&alpha;-linolenic acid deficiency in the rat.
I. Effects on reproduction and postnatal growth
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Summary. The effects of a dietary a-linolenic acid (18 : 3 n-3) deficiency on reproduction
and postnatal growth in rats were studied during 3 successive gestations and 4 successive
generations. Female rats received respectively a semi-synthetic diet in which the lipids were
incorporated either as sunflower oil at 1.5 % (deficient diet) or as soya oil at 1.87 %
(control diet).
Both diets supplied the same amount of linoleic acid (18 : 2 n-6) (940 mg/100 g of
diet), but the sunflower oil supplied 22 times less a-linolenic acid than the soya diet (6 mg
130 mg/100 g of diet).
The results showed that, in our experimental conditions, the a-linolenic acid deficiency
had no effect on fecundity (% of pregnant females), fertility (number of pups/litter), pup
birth weight, food intake and weight of pregnant or lactating females, or pup growth
vs

during suckling.
However, this deficiency did cause abnormally high rates of perinatal mortality from
birth to postpartum day 3, namely on the average, for successive gestations : 18.5 % in
deficient pups vs 5.2 % in the controls, and for successive generations : 16.6 % in
deficient pups vs 5.3 % in the controls.
Rat n-3 PUFA requirement during reproduction has been discussed ; it appears to be
more than 100 mg/100 g of feed. But this need should also be estimated in relation to n-6
PUFA supply ; for female rats during reproduction, the ratio n-6 : n-3 should be less
than 10.

Introduction.
When demonstrating the essentiality of polyunsaturated fatty acids IPUFA) in
reproduction and growth, Burr and Burr (1930) did not distinguish between the
n-6 and n-3 fatty acid series. Since then, various authors have shown the
essentiality of linoleic acid and its long-chain derivatives (n-6 PUFA) in ensuring
growth, reproduction, and lactation (McKenzie et al., 1939), viability of the young
(Quackenbush et al., 1942) and skin integrity (Mohrhauer and Holman, 1963) in all
land mammals. They also demonstrated that a-linolenic acid could not totally
supply the linoleic acid for these functions (McKenzie et al., 1939 ; Quackenbush
et al., 1942 ; Kummerow et al., 1952 ; Mohrhauer and Holman, 1963 ; Jorgensen

to disavow its essentiality and
its utility.
But the methodology used by these various authors was based on an
incorrect concept, which was to use the same criteria to judge the properties of
two different agents, although there was nothing to indicate that those agents
had the same functions. As Crawford and Sinclair (1972) so justly remarked, it
was like judging the essentiality of an amino acid (for example, phenylalanine) by
assuming that it could remove the symptoms of another amino acid deficiency
(for example, tryptophane). However, more recent results recalled to mind a-linolenic acid and its derivatives. The data of Lee et al. (1967) showed the exclusive
essentiality of n-3 PUFA in trout. Shortly afterwards, these fatty acids were
shown to be abundant in the phospholipids of mammalian neural structures (e.g.
brain, retina) (Svennerholm, 1968 ; Sinclair and Crawford, 1972 ; Breckenridge et
a/., 1973 ; Farnsworth et al., 1979).
It was also proved that n-3 PUFA were precursors of endoperoxides (e.g.
prostaglandins, prostacyclins, thromboxanes) from eicosapentaenoic acid (20 : 5
n-3) (Van Dorp et al., 1964) as n-6 PUFA from arachidonic acid (20 : 4 n-6).
After the first suggestions of Dyerberg et al. (1978) in this matter, Needleman
et al. (1979) reported that, of the eicosanoids from the n-3 series, PG1
3 was antilike
the
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but
its
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aggregating
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showed
capacity in this respect.
very
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In this order of ideas, the anti-aggregating properties of fish oils, rich in 20 : 5 n3, were confirmed in humans (Siess et al., 1980 ; Sinclair, 1981). Moreover,
Budowski et al. (1980) showed that a-linolenic acid (18 : 3 n-3) prevented
nutritional encephalomalacia in chickens ; according to these authors, the sparing
effect would be due to competitive inhibition of the conversion of linoleic acid
into arachidonic acid by a-linolenic acid (Holman, 1964 ; Brenner and Peluffo,
1966). This inhibition, by displacing the balance between TXA
2 and TXA
3 and
enhancing the latter, would avoid the formation of thrombi in the blood vessels of
the brain.
It has also been shown that a n-3 PUFA-deficient diet in rats increased the
rate of neonatal mortality (Sinclair and Crawford, 1973 ; Francois et al., 1980),
impaired learning ability (Galli et al., 1975 ; Lamptey and Walker, 1978 ; Francois,
1983), caused disorders in vision physiology (Wheeler et al., 1975 ; Francois,
1983 ; Nouvelot et al., 1985) and modified some membrane enzyme activities
which could alter membrane physiology (Bernsohn and Spitz, 1974 ; Sun and
Sun, 1974 ; McMurchie and Raison, 1979).
In monkeys, it was observed that the addition of linseed oil, rich in a-linolenic
acid, diminished physiopathological symptoms occurring when the dietary lipids
contained only corn oil, rich in linoleic acid but poor in a-linolenic acid (Fiennes et
a/., 1973). Moreover, deprivation of dietary n-3 fatty acids during gestation and
infancy caused visual impairment in infant rhesus monkeys (Neuringer et al.,

and

Holmer, 1969), and this led them, in fact,

even

1984).
In humans, the neurological disorders in a 6-year old girl, maintained by total
parenteral nutrition, disappeared when 18 : 3 n-3 was added into a nutritive
preparation that had previously contained 18 : 2 n-6 as the only PUFA (Holman

et al., 1982). These authors estimated that the a-linolenic acid requirement was
about 0.54 % of the calories.
Although viewed favourably at present (Lemarchal, 1978 ; Rivers and
Frankel, 1981 ; Tinoco, 1982), the essential function of n-3 PUFA is still
controverted, especially as concerns reproduction and growth (Tinoco et al.,

1971 ; Alling et al., 1974).
The aim of the present study was to supply decisive material to answer this
question by investigating the effects of a diet with a low a-linolenic acid content
on reproduction and postnatal growth in rats over successive gestations and

generations.
Material and methods.

weaning at 21 days and until they were 8 weeks old, 100 female Wistar
given a balanced semi-synthetic diet in which the lipids were supplied
exclusively by 1.5 % sunflower oil (table 11. The casein used was defatted and
contained only a negligible amount of other fatty acids which did not modify
appreciably either the proportion or the fatty acid composition of the dietary
lipids. For 100 g, such a diet supplied about 940 mg of n-6 fatty acid (18 : 2 n-6)
but only 6 mg of a-linolenic acid (18 : 3 n-3).
When the females were 8 weeks old (2 weeks before mating), they were
divided into two equal groups. One group continued to receive the sunflower oil
diet low in a-linolenic acid, while the other group was given the same diet in
which the sunflower oil was replaced by 1.87 % of soya oil. For 100 g, the soya
From

rats were

oil diet contained 936 mg of linoleic acid and 130 mg of a-linolenic-acid. The soya
oil used was not heated during extraction-purification and contained only traces
of trans 18 : 3 n-3 acid.

equal dietary intakes, the female rats of the sunflower oil group
much
linoleic acid as the rats given the soya oil diet but 22 times less
ingested
a-linolenic acid (table 2).
In these 100 female rats, called F0, and in their progeny we studied the
effects of a-linolenic deficiency on reproduction using two experimental designs.
Thus,

at

as

Design / carried out over 3 successive gestations (FO - F1 ; FO - Fl’ ;
FO - F1 &dquo;1. - The female FO rats of each group were mated at 10 weeks of age.
After raising their litter for 3 weeks, they were mated again at 18 weeks. Those
which had a second litter were mated a third time at 26 weeks. We thus obtained
the litters (F1, F1’, F1 &dquo;) of 3 consecutive gestations.
Design 11 carried out over 4 successive generations IFO ! F1 ; F1 ! F2 ;
F2 ! F3 ; F3 - F4).
In each generation, 40 to 50 females of the sunflower oil
lineage were divided into two groups at 8 weeks of age, that is, 2 weeks before
mating. One group continued to receive the sunflower oil diet, while the other
was given the soya oil diet. These females were then mated at 10 weeks of age.
In the overall study, the females were left with males for one sexual cycle
(4 days). The males were stock-breeding rats, receiving a commercial diet. Twenty
-

days later, the pregnant animals were put into individual cages. Immediately after
parturition, each dam and its litter, including eventual stillborns, were weighed ;
litter size was determined.
On postpartum day 3, the litters were equalized to 10
the F1&dquo; and F4 generations in which the litters could not
than 7 or 8 pups each, respectively. The dams and their
separately every day until weaning at 21 days. The number
every

pups each, except in
be equalized to more
litters were weighed
of pups was checked

day.

After

we were sure that the dietary intake of the females during gestation
independent of the diet given, we measured the daily intake of 10 of them
per group from day of parturition to day 18 of lactation ; beyond that time, it was
impossible to measure intake because the pups inevitably ate of the dam’s feed.
Twelve 3-day old pups and twelve 21-day old ones were sacrificed from the
young of each gestation and each generation. In each generation, 6 dams were
was

also sacrificed at the end of lactation as well as 6 non-pregnant females of the
same age. The stomach content of each 3-day old pup was collected and
pooled ; the lipids of the so obtained pool were extracted and their fatty acid
composition analysed by gas-liquid chromatography on capillary glass column.
The blood of all the sacrificed animals of the same lot was collected, pooled
and centrifuged after coagulation. The brain, eyes, liver, heart were also rapidly
sampled, weighed and pooled. The serum and organs were lyophilised and then
stored at - 80 °C.
The empty carcass of each pup was weighed, ground under liquid nitrogen,
and also lyophilised and stored at - 80 °C. The composition of theses different
lipid fractions will be published later.

Results.

Reproduction (tables 3, 4).
Fecundity rate (number of pregnant females % of females mated) (table 3).
The fecundity rate (about 55 %) at the different stages was independent of
the diet. It was different in « soya » and « sunflower» females only at stage F3 in
which it did not exceed 32 % in the latter and remained within the average 55 %
in the former. However, independently of any dietary effect, the fecundity rate
was markedly higher (65 % or more) than the mean at stage FO’, which
corresponded to the second gestation of FO dams.
-

The number of pups per litter
Fertility (number of pups per litter) (table 4).
affected by diet, except at stages F3 and F4 where the number was
markedly higher in litters from « sunflower» dams than in those from « soya»
dams (13 and 17 %, respectively). However, considering the wide dispersion of
the data, the deviations were not statistically significant.
According to design I, the fertility rate was maximal at the second gestation
-

was not

(stage FO’)with

a mean

litter of 13

or more

young.

There was no significant difference in pup birth
Pup birth weight (table 41.
weight which was about 6.1 g. We just observed that the weight of the « soya»
animals rose slightly over successive generations, bringing the mean weight from
5.9 g in the F1 generation pups to 6.5 g in the F4 generation.
Litter birth weight (table 4).
According to design I, diet had no effect on
litter birth weight. Only the second gestation litters of each group showed a
markedly higher weight than the mean because there were more pups per litter,
-

-

as

mentioned above.

According to design II, the litters of F2 and
significantly heavier (P < 0.05) than those of the «
the higher fertility of the former animals.

F3

«

soya

sunflower » dams were
dams ; this was due to

»

Perinatal mortality (table 4).
The stillbirth rate (pups born dead and/or which died
a) Stillbirth rate.
during expulsion % of the litter) was considerably higher in « sunflower» dams,
where it varied from 7.5 % (F1) to 16 % (F1 &dquo;1, than in « soya» dams where it
never again exceeded 5.8 % in the worst case (F4).
In « sunflower » litters, the stillbirth rate increased with successive gestations
(design I), while it reached a plateau at stage F3 in the successive generations
(design 11). However, according to design I, dam age at the third gestation (F
)
o
should be taken into account since the stillbirth rate also increased at that stage
and in the same proportion in relation to F1 ( x 2) in « soya » dams. At the same
stage, the means of each dietary group were always significantly different.
-

b) Postpartum mortality. &horbar; There was no mortality after postpartum day 3
with either of the diets used. In « soya» animals, it did not exceed 2.9 %
(F1, F1 &dquo;) but in « sunflower» animals, it was never less than 4.8 % (F3) and
reached almost 8 % in F1 &dquo;. In our experimental conditions, postpartum mortality
was not affected by dam age.
As for stillbirth rate, a comparison of the different diets showed that the
mean

postpartum mortality

at a

given stage

were

always significantly different.

c) Total perinatal mortality. &horbar; Total perinatal mortality, which was never
than 8.1 % in cc soya» animals, varied between 14 (Fl) and 24 % (F1&dquo;) in

more

sunflower» rats. While this rate seemed to increase with successive gestations,
particularly at the end of the third gestation (design I1, it hardly exceeded the level
that was already reached in the first generation in design II.
In « sunflower» rats, stillbirth represented from 53 to 75 % of the total
perinatal mortality. In « soya » rats, it was 45 to 75 %. Thus, stillbirth was the
predominant cause of perinatal mortality.
«

Lactation (tables 5, 6).
The
Dietary intake and dam weight changes during lactation (table 5).
was
studied
about
intake
the
dams
the
of
18-day period
dietary
during
lactating
670 g ; it varied widely from one gestation or generation to the next, but was
always independent of the diet.
At the end of 18 days, dam weight sometimes increased slightly (F0, F3), but
more often it declined a little. These positive or negative variations never
exceeded 7 % of the initial weight and were never significant.
The weight of 3-day old pups was independent of
Pup growth (table 6).
the diet, except in the F4 generation in which « sunflower » pups weighed
significantly less than their « soya» counterparts (7.9 vs 8.9 g). While « soya»
pups showed no significant changes in weight at any gestation or generation, the
weight of the « sunflower» pups of the F3 and F4 generations was less than that
of the F1 and F2 generations. This was probably because there were more pups in
the F3 and F4 litters.
At 18 days of age, only the F2 generation of « sunflower» pups weighed less
than their « soya» counterparts, although there was no difference between them
at 3 days of age. However, the weight difference observed at 3 days between F4
generation pups was no longer found at 18 days because the litters were
-

-

equalized.
Finally, the few punctual disparities occurring could not be due to a
systematic mechanism, and a-linolenic acid deficiency appeared to have no effect
on

pup

growth during suckling.

Discussion.
Gestation and parturition.
Our data show that an a-linolenic acid deficiency (6 mg/100 g of feed) in
female rats under our experimental conditions did not affect fecundity (pregnant
females % mated females), fertility (number of pups/litter) or pup birth weight.
These results agree with the data of Tinoco et al. (19711.).

Contrary

to

Francois (1983),

we

found

no

deficient female

mortality

at

parturition. However, the diets this author used contained only 1 % of sunflower
oil as against 1.5 % in our study and would
of 18 : 3 n-3 and of total PUFA.

correspond

to an even lower

supply

Contrary to the data of previous works (Waltman et al., 1978 ; Francois et
a/., 1980 ; Francois, 1983), we observed no effect on the length of gestation
(22 days), which was checked during a complementary experiment in which the
females were put with males for one night : parturition only lasted a shorter time
(2 vs 3 h) in « sunflower» than in « soya» dams. This could be due to the fact
that a-linolenic acid competes to inhibit the conversion of 20 : 4 n-6 into PGE 2
(Hwang and Carrol, 1980) which plays a major part in the physiology of

parturition (Bergstr6m et al., 1968).
Perinatal mortality.
a-Linolenic acid-deficient rats showed a high perinatal mortality (14 to 24 %).
This rate (the sum of stillbirths + postnatal mortality) was not reported by either
Tinoco et al. (1971) or Alling et a/. (1974), but was demonstrated by recent
studies of Francois et al. (1980) and Francois (1983).
Stillbirth was the main cause (50 to 75 %) of perinatal mortality. In our
experimental conditions, it rapidly reached a plateau (probably as early as the
second generation) with successive generations but increased with successive
gestations. This increase could be due to the progressive depletion of maternal
stores of n-3 fatty acids.
However, since we did no cesarians, we do not know if what we termed
« stillbirth» really was in utero death as described by Kummerow et al. (1952) in
rats with an induced overall PUFA deficiency and/or death occurring immediately
after expulsion of the foetus.
Postnatal loss did not occur beyond postpartum day 3 and was practically
independent of the number of gestations and generations ; it could have been
caused by :
either the neonatal respiratory distress syndrome (assuming that a sufficient
amount of n-3 PUFA is needed to ensure the suitable metabolism of lung
surfactant, a phospholipid compound which, in rats, is greatly decreased by
overall PUFA deficiency : Nakamura et al., 1980) ;
or by overall disfunctioning of oxidative metabolism due to the abnormal
composition of the mitochondrial membranes.
-

-

Postnatal

growth.
Whatever experimental design was used (successive gestations or generations), a-linolenic acid deficiency had no effect on dietary intake and the weight
profiles of the lactating mothers. This deficiency did not affect pup growth either.
These results agree with the data of several authors (Tinoco et al., 1971 ; Alling et
a/., 1974 ; Tinoco et al., 1978) but not with those of Francois (1983) who
observed diminished growth in deficient animals accompanied by a decrease in
brain weight at weaning, changes in the electroretinogram (ERG) and behavioural
disorders ; but, as mentioned earlier, the author’s experimental conditions were
quite different from

ours.

the 17 to 18 days following birth, the pups ingested only dam’s milk.
The compositions of the milks were estimated by the lipid composition of the
stomach content of 3-day old pups (table 7). While the ratio of the n-3 PUFA
content of both maternal diets was 22, it was only 4 (1.5 : 0.4) in the

During

corresponding milks ; thus, n-3 PUFA were preferentially taken up by mammary
gland in the « sunflower» dams ; the result is that pup n-3 PUFA deficiency
during the suckling period was much less marked than a study of the maternal
diet would suppose. Crawford and Sinclair (1972) reported this and noted female
capacity to accumulate n-3 PUFA stores during periods of low demand and to
mobilize them during period of high demand (gestation, suckling). Moreover, we
expressed supplies of dietary n-6 and n-3 PUFA in absolute values, i.e. in
mg/100 g of feed. But it is necessary to consider the relative aspect of these fatty
acid supplies as well as the quantitative aspect. We have expressed the former, as
Budowski and Crawford (19851, by the ratio n-6 : n-3. In fact, it is known that (1)
the two families of n-6 and n-3 compete in various aspects of their metabolism
(elongation-desatu ration, eicosanoid synthesis), as mentioned in the introduction,
and (2) the ratio n-6 : n-3 in membrane lipids of land mammals varies within a
narrow range, of 1 to 5 according to Budowski and Crawford (1985) ; as these
authors note, it is preferable that the ratio not exceed 5 in dietary lipids.
In our experimental conditions, the composition of the sunflower diet, and
thus of sunflower oil (
) seems very unbalanced in this respect (n-6 : n-3
*
166.7) ;
the corresponding composition of the milk lipids, although markedly corrected
compared to that of the diet, is not satisfactory (n-6 : n-3 - 40).
The value of the ratio n-6 : n-3 is 7.2 in the soya diet lipids vs a mean of 8.6
in the corresponding milk lipids. Thus, the ratio n-6 : n-3 of the milk diet has been
corrected in the opposite direction ; however, the deviation between the two
values was low and one could consider that a ratio value of less than 10 is
preferable for the dietary lipids of nursing rats and their offsprings.
Using this observation and our results on neonatal mortality as a basis, and
admitting that the n-6 PUFA requirement of rats in reproduction is about
1 000 mg/100 g of feed (Pudelkewicz et al., 1968 ; Elmadfa et al., 1983), the
n-3 PUFA requirement of this animal would be more than 100 mg/100 g of feed.
It remains to be seen if the rat is a suitable model for studying n-3 PUFA
requirement in mammals. The answer is not simple ; most studies published on
this subject have been carried out in rats and it is difficult to make comparisons. In
rats, as in dogs and rabbits, testis and spermatozoa phospholipids usually contain
22 : 5 n-6 as PUFA at 22 C, while in other species as humans and bulls, the
corresponding phospholipids contain 22 : 6 n-3. However, these differences
concern only the composition of membrane lipids in male gonads ; they could be
related to the temperature of these gonads, i.e. to their anatomical site (Tinoco,
1982). This particularity in n-3 PUFA therefore is not enough to distinguish rats
from other mammals.
=

Conclusion.
The data of this study show that a-linolenic acid deficiency in the diet of rats
abnormally high perinatal mortality. These data emphasize the essential
role of n-3 fatty acids in the reproductive function, at least in rats.

causes

) The ratio of n-6 : n-3 in sunflower oil often exceeds 300.
*
(

It is surprising that the demonstration of this essential function of n-3 PUFA
has taken so many years and has caused so much controversy. However, it was
difficult to demonstrate due to several interacting factors :
a) the non-existence of dietary lipids with no traces of n-3 PUFA ;
b) the presence of maternal stores meeting the demands of the foetus and

newborn ;
c) moderate n-3 PUFA requirements, much lower than those of n-6 PUFA and
minimized by metabolic ability to husband these
( Fiesler and Anderson, 19831.

fatty acids by

a

slow turnover

d) the ability of the organism to adapt, thus permitting some n-6 PUFA to be
substituted for the missing n-3 PUFA, particularly 22 : 5 n-6 for 22 : 6 n-3

(Bourre et al., 1984).
Moreover, n-3 PUFA usually

occur in tissue lipids as C20 and C22 rather than
in the form of a-linolenic acid from which they derive under the influence of
desaturases. Thus, in all species in which the first of these enzymes, i.e. A6-desaturase, is naturally missing (Rivers et al., 1975), as well as in aging subjects in
which it is less active (Peluffo and Brenner, 1974), the diet should contain
n-3 PUFA in the form of C20 and C22.
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Déficience alimentaire en acide a-linolénique chez le rat. 1. Effets
et la croissance post-natale.

sur

la

reproduction

Les effets de la déficience de l’apport alimentaire en acide a-linolénique sur la reproduction et la croissance post-natale du rat sont étudiés au cours de 3 gestations et de
4 générations successives.
Pour ce faire, des femelles reçoivent respectivement un régime semi-synthétique dans
lequel les lipides sont incorporés, soit sous forme d’huile de tournesol à raison de 1,5 %
(régime carencé), soit sous forme d’huile de soja à raison de 1,87 % (régime témoin).
Les deux régimes apportent la même quantité d’acide linoléique (940 mg/100 g de
régime), mais le régime « Tournesol» apporte 22 fois moins d’acide a-linolénique que le
régime « Soja» (6 mg contre 130 mg/100 g de régime).
Les résultats montrent que, dans les conditions expérimentales utilisées, la déficience
en acide a-linolénique n’a pas d’influence sur la fécondité (% de femelles gravides), la fertilité (nombre de jeunes par portée), le poids des jeunes à la naissance, la consommation alimentaire et le poids des femelles gravides ou allaitantes, la croissance des jeunes pendant
l’allaitement.
En revanche, cette déficience provoque une mortalité périnatale anormalement élevée
de la naissance au 3
e jour post-partum, à savoir en moyenne : 18,5 % chez les jeunes
carencés, contre 5,2 % chez les jeunes témoins dans le cas de gestations successives ;
16,6 % chez les jeunes carencés, contre 5,3 % chez les jeunes témoins dans le cas de
générations successives.
Le besoin en acides gras polyinsaturés n-3 de la ratte en période de reproduction est
discuté ; il semble se situer au-dessus de 100 mg/100 g d’aliment. Mais ce besoin doit être
aussi estimé en fonction de l’apport en acides gras polyinsaturés n-6 : un rapport n-6/n-3
inférieur à 10 paraît souhaitable.
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