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The metabolic syndrome of w3-depleted rats. II1.
Brain phospholipids
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Abstract. Rats exposed from 7 weeks after birth and for
the ensuing 3 to 7 months to a diet depleted in long-chain
polyunsaturated w3 fatty acids were recently proposed as a
new animal model for the metabolic syndrome. The present
study aimed mainly at investigating whether, in this new
model, the perturbation of the fatty acid total content and
pattern of brain phospholipids simulates that previously
documented in second-generation w3-depleted rats. Such was
indeed the case, with the apparent exception of changes in
the C18:1w9, C20:0, C22:0 and C24:0 relative content of
brain phospholipids. Moreover, the C22:503 content of such
phospholipids was unexpectedly lower in the present model
than in the second-generation w3-depleted rats. The changes
in brain phospholipids were also monitored when the rats
deprived of w3 fatty acids for 7 months were given access
for 2 to 4-5 weeks to a flaxseed oil-enriched diet. Most
phospholipid variables were rapidly normalized under the
latter experimental conditions. The results obtained under
these conditions suggest that an increase in the brain phos-
pholipid C22:503 content may play a key role in the orexigenic
effects of exogenous w3 fatty acids supplied to w3-depleted
animals.

Introduction

Perturbations of the total fatty acid content and fatty acid
pattern of brain phospholipids and triglycerides were recently
documented in second-generation rats depleted in long-chain
polyunsaturated w3 fatty acids (w3D rats) (1). The present study
aims mainly at investigating the two following issues. First, it
is explored whether a situation comparable to that previously
documented in the second-generation w3D rats may be reached
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when 7-week-old normal rats are exposed to a dietary
deprivation of w3 fatty acids for only 3 to 7 months, i.e.
under experimental conditions more likely to simulate the
situation found in human subjects with an insufficient dietary
supply of w3 acids. Second, after 7 months of dietary w3
deprivation, the 3D rats were given access for 2 to 4-5 weeks
to an w3-rich flaxseed oil-enriched diet. The characterization
of the fatty acid profile in the brain phospholipids of these
animals aimed at identifying factors possibly responsible
for the rapid and considerable gain in body weight and,
presumably, food intake occurring under these conditions in
the w3D rats (2).

Materials and methods

The eight groups of female rats examined in this study were
previously described (3). In the Tables, they are indicated as
follows: 3mC and 7mC for the control animals exposed for
3 or 7 months to a soya lipid-containing diet, 3mD and 7mD
for the w3D rats given access for 3 or 7 months to a sunflower
oil-containing diet, 7mC/4wS and 7mC/4wF for the control
rats exposed during the last 4-5 weeks to either a soybean (S)
or flaxseed (F) oil-enriched diet, and 7mC/2wF and 7mD/4wF
for the w3D rats exposed for either 2 or 4-5 weeks to a flaxseed
oil-enriched diet. For the sake of comparison, one group of
18 female second-genration 3D rats (2gD) and one
corresponding group of 16 female control animals (2gC) are
also listed in the Tables. The information on brain lipids in
the latter two groups of rats was already reported elsewhere
(1).

The lipid composition of the diets was also detailed in a
prior report (3).

At sacrifice, the brain was processed for measurement of
phospholipid and triglyceride fatty acid pattern, as previously
described (1,3).

All results are presented as means + SE together with the
number of individual determinations (n) or degree of freedom
(df). The statistical significance of differences between mean
values was assessed using the Student's t-test and confirmed
by variance analysis with the Bonferroni post-test.

Results

Total fatty acid content of brain lipids. The total fatty acid
content of brain phospholipids failed to differ significantly in
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Figure 1. Time course for the changes in total fatty acid content of brain
phospholipids (upper panel) and either C20:4w6 (middle panel) or C22:4w6
(lower panel) weight percentage in such phospholipids in control animals
(circles and cross) and 3 rats (triangles) exposed during the last 4-5 weeks
to either a soybean oil-enriched diet (cross) or a flaxseed oil-enriched diet
(closed symbols). Mean values (+ SE) refer to 5-6 rats at each time point.

the control animals (35.98+0.36 mg/g; n=11) and w3D rats
(34.41£1.09 mg/g; n=12) examined during the first 7 months
of the present experiments, as well as in the control animals
(37.95+0.89 mg/g; n=12) and w3D rats (35.07+1.64 mg/g;
n=12) examined during the last 4-5 weeks of these
experiments. At the most, there was a trend towards a lower
value in ®3D rats than in control animals. Thus, as judged
from the above-mentioned values, the results recorded in the
®3D rats averaged 94.0+2.6% (n=24; p<0.05) of the mean
corresponding values found in the control animals
(100.0+1.3%; n=23). In second-generation w3D rats, the total
fatty acid content of brain phospholipids was even more
severely decreased (p<0.02), the results recorded in these rats
averaging no more than 82.9+2.0% (n=18; p<0.001) of the
mean value found in the corresponding control animals
(100.0+£3.2%; n=16). As illustrated in Fig. 1, when either the
control animals or w3D rats were exposed for the last 4-5
weeks before sacrifice to a flaxseed oil-enriched diet, the mean
values for the total fatty acid content of brain phospholipids
increased above the level reached after the first 7 months

PORTOIS et al: BRAIN LIPID IN 3-DEPLETED RATS

Table I. Relative weight content of C22:5w3 and C22:6w3 and
C22:5w3/C22:603 ratio in brain phospholipids.

Rat C22:503 C22:603  (C22:503/C22:603
(%0) (%) (%0)

3mC 2.10£007 (6) 253+0.6(6)  8.31+0.37 (6)
3mD 04620.10 (6)  20.3£0.6 (6)  2.19+0.46 (6)
7mC 224x0.15(5) 24.1x10(5)  9.41+0.93 (5)
7mD 0.00£0.00 (6) 16.840.5(6)  0.00+0.00 (6)
TmC/4wS  2.3520.12(6) 22.7#0.6 (6)  10.37+0.51 (6)
TmC/AwWF  3.70£0.16 (6)  21.9+1.1 (6)  17.05+1.03 (6)
TmD/2wE 337022 (6) 192404 (6)  17.57£1.09 (6)
TmD/AwE 4042038 (6)  20.3+0.6 (6)  19.75+1.41 (6)
2¢C 2.74£0.10 (16) 237409 (16) 12.01x0.79 (16)
26D 0.39+0.08 (18)  4.6+02(18)  8.29+1.90 (18)

of the present experiments; such an increase, however, only
achieved statistical significance (p<0.01) in the w3D rats.

The total fatty acid content of brain triglycerides did not
differ significantly (df=32; p>0.2) in control animals and
second-generation w3D rats (1). Likewise, during the first 7
months of the present experiments and after a further period
of 4-5 weeks exposure to a flaxseed oil-enriched diet, such a
content averaged in the w3D rats 99.0£10.4% (n=18; p>0.95)
of the mean corresponding value(s) found at the same age in
control animals (100.0+15.6%; n=17).

Long-chain polyunsaturated w3 fatty acid content of brain
phospholipids. As a rule no C18:3w3, C18:4w3 or C20:5w3
was detected in brain phospholipids.

The relative C22:5w3 weight content of brain phospholipids
was much lower (p<0.001) in »3D rats than in control animals
(Table I). In the former rats, it decreased from 0.46+0.10%o
(n=6) to undetectable values after respectively 3 and 7 months
exposure to the w3-depleted diet. When the w3D rats were
exposed for 2 to 4-5 weeks to the flaxseed oil-enriched
diet, the relative weight content of C22:5w3 increased to
3.70+0.23%0 (n=12), a value significantly higher (p<0.001)
than that otherwise recorded in the control animals examined
during the first 7 months of the present experiments
(2.16+0.08%0; n=11). Even in the control animals, the
relative weight content of C22:5w3 in brain phospholipids
was increased (p<0.001), relative to the value found 7 months
after the onset of the present experiments, when these animals
were exposed to the flaxseed oil-enriched diet, whilst such
was not the case (p>0.5) after exposure to the soybean oil-
enriched diet. The values recorded after 4-5 weeks exposure
to the flaxseed oil-enriched diets failed to differ significantly
(p>0.4) in control animals and »3D rats. In the second-
generation w3D rats, the weight percentage of C22:5w3 in
brain phospholipids was, unexpectedly, higher (p<0.02) than
that recorded in the ®3D rats examined at the 7th month of
the present experiments.

A somewhat different situation prevailed in the case of
C22:6w3. First, the relative weight content of C22:6w3 in brain
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Table II. Relative weight content of long-chain polyunsaturated w6 fatty acids in brain phospholipids.

271

C20:3w6 (%o)

C20:406 (%)

C22:406 (%)

Rats C18:2w6 (%o0) C20:2w6 (%o)
3mC 7.38+0.31 (6) 1.17£0.03 (6)
3mD 6.60+0.23 (6) 1.37+0.07 (6)
7mC 8.00+0.26 (5) 1.34+0.04 (5)
7mD 6.22+0.43 (6) 1.30+0.10 (6)
TmC/4wS 9.30+0.58 (6) 1.33+0.10 (6)
TmC/4wF 9.66+0.70 (6) 1.46+0.07 (6)
TmD/2wF 7.39+0.44 (6) 1.35+0.07 (6)
TmD/4wF 8.60+0.44 (6) 1.70£0.17 (6)
2gC 7.22+0.21 (16) 1.73+£0.08 (16)
2gD 7.50+0.72 (18) 1.78+0.05 (18)

2.16+0.11 (6)
1.81+0.11 (6)
2.54+0.22 (5)
1.37+0.12 (6)
3.73+0.08 (6)
3.82+0.08 (6)
2.46+0.10 (6)
2.18+0.23 (6)
3.40+0.16 (16)
2.91+0.10 (18)

13.77+0.33 (6)
13.62+0.37 (6)
12.42+0.48 (5)
15.10+0.72 (6)
13.28+0.78 (6)
10.80+0.55 (6)
13.92+0.72 (6)
12.23+0.27 (6)

12.04+0.30 (16)
18.00+0.30 (18)

2.72+0.10 (6)
3.08+0.09 (6)
2.46+0.16 (5)
3.37+0.12 (6)
2.78+0.13 (6)
2.25+0.13 (6)
3.15+£0.17 (6)
2.73+0.11 (6)
2.87+0.07 (16)
4.43+0.07 (18)

phospholipids decreased (p<0.005) in the w3D rats from
20.3+0.6% (n=6) to 16.8+0.5% (n=6) after respectively 3 and
7 months exposure to the w3-deficient diet, these two mean
values being much lower (p<0.001) than those recorded in the
control animals of the same age but remaining much higher
(p<0.001) than that previously recorded in second-generation
3D rats (Table I). Second, when the control rats were exposed
for 4-5 weeks to either the soybean or flaxseed oil-enriched
diet, no significant change in the C22:6w3 relative weight
content of brain phospholipids was observed. Last, when the
3D rats were given access to the flaxseed oil-enriched diet,
the relative weight content of C22:6w3 in brain phospholipids
(19.7£0.4%; n=12) remained lower (p<0.001) than that
otherwise recorded in control animals (24.8+0.5%; n=11),
despite the fact that such a percentage was already significantly
higher (p<0.005) in the w3D rats exposed for only 2 weeks to
the w3-enriched diet (19.2+0.4%; n=6) than in the w3D rats
examined after 7 months exposure to the w3-deficient diet
(16.8+0.5%; n=6).

The C22:503/C22:6w3 ratio was already significantly lower
(p<0.001) in w3D rats than in control animals after only 3
months exposure to their respective diet. In the control
animals, it failed to change significantly after 4 weeks of
exposure to the soybean oil-enriched diet, whilst almost
doubling (p<0.001) after 4 weeks of exposure to the flaxseed
oil-enriched diet. The latter diet also provoked a rapid and
dramatic increase of the C22:503/C22:6w3 ratio in w3D rats.
In the second-generation w3D rats, however, such a ratio
failed to differ significantly (p>0.09) from that found in the
corresponding control animals.

Long-chain polyunsaturated w6 fatty acid content of brain
phospholipids. Small amounts of C18:3w6 were only on
occasion detected in brain phospholipids, not exceeding
0.56+£0.04%0 (n=10) in the present experiments and
0.43+0.05%0 (n=11) in our prior study conducted in second-
generation m3D rats and their corresponding control animals.

The relative weight content of C18:2w6 in brain phospho-
lipids was lower (p<0.001) in 03D rats (6.41+0.24%0; n=12)
than in control animals (7.66+0.22%0; n=11). It increased
(p<0.005) to 7.99+0.35%0 (n=12) when the »3D rats were
given access to the w3-rich diet, such a mean value failing to

differ significantly (p>0.4) from that otherwise recorded in
the control animals. These two changes represented time-
related events (Table II). Thus, the difference between control
and 3D rats failed to achieve statistical significance (p<0.08)
after only 3 months of exposure to their respective diet,
whilst being highly significant (p<0.01) after 7 months of
exposure to their respective diet. Likewise, the mean value
recorded in the w3D rats after a 2-week exposure to the w3-
enriched diet failed to differ significantly (p<0.09) from that
recorded in the w3D rats 7 months after the onset of the
present experiments, whilst it became significantly different
from the latter value (p<0.005) after 4-5 weeks of exposure to
the w3-enriched diet. In the control rats given access for 4-5
weeks to either the soybean or flaxseed oil-enriched diet,
the relative weight content of C18:2w6 was also higher
(p<0.005) than that recorded in the control rats during the
first 7 months of the present experiments. In the second-
generation »3D rats, the C18:2w6 relative content of brain
phospholipids failed to differ significantly (p>0.7) from that
found in the corresponding control animals.

The relative weight content of C20:2w6 in brain phos-
pholipids averaged 1.25+0.04%0 (n=11), 1.33+£0.06%0 (n=12)
and 1.52+0.10%0 (n=12), respectively, in the control and w3D
rats (both examined during the first 7 months of the present
experiments) and in the w3D rats given access to the w3-
enriched diet. Only the lowest and highest of these 3 mean
values differed significantly (p<0.025) from one another. The
sole other significant difference (p<0.05) consisted in modest
increase of the C20:2w6 relative content in the w3D rats, as
compared to control animals, when examined after a 3-month
exposure to their respective diet.

The C20:3w6 relative contribution to brain phospholipids
represented in the w3D rats examined 3 and 7 months after
onset of the present experiments 84.0+7.2% (df=10; p<0.06)
and 54.1+9.3% (df=9; p<0.001) of the corresponding values
found at the same age in control animals. In the control
animals, exposure to either the soybean or flaxseed oil-
enriched diet increased (p<0.001) such a relative contribution.
Likewise, in the 3D rats, exposure to the flaxseed oil-
enriched diet increased (p<0.001) the C20:3w6 relative amount
in brain phospholipids from 1.59+0.10%o to 2.32+0.13%0
(n=12 in both cases). Nevertheless, the measurements made in
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Table III. Paired ratio between selected long-chain polyunsaturated w6 fatty acids in brain phospholipids.

Rats C20:206/C18:206 (107) C20:306/C18:206 (107) C20:406/C20:306 C22:406/C20:406 (10
3mC 159.7+5.0 (6) 296.2+23 8 (6) 64.4+2 4 (6) 1.96+0.04 (6)
3mD 209.0+12.2 (6) 276.0+18.8 (6) 77.0£6.2 (6) 2.26+0.05 (6)
7mC 167.626.1 (5) 318.6+29.8 (5) 50.6+5.2 (5) 1.99+0.09 (5)
7mD 208.4+7.0 (6) 219.7+7.5 (6) 116.3+15.7 (6) 2.2420.10 (6)
TmC/4wS 142.9+2.5 (6) 410.4+31.6 (6) 35.6+2.0 (6) 2.1020.05 (6)
TmC/4wF 153.39.6 (6) 403.9+23.3 (6) 28.442.0 (6) 2.110.17 (6)
7mD/2wF 183.5+7.2 (6) 337.1422.2 (6) 57.5+5.2 (6) 2.26+0.08 (6)
7mD/4wF 202.2+26.3 (6) 2574 +31.7 (6) 62.1x11.6 (6) 2.22+0.10 (6)
2¢C 240.9+10.9 (16) 471.6£20.0 (16) 36.9+2.2 (16) 2.41%0.10 (16)
2¢D 216.9+8.1 (16) 360.1+20.8 (16) 63.5+8.9 (18) 2.47+0.04 (18)

the ®3D rats given access for 4-5 weeks to the flaxseed oil-
enriched diet remained lower (p<0.001) than those recorded
in the control rats also given access for 4-5 weeks to a flaxseed
oil-enriched diet. In the second-generation 3D rats, the
C20:3w6 relative amount in brain phospholipids was also
lower (p<0.02) than in the corresponding control animals.

The weight percentagess of C20:4w6 and C22:4w6
underwent comparable changes. They progressively increased
in the 03D rats during the first 7 months of the present
experiments, eventually reaching values higher (p<0.02 or
less) than those recorded in the control rats, and progressively
decreased (p<0.005) when the ®w3D rats were exposed to the
flaxseed oil-enriched diet. They were lower (p<0.05 or less)
in the control rats exposed to the flaxseed oil-enriched diet,
as compared to the soybean oil-enriched diet.

The ratio between selected long-chain polyunsaturated w6
fatty acid was also computed in the several groups of rats
(Table III).

The C20:2w6/C18:20w6 ratio was higher (p<0.005) in the
3D rats than in the control animals whether 3 or 7 months
after the start of the present experiments. It failed to be
significantly affected when either the control rats or 3D rats
were exposed to an oil-enriched diet, the mean value found in
the 3D rats remaining higher (p<0.005) than that recorded
in the control animals. The mean value for the C20:2w6/
C18:2w6 ratio was lower in second-generation w3D rats than
in the corresponding control animals, but such a difference
failed to achieve statistical significance.

Inversely, the C20:30w6/C18:2w6 ratio progressively
decreased in the w3D rats during the first 7 months of the
experiments, a significant difference (p<0.01) between control
animals and w3D rats being reached at the end of this period.
Exposure of the control animals to either the soybean or
flaxseed oil-enriched diet increased (p<0.001) the C20:3w6/
C18:20w6 ratio from a mean prior value of 306.4+18.1%o
(n=11) to a later mean value of 407.2+18.7%0 (n=12). In the
3D rats given access to the flaxseed oil-enriched diet for
2 to 4-5 weeks, the C20:3w6/C18:2w6 ratio averaged
297.9422 .0%0 (n=12), a value close (p>0.7) to that otherwise
recorded in the control animals during the first 7 months
of the present experiments (306.4x18.1%0; n=11). In the
second-generation w3D rats, the C20:306/C18:2w6 ratio was

also lower (p<0.001) than in the corresponding control
animals.

The C20:4w6/C20:3w6 ratio progressively increased in
the w3D rats, becoming eventually twice higher (p<0.01)
than that found at the same age in the control animals. A
comparable situation (p<0.001) prevailed in the second-
generation o3D rats, as compared to the corresponding control
animals (p<0.001). When the control animals or w3D rats were
exposed for 4-5 weeks to an oil-enriched diet, the C20:4w6/
C20:3w6 ratio decreased (p<0.02 or less) below the prior
values. After 4-5 weeks of exposure to the flaxseed oil-
enriched diet, such a ratio remained higher (p<0.02), however,
in w3D rats than in control animals.

During the first 7 months of the present experiments, the
C22:406/C20:40w6 ratio was higher (p<0.001) in 3D rats
(22.5+£0.5%; n=12) than in control animals (19.8+0.4%; n=11).
No further significant changes of such a ratio was observed
during the last 4-5 weeks. Nevertheless, after exposure to a
flaxseed oil-enriched diet, the mean values reached in w3D rats
was no more significantly higher (p>0.5) than that found in
control animals.

A last finding merits to be underlined. The results so far
presented do not refer to the C22:506 content of brain
phospholipids, because it had not been measured in our usual
procedure. It should not be ignored, however, that such a
content was close to the limit of detection in control rats,
whilst being far-from-negligible in w3D rats. For instance,
after 3 and 7 months of dietary w3 deprivation, it averaged,
respectively, 1.26+0.08 and 1.68+0.10 mg/g wet weight (n=6
in both cases), the latter mean values exceeding (p<0.01) the
former one. Likewise, the relative weight content of C22:5w6
in brain phospholipids increased (p<0.001) from 3.4+0.2 to
5.0+0.3% (n=6 in both cases) after 3 and 7 months dietary 3
deprivation. Over the same period, the C22:506/C22:4w6
ratio also increased (p<0.005) from 1.13+0.07 to 1.56+0.09
(n=6 in both cases).

Saturated and monodesaturated fatty acids. A minor amount
of C12:0 (0.7%o) in brain phospholipids was only detected in
one control rats among the 81 rats considered in this report.
In the second-generation w3D rats, the relative weight
contents of brain phospholipids in C14:0 (p<0.001), C16:0
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Table I'V. Relative weight content of saturated and monodesaturated fatty acids in brain phospholipids.
Rats C14:0 (%0) C16:0 (%) C16:17 (%o0) C18:0 (%)
3mC 0.76+0.05 (6) 22.43+0.21 (6) 3.42+0.14 (6) 18.62+0.12 (6)
3mD 1.02+0.15 (6) 22.10+0.40 (6) 3.54v0.08 (6) 19.57+0.14 (6)
7mC 1.31£0.17 (5) 21.2240.45 (5) 3.57+0.08 (5) 18.12+0.08 (5)
7mD 1.42+0.04 (6) 23.38+0.56 (6) 3.66+0.12 (6) 19.78+0.25 (6)
TmC/4wS 1.56+0.04 (6) 21.13+0.41 (6) 3.38+0.11 (6) 18.58+0.20 (6)
TmC/4wF 1.56+0.10 (6) 20.48+0.68 (6) 3.79+0.08 (6) 18.57+0.16 (6)
7mD/2wF 1.35+0.16 (6) 22.18+0.47 (6) 3.68+0.18 (6) 19.00+0.25 (6)
7mD/4wF 1.30+0.14 (6) 21.17+0.47 (6) 3.78+0.18 (6) 19.22+0.26 (6)
2gC 0.92+0.02 (16) 20.58+0.38 (16) 2.78+0.05 (16) 18.41+0.22 (16)
2gD 1.26+0.06 (18) 27.63+0.54 (18) 3.88+0.08 (18) 24.13+0.26 (18)

C18:109 (%) C20:0 (%o) C22:0 (%0) C24:0 (%o)
3mC 13.62+0.48 (6) 2.50+0.21 (6) 2.04+0.29 (6) 4.72+0.66 (6)
3mD 16.72+0.58 (6) 3.95+0.46 (6) 4.12+0.56 (6) 9.17£1.15 (6)
7mC 16.76x+1.01 (5) 3.30+0.23 (5) 3.45+0.38 (5) 8.27+1.21 (5)
7mD 17.07+1.16 (6) 3.96+0.48 (6) 4.00+0.72 (6) 9.15+1.75 (6)
TmC/4wS 16.22+1.02 (6) 4.09+0.52 (6) 3.80+0.78 (6) 7.89+1.43 (6)
TmC/4wF 19.62+1.36 (6) 4.54+0.54 (6) 4.81+0.54 (6) 10.53+1.35 (6)
TmD/2wF 17.27+0.80 (6) 4.32+0.43 (6) 4.17+£0.52 (6) 9.19+1.22 (6)
7mD/4wF 18.45+0.83 (6) 4.32+0.39 (6) 4.67+0.49 (6) 10.73+1.15 (6)
2gC 17.2940.70 (16) 3.95+£0.35 (16) 4.20+0.45 (16) 9.49+0.79 (16)
2gD 16.79+0.45 (18) 3.13+0.18 (18) 3.82+0.35 (18) 8.20+0.72 (18)

(p<0.001), C16:10w7 (p<0.001) and C18:0 (p<0.001) were
higher than in the corresponding control animals. The mean
values for that of C18:1w9, C20:0, C22:0 and C24:0 were
lower, however, in second-generation w3D rats than in the
corresponding control animals, the latter difference only
achieving statistical significance in the case of C20:0 (p<0.05).

In the present study, a comparable situation was only
observed for C16:0 and C18:0. Thus, in the case of C16:0, a
higher relative weight content in w3D rats than in control
animals was observed after 7 months of dietary w3 deprivation
(p<0.02), but not yet after only 3 months of w3 deprivation
(p>0.4). In the case of C18:0, a higher relative weight content
(p<0.001) in w3D rats was observed after both 3 and 7 months
of w3 deprivation. In the 3D rats, the C16:0 relative weight
content progressively decreased (p<0.02) from 23.4+0.6% to
22.240.5% and 21.2+0.5% (n=6 in all cases) after 2 and 4-5
weeks of exposure to the flaxseed oil-enriched diet, the last
of these 3 mean values being no more different (p>0.4) from
that recorded in the control animals also exposed for 4-5
weeks to the flaxseed oil-enriched diet. Likewise, in the w3D
rats exposed for 2 to 4-5 weeks to the flaxseed oil-enriched
diet, the C18:0 relative weight content (19.1+0.2%; n=12)
was lower (p<0.025) than that recorded in the w3D rats
during the first 7 months of the present experiments
(19.7£0.1%; n=12). However, after 4-5 weeks of exposure to
the flaxseed oil-enriched diet, the mean C18:0 relative content
of brain phospholipids in the 03D rats (19.2+0.3%; n=6)
remained somewhat higher (p<0.07) than in the control

animals also exposed to the flaxseed oil-enriched diet for the
same period (18.6+0.2%; n=6). In the cases of both C16:0
and C18:0, no significant difference was found in the control
rats between the values recorded before and after exposure to
either the soybean or flaxseed oil-enriched diet, the latter two
mean values also failing to differ significantly from one
another (Table IV).

There was also some analogy between the second-
generation w3D rats and the present w3D rats in the case of
C14:0. Indeed, the brain phospholipid C14:0 content averaged
in the present w3D rats 121.7£10.2% (n=12) of the mean
control values recorded at the same age in control animals
(100.0+£6.4%; n=11). Likewise, the mean value found in the
w3D rats before exposure to the flaxseed oil-enriched diet
was somewhat higher than that recorded thereafter. When
these two sets of results were pooled together, the C14:0
content of w3-deprived rats averaged 116.9+7.0% (n=18;
p<0.05) of the main corresponding reference values found in
either control animals or w3D rats exposed to the flaxseed
oil-enriched diet (100.0+4.9%; n=23). In the control animals,
however, the C14:0 relative content of brain phospholipids
was virtually identical (p>0.95) in the animals exposed to
either the soybean or flaxseed oil-enriched diet, largely
exceeding (p<0.001) that recorded in the control animals
during the first 7 months of the present experiments.

The results obtained with the other saturated and mono-
desaturated fatty acids differed in the present w3D rats and
formerly examined second-generation w3D rats.
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Figure 2. Relative weight content of C18:109, C20:0, C22:0 and C20:4 in
the brain phospholipids of control animals (left open columns) and »3D rats
(horizontally hatched columns) examined 3 and 7 months after the start of
the experiments, and of control animals (middle open columns) and w3D
rats (vertically hatched columns) examined after exposure to the soybean
and flaxseed oil-enriched diets (control animals) or to the flaxseed oil-
enriched diet (w3D rats). Mean values (+ SE) refer to 11-12 individual
determinations, and are expressed relative to the mean value found in the
control animals during the first 7 months of the present experiments. Such a
reference value averaged 15.1+0.7% in the case of C18:1w9, 0.29+0.02% in
the case of C20:0, 0.27+0.02% in the case of C22:0 and 0.63+0.08% in the
case of C24:0 (n=17 in all cases).

First, the C16:1w7 relative content of brain phospholipid
was comparable in control animals and w3D rats whether 3
months (p>0.4) or 7 months (p>0.5) after the onset of the
present experiments. This contrasted with the higher value
(p<0.001) found in second-generation w3D rats than in their
corresponding control animals. The C16:1w7 relative content
failed to be significantly affected when the control animals
were given access to either the soybean oil-enriched diet
(p>0.2) or flaxseed oil-enriched diet (p>0.09). It was
significantly higher (p<0.02), however, in the latter rats than
in the former ones. It also failed to be significantly affected
(p>0.5 or more) when the w3D rats were exposed to the
flaxseed oil-enriched diet.

C18:109 provided the first example of a fatty acid of
which the relative content was higher (p<0.06) in 03D rats
than in control animals both examined during the first 7
months of the present experiments whilst, in second-generation
3D rats, the mean C18:1w9 relative content of brain phos-
pholipids was lower, albeit not significantly so (p>0.5), than
in the corresponding control animals (Fig. 2). Its relative
content was higher (p<0.05) in the control animals exposed
to an oil-enriched diet than in the control animals examined
before such an exposure. It failed to differ significantly (p>0.2)
in the w3D rats examined before and after exposure to the
flaxseed oil-enriched diet, and in the control animals and
3D rats (p>0.5) both exposed to the flaxseed oil-enriched
diet.

The C20:0 relative content of brain phospholipids was
also significantly higher (p<0.01) in w3D rats than in control
animals all examined during the first 7 months of the present
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experiments. Such a content failed to differ significantly
(p>0.3) in the ®3D rats examined before (3.96+0.32%o;
n=12) and after (4.32+0.28%0; n=12) exposure to the flaxseed
oil-enriched diet. The latter value was comparable (p>0.6) to
that recorded in the control rats also exposed to the flaxseed
oil-enriched diet. It should be underlined, however, that the
control rats exposed to either the soybean or flaxseed oil-
enriched diet displayed a higher C20:0 relative content of
brain phospholipids (4.31+0.36%c; n=12; p<0.005) than the
control rats examined during the first 7 months of the present
experiments (2.86+0.20%0; n=12). In the second-generation
3D rats, in mirror image of the 3D rats examined in this
study, the C20:0 relative content of brain phospholipids was
lower (p<0.05) than in the corresponding control animals.

The results concerning C22:0 were superimposable to
those just described in the case of C20:0. Thus, the C22:0
relative content of brain phospholipids was significantly higher
(p<0.02) in w3D rats than in control animals all examined
during the first 7 months of the present experiments. Such a
content failed to differ significantly (p>0.5) in the w3D rats
examined before (4.06+0.44%0; n=12) and after (4.42+0.49%;
n=12) exposure to the flaxseed oil-enriched diet. The latter
value was comparable (p>0.5) to that recorded in the control
rats also exposed to the flaxseed oil-enriched diet. The control
rats exposed to either the soybean or flaxseed oil-enriched
diet displayed a higher C22:0 relative content of brain
phospholipids (4.30+0.48%o; n=12; p<0.01) than the control
rats examined during the first 7 months of the present
experiments (2.68+0.22%o; n=11). All these features are
indeed identical to those recorded in the case of C20:0.
Moreover, in the second-generation 3D rats, the mean C22:0
relative content of brain phospholipids again failed to be
higher than in the corresponding control animals.

Last, the results recorded with C24:0 were again super-
imposable to those found in the case of C20:0 or C22:0.
Thus, the C 24:0 relative content of brain phospholipids was
significantly higher (p<0.05) in w3D rats than in control
animals all examined during the first 7 months of the present
experiments. Such a content failed to differ significantly
(p>0.5) in the w3D rats examined before (9.16+1.00%; n=12)
and after (9.96+0.83%; n=12) exposure to the flaxseed oil-
enriched diet. The latter value was comparable (p>0.7) to that
recorded in the control rats also exposed to the flaxseed oil-
enriched diet. The control rats exposed to either the soybean
or flaxseed oil-enriched diet displayed a higher C24:0 relative
content of brain phospholipids (9.21£1.02%0; n=12; p<0.05)
than the control rats examined during the first 7 months of
the present experiments (6.33+0.84%o; n=11). Moreover, in the
second-generation »3D rats, the mean C24:0 relative content
of brain phospholipids was somewhat lower (8.20+0.72%o;
n=18), albeit not significantly so (p>0.2), than that found in
the corresponding control animals (9.49+0.79%0; n=16).

Fig. 2 illustrates the analogy of results obtained in the
present experiments with C18:1w9, C20:0, C22:0 and C24:0.

A further analogy between the 4 sets of results obtained
with C18:1w9, C20:0, C22:0 and C24:0 consisted in the fact
that, although failing to achieve statistical significance, the
mean value for the relative content of these fatty acids in brain
phospholipids was always higher in control rats exposed to
the flaxseed oil-enriched diet than in the control rats exposed
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Figure 3. Age-related changes in the C20:109/C18:109 (triangles) and
C22:109/C20:109 (circles) ratio in the brain phospholipids of second-
generation w3D rats (open symbols), as compared (*p<0.01; “*p<0.005;
“p<0.001) to control rats (closed symbols) of comparable mean age. Mean
values (+ SE) refer to 6 second-generation »3 rats at each age, and 16
control rats.

to the soybean oil-enriched diet. As a matter of fact, when all
available data were pooled together, the relative abundance
of these 4 fatty acids averaged in the former rats 123.0+6.6%
(n=24; p<0.025) of the corresponding mean values recorded
in the latter rats (100.0+£7.2%; n=24).

No significant difference in the C16:1w7/C16:0 ratio was
observed between control animals (15.98+0.51%o; n=11)
and 3D rats (15.90+0.44%o; n=12) examined during the first
7 months of the present experiments. Such was also the case
(p>0.09) when comparing second-generation w3D rats
(14.24+0.35%0; n=18) to their control animals (13.55+0.15%;
n=16). In the control rats, the C16:107/C16:0 also failed to
be affected when they were exposed to the soybean oil-
enriched diet (16.02+0.68%0; n=6), whilst being increased
(p<0.02) to 18.62+0.62%0 (n=6) when they were exposed to
the flaxseed oil-enriched diet. Likewise, in the w3D rats
exposed to the flaxseed oil-enriched diet, such a ratio
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progressively increased (p<0.06) from 15.76+0.81%0 (n=6)
before exposure to this diet to 16.67+1.04%¢ (n=6) and
17.84+0.56%¢ (n=6) 2 and 4-5 weeks thereafter, respectively.

The C18:1w9/C18:0 ratio also failed to differ significantly
(p>0.5) in control animals (0.827+0.041; n=11) and w3D rats
(0.860+0.032; n=12) examined during the first 7 months
of the present experiments. Moreover, it failed to differ
significantly in control rats given access during the last 4-5
weeks to either the soybean (0.874+0.063; n=6) or flaxseed
(1.055+0.072; n=6) oil-enriched diet (p>0.09), in w3D rats
examined before (0.860+0.032; n=12) or after (0.936+0.033;
n=12) exposure to the flaxseed oil-enriched diet (p>0.1), and
in the control animals and w3D rats given access during the
last 4-5 weeks to the flaxseed oil-enriched diet (p>0.2).
These findings contrast with the much lower C18:1w9/C18:0
ratio (p<0.001) found in the brain phospholipids of second-
generation »3D rats (0.699+0.024; n=18), as compared to their
control animals (0.941+0.037; n=16).

Last, the (C18:0 + C18:1w9)/(C16:0 + C16:1w7) ratio
again failed to differ significantly (p>0.2) in control animals
(1.51£0.05; n=11) and »3D rats (1.59+0.04; n=12) examined
during the first 7 months of the present experiments, this
contrasting with the lower ratio (p<0.005) found in second-
generation w3D rats (1.47+0.04; n=18) than in their control
animals (1.732+0.06; n=16). The same ratio failed to be affected
in the control rats exposed to the soybean oil-enriched diet
(1.63+0.07; n=6), whilst increasing (p<0.02) to 1.85+0.13
(n=6) in the control rats exposed to the flaxseed oil-enriched
diet. In the w3D rats exposed for 2 and 4-5 weeks to the
flaxseed oil-enriched diet, the mean values for such a ratio
also progressively increased (p<0.06) from 1.56+0.07 (n=6)
to 1.61+0.06 (n=6) and 1.76+0.08 (n=6) after 2 and 4-5
weeks, respectively.

Precursors of nervonic acid. As recently reported in a study
dealing with the content of liver phospholipids in C20:109
and C22:1w9 (4), the most relevant information concerning
these precursors of nervonic acid in brain phospholipids was
provided by the C20:109/C18:109 and C22:1w9/C20:109
ratios.

When compared to the results recorded at the same age in
control rats, the C20:109/C18:1w9 ratio was lower (p<0.03)
after 7 months than after only 3 months of dietary w3
deprivation, averaging in the former case 63.5+13.2% (df=9) of
the corresponding value found in the latter case (100.0+9.0%;
df=10). Likewise, in second-generation w3D rats, the C20:109/
C18:1w9 ratio was lower (p<0.025) than in the corresponding
control animals. As illustrated in Fig. 3, such a difference
faded out, however, in the older second-generation w3D rats.
In both the control and w3D rats, such a ratio increased when
the animals were exposed to an oil-enriched diet. For instance,
after 4-5 weeks of exposure to the flaxseed oil-enriched diet,
the results averaged 125.4+7.4% (n=12; p<0.05) of those
recorded in the same type of rats before such an exposure
(100.0+9.5%; n=11). In the w3D rats, the C20:10w9/C18:1w9
indeed increased from 5.8+0.9% after 7 months of w3
deprivation to 7.0+0.7% and 7.4+0.5% (n=6 in all cases)
after 2 and 4-5 weeks of exposure to the flaxseed oil-enriched
diet, respectively.
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Figure 4. Correlation between the absolute values for the C20:4w6 relative content of brain phospholipids and total fatty acid content of such phospholipids in
the 47 animals examined in this study (left), between the mean absolute values for these variables in the 8 groups of rats considered in this work (middle), and
between the individual values found in the 47 animals and expressed relative to the corresponding mean values recorded in each group of rats (right).

Likewise, after 3 and 7 months of w3 deprivation,
respectively, the C22:109/C20:1w9 ratio in brain phospholipids
averaged 88.8+6.4% (df=10; p<0.11) and 80.4+8.2% (df=9;
p<0.05) of the mean corresponding values found in control
rats of the same age. In the youngest second-generation w3D
rats, such a ratio was also lower than in control rats, such a
difference being once again no more observed in older second-
generation m3D rats (Fig. 3). In the control rats, the C22:1w9/
C20:1w9 ratio in brain phospholipids was higher (p<0.005)
after 4-5 weeks of exposure to the flaxseed oil-enriched diet,
as compared to soybean oil-enriched diet. In the w3D rats
also exposed for 4-5 weeks to the flaxseed oil-enriched diet,
such a ratio reached a value even higher (p<0.05) than that
recorded in the control rats after the same length of exposure
to the flaxseed oil-enriched diet.

Coordinated changes in selected phospholipid variables. A
cause-to-effect link between changes in the w3 fatty acid
content of brain phospholipids and subsequent changes in
other brain lipid variables was supported by the close-to-
significant correlation (p<0.06) found between the C22:6mw3
and C20:4w6 relative weight content of brain phospholipids
in the 47 rats examined in this study.

Considering that, in the second-generation w3D rats, two
major perturbations of brain phospholipids consisted in their
decreased total fatty acid content and increased C20:4w6
relative content, an attempt was made to investigate whether
these two variables underwent coordinated changes under the
present experimental conditions, when comparing either
distinct group of rats or individual animals within each of
such groups. As illustrated in Fig. 4 (left panel), there was a
highly significant negative correlation (r= -0.6393; df=45;
p<0.001) between the individual values for these two variables,

when considering all animals examined in the present study.
However, there was also a significant negative correlation
(r=-0.7922; df=6; p<0.05) between the same two variables,
when considering only the mean values recorded in each of
the 8 groups of rats investigated in our recent experiments
(Fig. 4, middle panel). Hence, in order to assess the possible
existence of individual correlation, independently of any group
affect, the coefficient of correlation between the individual
values for each variable was first calculated in each of the 8
groups of rats. It averaged -0.5529+0.1222 (n=8), a value
significantly different from zero (p<0.005). The mean values
found for the two variables under consideration within each
group of rats was then taken, in all cases, as the 100% reference
values. Covariance analysis allowed to pool together the data
so obtained in each group of rats. This last approach, illustrated
in Fig. 4 (right panel), yielded again a significant negative
correlation between the total fatty acid content of brain
phospholipids and their C20:4w6 relative weight content
(r=-0.4801; df=31; p<0.01). This indicates that, indepen-
dently of any group effect, individual values for these two
lipid variables indeed display coordinated variation.

Such a situation is not unique. Considering that C24:0
represents the most abundant fatty acid among the 3 saturated
fatty acids (C20:0, C22:0 and C24:0) displaying virtually
identical variations in the 8 groups of rats here under
examination, the weight percentage of C24:0 and that of
C20:406 were also compared, after expressing all individual
values relative to the mean corresponding value found within
the same group of rat, i.e. using an analytical procedure
similar to that illustrated in Fig. 4 (right panel). Under these
conditions, a highly significant negative correlation (r=
-0.7520; df=45; p<0.001) was again observed between the
two phospholipid variables under consideration. Likewise,
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always using the same analytical procedure, there was also
a highly significant negative correlation (r= -0.8275; df=45;
p<0.001) between the C18:109 and C20:4w6 relative content
of brain phospholipids. The correlation coefficient was not
always negative. For instance, using the same analytical
procedure, a highly significant positive correlation (r=
+0.7671; df=45; p<0.001) was observed between the C16:0
and C20:4w6 relative content of brain phospholipids. It should
again be stressed that such a correlation between individual
values for the two variables prevailed independently of any
group effect. In our opinion, such a correlation was even more
remarkable in that the coefficient of variation (SD/mean) for
the C16:0 relative content of brain phospholipids, expressed
relative to the mean value recorded in the same group of rats,
did not exceed 4.93% (n=47), with extreme individual values
of 90.3 and 109.5%. In other words, the observed correlation
prevailed within a quite narrow range of individual variations.
Incidentally, even the absolute values for the C16:0 relative
content of brain phospholipids ranged between the extreme
individual values of 18.5 and 25.6%, with a coefficient of
variation of no more than 6.35% (n=47).

Discussion

The present findings indicate that the changes in brain phos-
pholipid variables caused by dietary w3-deprivation often
represented a progressive and relatively slow process. Such
was the case for the decrease in the total content of fatty
acids in such phospholipids, as illustrated in Fig. 1. Likewise,
for the 3 variables listed in Table I and relative to long-chain
polyunsaturated w3 fatty acids, the results recorded after 3 and
7 months of dietary w3 deprivation, when expressed relative
to the mean corresponding values recorded at the same age in
the control animals, indicate a further decrease by 19.6+2.8%
(df=30; p<0.001) over a period of 4 months. The difference
between the rats deprived of dietary w3 fatty acids for either
3 or 7 months indeed consisted in the further decrease of the
phospholipid C22:5w3 (p<0.005) and C22:6w3 (p<0.005)
content. The changes in the relative contribution of C20:406
and C22:4w6 to brain phospholipids provide another example
of such a progressive process (Fig. 1) with more pronounced
differences between control and w3D rats after 7 months than
after only 3 months of w3 deprivation. When the »w3D rats were
exposed to the flaxseed oil-enriched diet, the normalization
of brain phospholipid variables, when observed, appeared,
however, as a more rapid process, completed within 4-5 weeks.

The present results are in fair agreement with those
collected by Igarashi et al (5,6) in male rats exposed to an
w3-deficient diet for 15 weeks after weaning. The changes in
the brain phospholipid C22:5w3, C22:6w3, C18:2w6, C20:406
and C22:5w6 relative content were indeed comparable in both
cases. An increase in the total relative content of long-chain
polyunsaturated w6 fatty acids in the brain phospholipids of
w3-depleted rats was also recorded in both studies, from
about 9.9 to 16.5% in the prior study and from 16.8+0.4%
(n=11) to 21.9+0.6% (n=12; p<0.001) in the present one.
However, the total content of monodesaturated fatty acids in
brain phospholipids was slightly decreased in the prior study,
whilst increasing from a control value of 16.5£0.8% (n=11) to
18.6+0.7% (n=12; p<0.07) in the present work.
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The situation found in the rats deprived of a dietary supply
of long-chain polyunsaturated w3 fatty acids for 3 to 7 months
both resemble that otherwise prevailing in second-generation
3D rats and differ from it in several respects, as documented
by the following examples.

A first analogy between the two types of w3D rats consisted
in the decrease of the total fatty acid content of brain phos-
pholipids, contrasting with an unchanged total fatty acid
content of brain triglycerides.

In the case of the long-chain polyunsaturated w3 fatty acids,
both animal models of dietary w3 deprivation resulted in a
depletion of these w3 fatty acids in brain phospholipids, with
apparent impairment of C22:6m3 conversion to C22:5w3. The
most unexpected difference between these two models,
however, consisted in the lower C22:503 content of brain
phospholipids in the w3D rats deprived of a dietary supply
of w3 fatty acids for only 7 months than in the second-
generation m3D rats.

In the case of the long-chain polyunsaturated w6 fatty
acids, the similarity between the two models included the
increase in the C20:3w6, C20:4w6 and C22:406 relative weight
content of brain phospholipids, the lowering of the C20:3w6/
C18:2w6 ratio, and the increase in the C20:4w6/C20:3w6
ratio. As a matter of fact, if attention is restricted to statistically
significant differences between control animals and 3D
rats, none of the variables concerning the w6 fatty acids were
affected in a different manner in the two animal models of w3
deprivation.

Such was not the case, however, in terms of the saturated
and monodesaturated fatty acids. Qualified analogies between
the two models were found in the case of C16:0, C18:0, and
the precursors of nervonic acid C20:1w9 and C22:109. Salient
differences between the two models, i.e. with statistically
significant differences between w3D rats and control rats of
opposite directions in the two models, were not common,
being restricted to the C20:0 relative weight content which was
increased in the ®3D rats examined during the first 7 months
of the present experiments, whilst being decreased in the
second-generation m3D rats. Nevertheless, if attention is paid
to the four fatty acids considered in Fig. 2, the obvious
increase of their relative content in the brain phospholipids of
w3D rats deprived of a dietary supply of w3 fatty acids for
3 to 7 months contrasts with the fact that the mean values
for the same fatty acids were always lower, albeit not
significantly so, in the second-generation w3D rats than in the
corresponding control animals. As a matter of fact, when
pooling together all available data, the relative weight content
of these four fatty acids in the brain phospholipids of second-
generation w3D rats only represented 88.4+3.1% (n=72;
p<0.025) of the mean corresponding values found in the
control animals (100.0+4.0%; n=64).

At this point, it should be emphasized that the female
control animals and 3D rats examined 3 and 7 months after
the onset of the present experiments were about 20 to 38 weeks
old, as compared to the female second-generation rats the age
of which ranged between the extreme values of 8-9 and 22-23
weeks. This information should not be ignored since, in both
control animals and w3D rats (even the second-generation
3D rats), age-related changes in the brain phospholipid fatty
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acid pattern may take place. This is illustrated, for instance, in
Fig. 3, which refers to second-generation w3D rats. Likewise,
in the control rats examined in the present experiments, and
to cite only one example, the C16:0/C14:0 ratio in brain phos-
pholipids decreased (p<0.001) between the 20th and 38th
week of life, from 302.1+17.1 to 173.1+22.8 (n=5-6).

With this reservation in mind, the above-mentioned
differences between the w3D rats examined in the present
experiments and the second-generation w3D rats investigated
in a prior study lead us to suggest that the present experimental
design could be more relevant to the situation prevailing in
human subjects also affected by an insufficient dietary supply
of long-chain polyunsaturated w3 fatty acids.

In this respect, the present work provides strong support
to the view that the several differences in the brain phospho-
lipid fatty acid total content and pattern found in ®w3D rats,
as compared to control animals, represents the outcome of
a tightly coordinated sequence of events initiated by the
insufficient dietary supply of long-chain polyunsaturated w3
fatty acids.

As already mentioned in the introduction of this report,
the second major issue investigated in this study refers to the
identification of those factors possibly responsible for the
postulated increase in food intake occurring when the w3D
rats are given access to the flaxseed oil-enriched diet (2). Such
a postulated increase in food intake could involve flaxseed
dietary self-selection in the w3-depleted rats (7). It could also
be attributable to the orexigenic effects of exogenously
provided w3 fatty acids (8-11). If so, the present results could
indicate that C22:5w3, rather than C22:6w3, plays a key role
in this respect. In turn, the comparison with the results obtained
in second-generation 3D rats would then suggest that the
higher body weight found in the latter rats, but not so in the
7-week-old rats exposed for 3 to 7 months to an w3-depleted
diet, may not be related to a primary change in the fatty acid
pattern of brain phospholipids. None of the changes evoked
by exposure of the latter rats to the flaxseed oil-enriched diet,
e.g. the lowering of the phospholipid content in C20:4w6 and
C22:4w6, duplicated the difference otherwise found when
comparing second-generation »3D rats to control animals. The
proposal that the increased body weight of second-generation
3D rats may represent an early metabolic event not tightly
related to a primary alteration of brain phospholipids is also
supported by the finding that it fades out later in life, despite
the persistence of a severe perturbation of brain phospholipid
fatty acid profile (1,12).

In conclusion, the present data document the suitability of
a dietary deprivation of w3 fatty acids for 3 or more months
as an animal model to assess the remodelling of brain
phospholipids resulting from such a deprivation. The present
results also point to an increase in the C22:503 content of
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brain phospholipids as a key determinant of the orexigenic
effects of exogenous w3 fatty acids, when supplied to w3D
rats.
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