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Introduction

Cardiovascular disease still remains as one of the
leading causes of disability and mortality. Epidemio-
logical and clinical studies have reported a beneficial
effect of both o-linolenic acid (ALA, 18:3n-3) and ei-
cosapentaenoic acid (EPA, 20:5n-3)/docosahexaenoic
acid (DHA, 22:6n-3) on the cardiovascular system [12,
23] through improvements in blood lipid profile [7,
27], decreasing blood pressure [18], and reducing
inflammatory proteins (IL-1f, IL-6, TNF-g, IL-12, and

Low n-6:n-3 fatty acid ratio, with fish- or
flaxseed oil, in a high fat diet improves
plasma lipids and beneficially alters tissue
fatty acid composition in mice

Abstract Background Health
benefits from low n-6:n-3 fatty
acid (FA) ratio on cardiovascular
risk have been shown. However,
the impact of the source of n-3
FAs has not been fully investi-
gated. Aim Our purpose was to
investigate cardiovascular benefits
of oils with a low ratio of n-6:n-3
FAs, but different sources of n-3
FAs in C57BL/6 mice. Methods
Twenty-one mice were divided
into 3 groups (n = 7) and fed a
diet supplemented with either a
fish or flaxseed oil-based ‘designer
oils’ with an approximate n-6:n-3
FA ratio of 2/1 or with a safflower-
oil-based diet with a ratio of 25/1,
for 16 weeks. Plasma lipids and
fatty acid profile of the liver tissue
were characterized. Results Com-
pared to baseline, plasma triacyl-
glycerol levels declined (>50%) in
all groups by week 4. Plasma
cholesterol levels were reduced in

both fish and flax groups by 27%
and 36%, respectively, as com-
pared to controls at endpoint. The
levels of EPA and DHA in liver
phospholipids were significantly
increased in both fish and flax
groups as compared to the control
group, with more profound in-
creases in the fish group. Arachi-
donic acid levels were similarly
decreased in the liver tissues from
both fish and flax groups as com-
pared to controls. Conclusions
Our data suggest that health ben-
efits may be achieved by lowering
dietary n-6:n-3 FA even in a high
fat diet medium.
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interferon-9) [14, 16, 25, 43]. The largest dietary
source of ALA is flaxseed oil, while marine products

are the main natural sources of EPA/DHA. Majority of
research to date has focused on EPA/DHA on car-
diovascular health, while limited studies on ALA
benefits are available. Also, the majority of these
studies have involved supplementation of n-3 fatty
acids (FA), without fully controlling for background

diet.

ALA can partially be converted to EPA/DHA
endogenously [21]. However, this conversion is not
very efficient in animals and humans. Furthermore, it
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is suggested that the extent of this conversion can be
species- and tissue-specific [1, 5, 6]. n-6 (arachidonic
acid) and n-3 (EPA) fatty acids also compete for the
cyclooxygenase (COX) and lipoxygenase (LOX) en-
zymes necessary for the formation of eicosanoids
[36]. Pro-inflammatory and pro-aggregatory series 2
eicosanoids are derived from arachidonic acid (ARA,
20:4n-6), whereas less inflammatory and less aggre-
gatory series 3 eicosanoids, namely prostaglandin,
thromboxane and 5 series of leukotrienes, are pro-
duced from EPA [17, 37]. The ratio of n-6:n-3 fatty
acids is, therefore, hypothesized to be important for
production of optimal effects on human health. For
that reason, a n-6:n-3 fatty acid ratio of 2-4:1 has
recently been suggested for the general population
[36].

To our knowledge, the impact of a high fat diet low
in n-6:n-3 fatty acid ratio on several cardiovascular
risk factors in an established animal model has not
been fully documented. Thus, the purpose of the
present study was to investigate cardiovascular ben-
efits of diets supplemented with “designer oils” con-
taining low ratios of n-6:n-3 fatty acids from different
sources, either fish oil (source of DHA and EPA) or
flaxseed oil (source of ALA), in C57BL/6 mice fed a
high-fat diet. It must be mentioned that previous
studies investigated the effects of supplementation
with either fish oil or flaxseed oil on plasma lipid
profile. However, the current study deals with new
types of oils which are composed of similar amounts
of saturated and polyunsaturated fatty acids and low
ratio of n-6:n-3 FAs but from different sources of n-3
FAs. Therefore, this study may mimic the nature of a
free living lifestyle with relatively high dietary fat in-
take and aims to investigate the effects of low n-6:n-3
FAs ratio in such a condition in a wild-type animal
model commonly used for studying human diseases.

Materials and methods
Animals and diets

Twenty-one, six week old male C57BL/6 wild type
mice were obtained from Central Animal Facility
(Winnipeg, MB, Canada). They were given three
weeks to acclimate to our facilities with free access to
standard mouse chow and water. The mice were
maintained in a temperature-controlled room, with a
12:12-h light-dark cycle. The mice were randomly
divided into three groups (n = 7) receiving three
different diets for 16 weeks. Three different oil for-
mulations were made using flaxseed oil, fish oil, saf-
flower oil, and beef tallow to generate “designer oils”
with high and low n-6:n-3 fatty acid ratios and similar

Table 1 Composition of experimental diets per 100 g

Experimental Diets® Control diet Flax diet Fish diet
Mouse chow® 87.8 87.8 87.8
Cholesterol 2.0 2.0 2.0
Cholic acid 0.2 0.2 0.2
Designer oil” 10.0 10.0 10.0
Fatty acid (%, w/w)

16:0 124 12.5 12.7
18:0 5.6 6.4 6.7
18:1 (7 and 9) 20.7 237 217
18:2 n-6 53.7 35.1 35.7
18:3 n-3 15 15.9 19
20:5 n-3 0.3 0.3 7.0
22:6 n-3 0.2 0.3 4.6
n-6:n-3 ratio 25.9 22 2.6
X Saturated 19.6 204 21.1
Y Monounsaturated 22.7 26.0 25.2
2Polyunsaturated 56.1 52.0 51.2

?Pico Lab mouse diet containing (g/100 g unless noted) protein (20.5), fat (9),
cholesterol (285 mg/kg), carbohydrate (53), ash and vitamins (4.8), fiber (2.7),
moisture (10) was used to prepare experimental diets

Each group had different mixture of oils (safflower, fish, flaxseed) and beef
tallow to obtain desired ratio

“Presented as % w/w of total diet lipid

background fatty acid composition. The PicoLab
mouse diet was supplemented with 2% cholesterol (w/
w) plus 0.2% (w/w) cholic acid (base diet). The
“control group” received the “base diet” supple-
mented with a safflower-based oil formulation high in
n-6:n-3 fatty acid ratio (25:1). The “flax group” or
“fish group” received the “base diet” supplemented
with a flaxseed or fish oil-based oil formulation,
respectively, low in n-6:n-3 fatty acid ratio (approxi-
mately 2:1). Fish oil (EPAX 5500 TG) was a generous
gift from EPAX AS, Lysaker, Norway, while flaxseed
oil, safflower oil and beef tallow were purchased from
DYETS Inc; Bethlehem, PA. Final composition of the
experimental diets is summarized in Table 1. This is a
new and well-controlled approach for investigation of
low n-6:n-3 FA ratio in a high fat diet condition.
Furthermore, safflower oil was used primarily as the
“control oil” due to the lack of n-3 FAs. Body weight
and food intake were measured regularly. During the
study period, 2 mice from the fish group and two mice
from the control group were euthanized due to weight
loss, dehydration, and signs of jaundice. At sacrifice
the remaining mice appeared to be free of these
conditions. We speculate that the cholic acid contents
of the diet may have contributed to formation of
gallstones and other symptoms. At the end of the
study, the remaining animals were sacrificed using
CO, gas; autopsy inspection was performed and final
blood samples were taken from the heart. Liver tissues
were collected and stored at —80°C until analysis. This
study was approved by the Animal Care Committee
on the use of animals in Research at the University of
Manitoba, Winnipeg, Manitoba, Canada.
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Plasma lipids

Plasma samples were prepared at baseline, week 4 and
the end of the study and used for estimation of total
cholesterol (TC), triacylglycerol (TAG), and HDL-
cholesterol concentrations using standard enzymatic
assays as previously described [31].

Tissue lipid analysis

Lipid extraction of liver tissues was carried out
according to Folch et al. [15]. The tissue was weighed
prior to extraction and lipid was measured following
extraction to determine percentage lipid of total liver
weight. Thin-layer chromatography with G-silica gel
and H-silica gel was used to separate neutral lipids
and phospholipids, respectively, as previously de-
scribed [38]. Fatty acid analysis was conducted by gas
chromatography as described by Park et al. [35]. The
levels of TC and TAG in the liver tissues were ana-
lyzed using standard enzymatic assays according to
manufacture’s instructions (Diagnostic Chemicals
Limited, Charlottetown, PEI, Canada).

Statistical analysis

Data were analyzed using one-way ANOVA followed
by the Tukey test for determination of significant
differences among the groups using SPSS for Win-
dows version 11.5 (SPSS Inc, Chicago, IL, USA). To
detect the effects of interaction between time and
diets on plasma lipids, Repeated measures analysis
was performed. Data are expressed as mean * stan-
dard deviation. Differences among the groups are
considered significant at P < 0.05.

Results
Body weight and food intake

A steady increase in body weight in all groups of
animals throughout the experimental course was ob-
served. At baseline, the mean body weight was 26.3,
25.6, and 25.6 g, in the control, flax, and fish groups,
respectively; the mean body weight in each group was
respectively increased to 29.1, 29.3, and 29.7 g by
week 8 and to 30.3, 31.3, and 31.5 g by the end of the
study. Body weight did not differ significantly among
the groups at any point throughout the study. Mean
weekly food intake per mouse was significantly higher
in both treatment groups (26.8 * 3.9 g for flax and
25.8 + 3.2 g for fish group) as compared to control
(22.6 * 2.8 g). Mean food intake per mouse over the

Table 2 Plasma lipid levels (triacylglycerol, total cholesterol, HDL-, and non-
HDL-cholesterol) throughout the study course from the three groups of
experimental mice

Plasma lipids Control (n = 5-7) Flax (n = 7) Fish (n = 5-7)
Triacylgylcerol (mmol/I)

Week 0 1.05 + 0.38 0.90 + 0.21 0.94 + 0.19
Week 4' 047 + 0.13 0.34 + 0.07 0.38 + 0.07
Week 16 0.50 + 0.14 0.52 + 0.08 0.43 + 0.11
Total cholesterol (mmol/I)

Week 0 172 £ 0.76 1.56 + 0.34 1.50 + 0.20
Week 4' 3.18 + 0.86° 211 +£023°  1.83+0.13°
Week 16 331 + 0.40° 212 +£063° 241 +039°
HDL-C (mmol/I)?

Week 4 145 + 0.81 0.85 + 0.15 0.96 + 0.16
Week 16 1.33 £ 0.18° 0.94 + 0.06° 1.69 + 0.56°
Non-HDL-C (mmol/l)?

Week 4 173 + 0.24° 126 £ 022°  1.06 + 047°
Week 16 1.98 + 0.38° 118 £ 059° 098 + 0.24°

Values are mean + SD; values with different superscript letters within a row
are significantly different

'Significant (P < 0.001) effect of time on respective plasma lipid as compared
to baseline data

Znsufficient plasma samples at weeks 0 for HDL-cholesterol measurements

entire experimental course was 18 and 23% higher in
the flax and fish groups, respectively, as compared to
control. However, this apparent higher food intake
was not associated with higher body weight in the
treated groups as compared to controls.

Plasma lipids

All the animals had comparable plasma lipid levels at
baseline. As shown in Table 2, no significant differ-
ences in plasma TAG concentrations were observed
among the three groups of mice throughout the
experimental course. Repeated measures analysis re-
vealed a significant (P < 0.001) effect of time. Com-
pared to baseline data, all groups of mice had a
significantly lower level of TAG at week four and the
end of the study. Compared to the baseline data, the
reductions in plasma TAG levels after 4 weeks were
55, 62, and 60% in the control, flax, and fish group,
respectively.

At baseline, plasma TC concentrations were com-
parable among groups. However consumption of the
supplemented high fat diets resulted in significant
increases in plasma TC levels in all of experimental
groups by week 4 of the study. Compared to baseline
data, the increases in plasma TC levels were 84, 35 and
22% in the control, fish- and flax-treated animals,
respectively. This indicates that the extent of increases
in plasma TC levels was significantly affected by the
experimental diets. Similar differences in the TC lev-
els among the experimental groups were also ob-
served at week 16. At week 16, mean HDL-cholesterol
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Table 3 Liver lipid compositions of
experimental animals

Control Flax Fish
Total liver lipid (percent of total tissue weight) 22.06 + 3.17° 16.79 + 3.68° 9.81 + 2.32°
Total cholesterol (percent of total liver lipid) 15.99 + 4.58 15.12 £ 4.63 11.09 £ 7.17
Total triacylglycerol (percent of total liver lipid) 6.45 £+ 1.29 6.50 £+ 0.94 8.14 + 238
Other lipids (percent of total liver lipid)’ 77.57 + 5.40 78.38 + 5.12 80.76 + 8.55

Values are mean + SD; values with different superscript letters within a row are significantly different
'0ther lipids includes phospholipids, free fatty acids, diglycerides, monoglycerides and cholesteryl esters

concentrations in the fish group were 27 and 78%
higher than those in either control or flax group,
respectively. Plasma lipid data are summarized in
Table 2.

Liver lipid and fatty acid composition

Total liver lipid content was significantly lower in the
fish and flax groups as compared to controls (Ta-
ble 3); the extent of the reduction in lipid levels in the
liver from the fish group was almost twice that in the
liver samples from the flax group (—56 vs. —24%;
P < 0.05). No significant differences were observed in
the levels of liver TC, TAG, or totals of other lipids,
which include phospholipids, when expressed as a
percent of total tissue lipid among the groups (Ta-
ble 3).

The effect of dietary treatment on liver fatty acid
composition was studied in total phospholipids (PL),
individual phospholipids [phosphatidylethanolamine
(PE), phosphatidylcholine (PC), lysophosphatidyl-
choline (lysoPC), phosphatidylinositol (PI), sphingo-
myelin (SM) and phosphatidylserine (PS)], free fatty
acids (FFA), TAG and cholesteryl esters (CE). Both
treatment groups, flax and fish, displayed significantly
lower n-6:n-3 FA ratios in these lipid fractions (except
SM fraction) compared to control. However, the flax
group had significantly higher n-6:n-3 FA ratios in
total and individual PL fractions (PE, PC, lysoPC, and
PI), as compared to those in the fish group. These
ratios did not differ between the flax and fish groups
in TAG, FFA, and CE fractions.

The levels of EPA and DHA in various lipid frac-
tions, including individual PL, were significantly
higher in the fish group as compared to the flax and
control groups. Compared to the control group, the
flax group had higher levels of DHA in FFA fraction,
higher levels of EPA in PE fraction and higher levels
of both EPA and DHA in TAG, PC, PI and PS frac-
tions. Furthermore, consumption of both ‘designer
oils’ was comparably associated with a significant
reduction in ARA levels in almost all of the lipid
fractions tested as compared to the controls. Fatty
acid composition and n-6:n-3 FA ratio of liver PL,
TAG, FFA, and CE are listed in Table 4, and indi-
vidual phospholipids of liver in Table 5.

Discussion

This study has characterized the effects of low dietary
ratios of n-6:n-3 fatty acids, from different sources, on
plasma lipids, liver lipids and liver fatty acid profiles
in wild-type mice. “Designer oils” with a low n-6:n-3
FA ratio as a part of a high fat diet displayed bene-
ficial effects on cardiovascular risk factors and tissue
composition in C57BL/6 mice, regardless of the origin
of n-3 fatty acids. Improvements in blood lipids
(TAG, TC, and non-HDL cholesterol) were compara-
ble between the flax and fish groups. However, the
extent of increases in DHA levels in liver tissues was
greater in the fish group as compared to either flax or
control groups.

Diets supplemented with the “designer oils” were
apparently well tolerated. The animals gained weight
at a steady and comparable rate during the experi-
mental course. This was similar to our previous
observation that addition of fish oil or flaxseed into
the diet of apo E-KO mice or rabbits, respectively, did
not alter body weight gain as compared to corre-
sponding control groups [13, 40]. However, Barcelli
et al. [4] reported that rats fed either a high n-6 (from
safflower oil) or high n-3 FA (from fish oil) diet
gained more weight than rats fed a high saturated fat
diet, while all diets contained identical amounts of
total fat. These observations suggest the importance
of the quality of dietary fat on body weight gain
independent of their energy impact.

Although body weight was comparable among
groups in the present study, food intake was not. At
present, we cannot explain this apparent paradox.
However, it is possible that either the absorption of
dietary fat was impaired and, therefore, unabsorbed
fat was excreted, or the interactions between high
levels of n-3 fatty acids and other fatty acids may
prevent additional body weight gain. One may also
speculate that these formulations may induce f-oxi-
dation system, preventing fat accumulation and body
weight gain. Although unlikely, it is possible that food
intake measurements were not precise.

Plasma TAG-lowering properties of n-3 fatty acids
were observed in both flax and fish groups as early as
4 weeks following the treatment; this is in agreement
with previous observations [20, 22]. It was interesting



Table 4 Fatty acid composition of liver lipid fractions of the three groups of experimental mice

Free fatty acids Cholesteryl esters

Triglycerides

Phospholipids

Fatty acid

Fish Control Flax Fish Control Flax Fish Control Flax Fish

Flax

Control

53 + 0.4° 62+ 10° 113 +57°
122 + 08°

8+13 150+ 12 148 + 0.6° 17.5 + 2.3°
113 + 1.3%®

+

231+ 1.0 78 £12 8.5

255 + 37

266 + 1.1

16:0

92 +25°

36 £ 1.1 9+ 08

34

33+
16 +

384 + 24

370 £ 1.3°

15 + 0.4°
16.2 + 2.2
170 £ 1.9
17.5 + 0.7

20 +0.3°
142 £ 26
193+ 1.6
185 £ 3.1

2.0 +0.2°
141 £ 1.4
19.0 = 1.4
199 £ 1.1
ND

16:1 (5 and 7)

18:0

17 + 0.9°
515 £ 52
19.1 + 2.1¢

0.7 £ 0.1°
535 £ 1.9

0.5 + 0.1°
50.9 = 0.6
287 + 1.4°

54 +0.7°
262 + 1.4°
287 + 2.4

37 + 0.6°
302 + 2.5
295 + 2.0°

30 + 1.8
282 + 2.4
357 + 2.7°
ND
ND

2+ 06

35.1 + 2.0°
269 + 1.6°

M3+ 2.1
265 + 2.2°

18:1 (7 and 9)

18:2

16.5 + 1.0°

1.5 +0.2°
0.2 +£0.2

ND
ND

0.7 + 0.1° 84 +17°

05 + 0.3°
0.232 + 0.2°

01+01° 0202 50+09° 07 +01° 43 +1.1°
ND

0.6 + 0.1

0.7 +03°

0.7

18:3 (3)

20:0
20:1

0.2 = 0.01

ND
ND

0.2 + 0.01

ND
ND

0.4 + 0.3 03+02° 0703

0.9

*

0.1

0.5

1.0+ 0.2 09 + 0.1

0.9 + 0.5%®

1.0 £ 0.2

+0

03 +02°

14 + 04°

5+ 0.1
0.6 + 0.2°

0.2°
12 +03°

0.5 £ 0 0.5

0.7 £0.1°

29 +0.1° 18 + 0.3:; 08 +03° 0401 01+01° 01=x01°
37 +08

b

1.5 +04

3.5+ 037

24 +0.6°

26 +0.2°

04 + 0.1 01+01°  01+02°

ND

29 + 04°

39+03°  12+02° 06+05> 05+01° 57=+05
0.5

46+ 15°

7.0 £ 1.4°

1.0 £ 0.3°

02 +0.1°

ND

16 + 05° 47 +07°

15 + 1.7°

ND

24 +02°
41 +09°
15.0 + 2.5

a

14 + 0.6° 3.5 + 0.6° 0+01° +0.2

02 +03°

ND
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02 +02°

ND

12+ 1.1°

04 + 0.5

1.1 £ 0.4° 0.2 +0.2° 1.1 +0.8°

10.0 + 1.0°

07 +02°

21 +04° 37+07° 72+12° 03 +01° 05+01° 26+ 10°
16.6 + 8.6° 279 + 3.2°

44 +11°

18 + 0.1°
213 £ 5.3°

6.0 + 2.0°

3.4 +0.5°

38 +0.6°

19 + 0.3°

25 + 05°

37 +09°

13 +02°

b

7 +£0.2

31+£05° 1601

84 + 04°

n-6:n-3 ratio

ND not detected

5-7). Values with different superscript letter in a row within a lipid fraction are significantly different, P < 0.05

Values are presented as %(w/w) with mean +/— SD (n

to note that the control diet also reduced plasma TAG
levels in this model. The reductions in plasma TAG
levels in the control group may be related to presence
of relatively high levels (>22%) of total monounsat-
urated fatty acids in the control diet. Another spec-
ulation for such an apparent paradox of the control
diet on plasma TAG levels may be made with regard
to potential species-related variations or interactions
between dietary oils and carbohydrate. Regardless, it
remains to be answered whether the significant
reductions observed in plasma TAG levels in the
control group or in the treated groups were mediated
through the same mechanisms. It is likely that the
“control oil formulation” acted through distinct
mechanisms from those of the “n-3 fatty acid for-
mulations.”

In the present study, both treatment groups sig-
nificantly reduced plasma TC and non-HDL choles-
terol levels as compared to controls. These
observations provide evidence for the cholesterol-
lowering effects of dietary n-3 fatty acids following
consumption of a high fat diet. It remains to be an-
swered whether these ‘designer oils’ could inhibit
dietary cholesterol absorption or increase cholesterol
catabolism and biliary excretion. Recently, a low die-
tary n-6:n-3 FA ratio, with EPA and DHA was also
shown to reduce TC in LDL-deficient mice [39]. In
addition, Du et al. [9] also reported reduced serum
cholesterol in C57BL/6 mice fed either perilla oil (high
ALA) or a high DHA/Soy diet compared to mice fed a
diet enriched with safflower oil after 71 weeks. The
study of Du et al. [9] suggested a decrease in HMG-
CoA reductase activity in the high DHA and ALA
groups; this mechanism may also apply to our current
study. On the other hand, other studies reported an
increase in LDL-cholesterol concentrations in hyper-
triglyceridemic participants after treatment with DHA
enriched eggs [27]. n-3 fatty acids have also been
shown to favorably modify LDL particle size [32]. Our
data showed a slight increase in HDL-cholesterol levels
in the control group as compared to either of treated
group at week 4; this reflects higher TC levels in the
control group. On the other hand, by the end of the
study the fish group showed higher HDL cholesterol
levels; such an effect of fish oil has been also sporad-
ically observed in other studies [7]. It is important to
note the specialties in mouse lipoprotein metabolism;
HDL is in the predominant lipoprotein in mice, unlike
humans. Also, the C57BL/6 strain presents with its
own differences in lipoprotein metabolism [24].

Previous studies have shown the effects of low n-
6:n-3 FA ratios from a single source of n-3 FAs on
plasma lipids. For example, Yamashita et al. [41] re-
ported significant reductions in plasma TAG and LDL
and elevated HDL from dietary ALA as a part of a low
n-6:n-3 FA ratio in mice.
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Table 5 Selected fatty acid profiles in the individual phospholipid fractions of the liver tissues from the three groups of mice

Phospholipid fraction and group Fatty acid as a proportion of total fatty acids (% w/w) n-6/n-3 ratio
18:3 (n-3) 20:4 (n-6) 20:5 (n-3) 22:5 (n-3) 22:6 (n-3)
Phosphatidylethanolamine
Control ND 163 + 2.7° 03 + 0.12 0.5 + 0.12 111 £1.8° 27 +03°
Flax 14 + 0.6 8.6 + 1.8° 24 +0.7° 13 +02° 13.2 £ 2.5 14 + 03P
Fish ND 51 + 0.5° 53 + 0.5° 1.8 + 0.4 211 + 1.0° 0.5 + 0.0
Phosphatidylcholine
Control 0.0 + 0.1° 90 + 1.5° 0.2 + 0.04° 0.2 + 0.0° 54 + 0.6° 7.0 £ 0.7°
Flax 11 +03° 44 +07° 17 + 03° 0.6 + 0.1° 76 +13° 3.0 + 0.5°
Fish 0.2 + 0.0° 39 + 0.4° 50 + 1.0° 13 + 0.2 12,5 + 0.7¢ 15 + 0.2°
Phosphatidylserine
Control ND 87 £ 34° ND 1.1 +03° 90 + 3.2° 2.0 + 0.43°
Flax ND 6.1 + 1.2% ND 16 + 0.2° 148 + 2.7° 1.1 £ 04°
Fish ND 35+ 0.2° ND 23 + 04° 241 + 1.4° 0.6 + 0.5°
Phosphatidylinositol
Control 0.2 + 0.1 219 + 1.9° 0.1 + 0.2° 0.2 + 0.0° 21 +02° 172 + 152
Flax 0.1 £ 0.1 162 + 1.3° 1.5 +0.3° 09 + 0.1° 36+ 0.8° 6.0 + 0.9°
Fish 0.2 + 0.1 144 +13° 49 + 0.9 24 + 04° 84 + 0.7 19 + 0.2°
Lysophosphatidylcholine
Control 0.1 £ 0.1 56+ 1.3° 0.0 + 0.1° 03 + 0.2° 50 + 0.7° 55 + 0.4°
Flax 0.0 + 0.1 29 +0.8° 12 +0.1° 0.5 + 0.0° 6.6 + 1.2° 2.8 + 0.6°
Fish ND 22 +03° 33 + 04° 14 +02° 10.8 + 1.1° 12 +0.2°
Sphingomyelin
Control 0.2 + 0.2 1.0 £ 0.2° 0.1 + 0.2° ND 14 +02° 82 + 3.2
Flax 0.2 + 0.2 04 + 0.2° ND? ND 14 +05° 6.7 + 2.7
Fish 0.0 + 0.1 04 + 0.1° 04 + 0.1° ND 2.0 + 0.6° 49 + 08

ND not detected

Values are mean + SD (n = 4-7, except for Lysophosphatidylcholine in the fish group in which only three samples were analyzed due to contamination of other
samples). Values with different superscript letter for a fatty acid in a phospholipids fraction are significantly different, P < 0.05

Overall, both treatment diets substantially influ-
enced liver lipid composition as compared to the
controls. Yamazaki et al. [42] found that safflower oil
induced fatty liver in C57BL/6] mice, but fish oil
further exacerbated this negative effect. In contrast
with Yamazaki and co-workers’ observations, we
found high amounts of lipids in the liver of the
control group as compared to either treated group.
Yamazaki et al. [42] also observed a significant in-
crease in hepatic Acetyl CoA oxidase activity as a
result of safflower feeding. Our results are in
agreement with findings from another study in
which fish oil was shown to prevent fatty liver in-
duced by perfluorooctanoic acid in mice [26] and
reverse the condition [2].

Furthermore, both treatment diets resulted in
lower n-6:n-3 FA ratios in various lipid fractions in
the liver. Lower n-6:n-3 FA ratios and higher EPA/
DHA concentrations in the liver of the flax groups
(compared to control) may suggest a conversion of
ALA to EPA/DHA. This important finding suggests
that perhaps high levels of ALA may be able to induce
hepatic desaturase and elongase enzymes necessary
for conversion of ALA to EPA and DHA. It is
important to note that this finding may be species-
and/or tissue-related, as previously reported in rats
[5]. Future studies are needed to properly address

these issues. Nevertheless, dietary ALA significantly
reduced tissue ARA in most lipid fractions to a level
comparable to that achieved by dietary fish oil (EPA/
DHA). These results are consistent with previous
findings [19]. Tissue ARA may be as important as
total tissue DHA because of its role in production of
pro-inflammatory proteins. The effects of these ‘de-
signer oils’ on inflammatory markers are a future area
of investigation.

The incorporation of n-3 fatty acids in liver cell
membrane imply a similar profile in cardiac cell
membrane, which aid in rationalizing the anti-
arrhythmic effects of flaxseed oils [3] and fish oils [8].
Many animal studies [10, 28-30] have suggested that
EPA and DHA have direct protective effects on the
heart. Further investigations are necessary to deter-
mine FA profile in heart tissues following consump-
tion of these ‘designer oils’. In the present study this
was not performed due to unsuccessful use of the
heart tissues for investigation of the activity, function
and expression of phopholipases.

The reduction in liver total lipid may indicate
beneficial cardiovascular implications as well. Low n-
6:n-3 FA ratio may affect several metabolic pathways
in the liver, including involvement of the peroxisome
proliferator-activated receptors (PPARs), which con-
sist of several sub-types and possess various functions
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related to lipid metabolism. This includes modifica-
tion of fatty acid metabolism by reducing TAG syn-
thesis/storage and increasing fatty acid oxidation [11];
future studies will examine this theory of TAG-low-
ering effects of the ‘designer oils’ observed in this
study.

Conclusions

Two new formulations of dietary oils containing a n-
6:n-3 fatty acid ratio of approximately 2:1 as part of a
high fat diet were tested in mice. Incorporation of n-3
fatty acids was observed in various lipid fractions
tested. Although the levels of EPA and DHA in tissues
from the fish oil-based treated group were statistically
higher than those in the flaxseed oil-based treated
animals in some of the lipid fractions tested, the
overall modifications in the tissue lipid profile seemed
comparable. This may suggest that high amounts of
dietary n-3 FAs, regardless of source, may produce
beneficial alterations in tissue lipid profile. However,
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