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Comparison of vegetable and fish oil
in the provision of N-3
polyunsaturated fatty acids for
nervous tissue and selected organs
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Rats were fed (as were their mothers from 2 weeks before mating) with a semi-synthetic diet deficient in
alpha-linolenic acid (peanut oil-based) but containing linoleic acid. At age 5 weeks, the animals were divided into
several groups that were fed for 3 weeks varying amounts of (n-3) series polyunsaturated farty acids, either as
alpha-linolenic acid (by addition of rapeseed oil to the peanut oil) or as very long chain acids (by addition of fish
oil). Compared with vegetable oil, equal quantities of fish oil gave a higher concentration of docosahexaenoic
acid (DHA) in all the tissues. About two-fold more vegetable oil than fish oil was needed to obtain the same
quantity of DHA in all the tissues. Three weeks of the new diet were not enough to stabilize DHA concentrations
in rat nervous tissue, but recovery was more rapid with fish oil than with vegetable oil. For non-nervous tissue,
increases in DHA levels were lower with vegetable oil than with the same amount of fish 0il, and fish oil provided
more very long chain (n-3). (J. Nutr. Biochem. 8:472-478, 1997) © Elsevier Science Inc. 1997
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Introduction

Fatty acids found in membranes are very long chain fatty
acids derived from linoleic and alpha-linolenic acids. For
the (n-3) fatty acids, the question is whether the truly
essential fatty acid, at least for certain tissues, is alpha-
linolenic acid or a longer chain fatty acid. This hypothesis is
important for the brain because cerebral cells in culture
require the presence of DHA to differentiate, divide, mul-
tiply, and to take up and release neuromediators.!? Brain
and retina DHA, especially during development,” is either
supplied by the liver* or the diet. Some vegetable oils
contain alpha-linolenic acid, and mammals elongate and
desaturate this acid. However, in the brain, delta-6-desatu-
rase activity begins to decrease after the development period
and reaches an extremely low level during aging.>*® More-
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over, the enzymatic activity is reduced under a number of
pathological conditions. Thus it is possible that hepatic
synthesis of polyunsaturated very long chains is not suffi-
cient to ensure the physiological turnover of membrane fatty
acids, including those of the brain. Consequently, very long
polyunsaturated chains, especially (n-3) fatty acids found in
fish oil, could be of interest for biological membrane
structure and function, besides having pharmacological
interest.”8

The essential nature of alpha-linolenic acid is beyond
doubt.>!® A deficiency leads to anomalies in the composi-
tion of nervous membranes''~!> and in their architecture
and function’®~® and leads to perturbation of electrophys-
iological parameters, alteration in learning tests, and greater
sensitivity to neurotoxins.'®=2*

Nutritional deficiency in (n-3) fatty acids also alters
brain structure and function in humans, and the biochemical
correlation between dietary fatty acids, milk composition
and possibly brain composition has been demonstrated in
both pigs!’~2° and humans.?®?’ As very long polyunsatu-
rated chains are present in human milk, and in view of the
vast amount of these fatty acids deposited in nervous tissue
during the perinatal period,?® artificial milk formulas have
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very recently been supplemented with fish oil, with benefits
for membranes in infants.> 3% As a result both non-nervous
and nervous tissues are enriched in (n-3) fatty acids, and
retinal, visual cortex, and intellectual functions are im-
proved, 334

Although the infant is able to synthesize DHA, the
amount produced is inadequate to support the DHA level
observed in breast-fed infants;*> moreover, in animals,
during development, different regions within the brain may
vary in their capacity to synthesize DHA, in correlation with
regional growth rate.*® Some neurological differences have
been found between 9-year-old children fed breast milk as
babies and formula-milk babies, it has been suggested that
very long polyunsaturated fatty acids may explain this
discrepancy.?’

We have previously shown for some tissues that when
the dietary content of alpha-linolenic acid is increased, the
level of DHA increases.'® We have also shown that phos-
pholipids derived from brain and given in the diet are a good
source of (n-3) polyunsaturated fatty acids for rat nervous
tissue.>® The question thus raised is what level of dietary
fish oil would give the same membrane DHA concentration
in tissue as vegetable oil does (and, perhaps also, what is the
rate of conversion of alpha-linolenic acid into DHA in the
organism). In this study, we sought to answer these ques-
tions by varying the amount of dietary (n-3) either in the
form of rapeseed oil (providing the alpha-linolenic precur-
sor) or fish oil (providing very long polyunsaturated chains,
EPA and DHA) and comparing the results from two series
of experiments.

Methods and materials

To stabilize the fatty acid composition of the tissues, two weeks
before mating, female rats were fed a diet deficient in alpha-
linolenic acid (dietary lipids consisted of peanut oil). At 5 weeks,
animals were divided into 2 X 7 groups (10 animals per group).

The complete composition of the diet (casein, DL-methionine,
cellulose, starch, saccharose, oil, vitamin and mineral mixture) has
been previously published.!!'®3® The oil and (n-3) polyunsatu-
rated fatty acid content of the diets is given in Table 1.

In the first group, the different amounts of alpha-linolenic acid
in the diets were obtained by adding to peanut oil (which contains
only trace amounts of alpha-linolenic acid: 0.01% of total fatty
acids, i.e., 4.5 mg/100 g oil) increasing amounts of rapeseed oil
(whose alpha-linolenic acid content represents 9% of total fatty
acids). In the second group, different amounts of (n-3) series very
long chain fatty acids were obtained by adding to peanut oil
increasing amounts of cod liver oil. This oil contains 27% (n-3)
fatty acids: (g/100 g fatty acids) 0.9% 18:3 (n-3), 3.1% 18:4 (n-3).
0.6% 20:4 (n-3), 11.5% 20:5 (n-3), 1.6% 22:5 (n-3), 9.2% 22:6
(n-3). The total amount of lipids in all diets was maintained at 5%.

Animals were switched to the different diets at the age of S
weeks because the fatty acid composition of nerve endings and
mitochondria does not stabilize in control animals before this
time.*® Animals were killed by decapitation 3 weeks after the diet
change [we have previously shown that the rate of recovery after
switching from a deficient to a normal diet (from a sunflower to a
soybean oil-based diet) varies depending on the organ]. This
recovery was measured by the increase in DHA (and the decrease
in 22:5 (n-6) and its replacement by 22:6 (n-3).3%*° Techniques for
removal of organs, lipid extraction, transmethylation, and analysis
of fatty acids by capillary column gas chromatography have been
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Figure 1 DHA in nervous tissue in response to increasing amounts of
either cod liver oil or rapeseed oil. For each individual organ or organelie,
values not bearing the same superscript are significantly different. a, b,
¢, d are related to animals receiving cod liver oil; u, v, w, X, v, to animals
receiving rapeseed oil. *: significant difference between cod-liver-oil-fed
animals and rapeseed-oil-fed animals. DHA: docosahexaenoic acid
(22:6 (n-3)). When the graph has one line, it means that the two lines are
identical (no statistical difference between the values) (squares, cod liver
oil; circles, rapeseed oil).

described previously.!? Statistical significance of mean differences
between dietary groups was tested by analysis of variance (multi-
ple factor ANOVA, alpha = 0.05).

Values in the figures for the various organs are the means of at
least five different animals from at least three different litters. For
myelin and nerve endings, each value is the mean of at least four
different preparations; each density gradient required at least four
animals. Thus, each value represents at least 16 animals (from at
least three different litters).

Experimental protocols were approved and meet government
guidelines (Ministry of Agriculture, authorization N 03007, June 4,
1991).

Results and discussion

Figure 1 shows that in all nervous structures examined the
DHA level increased linearly with dietary alpha-linolenic
acid concentration, in agreement with our previous re-
sults.'® However, the present results were obtained with
rapeseed oil, whereas soybean oil was generally used in
previous experiments. It should be noted that the linoleic/
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Table 1 Oils used for the different diets (g/kg diet) and fatty acid composition of the different diets (% by weight)

Peanut oil Mixture of peanut and rapeseed oil Mixture of peanut and cod liver oil
Peanut oil 50.0 48.4 488 470 440 380 26.1 408 488 480 480 46.0 421
Rapeseed oil — 0.6 1.2 3.0 6.0 120 23.9 — — — — — -
Cod liver oil — - - - — - - 0.2 0.4 1.0 2.0 4.0 7.9
Fatty acid A B C D E F G H | J K L M
14:0 — - — — — — — — — 0.1 0.2 0.3 0.6
16:.0 9.4 9.5 9.4 9.4 9.2 8.5 7.6 9.8 9.8 9.7 9.6 9.9 10.2
18:0 3.3 3.5 3.5 3.5 3.5 3.2 2.9 4.0 3.8 3.7 3.7 3.8 3.3
20:0 1.3 15 1.6 1.4 1.4 1.3 1.0 1.5 15 1.4 1.4 1.4 1.4
22:0 2.8 2.8 2.8 2.8 2.4 2.4 2.4 3.0 2.8 3.0 3.5 2.9 1.8
24:0 1.4 1.4 1.4 1.4 1.1 1.1 0.7 1.4 1.4 1.4 1.4 14 14
16:1n-7 — — — — — — — — — 0.2 0.3 0.6 1.3
18:1n-9 80.0 60.0 589 60.0 603 601 60.6 594 584 685 568 56.1 54.8
20:1n-9 0.9 1.2 1.2 1.1 1.1 1.2 1.1 1.1 1.1 1.2 1.3 1.8 2.3
22:1n-11 — — — — — — — 0.2 0.2 0.2 0.6 0.5 0.8
22:1n-9 - — — — — — — — — — 0.6 0.1 0.2
18:2n-6 20.1 20.0 20.1 2041 20.2 203 20.7 20.1 20.1 200 197 193 191
20:4n-6 — — — — — - — — - — — 01 0.2
18:3n-3 0.1 0.2 0.3 0.6 1.2 2.2 4.3 0.1 0.1 0.1 0.1 01 0.2
18:4n-3 — — - — — — — - — — 0.1 0.2 0.4
20:5n-3 — — — — - — — 0.1 0.1 0.3 0.5 1.0 2.0
22:5n-3 — — — - — — — — — — - 0.1 0.2
22:6n-3 - - . . — - - - 0.1 0.2 0.4 0.7 1.4
PUFA n-3 — 0.2 0.3 0.6 1.2 2.2 4.3 0.2 0.3 0.6 14 2.1 4.2
18:2n-6/18:3n-3 — 100.0 67.0 335 168 9.2 4.8 2010 201.0 2000 197.0 1930 955
n-6/n-3 201.0 100.0 67.0 335 168 9.2 4.8 100.5 67.0 333 179 9.2 45
mg/100g diet
n-6 945.0 940.0 945.0 945.0 9490 9540 9730 9450 945.0 9400 9260 9120 9070
n-3 4.7 9.7 147 297 547 1047 2041 9.7 10.7 295 540 1047 204.7
% OF TOTAL FATTY ACIDS
22:6 (n-3) % OF TOTAL FATIY ACIDS
22:6 (n-3)
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Figure 2 DHA in liver, kidney, testes and lung in response to increas- Figure3 DHA in muscle and heart in response to increasing amounts
ing amounts of either cod liver il or rapeseed oil. Same remarks as in of either cod liver oil or rapeseed oil. Same remarks as in Figure 1

Figure 1 (squares, cod liver oil; circles, rapeseed oil). (squares, cod liver oil; circles, rapeseed oil).
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Figure 4 20:4(n-6) in nervous tissue in response to increasing
amounts of either cod liver oil or rapeseed oil. Same remarks as in
Figure 1 (squares, cod liver oll; circles, rapeseed oil).

alpha-linolenic acid ratio is 9.8 and 2.8 in soybean oil and
rapeseed oil, respectively. As it is known that the rate of
conversion of alpha-linolenic acid to EPA and DHA de-
pends on the ratio of linoleic acid to alpha-linolenic acid
these ratios are given in Table I. For brain, myelin, nerve
endings, and retina, the DHA concentration increased with
the amount of fish oil in the diet. In all cases, values
obtained with 105 and 205 mg (n-3) fish 0il/100 g diet were
not significantly different. The plateau was thus reached
with 105 mg (n-3) fish oil 100 g diet compared with 200
mg/100 g diet for (n-3) vegetable oil. The efficiency ratio
was thus about 2.

In addition, values obtained with rats fed fish oils were
always higher than in those fed vegetable oils. The maximal
level of DHA found in cerebral membranes with fish oil was
higher than with vegetable oil. Nonetheless, we have pre-
viously shown that about 3 months are necessary for animal
cerebral membranes deficient in alpha-linolenic acid to
recover a normal level of DHA. Because this study only
lasted 3 weeks, the cerebral structures did not have time to
recuperate. However, results show that the rate of recovery
was more rapid with very long chain fatty acids derived
from fish oils than with alpha-linolenic acid. For sciatic
nerve, values were too low for any differences to be
demonstrated.

Figure 2 and 3 show similar phenomena for various
organs: liver, kidney, testes, heart, and muscle (for lung,
values were too low for differences to be determined).
During the experiment (3 weeks after dietary change) these

Veegetable and fish oil; nutritional values: Bourre et al.
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Figure 5 20:4(n-6) in liver, kidney, testes and lung in response to
increasing amounts of either cod liver oil or rapeseed oil. Same remarks
as in Figure 1 {squares, cod liver oil; circles, rapeseed oil).

Jevels had time to partially recover.*® For a given amount of
(n-3) in the diet, results show that the recovery was obtained
with lower quantities of fish oil (n-3) fatty acids than with
alpha-linolenic acid from vegetable oil.

Figure 4 shows that whatever the dietary content of (n-3)
series fatty acids, whether of fish or vegetable origin, the
concentration of arachidonic acid in the nervous structures
was unchanged. In contrast, in liver, lung, and muscle
(Figure 5 and 6) the content of arachidonic acid was
significantly decreased as from 105 mg (n-3) fish 0il/100 g
diet. For kidney and heart, the decrease in arachidonic acid
with 205 mg fish or vegetable 0il/100 g diet was not
statistically significant.

Figure 7 shows that the decrease in 22:5 (n-6) was more
rapid (as a function of (n-3) fatty acids in the diet) with fish
oil than with vegetable oil in brain, nerve endings, myelin,
and retina. The concentration of 22:5 (n-6) stabilized at 105
mg n-6 fish 0il/100 g diet (no significant difference between
the 105 and 205 data points).

Figure 8 and 9 show that 22:5 (n-6) decreased signifi-
cantly more rapidly (as a function of (n-3) fatty acids in the
diet) with the fish-peanut oil mixture than with the rape-
seed-peanut oil mixture for liver, kidney, lung, heart, and
muscle. For testes, the level of 22:5 (n-6) did not depend on
dietary (n-3), whatever the length of the chain. It is
interesting to note that for 205 mg n-3/100 g diet the
concentration of 22:5 (n-6) was the same with both fish or
vegetable oil, whereas the concentration of 22:6 (n-3) was
different (Fig. 1-3).
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Figure 6 20:4(n-6) in heart and muscle in response to increasing
amounts of either cod liver oil or rapeseed oil. Same remarks as in
Figure 1 (squares, cod liver oil; circles, rapeseed oil).

The concentration of 22:6 (n-3) increased more rapidly
(as a function of (n-3) fatty acids in the diet) in practically
all structures with increasing amounts of (n-3) fatty acids of
fish rather than vegetable origin. For nen-nervous tissue, the
22:6 (n-3) plateau was reached at 205 mg alpha-linolenic
acid/100 g diet (confirming previous data). This plateau was
not reached at lower dietary concentrations of fish oil.
Moreover, at 205 mg (n-3) fish 0il/100 g diet the concen-
tration of 22:6 (n-3) in the membranes was higher than that
obtained with 205 mg alpha-linolenic acid/100 g diet.

For nervous structures, 3 weeks of the new diet (contain-
ing alpha-linolenic acid) was not enough to stabilize their
DHA content. The only conclusion that can be drawn is that
the rate of recovery was more rapid with n-3 oil of fish
origin rather than vegetable origin.

In previous studies,*! we found that in alpha-linolenic-
deficient rats refed either vegetable oil containing alpha-
linolenic acid or fish oil, the recovery of the fatty acid
composition in liver was more rapid and more complete
with long chain refeeding (fish oil). Concurrently, the
delta-6-desaturase activity in liver was lowered by the
addition of fish oil in the diet. Moreover, in 2-month-old
rats after 4 weeks of alpha-linolenic refeding, the delta-6-
desaturase activity decrease stabilized, whereas it continued
to decrease after 12 weeks with fish oil refeeding. Thus, we
speculate that fish oil is more potent than vegetable oil at
down-regulating the delta-6-desaturase activity by increas-
ing DHA incorporation in phospholipids.

Nonetheless, it cannot be excluded that intake of alpha-
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Figure 7 22:5(n-6) in nervous tissue in response to increasing
amounts of either cod liver oil or rapeseed oil. Same remarks as in
Figure 1 (squares, cod liver oil; circles, rapeseed oil).
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Figure 8 22:5(n-B) in liver, kidney, testes and lung in response to
increasing amounts of either cod liver oil or rapeseed oil. Same remarks
as in Figure 1 {squares, cod liver ofl; circles, rapeseed Gil).
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Figure 9 22:5(n-6) in heart and muscle in response to increasing
amounts of either cod liver qil or rapeseed oil. Same remarks as in
Figure 1 (squares, cod liver oil; circles, rapeseed oil).

linolenic acid by itself is preferable for two reasons: the
organism can probably regulate excess alpha-linolenic acid
by degradation. One study*? showed that alpha-linolenic
acid is as well oxidized as oleic acid and much better than
linoleic or gamma-linolenic acids (but the nature and lipid
content of the diets were not specified by the authors). In
fact, too much fish oil in the diet alters the fatty acid
composition of organs in rat, including brain;**** in mice,
increasing the dietary (n-3)/(n-6) ratio results in an increase
in (n-3) fatty acids with a corresponding decrease in (n-6)
fatty acids.!® Thus it is probable that the organism has more
difficulty regulating excess very long chain polyunsaturated
fatty acids. However, moderate (n-3) intake does not seem
to alter cerebral structure nor induce toxic peroxidation.*’
The hypothesis that organisms might regulate alpha-lino-
lenic better is a question that has not been answered, and has
been discussed by Budowski and Crawford.*®

It can probably be excluded that the higher level of DHA
in the tissues of rats fed fish oil can be explained by fish oil
providing a more rapid incorporation of DHA into the tissue
since animals of both groups were fed the oils for 3 weeks.
It should be noted that this time period was derived from
previous experiments with rats.* Indeed, this 3 weeks
period is not adequate for other species, specially for
human.*’

A note of caution must be sounded regarding fish oils. It
has previously been shown by us and others that an excess
of fish oil in the diet can alter brain fatty acid composi-

Vegetable and fish oil; nutritional values: Bourre et al.

tion,**~ %348 and the amount of fish oils in the human diet

thus needs to be carefully controlled.

In conclusion, vegetable oils do not ensure the maximal
level of DHA in membranes, since fish oils provide higher
levels. It remains to be demonstrated whether these higher
levels correspond to better function. Moreover, as differ-
ences were found in tissues between rats fed fish oil and
those fed vegetable oils, the fatty acid profile of purified
phospholipids must be examined. Finally, the question
arises whether some effects could be attributed to the
monoenes and saturated fatty acids found in fish oil. The
answer will be obtained uvsing purified triglycerides from
fish oil, excluding monoenes and saturated fatty acids.

However, the methods employed for these investigations
(using fish oil), do not allow an assesment of the relative
efficiency of DHA per se in the fish oil versus the other
precursors of (n-3) polyunsaturated fatty acids also present
in fish oil with respect to their relative abilities to enhance
the DHA levels in the organs measured.

References

1 Bourre, JM., Faivre, A., Dumont, O., Nouvelot, A., Loudes, S.C.,
Puymirat, J., and Tixier-Vidal, A. (1983). Effect of polyunsaturated
fatty acids on fetal mouse brain cells in culture in a chemically
defined medium. J. Neurochem. 41, 1234-1242

2 Loudes, C., Faivre-Bauman, A., Barret, A., Grouselle, D., Puymirat,
J., and Tixier-Vidal, A. (1983). Release of immunoreactive TRH in
serum-free cultures of mouse hypothalamic cells. Dev. Brain Res. 9,
231-234

3 Anderson, G.J., Van Winkle, S., and Connor, W.E. (1992). Revers-
ibility of the effects of dietary fish oil on the fatty acid composition
of the brain and retina of growing chicks. Biochim. Biophys. Acta.
1126, 237-246

4 Scott, B.L. and Bazan, N.G. (1989). Membrane docosahexaenoate is
supplied to the developing brain and retina by the liver. Proc. Natl.
Acad. Sci. USA 86, 2903-2907

5 Bordoni, A, Biagi, P.L., Turchetto, E., and Hrelia, S. (1988). Aging
influence on delta-6-desaturase activity and fatty acid composition of
rat liver microsomes. Biochem. Int. 17, 1001-1009

6  Bourre, J.M. and Piciotti, M. (1992). Delta-6 desaturation of alpha-
linolenic acid in brain and liver during development and aging in the
mouse. Neurosci. Lett. 141, 65-68

7  Dyerberg, J. (1986). Linolenate-derived polyunsaturated fatty acids
and prevention of atherosclerosis. Nutr. Rev. 44, 125-134

8  Kinsella, J.E. (1986). Food components with potential therapeutic
benefits: the (n-3) polyunsaturated fatty acids. Food Technology
89-97

9 Lands, W.E. (1986). Renewed questions about polyunsaturated fatty
acids. Nutr, Rev. 44, 189195

10 Simopoulos, A.P. (1986). Summary of the conferences on the health
effect of polyunsaturated fatty acids in seafoods. J. Nutr. 116,
2350-2354

11 Bourre, J.M., Pascal, G., Durand, G., Masson, M., Dumont, O., and
Piciotti, M. (1984). Alterations in the fatty acid composition of rat
brain cells (neurons, astrocytes, and oligodendrocytes) and of sub-
cellular fractions (myelin and synaptosomes) induced by a diet
devoid of n-3 fatty acids. J. Neurochem. 43, 342-348

12 Connor, W.E., Neuringer, M., and Lin, D.S. (1990). Dietary effects
on brain fatty acid composition: the reversibility of n-3 fatty acid
deficiency and turnover of docosahexaenoic acid in the brain,
erythrocytes, and plasma of rhesus monkeys. J. Lipid Res. 31,
237-247

13 Sarda, N., Gharib, A., Croset, M., Moliere, P., and Lagarde, M.
(1991). Fatty acid composition of the rat pineal gland. Dietary
modifications. Biochim. Biophys. Acta 1081, 75-78

14 Huang, Y.S., Wainwright, P.E., Redden, P.R., Mills, D.E., Bulman-
Fleming, B., and Horrobin, D.F. (1992). Effect of maternal dietary

J. Nutr. Biochem., 1997, vol. 8, August 477



Research Communications

19

20

21

22

23

24

25

26

27

28
29

30

31

fats with variable n-3/n-6 ratios on tissue fatty acid composition in
suckling mice. Lipids 27, 104-110

Wainwright, P.E., Huang, Y.S., Bulman-Fleming, B., Dalby, D.,
Mills, D.E., Redden, P., and McCutcheon, D. (1992). The effects of
dietary n-3/n-6 ratio on brain development in the mouse: a dose
response study with long-chain n-3 fatty acids. Lipids 27, 98-103
Foot, M., Cruz, T.F., and Clandinin, M.T. (1982). Influence of
dietary fat on the lipid composition of rat brain synaptosomal and
microsomal membranes. Biochem. J. 208, 631-640

Foote, K.D., Hrboticky, N., MacKinnon, M.J., and Innis, S.M.
(1990). Brain synaptosomal, liver, plasma, and red blood cell lipids
in piglets fed exclusively on a vegetable-oil-containing formula with
and without fish-oil supplements. Am. J. Nutr. §1, 1001-1006
Zérouga, M., Beaugé, F., Niel, E., Durand, G., and Bourre, J.M.
(1991). Interactive effects of dietary (n-3) polyunsaturated fatty acids
and chronic ethanol intoxication on synaptic membrane lipid com-
position and fluidity in rats. Biochim. Biophys. Acta 1086, 295-304
Bourre, J.M., Francois, M., Youyou, A., Dumont, O., Piciotti, M.,
Pascal, G., and Durand, G. (1989). The effects of dietay a-linolenic
acid on the composition of nerve membranes, enzymatic activity,
amplitude of electrophysiological parameters, resistance to poisons
and performance of learning tasks in rats. J. Nuer. 119, 1880-1892
Enslen, M., Milon, H., and Malnog, A. (1991). Effect of low intake
on n-3 fatty acids during development on brain phospholipid fatty
acid composition and exploratory behavior in rats. Lipids 26,
203-208

Yehuda, S., Leprohon-Greenwood, C.E., Dixon, L.M., and Coscina,
D.V. (1986). Effects of dietary fat on pain threshold, thermoregula-
tion and motor activity in rats. Pharmacol. Biochem. 24, 1775-1777
Yamamoto, N., Saitoh, M., Moriuchi, A., Nomura, M., and
Okuyama, H. (1987). Effect of dietary a-linolenate/linoleate balance
on brain lipid compositions and learning ability of rats. J. Lipid Res.
28, 144-151

Neuringer, M., Anderson, G.J., and Connor, W.E. (1988). The
essentiality of n-3 fatty acids for the development and function of the
retina and brain. Ann. Rev. Nutr. 8, 517-541

Wainwright, P.E., Huang, Y.S., Bulman-Fleming. B., Mills, D.E.,
Redden, P., and McCutcheon, D. (1991). The role of n-3 essential
fatty acids in brain and behavioral development: a cross-fostering
study in the mouse. Lipids 26, 37-45

Arbuckle, L.D. and Innis, S.M. (1992). Docosahexaenoic acid in
developing brain and retina of piglets fed high or low a-linolenate
formula with and without fish oil. Lipids 27, 89-93

Carlson, S.E., Cooke, R.J., Werkman, S.H., and Tolley, E.A. (1992).
First year growth of preterm infants fed standard compared to marine
oil n-3 supplemented formula. Lipids 27, 901-907

Hoffman, D.R. and Uauy, R. (1992). Essentiality of dietary w3 fatty
acids for premature infants: plasma and red blood cell fatty acid
composition. Lipids 27, 886~895

Koletzko, B. (1992). Fats for brains. Eur. J. Clin. Nutr. 46, S51-S62
Carlson, S.E. (1994). Lessons learned from randomizing infants to
marine oil-supplemented formulas in nutrition trials. J. Pediarr. 125,
33-38

Clandinin, M.T., Garg, M.L., Parrott, A., Van Aerde, J.V., Hervada,
A., and Lien, E. (1992). Addition of long-chain polyunsaturated fatty
acids to formula for very low birth weight infants. Lipids 27,
896-900

Uauy, R., Hoffman, D., Birch, E., Birch, D., Jameson, D., and Tyson,
J. (1994). Safety and efficacy of omega-3 fatty acids in the nutrition
of very low birth weight infants: soy oil and marine oil supplemen-
tation of formula. J. Pediatr. 124, 612-620

478 J. Nutr. Biochem., 1997, vol. 8, August

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

Makrides. M., Neumann, M.A., Byard, R.W., Simmer, K., and
Gibson, R.A. (1994). Fatty acid composition of brain, retina, and
erythrocytes in breast- and formula-fed infants. Am. J. Clin. Nutr. 60,
189-194

Makrides, M., Neumann, M.A., Simmer, K., and Gibson. R.A.
(1995). Erythrocyte fatty acids of term infants fed either breast milk,
standard formula, or formula supplemented with long-chain polyun-
saturates. Lipids 30, 941--948

Makrides, M., Neumann, M., Simmer, K., Pater, J., and Gibson, R.A.
(1995). Are long-chain polyunsaturated fatty acids essential nutrients
in infancy? Lancer 345, 14631468

Salem, N., Wegher, B., Mena, P., and Uauy, R. (1996). Arachidonic
and docosahexaenoic acids are biosynthesized from their 18-carbon
precursors in human infants. Proc. Natl. Acad. Sci. 93, 49-54
Pawlosky, R.J., Ward, G., and Salem, N. (1996). Essential fatty acid
uptake and metabolism in the developing rodent brain. Lipids 31,
103-107

Lanting, C.1., Fidler, V., Huisman, M., Touwen, B.C., and Boersma,
ER. (1994). Neurological differences between 9-year-old children
fed breast-milk or formula-milk as babies. Lancer 344, 1319~1322
Bourre, J.M., Dumont, O., and Durand, G. (1993). Brain phospho-
lipids as dietary source of (n-3) polyunsaturated fatty acids for
nervous tissue in the rat. J. Neurochem. 60, 2018-2028

Youyou, A., Durand, G., Pascal, G., Piciotti, M., Dumont, O., and
Bourre, J.M. (1986). Recovery of altered fatty acid composition
induced by a diet devoid of n-3 fatty acids in myelin, synaptosomes,
mitochondria, and microsomes of developing rat brain. J. Neuro-
chem. 46, 224-228

Bourre, J.M., Durand, G., Pascal, G., and Youyou, A. (1989). Brain
cell and tissue recovery in rats made deficient in n-3 fatty acids by
alteration of dietary fat. J. Nutr. 119, 15-22

Dinh, T.K.L., Bourre, J.M., and Durand, G. (1993). Effect of age and
a-linolenic acid deficiency on A6 desaturase activity and liver lipids
in rats. Lipids 28, 517-523

Leyton, J., Drury, P., and Crawford, M.A. (1987). Differential
oxidation of saturated and unsaturated fatty acids in vivo in the rat.
British J. Nutrition 57, 383-393

Philbrick, D.J., Mahadevappa, V.G., Ackman, R.G., and Holub, B.J.
(1987). Ingestion of fish oil or a derived n-3 fatty acid concentrate
containing eicosapentaenoic acid (EPA) affects fatty acid composi-
tions of individual phospholipids of rat brain, sciatic nerve and
retina. J. Nutr. 117, 1663-1670

Chaudiére, J., Clément, M., Driss, F., and Bourre, JM. (1987).
Unaltered brain membranes after prologed intake of highly oxidiz-
able long-chain fatty acid of the (n-3) series. Neurosci. Lest. 82,
233-239

Bourre, I.M., Bonneil, M., Dumont, O., Piciotti, M., Calaf, R.,
Portugal, H., Nalbone, G., and Lafont, H. (1990). Effect of increas-
ing amounts of dietary fish oil on brain and liver fatty composition.
Biochem. Biophys. Acta 1043, 149152

Budowski, W. and Crawford, M. (1985). Alpha-linoleic acid as
regulator of the metabolism of arachidonic acid: dietary implications
of the ratio n-6/n-3 fatty acids. Proc. Nutr. Soc. 44, 221-229

Indu M Ghafoorunissa (1992). (n-3) fatty acids in the Indian diet:
comparison of the effect of precursor (alpha-linolenic acid) versus
product (long chain (n-3) polyunsaturated fatty acids). Nutr. Res. 12,
569-582

Alsted, ANN. and Hoy, C-E. (1992). Fatty acid profiles of brain
phospholipid subclasses of rats fed n-3 polyunsaturated fatty acids of
marine or vegetable origin. A two generation study. Biochim.
Biophys. Acta 1125, 237-244



