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Ž .Docosahexaenoic acid DHA is essential for the growth and functional development of the
brain in infants. DHA is also required for maintenance of normal brain function in adults.
The inclusion of plentiful DHA in the diet improves learning ability, whereas deficiencies
of DHA are associated with deficits in learning. DHA is taken up by the brain in
preference to other fatty acids. The turnover of DHA in the brain is very fast, more so than
is generally realized. The visual acuity of healthy, full-term, formula-fed infants is increased
when their formula includes DHA. During the last 50 years, many infants have been fed
formula diets lacking DHA and other omega-3 fatty acids. DHA deficiencies are associated
with foetal alcohol syndrome, attention deficit hyperactivity disorder, cystic fibrosis,
phenylketonuria, unipolar depression, aggressive hostility, and adrenoleukodystrophy. De-
creases in DHA in the brain are associated with cognitive decline during aging and with
onset of sporadic Alzheimer disease. The leading cause of death in western nations is
cardiovascular disease. Epidemiological studies have shown a strong correlation between
fish consumption and reduction in sudden death from myocardial infarction. The reduction
is approximately 50% with 200 mg dayy1 of DHA from fish. DHA is the active component
in fish. Not only does fish oil reduce triglycerides in the blood and decrease thrombosis, but
it also prevents cardiac arrhythmias. The association of DHA deficiency with depression is
the reason for the robust positive correlation between depression and myocardial infarc-
tion. Patients with cardiovascular disease or Type II diabetes are often advised to adopt a
low-fat diet with a high proportion of carbohydrate. A study with women shows that this
type of diet increases plasma triglycerides and the severity of Type II diabetes and coronary

Ž .heart disease. DHA is present in fatty fish salmon, tuna, mackerel and mother’s milk.
DHA is present at low levels in meat and eggs, but is not usually present in infant formulas.
EPA, another long-chain n-3 fatty acid, is also present in fatty fish. The shorter chain n-3
fatty acid, a-linolenic acid, is not converted very well to DHA in man. These longchain n-3

Ž .fatty acids also known as omega-3 fatty acids are now becoming available in some foods,
especially infant formula and eggs in Europe and Japan. Fish oil decreases the proliferation
of tumour cells, whereas arachidonic acid, a longchain n-6 fatty acid, increases their
proliferation. These opposite effects are also seen with inflammation, particularly with
rheumatoid arthritis, and with asthma. DHA has a positive effect on diseases such as
hypertension, arthritis, atherosclerosis, depression, adult-onset diabetes mellitus, myocar-
dial infarction, thrombosis, and some cancers. Q 1999 Academic Press

KEY WORDS: docosahexaenoic acid, nervous system, cardiovascular disease, development.

U Corresponding author.

1043]6618r99r090211]15r$30.00r0 Q 1999 Academic Press



Pharmacological Research, Vol. 40, No. 3, 1999212

INTRODUCTION

w xFat is an essential component of the diet 1 . On a
fat-free diet, rats do not grow or reproduce. The
essential fatty acids are the critical components of

w xfat 2 . Essential fatty acids include linoleic acid and
its omega-6 derivative, arachidonic acid. More re-
cently, the vital role of alpha-linolenic acid and its
omega-3 derivative, docosahexaenoic acid, has been

w xrecognised 3, 4 . The active components in both
series are the longer chain acids such as arachidonic
acid and DHA. These are produced by desaturation
and elongation or obtained from the diet. A high
ratio of linoleic acid to linolenic acid causes a deple-
tion of the longer chain omega-3 fatty acids, includ-
ing DHA, by competing for the enzymes necessary
for desaturation and elongation.

Humans originally consumed a diet rich in the
omega-3 fatty acids and low in saturated fatty acids
because wild and free-range food animals have much
higher contents of omega-3 fatty acids than do the
present-day commercial livestock. The dietary supply
of fatty acids previously contained a 1:1 ratio of

w xomega-6 to omega-3 polyunsaturated fatty acids 5 .
The present ratio in the US is greater than 10:1,
causing a deficiency of the omega-3 fatty acids. The
excess of omega-6 fatty acids stimulates the forma-

Ž .tion of arachidonic acid ARA , the fatty acid pre-
cursor of prostaglandins and other eicosanoids that
are involved in inflammation. Although some ARA
is essential, the present high ratio may be responsi-
ble for the increased incidence of arthritis and other
chronic inflammatory diseases. Much evidence sup-
ports the conclusion that an increased intake of
linoleic acid and an elevated ratio of omega-6 to
omega-3 fatty acids is a major risk factor for west-
ern-type cancers, thrombotic diseases, apoplexy, al-
lergic hyperreactivity, and diseases for which anti-

w xinflammatory drugs are effective 6 . Based on this
evidence, the Japan Society for Lipid Nutrition re-
commends that the ratio of omega-6 to omega-3
fatty acids should be less than 4:1 for healthy adults
and less than 2:1 for the prevention of the chronic
diseases of the elderly. The World Health Organiza-

w x w xtion 7 and others 8 are now recommending a ratio
of between 3:1 and 4:1 for omega-6 to omega-3 fatty
acids.

Whole ground flaxseed, a good source of a-lino-
Ž .lenic acid LNA , is now becoming popular in foods

w xfor cats and dogs 9 . The purpose is to reduce the
n-6rn-3 ratios to the range of 4:1]10:1. This solves
problems in pets such as dry skin, allergic reactions,
and cancer. LNA must be elongated, desaturated,
transported to and from peroxisomes, and then
shortened from 24:6 to 22:6 in order to produce

w xDHA 10 . Estimates for adult humans are that from
10 to 40 g of flaxseed oil are necessary for the

w xproduction of 200 mg DHA per day 9 . This is at the
lower end of the recommended daily intake of DHA.

NERVOUS SYSTEM: INFANTS

Adequate supplies of ARA and DHA are needed for
brain growth and functional development of infants
according to the members of the board of ISSFAL
w x11 . Both neural integrity and function can be per-
manently disturbed by deficits of omega-6 and
omega-3 essential fatty acids during foetal and neo-

w xnatal development 12, 13 . Breast-feeding provides
ARA and DHA to infants. The levels of DHA in
mother’s milk vary considerably according to the
diet of the mother. The levels of ARA and DHA are
not affected by the levels in the diet of the precur-
sors, linoleic acid and a-linolenic acid, so it is appar-
ently necessary to supplement the mother’s diet with
preformed long-chain polyunsaturated fatty acids
w x14 . After the consumption of herring or menhaden
oil by lactating women, the DHA levels in human
milk are increased significantly within 6 h with maxi-

w xmum levels at 24 h 15 .
DHA plays an important role in the maintenance

of normal neural functions, a role that omega-6 fatty
acids cannot fill. PC12 cells in culture were used as a
model system. DHA and ARA had similar effects on
the release and uptake of norepinephrine. The out-
growth of neurites induced by nerve growth factor

w xwas promoted by DHA and suppressed by ARA 16 .
The suppression by ARA included inhibition of the
synthesis of ethanolamine glycerophospholipids. Part
of the unique function of DHA in the nervous
system seems to relate to the synthesis of phospho-
lipids for the membranes needed for neurite elonga-
tion.

During foetal development, DHA is preferentially
transported across the placenta into the foetal circu-

w xlation 17 . This probably involves specific proteins.
The foetal brain can produce a limited amount of
DHA from the precursor LNA. The foetal and in-

w xfant liver may also produce some DHA 18 , but
probably not enough for optimal development.

Premature infants are born with deficits of DHA.
A reduced supply of the precursors for membrane
growth may contribute to the fragility of the periven-
tricular vascular system and be responsible for the
haemorrhage for which premature infants are at
risk. The vascular network serving the developing
brain must develop at a rapid rate to accommodate
the brain growth occurring at that time. In addition,
very low birth weight infants are unable to synthe-
sise DHA and ARA in sufficient amounts from the

w xlinolenic acid and linoleic acid precursors 19 . Sup-
plementation of their formulas with the amounts of
DHA and ARA typical for human milk fat prevents

w xthe deficiencies 19 .
Preterm infants were fed with mother’s milk or
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w xwith formula containing only LA and LNA 20 .
Those infants fed with mother’s milk had an IQ that
was 8.3 points higher at the age of 7.5]8 years.
There was a dose]response relationship between
the amount of mother’s milk and IQ. Another group
of preterm infants fed formula supplemented with

ŽDHA had a higher Bayley MDI Mental Develop-
.ment Index score at 12 months than controls fed

w xthe usual preterm formula 21 . This is evidence that
DHA alone can improve performance on early tests
of mental development. In a recent review, Craw-

w xford et al. 22 conclude that the present parenteral
and enteral lipid nutrition for preterm babies is
flawed and could be pathogenic. Preterm lipid nutri-
tion should be based on normal placental lipid trans-
fer to the foetus, not on fullterm milk composition.

Specific omega-3 fatty acid deficits may lead to
deficits in learning ability because DHA is involved
in cell signalling. DHA is the predominant structural
fatty acid in the grey matter of the brain and retinal
tissues in humans and other mammals. Humans
obtain DHA primarily from their diets because they
are capable of synthesising only small amounts of
DHA. Infants acquire DHA and ARA, essential
fatty acids in human tissues, initially in utero during
pregnancy, and from their diet via their mother’s
milk. The content of DHA in the cerebral cortex is

w xlower in formula-fed than in breast-fed infants 23 .
DHA in the cerebral cortex is apparently dependent

w xon the supply in the diet 24 . Adequate supplies of
DHA and ARA in the diet may be particularly
important for premature and low birth weight in-
fants who may not get their full in utero allotment.

Many independent studies indicate that the men-
tal development and visual acuity of infants are
positively affected by breast feeding and that breast-
fed infants have higher levels of DHA in their brain
tissue and enhanced mental ability later in life when
compared to those fed infant formula not containing
DHA. Brain development in humans takes place
primarily in the last trimester in utero and in the
first 12 months of post-natal life and then at a
slower pace up to 30 years of age.

Data on the healthful attributes of breast milk
have prompted a trend among infant formula manu-
facturers to reformulate their products so that they
more closely approximate breast milk. Infant formu-
las with DHA and ARA are now available in 40

w xcountries 9 . The following are samples of published
data indicating that DHA in the diet may be associ-
ated with mental and visual development of infants.

Large-scale retrospective studies, involving
between 700 and 13,000 persons, have evaluated
development of intelligence in infants, children and
adolescents as a function of breast feeding ¨s for-
mula feeding during infancy. These studies have
demonstrated that pre-term infants fed human milk
during infancy exhibited a 5]12 point higher intelli-

Ž .gence quotient IQ later in life than similar groups

w xof babies fed conventional formulas 25 . This dif-
ference was also apparent for term infants, although

Ž .it was not as large 2]5 points . In addition, the
measured IQ in the term infants was positively cor-
related with the duration of breast-feeding.

DHA and ARA levels in erythrocyte phos-
phatidylcholine correlate positively with the develop-

w xmental quotient of children at age 2 26 . These 20
children had early diets of human milk, standard
formula, or formula enriched with long-chain po-
lyunsaturated fatty acids. These further support the
conclusion that DHA is the substance in breast milk
that is responsible for the difference in IQ described
in the paragraph above.

w xSeveral studies 27]29 , using data from term and
pre-term infants that died early in infancy, have
indicated that breast-fed babies had higher levels of
DHA in the brain than formula-fed babies. This was
true for both cerebral cortex and erythrocytes for 35

w xterm infants 24, 25, 28 . The DHA in the cerebral
cortex increased with age, primarily due to the length
of breast-feeding. Long-term benefits of dietary
DHA to the term infant have not yet been proved
rigorously, although infants with higher levels of
DHA have faster development of electrophysiologi-
cal and behavioral functions. Rhesus monkeys with a
severe deficiency of DHA were placed on a diet

w xenriched in fish oil 30 . The DHA content of the
ethanolamine glycerophospholipids increased from
3.9 to 28.4% over a 12-week period. The DHA
content of the erythrocyte phospholipids reflected
the DHA content of the cerebral cortex. This shows
that the DHA status of human cerebral cortex can
be monitored by analysis of erythrocytes.

The disparity in neural maturation between
breast-fed and formula-fed term infants was studied
with three groups of normal term infants. If mothers
had chosen to bottle feed, infants were randomised
to regular formula or a formula supplemented with
fish oil. The third group was breast-fed. Red cell
fatty acids and growth were measured at day 5 and
at 6, 16, and 30 weeks of age. The visual evoked

Ž .potential VEP acuity was measured at the two
older ages. VEP acuities were worse for those on
regular formula at both 16 and 30 weeks of age. The
level of DHA in the red cells consistently correlated
with VEP acuity. No differences were seen in growth.
As assessed by VEP acuity, DHA appears to be an
essential nutrient for the optimum neural matura-

w xtion of term infants 31 .
Foetal alcohol syndrome is a severe irreversible

impairment of neurological development and func-
tion caused by chronic alcohol consumption during
pregnancy. Moderate ethanol intake is associated

w xwith reduced intelligence in children at 4 years 32 .
A high intake of ethanol during pregnancy results in
infants with severely impaired intelligence, hyperac-
tivity, low attention span, and abnormal motor func-

w xtion 33]36 . A guinea pig model of foetal alcohol
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syndrome leads to decreased DHA in brain phos-
pholipids, together with impaired motor function.
Supplementation of guinea pigs with 130 mg dayy1

of DHA in tuna oil completely prevented the ethanol
effect on the DHA content in the brain phospho-

w xlipids 37 .
Formula-fed babies, compared to breast-fed

babies, have twice as many neurological abnormali-
ties at 9 years of age. A Dutch study assessed the
neurological status of 526 children and concluded
that the frequency of neurological abnormalities at 9
years of age was twice as high in formula-fed babies
as compared to breast-fed babies. The characteris-
tics of DHA deficiency in rhesus monkeys include
reduced learning ability, abnormal electroretino-

Žgram, impaired vision, and polydipsia excessive
. w xthirst 4 .

Premature infants are also at greater risk for
Žlearning disabilities dyslexia, attention deficit dis-

.order, etc. and behavioural problems. A mixture of
evening primrose oil and a fish oil, EfalexTM from
Scotia Pharmaceuticals, benefits many dyslexic chil-

w xdren 38 . The concentrations of ARA, EPA, and
DHA in plasma phospholipids were significantly
lower in 53 subjects with attention-deficit hyperactiv-

Ž .ity disorder ADHD than in 43 control subjects.
Many children with ADHD have altered fatty acid

w xmetabolism 39 . This group at Purdue University is
planning nutritional experiments with similar sub-
jects with the objective of raising the levels of ARA
and DHA in the plasma.

Peroxisomal disorders, such as adrenoleukodystro-
phy, have defects in the peroxisomes that cause
impaired synthesis of ether glycerophospholipids.
These include the ethanolamine plasmalogens that
are important components of myelin. Myelination is
severely impaired in these children. Daily oral doses
of 100]600 mg of DHA ethyl ester were given to five

w xpatients 40 . Blood levels of DHA rose to normal
levels within a few weeks. In the three youngest
patients, the myelination became nearly normal and
clear improvement was seen in the other two. DHA
synthesis is prevented by the peroxisomal defect and
must be bypassed with dietary DHA in these infants.
DHA seems to be necessary for plasmalogen synthe-
sis.

Young cystic fibrosis patients are also deficient in
w xDHA and other essential fatty acids 41 . An im-

balance between ARA and DHA in the cell linings
of the pancreas, lungs, and gastrointestinal tract was
proposed to explain the symptoms of cystic fibrosis
w x Ž .42 . CFTR yry mice, who mimic symptoms of
the disease, were fed a triglyceride oil from Martek
that is high in DHA. The cystic fibrosis symptoms in
the mice were reversed and they approached the
level in the control mice.

Phenylketonuric and other patients with inborn
errors of metabolism are placed on protein-re-
stricted diets. The levels of DHA in the plasma

phospholipids of these patients are less than one-
w xthird of the level in controls 43 . DHA supplemen-

tation is recommended for these patients because
they are usually deficient in psychomotor develop-
ment. This suggests that long-chain PUFA are
semi-essential for children far beyond the breast-
feeding period.

A ‘suppression system’ through the limbic system
may be involved in the ‘Teacher’s Signal’ to depress
neural activity that would otherwise contribute to
error responses. This suppression of neural activity
is lacking in behavioural hyperactivity. The limbic
system circuit is from basal ganglia through the
thalamus to the cerebral cortex. One hypothesis is
that behavioral hyperactivity in laboratory animals
and in humans is linked to the deficiency of n-3 fatty

w xacids in the brain 44 . This lack of suppression of
neural activity interferes with error correction dur-
ing learning. This would explain the observations on
learning performance in rats fed safflower oil
Ž .LNA-deficient compared with rats fed perilla oil
Ž .LNA-enriched . The groups were similar in the
number of correct responses, but the safflower oil
group had markedly more incorrect responses, par-
ticularly with reversal of the correct stimulus from
bright light to dim light, in a brightness-discrimina-

w xtion task 45, 46 . The rats fed safflower oil had a
brain DHA content approximately half of the nor-
mal level. In the safflower group, the brain DHA
was partially replaced with 22:5 n-6. In addition, the
rats fed safflower oil had a significantly decreased
density of synaptic vesicles in the hippocampus CA1

wregion after, but not before, the learning task 47,
x48 . Thus, there was an associated effect of the

w xlearning task and the n-3 fatty acid deficiency 44 .
This indicates that during the use of the synapse,
fatty acid turnover in the membrane phospholipids
resulted in changes in composition dependent on the
fatty acids available for replacement, with resulting
changes in the strength of the synapse. Morphologi-
cal changes in synapses in the hippocampus caused
by adequate n-3 fatty acids are related to learning

w xperformance 47 .
In adults, part of the DHA is made in the liver by

elongation and desaturation of LNA. The extent of
this synthesis in human infants was assessed by
determination of the fatty acid compositions of brain
and liver tissues from infants who died within the
first 6 months of life from sudden infant death
syndrome. The infants were breast-fed or formula-
fed. The latter had received a regular formula con-
taining less than 0.4% LNA or a different formula
containing 1.5% LNA. The content of DHA was
lower in cerebral cortex phosphatidylethanolamine
and phosphatidylserine in both formula-fed groups.
This was compensated by a higher content of DPA,
docosapentaenoic acid, in term infants and with 20:3
v9, Mead acid, and 22:3 v9 in one preterm infant
w x29 . The contents of ARA and DHA in the liver
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were lower in both formula-fed groups. The DHA
content in formula groups was lowest at 3 months of
age. Very little conversion of LNA to DHA occurs
in the first few months of fife. Thus, preformed
DHA and possibly ARA should be included in the

w xdiet for at least the first 16 weeks of life 49 .
However, a study comparing infants fed formula
with at least 0.7% a-linolenic acid with breast-fed
infants showed no significant differences in prefer-
ential looking acuity or recognition memory in

w xhealthy full-term, infants at 9 months of age 50 .
Also in the mouse, DHA reaches the brain and

retina more efficiently if fed as DHA instead of the
w xprecursor, LNA 51 . Rats were fed an omega-3-de-

w xficient diet up to 5 weeks of age 52 . For the next 3
weeks, their diet was supplemented with rapeseed
oil as a source of LNA or with fish oil as a source of
EPA and DHA. Approximately twofold more veg-
etable oil than fish oil was needed to reach the same
level of DHA in the tissues. The recovery of DHA in
nervous tissues was more rapid with fish oil than

w xwith vegetable oil 52 .

NERVOUS SYSTEM: ADULTS

Granule neurons in the dentate gyrus of the hip-
pocampus continue to proliferate throughout the life

w xof adult monkeys 53 . The numbers of these prolif-
erating cells are reduced significantly by stress. This
recent observation contradicts the previous idea that
brain cells do not divide after early development.
The formation of new cells in the hippocampus
helps explain why dietary DHA is important for the
maintenance of the brain and of learning during
aging.

A genetic strain of rats with spontaneous hyper-
tension has been produced. Dietary DHA sup-
presses the development of hypertension and
stroke-related behavioral changes, thus prolonging
the life span of these spontaneously hypertensive

w xrats 54 . The DHA in the diet was correlated with
decreased systolic blood pressure, restoration of
learning performance in a passive avoidance re-
sponse test, and with hippocampal acetylcholine lev-
els. Dietary DHA apparently ameliorates the learn-
ing performance failure caused by cholinergic dys-

w xfunction 54 .
Long-chain polyunsaturated fatty acids, particu-

larly DHA, may reduce the development of unipolar
w xdepression 55 . The occurrence of depression corre-

lates well with the deficiency of essential omega-3
w xfatty acids 56, 57 . For example, depressed patients

were instructed to increase fish consumption in a
w x5-year study 58 . Measures of depression and ag-

gressive hostility were reduced significantly. The rate
of depression is lower in societies consuming large
amounts of fish. For example, in Japan the rate is

0.12%, whereas in the US the rate is 3.0%. The fish
consumption rates are 67 and 22 kg per person per
year, respectively. Similar findings were reported for
Taiwan and Korea. A correlation of fish consump-
tion in different countries with the prevalence of
major depression gave a highly significant decrease

w xof depression with increasing fish consumption 59 .
An extreme case is New Zealand with less than 18
kg per person per year fish consumption and 5.8%
persons with major depression.

Violent impulsive offenders in Finland have a
much higher ratio of omega-6 to omega-3 PUFA in
their serum, when compared with diet-matched con-

w xtrol subjects 60 . In the review by Drs Hibbeln and
Salem from the National Institute of Alcohol Abuse

w xand Alcoholism 55 , they state, ‘Just as increased
consumption of saturated fat and the altered ratio of
n-6 to n-3 intake is believed to have increased the

w xincidence of atherosclerosis in the last century 61 ,
it is suggested here that decreasing n-3 essential
fatty acid intake may also affect the nervous system,
in early development or adulthood, to increase vul-
nerability to depression’.

Chronic alcohol intoxication depletes DHA from
membranes of the neurons, leading to the common
secondary depression in alcoholism. The increased
lipid peroxidation associated with alcohol may cause
a decrease in DHA in the brain. Thus, depression
may resolve during sobriety as PUFA reaccumulate
w x55 . DHA deficiency may also be associated with
susceptibility to multiple sclerosis and the high inci-
dence of depression in patients with multiple sclero-
sis. Geographical patterns of omega-3 fatty acid
intake correlate inversely very well with the inci-

w xdence of both multiple sclerosis and depression 55 .
Maternal depletion of DHA for the developing foetal
nervous system is one factor in post-partum depres-

w xsion 55 . Low levels of DHA are also associated
Ž .with senile dementia Alzheimer disease and

schizophrenia.
DHA is also important for the brain during aging.

A study was done with a group of men aged 69]89
w xyears 62 . Cognitive impairment was evaluated with

a 30-point Mini-Mental State Examination given in
1990 and 1993. Food intakes were estimated in 1985
and 1990. After adjustments for all other known
variables, high LA intake was associated with cogni-
tive impairment and high omega-3 PUFA intake
through fish consumption was inversely associated
with cognitive impairment and with cognitive decline
between 1990 and 1993. Thus a high ratio of omega-6
to omega-3 fatty acids in the diet was bad and fish in
the diet was good for maintenance of the cognitive
functions of the brain.

The prevalence of Alzheimer disease correlates
positively with high fat and high total calorie con-

w xsumption and negatively with fish consumption 63 .
Fish oils decrease inflammation and ischaemia. High
fat and high calorie diets are associated with a high
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n-6rn-3 ratio and inflammatory responses. Antioxi-
dants, fish oil, and non-steroidal anti-inflammatory
drugs are all associated with delaying the onset of

w xsporadic Alzheimer disease 64, 65 .
A 4:1 ratio of omega-6 to omega-3 fatty acids may

be optimal. This ratio of LA to LNA, known as
SR-3, has given the best results in learning tasks

w x y1with rats 66 . A 4-week study with 2 ml day of this
supplement was carried out with 100 Alzheimer
patients, 60 receiving this preparation and 40 receiv-
ing the placebo. During this short time, improve-
ments in mood, cooperation, appetite, sleep, ability
to navigate in the home, and short-term memory
were found in treated patients. Overall improvement
was reported for 49 of the 60 patients and no im-
provement for 11 patients. In the placebo group, 30
were unchanged, five were worse, and five were

w ximproved 67 . Supplementation with essential fatty
acids in the proper ratio of omega-6 to omega-3
fatty acids can be helpful for demented persons.

Humans can be deficient in omega-3 essential
w xfatty acids 68 . Rhesus monkeys with diets deficient

in these fatty acids have low levels of DHA in the
cerebral cortex and retina. The reversibility of such
deficiencies in juvenile monkeys began as early as 1
week after fish oil feeding and was complete at 12
weeks. Monkey, and presumably human, cerebral
cortex has a remarkable capacity to change its fatty
acid composition. The turnover rate of these fatty

w xacids is much greater than generally believed 30 .
The development of the visual system of human
infants is dependent in part on the availability of
DHA. The effect is most apparent in preterm in-
fants, suggesting that an exogenous source of DHA
may be needed during the time of rapid develop-

w xment of the retina 69 . As measured in red blood
cells and plasma of the mothers, mothers of preterm
infants have higher n-6rn-3 ratios than do mothers
of normal term infants. Thus, maternal DHA defi-
ciency is associated with an increased risk of preterm

w xbirth 70 and both arachidonic acid and DHA are
w xessential for harmonious foetal development 71 .

In rats, a chronic administration of 200 mg kgy1

dayy1 of DHA for 21 days did not affect the level of
DHA in the hippocampus, but did show some in-
crease in the frontal cerebral cortex. The rats were
subjected to an experimental stroke by four-vessel
occlusion and tested in a spatial learning task. The
spatial learning deficit and the loss of neurons in the
CA1 region of the hippocampus was less in the rats
given DHA than in control rats. DHA may be pro-
tective for hippocampal neurons involved in spatial

w xlearning 72 .
A mechanism for neuronal protection in the CNS

by DHA may be the inhibition of apoptosis induced
by sphingosine. The cytoplasmic phospholipase A 2
specific for glycerophospholipids containing arachi-

w xdonate is inhibited by DHA 73 . Arachidonate
metabolites participate in the process of apoptosis in

w xresponse to tumour necrosis factor 74 . With HL60
cells in culture, DHA in the medium inhibits apop-
tosis induced by sphingosine but not that induced by

w xN-acetyl sphingosine 75 . EPA and other unsatu-
rated fatty acids did not show this effect.

Cytoplasmic phospholipase A is probably in-2
volved because an inhibitor of that enzyme was also
effective and DHA was only effective after it was
incorporated into the glycerophospholipids.

CARDIOVASCULAR DISEASE

The leading cause of death in western nations is
w xcardiovascular disease 76 . The increase in deaths

due to coronary heart disease in these nations has
been blamed on the increased consumption of satu-
rated fats. The American Heart Association esti-
mates that 57 million Americans have cardiovascular
disease, causing 954,000 deaths annually and costing
$259 billion per year. Hypolipidemic pharmaceutical
agents, such as cholestyramine, colestipol, lovastatin,
pravastatin, other statins, clolibrate, and niacin are
effective in various degrees in reducing serum
triglycerides and LDL-cholesterol and increasing
HDL-cholesterol. However, these drugs also have
significant side effects. Cholestyramine and colestipol
disturb the GI tract. The statins may elevate liver
enzymes, disturb the GI tract, and cause dysfunc-
tions of the CNS. Patients with hepatic or renal
disorders cannot use clofibrate. Niacin is associated
with vasodilation with flushing episodes and other
side effects. Many billions of dollars are spent an-
nually on these drugs. Better nutrition with more
long-chain omega-3 fatty acids, especially DHA, can
produce the same lipid changes and positive effects
with no side effects and much less expense.

Low-fat diets are often recommended for the re-
duction of cholesterol and prevention of coronary
artery disease. The effects of a diet with 55% of
energy from carbohydrate and 30% from fat were
compared with a diet with 40% from carbohydrate

w xand 45% from fat 77 . The subjects were 42 persons
with Type II diabetes treated with glipizide. After 14
weeks, the subjects on the low-fat diet had 24%
higher plasma triglycerides, daylong glucose up 12%,
and insulin up 9%. The conclusion was that the
high-carbohydrate, low-fat diet caused persistent de-
terioration of glycemic control. The effects of Type
II diabetes were made worse by the diet with only
30% of energy from fat. Of course, the quality of fat
is very important, particularly the ratio of n-6 to n-3
polyunsaturated fatty acids.

DHA supplements increase the HDLrLDL
cholesterol ratio and decrease the total cholesterolr
HDL ratio, suggesting a decreased risk for coronary
artery disease. The association of DHA deficiency
with depression is the reason for the robust positive
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correlation between depression and coronary artery
disease and myocardial infarction. Premorbid de-
pression predicts coronary artery disease and poor
survival outcome. Chronic stress mobilises polyun-
saturated fatty acids from neuronal membranes and
increases peroxidation of the fatty acids. This in-
creases the vulnerability to depression and to coro-
nary artery disease.

At least half of the deaths from coronary artery
disease are sudden cardiac deaths with fatal ar-
rhythmia due to ventricular fibrillation. Epidemio-
logical studies have shown decreased cardiovascular
disease with greater fish oil consumption. Fish oil
not only reduces triglycerides in the blood and de-
creases thrombosis, but also prevents cardiac ar-
rhythmias. A monthly intake of 5500 mg of omega-3
fatty acids from fish was associated with a 50%

w xreduction in the risk of primary cardiac arrest 78 .
In a 30-year study of middle-age men, there was an
inverse association between fish consumption and
death from coronary heart disease, particularly for

w xnon-sudden death in this study 79 .
The DART study was a 2-year intervention study

with 2033 men recovering from myocardial infarc-
w xtion 80 . Those men advised to eat fish or take fish

oil supplements had a cardiac death rate of 78 per
1000, whereas the rate for those without fish advice
was 116 per 1000. The latter included those advised
to increase polyunsaturated fatty acids while reduc-
ing total fat and those advised to increase cereal
fibre intake. The conclusion was that two or three
portions of fish per week may reduce mortality in
men who have recovered from myocardial infraction.

Deaths from acute myocardial infarctions are
mostly due to ventricular arrhythmias, primarily ven-
tricular fibrillation. The intravenous infusion of
omega-3 fatty acids from fish oils prevents is-
chaemia-induced ventricular fibrillation in dogs and
rats. An emulsion of free long-chain omega-3 PUFA
prevented ventricular fibrillation in ten of 13 dogs

w xtested 81 . The long-chain omega-3 PUFA slowed
the heart rate, shortened the electrical action poten-
tial duration, reduced left ventricular systolic pres-
sure, and prolonged the electrocardiographic

w xatrial]ventricular conduction time 81 . The electro-
physiologic effects of these free acids are associated
with blockade of the fast voltage-dependent sodium

w xchannels 82 by binding of the fatty acid to the
channel protein thus prolonging the inactivated state
w x83 . A possible mechanism for the prevention of
arrhythmias by omega-3 fatty acids from fish is the
blockage of fast voltage-dependent sodium channels.
Other possible mechanisms include effects on cal-
cium channels and on cell signalling mediated

w xthrough polyphosphoinositides 76 .
The dietary intake of omega-3 fatty acids from

seafood has been associated with a reduced risk of
Ž .primary cardiac arrest heart attack . A population-

based case control study was done with 827 cases

and controls. Subjects with heart attack had a di-
Ž .etary intake of 4.3"6.0 SD g of EPA and DHA

per month, whereas control subjects had a dietary
Ž .intake of 5.3"5.6 SD g of EPA and DHA per

Ž .month Ps0.02 . An inverse relation was found for
dietary intake of EPA and DHA and the risk of
primary cardiac arrest. Compared with no dietary

Žintake of EPA and DHA, an intake of 5.5 g approx.
. Ž0.2 oz of omega-3 fatty acids per month the equiva-

.lent of one fatty fish meal per week was associated
with a 50% reduction in the risk after adjustment for
confounding factors such as age, smoking, family
history, physical activity, and education. Even an
intake of only 2.9 g of EPA and DHA per month,
the equivalent of two fatty fish meals, was associated
with a 30% reduction in risk. The conclusion of
these researchers from the Universities of Washing-
ton, Michigan and Minnesota is that dietary intake
of omega-3 polyunsaturated fatty acids from seafood
is associated with a reduced risk of primary cardiac

w xarrest 78 .
A prospective study followed up on these findings

w x84 . More than 20,000 US male physicians were
followed for 11 years. There were 133 sudden deaths.
After controlling for appropriate factors, the con-
sumption of at least one fish meal per week was
associated with a risk reduction of 52% for sudden

Ž .death Ps0.03 and with a reduced risk of total
mortality.

Another prospective study involved more than
80,000 female nurses with 14 years of follow-up with
939 cases of non-fatal myocardial infarction or death

w xfrom coronary heart disease 85 . Multivariate statis-
tical analyses included percentages of energy from
specific types of fat. Comparing with energy from
carbohydrates, 5% of energy intake from saturated
fat increased the risk of coronary heart disease by
17%. For 2% of energy intake from trans fatty acids,
the increased risk was 93%. The risk was reduced by
19% by monounsaturated fat and 38% by polyunsat-
urated fat at 5% of energy intake in comparison
with energy from carbohydrates. The conclusion is
that replacement of saturated and trans unsaturated
fats with non-hydrogenated monounsaturated and
polyunsaturated fats is more effective in preventing
coronary heart disease in women than reducing
overall fat intake.

Trans unsaturated fatty acids are present in hy-
drogenated fats such as margarines and shortenings.
These fatty acids inhibit the desaturation of LA and
LNA to long-chain polyunsaturated fatty acids. In
man, this is manifested by lower levels of HDL and
higher levels of LDL. The presence of trans unsatu-
rated fatty acids in the diet is the cause of 30,000

w xpremature deaths per year 86 .
EPA and DHA are both present in fish oils. Fish

oils generally contain more EPA than DHA and
EPA is known to be a substrate for cyclooxygenase.
Thus, EPA was presumed to be the active compo-
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nent of fish oils for cardiovascular protection. Puri-
fied ethyl esters of these two fatty acids were tested
for their ability to suppress arrhythmias induced by
ischaemia, to retard development of hypertension in
rats genetically predisposed to hypertension, to off-
set the constriction caused by thromboxane is
isolated blood vessels, and to reduce the excretion of
protein in the urine in a model of kidney failure
caused by hypertension. DHA was more effective
than EPA in all of these tests. The results imply that
DHA is the principal active component in fish oil for

w xcardiovascular protection 87 . Cultured rat car-
diomyocytes have increased contraction velocity and
arrhythmias through stimulation of a -adrenocep-1
tors. Pretreatment for 3 days with DHA decreased
the stimulated a -adrenoceptor formation of inosi-1
tol trisphosphate, a calcium-mobilising second
messenger. Thus, inhibition of the phosphoinositide
pathway by chronic DHA may contribute to the
effects of fish oil in preventing fatal arrhythmias in

w xmyocardial ischaemia 88 .
Coronary bypass surgery is often complicated by

the occlusion of the grafted veins. A randomised
controlled study showed a significantly lower rate of
occlusion in the group consuming 4 g fish oil per day

w xas compared with the control group 89 .
A long-term study in Copenhagen, Denmark has

examined the risks of ischaemic heart disease as a
function of serum lipid parameters. The combina-
tion of high triglyceride and low HDL-cholesterol
was at least as powerful a predictor of ischaemic
heart disease as high LDL-cholesterol. The former
is characteristic of insulin-resistant subjects. They
concluded that efforts to prevent ischaemic heart
disease should include intervention against high
triglycerides and not just against hypercholes-

w xterolemia 90 .
Icelanders consume a large amount of fish and

have a relatively low mortality from coronary heart
disease. A rural population from Iceland was com-
pared with residents of Manitoba of Icelandic des-

w xcent 91 . The Icelandic-Canadians had lower levels
of plasma LDL-cholesterol. and HDL-cholesterol,
but higher levels of plasma triglycerides. Their
plasma phospholipids were higher in saturated,
monounsaturated, and omega-6 polyunsaturated
fatty acids, but threefold lower in omega-3 polyun-
saturated fatty acids. These two groups are geneti-
cally similar. Thus, the differences in mortality cor-
relate with the ratio of omega-6 to omega-3 fatty
acids in the diet and the plasma triglyceride levels.
Cholesterol levels are the opposite to that expected
for a coronary disease risk factor.

The Western Electric Study in Chicago included
2107 men aged 40]55 years. After 30 years of fol-
low-up, the stroke rates are highest for the subgroup
consuming the most fish, but the results do not
support the hypothesis that fish consumption is in-

w xversely associated with strokes 92 . Dietary histories

were used to divide the men into four groups with
no, low, moderate, and high levels of fish consump-
tion. There have been 430 deaths from coronary
heart disease, including 293 deaths from myocardial
infarction. Deaths from any cause included 1042 of
the 1822 men used in the follow-up. Men in the
group with highest fish consumption compared with
those with no fish consumption had a much lower
risk of death from coronary heart disease and my-
ocardial infarction, and a somewhat lower risk, but
statistically not significant, of death from all causes.
All of the lower risk for coronary heart disease and
all causes was attributable to differences in death
from myocardial infarction. For the high fish con-
sumption group, the relative risk of death from
myocardial infarction was 0.56 compared with 1.00
for the no fish consumption group. These results
show an inverse association between fish consump-

Žtion and death from coronary heart disease Ps
. w x0.007 79 .

In the pathogenesis of atherosclerosis, vascular
smooth muscle cell growth is an important compo-

w xnent 93 . These cells have the potential to prolifer-
ate and to accumulate lipids. Cyclins and cyclin-de-
pendent kinases control progression through the eu-
karyotic cell cycle and thus the proliferation of cells.
DHA and EPA inhibit DNA synthesis through G1
cyclins, cyclin-dependent kinases, and cyclin-depen-

Ž .dent kinase inhibitors p27 and stop the progression
w xfrom G to S phase 93 . Oleic and linoleic acids had1

no effect. The same mechanism may also be opera-
tive in tumour cells whose proliferation is inhibited
by DHA and EPA. EPA and DHA inhibit the prolif-
eration of vascular smooth muscle cells. This could
explain part of the anti-atherosclerotic effect of fish

w xoils 94 . In smooth muscle cells from foetal rat
aorta, EPA, DHA and DPA activate a Kq current
and also inhibit receptor-mediated non-selective
cation currents. Thus, these n-3 fatty acids may be

w ximportant for the regulation of vascular tone 95 .
The sustained outward current through certain neu-
ronal voltage-gated Kq channels is inhibited by free
DHA by interaction with an external domain on the

2q w xchannel. Zn antagonizes the inhibition 96 .
Platelet function and blood coagulation play im-

portant roles in coronary artery disease. Several
studies with fish diets or fish oil supplements have
demonstrated decreased platelet aggregation,
thromboxane production, and prolonged bleeding
time. The effects of a-linolenic acid from flaxseed
oil were compared with EPA plus DHA from fish oil
in healthy human subjects. The fish oil decreased
serum total cholesterol and triacylglycerols, but
flaxseed oil had no effect. Both oils decreased colla-
gen-induced platelet aggregation and thromboxane

w xproduction 97 . Thus, the 18-carbon omega-3 fatty
acid was as effective as fish oil for haemostatic
factors, but only the fish oil reduced serum lipid
cardiovascular risk factors. In a rat model of arterial
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thrombus formation, the optimal reducing effect of
long-chain omega-3 fatty acids was at 4% of the diet
w x98 . Comparisons of EPA and DHA gave similar
results on thrombosis tendency, platelet aggregation,
and thromboxane B formation. These two fatty2
acids seem to be equivalent in affecting throm-
bosis.

The effects of fish oil and flaxseed oil, 35 mg kgy1

dayy1 for 3 months, were compared in 26 subjects.
A typical western diet with a low ratio of polyunsatu-
rated fatty acids to saturated fatty acids was con-
sumed by 15 of the subjects. For the latter subjects,
fish oil reduced the plasma triacylglycerol levels
between 24 and 27%. In both groups of subjects,
neither fish oil or flaxseed oil affected the concen-
trations of LDL or HDL cholesterol. This intake of
fish oil may have some protective value in healthy
individuals by reducing atherogenic risk factors, es-
pecially in those persons consuming the typical west-

w xern diet 99 .
In some patients with elevated serum triacylglyc-

erol levels, supplements containing EPA and DHA
have increased serum levels of LDL cholesterol. A
group of 26 subjects with combined hyperlipidaemia,
LDL cholesterol greater than 130 mg dly1 and tria-
cylglycerols greater than 150 mg dly1, received DHA
at dosages of 1.25 or 2.5 g dayy1 for 6 weeks.
Reductions of serum triacylglycerols were 20.9 and
17.6%, respectively, with no change in a placebo
group. Small increases in HDL cholesterol with no
change in LDL cholesterol were seen in all groups.
A low fat, high carbohydrate diet is often recom-
mended for patients with combined hyperlipidaemia.
This diet usually exacerbates the lipid abnormalities,
whereas supplementation of the diet with DHA may

w xbe useful clinically 100 .
The EPA and DHA in fish oil accumulate in

different compartments in the body. With cultured
human endothelial cells, DHA selectively attenuates
expression of proatherogenic and proinflammatory
proteins, possibly explaining a positive effect of DHA

w xon atherosclerosis 101 , whereas EPA is apparently
the more potent inhibitor of platelet aggregation
w x102, 103 . A double-blind, placebo-controlled, paral-
lel design intervention study was done with 234

w xhealthy non-smoking men for 7 weeks 104 . These
men received 3.8 g EPA per day, 3.6 g DHA per day,
or 4.0 g corn oil per day. When compared with the
corn oil group, serum triacylglycerol levels were 26%
lower with DHA and 21% lower with EPA. HDL
cholesterol increased in the DHA group, but not in

w xthe EPA group 104 . Postprandial triglyceridemia
was suppressed by 19 and 49% after prolonged in-

w xgestion of EPA and DHA, respectively 105 . DHA
is more effective than EPA in reducing postprandial
triglyceridemia. The serum phospholipids showed
some conversion of DHA to EPA in the DHA
group, and some conversion of EPA to DPA, but no

w xconversion of EPA to DHA in the EPA group 105 .

Table I
( )Fatty acid composition % of high-oleic acid oils

Fatty Sunflower Sunflower Olï e Olï e Canola Canola
acid

16:0 5 6 14 12 7 6
18:1 75 82 66 74 54 60
18:2 n-6 15 9 17 11 28 22
18:3 n-3 -0.2 -0.2 0.5 0.6 7 8

This suggests that DHA is essential in the diet for
those functions specific for DHA.

EPA and DHA are partially interconvertible. DHA
is formed from EPA by elongation and desaturation.
If only DHA is included in the diet, part of the
DHA is retroconverted to EPA by partial b-oxida-
tion. A daily supplement of 1.62 g DHA over a
period of 6 weeks increased serum phospholipid
DHA from 2 to 7 mol% in both vegetarians and
omnivores; EPA also increased. Based on the serum
phospholipid results, these subjects retroconverted

w xapproximately 9.4% of the DHA to EPA 106 .
Olive oil in the Mediterranean-type diet seems to

have beneficial effects on coronary heart disease. It
is not known if this is due to the high level of oleic
acid or to minor components, such as flavonoids and

w xphenolics, in the olive oil 107 . Rats were fed diets
containing olive oil, high-oleic sunflower oil, or a

w xcanola-type rapeseed oil 108 . The canola oil had a
higher proportion of linoleic acid and a much higher

Ž .proportion of LNA than the other two oils Table I .
Thus, only the canola oil had a ratio of n-6rn-3 of
less than 4.

The results of fatty acid analysis of the choline
glycerophospholipids were similar to those for the
ethanolamine glycerophospholipids, but with lower

Ž .proportions of polyunsaturated fatty acids PUFA .
The PUFA in the heart and liver of the sunflower
group were quite different from those in the olive

Ž .and canola groups Table II . The n-6 docosapen-
Ž .taenoic acid DPA was much higher in the sun-

flower and olive groups than in the canola group.
This might be due to sufficient LNA in the canola
group diet to prevent n-3 PUFA deficiency. High
levels of DPA are a sign of PUFA imbalance with a
lack of n-3 PUFA. Surprisingly, the olive group
contained DHA at levels nearly equal to those in the

Table II
( )Polyunsaturated fatty acids % in the ethanolamine

glycerophospholipids in liver and heart

Fatty Heart Heart Heart Lï er Lï er Lï er
acid sunflower olï e canola sunflower olï e canola

20:4 n-6 24.9 24.5 19.9 29.1 32.5 30.2
22:4 n-6 2.7 3.1 1.3 1.4 1.1 0.1
22:5 n-6 11.7 9.7 0.2 4.4 2.5 tr
22:5 n-3 0.5 1.8 6.1 0.3 1.2 2.5
22:6 n-3 7.4 23.0 31.7 3.9 14.8 17.1
n-3rn-6 0.2 0.6 1.5 0.1 0.4 0.5
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canola group and much higher than those in the
sunflower group. Thus, the high level of oleic acid is
not responsible for the DHA content, because the
sunflower group ingested the highest level of oleic
acid. Low levels of LNA are present in the olive oil.
This LNA must have been channelled into DHA
synthesis, perhaps by inhibition of the d-6 desat-
urase decreasing the conversion of linoleic acid to

w xARA 108 . These results are consistent with those
w xof others 109, 110 . The heart and vasculature are

protected against atherosclerotic changes by the in-
clusion of DHA in the membrane structure. Olive
oil and especially canola oil promote the inclusion of
DHA and exclusion of n-6 DPA. These effects may
be the reason for the low prevalence of coronary
heart disease in persons consuming a Mediter-
ranean-type diet.

CANCER

The proliferation of several types of tumour cells is
stimulated by arachidonic acid, an n-6 fatty acid that
is a precursor of prostaglandins and lipoxygenase
products. Human prostate cancer cells were grown
in ¨itro. Inhibitors of 5-lipoxygenase inhibited the
growth stimulatory effect of arachidonic acid. Addi-
tion of the product of 5-lipoxygenase, 5-HETE, sti-
mulated the proliferation similarly to arachidonic

w xacid and overcame the effects of the inhibitors 111 .
When human breast cancer cells are grown in
athymic nude mice, diets rich in linoleic acid with
corn oil stimulate growth and metastasis, whereas
diets with fish oil exert suppressive effects. This was
confirmed with diets containing linoleic acid, EPA
or DHA at 8% of the diet. The occurrence and
severity of lung metastases were reduced in groups
fed EPA or DHA. The effects of fish oil are due to
the EPA and DHA in the fish oil and the mecha-
nism likely involves inhibition of eicosanoid synthe-

w xsis from ARA 112 . Apoptosis is a normal mecha-
nism for the removal of tumour cells. ARA sup-
presses apoptosis of W256 carcinosarcoma cells in
culture. In this study, 12-HETE and 15-HETE, but

w xnot 5-HETE, also prevented apoptosis 113 . Other
fatty acids displaying some suppression of apoptosis
included LA, LNA, and elaidic acid, the trans form
of oleic acid. No suppression was observed with oleic
acid or with DHA.

Milk fat contains numerous anticarcinogenic com-
ponents including conjugated linoleic acid, sphin-
gomyelin, butyric acid and ether lipids. Conjugated
linoleic acid inhibits the proliferation of human ma-
lignant melanoma, colorectal, breast and lung can-
cer cells in ¨itro. Animal studies have shown inhibi-
tion of mammary tumorigenesis. Animal studies have
compared the incidence of tumours after feeding
milk fat or butter with feeding linoleic acid-rich

vegetable oils or margarines. Diets with dairy
products are associated with less tumour develop-
ment than with linoleic acid-rich vegetable oils or

w xmargarines 114 .
A recent review has emphasized the consistency

of information regarding the effects of various types
w xof fatty acids 115 . Results on cancer protection by

oleic acid are not convincing because the effect
could be due to a lower intake of linoleic acid.
Conjugated linoleic acid, found in milk fat, produces
significant cancer protection in concentrations less
than 1%. This effect is apparently independent of
other fatty acids. A suppressive effect of long-chain
omega-3 PUFA is observed whenever the effect is
not overwhelmed by linoleic acid, an omega-6 acid.

Weanling rats were fed with diets containing corn
oil, safflower oil, or the DHA oil from Martek. The
diets with a high n-6rn-3 ratio, corn oil or safflower
oil, were both hypercholesterolemic. The corn oil at
5% by weight was also hypertriglyceridemic. The
group fed DHA oil had similar cholesterol levels and
lower triglyceride levels than the group fed standard
chow. The DHA oil group also had a twofold higher
cellularity of bone marrow. The latter observation
suggests that DHA supplementation may be useful

w xin adjuvant chemotherapy 116 .

INFLAMMATION

The most widespread inflammatory disease is
rheumatoid arthritis affecting more than 2,500,000
Americans with 200,000 new cases each year. Cur-
rent therapy includes non-steroidal anti-inflamma-
tory drugs such as aspirin and glucocorticoids and
more potent drugs such as gold compounds, penicil-
lamine and methotrexate. All of these drugs have
considerable side effects. Increased levels of DHA
and EPA in the diet of persons with rheumatoid
arthritis should alleviate the pain and inflammation
in their joints.

The effects of dietary fatty acids on inflammation
were studied with carrageenan-induced swelling of
footpads in rats. After 15 days of the diets, the
swelling was reduced in the EPA and DHA groups,
compared with the control groups. Swelling was cor-
related with the proportion of ARA in the polyun-

w xsaturated fatty acids 117 .
EPA and DHA possess anti-inflammatory proper-

ties and may alter lymphocyte, monocyte, and
macrophage functions. Three groups of guinea pigs
were tested for resistance to infection by Mycobac-
terium tuberculosis. This depends on the combined
action of T lymphocytes and macrophages. The group
fed a relatively large amount of EPA and DHA had
more mycobacteria in the spleen and a greater pro-
gression of disease than groups fed a small or large

w xamount of LA 118 . Too much long-chain omega-3
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fatty acid in the diet can affect the resistance to this
bacterium in guinea pigs.

ASTHMA

Asthma is a chronic lung condition characterized by
three airway problems, obstruction, inflammation,
and hyperresponsiveness. Allergic asthma is trig-
gered by an allergen, such as pollen. Non-allergic
asthma may be induced by exercise or may be occu-
pational. Between 12 and 15 million persons in the
US suffer from asthma. The prevalence in the US

w xincreased by 46% between 1982 and 1993 119 .
Children who ate fresh, oily fish more than once

per week had a significantly reduced risk of current
Ž . w xasthma P-0.01 120 . The results of a question-

naire were adjusted for confounders such as atopy,
respiratory infection during infancy, and a parental
history of asthma or smoking. No other food groups
were associated with any risk difference for asthma.

w xIn another study 121 , 39 asthmatic children were
supplemented with omega-3 or omega-6 fatty acids.
Large differences were seen in plasma phospholipid
fatty acids and TNF-a production was lower than
baseline in the omega-3 group. No significant dif-
ferences were found in clinical outcome measures in
this study. Only portions of asthmatic children re-
spond to the treatment with omega-3 fatty acids.
Identification of the reasons for different responses
is necessary.

Leukotrienes formed from arachidonic acid are
involved in the asthma process through vasoconstric-

w xtion and mucus secretion 122 . Leukotriene synthe-
sis is inhibited by long-chain omega-3 fatty acids
w x112 . Asthmatic patients were sequentially given a
diet with a 10:1 or 2:1 ratio of omega-6 to omega-3
PUFA for 1 month each. The patients were then
stressed with methacholine. Methacholine-induced
respiratory distress increased with low omega-3
PUFA ingestion. Elevated omega-3 PUFA ingestion
gave a positive response with greater than 40% of
the patients and the positive response correlated
with the increase in the urinary 5-series leukotrienes,
the leukotriene made from EPA. Thus, an increased
intake of omega-3 fatty acids is beneficial for asthma
symptoms for a substantial number of asthma

w xpatients 123 . Studies before 1995 had shown little
w xeffect on human asthma 124 .

IMMUNITY

Pigs were fed diets containing 10.5 wt.% of an oil for
4 weeks before intratracheal inoculation with My-
coplasma hyopneumoniae. Lung lesions and peri-
bronchial inflammation were less in pigs fed men-
haden oil than in those fed 1:1 mixtures of linseed

oil with corn oil or menhaden oil with corn oil.
Generally, the gross lung lesions increased as the
ratio of omega-3 to omega-6 long-chain fatty acids
decreased. These results show that the ratio of
omega-3 to omega-6 long-chain fatty acids in the
diet may modulate the host response to respiratory
infection with less infection associated with a higher

w xlevel of omega-3 fatty acids from fish oil 125 .
Healthy men were given an EPA, DHA, or corn

oil supplement for 7 weeks for testing of mononu-
w xclear leucocyte function 126 . The quantities of the

EPA and DHA supplements were 3.8 and 3.6 g
daily, approximately tenfold greater than the recom-
mended intake. Monocytes retained their phagocytic
ability and respiratory burst activity after supple-
mentation with an overdose of these long-chain

w xomega-3 fatty acids 126 .

FISH OIL

The emphasis on the importance of omega-3 long-
chain PUFA has led to the commercial availability
of purified fish oil supplements that are available in
health food stores. Some consumers do not pay
sufficient attention to the recommended dosage and
abuse these encapsulated omega-3 supplements. An
excessive intake of DHA can disturb membrane
permeability and some enzymic activities and also
without adequate antioxidant can cause the accumu-
lation of lipid peroxides. The omega-3 to omega-6
ratio of the diet fed to rats was varied using DHA
ethyl ester and linoleic acid. The benefits of DHA
on lipid metabolism and blood coagulation were
seen with ratios of 5:1 and 1.8:1. At ratios of 0.6 or
less, negative effects on health benefits were seen
w x127 . The critical level for safety in rats was at a
ratio of 1.8.

The amount of fish now available on world mar-
kets is near the maximum possible. This amount
increased from approximately 20 million tons in
1950 to approximately 100 million tons in 1990 with

w xno increase since then 128 . In 1992, aquaculture
provided an additional 14 million tons. More than 30
million tons, mostly from pelagic fish such as an-
chovy, sardines, herring and menhaden, was con-
verted to fish meal and fish oil. Fish meal is used for
fish feed, 14%; pig feed, 20%; and poultry feed,
58%. Two-thirds of the fish oil is used in human
foods and one-third in animal feeds, mostly for fish.
Any further increase in aquaculture will require
more of the present production of fish meal and fish
oil to be diverted from other animal feed or human
food, respectively. Farmed fish have optimal growth
with fish meal in their diet. Fish oil is required in
fish feed because the fatty acids in farmed fish are
dependent on their dietary intake and high levels of
long-chain omega-3 fatty acids are required for opti-
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mal growth. Many freshwater fish can convert LNA
to EPA and DHA, but their growth is improved with
fish oil in their diet. Farmed fish are generally just as
rich in long-chain omega-3 fatty acids as wild fish
because they are grown on diets containing fish meal
and fish oil. Some varieties, particularly catfish, may
contain much lower proportions of long-chain
omega-3 fatty acids, because they can be grown
more economically with soybean meal and vegetable

w xoils 129 .
DHA foods are beneficial because DHA is essen-

tial for brain functioning. The inclusion of plentiful
DHA in the diet improves learning ability and the
development of the brain. DHA is good for the eyes
and is helpful in recovery from certain visual dys-
functions. DHA has been reported to prevent and
treat senile dementia. DHA has a positive effect on
diseases such as hypertension, arthritis, atheroscle-
rosis, depression, diabetes mellitus, myocardial in-
farction, thrombosis, heart disease, and some can-
cers.
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