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The level of linoleic acid in neural 
cardiolipin is linearly correlated to 
the amount of essential fatty acids 
in the diet of the weanling rat 

John R. Dyer* and Carol E. Greenwood 

D e p a r t m e n t  o f  Nu t r i t i ona l  Sc i ences ,  Fa c u l t y  o f  Med ic ine ,  Univers i ty  o f  Toronto ,  
Toronto ,  M 5 S  IA8 ,  Canada  

We have reported that an unidentified characteristic o f  the dietary fat ty  acid composition can greatly 
alter the percentage o f  linoleic acid (18:2n6) in the brain. Neural 18:2n6 is concentrated in cardiolipin 
(CL), which occurs almost entirely in mitochondria and is specifically bound by several enzymes.  The 
purpose o f  the work reported here was to identify, the dietary, fa t  characteristic that is responsible for  
altering the 18:2n6 levels in neural CL and to establish the dose-response curve for  the two variables. 
Weanling rats were f e d  for  three weeks on diets designed to separate the neural effects o f  the amount 
o f  dietary saturated, monounsaturated, and essential fa t ty  acids (EFA). The results revealed that the 
level o f  18:2n6 in neural CL was very strongl.v correlated (r e = 0.851; P < 0.0001) with the amount 
o f  EFA in the diet. This relationship was linear (slope - 0.793, y-intercept = 6.53%) over a wide 
range o f  dietary EFA levels (4-15% wt/wt o f  diet) with the level o f  lS:2n6 in CL varying by two-fold. 
Neural 18:2n6 levels were not affected by the ratio o f  dietary EFA (18:2n6/18:3n3) when the total 
amount o f  EFA was held constant. These results indicate that: 1) the amount o f  dietary EFA substan- 
tially alters the level o f  18:2n6 in CL from the brain o f  the weanling rat in a relatively short time; and 
2) this relationship is linear over a wide range o f  EFA levels that are well above the accepted EFA 
requirements for  the rat and within levels that are typical ~['human diets. 
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Introduction 

The brain is very rich in lipids, with about  a tenth of  
its wet weight and half its dry weight consisting of a 
large variety of  lipids, many  of which contain fatty 
acids. The neural fat ty acid composi t ion is well known 
to be influenced by the fatty acid composi t ion of the 
diet. The effects on the brain of  a deficiency of the 
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essential  fat ty acids (EFA)- - l ino le ic  acid (18 : 2n6) and 
a-linolenic acid (18 :3n3) - - and  of altering the dietary 
ratio of  the EFA both have been studied extensively.  
Almost  without except ion,  the most  responsive neural 
fatty acids have been the highly unsaturated,  20- and 
22-carbon fatty acids that are characterist ic of  the ner- 
vous sys tem (for reviews see references 1-3). 

Recently,  we and others 4 reported that dietary fat 
composi t ion also influences the level of  18:2n6 in the 
brain, with the changes being most  predominant  in 
mitochondrial  cardiolipin (CL; also called diphosphati-  
dyl glycerol). Impor tan t ly ,  these alterations in CL 
18:2n6 content  were large (up to 2 fold) and occurred 
rapidly (within one week of feeding the experimental  
diets to weaned  rats). This novel finding was interest- 
ing because  18 : 2n6 in the brain is concentra ted in the 
CL,  which is a lmost  exclusively found in the mito- 
chondria  5 where  it is associated specifically with sev- 
eral enzymes  involved in oxidative respiration 61~ and 
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the transport  of  fatty acids across the inner mitochon- 
drial membrane.~2-15 Unfortunately,  due to the experi- 
mental designs neither of  these reports was able to 
attribute the changes in CL 18:2n6 content to a spe- 
cific characteristic of the dietary fat fed. 

In the present paper, we report  on experiments con- 
ducted to determine which dietary fat characteristic 
(i.e., the amount  of  saturated (SFA), monounsaturated 
(MUFA),  or EFA) alters the level of  18:2n6 in neural 
CL. In achieving this purpose,  it was also possible to 
establish the dose-response curve between the fatty 
acid composit ion of  the diet and the level of 18:2n6 in 
CL from the brain. 

Materials and methods 

Materials 

All non-fat dietary ingredients were purchased from 
Teklad Diets Co. (Madison, WI), except  cornstarch 
(St. Lawrence  Starch Co. Ltd.,  Mississauga, ONT, 
Canada). The beef  tallow was generously donated by 
Canada Packers Co. (Toronto,  ONT,  Canada). The 
dietary oils were all cold-pressed and were bought 
from several local outlets. All chemicals were pur- 
chased from Sigma Chemicals (St. Louis,  MO), except  
fatty acid methyl ester  standards (NuChek Prep Inc., 
Elysian, MN) and sucrose (Analar, BDH Chemicals 
Canada, Toronto ,  ONT,  Canada). Chloroform, metha- 
nol, and hexane were double-distilled and obtained 
from the University of  Toronto ' s  Solvent Distillation 
Service. Iso-octane (HPLC grade) was purchased 
from Fisher Chemicals (Fair Lawn, N J). Thin-layer 
chromatography plates and gas chromatography capil- 
lary column were obtained through Chromatographic 
Specialties Inc. (Brockville, ONT, Canda). 

Experimental design 

Two experiments  were performed.  The purpose of the 
first exper iment  was to resolve which of several di- 
etary fat characteristics was responsible for altering 
the level of  neural 18:2n6. Rats were divided into 
seven groups based on body weight (n = 6/group). 
Each group was fed a different semi-purified diet for 
three weeks.  The diets contained wide ranges of SFA 
(2.2%-7.7% wt/wt  of  diet), M UFA (2.7%- 10.4%), and 
EFA (4.2%-15%),  but a constant ratio of 18:2n6/ 
18:3n3 (approximately 30) (Table 1). Five of the diets 
were formulated with SFA to MUFA ratios of one, 
but amounts  of  combined SFA plus MUFA varied in 
a reciprocal manner  to the amount  of EFA. The pur- 
pose of  this group of diets was to establish a dose- 
response curve between the dietary and mitochondrial 
fatty acids. However ,  from these diets alone it would 
be impossible to identify which dietary fat characteris- 
tic caused the membrane fatty acid changes. There- 
fore, two other  diets were made, in which the SFA 
and MUF A varied independently of  the EFA. That is, 
diet 6 has a comparable EFA content  to diet 2 (7%), 

Table 1 Dietary fatty acid composit ion 

Weight % of diet 

Diet SFA MUFA EFA P/S 18:2n6 18:3n3 EFA ratio 

1 77  7.7 4.2 054  41 0.12 342 
2 6.7 6,1 6.9 1.03 6,7 0.21 31.9 
3 5.0 4.9 9.9 1.99 9.6 0.32 30.0 
4 3.6 3.5 12.5 3.43 12.1 044 27.5 
5 2 2  2.7 15.0 6.69 14.5 0.52 27.9 
6 3.7 9.6 6.5 1 77  63  0.25 252  
7 2.3 10.4 70  271 6.7 024 27,9 

Note: Diets contained 20% (wt/wt) fat 18:2n6 and 18:3n3 were 
the only n6 and n3 fatty acids present in significant amounts. Fatty 
acid composit ion was determined by gas chromatography. EFA 
ratio = 18 :2n6/18:3n3 

yet an S F A / M U F A  ratio of 0.5, while diet 7 also has 
7% EFA,  yet an S F A / M U F A  ratio of 0.2. Linear cor- 
relation using all seven diets was performed on each 
dietary fat characteristic to determine which was the 
best predictor of  the levels of 18:2n6 in CL. It was 
expected that the points representing these last two 
diets would only fall on the regression line of the char- 
acteristic that was responsible for the effect on 
18 : 2n6. The total EFA in the diets accounted for ap- 
proximately 99% of the polyunsaturated fatty acids 
(PUFA) and the amount  of each EFA was always a 
fixed proportion of the total EFA. Consequently,  it 
was impossible to distinguish between the effects of 
the total EFA,  PUFA, 18 : 2n6, and 18:3n3 in the diet. 

The purpose of the second experiment was to as- 
sess the effect of  changing the dietary EFA ratio, at a 
constant amount  of  EFA,  on the level of 18:2n6 in CL 
from neural mitochondria.  Rats were divided into four 
groups based on body weight (n = 9/group) and each 
group fed a different diet for eight weeks. The diets 
had EFA ratios (18:2n6/18:3n3) of 1.8, 9.4, 36, and 
165 (Table 2), but a constant amount of EFA (15% of 
diet), SFA (2%), and MUFA (3%). 

At the end of the experimental periods, animals 
were decapitated (900-1000 hr), their brains quickly 
removed,  wrapped in foil, and covered with ice until 
the membrane fractionation was carried out. Mem- 
brane fractionation was conducted within 30 min of 
sacrifice of  the first animal. 

Diets 

Semipurified diets were made, each containing (wt/ 
wt): protein as casein (23%), cornstarch (40%), min- 
eral mixture (5.1%, Bernhart-Tomarellil6), fiber (5%, 
alpha-cellulose), vitamin mixture (2.5%, TD67231JT), 
and supplemental L-methionine (0.25%). All diets con- 
tained 20% (wt/wt) fat, but each diet contained differ- 
ent proport ions of beef tallow, safflower oil, olive oil, 
soybean oil, and/or  linseed oil. All diets were ade- 
quate in EFA.  The fatty acid compositions of the fat 
mixtures were determined by gas chromatography as 
described below. 
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Table  2 The effects of EFA ratio and 18:2n6 level in the diet on the level of 18:2n6 in neural CL 

Experimental diet 

Source Fatty acid 1 2 3 4 

Diet Total EFA a 14.5 14.7 15.0 15.0 
18:2n6 9.4 13.3 14.7 14.9 
18:3n3 5.2 1.4 0.41 009 
EFA ratio b 1.8 9.4 36 165 

Total SFA 2.2 2.3 1.9 2.0 
Total MUFA 3.2 2.9 2.9 2.8 

CL 18:2n6 c 18.4 _+ 0.5 18.3 _+ 0 3  17.7 _+ 0.6 18.1 _+ 0.5 

a Dietary fatty acids as percent (wt/wt) of diet. 
b EFA ratio - 18:2n/18:3n3 
c CL 18:2n6 expressed as percent (wt/wt) of total fatty acids; mean -+- SEM (n = 9/diet). No signif icant effect of diet (P > 0.02 by ANOVA) 

Animals 

Male, weanling Wistar rats (Charles River Breeding 
Labs, St. Constant,  QUE,  Canada), initially weighing 
50-70 g, were used. All animals were housed individu- 
ally in a room lit daily for 12 hr (700-1900 hr). They 
were allowed free access to both water and food. Body 
weights and food intakes were monitored throughout 
the experimental  period. 

Membrane fractionation and lipid analysis 

Membrane fractionation on sucrose density gradients 
was carried out immediately following the sacrifice us- 
ing the method of Whittaker and Barker. ~ Mitochon- 
dria were collected and stored overnight at - 7 0  ° C 
until lipids were extracted the following morning. 
Lipid was extracted from each membrane fraction by 
the method of Folch et al.~9 CL was separated by thin- 
layer chromatography using a modified version of the 
method of Kenner ly  et al. 2° Discrete bands corre- 
sponding to CL (Rf = 0.85), phosphatidylethanol- 
amine (Rf = 0.70), phosphatidylcholine (Rf = 0.50), 
phosphatidylserine (Rf = 0.30), and phosphatidylino- 
sitol (Rf = 0.05) were reliably obtained. Fatty acid 
methyl esters were prepared from CL by the method 
of Morrison and Smith, 2~, and analyzed by gas chro- 
matography. 18 : ln9 and 18 : ln7 did not separate reli- 

ably and are reported as the total 18:1 isomers. Details 
of these methods have been given previously, z2 

Statistical analysis 

Statistical analysis was done using SAS 6.03 (SAS In- 
stitute Inc.,  Cary, NC) for the microcomputer.  The 
relationships between several dietary fat characteris- 
tics (amounts of SFA, MUFA,  EFA,  and 18:2n6, and 
the ratio of  PUFA to SFA (P/S) and PUFA to MUFA 
(P/M)) in the first experiment and the levels of fatty 
acids in CL were analyzed using linear correlation. In 
the second experiment,  the effect of diet on the level 
of 18:2n6 in neural CL was analyzed by ANOVA. 

Results 

The energy intake, body weight gain, and brain weight 
were similar for animals on each of the seven diets in 
experiment 1 (Table 3). 

The fatty acid profile of  CL is given in Table 4. The 
most prominent effect of  dietary fatty acid composi- 
tion was on 18:2n6, with a two-fold difference oc- 
curring between diets I and 5. Other fatty acids were 
affected not at all or to a much lesser extent and in 
the opposite direction by dietary fat. Since the large 
change in the level of 18:2n6 was compensated for 

Table 3 Total intakes of energy, SFA, MUFA, EFA, and 18:2n6, body weight gain, and brain weight 

Energy Body 
intake SFA MUFA EFA 18:2n6 weight Brain 

Diet (kcal) intake intake intake intake gain weight 

1 1346 -+ 491 23.6 23.6 12.8 12.5 160 ± 5 1.81 -+ 0.02 
2 1315 -+ 45 20.0 18.2 20.6 20.0 165 +- 6 1.74 + 0.03 
3 1319 -+ 27 150 14.7 29.7 28.8 163 ± 6 1.80 + 0.03 
4 1311 +- 29 10.7 10.4 37.2 36.1 167 + 7 1.83 -+ 0.02 
5 1244 ± 24 6.2 7.6 42.4 41.0 151 ± 3 1.78 ± 0.03 
6 1283 +- 20 10.8 28.0 19.0 18.4 155 -+ 4 1.75 -+ 0.03 
7 1353 ± 46 7.1 32.0 21.5 20.6 164 -+ 8 1.80 ± 0.02 

Note. Values are expressed in grams (unless otherwise indicated) as mean +_ SEM. Mean SFA, MUFA, EFA, and 18:2n6 intakes were 
calculated by multiplying the mean total food intake (in grams) by the weight % of the fatty acid(s) in the diet. 
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Tab le  4 The effects of dietary fatty acid composi t ion on the fatty acid profi le of cardiol ip in from neural mi tochondr ia 

Experimental diet a 

Fatty acid 1 2 3 4 5 6 7 

16:0 10.8 + 0.5 b 9 9  + 0,5 9 5  -+ 0 5  9.8 + 0.6 9 5  + 0,5 103  + 0,6 9.4 _+ 0 4  
16:1n7 4.4 +_ 0.2 4,4 _+ 0,2 4 8  _+ 0 3  4.5 _+ 0 4  4 3  -+ 0.3 4,6 _+ 0.4 4.3 _+ 0 2  
18:0 5.7 + 0.3 5.7 + 0.6 5 2  +_ 0.3 54  + 0.3 5 3  + 0.4 5.7 _+ 0.5 4.6 +_ 0.2 
18:10 34.8 + 1.5 33.6-+ 1,1 3 3 3  +- 0.5 31.2 _+ 0 5  3 0 6  -+ 0.5 35.0 +- 1.1 35.3 + 0 7  
18:2n6 9.4 +_ 0.5 123 + 0 5  141 + 0.5 16.4 + 0.7 18.4 + 0 5  11 + 0.4 12.8_+ 0.3 
20:4n6 14.3 +_ 0.9 151 +_ 0 7  153 + 0.7 15.0_+ 0.6 15.1 -+ 0 6  15 + 0.5 15.5_+ 0 5  
22:4n6 0.53 + 0.04 0.50 + 0,03 0.54 _+ 0.01 0.53 _+ 0.03 0.55 -+ 0.04 0.5 _+ 0 0 4  0.52 + 003  
22:5n6 0.80 + 0.16 0.71 + 0.18 0.64 _+ 0.31 0 9 2  + 0.25 0 8 2  + 0.29 11 _+ 0.42 0.78 +_ 029  
22:6n3 6.8 -+ 0.7 6.9 +- 0.7 6.7 + 0 5  6.4 _+ 0.4 61 ± 0.4 7 2  + 0.4 7 0  _+ 04  

a Dietary fatty acid composi t ions given in Table 1. 
Values represent the weight percent of total fatty acids: means +- SEM (n - 6/diet). When present, 20:1n9, 20:2n6, 20:3n6 were detected 

at levels of less than 2% each of total fatty acids. 22:5n3 was not detected. Unidenti f ied peak areas accounted for approximately  9 -13% 
of total fatty acids. Weight percent values in the table have not been corrected for unidenti f ied peak areas 
cSum of 18:1 isomers. 

by smaller changes in the percentages of several fatty 
acids, it is likely that only 18:2n6 is being influenced 
directly by the dietary fatty acid composit ion,  and that 
the other  fatty acids in CL are simply being diluted 
by a large increase in the amount of 18:2n6 in the 
phospholipid. 

The relationships between the percentage of 18:2n6 
in CL and several dietary fat characteristics are dis- 
played in Figure 1, and the results of their linear corre- 
lation analyses are given in Table 5. It is evident from 
inspection of the graphs and the table that the amount 
of  dietary EFA and the level of 18:2n6 in CL have a 
very strong linear relationship (r 2 = 0.851). The same 
association exists between the amount of 18:2n6 in 
the diet and in CL, since 18:2n6 was a constant pro- 
portion of  EFA in all of  the diets. There are poorer  
correlations between dietary SFA (r 2 = 0.405) or 

i SFA MUFA EFA l 20 i 

18:2n6 ] 7 ,[ o~ • 
14 ~ • • • 

17 5 4  51 6 8  2 5  4.6 69  9.2 33  6 6  9 9  1$2 

P/S P/M 1 8 2 n 6  2Q 

18:2n6 I 7 i, • & 

] 5  3 0  4 5  6 0  12 2 4  3 6  4 8  32  6 4  9 6  128 

% w / w  or retio of fe l ly  acids in d ie t  

Figure 1 Several dietary fat character ist ics were correlated with 
the l inoleic acid (18:2n6) level in neural cardiol ip in obtained from 
weanl ing rats fed one of seven diets for three weeks. Linoleic acid 
values are expressed as percent (wt/wt) of total fatty acids: mean 
± SEM (n = 6/diet). The line in each graph was fitted using linear 
regression on individual animals (n = 42). The coeff icients of de- 
termination (r 2) for l inear correlat ion analysis are given in Table 4. 
SFA = saturated fatty acids; MUFA = monounsaturated fatty acids; 
EFA = essential fatty acids; P/S = polyunsaturated to saturated 
fatty acid ratio; P/M = polyunsaturated to monounsaturated fatty 
acid ratio. 

MUFA (r 2 = 0.534) and the percentage of 18:2n6 in 
CL. Although these correlations are statistically sig- 
nificant, much of this is probably due to the covaria- 
tion of  both SFA and MUFA with EFA in five of the 
seven diets. In fact, it is the remaining two diets (diets 
6 and 7), which were formulated to vary the SFA and 
MUFA content independently of the EFA, that are 
the farthest removed from the regression lines of 
18:2n6 in CL against SFA or MUFA,  but which fall 
on the dietary EFA line. 

The regression analyses of 18:2n6 from neural CL 
against the dietary ratio of PUFA to SFA (P/S) or 
PUFA to MUFA (P/M) also yield fairly high coeffi- 
cients of determination (r 2 - 0.710 and 0.770, respec- 
tively), but not as high as for dietary EFA. As well, 
since dietary P U F A  is the numerator  in both of these 
ratios, and is essentially equivalent to dietary EFA 
in this experiment,  a large part of  the dietary ratios" 
apparently good correlations with neural 18:2n6 is 
likely due to the tight association between dietary 
EFA and neural 18:2n6. Furthermore,  dividing the 
amount of  dietary PUFA by either the amount of SFA 
or MUFA decreases the coefficient of determination 

Table5 Linear correlat ion analyses of dietary fat characterist ics 
with level of 18:2n6 in neural cardiol ip in 

Dietary fat 
characterist ic Slope Y-intercept r 2 P value 

SFA -1 .01  18.1 0.405 0.0001 
MUFA - 0 . 0 7  18.7 0.534 0.0001 
EFA 0793  6.53 0.851 0.0001 
P/S 1.35 10.1 0710  00001 
P/M 1.49 105  0.770 0.0001 
18:2n6 0.822 6 5 3  0.851 0.0001 

Note: The dietary fat character ist ics were the X-variable and the 
level of 18:2n6 in CL (% wt /wt  of total fatty acids) was the Y vari- 
able. The data from individual animals was used in the analysis 
(n - 42). The strength of the correlat ion is expressed as the coeffi- 
cient of determinat ion (r2), 
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compared to dietary EFA alone. Therefore ,  it is clear 
that these ratios are not the primary force behind the 
neural fatty acid effect. 

The regression line of  dietary EFA against 18:2n6 
in CL is the dose-response curve for these two param- 
eters. It has a slope of  0.793 and a y-intercept of 6.52% 
with no indication of  any curvature.  From the slope it 
is apparent  that over  the range of dietary EFA values 
tested, the level of  18:2n6 in CL changes by 0.8% of 
the total fatty acids for every  1% by weight that EFA 
represents in the diet. 

The coefficients of  determination and their associ- 
ated P values for the relationships between other  fatty 
acids in CL and dietary SFA, MUFA,  EFA,  and 
18 : 2n6 were determined.  The percentage of  total 18 : 1 
isomers in CL also significantly correlated (P < 
0.0001) to the amount  of  dietary MUFA ( r  2 = 0.366) 
and EFA (r 2 = 0.347), although not as strongly as 
18:2n6 in CL. The relationships of 18:1 and 18:2n6 
with dietary MUF A and EFA were probably the basis 
for the significant correlations that were found be- 
tween several dietary fat characteristics and the total 
MUFA and P UF A in CL. No other individual fatty 
acid was significantly correlated to any dietary fat 
characteristic.  

When four diets containing the same amount of 
EFA~ but different amounts of  18:2n6 and different 
EFA ratios (18 : 2n6/18 : 3n3), were fed to weanling rats 
for 8 weeks,  no significant differences were found in 
the level of  18:2n6 in CL from the brain (Table 2). It 
is notewor thy  that the percentage of 18:2n6 in CL in 
these groups was similar to that present in the group 
fed diet 5 in the first experiment,  which contained the 
same total amounts  of  EFA,  SFA, and MUFA. 

Discussion 

The results show that the level of 18 : 2n6 in neural CL 
is bet ter  predicted by the amount  of  dietary EFA than 
dietary SFA, MUFA,  P/S, or P/M. The relationship is 
very strong and is linear over  the dietary range tested, 
which is well above the animals' requirement for the 
EFA. 23 No other  fatty acids in CL were significantly 
correlated with any dietary fat characteristic,  except 
the 18:1 isomers which had a weaker relationship than 
18:2n6 with dietary MUFA and EFA. In addition, the 
increased incorporation of  18:2n6 into CL was not 
accompanied by increases in the levels of the elon- 
gated and desaturated n6 fatty acids. This suggests 
that 18:2n6 is distinguished from the other fatty acids 
in neural mitochondria by its sensitivity to dietary 
EFA.  In contrast ,  the dietary EFA ratio did not affect 
18 : 2n6 in CL when the amount  of  EFA in the diet was 
held constant.  These results confirm our previ- 
ous findings that dietary fat markedly affects neu- 
ral 18:2n6 levels in CL (Dyer and Greenwood,  sub- 
mitted). 

This work is unique among studies of dietary fat 
and the brain because of  the analysis of  neural CL and 
the design of  its diets. In the brain, CL is the only 
phospholipid that contains substantial amounts of  

18:2n6 and it occurs  almost exclusively in the inner 
mitochondrial membrane.  5 Very little work has been 
done on CL in the brain, with only one study having 
investigated the effects of dietary fat on neural CL. 4 
The results of  this other  study, which used corn oil 
and a fish oil, are consistent with those reported here, 
but the authors paid little attention to the fatty acid 
changes in the brain and instead focused on peripheral 
organs where they attributed the compositional 
changes to the high 20 : 5n3 and 22 : 6n3 content of fish 
oil. However ,  the use of only two diets, in which all 
fatty acids varied, did not allow for a definitive inter- 
pretation that the long chain polyenoic n3 fatty acids 
were indeed the mediator of the alterations in CL fatty 
acid profile observed.  Dietary fat studies that have 
analyzed other  phospholipids in the brain have yielded 
results which suggested that dietary fat does affect 
18:2n6 levels, 24-26 but due to the low concentrat ion of 
18:2n6 in other  neural phospholipids little significance 
was given to this observation.  In additiom the 18:2n6 
content  of  the heart and liver can be modified greatly 
by dietary fat, with high 18:2n6 levels being found in 
animals fed diets with high EFA contents.  4~27 In none 
of these studies, however ,  was the amount of 18:2n6 
in the membrane associated specifically with the 
amount of  EFA in the diet. 

The amount  of EFA in the diet was the best pre- 
dictor of the level of 18:2n6 in CL from the brain. 
However ,  dietary EFA itself is not a single factor; 
rather it is the sum of 18:2n6 and 18:3n3. In this ex- 
periment,  dietary 18:2n6, 18: 3n3, and total EFA var- 
ied together in all of  the diets. Therefore,  variation in 
any of these three characteristics could have been the 
cause of the differences observed in the neural 18:2n6 
levels. Dietary 18:2n6 is the most likely candidate, 
since this relationship could be explained simply on 
the basis of the diet largely determining the amount of 
18:2n6 available for incorporation into neural CL. 

On the other  hand, such a simple explanation would 
not account for why membrane 18:2n6 did not vary 
with dietary 18:2n6 in the EFA ratio experiment (Ta- 
ble 2), in which the amount  of dietary EFA was held 
constant,  but there was a wide range of dietary 18:2n6 
levels (9.4-14.9% wt/wt of  diet). It is unlikely that the 
differences in results between these two experiments 
could be accounted for by the differences in the feed- 
ing period used (3 weeks for the first experiment and 
8 weeks for the second), since our previous work sug- 
gests that alterations in CL 18 : 2n6 content in response 
to dietary fat composit ion are maximal within 3 weeks 
and remain constant for up to 12 weeks of feeding 
(Dyer and Greenwood,  submitted). Thus results of the 
EFA ratio experiment  suggest that if variation in di- 
etary 18:2n6 is responsible for the neural 18:2n6 
changes, then 18:2n6 in CL must also be affected by 
the amount  of  dietary 18 : 3n3 or the dietary EFA ratio. 

The possibility that both of the EFA in the diet 
affect neural 18:2n6 is consistent with our understand- 
ing of  the substrate competi t ion between the two EFA 
for the same elongation/desaturat ion enzymes.  28 For 
example,  if the total EFA content  is fixed, the amount 
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of 18:3n3 must increase as the amount of 18:2n6 de- 
creases,  which will suppress the elongation and desat- 
uration of  18 : 2n6, thereby making more 18 : 2n6 avail- 
able for incorporation into CL and compensating for 
the lower dietary 18:2n6 intakes. This suggests that 
the levels of both EFA in the diet contribute to de- 
termining the level of 18 : 2n6 in the brain, which nicely 
reconciles the observat ion that the total amount of di- 
etary EFA is the most consistent predictor of neural 
18:2n6 levels, with the more intuitive explanation that 
neural 18:2n6 is responding to the level of intraneuro- 
nal 18:2n6 available for incorporation into phospho- 
lipids. 

It must be borne in mind that the experimental de- 
sign used in these studies does not allow us to distin- 
guish between the effect of the absolute amount of 
EFA consumed (i.e., total EFA intake) versus the ra- 
tio of EFA to the sum of all other  fatty acids in the 
diet (i.e., E F A / ( M U F A  + SFA)). That is, since the 
total amount  of fat in the diet was held constant at 
20% wt/wt fat in all experiments,  the EFA/ (MUF A  + 
SFA) ratio and EFA content  are highly correlated and 
hence the same coefficients of determination will be 
obtained when regressing these two values against CL 
18:2n6 levels. It is impossible to separate these two 
diet fat characteristics without changing the overall fat 
content  in the diet. For example,  if fat blends compa- 
rable to those used in the first experiment were fed to 
rats, but at the level of 10% rather than 20% wt/wt, 
this would lower the absolute amount of EFA con- 
sumed but would have no impact on the EFA/(SFA 
+ MUFA) ratio. However ,  this approach would add 
the complication that the proportion of endogenous to 
exogenous fatty acids available for incorporation into 
membranes would also vary between the 10% and 20% 
wt/wt fat diets. 

The almost exclusive presence of CL in the inner 
mitochondrial membrane suggests that any functional 
consequences  of  altering neural 18:2n6 levels will oc- 
cur in the mitochondria.  This type of work has not 
been done on the brain. However ,  in peripheral tis- 
sues, several enzymes involved in oxidative respi- 
ration, cy tochrome C oxidase, 6-9 Fj-F 0 (oligomy- 
cin-sensitive) ATPase,  ~° and the ADP/ATP carrier 
protein, ~ associate specifically with CL. Cytochrome 
C oxidase is the most extensively studied of these en- 
zymes and has an absolute requirement for two or 
three molecules of C L .  7 It also requires the presence 
of long-chain, unsaturated fatty acids in its membrane 
environment  for optimal activity. 29 

There is also evidence in peripheral tissues to sup- 
port a link between dietary fat and mitochondrial oxi- 
dative respiration. In the heart,  the activities of cyto- 
chrome C oxidase and F r F  0 ATPase respond to the 
degree of  saturation of dietary fat. 4'3°-32 The level of 
18:2n6 in mitochondrial lipids varied concurrently 
with these enzymatic  changes, and in CL the differ- 
ence in the percentage of 18:2n6 was of a magnitude 
comparable to that reported here. 4 

In addition to respiratory enzymes,  CL has been 
reported to be involved in the function of carnitine 

palmitoyltransferase and carnitine acylcarnitine trans- 
locase which control the transport  of  fatty acids across 
the inner mitochondrial membrane for 13-oxidation. 33 
Carnitine palmitoyltransferase, which utilizes acyl- 
CoA with chain lengths of up to 20 ca rbons]  2 binds 
approximately 20 molecules of phospholipid, of which 
CL is the major type. ~3 As well, the presence of CL 
has been shown to affect the activity of this enzyme in 
vitro, possibly by binding the products and preventing 
them from inhibiting the reaction. ~4 Purified carnitine 
acylcarnitine translocase must be reconstituted into li- 
posomes containing CL for its activity to be maximal, 
and in intact mitochondria from rat liver and heart, the 
activity of the translocase is decreased by the specific 
CL-binding agent, doxorubicin.~5 

These findings show that CL is involved in several 
mitochondrial processes which, combined with the 
fact that CL contains the highest 18:2n6 concentra- 
tions of any phospholipid, leads to the hypothesis that 
the 18:2n6 content  of  CL influences the interaction 
between CL and the enzymes that it is associated 
with. Fur thermore ,  the very high degree of linearity 
over a wide range of  dietary EFA levels makes the 
18:2n6 content of  CL a very precise indicator of the 
amount of EFA in the diet. It follows then, that 
the CL 18:2n6 level could be acting as the " s enso r "  
for a mitochondrial process that must respond to the 
level of dietary EFA rather than just be influenced 
passively by the diet. 

Finally, while all of  the work supporting a func- 
tional role for CL in the mitochondria has been done 
using peripheral tissue, it has been demonstrated that 
neural monoamine oxidase, an outer mitochondrial 
membrane-bound enzyme,  is influenced by feeding 
lard versus soybean oil diets. 34 This same dietary para- 
digm causes alterations in the levels of 18:2n6 from 
neural CL that are of  the same magnitude as reported 
here (Dyer and Greenwood,  submitted). This shows 
that at least one mitochondrial protein in the brain is 
susceptible to a modification in dietary fat that is capa- 
ble of  influencing neural 18 : 2n6. 

Investigation of the functional consequences of 
neural 18:2n6 changes would be worthwhile because 
this work has implications for humans. These diets 
were all adequate in the EFA,  which is more relevant 
to humans than diets deficient in EFA because EFA 
deficiency is rare in people, unless they have a defect 
in lipid absorption or are receiving one of the older 
parenteral formulations. 35 Like the diets used in this 
work, the amount  of  EFA consumed by the popula- 
tions of different countries varies tremendously.  ~6 
Similar variations between individuals within coun- 
tries would be expected as the result of differences in 
wealth, customs, religious beliefs, the availability of 
food, and personal preferences.  In Western nations, 
decreasing fat consumption and increasing the P/S 
have been recommended to lower the risk of heart 
disease, diabetes, and cancer,  which is leading to an 
increase in the proport ion of EFA in dietary fat. Based 
on the results reported here, it is reasonable to suggest 
that a change in dietary fat such as this will alter the 
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n e u r a l  f a t t y  a c i d  p ro f i l e .  U n f o r t u n a t e l y ,  t h e  p o t e n t i a l  
f u n c t i o n a l  c o n s e q u e n c e s  f o r  t h e  b r a i n - - e i t h e r  g o o d  o r  
b a d - - a r e  p r e d i c t e d  l e s s  e a s i l y .  

Abbreviations used 

C L  c a r d i o l i p i n  
E F A  e s s e n t i a l  f a t t y  a c i d s  
M I  m i t o c h o n d r i a  
M U F A  m o n o u n s a t u r a t e d  f a t t y  a c i d s  
P U F A  p o l y u n s a t u r a t e d  f a t t y  a c i d s  
P / M  p o l y u n s a t u r a t e d  to  m o n o u n s a t u r a t e d  f a t t y  

a c i d  r a t i o  
P / S  p o l y u n s a t u r a t e d  to  s a t u r a t e d  f a t t y  a c i d  r a t i o  
S F A  s a t u r a t e d  f a t t y  a c i d s  
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Update: At Proof 

T h e  m a n u s c r i p t  r e f e r r e d  to  a s  " s u b m i t t e d "  is n o w  in 
p r e s s :  D y e r ,  J . R .  a n d  G r e e n w o o d ,  C . E .  (1991) .  T h e  
e f f e c t  o v e r  t i m e  o f  t h e  a m o u n t  o f  d i e t a r y  e s s e n t i a l  f a t t y  
a c i d s  o n  t h e  f a t t y  a c i d  p r o f i l e  o f  r a t  n e u r a l  m i t o c h o n -  
d r i a .  J .  N u t r .  ( in  p r e s s )  

J. Nutr. Biochem., 1991, vol. 2, September 483 


