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This study has investigated the influence of dietary fatty acid composition on mammary tumour incidence 
in N-ethyl-N-nitrosourea (ENU)-treated rats and has compared the susceptibility to dietary fatty acid 
modification of the membrane phospholipids phosphatidyliuositol (PI) and phosphatidylethanolamine 
(PE) from normal and tumour tissue of rat mammary gland. The incidence of mammary tumours was 
significantly lower in fish oil- (29%), compared with olive oil- (75%; P < 0.04) but not maize oil- 
(63%; P < 0.1) fed animals. No differences in PI fatty acid composition were found in normal or 
tumour tissue between rats fed on maize oil, olive oil or fish oil in diets from weaning. When normal and 
tumour tissue PI fatty acids were compared, significantly higher amounts of stearic acid (18:O) were 
found in tumour than normal tissue in rats given olive oil (P < 0.05). A similar trend was found in animals 
fed on maize oil, although differences between normal and tumour tissue did not reach a level of statistical 
significance (P < 0.1). In mammary PE, maize oil-fed control animals had significantly higher levels of 
linoleic acid (18:2n-6) than either olive oil- or fish oil-fed animals (P < 0.05, both cases) and levels of 
arachidonic acid were also higher in maize oil- compared with fish oil-fed animals (P < 0.05). In tumour- 
bearing animals no differences in P E  fatty acid composition were found between the three dietary groups. 
When normal and tumour tissue PE fatty acids were compared, significantly lower amounts of liuoleic 
acid (18:2n-6; P < 0.01) and significantly greater amounts of arachidonic acid (20:4n-6; P < 0.05) were 
found in tumour than normal tissue of rats fed on maize oil. The present study shows that the fatty acid 
composition of PI from both normal and tumour tissue of the mammary gland is resistant to dietary fatty 
acid modification. The P E  fraction is more susceptible to dietary modification and in this fraction there 
is evidence of increased conversion of linoleic acid to arachidonic acid in tumour compared with normal 
tissue. Lower tumour incidence rates in rats given fish oils may in part be due to alteration in prostanoid 
metabolism secondary to displacement of arachidonic acid by eicosapentaenoic acid, but P E  rather than 
PI would appear to be the most likely locus for diet-induced alteration in prostanoid synthesis in this 
tissue. Effects of dietary fatty acids other than on the balance of n-6 and n-3 fatty acids, and on 
prostanoid metabolism, should also be considered. The significance of increased stearic acid content of 
PI in tumours of olive oil-fed animals and the possible influence of dietary fatty acids on the capacity 
for stearic acid accumulation requires further study. 

Fatty acids: Phospholipids: Mammary tumour: Rat 

Several international cross-cultural studies have reported associations between dietary fat 
intake and mortality and morbidity from breast cancer (Lea, 1966; Carroll, 1974). 
However, recent case-control and cohort studies have produced conflicting findings ; some 
have found no evidence of higher fat intakes in women with breast cancer whilst others 
have demonstrated a positive association with fat intake (Berrino & Muti, 1989). The use 
of case-control studies as a means of investigating the relationship between diet and breast 
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cancer has been questioned, particularly in populations with narrow ranges of fat intake 
(Prentice et al. 1988). Furthermore, such studies assume a linear relationship between fat 
intake and cancer risk, an assumption which may be invalid (McMichael & Potter, 1985; 
Potter, 1987). For these reasons, further studies in animals are required to provide a better 
understanding of the biochemical mechanisms that underlie effects of dietary fat on this 
disease. Such studies may enable the design of more appropriate studies in human 
populations. 

Recent animals studies suggest that at least some of the tumour-enhancing effects of 
high-fat diets are due to provision of excess energy (Kritchevsky et at. 1984; Welsch et al. 
1990). However, the type of fat fed also appears to be important since n-3 fatty acids 
present in fish oils have been shown to inhibit the growth of transplanted tumours (Karmali 
et al. 1984) and to reduce the incidence rates of carcinogen-induced tumours (Jurkowski & 
Cave, 1985). Protective effects of n-3 fatty acids have been attributed to reduced synthesis 
of series 2 prostaglandins resulting from the displacement of arachidonic acid (AA), from 
membrane phospholipids by eicosapentaenoic acid (EPA), and the inhibition of cyclo- 
oxygenase (EC 1 .14.99.1) by EPA. Although one study showed reduced synthesis of PGE, 
and PGF,, in tumours of EPA-treated animals, the study failed to show evidence of 
displacement of AA by EPA in membrane phosphatidylcholine in the EPA-treated groups 
(Karmali et al. 1984). Measurement of phosphatidylinositol fatty acids may be more 
relevant, since this membrane component has an important role in hormone signal 
transduction mechanisms and is suggested to be the major substrate for cell-stimulated 
release of arachidonic acid in eicosanoid synthesis (Broakman et al. 1980). In normal 
mammary tissue the fatty acid composition of phosphatidylinositol (PI) appears to be 
highly conserved, so that unlike the phosphatidylethanolamine (PE) and phosphatidyl- 
choline (PC) fractions, PI fatty acid composition remains constant across a range of 
fatty acid intakes (Williams & Maunder, 1992). However, it is not known whether the 
ability to maintain a constant PI fatty acid composition is retained in tumour tissue. If this 
homeostatic mechanism is lost in the abnormally dividing mammary cell then the PI 
pathway could provide a route through which permissive effects of dietary fat on hormone 
sensitivity could act. In order to investigate this possibility we have compared the 
susceptibility to dietary modification of mammary PI in tumour- and non-tumour-bearing 
animals fed on maize, olive and fish oils from the time of tumour induction. Effects of 
dietary fat composition on PI fatty acids were compared with effects on the major 
membrane phospholipid, PE. The effect of dietary fatty acid composition on mammary 
tumour incidence has also been studied. 

M A T E R I A L S  A N D  M E T H O D S  

Animals and diet 
Forty-eight, 30-d-old female Sprague-Dawley rats weighing approximately 80 g were 
divided into three groups of sixteen animals to study effects of mammary tumourigenesis 
and dietary fatty acid composition on membrane phospholipids and effects of diet on 
mammary tumour incidence. Animals received either olive oil, maize oil or fish oil 
(MaxEPA) diets from the time of tumour induction. Animals were housed in groups of four 
in a room with controlled temperature, humidity and lighting. Animals had free access to 
water and the experimental diets. The basal diets comprised (g/kg): starch 350, sucrose 300, 
casein 200, solka floc 40, mineral mix 40 (CaHPO,, Na,HPO,, CaCO,, MgSO,, ZnCO,, 
FeSO,. 7H,O, CuSO, .5H,O, MnSO, . H,O), vitamin mix (nicotinic acid, calcium-d- 
pantothenate, thiamin hydrochloride, riboflavin, pyridoxine, pteroylmonoglutamic acid, d- 
biotin, cyanocobalamin, choline bitartrate) 20 and methionine 2. Oils (maize oil, olive oil 
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or MaxEPA) were added to the basal diet to provide 40 g/kg diet. The diets were mixed 
weekly and stored in the dark at -20" until required. Food pots were changed daily and 
used food pots washed thoroughly to remove any adherent dried diet. These procedures 
were undertaken to ensure maximal stability of the MaxEPA-containing diet in order to 
prevent lipoperoxidation. Daily food intakes and weekly body weights were monitored for 
all the animals. 

Turnour induction 
Half the animals in each dietary group were randomly allocated to receive the carcinogen 
N-ethyl-N-nitrosourea (ENU; SIGMA chemicals, Dorset) by oral administration at a dose 
of 180 mg/kg. 

Animals were tail-marked for identification purposes, numbered 1 to 8 within each 
treatment (carcinogen or non-carcinogen) and dietary (maize, olive or fish oil) group. 
Development of mammary tumours was monitored weekly ; palpable tumours began to be 
detected at 9 weeks after carcinogen administration. When a palpable tumour was felt the 
tumour-bearing animal and a control animal from the same dietary group were killed. The 
animal killed in the control group was the animal marked with the same number (1 to 8) 
on entry into the study as the tumour-bearing ENU-treated animal. Mammary tumour and 
normal tissue was excised and weighed and taken to the laboratory for immediate 
extraction of total lipids. The experiment was continued for 20 weeks; carcinogen-treated 
animals which had not developed tumours by this time were killed as above and a full 
autopsy was performed. One animal from the fish-oil group died at 16 weeks; no mammary 
tumour or other abnormality was found at autopsy. This animal has been excluded from 
the analysis, so that in the fish-oil ENU-treated group seven animals completed the 
experiment according to the protocol. 

Laboratory procedures 
Extraction of total lipids from tissue and separation of individual phospholipid classes in 
the lipid phases prepared from both normal and tumour tissues was achieved by two-stage 
TLC as previously described (Williams et al. 1989). Bands corresponding to the 
ethanolamine- and inositol-phospholipids were removed from the plated sample, the 
phospholipids hydrolysed, fatty acids methylated and subsequently analysed by GLC. 
Butylated hydroxytoluene (BHT) was added to all extraction solvents at  a concentration of 
50mg/l, and to all TLC solvents at a concentration of 500mg/l to minimize auto- 
oxidation of polyunsaturated fatty acids. Further precautions were taken by storing the 
lipid extracts in chloroform under N, at -20" and methyl esters in hexane under N, at 
- 20". GLC analyses were carried out using a Varian 3400 instrument, using a 6 mm x 1.5 m 
glass column (10 g Silar 10C/100 g Gas Chrom Q (lO(k-120 mesh)); initial oven temperature 
165", increased to 215" at S"/min; injection temperature 250"; detector 275"; N, flow-rate 
30 ml/min. 

Results for individual fatty acids are expressed as a percentage of total fatty acids 
detected (mol YO). 

Statistical analysis of results 
The results in the tables are presented as mean values with their standard deviations. 
Figures show mean values with their standard errors. Analysis of variance was used to 
determine whether there were any differences in membrane composition between the three 
dietary groups or between tumour- and non-tumour-bearing animals. Duncan's range test 
was used to determine the level of significance of any differences found. P < 0.05 was 
considered to be statistically significant. Where data were found to have an unacceptable 
level of variance using Cochrane's C, Bartlett Box or maximum/minimum variance tests, 
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Table 1. Mean food intakes (glrat per week) and body weights ( 8 )  at culling in control 
and ENU-treated rats fed on olive oil, maize oil andfish oil diets 

(Values are means and standard deviations) 

Control ENU 

Mean SD Mean SD 

Food intake 
Olive oil 102a.b 6.9 105 14.0 
Maize oil 94 6.4 99 13.0 
Fish oil 96 8.5 99 13.0 

Olive oil 279 16.0 256 12.5 
Maize oil 265 16.0 249 34.0 
Fish oil 274 17.4 263 19.5 

Body wt 

a Value significantly different from maize oil control, P < 0.05. 
Value significantly different from fish oil control, P < 0.05. 

Table 2. Tumour incidence and tumour latency in ENU-treated animals fed on olive oil, 
maize oil a n d j s h  oil diets 

(Mean values and standard deviations) 

Olive oil Maize oil Fish oil 

Mean SD Mean SD Mean SD 

Percentage of tumour-bearing animals 75 63 2 9" 
No. of animals with tumoursl 618 518 217 
no. of animals treated 

Time to appearance of tumour (d) 118 21.4 106 2.6 137 3.5 

a Value significantly different from olive oil, P < 0.04. 

analysis was performed on log-transformed or square root-transformed data. Fisher's exact 
probability test was used to determine whether there were any differences in tumour 
incidence between fish oil-fed compared with corn oil- or olive oil-fed animals. 

Values for stearic and oleic acids and for n-6 and n-3 fatty acids are presented as bar 
diagrams. No statistically significant differences in any of the other fatty acids detected, but 
not presented here, were found between dietary groups or between control or tumour- 
bearing animals. 

R E S U L T S  

Food intake was significantly higher in the olive oil control group than in control animals 
fed on maize oil or fish oil diets ( P  < 0.05, both cases). In ENU-treated animals fed on olive 
oil the mean food intake was numerically higher than in the other two groups, but this 
difference was not statistically significant (Table 1). Cumulative tumour incidence at  20 
weeks was significantly lower in the fish oil-fed animals than in the olive oil-fed group ( P  
< 0.04; Table 2), but differences between fish oil- and maize oil-fed animals failed to reach 
a level of statistical significance ( P  < 0.1). Tumour incidence rates were 75 'YO, 63 'YO and 
29 YO in olive oil, maize oil and fish oil groups respectively. Mean tumour latency (Table 2) 
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Fig. 1. Mammary phosphatidylinositol fatty acid composition in normal and tumour tissue of animals fed on 
maize oil (m), olive oil (m) and fish oil (0) diets from tumour induction. Values are means with their standard 
errors; n 8 in each control group; n 6 olive oil tumour; n 5 maize oil tumour; n 2 fish oil tumour. "Value 
significantly different from olive oil control (P < 0.05). 
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Fig. 2. Mammary phosphatidylethanolamine fatty acid composition in normal and tumour tissue of animals fed 
on maize oil (m), olive oil (m) and fish oil (0) diets from tumour induction. Values are means with their standard 
errors. "Value significantly different from olive oil control ( P  < 0.05), bvalue significantly different from maize oil 
control ( P  < 0.05), 'value significantly different from fish oil control ( P  < 0.05), 'value significantly different from 
olive oil tumour ( P  < 0.05), evalue significantly different from maize oil tumour ( P  < 0.05). 
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was extended in the fish oil group compared with the other two groups, but the small 
number of animals developing tumours in the fish oil group (two) precluded the use of 
statistical analysis in comparing these data. The first palpable tumour was found in olive 
oil-fed animals at 9 weeks, with the majority of tumours appearing between 15 and 20 
weeks after induction. 

There were no differences in mammary PI fatty acids between the three dietary groups 
for either normal or tumour tissue (Fig. 1). However, PI stearic acid content was 
significantly higher in tumours of olive oil-fed animals than that of normal tissue in animals 
fed on the same diet (P < 0.05; Fig. 1 a). Tumour PI stearic acid content was also 
numerically higher in tumours than normal tissue of maize oil-fed animals, but this 
difference failed to reach statistical significance (P < 0.1). 

In the PE fraction of normal tissue from control animals fed on maize oil the levels of 
linoleic acid were significantly higher than in either olive oil- (P < 0.05) or fish oil-fed 
control animals ( P  < 0.05), and in this group levels of AA were also higher than in fish oil- 
fed control animals ( P  < 0.05; Fig. 2b). Fish oil-fed control animals had significantly 
higher levels of EPA than maize oil controls and of docosahexaenoic acid (DHA) than both 
maize oil and olive oil control groups (P < 0.05, all cases; Fig. 2c). In tumour-bearing 
animals there were no statistically significant differences in PE fatty acid composition 
between the dietary groups. The mean value for AA was numerically smaller in the fish oil- 
(8.6 mol %) than maize oil- (18.1 mol%) fed animals but this difference did not reach a level 
of significance due to the small number of animals developing tumours in the fish oil group. 
In tumour-bearing animals given maize oil, PE linoleic acid content was lower ( P  < O.Ol), 
and AA content was higher ( P  < 0.05), than in normal tissue from control animals fed on 
the same diet. 

D I S C U S S I O N  

This study has demonstrated a significantly lower incidence of mammary tumours 20 weeks 
after carcinogen administration in animals given fish oils as the sole source of dietary fat 
from the time of turnour induction, compared with animals given olive oil diets. The 
percentage of tumours at 20 weeks was higher in the maize oil than the fish oil group but 
the differences did not reach a level of statistical significance. These findings are in 
agreement with those of previous studies which have shown protective effects of fish oils in 
carcinogen-induced (Jurkowski & Cave, 1985) and transplantable (Karmali et al. 1984) 
mammary tumour models. The time to first appearance of tumours was shorter in the maize 
oil and olive oil groups than in the fish oil group suggesting, as in previous studies, that 
feeding fish oils slows down the rate of tumour development but does not completely 
abolish tumour formation. Had the experiment continued beyond 20 weeks it is possible 
that all animals in each of the dietary groups would have eventually developed tumours. 

A few studies have investigated effects of olive oil on mammary tumourigenesis and have 
concluded that this oil does not have the same tumour-enhancing effects as oils containing 
large amounts of n-6 fatty acids (Tinsley, 1989). The results obtained in the present study 
suggest that olive oil has the same capacity as maize oil to support the growth of mammary 
tumours. However, care should be taken in the interpretation of tumour incidence rates in 
olive oil-fed animals in the present study, since olive oil-fed control animals were found to 
have higher food intakes than animals in the other two dietary groups. The mechanism by 
which dietary fat influences mammary tumourigenesis in experimental animals is not fully 
understood, but tumour growth is known to be influenced by both the level and type of fat 
fed, with highest rates of tumourigenesis seen in animals given dietary fat at levels greater 
than 20% of total energy (Welsch, 1987). Early animal studies which used isoenergetic, 
high- and low-fat diets suggested that effects of dietary fat were independent of energy 
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(Hopkins & Carroll, 1979; Cohen et ul. 1984). However, Donato & Hegsted (1985) have 
proposed that experiments designed to investigate isoenergetic diets should take into 
account the relatively greater efficiency of utilization of dietary fat, by using a net energy 
value for fat (48.5 kJ) rather than the Atwater value (37.6 kJ). Using this approach 
Boissonneault et al. (1986) showed mammary tumour incidence to be directly proportional 
to the net energy content of diets. More recently, Welsch et al. (1990) have shown that 
differences in tumour incidence in high- and low-fat-fed animals are only observed when 
animals are allowed to feed freely ; moderate energy restriction abolished differences in 
tumour incidence between high- and low-fat groups. 

Consideration of the results from these studies suggests that at least some of the tumour- 
enhancing effects of high-fat diets on mammary tumourigenesis are due to provision of 
excess calories. Since in the present study food intakes were higher in olive oil-fed control 
animals, higher rates of tumourigenesis in ENU-treated olive oil-fed animals could be due 
to higher energy intakes before tumour appearance. 

Previous studies suggested that inhibitory effects of fish oil diets on mammary tumour 
formation are due to the ability of EPA to act as a substrate for the formation of less potent 
prostaglandins than those produced from AA (Karmali, 1987). The precise mechanism by 
which prostanoids are involved in abnormal proliferation in mammary tumourigenesis is 
not understood, but human breast tumours synthesize large amounts of PGE, and PGF,, 
(Rolland et al. 1979) and, in animal studies, inhibition of prostanoid synthesis with 
indomethacin has been shown to inhibit effects of high-fat diets on carcinogen-induced 
mammary tumours (Carter et ul. 1983; Kollmorgen et ul. 1983). Inhibitory effects of n-3 
fatty acids and fish oils on mammary tumourigenesis have been attributed to inhibition of 
cyclo-oxygenase by EPA, and to reductions in membrane AA content through displacement 
of AA and inhibition of the A-6-desaturase enzyme (EC 1.14.99.6) (which regulates the 
key step in the conversion of linoleic acid to AA) by EPA. Alteration in membrane AA and 
EPA content might, therefore, be expected to be seen in tissues in which EPA-induced 
inhibition of prostanoid metabolism is proposed to occur. Previous authors have shown 
slight increases in EPA and DHA in total (Jurkowski & Cave 1985), and choline- (Karmali 
et al. 1984) phospholipids in mammary tissue of animals given fish oils, but in neither study 
was a significant alteration in membrane AA content observed. 

In many tissues, including mammary tissue, hormone-stimulated PI breakdown is 
thought to be the most important source of AA for synthesis of series-2 prostanoids. It is 
for this reason that we have studied the effect of dietary fatty acid modification on the 
composition of membrane PI as well as on the composition of PE, a more widely 
investigated phospholipid fraction. Although we have previously shown normal mammary 
tissue PI to be unresponsive to dietary fat modification (Williams & Maunder, 1992), it was 
not known whether this homeostatic ability is lost in tumour tissue. The findings presented 
here show that this is not the case; in particular there was no evidence of displacement of 
AA by EPA in fish oil-fed control or tumour-bearing animals, so that it is unlikely that 
proposed effects of dietary fat on tumourigenesis through altered prostanoid synthesis are 
the result of diet-induced changes in PI fatty acids. However, results obtained in the present 
study for effects of both diet and tumourigenesis on PE fatty acid composition are not 
inconsistent with an involvement of prostanoid metabolism in effects of dietary fat on 
mammary tumourigenesis and suggest the likely locus for these effects may be PE rather 
than PI. In maize oil-fed animals levels of linoleic acid were lower and levels of AA were 
higher in tumour compared with non-tumour tissue. These results suggest that conversion 
of linoleate to AA may be increased in mammary tumour PE, and that this may be the 
result of increased A-6-desaturase activity in tumour cells. It should be noted, however, that 
failure to observe diet-induced alteration in PI AA content does not exclude the possibility 
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that this phospholipid plays a functionally important part in the tumourigenic process. AA 
turnover in this fraction may be greater than in PE, so that higher AA content of the latter 
may reflect lower metabolic activity of PE compared with PI. Labelled AA turnover studies 
of PI and PE fractions would be required to determine whether this is the case. 

In the PE fraction, fish oil-fed control animals had significantly lower levels of AA and 
higher levels of EPA and DHA than did maize oil-fed animals, and a similar trend was seen 
in tumour-bearing animals, suggesting that in these animals PE AA was displaced by long- 
chain n-3 fatty acids. However, the differences that we have observed are small and our 
results suggest that fatty acids in mammary tissue phospholipids are less susceptible to 
dietary modification than has been shown for other tissues such as liver and platelets 
(Weiner & Sprecher, 1984; Gibney & Bolton-Smith, 1988). 

Beneficial effects of n-3 fatty acids on other tissues such as platelets are generally 
attributed to the ability of these fatty acids to displace n-6 fatty acids from membrane 
phospholipids, with consequent effects on prostanoid metabolism. However, a number of 
studies show that n-3 fatty acid supplementation causes alteration in membrane fatty acids 
other than the n-6 fatty acids. For example, in platelets Gibney & Bolton-Smith (1988) 
showed a significant change in platelet PC oleic acid content in subjects taking fish oil 
supplements, and we have also observed marked differences in erythrocyte saturated fatty 
acid composition in rats fed on fish oils (Williams & Maunder, 1992), suggesting that n-3 
fatty acid supplementation produces effects other than simple displacement. The possible 
functional consequences of these effects require further consideration. 

An unexpected observation in the present study was that in olive oil-fed animals PI 
stearic acid content was significantly higher in tumour than normal tissue, and a similar 
trend was apparent in tumour tissue of maize oil-fed animals. No such effect was observed 
in fish oil-fed animals. This observation may be important since we have also found 
markedly higher PI stearic acid levels in malignant human breast tissue compared with 
levels in benign tumours or normal breast tissue (Williams, 1992). It is possible that altered 
stearic acid content of membrane PI may influence the sensitivity of the PI signal 
transduction mechanism through alteration in its binding to the G unit coupling protein 
which brings about receptor-mediated activation of PI hydrolysis. It is also possible that 
PI stearic acid content may influence the potency of the diacylglycerol released following 
PI breakdown, since the acyl chain composition of this second messenger has been 
suggested to influence its activity (Welsch, 1987). 

In summary, results obtained in the present study suggest that mammary tumour tissue 
phospholipids respond to diet in a similar manner to normal mammary tissue. Mammary 
membrane PI composition is not altered in response to diet, but mammary membrane PE 
AA is susceptible to displacement with long chain n-3 fatty acids. Mammary tumour tissue 
fatty acid composition was found to be similar to normal mammary tissue, although there 
was evidence of increased stearic acid content of PI in olive oil-fed animals. Further studies 
of the stearic acid content of tumour tissue PI and possible consequences on the sensitivity 
of the PI signal transduction mechanism would appear to be warranted. 

We are grateful to Dr R. J. Howland for advice and assistance with statistical analysis. 
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