUFA suppression of lipogenic
genes, not all glycolytic and lipogenic genes that are suppressed
by dietary PUFA contain recognition sites for SREBP-1c. An
alternative explanation is that a second PUFA-regulated tran-
scription factor may exist in the nucleus of liver cells.

One nuclear protein which may fulfill this role is hepatic
nuclear factor-4 (HNF-4) [56]. Like PPARs, HNF-4 is also a
member of the steroid receptor superfamily. HNF-4 appears to
enhance the promoter activity of selected genes (i.e., fatty acid
synthase). This enhancer activity is suppressed when PUFA
esters bind to the ligand domain of the HNF-4. In addition, an
HNF-4 recognition sequence is also a component of the PUFA-
response region of the pyruvate kinase gene [57].

Recent evidence indicates that the activity or abundance of
other nuclear receptors may be affected, including thyroid
hormone receptors (TR-�, TR-�).

TRs play an important role in metabolism, growth and
differentiation. Some data reported that PUFA inhibited bind-
ing of T3 to TR-� and TR-� [58]. Although several T3-
regulated hepatic genes are suppressed by PUFA, transfection
studies using primary hepatocytes have failed to show that TR
or thyroid hormone response elements are major targets for
PUFA regulation of these genes [28,34]. An exception to this is
seen when n-3 PUFA activate PPAR-�, leading to a sequestra-
tion of RXR (as mentioned above PPAR requires the formation
of heterodimers with RXR) and inhibition of gene transcription
through the interference with T3 action at the thyroid hormone
response elements [59].

FACTORS AFFECTING PUFA STATUS

Adequate supplies of EFAs are required throughout devel-
opment and adult life in order to maintain normal functions

(e.g., brain retinal function, reactivity of immune and inflam-
matory system, cardiovascular performance). As noted above,
the truly essential fatty acids are LA and LNA, but it is clear
that their long-chain PUFA derivatives (AA, EPA and DHA)
are most important too. Unfortunately, various factors can
interfere with the conversion of the parent EFAs to long-chain
PUFA [60] acting at the level of desaturase.

Exercise Training

Regular exercise training per se influences the phospholipid
fatty acid composition of muscle membranes. The effect, ex-
erted by regular exercise training on the muscle membrane
phospholipid fatty acid composition in humans, was examined
by Helge et al. [61]. Subjects performed endurance training of
the knee extensors of one leg for 4 weeks. The other leg served
as a control. Before training, after 4 days, and after 4 weeks
muscle biopsies were obtained from the vastus lateralis muscle.
After 4 weeks, the phospholipid fatty acid contents of oleic acid
18:1(n-9) and DHA were significantly higher in the trained
than in the untrained leg. The ratio between n-6 and n-3 fatty
acids was significantly lower in the trained than in the un-
trained leg. Alterations in the activity of desaturase and elon-
gase enzymes (estimated as product-to-precursor ratios of fatty
acids in skeletal muscle phospholipids) could probably also
influence fatty acid profile in skeletal muscle but it is not still
exhaustively demonstrated. In this model, diet plays a minimal
role, as the influence of dietary intake is similar on both legs.

Insulin Resistance

Several clinical studies show that insulin resistance is re-
lated to muscle phospholipid fatty acid composition [62–64].
Insulin resistance is characterized by specific changes of the
composition of fatty acids in the serum lipids and in the skeletal
muscle membranes. Impaired insulin sensitivity is associated
with high proportions of palmitic acid (16:0) and low levels of
LA in serum. In addition, there are apparent changes of the
fatty acid desaturase activities, suggesting an increased activity
of the �-9 and �-6 desaturases and a decreased activity of the
�-5 desaturase.

Experimental studies have indicated that insulin activates
the �-9 and �-6 desaturases. In experimental diabetes and in
spontaneously diabetic rats, there are reduced activities of �-9,
�-6, and �-5 liver microsomal desaturases, which are restored
after insulin treatment [65,66].

Insulin-deficient patients with type 1 diabetes have high
levels of LA and low levels of the metabolites including AA in
their serum lipids, with an increase of AA and a normalization
of the PUFA after insulin treatment [67].

A high ratio between AA and DGLA, as an indicator of �-5
desaturase activity, in the skeletal muscle phospholipids has
been related to good insulin sensitivity. Moreover, in vitro
studies, evidenced that an increased unsaturation and a de-
creased ratio of n-6 to n-3 fatty acids in the muscle membrane
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are compatible with an increased membrane fluidity, findings
that have been linked to the presence of an increased number of
insulin receptors and an increased insulin binding [68,69].

Overall evaluation of the relationships between fatty acid
composition of skeletal muscle phospholipids and muscle fiber
type, and insulin sensitivity showed that lower proportions of
PUFA and higher proportions of saturated fatty acids, particu-
larly palmitic acid (16:0), in skeletal muscle phospholipids are
associated with insulin resistance in both animals and humans
[70–73], skeletal muscle characteristics are also influenced by
environmental factors such as diet and physical activity in both
animals and human [74–76], insulin resistance is associated with
lower proportions of oxidative slow-twitch type I fibers and higher
proportions of glycolytic fast-twitch type IIb fibers in human [77],
long-term endurance training has been shown to modify in endur-
ance runner, the muscle fiber distribution, with a shift away from
the insulin-resistant type IIb fibers [78], a greater proportion of n-3
PUFA and a smaller proportion of palmitic acid (16:0) have been
observed in rat membrane phospholipids of type I fibers compared
with type IIb fibers [79].

Vitamins Deficiency

Vitamin B6 deficiency might be a crucial factor for �-6
desaturase activity, especially in aged people. In particular,
using 20 month old rats fed a diet with a subnormal level of
vitamin B6, a diminished �-6 desaturase activity for LA and
also for LNA in vitamin B6-deficient animals, being approxi-
mately 63% and 81% respectively of the corresponding activity
in control rats was observed. As a consequence, significant
modifications in the relative molar content of microsomal fatty
acids were observed. The content of AA and DHA decreased,
LA content increased, and a decrease in the unsaturation index
was observed in liver microsomes of B6-deficient rats. This
may be particularly important in aging, where �-6 desaturase
activity is already impaired [80].

Vitamin E addition in rat brain microsomal membrane sus-
pension induced an increase by more than two-fold in �-6
desaturase activity measured at substrate saturation using LA.
In contrast, this activity was reduced by 25% in the liver. This
raises the question of the multiple roles of vitamin E in mem-
branes, the control of membrane PUFA through synthesis and
their protection against peroxidation [81].

Excessive Alcohol Consumption

PUFA play a major role in membrane structures that are
modified during alcoholism as alcohol inhibits phospholipase
activity. PUFA are also precursors of second messenger eico-
sanoids involved in the regulation of blood pressure. Therefore
excessive alcohol consumption has been related to hyperten-
sion and to alterations in liver PUFA metabolism. For these
reasons the effects of ethanol on PUFA biogenesis in hepato-
cytes of Wistar Kyoto (WKY) rats and Spontaneously Hyper-
tensive Rats (SHR), and the effects of a diet enriched with n-3

PUFA which is known to modulate hypertension, was investi-
gated. Results showed that ethanol strongly inhibits the syn-
thesis of PUFA in hepatocytes from SHR, which can explain
the deficit of prostaglandin precursors observed in cardiovas-
cular diseases linked to ethanol intoxication. Diet supplemented
with n-3 PUFA reinforces the inhibition of AA synthesis, likely
by a substrate competition toward �-5 desaturation [82].

In chronic alcoholics it was demonstrated that peripheral
blood mononuclear cells (PBMC) produced less PGE2, and
neutrophils produced less LTB4 than controls. Reduced PGE2
production by PBMC of alcoholics was corrected by the addi-
tion of exogenous AA [83].

Stress

Gudbjarnason [84] showed that in rats repeated administra-
tion of epinephrine, a catecholamine increased during stress,
can alter the fatty acid composition of cardiac phospholipids. In
particular, an increase in AA and DHA content, a decrease in
LA, and a decreased ratio of n-6 to n-3, have been induced by
the catecholamine.

Drugs

Troglitazone downregulates �-6 desaturase gene expression
in human skeletal muscle cell cultures associated with a change
in the unsaturated fatty acid composition of the muscle cells
[85]. Dexamethasone-induced reductions in piglet AA status is
minimized by dietary PUFA supplement. Piglets treated with
dexamethasone grew slower and had lower bone mineral con-
tent of whole body and lower proportions of AA [86].

PUFA IN CHRONIC DISEASES

Cardiovascular Diseases

Antiarrhythmic Effects. Epidemiological and interven-
tional studies indicate that dietary n-3 PUFA reduce mortality
due to coronary heart disease (CHD). They act at a low dose,
since one or two meals with fatty fish per week is sufficient to
provide protection when compared with no fish intake [87].
Numerous experimental studies have indicated that low con-
centrations of exogenous n-3 PUFA reduce the severity of
cardiac arrhythmia. This effect is probably responsible for the
protective action of n-3 PUFA on CHD mortality. Such studies
should take into account the fact that only a low dose of n-3
PUFA (20 mg/kg/day) is necessary to afford protection [88].
Inhibition of myocardial thromboxane synthesis may play a
role in this effect [89], as well as reduced cardiac responsive-
ness to �1-adrenergic stimulation [90].

Christensen et al. [91] indicate an antiarrhythmic effect of
n-3 PUFA, in patients referred to coronary angiography, due to
a favorable shift in vagal/sympathetic balance. This evidence is
indirect but concordant with a large body of experimental and

PUFA: Effects on Metabolism

JOURNAL OF THE AMERICAN COLLEGE OF NUTRITION 287



clinical evidence that a shift in vagal/sympathetic balance in
favor of vagal modulation of the heart decreases susceptibility
to cardiac arrhythmia and sudden death. In addition, several
cardiovascular drugs that increase survival also increase vagal
modulation of the heart.

Although the overall body of evidence from epidemiologi-
cal studies and clinical trials suggest that n-3 PUFA have an
important antiarrhythmic effect in patients with CHD, the de-
tails of the antiarrhythmic action for n-3 PUFA remain to be
elucidated (relative importance of cardiac ion channel, central
or autonomic effects) [92,93].

Unfortunately, CHD is often announced by sudden cardiac
death. Moreover, it has been demonstrated that, in healthy man
followed for 17 years, base-line blood levels of long-chain n-3
fatty acids were inversely related to the risk of sudden death
[94]. The epidemiological data suggest that the benefit of
dietary fish is centered on a reduction in sudden cardiac death.

A case-control study in Seattle compared 334 victims of
out-of-hospital primary cardiac arrest with 493 population-
based controls [95]. Compared with no dietary intake of EPA,
a diet containing �5.5 g of n-3 PUFA per month was associ-
ated with a 50% decrease in the risk of primary cardiac arrest.
This study found a strong inverse association between red
blood cell n-3 fatty acid composition at the time of the arrest
and the risk of primary cardiac arrest among subjects with no
history of clinically recognized cardiac disease.

The US Physician’s Health Study investigated the effect of
dietary fish on sudden cardiac death in 20,551 US male phy-
sicians who were free of cardiovascular disease at baseline and
then followed for up to 11 years [96]. During follow-up, 133
sudden deaths (death within 1 hour) occurred. A dietary intake
of �1 fish meal per week was associated with a 52% reduction
in sudden death. Eating fish more often than once a week did
not confer additional benefit. Eating fish at least once a week
was also associated with a 30% reduction in total mortality but
not with a decrease in total myocardial infarction or non-
sudden death.

The Lyon Heart Study [97] and the Indian Heart Study [98]
have both shown in clinical trials that diet can prevent fatal and
nonfatal cardiovascular events in individuals with CHD. In
both trials, saturated fats were replaced with monounsaturated
fats and LNA present in canola oil. Vegetables and fruits were
increased in the diets in these studies as well.

In addition, fish and fish oil have been shown to reduce
all-cause mortality and cardiovascular death in patients who
had myocardial infarction [99,100]. Recently a randomized
clinical trial, the GISSI-Prevenzione Trial [100] included
11,324 persons from 172 participating Italian centers, random-
ized �3 months after myocardial infarction, to receive an
approximately 900 mg capsule of n-3 PUFA (EPA:DHA of
1:2) or a 300 mg capsule of synthetic �-tocopherol (vitamin E),
or placebo. Follow up averaged 3.5 years. There was a 20%
decrease in all deaths, a 30% decrease in cardiovascular deaths,
and a 45% decrease in sudden cardiac deaths. No significant

benefit was found for vitamin E versus placebo treatment. The
investigators concluded that n-3 PUFA supplementation signif-
icantly reduced death, particularly sudden death, but not rein-
farction or stroke. An antiarrhythmic action of n-3 PUFA was
supported by these findings.

Given the safety and low cost of implementing a recom-
mendation for a modest amount of fish in the diet, adequate
dietary fish intake has a significant role to play in the primary
and secondary prevention of out-of-hospital sudden cardiac
death.

At high doses, dietary n-3 PUFA have several beneficial
properties in human [87]: act favorably on blood characteristics
by reducing platelet aggregation and blood viscosity, are hy-
potriglyceridemic, exhibit antithrombotic and fibrinolytic ac-
tivities, exhibit antiinflammatory action, reduce ischemia/
reperfusion-induced cellular damage. This effect is apparently
due to the incorporation of EPA in membrane phospholipids.

Hypolipidemic Effects. The hypolipidemic effects of n-3
fatty acids are similar to those of n-6 fatty acids, provided that
they replace saturated fats in the diet. An added benefit is
shown by n-3 PUFA which in hypertriglyceridemic patients,
consistently lower serum triacylglycerol concentrations,
whereas the n-6 fatty acids do not and may even increase them
[101].

Another important consideration is the finding that during
chronic fish-oil feeding, post-prandial triacylglycerol concen-
trations decrease. Furthermore, Nestel [102] reported that con-
sumption of high amounts of fish oil blunted the expected rise
in plasma cholesterol concentrations in humans due to saturated
fatty acid replacement of PUFA. Studies in humans have shown
that fish oils reduce the rate of hepatic secretion of very
low-density lipoprotein and triacylglycerol and in normolipi-
demic subjects, n-3 fatty acids prevent and rapidly reverse
carbohydrate-induced hypertriglyceridemia [103].

Antithrombotic Effects. The antithrombotic effects of fish
oil are due to decreases in platelet aggregation, a decrease in
TXA2, increases in PGI2 and PGI3 production, decrease in
whole blood viscosity and an increase in bleeding time [104].

Because of the increased amount of n-6 fatty acids in the
Western diet, the eicosanoid metabolic products from AA,
specifically PGE, TX, LT, are formed in larger quantity than
those formed from n-3 fatty acids, specifically EPA. The eico-
sanoids formed from AA are biologically active in small quan-
tities and if they are formed in large amounts, they contribute
to the formation of thrombi and atheromas, the development of
allergic and inflammatory disorders, and cell proliferation.
Thus a diet rich in n-6 fatty acids shifts the physiologic state to
one that is prothrombotic and proaggregatory, with increases in
blood viscosity, vasospasm and vasoconstriction and decreases
in bleeding time.

A recent randomized controlled trial showed the n-3 PUFA
therapeutic effects on 188 stroke patients awaiting carotid
endarterectomy. The patients, divided into three experimental
groups, were treated over an average period of 42 days with
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fish oil, sunflower oil or a placebo, six times a day. Fish oil
patients received 1.4 g/daily of n-3 PUFA. Results demon-
strated that n-3 PUFA helped to make scars harmless and
stabilize the health in stroke patients who are at high risk of
atherosclerotic plaques rupturing or forming clots. It was dem-
onstrated that the proportions of EPA and DHA were higher in
carotid plaque fractions in patients receiving fish oil compared
with other groups. Fewer plaques from patients being treated
with fish oil had thin fibrous caps and signs of inflammation
and more plaques had thick fibrous caps and no signs of
inflammation, compared with plaques in other groups. The
number of macrophages in plaques from patients receiving fish
oil was lower than in the other two groups. This finding
suggests that within a short time, a modest level of dietary n-3
PUFA supplementation has a role in establishment of plaque
stability, thus reducing the risk of neurological events in pa-
tients with advanced carotid atherosclerosis [105].

Prevention of Restenosis. Restenosis is a condition caused
mainly by platelet aggregation, proliferation of smooth muscle
cells, and coronary vasospasm.

The effect of n-3 supplementation on the incidence of
restenosis after coronary angioplasty has been addressed in
several clinical studies. Results suggest that patients undergo-
ing coronary bypass surgery should be encouraged to consume
high amounts of n-3 fatty acids [106]. Moreover, it appears that
the longest the length of time that n-3 fatty acids were taken
prior to surgery, the best the results obtained so far [107].

Hypotensive Effects. Evidence from laboratory investiga-
tions, observational studies, and clinical trials indicates that
supplementation of diet with high doses of n-3 PUFA can
reduce blood pressure [108]. However, large quantities (e.g., 3
g/day) are needed to see a minimal effect in non-hypertensive
individuals and only very modest effects in hypertensive indi-
viduals. The most effective n-3 PUFA is DHA rather than EPA.
It takes large amount of EFA to have a hypotensive effect;
eating more fish or flaxseed is unlikely to be beneficial, so the
only way to get clinically significant doses is to take EFA in
supplement form.

Diabetes

Type 2 diabetes is a multigenic, multifactorial disorder,
characterized by hyperglycemia in the presence of insulin re-
sistance, hypertriglyceridemia and the development of vascular
complications.

In 1993, Borkman et al. [109] showed that hyperinsulinemia
and insulin resistance are inversely associated with the amount
of 20- and 22-carbon fatty acids in muscle cell membrane
phospholipids in patients with coronary heart disease and in
normal volunteers. Such decreases in 20- and 22-carbon fatty
acid concentrations could occur as a result of low dietary intake
of 20- and 22-carbon fatty acids, high dietary intake of trans
fatty acids, which interfere with the desaturation and elongation

of LA and LNA and thus lower AA, EPA, and DHA concen-
trations, genetic defects of �5 and �6 desaturase, genetic de-
fects that interfere with the transport or binding of 20- and
22-carbon fatty acids, such as intestinal fatty acid binding
protein, high dietary intake of LA, which leads to decreased
production of AA and interferes with the desaturation and
elongation of LNA to EPA and DHA, increased catabolism of
AA, which reduces the number of available 20- and 22-carbon
fatty acids, an increase in 20- and 22-carbon PUFA (ie, AA,
EPA, and DHA), leads to increases in membrane fluidity, the
number of insulin receptors, and insulin action [110–112].

Moreover, maternal fasting insulin levels and triglyceride
levels are significant predictors of the PUFA composition of
the child’s muscle membrane. The less unsaturated muscle
membranes in children whose mothers have higher fasting
insulin and triglyceride levels may reflect a genetic reluctance
to incorporate PUFA into membranes, thus predisposing them
to insulin resistance syndrome [113].

About 23 studies have been conducted on the effects of n-3
fatty acids in patients with type 2 diabetes [114]. In most
studies, fish oil consumption lowered serum triacylglycerol
concentrations significantly, but in some studies, plasma glu-
cose concentrations rose. In many of these studies, however,
the number of subjects was small and the dose of n-3 fatty acids
was �3 g/day and controls were lacking.

The largest and longest reported placebo-controlled trial of
the effect of n-3 fatty acids (6 g EPA and DHA/day for 6
months) on type 2 diabetes showed convincingly that n-3 fatty
acid intake, along with oral therapy for diabetes, can lower
triacylglycerol concentrations, with no adverse effects on gly-
cemic control [115].

It is also known that the concentration of serum leptin (a
hormone expressed and secreted in proportion to adipose mass)
in patients with type 1 diabetes mellitus is influenced by the
type of fat in the diet [116]. In particular it has been found that
n-3 fatty acids decreased leptin gene expression both in vivo
and in vitro. The direct effects of PUFA on leptin promoter
activity indicate a specific regulatory action of fatty acids on
leptin expression [117].

Anti-inflammatory Effects

Eicosanoids derived from AA and EPA have very similar
molecular structures but markedly different biologic effects.
For example, the EPA-derived eicosanoids are in general much
less potent inducers of inflammation than the AA-derived ei-
cosanoids. Consequently, a predominance of n-6 fatty acids
will result in a proinflammatory status with production of
prostaglandins of the 2 series and leukotrienes of the 4 series.
As the relative amount of n-3 fatty acids increases, more
prostaglandins of the 3 series and leukotrienes of the 5 series
are produced. These eicosanoids are considered to be less
inflammatory [118]. A reduction in the amount of the more
inflammatory products from AA (PGE2 and LTB4), has been
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implicated as an underlying mechanism for the anti-inflamma-
tory effects of fish oil [119].

The immune response also may be altered by changes in the
production of immunologic mediators such as cytokines [19].

The effect of PUFA on the immune response may differ
with age. In healthy geriatric dogs, dietary supplementation of
n-3 fatty acids, changes the cell-mediated immunity as demon-
strated by the delayed-type hypersensitivity (DTH) skin test
[120]. Meydani et al. [119] studied the effect of dietary n-3
fatty acids on cytokine production and lymphocyte prolifera-
tion in young and older women and found the changes to be
more dramatic in older women.

Arthritis

Supplementation with n-3 fatty acids can modulate the
expression and activity of degradative and inflammatory fac-
tors that cause cartilage destruction during arthritis. In vitro
study on bovine articular cartilage, demonstrated that incorpo-
ration of n-3 fatty acids into chondrocyte membranes results in
a dose-dependent reduction in the expression and activity of
proteoglycan degrading enzymes, and in the expression of
inflammation-inducible cytokines (IL-1� and TNF-�) and
COX-2, but not the constitutively expressed COX-1 [121].

These findings provide evidence that n-3 fatty acid supple-
mentation can specifically affect regulatory mechanisms in-
volved in chondrocyte gene transcription and thus further ad-
vocate a beneficial role for dietary fish oil supplementation in
alleviation of several of the physiological parameters that cause
and propagate arthritic disease.

Psoriasis

Altered AA metabolism plays a role in the pathogenesis of
cutaneous scaly disorders. Abnormally high levels of AA and
its lipooxygenase products LTB4 and 12-hydroxyeicosatetra-
enoic acid (12-HETE) are described in the lesions (plaques) of
patients with psoriasis. Intravenous n-3-fatty acid administra-
tion causes reduction of psoriasis, which may be related to
changes in inflammatory eicosanoid generation [122].

Ulcerative Colitis

LTB4 and PGE2, both products of AA metabolism, are
increased in patients with ulcerative colitis. In ulcerative colitis
LTB4 is an important mediator of inflammation and has the
ability to recruit additional neutrophils from the blood stream
into the mucosa, exacerbating the disease process by further
increases of LTB4 [123]. Four months of diet supplementation
with fish oil in patients with ulcerative colitis resulted in
reductions in rectal dialysate LTB4 levels, improvements in
histologic findings, weight gain and a reduction in the dose of
prednisone administered [123].

Cancer

Although the role of individual fatty acids in human cancer
risk has hitherto been poorly investigated, some recent epide-
miological and experimental data linked a high dietary intake
of n-6 PUFA, especially in association with a low intake of n-3
PUFA, to increased risk for cancer of the breast, colon, and
possibly prostate. n-6 PUFA enhance tumorigenesis and me-
tastasis in experimental animals by several mechanisms,
whereas n-3 PUFA can inhibit the growth of initiated cancer
cells.

PUFA Effects on Cell Proliferation and Signal Trans-
duction. Fat may regulate cellular functions by affecting the
expression or activity of genes in the signal transduction path-
way related to the control of cell growth and apoptosis.

High intake of n-6 PUFA experimentally induces various
physiological and metabolic effects [124,125]: increased orni-
thine decarboxylase activity in colon mucosa, resulting in en-
hanced epithelial polyamine levels and increased colon crypt
cell proliferation; enhanced activities of protein kinases (i.e.,
protein kinase C) in rodent mammary gland and the increased
number of estrogen receptor binding sites; increased prosta-
glandin concentrations; prostaglandins, thromboxanes, leuko-
trienes and hydroxy and hydroxyperoxy fatty acids are in-
volved in tumor initiation and promotion, cell proliferation,
tissue invasion and metastatic spread. Tumor cells produce
larger amounts of eicosanoids than their normal cell counter-
parts and eicosanoids ultimately derived from linoleic acid
have been linked to increased growth and metastasis. The
finding that oleic acid and omega-3 PUFA, specifically EPA,
block the desaturase reaction, the first step from linoleic acid to
eicosanoids, may partially explain their inhibitory effects on
tumorigenesis.

Experimental Data. Fay et al. [126] conducted a meta-
analysis of data on mammary tumor incidence extracted from
97 reports of experiments involving over 12,800 mice and rats
to study the effects of saturated and monounsaturated fats and
n-6 PUFA and n-3 PUFA. The results indicated that n-6 PUFA
have a strong tumor-enhancing effect, whereas the n-3 PUFA
have a small, statistically non-significant protective effect;
monounsaturated fats had no significant effect.

Hilakivi-Clarke [127] tested the hypothesis that consump-
tion of a high fat diet during gestation increases the incidence
of carcinogen-induced mammary tumors in rats. They demon-
strated that consumption of a high n-6 PUFA diet during
gestation increased the risk of developing carcinogen-induced
mammary tumors, possibly by increasing the concentration of
circulating estrogens. These data raise the possibility that hu-
man breast cancer might be prevented by dietary manipulation
during pregnancy, which has not been addressed in epidemio-
logical studies.

Hilakivi-Clarke [128] also showed that feeding pregnant
rats a high fat diet would increase both circulating 17-�-
estradiol concentrations in the dams and the risk of developing
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carcinogen-induced mammary tumors among their female off-
spring.

Several studies subsequently showed that diets containing
corn oil, with high levels of n-6 PUFA, enhance breast and
colon tumorigenesis in rodents, whereas fish oil, which is rich
in the n-3 PUFA, reduces carcinogenesis [124].

Clinical Data. In a population study, an inverse relationship
was found between a high consumption of fat from fish, rich in
n-3 PUFA, and the development of colorectal cancer. Thus,
data on mortality from colorectal cancer in 24 European coun-
tries between 1984 and 1987 were correlated with consumption
of fish and fish oil currently and 10–23 years earlier [129]. The
study showed an inverse association between death from colo-
rectal cancer and current fish intake, a weaker correlation with
fish consumption 10 years earlier and none with consumption
23 years earlier among males; the association was not signifi-
cant for females.

In a follow-up study [130], mortality from colorectal cancer
correlated with the consumption of animal but not vegetable fat
and an inverse correlation was observed with fish and fish oil
consumption when expressed as a proportion of the total or
animal fat (in countries with an animal fat consumption of 85
g/day). This correlation was significant for both males and
females and for intakes currently or 10 or 23 years before death
from cancer. The evidence from these two studies indicates that
fish oil provides protection against the promotional effects of
animal fat in colorectal carcinogenesis.

In prospective studies, the protective effects of fish con-
sumption are seen only in areas where fish consumption is high.
For instance, the incidence of colorectal cancer among black
fishermen on the west coast of South Africa is six times lower
than that in white urban dwellers, and their consumption of fish
was significantly higher (110 versus 30 g/day) [131]. A positive
correlation was found between plasma fatty acid concentration
and dietary intake, the fishermen having higher levels of cir-
culating n-3 PUFA. In a study in Norway, intake of fish in
general had no protective effect against colon cancer, but the
relative risk of men and women who ate five or more fish meals
per week was lower than that of people who ate fish less
frequently [132]. Taken together, these results indicate that
various types of fat may have opposite effects on the risk for
cancer of the breast and colon that closely resemble the corre-
sponding effects in experimental animals.

A high fat diet has been associated with the occurrence of
the aggressive, metastatic phenotype of prostate cancer, al-
though further research is required to establish the roles of the
various classes of fatty acids. n-3 PUFA may retard the pro-
gression of prostate cancer [124].

There is now substantial experimental evidence that n-6
fatty acids enhance the risk for cancer of the breast and colon
and for metastasis, whereas relatively high intakes of n-3 PUFA
and n-9 monounsaturated fatty acids (olive oil) reduce cancer
risk by mechanisms that may involve modification of the
biosynthesis of eicosanoids. In future studies on breast cancer,

measurements of fat intake early in life, circulating hormone
levels and lipid peroxidation-related DNA modifications
should be included. Another shortcoming of studies on the
dietary habits of middle-aged women is the fact that the risk for
breast cancer may be imprinted early in life or even in utero by
a high n-6 PUFA diet and estrogenic stimuli, resulting in early
onset of puberty and later risk for breast cancer, as convinc-
ingly demonstrated in rodents. Such risk modifiers acting early
in life or during pregnancy should be taken into consideration.

Relationship between a High Dietary Fat Intake and
Increased Cancer Risk. This relationship has been controver-
sial for a long time, partly because of the lack of consensus on
the mechanisms of action of dietary fat in mammalian cells.

Dietary fats, specifically n-6 and n-3 PUFA, affect a variety
of steps in the multistage carcinogenesis process, adding further
weight to a causal effect. The effects may be direct or indirect
and include [133]: peroxidation of conjugated double bonds in
PUFAs, leading to persistent oxidative stress and generation of
reactive lipid peroxidation products (malondialdehyde, 4-hy-
droxyalkenals), which can induce DNA damage; conversion of
essential fatty acid to eicosanoids, short-lived hormone-like
lipids derived primarily from dietary linoleic acid; interaction
of fatty acids with signal transduction pathways leading to
altered gene expression; in the case of breast cancer, effects on
unbound estrogenic hormone concentrations; effects on mem-
brane (lipid)-bound enzymes such as cytochrome P450 (CYP)
that regulate xenobiotic and estrogen metabolism; structural
and functional changes in cell membranes resulting in alter-
ations in hormone and growth factor receptors.

In initiated or preneoplastic cells, PLA2, COX-2 and LOX
are often constitutively overexpressed. This leads to increased
release of AA and faster AA oxygenation, resulting in higher
levels of n-6 eicosanoids, accompanied by generation of reac-
tive oxygen species (ROS). These can cause DNA damage and
trigger lipid peroxidation of PUFA in a self-perpetuating pro-
cess, leading to various forms of exocyclic DNA base and
protein modifications. In rapidly dividing cells, the resulting
genetic changes and disrupted signaling pathways may drive
premalignant cells to genetic instability and malignancy. n-3
PUFA inhibit AA metabolism and COX activity, thus blocking
the formation of n-6 eicosanoids from diet-derived LA, which
have been linked to tumor growth and metastasis [133].

Effects of PUFA in Cancer Cachexia. Patients with
chronic diseases such as acquired immune deficiency syndrome
(AIDS) or cancer (particularly those with tumors of the pan-
creas, stomach, colon, and lung) often experience a life-threat-
ening muscle wasting syndrome known as cachexia. Cachexia is
characterized by a dramatic loss of triglycerides from adipose
tissue and proteins from skeletal muscle. Cachexia is associated
with reduced survival time irrespective of tumor mass or the
presence of metastases, and it also interferes with cancer therapy.

Knowledge of the molecular pathways leading to cachexia
is required if an effective treatment is to be developed. Factors
involved in activating protein catabolism in skeletal muscle
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comprise: 1) the ubiquitin-dependent proteolytic pathway (pro-
teasome) that breaks down most skeletal muscle proteins in a
variety of wasting conditions [134]; 2) NF-kB which has been
identified as an inhibitor of skeletal muscle cell differentiation
and a mediator of cytokine-induced muscle wasting in mice;
cytokines such as TNF-� together with IFN-� activate NF-kB,
this leads to decreased expression of MyoD, a transcription
factor that is essential for skeletal muscle differentiation and for
repair of damaged tissue, and it may be particularly important
for the replenishing of wasted muscle [135]; 3) activated
NF-kB also acts as a repressor of proteasome subunit expres-
sion and hence suppresses protein degradation, an activity that
is antagonized by glucocorticoids [136]; 4) a proteolysis-induc-
ing factor (PIF) has been observed in serum samples from
cachectic mice and cancer patients; PIF is a sulfated glycopro-
tein produced by tumors that induces protein catabolism in
isolated muscle cells [137] and appears to activate the ubiq-
uitin-proteasome pathway directly, possibly through an inter-
mediate molecule, 15-hydroxyeicosatetraenoic acid (15-HETE)
but it is not known whether this is a direct or indirect effect.

An approach to cachexia could be to block NF-kB activity
since it has been shown to inhibit cachexia in an animal model
[138]; another approach could be to block signaling pathways
induced by PIF that lead to proteasome activation [137].

A full knowledge of the mechanism of the beneficial effect
of PUFA on cancer cachexia will provide vital information for
the development of new agents. Of particular interest is recent
progress with EPA. The mechanism by which EPA attenuates
skeletal muscle protein catabolism in cancer cachexia was
investigated by Whitehouse et al. [139]. Soleus muscles from
mice bearing a cachexia-inducing tumor (MAC16) showed an
increased protein degradation in vitro, as measured by tyrosine
release, when compared with muscles from nontumor-bearing
animals. After incubation under conditions that modify differ-
ent proteolytic systems, lysosomal, calcium-dependent, and
ATP-dependent proteolysis, elevated protein catabolism was
found. Results showed that EPA induces an attenuation of the
up-regulation of proteasome expression in cachectic mice, and
this was correlated with an increase in myosin expression,
confirming retention of contractile proteins. EPA also inhibited
growth of the MAC16 tumor in a dose-dependent manner, and
this correlated with suppression of the expression of the 20S
proteasome �-subunits in tumor cells, suggesting that this may
be the mechanism of tumor growth inhibition. Thus EPA an-
tagonizes loss of skeletal muscle proteins in cancer cachexia by
down-regulation of proteasome expression. This polyunsatu-
rated fatty acid is effective in the attenuation of cachexia not
only in murine models, but also in cancer patients. EPA inhibits
15-HETE production in response to PIF and prevents muscle
wasting in cancer patients [137].

Moreover, in patients with unresectable pancreatic cancer,
EPA treatment resulted in preservation of lean body mass
[140]. In these patients, EPA was effective in attenuating the

development of weight loss and when combined with nutri-
tional supplementation resulted in significant weight gain. This
weight gain is attributable to the accumulation of lean body
mass with no change in adipose tissue or body water. Energy
expenditure was decreased and food intake increased.

A double-blind, placebo-controlled randomized clinical trial
currently underway in Europe was designed to determine the
effects of EPA treatment in patients with pancreatic cancer
cachexia. EPA appears to inhibit the up-regulation of the ATP-
ubiquitin-dependent proteolytic pathway in skeletal muscle in-
duced by PIF. The effect appears to be attributable to the
inhibition of downstream signaling events. EPA also inhibits
proteolysis, including growth factor production by the tumor,
which may be evidence of a direct effect on tumor cell prolif-
eration [141].

In another trial in pancreatic cancer, dietary supplementa-
tion with EPA combined with DHA, led to a significant median
weight gain of 0.3 kg/month, accompanied by a temporary but
significant reduction in acute-phase protein production and by
stabilization of resting energy expenditure [142]. The acute-
phase C-reactive protein has been shown, in particular, to be
down-regulated by EPA in patients with pancreatic cancer
cachexia, in a process involving the suppression of IL-6 pro-
duction [143].

The profound cachexia associated with cancer also includes
characteristic abnormalities in carbohydrate metabolism and
marked peripheral insulin resistance. The abnormal metabolism
of proteins, carbohydrates, and lipids in pancreatic cancer pa-
tients apparently arises from a complex interplay between
cancer-derived factors and probably also involves inflamma-
tory cytokines and circulating metabolic hormones.

The effect of PIF, produced by cachexia-inducing tumours
on glucose utilization by different tissues and the effect of
pretreatment with EPA, has been determined by Hussey [144].
Mice receiving PIF showed a profound depression of body
weight (2.3 g) over a 24-hour period, and a marked hypogly-
cemia, which were completely abolished by pretreatment with
a monoclonal antibody to PIF or by pretreatment with EPA for
3 days. These results suggest that in addition to a direct cata-
bolic effect on skeletal muscle PIF has a profound effect on
glucose utilization during cachexia.

Muscle protein degradation in cancer cachexia is also asso-
ciated with a rise in PGE2 content. Experiments with the
cachexia-inducing MAC16 tumor in mice, demonstrated that
this increase is inhibited by EPA [145].

The Importance of PUFA in Brain Function

PUFA, especially AA and DHA are acylated into membrane
phospholipids of vertebrates. PUFA account for 21%–36% of
the fatty acids in the cell membrane, but the proportions of fatty
acids with 20 or 22 carbon atoms varies considerably between
tissues.

The nervous system is the organ with the second largest
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concentration of lipids, only exceeded by adipose tissue. The
adult brain contains approximately 50%–60% of its dry weight
as lipid and approximately 35% of the lipids are PUFA [146],
most of which are long-chain PUFA (EPA and DHA). Neuro-
nal tissues, such as the brain, retina, and synaptic membranes
are especially high in DHA [147]. In animal models, this
relative distribution gives some indication of a possible impor-
tant role in the membranes of these tissues: the high concen-
tration of DHA in synaptic membranes correlates with devel-
opment of the synapses [148]; chronic AA deficient rats had
altered dopaminergic transmission in the frontal cortex [149];
n-3 PUFA in neuronal membranes affect the activity of ion
pumps and channels [150]; the precise fatty acid composition
of the membrane can affect the tertiary and quaternary struc-
tures of membrane-bound receptors such as cholinergic, adren-
ergic, dopaminergic and N-methyl-D-aspartate (NMDA) and
associated neurotransmitter functioning [151–153]; deficien-
cies of EFA have been associated in animal models with
disruption of neural integrity and function [150,154], visual and
cognitive deficit [155].

PUFA for Bone Growth and Repair

Bone is a multifunctional organ that consists of a structural
framework of mineralized matrix and contains heterogeneous
populations of chondrocytes, osteoblasts, osteocytes, oste-
oclasts, endothelial cells, monocytes, macrophages, lympho-
cytes and hematopoietic cells. Bone growth is regulated by
complex interactions between an individual’s genetic potential,
environmental influences and nutrition. Evidences suggests
that the high intake of n-6 and inadequate amount of n-3 fatty
acids in the diet contribute to the development of several
pathologies, including those of the skeletal system (bone/joint
diseases) [156].

Bone Modeling and Remodeling. The human skeleton is
not static. Bone is a highly active metabolic tissue, continually
changing throughout life. Bone remodeling is the process of
bone growth associated with maintaining a fixed adult bone
mass. In remodeling, only about 20 percent of the bone surface
is active. Older bone tissue is destroyed (re-absorption) and
replaced by new bone tissue (formation) in a cyclical process
[156]. In the case of osteoporosis, the basic problem is that
re-absorption gets ahead of formation, resulting in a net bone
loss.

Bone produces various immune and blood cells, and is a
“metabolic reservoir” for calcium, magnesium, and phospho-
rus. Bone metabolism is under the control of many hormones
and growth factors, including activated vitamin D, estrogen,
growth hormone, insulin, insulin-like growth factor, parathy-
roid hormone, and various eicosanoids, with PGE2 playing a
major role [157]. At low levels, PGE2 apparently stimulates
bone formation. The mechanism for this may be that PGE2
increases the production of insulin-like growth factor (IGF), a
powerful “master” growth stimulator for bone, cartilage, and

muscle, found in abnormally low levels in women with osteo-
porosis [158]. Surprisingly, high or excessive levels of PGE2
swamp this effect, and bone formation is reduced and re-
absorption is increased [159]. Moreover, PGE2 has been shown
to mediate, in vitro, the effects of 1,25-(OH)2 Vitamin D3
[160], TNF-� [161], and growth factors [162], thus enhancing
bone re-absorption. In bone modeling, this pattern leads to
reduced skeletal growth. In bone remodeling, this pattern leads
to osteoporosis. Growth opportunity lost in childhood can never
be fully compensated for in adulthood and may put an individ-
ual at greater risk for osteoporosis later in life. Evidence exists
that in osteomyelitis, lowering PGE2 levels can increase bone
formation and reduce bone re-absorption rates [163]. There-
fore, it is important to maintain low levels of PGE2 throughout
one’s lifetime.

Experimental Studies. PUFA supplementation may help
optimize bone modeling and remodeling by moderately in-
creasing production of series-1 and -3 prostaglandins at the
expense of PGE2 [164].

In a study conducted at Purdue University, this nutritional
approach was tested on bone modeling in growing rats [165].
For 42 days, groups of 15 rats were fed identical diets except
that the n-6 to n-3 PUFA ratios differed. Safflower oil and fish
oil were mixed to produce n-6 to n-3 ratios of 23.8, 9.8, 2.6, and
1.2. Rat liver and bone tissue samples showed both PGE2
levels and serum alkaline phosphatase (ALP) decreased as the
proportion of n-6 to n-3 decreased. High levels of ALP indicate
bone is being re-absorbed. Moreover, rats fed the 1.2 ratio diet
had slightly higher rates of bone formation.

An increased production of bone PGE2 in tibia of chicks
given a semipurified diet containing soybean oil, high in n-6
PUFA, was associated with a lower rate of bone formation
compared with that of chicks fed a low dietary ratio of n-6/n-3
fatty acids [166]. Furthermore, dietary n-3 PUFA were reported
to lower the concentration of AA in bone [165] and cartilage
[167], and depress ex vivo PGE2 production in bone organ
culture. One explanation for this phenomenon in bone is that
dietary sources of PUFA that elevate AA cause an overproduc-
tion of PGE2 in bone that leads to a reduced bone formation
rate.

Dietary lipids are known to affect the fatty acid composition
of membrane phospholipids and influence cell function. Inves-
tigators have shown that rats fed with a lower dietary ratio of
n-6/n-3 fatty acids had increased bone marrow cellularity [168]
and bone strength [169]. Moreover, reports by Alam et al. [170]
in rat alveolar bone and Xu et al. [167] in chicken cartilage
corroborate the findings that dietary PUFA alter the fatty acid
composition and PGE2 production in these tissues.

Sakaguchi et al. [171] were the first to report on the inter-
action of estrogen deficiency, EPA, and bone activity in rats.
Ovariectomy and low calcium diet caused a decrease in bone
weight and bone strength. EPA prevented the loss of bone
weight and bone strength induced by ovariectomy in the low
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calcium diet group, but it failed to show an increase in bone
weight and strength in the normal calcium group.

Claassen et al. [172] studied the effects of feeding different
ratios of DGLA and EPA on bone status and parameters of
bone collagen breakdown by assessing free urinary pyridinium
in growing rats, aged 5–12 weeks. Pyridinium excretion was
significantly lower in all the groups receiving the diets con-
taining DGLA and EPA. No abnormal bone growth stimulation
or restriction was seen in any of the supplemented groups. After
six weeks of supplementation the 3:1 and 1:1 (DGLA:EPA)
diet groups showed significantly higher levels of bone calcium
than controls, and bone calcium was significantly higher in the
3:1 diet group than in the 1:1 diet group.

Claassen et al. [172] further explored the effect of DGLA:
EPA on calcium absorption in the same groups of rats. Calcium
absorption (calcium intake minus fecal excretion) after the
six-week supplementation period was significantly higher in
the 3:1 and 1:3 supplemented groups as compared to the control
group. This study shows that essential fatty acid supplementa-
tion may have a role in reducing the age-related decline in
calcium absorption.

Schlemmer et al. [173] used ovariectomized female rats to
study the relationship between EFAs, bone turnover, and bone
calcium. The rats were supplemented from age 12–18 weeks
with a semi-synthetic diet containing different ratios of DGLA:
EPA�DHA (9:1, 3:1, 1:3, 1:9) added to the diet. All diets
increased bone calcium content and reduced urinary deoxypyr-
idinoline and hydroxyproline excretion.

Clinical Studies. In a single-blind, randomized study,
Kruger et al. [174] tested the interactions between calcium and
DGLA � EPA in osteoporotic or osteopenic women. All of the
women were living in the same institution for the elderly and
fed the same low-calcium, non-vitamin D enriched foods, and
had similar amounts of sunlight. Subjects were randomly as-
signed to DGLA � EPA or coconut oil (placebo group); in
addition, all received 600 mg/day of calcium. Markers of bone
formation/degradation and bone mineral density (BMD) were
measured at baseline, 6, 12 and 18 months. At 18 months,
osteocalcin and deoxypyridinoline levels fell significantly in
both groups, indicating a decrease in bone turnover, whereas
bone specific ALP rose indicating beneficial effects of calcium
given to all the patients. Lumbar and femoral BMD, in contrast,
showed different results in the two groups. Over the first 18
months, lumbar spine density remained the same in the treat-
ment group, but decreased 3.2% in the placebo group. Femoral
bone density increased 1.3% in the treatment group, but de-
creased 2.1% in the placebo group. During the second period of
18 months with all patients now on active treatment, lumbar
spine density increased 3.1% in patients who remained on
active treatment, and 2.3% in patients who switched from
placebo to active treatment; femoral BMD in the latter group
showed an increase of 4.7%.

Another human study has specifically examined the effects
of PUFA supplementation on osteoporosis [175]. Forty elderly

women with age-related osteoporosis were divided into four
groups. They received one of four treatments daily for 16
weeks: 4 g evening primrose oil; 4 g fish oil; 4 g of a fish and
evening primrose oil mixture; or 4 g olive oil placebo. The
women took no other medications, supplements, or special
foods. In this study fish oil increased serum calcium, osteocal-
cin and collagen, and decreased ALP. Evening primrose oil
alone had no significant effects, but the positive results from
the fish oil group were also seen in the fish oil plus evening
primrose oil group. According to the research team, evening
primrose oil may have potentiated the effects of fish oil.

Mood and Bone. Clinical depression in both women and
men has been correlated with reduced bone density. In a Na-
tional Institutes of Health study, 24 women with a history of
major depression were compared to 24 controls. Subjects were
matched for age, race, body-mass index, and menopausal sta-
tus. Upon testing, various bone sites showed densities 6.5 to
13.6 percent lower in the depressed women [176]. Clinical
depression is known to be associated with strongly reduced
levels of n-3 PUFA, and clinically depressed people have been
found to respond to fish oil supplementation. Deficiencies of
n-3 PUFA may be a common link between depression and
reduced bone density, both prevalent in older people [177].

PUFA AS A PHYSIOLOGICALLY-
IMPORTANT NUTRIENT DURING
PREGNANCY AND FETAL
DEVELOPMENT

PUFA are vitally important structural elements of cell mem-
branes and, therefore, essential for the formation of new tissues,
as occurs during pregnancy and fetal development. The central
nervous system is particularly rich in AA and DHA and the
cerebral accretion of these fatty acids may have been decisive
in the evolution of Homo sapiens [178].

The brain has its growth spurt in the third trimester of
pregnancy and during early childhood. Therefore, an appropri-
ate pre- and post-natal supply of PUFA is thought essential for
normal fetal and neonatal growth [179], neurologic develop-
ment and function, activity of retinal photoreceptors [180], and
learning and behavior [181].

Maternal concentrations of PUFA, especially DHA, are
associated with sleep and wake states of newborns. Sleep and
wake rhythm provides a tool for assessing the functional integ-
rity of the central nervous system. It has been demonstrated that
higher maternal plasma DHA during pregnancy is associated
with more mature neonatal sleep-state patterning [182].

In addition, intrauterine nutrition may influence the adult
risk for chronic diseases [183], suggesting that early nutrition
has an imprinting effect on later life. This further emphasizes
the importance of an adequate supply of essential PUFA during
pregnancy, lactation, and infancy.

Several studies indicate that it may be necessary to increase
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the dietary PUFA intakes of pregnant women to prevent a
decrease in their essential PUFA concentrations during preg-
nancy and to optimize the fetal PUFA status, particularly in
preterm infants because they have a significantly lower PUFA
status than do term neonates [184].

In addition, the PUFA status of pre-term infants drops
considerably during the first postnatal weeks, even when in-
fants are fed breast milk [185,186]; however, the EFA status
increases considerably during the same gestational period in
utero [187]. Consequently, during the growth spurt of the brain,
the availability of PUFA is much lower in infants born preterm
than in intrauterine fetuses of comparable gestational age.

It has been also showed in pre-term infants that AA and
DHA concentrations at birth are positively related to PUFA
concentrations at the expected date of delivery [188]. There-
fore, a high intrauterine PUFA status would particularly benefit
a fetus born pre-term because it would result in a higher
postnatal PUFA status.

As DHA and AA have been shown to be associated with
increased prenatal and neonatal growth, several observations
indicate that enhancement of the fetal PUFA status may pro-
mote fetal and early neonatal development, thereby improving
the “starting condition” and general prognosis of infants born
pre-term [184,189,190].

Moreover, the type of fat received in early life (both in utero
and in early life) determined the level of lipoprotein lipase
activity and gene expression which are maintained into later
life. It has been demonstrated that fiber type-specific decrease
of skeletal muscle LPL activity caused by aging [191] is
reversed in animals fed with PUFA. Adult rats fed with a diet
high in n-3 PUFA had higher levels of lipoprotein lipase
activity and gene expression, and lower plasma triglyceride
concentrations following a test meal challenge, than young
animals [192]. The DHA content of maternal plasma phospho-
lipids is significantly lower in multiparous than in primiparous
women [193]. In this study it appeared that infants born to
multiparous women had significantly less DHA in their umbil-
ical tissue phospholipids than did infants born to primiparous
women. Whether this lower DHA content has functional con-
sequences for these infants is not known; however, prenatal and
early postnatal DHA status is thought to have important con-
sequences on the growth and function of the central nervous
system and, consequently, on neurologic and cognitive devel-
opment. Therefore, incomplete replenishment of maternal
DHA stores after delivery may, at least in part, explain the
observation that first-born children generally do better than
their younger siblings on several developmental, behavioral,
and intelligence tests [194–197].

DRUGS MODULATED BY PUFA

Prostanoids produced via the action of COX-2 appear cen-
tral to many inflammatory conditions. In lipopolysaccharide

(LPS)-treated rats however, COX-2 induction alone does not
greatly increase prostanoid production in vivo. For this, a
second AA liberating stimulus is also required. Thus, only after
intravenous injection of bradykinin or exogenous AA was a
marked increase in prostanoid formation seen. There is, there-
fore, synergy between proinflammatory mediators; both induc-
tion of COX-2 protein and increase in the supply of AA are
required to greatly enhance prostanoid production. Second, the
supply of AA to increase prostanoid production reduces the
effectiveness of both currently used nonsteroidal antiinflamma-
tory drugs (NSAIDs) (diclofenac) and novel COX-2-selective
inhibitors (celecoxib) as inhibitors of COX-2 activity. This
clearly indicates that: 1) increased prostanoid production in
inflammation is a two-component response: increased COX-2
expression and increased AA supply; 2) the supply of AA to
COX-2 determines the effectiveness of NSAIDs. NSAIDs and
selective COX-2 inhibitors, therefore, will generally be less
effective at more inflamed sites, providing a rationale for the
very high doses of NSAIDs required in human conditions such
as rheumatoid arthritis [198].

GUIDELINES FOR THE ASSESSMENT
OF PUFA STATUS

For the assessment of the essential PUFA status of an
individual, the total amount of the various EFA and PUFA in
plasma or erythrocyte phospholipids is a useful indicator [199].
It should be realized that the plasma content of essential PUFA
does not necessarily guarantee the proper use of these fatty
acids by cells and tissues. Therefore, additional status markers
are required to reliably assess the functional PUFA status of a
given individual.

In general, if insufficient essential PUFA are available to
meet PUFA requirements, the body starts to synthesize certain
fatty acids that are hardly present if the EFA and PUFA status
is adequate. Therefore, these fatty acids can be essential PUFA
status markers.

The best known marker is Mead acid (C20:3n-9). The
synthesis of this fatty acid is promoted if there are insufficient
concentrations of LA and LNA to meet the need for the
synthesis of long-chain PUFA. EPA and DHA inhibit Mead
acid synthesis; the presence of Mead acid indicates a general
shortage of all essential PUFA.

Another suitable indicator of essential PUFA status is the
essential PUFA status index, which is the ratio between all
essential PUFA (the sum of all n-3 and n-6 fatty acids) and all
nonessential unsaturated fatty acids (the sum of all n-7 and n-9
fatty acids). The higher the essential PUFA status indexes the
better the essential PUFA status.

Finally, if there is a functional shortage of DHA, the body
starts to synthesize the most comparable long-chain PUFA of
the n-6 family, osbond acid (22:5n-6). Therefore, under steady
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state conditions, the ratio between DHA and osbond acid is a
reliable indicator of the functional DHA status [200].

CONCLUSIONS

Dietary fatty acids are of significant importance for several
of the most common diseases in modern societies. To obtain
more specific knowledge about health consequences of dietary
PUFA we depend on better understanding of the mechanisms
of action of these fatty acids in the body.

One of the most interesting aspects of PUFA biology is
related to their interactions with nuclear receptor proteins.
These mechanisms of action, behind the well known interac-
tions on eicosanoids metabolism may open a new dietary
approach to diseases.

Supported by clinical evidence, many organizations and
governments now recognize and provide research to find in
PUFA a new therapeutic approach to a wide spectrum of
modern illness.
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