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One of the four diets was fed to three generations of female C57Bl/6 mice. Diets contained one of two 
levels of linolenic acid (0.18 and 0.02 energy %) with or without trans fatty acids (TFA; 0.0 and 2.2 
energy %). All other components were identical in the four 10% fat diets. Females were mated and the 
survival of pups was monitored from birth to weaning. There were no significant differences among the 
diet groups in dam weight gain during pregnancy and lactation or in the average number of pups per 
litter. Survival was best for pups from dams fed the diet that contained the higher level of linolenic acid 
and no TFA. The poorest survival was observed for pups of dams fed the diet that contained TFA and 
the lower level of linolenic acid. Comparison over three generations revealed that pup survival on the 
TFA, low linolenic acid diet was progressively impaired. It was concluded that neonatal survival may be 
impaired by inadequate levels of dietary n-3 fatty acid and that an optimum level of linolenic acid should 
be considered in the context of other fatty acids present in the diet. 
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Introduction 

Many investigators have looked at the essentiality of 
linoleic and linolenic acids. The essential nature arises 
from the fact that animals cannot synthesize these fatty 
acids, which are precursors to the longer chain 20- 
and 22-carbon polyunsaturated fatty acid (PUFA) 
members  of the n-6 and n-3 families. The 20- and 22- 
carbon,  n-6 and n-3 PUFA are found in abundance in 
mammalian membranes and some serve as precursors 
to eicosanoids with important  physiological functions. 

Early studies ~-5 showed that infertility and other 
symptoms associated with essential fatty acid defi- 
ciency could be alleviated by diets containing linoleic 
acid. In these studies, feeding linolenic acid did not 
reverse fertility problems and had minimal effect on 
other  symptoms of essential fatty acid deficiency, thus 
n-3 fatty acids were not considered essential. 

Although n-3 fatty acids may not be necessary for 
conditions that specifically require n-6 fatty acids, 

Address reprint requests to Dr. Joseph Sampugna at the Dept. of 
Chemistry and Biochemistry, University of Maryland, College Park, 
MD 20742, USA. 
Received June 10, 1991; accepted December 9, 1991. 

they are essential during early development  of the 
nervous system. Brain and peripheral nerve tissue con- 
tain high levels of 22-carbon n-3 PUFA 6 and several 
investigators 7-~2 have stressed the essentiality of these 
n-3 PUFA during early brain development.  The visual 
function of the retina in monkeys 13 and learning ability 
in rats ~4-~ have been shown to be impaired by diets 
low in n-3 fatty acids. Additionally, in human stud- 
ies ~6-17 a nervous system dysfunction has been attrib- 
uted to diets lacking n-3 fatty acids. 

In preliminary studies with mice, TM we found that 
tissue levels of n-3 P U F A  were influenced by the level 
of trans fatty acids (TFA) and the level of n-3 PUFA 
in the diets, and that neonatal  survival may have been 
reduced when dams were fed a diet that was both high 
in TF A  and low in linolenic acid. 19 The current study 
was designed to test whether a difference in the dietary 
level of linolenic acid and the presence or absence of 
dietary TF A  affects mouse pup survival when these 
diets are fed to dams during gestation and lactation. 

Materials and methods 
Diets  

Two pairs of diets were used in this study. In pair A the 
linolenic acid was 0.18 energy %, while in pair B the linolenic 
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Table 1 Dietary fatty acid composition a 

Diet b cis A trans A cis B trans B 

16:0 16.6 (1.1) 14.5 (0.5) 12.5 (0.5) 12.4 (0.5) 
18:0 12.4 (0.7) 14.2 (0.5) 13.5 (1.2) 15.1 (0.4) 
16:1 cis area 0.6 (0.1) 0.3 (0.02) 0.2 (0.02) 0.1 (0.01) 
2`18:1 trans area * 10.9 (0.2) * 10.7 (0.2) 
2`18:1 cis area 57.0 (1.7) 46.6 (1.4) 58.6 (0.4) 46.3 (1.2) 
2,18:2 trans area - -  0.3 (0.2) - -  0.3 (0.2) 
18:2 (n-6) 11.0 (0.6) 10.5 (0.8) 12.1 (0.3) 12.0 (0.5) 
18:3 (n-3) 0.9 (0.1) 0.9 (0.1) 0.1 (0.01) 0.1 (0.02) 

"Values are means and (SD) of fatty acids as weight percent of total fatty acid methyl esters, n = 6 (--, < 0.1% or not detected). 
bCis A diet contained 0.18 energy % linolenic acid and 0.0 energy % TFA. Trans A diet contained 0.18 energy % linolenic acid and 2.2 
energy % TFA. Cis B diet contained 0.02 energy % linolenic acid and 0.0 energy % TFA. Trans B diet contained 0.02 energy % linolenic 
acid and 2.2 energy % TFA. 
*Small amounts (< 0.3 wt%) of a component with retention time similar to TFA was frequently observed. 

acid was 0.02 energy %. For one of each pair, the octade- 
cenoic acid was all cis (cis A or cis B); for the other diet of 
each pair, a part of the octadecenoic acid was replaced with 
TFA (trans A or trans B). Thus four diets were constructed 
so that the variables were the levels of linolenic acid and TFA 
(Table 1). Total saturates, monounsaturates, and linoleic acid 
were kept essentially constant by varying the kinds and 
amounts of oils used in the 10% fat diets (Table 2). 

Every 2 weeks, mixtures of the oils containing 0.02% of 
the antioxidant tertiarybutylhydroxyquinone were prepared 
from fat components shown in Table 2. Prior to preparation 
of the diets, the fatty acid composition of the oil mixtures 
were assessed by gas-liquid chromatography.-'" Food pellets 
were dried overnight at room temperature and frozen at 
- 2 0  ° C in small plastic freezer bags until used. All diets 
were changed on a daily basis and uneaten food was discarded. 

Mice 

Weanling C57B1/6 mice were purchased from Taconic Farms, 
Germantown, NY, USA, and assigned to one of two diets, 
cis A or trans A. Mice were housed individually in plastic 
cages at 25 ° C and 55% humidity with a 12-hour light:dark 
cycle and maintained according to University of Maryland, 
College Park, animal care and use committee guidelines. 
Mating pairs were established and the offspring of the first 
litter were continued on the parents' diets until they were 8 
weeks of age. At this point, four diet groups were estab- 
lished. Female litter mates on the cis A diet were assigned 
to either the cis A or cis B diet. Similarly, litter mates on 
the trans A diets were assigned to either the trans A or trans 
B diet. A smaller number of males were also allocated to 
the four diets in a similar manner. When the mice were 12 
weeks of age, they were mated for the first generation study. 
Female offspring from the first surviving litters of the first 
generation study were used as dams in the second generation 
study. Females used in the second generation study were 
kept on the diets and mated at 6 weeks of age. Similarly, 
female offspring of the second generation study were saved 
for the third generation study. An effort was made to rep- 
resent each family in each of the three generations. The 
number of dams mated per diet for the first, second, and 
third generations were 10, 15, and 11, respectively. A total 
of 144 dams were studied. For each dam, a maximum of 
three litters were examined, however the actual number of 
litters varied from 0-3 depending on the fertility of the dam. 
Males on the appropriate diet and generation were placed 

Table 2 Fats and oils used in the diets a 

Diets b cis A trans A cis B trans B 

Cocoa butter c 27.3 19.8 34.7 24.2 
Shortening d 0.0 33.4 0.0 33.4 
Soybean oil e 4.5 9.8 0.0 0.5 
Corn oil e 0.0 2.3 0.0 0.0 
Olive oiF 68.2 34.7 0.0 0.0 
Safflower oil e 0.0 0.0 7.3 10.2 
High oleic sunflower oilg 0.0 0.0 58.0 31.7 

aValues are g/kg of diet. All diets contained the same amounts of 
other components, listed here with their sources: sucrose 590g 
(Mazzeo and Sons, Hyattsville, MD, USA); casein 200g, alphacel 
50g, AIN 76 mineral mix 40g, AIN 76 vitamin mix 15g, dl methionine 
3g, choline bitartrate 2g (all from ICN Biochemicals, Cleveland OH); 
TBHQ .002g (Eastman Kodak, Rochester, NY, USA). 
t'Cis A diet contained 0.18 energy % linolenic acid and 0.0 energy 
% TFA. Trans A diet contained 0.18 energy % linolenic acid and 2.2 
energy % TFA. Cis B diet contained 0.02 energy % linolenic acid 
and 0.0 energy % TFA. Trans B diet contained 0.02 energy % lin- 
olenic acid and 2.2 energy % TFA. 
°Purchased from Wilbur Chocolate Company, Lititz, PA, USA. 
dPurchased from Auth Bros., Washington, DC, USA. 
epurchased from local supermarkets. 
fPope Olive Oil, from Continental Smelkinson, Jessup, MD, USA. 
gSVA Enterprises, Columbus, OH, USA. 

with females for 1 week and removed. If pregnancy was not 
evident after 2 weeks (based on weight gain) they were mated 
again. Attempts were continued until three litters were 
obtained. 

Analyses 

The amount of food consumed per day per pregnant dam or 
lactating dam and pups was determined from the weight of 
new pellets minus the weight of pellets remaining the next 
day. Pellets were checked for water loss overnight and the 
weight loss was insignificant. Food intake was examined 
during the last week of pregnancy and throughout lactation 
until weaning at 20 days postpartum. Over a 2 month period, 
a total of 45 dams became pregnant and were used to obtain 
food-intake and weight-gain data. This included clams from 
both the first and second generation studies. The clams and 
pups (entire litters weighed together) were weighed daily 
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except for the first 3 days after parturition when mortality 
due to handling was of concern. An estimate of feed effi- 
ciency for each dam and litter was obtained by dividing the 
weight of food eaten by the combined weight of dam and 
pups. 

Data from the weight gain and feed efficiency study were 
analyzed by analysis of covariance 2' using the general linear 
models procedure (GLM) of the statistical analysis systems 
(SAS) (SAS, Institute, Cary, NC, USA). -'2 In all three gen- 
eration studies, survival was recorded daily from birth until 
weaning at 20 days. Statistical analysis of the survival data 
was done by analysis of variance of a split-split plot design 
with the GLM of SAS. The split-split plot design resulted 
from assigning generation to the whole plot, family to the 
subplot, and litter to the sub-subplot. Means were compared 
by least significant difference. 

Results 

Results of the feeding study during pregnancy are 
displayed in Table 3. Dam gain during pregnancy, food 
eaten, and number of pups per litter were not different 
among diets. During lactation, dam weight did not 
change significantly and the average weight of dams 
for the four diets ranged from 28.2 g-31.9 g (data not 
shown). 

Although entire litters were weighed daily from day 
3 to weaning at 20 days, some data were not available 
for some litters and the statistical analysis was done 
only on day 6 through day 18 (Figure I). The slope of 
the linear change in weight from day 6-18 is the regres- 
sion estimate of average daily gain. Pups of dams fed 
the cis A diet had an average gain of 4.0 g/day, and 
when either the diet with low n-3 fatty acids (cis B) or 
the diet with TFA (trans A) was fed, the average daily 
weight gains were smaller (3.8 and 3.2 g/day, respec- 
tively). When these two components, TFA and low 
n-3 fatty acids, were combined in a single diet (trans 
B), one might expect a further decrease due to the 
presence of both in the diet. However, the average 
weight gain of 4.6 g/day on trans B diet was even 
greater than that observed on the reference diet (cis 
A). This interaction between diets containing low n-3 
fatty acids and TFA was significant (P < 0.02). 

Data relating to mortality are shown in Figure 2. 
Mortality was highest on days 1 and 2 postpartum, 
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Figure 1 Average weight gain of pups during lactation. Cis A diet 
contained 0.18 energy % linolenic acid and 0.0 energy % TFA; trans 
A diet contained 0.18 energy % linolenic acid and 2.2 energy % 
TFA; cis B diet contained 0.02 energy % linolenic acid and 0.0 
energy % TFA; and trans B diet contained Q02 energy % linolenic 
acid and 2.2 energy % TFA. The following means were significantly 
different at P < 0.05: cis B versus trans B, trans A versus trans B, 
and cis A versus trans A. 

when about two-thirds of all deaths on each diet oc- 
curred. The mortality pattern was similar throughout 
lactation and was virtually identical on days 1, 2, and 
3. Mortality was highest for pups of dams fed the diet 
containing TFA and the lower level of n-3 fatty acids 
(trans B). In contrast, mortality was lowest for pups 
of dams fed the cis A diet, which lacked TFA and had 
the higher level of n-3 fatty acids. 

When the total mortality data were examined by 
diet (Table 4), there was no statistical interaction, 
therefore the following main effect comparisons were 
examined. The combined mortality for pups of dams 
fed the higher level of n-3 (cis A, trans A) was less 
than half that for pups of dams fed the lower level of 
n-3 (cis B, trans B) (21.3 versus 48.1; P < 0.02). 
Similarly, the combined mortality of pups from dams 

Table  3 Food intake and weight gain of C57BL/6 dams during pregnancy a 

Average total intake (g) 
Weight before Avg. weight gain over Average pups for last 6 days 

Diets b # of dams pregnancy (g) entire pregnancy (g) per liter of pregnancy c 

c i sA  13 23.1 _+ 1.3 13.8 + 1.2 7.1 -+ .6 26.7 -+ 2.2 
trans A 10 22.7 _+ 1.3 13.0 -+ 1.5 6.5 -+ .9 25.5 -+ 2.8 
cis B 11 22.1 _+ 1.3 13.6 _+ 1.5 6.5 -+ .8 26.0 -+ 2.5 
trans B 11 22.4 _+ 1.2 13.7 -+ 1.6 6.8 -+ .8 262  _+ 2.6 

aValues for the last four columns are given as mean -+ SEM and were not significantly different at P -< 0.05. 
bCis A diet contained 0.18 energy % linolenic acid and 0.0 energy % TFA. Trans A diet contained 0.18 energy % linolenic acid and 2.2 
energy % TFA. Cis B diet contained 0.02 energy % linolenic acid and 0.0 energy % TFA. Trans B diet contained 0.02 energy % linolenic 
acid and 2.2 energy % TFA. 
cThe dietary intake did not include the last day prior to parturition as food intake was often decreased at this time. 
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Figure 2 Mortality pattern during postpartum period. Cis A diet 
contained 0.18 energy % linolenic acid and 0.0 energy % TFA; trans 
A diet contained 0.18 energy % linolenic acid and 2.2 energy % 
TFA; cis B diet contained 0.02 energy % linolenic acid and 0.0 
energy % TFA; and trans B diet contained 0.02 energy % linolenic 
acid and 2.2 energy % TFA. 

fed the TFA diets (trans A, trans B) was significantly 
greater than that of pups from dams fed diets without 
TFA (cis A, cis B) (39.8 versus 29.7, P < 0.04). 
Although data for individual diet groups were not 
statistically different from each other, mortality of pups 
on the TFA diets were 10% greater regardless of the 
level of n-3 fatty acids. However, decreasing the level 
of linolenic acid resulted in a greater increase (27%) 
in mortality than did feeding TFA. The combined 
effect of feeding dams TFA and reducing the level of 
n-3 fatty acid in the diet resulted in an overall increase 
in percent mortality from 16% to 53%. 

Data regarding mortality of pups from first, second, 
and third generation dams are given in Table 5. It 
should be noted that some data were excluded, as only 
families with offspring in all three generations were 
used in this statistical analysis. The diet effects were 
clearly manifested by the second generation and were 
even more evident by the third generation. Combined 
mortality on the lower n-3 diets (cis B and trans B) 
was significantly greater than the combined mortality 
on the higher n-3 diets (cis A and trans A) for either 
the second (52.5 versus 18.1, P < 0.02) or third gen- 
eration (52.1 versus 20.0, P < 0.003). For the third 

Table 4 Mortality data combined across generations and litters a,b 

Number of Number of Average pups Percent mortality 
Diets c Number of Dams d pups born litters born born per litter of pups 

cis A 27 (31) 404 (438) 54 (61) 7.5 (7.2) 16.3 (19) 
trans A 24 (35) 411 (556) 54 (76) 7.6 (7.3) 26.3 (32) 
cis B 23 (30) 335 (444) 48 (65) 7.0 (6.8) 43.0 (46) 
trans B 27 (35) 391 (512) 60 (77) 6.5 (6.6) 53.2 (57) 

aNumber in ( ) indicates total before some litters in generation 1 and 2 study were eliminated when there were no surviving offspring for 
generation 3 study. 
bThe following comparisons were significantly different: A diets versus B diets P < 0.02; cis diets versus trans diets P < 0.04. 
cCis A diet contained 0.18 energy % linolenic acid and 0.0 energy % TFA Trans A diet contained 0.18 energy % linolenic acid and 2.2 
energy % TFA Cis B diet contained 0.02 energy % linolenic acid and 0.0 energy % TFA Trans B diet contained 0.02 energy % linolenic 
acid and 2.2 energy % TFA 
,JThere were 36 dams on each diet, but some did not have pups. 

Table 5 Mortality data from first, second, and third generation studies a,b 

Generation 1 study Generation 2 study Generation 3 study 

# of # Pups # Pups % # of # Pups # Pups % # of # Pups # Pups % 
DieP Dams born died Mortality Dams born died Mortality Dams born died Mortality 

cis A 5 80 27 33.8 13 164 13 79 9 160 23 14.4 
trans A 5 97 25 25.8 8 103 29 28.2 11 211 54 25.6 
cis B 4 52 19 36.5 8 100 49 49.0 11 183 76 42.0 
trans B 4 60 12 20.0 12 170 95 56.0 11 161 101 62.7 

"Includes only those families with offspring in all three generations. 
bThe following comparisons were significantly different: A versus B diets gen. 2 P < 0.02, gen. 3 P < 0.001. Trans B diet (gen. 3 only) versus 
cis A P < 0.0001 versus trans A P < 0.003 versus cis B P < 0.02. 
cCis A diet contained 0.18 energy % linolenic acid and 0.0 energy % TFA. Trans A diet contained 0.18 energy % linolenic acid and 2.2 
energy % TFA. Cis B diet contained 0.02 energy % linolenic acid and 0.0 energy % TFA. Trans B diet contained 0.02 energy % linolenic 
acid and 2.2 energy % TFA 
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generation, mortality was significantly greater on the 
TFA diet with lower n-3 fatty acid (trans B) than for 
any other diet (cis B, P < 0.02; trans A, P < 0.003; 
cis A, P < 0.0001). 

A skin problem was observed that consisted of al- 
opecia above the scapular region and was much worse 
on the low n-3 diets. Dams on the low n-3 diets with 
nonsurviving litters often did not exhibit maternal care 
of their newborn pups. 

Discussion 

The results of this study are consistent with an essential 
role of n-3 fatty acids and for an exacerbation of n-3 
deficiency by TFA.* Although evidence for the essen- 
tiality of n-3 fatty acids in young animals has been 
reported previously, 13,~4"23'24 to our knowledge this is 
the first study to suggest that TFA may exacerbate 
linolenate deficiency. Poor survival on diets containing 
TFA has been reported 3"2-~ but was ascribed to inade- 
quate levels of linoleic acid. 2~ It is unlikely that a 
deficiency in linoleic acid was responsible for the in- 
creased mortality in our study, as the level of linoleic 
acid was similar in all of our diets and was present in 
an amount considered to be adequate for rodents. 

By the third generation, mortality was quite signif- 
icantly increased on the diets containing TFA irre- 
spective of levels of linolenic acid in the diet. Others 
have shown an increased depletion of n-3 fatty acids 
with successive generations 27-2~ suggesting that in- 
creased mortality in subsequent generations in our 
study may be related to a generational depletion of 
n-3 in the dams that would ultimately be reflected in 
the levels available to the pups. 

Surprisingly, the diet that had the highest mortality 
(trans B) resulted in the greatest increase in weight 
gain of surviving pups. The weight gain may have 
resulted from the smaller number of pups or a greater 
intake of milk on this diet. We have shown that feeding 
TFA resulted in a lower percentage of milkfat in lac- 
tating mice, 2~ which, in turn, could have encouraged 
the pups to increase their milk intake to get enough 
calories. Nevertheless, weight gain due to an increase 
in body water content cannot be ruled out. Increased 
water consumption ~-2 has long been associated with 
deficiency of n-6 fatty acids and also has been reported 
when low n-3 fatty acid was fed? ° 

Increased mortality associated with the trans B diet, 
especially by the third generation, may have been due 
to insufficient tissue levels of 22-carbon n-3 PUFA in 
dams or pups. Low levels of linolenate would undoubt- 
edly lead to low levels of 22-carbon n-3 PUFA, and 

*Partially hydrogenated  fat was used as a source of trans fatty acids 
(TFA).  In addition to TF A,  partially hydrogenated  fats also contain 
unusual  cis-18:l isomers,  which were present  in the trans A and 
trans B diets at ca. 9% of the  total fatty acid methyl  esters. Al though  
the discussion in this paper  is restricted to T F A,  it is recognized that 
the results obtained herein could be due to the unusual  cis-isomers 
or to a combinat ion  of the cis-isomers and the T F A  present  in the 
trans diets. 

TFA could exacerbate this situation by inhibiting the 
A6 and A5 desaturases,3~ 33 which are important for 
providing the 20- and 22-carbon PUFA required for 
cell function. Mechanisms involving the induction of 
peroxisomes by TFA 34-39 may also be involved in al- 
tering tissue levels of PUFA. Increased ~3-oxidation 
due to increased numbers of peroxisomes could cause 
additional depletion of 22-carbon PUFA in cell mem- 
branes and exacerbate the problem of insufficient di- 
etary n-3 fatty acid. This might be especially important 
in dams, because a study with partially hydrogenated 
marine oil has shown a three-fold increase in peroxi- 
somes in females compared with males, a° 

In the absence of an optimum level of n-3 fatty 
acid(s), competition among potential desaturase sub- 
strates could result in inadequate levels of 22-carbon 
n-3 PUFA. Indeed, EFA deficiency symptoms have 
been reported 4~ even though the dietary level of lino- 
leic acid (2 energy percent) was presumably adequate. 
The EFA deficiency symptoms were attributed to com- 
petition for utilization of linoleic acid by the high level 
of oleic acid fed (69%, by weight of total fat, prior to 
gestation and 95% during gestation and lactation). 

In our studies, the ratios of oleate:linoleate were 
similar in all diets, however, the ratios of oleate:lin- 
olenate were quite different and survival was lower on 
the diets with the higher ratios of oleate:linolenate. 
Similarly, there was a 10-fold difference in the ratio 
of linoleate:linolenate in our diets. Guesnet, Pascal, 
and Durand 24 found differences in rat pup mortality 
when oils with extremely different ratios of n-6:n-3 
were fed to dams during pregnancy and lactation. 
Competition between oleate, linoleate, and linolenate 
for the A6 desaturase could affect the level and type 
of PUFA available for use in membrane lipids. Thus 
in our studies, the level of 22-carbon n-3 PUFA ex- 
pected in membrane lipids should be lower in the lower 
n-3 diets not only because they had lower levels of 
linolenic acid but also because they had higher ratios 
of linoleate:linolenate and of oleate:linolenate. In- 
deed, in related studies 42 we have observed lower levels 
of 22-carbon n-3 PUFA in brains and livers of males 
fed the cis B and trans B diets, compared with the A 
diets. 

Several important membrane and cell functions, in- 
cluding enzyme activity, hormone receptor binding, 
and prostaglandin production, 43 could be affected by 
the 22-carbon PUFA levels in tissues. The neonatal 
survival problem in our study could possibly be due to 
cumulative effects of low 22-carbon n-3 PUFA in either 
maternal or fetal tissues. Most deaths occurred in the 
second and third days postpartum and may have been 
due to delay in lactation or failure of pups to suckle 
due to lack of opportunity presented by the dam or 
lack of ability to suckle on behalf of the pups. A 
crossfostering study might shed some light on these 
aspects. Improvement in survival when pups are trans- 
ferred from dams on the low n-3 diet to dams on the 
higher n-3 diets would indicate tissue lipid composition 
of the dam rather than that of the pup was the most 
important factor. 
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In conclusion, a problem with pup survival has been 
shown when dams were fed diets containing TFA or 
low n-3 fatty acid. The lower level of n-3 fatty acid 
had a greater effect on neonatal mortality than the 
presence of TFA, but the effects were cumulative and 
mortality was tripled when the diet contained both 
TFA and the lower level of n-3 fatty acid. We believe 
that n-3 fatty acids are required to provide 22-carbon 
PUFA, which may be important in neonatal mortality, 
and that n-3 fatty acid requirements should be consid- 
ered in the context of other fatty acids present in the 
diet. 
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