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TABLE 9
Fatty acid composition of human milk and formulas (molar percent)*

Fatty acidt Human milk (n = 11) Portagen® } Enfamil Premature® } Similac Special Care® §

8:0 (caprylic acid) 0.3 60 24.5 24.1
10:0 (capric acid) 1.4 24 14.1 17.7
12:0 (lauric acid) 7.0 0.42 12.2 14.9
14:0 (myristic acid) 8.0 Trace 4.7 5.8
16:0 (palmitic acid) 19.8 0.19 1.5 6.8
16:1 (palmitoleic acid) 3.2 0.1 0.2
18:0 (stearic acid) 5.9 0.47 1.7 2.3
18:1 (oleic acid) 34.8 4.1 124 10.0
18:2w6 (linoleic acid) 16.0 8.1 224 17.4
18:3w3 («-linolenic acid) 0.6 Trace 0.6 0.9
20:1 (gondoic acid) 1.1 0.3 0.1
20:2w6 0.6
20:3w6 (dihomo-y-linolenic acid) 0.4
20:4w6 (arachidonic acid) 0.6
20:5w3 (eicosapentaenoic acid) 0.0
22:1 (docosenoic acid) 0.1
22:4w6 (docosatetraenoic acid) 0.2
22:5w6 (docosapentaenoic acid) 0.2
22:5w3 (docosapentaenoic acid) 0.1
22:6w3 (docosahexaenoic acid) 0.2

* Reproduced with permission from reference 35.
+ Common name in parentheses.

t Values from Pediatric Products Handbook. 1983 Edition, Mead Johnson Nutritional Division, Evanston, IN.

§ Ross Laboratories. Columbus. OH.

erythrocytes of their infants. After birth there is a decrease in
the DHA content of erythrocytes of full-term and premature
infants (42. 183). Infants born at term and fed mother’s milk
had approximately twice as much DHA in erythrocyte phos-
pholipids as did infants fed formula containing LNA but not
DHA. Because the greatest amount of DHA accumulation occurs
during the last trimester of pregnancy, the amount of DHA
available to premature infants assumes critical importance. In
1987 Liu et al (184) determined that 11 mg DHA-kg™'-d™'
added to formula resulted in 0.2% DHA in the total dietary fatty
acids in the formula. which is within the range of 0.1-0.3% found
in human milk. The inclusion of 0.2% DHA in the formula did
not decrease plasma AA and appeared to be a physiological
amount that could prevent declines in membrane DHA of pre-
mature infants.

A major question remaining is to what degree the fatty acid
pattern in erythrocytes reflects the neural status of w6 and w3
metabolites in humans.

The effects of PUFA deficiency on the developing brain have
been widely documented in experimental animals whereas in-
formation from humans is scarce. However, work by Martinez
et al (185-188). Innis (189), Carlson (190), Neuringer et al (191,
192). and Bourre et al (193) has added considerably to our
knowledge, much of which was pioneered by Lamptey and
Walker (194). Walker (195), Wheeler et al (196), Crawford et al
(197), and Clandinin et al (198).

During 18:3w3 dietary deprivation, DHA is replaced by 22:
Swb6 in the retina and brain of animals. Replacement with 22:
Sw6. the fatty acid most closely resembling DHA, suggests ac-
tivation of a cellular compensatory mechanism. The w3 fatty
acids are required by the membranes of photoreceptor cells and
synapses for /) synaptogenesis and photoreceptor membrane
biogenesis during the perinatal period. 2) normal functioning of

tissues, and 3) response to injury to the nervous system (ischemia
and convulsions) and also during retinal stimulation, both of
which trigger the release of DHA from membrane phospholipids;
some of this DHA may be peroxidated or lost through washout
to the blood and may need to be replenished (199).

Bourre et al (193) showed that the brain of the w3-deficient
rat is more susceptible to environmental toxins and alcohol.

It is now well recognized that nutrition during the first weeks
of life can have a decisive influence on brain development. Be-
cause fatty acid patterns of all organs change during development,
it is necessary to know the normal profiles during the various
stages of development to understand the role of nutritional in-
fluences.

Martinez (185) studied the composition of w3 and w6 fatty
acids in brain, liver, and retina in human fetuses during the last
trimester of pregnancy. After 30 wk gestation there is a prefer-
ential desaturation of the long-chain w3 fatty acids in the brain.
The liver shows a similar profile. In both tissues, 22:6w3 increases
quadratically and 20:4w6 and 18:1w9 decrease linearly in phos-
phatidylethanolamine (PE). In the retina, as in the forebrain and
the liver, the proportion of w3 fatty acids increases whereas that
of w6 fatty acids decreases throughout development. These
changes can be clearly illustrated by using the ratio of 22:6w3
to 20:4w6. In the human retina this ratio doubles between 24
wk of gestation and term and continues to increase with age.
These findings should be the guidelines for the feeding of pre-
maturely born infants.

Martinez and Ballabriga (187) also investigated the liver and
forebrain of infants who had received total parenteral nutrition
high in linoleate (Intralipid®) for 4-12 d. At autopsy a signifi-
cantly lower-than-normal proportion of 22:6w3 was found in
liver phosphoglycerides. There were a number of other changes
in long-chain PUFAs and high concentrations of 18:2w6 that
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were not consistent with the values noted in normal fetal de-
velopment.

Martinez's (185) findings in the retinas of two postnatally
malnourished infants were similar to those described in the liver
of children receiving high intravenous doses of 18:2w6. One of
the malnourished children had mucoviscidosis. Both children
had unusually high concentrations of 22:5w6 in retina and phos-
phatidylcholine as a sign of DHA deficiency. One premature
infant (25 wk gestation) had received commercial milk formulas
with w6:w3 varying between 18:1 and 66:1 during the first 4 mo
of life. The retina of this infant was very deficient in 22:6w3.

It can be concluded that diets with a high w6:w3 can be con-
sidered unbalanced relative to human breast milk and that these
diets are damaging to the PUFA composition of the developing
central nervous system in humans. Martinez (185) stated that
*when high doses of 18:2w6 are given intravenously. the inhib-
iting effect on the w3 series is very strong. even with a theoretically
correct omega-6:0omega-3 ratio, probably because substrate in-
hibition adds to competition between families of fatty acids for
the desaturase systems. This should serve as a warning against
manufacturing such unphysiological fatty acid mixtures for use
in pediatric nutrition.”

Carlson (190) showed that membrane 22:6w3 was highest at
birth and declined with time in formula-fed infants and that fish
oil could be used as a source of 22:6w3 in the range found in
human-milk-fed infants. One month after delivery, preterm in-
fants not fed human milk had plasma phospholipid 22:6w3 more
like that of monkeys fed safflower oil, and the low concentrations
seen in premature infants are analogous to those at which de-
monstrable deficits in visual acuity occur in infant monkeys.

Uauy et al (200) showed that premature infants fed formulas
with a high ratio of LA to LNA (30:1) have poorer ERG re-
sponsiveness early in infancy than do those fed human milk or
formula with a lower ratio of LA to LNA (9:1). The addition of
fish oil further improved some ERG responses. Visual-acuity
development was improved by fish-oil supplementation of for-
mula during the first half of infancy compared with formula
containing 1.5-2.5% of energy as LNA. These data strongly sug-
gest that DHA is essential for the functional development of the
eye and brain of premature infants.

Children, adults, and elderly adults. Omega-3 fatty acid de-
ficiency was originally reported by Holman et al (201) in a young
child. Subsequently Bjerve et al (202) reported w3 fatty acid
deficiency in a child and in a group of elderly patients in nursing
homes who were fed orally for several years by gastric tube with
diets containing very low amounts of w3 fatty acids. Studies
based on clinical findings and determinations of plasma and
erythrocyte lipids after dietary supplementation with soya and
cod-liver oil strongly suggest that the patients had w3 fatty acid
deficiency. These patients represent the first adults and the second
child described with w3 fatty acid deficiency. The results indicate
that w3 fatty acids are essential for normal growth and cell func-
tion in humans in ways similar to those in several animal species.

Assuming linear relationships between dietary intake of w3
fatty acids and the measured concentrations of w3 fatty acids in
plasma and erythrocyte lipids, the optimal intake of 18:3w3 has
been estimated to be 800-1100 mg/d whereas the optimal intake
of very-long-chain w3 fatty acids was estimated to be 300-400
mg/d (115). It is suggested that the dietary requirements of w3
and w6 fatty acids should be stated in milligrams or grams per
day and not only as a percent of energy.

Dietary implications

Omega-3 and w6 PUFAs are two classes of EFAs that are not
interconvertible and that constitute a significant part of practi-
cally all cell membranes. Whereas cellular proteins are genetically
determined and control important cellular functions indepen-
dently of dietary intake, the lipid composition of cell membranes
is dependent to a great extent on the composition of the diet.
When ingested, fatty acids such as EPA and DHA are incor-
porated into the sn-2 position in cell membrane phospholipids.
displacing AA. Because the fatty acid composition of cell mem-
branes modulates important cell functions and because the fatty
acids in membranes are dependent on dietary intake, it is obvious
that in referring to PUFAs it is essential to distinguish between
w3 and w6 fatty acids in making dietary recommendations. Sim-
ply using the P-S ratio of polyunsaturated fatty acids to saturated
fatty acids (P:S) ratio is inappropriate and inadequate on the
basis of the knowledge we have today.

Many dietary studies and interventions have been carried out
and dietary recommendations have been made in relation to
saturated fatty acids and cholesterol. However, the amount of
w3 fatty acids in the diet and their effects on health and disease
have not yet been considered in the development of dietary
guidelines by national governments except for the most recent
Canadian Nutrition Recommendations (Table 10) (203). Be-
cause w3 fatty acids have different metabolic effects than do w6
fatty acids and because w3 fatty acids are essential for normal
growth and development and for overall health. accurate knowl-
edge of the amount and type of w3 fatty acids in foods is essential.
Both terrestrial and marine sources of w3 fatty acids are impor-
tant in this regard.

It is now accepted that it is important to consider the functions
of the different types of fatty acids (w3. w6. and w9) rather than
simply total fat (percentage of calories from fat) or the amount
of polyunsaturates. The question is not simply about the P:S in
the diet but about the concentrations of the w3, w6 polyunsat-
urated, and w9 monounsaturated fatty acids relative to saturated
fatty acids in the diet. Fatty acids should be considered in terms
of their overall metabolic effects in growth and development
and for their effects on serum lipids. inflammation. thrombus
formation, and tumor development. Trans fatty acids were re-
cently shown to elevate serum cholesterol (52). Stearic acid
formed during hydrogenation does not raise cholesterol but it
increases the risk of thrombosis (204). Clearly there is a need to
define precisely the functions of the various fatty acids.

Because of the increased amounts of w6 fatty acids in our diet,
the eicosanoid metabolic products from AA, specifically pros-
taglandins, thromboxanes, leukotrienes, hydroxy fatty acids, and
lipoxins, are formed in larger quantities than those formed from
w3 fatty acids, specifically EPA. The eicosanoids from AA are
biologically active in very small quantities and if they are formed
in large amounts they contribute to the formation of thrombus
and atheroma: to allergic and inflammatory disorders, particu-
larly in those who are susceptible: and to proliferation of cells.
Thus a diet rich in w6 fatty acids shifts the physiological state
to one that is prothrombotic and proaggregatory with increases
in blood viscosity. vasospasm, and vasoconstriction and decreases
in bleeding time. Bleeding time is decreased in groups of patients
with hypercholesterolemia (205), hyperlipoproteinemia (206).
myocardial infarction (207, 208) and other forms of atheroscle-
rotic disease (209). and diabetes (obesity and hypertriglycerid-
emia). Bleeding time is longer in women than in men and longer
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TABLE 10
Summary of examples of recommended nutrients based on energy expressed as daily rates*
Age and sex Energy Thiamin Riboflavin Niacin w3 PUFAs w6 PUFAs
MJ (kcal) mg mg NE%+ g g

0-4 mo (M. F) 2.51 (600) 0.3 0.3 4 0.5 3
5-12 mo (M. F) 3.77 (900) 0.4 0.5 7 0.5 3
ly(M.F) 4.60 (1100) 0.5 0.6 8 0.6 4
2-3y(M.F) 5.44 (1300) 0.6 0.7 9 0.7 4
4-6y (M. F) 7.53 (1800) 0.7 0.9 13 1.0 6
7-9y

M 9.20 (2200) 0.9 1.1 16 1.2 7

F 7.95 (1900) 0.8 14 1.0 6
10-12y

M 10.5 (2500) 1.0 1.3 18 . 8

F 9.20 (2200) 0.9 1.1 16 1.1 7
13-15y

M 11.7 (2800) 1.1 . 20 1.4 9

F 9.20 (2200) 0 1.1 16 1.2 7
16-18 y

M 13.4 (3200) 1.3 . 23 1.8 11

F 8.79 (2100) 0.8 1.1 15 1.2 7
19-24y

M 12.6 (3000) 1.2 1.5 22 1.6 10

F 8.79 (2100) 0.8 15 1.2 7
25-49 y

M 11.3 (2700) 1.1 1.4 19 1.5 9

F 8.37 (2000) 0.8 1.0 14 1.1 7
50-74 y

M 9.62 (2300) 0.9 1.3 16 1.3 8

F 7.53 (1800) 0.8% 1.0 14% 1.1 7%
75+ y

M 8.37 (2000) 0.8 1.0 14 1.0 7

F§ 7.11 (1700) 0.8% 1.0% 14 1.1} 7%
Pregnancy (additional)

Ist trimester 0.42 (100) 0.1 0.1 0.1 0.05 0.3

2nd trimester 1.26 (300) 0.1 0.3 0.2 0.16 0.9

3rd trimester 1.26 (300) 0.1 0.3 0.2 0.16 0.9
Lactation (additional) 1.88 (450) 0.2 0.4 0.3 0.25 1.5

* From reference 203.

t Niacin equivalents.

$ Value below which intake should not fall.
§ Assumes moderate physical activity.

in young than in old people. There are ethnic differences in
bleeding time that appear to be related to diet. The increase in
bleeding time brought on by the ingestion of fish or fish oils is
an attempt to return to a more physiological state.

Bleeding time is determined by platelet function, local tissue
factors, and components of the coagulation system. Rodgers and
Levin (210) carried out a critical reappraisal of the bleeding time
and concluded that there is no evidence that bleeding time is a
predictor of hemorrhage risk and summarized their findings as
follows: “The pathophysiology of an abnormal bleeding time
remains poorly understood. The bleeding time is affected by a
large number of diseases, drugs, physiologic factors, test con-
ditions, and therapeutic actions, not all of them platelet-related.
The test is likely to remain widely used for the diagnosis of
inherited disorders of platelet function, such as von Willebrand’s
syndrome, despite the lack of clear criteria for its use in this
context. There are no data that support use of the bleeding time
to predict bleeding: there is no evidence that the test changes
sufficiently in advance of serious bleeding to allow successful

intervention, that the risk of bleeding for a given bleeding time
is independent of the cause of the prolongation, or that bleeding
from the skin can predict bleeding elsewhere in the body (for
example, duration of bleeding from a skin wound does not cor-
relate with duration of bleeding from a gastric biopsy site). There
is no evidence that the bleeding time is useful for monitoring
the effects of hemodialysis or transfusion therapy.”

Evidence that long-chain w3 fatty acids protect against the
development of CVD continues to accumulate from epidemi-
ologic surveys, animal-feeding studies, biochemical research, and
human clinical trials and intervention studies. Most investigators
advise that addition of fish to the diet several times weekly may
be of benefit in preventing CHD. There is insufficient evidence
to quantify the exact prophylactic benefit. Yet the epidemiologic
evidence from the Eskimo (13), the Japanese (15), the Oslo stud-
ies (16) and from population-intervention studies and clinical
trials are highly suggestive and support the hypothesis that w3
fatty acids are contributing factors in the prevention of CHD
and in the control of blood pressure.
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In considering dietary implications it is necessary to distinguish
among the various roles of w3 fatty acids:

1) Omega-3 fatty acids are essential for normal growth and
development throughout the life cycle and they must be included
in the diet of pregnant women, premature infants, full-term in-
fants. children. young adults, and elderly adults. As indicated
in the previous section, the optimal intake of 18:3w3 was esti-
mated to be 800-1100 mg/d and that of very-long-chain w3
fatty acids to be 300-400 mg/d: the current amount in the US
population is 50 mg EPA and 80 mg DHA per capita per day,
indicating that the present diet does not provide adequate
amounts.

2) Increased intake of fish or fish oils may be necessary over
and above the amount determined for their essentiality, partic-
ularly in those who have a family history or other evidence of
susceptibility to CHD, hypertension, arthritis, psoriasis, and
cancer.

3) Omega-3 fatty acids are potentially valuable as adjuvants
to treatment of some of these diseases.

It is interesting to consider the progress that has taken place
in dietary recommendations from 1985 to 1990. At the Con-
ference on the Health Effects of Polyunsaturated Fatty Acids in
Seafoods in 1985, it was noted that in the United States the per
capita consumption was 5.9 kg fish/y, which is equivalent to
about one fish meal per week (24). A recommendation was made
to increase this amount to two to three fish meals per week. It
appears that the American public is responding because the cur-
rent per capita consumption has increased to 6.8 kg fish per
year.

It was further recommended at the 1985 conference that total
fat intake should be 30% of total calories, with 10% being sat-
urated fatty acids, 10% monounsaturated fatty acids, and 10%
PUFAEs, the latter being equally divided between w6 and w3.
Therefore physicians should recommend the substitution of fish
for meat so that fish is eaten at least twice per week. Alternatively,
individuals who do not like fish and cannot get their w3 fatty
acids from their diet can get them from supplements.

An ideal supplement would contain high amounts of EPA
and DHA but little or no cholesterol or vitamins A and D. Vi-
tamin E should be added to prevent oxidation of these highly
unsaturated fatty acids. Products that conform to most of these
requirements are produced from fish oils pressed or extracted
from the flesh of the fish.

In the lay press there is confusion between fish-oil supplements
and cod-liver oil. Cod-liver oil extracted from the liver is rich
in vitamins A and D. Before the 1940s cod-liver oil was ingested
mainly by children as a source of vitamins A and D. In the
United Kingdom cod-liver oil is standardized by its vitamin
content rather than its fish-oil content. In contrast, fish-oil sup-
plements from the flesh of fish contain only negligible amounts
of vitamins A and D.

At the most recent conference, the Second International Con-
ference on the Health Effects of Omega-3 Polyunsaturated Fatty
Acids in Seafoods (March 20-23, 1990), the following statement
was released:

® Based upon clear evidence of an essential role for w3 fatty
acids in human development and health, the scientists rec-
ommended that all infant formula and diets for humans
should include w3 fatty acids, and they expressed concern
that steps be taken to stop marketing enteral and parenteral
formulas that fail to include any w3 fatty acids.

® The researchers urged that the appropriate government
agencies officially recognize the vitally important differences
between w3 and w6 polyunsaturated fatty acids. Estimates
of the average w3 nutrition consumption in the U.S. pre-
sented by USDA scientists agreed with new nutrient mea-
surements reported from a NHLBI study, with both studies
indicating inadequate supplies of w3 fatty acids in the typical
American diet.

® New evidence with an extremely high level of statistical
precision, from the National Heart, Lung and Blood Insti-
tute study, suggests that the daily dietary intake of 0.5 to
1.0 grams of long chain w3 fatty acids per day reduces the
risk of cardiovascular death in middle aged American men
by about 40%, and some new data suggests that w3 fatty
acids may also decrease cancer mortality.

® The research reports make it increasingly evident that eating
w3 fatty acids can have beneficial effects on chronic inflam-
matory and cardiovascular diseases.

Recently Canada published its 1990 nutrition recommenda-
tions (203). As can be seen from Table 10, the Canadian nutrition
recommendations include separate recommendations for the two
classes of PUFAs. The amounts of w3 and w6 fatty acids are
given in grams based on energy expressed as daily rates for the
various age groups from birth to 75+ y. For pregnancy additional
w3 and w6 fatty acids are recommended in amounts that increase
from the first to the second trimester. There is no increase be-
tween the second and third trimester. Additional w3 and w6
fatty acids are recommended during lactation.

Conclusions

Omega-3 fatty acids, LNA, EPA, and DHA, have been part
of the human diet throughout evolution. Modern agriculture
and aquaculture and the industrial revolution have led to changes
in the production of both plants and animals and to marked
changes in the composition of the food supply of Western so-
cieties. Specifically, the amount of w6 fatty acids in the food
supply has increased and that of w3 fatty acids has decreased
during human evolution from an estimated ratio of 1:1 for w6:
w3 to 10:1 or 20-25:1, based on various estimates.

Omega-3 fatty acids are found in human milk. Earlier animal
studies with rodents and nonhuman primates and recent studies
with premature infants have shown that DHA is essential for
the normal function of retina and brain. Additional studies in-
dicate that w3 fatty acids are essential throughout the life cycle
and many scientific groups have recommended establishing rec-
ommended dietary allowance so that w3 fatty acids will be in-
cluded in infant formulas and in enteral and parenteral solutions.
Furthermore, current data support recommendations for the
general public. The 1990 Canadian nutrition recommendations
already include specific amounts for w3 and w6 fatty acids (in
g/d) for the various age groups, with additional amounts rec-
ommended during pregnancy and lactation. Thus, the great
progress that has been made in nutrition research on the role of
w3 fatty acids in health and disease is already incorporated into
nutrition policy in Canada.

Many investigators worldwide have examined the role of w3
fatty acids in disease states. About 2000 studies involving animal
models, tissue cultures, clinical investigations, and randomized
double-blind clinical trials have been reported in the past 6 y in
the world literature. Such studies include normal subjects and
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patients with atherosclerosis; CHD; hypertension; inflammatory
and autoimmune disorders such as arthritis, psoriasis, and ul-
cerative colitis; and a number of animal models for research on
cancer.

The majority of studies have been carried out in patients with
CVD. The role of w3 fatty acids, particularly EPA and DHA,
has been investigated in terms of their hypolipidemic, anti-
thrombotic, antiarrhythmic, antihypertensive, and anti-inflam-
matory aspects. Mechanisms include studies on eicosanoid pro-
duction and metabolism, cytokine production and suppression,
plasminogen activator production, and gene expression. Many
of these studies indicate that w3 fatty acids appear to decrease
or inhibit risk and precipitating factors in the development
of CVD.

Although an increase in consumption of w3 fatty acids alone
clearly will not eradicate CVD, it is increasingly evident that
increasing the amount of w3 fatty acids in the Western diet by
eating fish or supplementing the diet with fish oils may help in
the prevention of heart disease as well as in the prevention or
amelioration of other disease states.

Addendum

Since this paper was completed in November 1990, a paper
was published in the December 1990 issue of The American
Journal of Clinical Nutrition entitled “Erythrocyte fatty acids,
plasma lipids, and cardiovascular disease in rural China” by
Wenxun et al (211). In this paper the authors concluded that
within China neither plasma total cholesterol nor LDL choles-
terol was associated with CVD. A strong inverse correlation be-
tween erythrocyte oleate concentrations and CVD was observed.
However, erythrocyte oleate concentrations were not associated
with plasma cholesterol but were strongly negatively associated
with arachidonate concentrations, suggesting potential dimi-
nution of CVD by oleate through reduced platelet aggregabil-
ity. This study then implicates arachidonate in contributing
to CVD.

I thank William Harris, Alexander Leaf, and Dwight Robinson for
their review and comments.
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