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Abstract Cardiovascular benefits of dietary n-3 fatty
acids have been shown. However, benefits of n-3 fatty acids
as part of a high fat, low n-6:n-3 fatty acid ratio diet has not
been fully characterized. Aim of this study is to investigate
cardiovascular and metabolic benefits of ‘designer oils’
containing a low ratio of n-6:n-3 fatty acids in C57BL/6
mice. Three groups of C57BL/6 mice were fed an athero-
genic diet supplemented with either a fish oil- or flaxseed
oil-based ‘designer oil’ with an approximate n-6:n-3 fatty
acid ratio of 2:1 (treated groups, n = 6 each) or with a
safflower oil-based formulation with a high ratio (25:1) of
n-6:n-3 fatty acids (control group, n = 6) for 6 weeks. Food
intake, body weight, and blood lipid levels were monitored
regularly. Fatty acid profile of the heart tissues was asses-
sed. Histological assessment of liver samples was
conducted. At the end of the study body weight and food
intake was significantly higher in the flax group compared
to control. The levels of 20:5n-3 and 22:6n-3 was signifi-
cantly increased in the heart phospholipids in both flax and
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fish groups compared to control; tissue 20:4n-6 was sig-
nificantly reduced in the fish group compared to control.
Significant liver pathology was observed in the control
group only. Lowering dietary ratio of n-6:n-3 fatty acids
may significantly reduce cardiovascular and metabolic risks
in mice regardless of the source of n-3 fatty acids.
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Introduction

Cardiovascular disease is the leading cause of death and
disability in the western world, with diet playing an
important role. Epidemiological, animal, and clinical
studies have reported cardiovascular benefits of dietary o-
linolenic acid (ALA, 18:3n-3), eicosapentaenoic acid
(EPA, 20:5n-3) and docosahexaenoic acid (DHA, 22:6n-3).
The benefits of n-3 fatty acids (FA) are multiple and
include improvements in blood lipid profile [15], blood
pressure [6], and inflammatory system [11]. ALA can at
least partially be converted to EPA/DHA endogenously by
the elongase and desaturase enzymes [7]; this limited
conversion may be species- and tissue-specific [3, 9]. EPA
(n-3) can compete with arachidonic acid (AA, 20:4n-6) for
the cyclooxygenase (COX) and lipoxygenase (LOX)
enzymes for the formation of eicosanoids [18]. Therefore,
n-3 FA intake will result in reduced production of pro-
inflammatory and pro-aggregatory series 2 eicosanoids,
which are produced from AA, and more series 3 eicosa-
noids [18]. This is one main reason for recent
recommendation of reducing the dietary n-6:n-3 FA ratio to
2-4:1 [18].
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Thus, we have generated ‘designer oils’ that contain a
desirable fatty acid profile. The purpose of this study was to
investigate the effects of these ‘designer oils’ on cardio-
vascular and metabolic risk factors in a well-recognized
animal model.

Methods
Animals and diets

A total of 18 C57BL/6 mice (approximately 5-week-old)
were purchased from Central Animal Facility (Winnipeg,
MB, Canada). After 1 week of adaptation, the animals
were randomly divided into three experimental groups; the
experiments were carried out over 6 weeks. We [21] have
shown that a period of at least 4 weeks is adequate to
observe the effects of dietary oil treatments on lipid
metabolism.

Three different oil formulations were made using flax-
seed oil, fish oil, safflower oil, and beef tallow as
previously described [17]. PicoLab mouse chow was sup-
plemented with 2% (w/w) cholesterol and 0.2% (w/w)
cholic acid and used as “atherogenic diet.” The “control
group” received the atherogenic diet supplemented with
10% (w/w) safflower-based oil formulation high in n-6:n-3
FA ratio (25:1). The “flax group” or “fish group” received
the same atherogenic diet supplemented with 10% (w/w)
flaxseed- or fish oil-based oil formulations, respectively,
low in n-6:n-3 FA ratio (approximately 2:1). The flaxseed
oil based diet had 15.9% w/w ALA and the fish oil based
diet had 7.0 and 4.6% w/w EPA and DHA, respectively.
Body weight and food intake were measured regularly. One
mouse in the flax group had to be sacrificed prematurely (at
week 4) due to dehydration, apparent signs of jaundice,
and weight loss, which was likely due to gallstones found
at autopsy. This condition may be related to addition of
cholic acid to the diet. At the end of the study, the animals
were sacrificed using CO, gas and final blood samples were
taken from the heart. Heart tissues were collected and
stored at —80 °C until analysis; liver samples were
weighed and fixed in formalin for histological examina-
tions. This study was approved by the Animal Care
Committee on the use of animals in Research at the Uni-
versity of Manitoba, Winnipeg, Canada.

Plasma lipids

Blood samples were taken at baseline and week 4 from
lightly anesthetized mice in the fed state as previously
described [17]. Final blood collection was performed at the
endpoint through cardiac puncture. Plasma was used for
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total cholesterol (TC) and triglycerides (TG) determination
using standard enzymatic assays [16].

Tissue lipid analysis

Methods described by Folch et al. [5] were used to extract
lipids from the heart tissues, plasma, and red blood cells
(RBC). Thin-layer chromatography with G-silica gels was
used to separate neutral lipids and phospholipids of hearts,
respectively, as previously described [19]. Following
methylation using BF;-methanol (14%, w/w), FA analysis
was conducted by gas chromatography (Shimadzu 17A,
Japan) using Agilent DB225 capillary column (30 m x
0.25 mm internal diameter) [19]. Tissue concentration of
TC and TG were analyzed using standard enzymatic assays
according to manufacture’s instructions (Diagnostic
Chemicals Limited). Plasma and red blood cell (RBC)
total fatty acid composition was analyzed as previously
described [14].

Liver histology

Liver samples were collected at sacrifice and fixed in 10%
buffered formalin. Tissues were sectioned at 5 pum thick-
ness. Samples were stained with Hematoxylin & Eosin
(H&E), Trichrome and periodic-acid schiff (PAS) proce-
dures. Every section was examined for possible
pathological changes using criteria set by the NASH
Clinical Research Network Scoring System [12]; similarly
the extent of glycogen contents of the liver tissues was
evaluated using a scoring system previously described by
Gomes et al. [8]. Overall, the light microscopic examina-
tions of the liver tissue included histological features of
steatosis (grade, location, type), fibrosis (stage), inflam-
mation (lobular, portal), liver cell injury (ballooning, mega
mitochondria) and other pathologies such as presence of
Mallory’s hyaline or glycogenated nuclei as previously
described [20]. Finally, samples were inspected for evi-
dence of cholestasis to ensure that the animals were not
adversely affected by dietary cholic acid.

Statistical analysis

Data were analyzed using one-way ANOVA with Tukey
test to determine differences among groups using SPSS for
Windows version 11.5 (SPSS Inc, Chicago, IL). Repeated
measures analysis was used to detect the effects of time on
plasma lipids and body weight. Chi-square test was used to
determine if distribution of histological scores of liver
differed between groups. Data are expressed as
mean =+ standard deviation (SD). Differences among the
groups were considered significant at p < 0.05.
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Results
Body weight and food intake

Body weight increased steadily in all groups throughout the
study course, which indicates tolerability of experimental
diets. However, body weights of the flax group were sig-
nificantly higher at weeks 5 and 6 as compared to controls.
The flax group also had higher food intake as compared to
either the control (37.5 £ 7.3 vs. 25.6 &+ 3.7 g) or to the
fish group (37.5 £ 7.3 vs. 29.3 £ 2.6 g). A slight decrease
in the mean body weight in the control group at weeks 5 and
6 was skewed by the weight loss of two mice that developed
signs of sickness. This may explain the reasons for higher
mean body weight in the flax group at these time points.

Plasma lipids

Repeated measures analysis revealed comparable
(p = 0.081) levels of plasma total cholesterol (TC) among
the groups at baseline, week 4, and week 6 (Fig. 1, panel
A). The levels of TC at week 6 were only reported in three
animals in the control group due to technical difficulties.
Plasma triglyceride (TG) levels were also comparable
among groups throughout the study course (Fig. 1, panel
B). However, all three groups of mice had significantly
(p < 0.01) lower TG levels at week 4 as compared to
baseline values. Compared to baseline data, both treatment
groups maintained their significantly lower plasma TG
levels at week 6.

Heart lipid and fatty acid composition

The effects of dietary treatments on heart FA composition
were studied in total phospholipids (PL), free fatty acids
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Fig. 1 Plasma total cholesterol (a) and plasma triglycerides (b) levels
at baseline and during the experimental course. There were no
significant differences among the groups at any time point. Repeated

w

Plasma triglyceride levels (mmol/L)

(FFA), triglycerides (TG) and cholesteryl ester (CE) frac-
tions. The fish group showed significantly lower n-6:n-3
FA ratio in the PL and FFA fractions as compared to those
in the control; no significant differences in n-6:n-3 FA ratio
were observed in TG and CE fractions among the groups.
The order of the n-6:n-3 FA ratio in the individual heart PL
fractions from highest to lowest were found in the control,
flax and fish groups.

The levels of DHA and EPA in the TG, FFA, and CE
fractions were comparable between the flax and control
groups. However, the hearts from the fish group had sig-
nificantly higher EPA and DHA concentrations in the PL,
TG, and FFA fraction as compared to those in the control
group. Total amounts of DHA in the PL and TG fractions
did not significantly differ between the flax and fish groups.
PL fractions from the hearts in the control and flax groups
had significantly higher levels of AA as compared to those
in the fish group. Results of FA composition in heart tissues
are summarized in Table 1.

Plasma and RBC fatty acid composition

At baseline, FA composition in both plasma and RBC was
not significantly different among the groups, with the
exception of total monounsaturated fatty acids in plasma;
the fish group had significantly higher total monounsatu-
rated fat compared to the flax group, whereas the control
group did not differ from either fish or flax groups. FA
composition of plasma and RBC at week 4 is comparative
to fatty acid composition of heart at endpoint, as summa-
rized in Tables 2 and 3. The fish group had significantly
higher RBC EPA, DHA, total n-3 FA, and lower n-6:n-3
fatty acid ratio compared to either control or flax groups.
Both the fish and flax groups had comparable reductions in
RBC AA content compared to control. The flax group also

0.6
T ‘ B Control [] Flax B Fish
0.5 T
0.4 ==
0.3
* X %

0z | T |7
0.1

0 4

week 0 week 4

Experimental course
measures analysis revealed a significant effect (*p < 0.05) of time for

triglyceride levels (b), but not for TC levels (a). n = 5-6 animals for
each group, except n = 3 for the TC in the control group at week 6
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Table 2 Red blood cell fatty acid composition (% w/w) at baseline and week 4

Baseline Week 4

Control (n = 6) Flax (n = 6) Fish (n = 6) Control (n = 6) Flax (n = 5) Fish (n = 6)
16:0 242 £ 19 248 £ 1.6 245 +£23 24.7 £ 0.6 26.1 £23 2477 £ 23
18:2 (6) 152 £24 145 £25 142 £ 1.8 175+ 15a 18.1 £ 1.8 a 13.1 £12b
18:3n-3 04 +£0.3 03 +£0.2 0.3 £0.1 0.3+03 1.0 £ 0.6 03 +£03
20:4n-6 146 £ 1.1 14.7 £ 0.7 143 £ 1.7 16.0 £ 0.7 a 74 £55b 6.0£50b
20:5n-3 0.8 £ 0.6 0.7 £ 05 1.3+04 06+03a 12+11a 74 £09b
22:6n-3 81+£1.6 84 £0.7 80+ 13 69+03a 77+£06a 105 £08b
Total saturated fatty acids 38.9 £ 25 39.8 £ 25 392 + 34 383+ 1.6 414 £ 3.6 399 + 3.0
Total monounsaturated fatty acids 15.5 £ 0.7 155+ 04 163 £ 0.8 149+ 02a 177 £ 1.6 b 158+ 12a
Total n-6 fatty acids 322 +£09 314 +£ 1.8 31.0 £ 1.7 367+ 14a 289 £39b 23.0+33c
Total n-3 fatty acids 134 £19 133 £ 1.1 13.5 £ 29 10.1 £1.1a 121 £1.7b 214+ 09¢c
n-6:n-3 fatty acid ratio 24 +£03 24+ 0.2 24+ 05 37+04a 24+£03b 1.1£0.1¢c

Results are presented as mean =+ standard deviation. Values with different letters in a row, within the same time, are considered significantly

(p < 0.05) different

Table 3 Plasma fatty acid (% w/w) composition at baseline and week 4

Baseline® Week 4

Control (n =3) Flax (n =3) Fish (n = 3) Control (n = 6)  Flax (n = 6) Fish (n = 6)
16:0 244+ 0.8 242 £ 0.7 243 £ 1.2 152+23a 160+ 26ab 13.8+£0.7b
18:2 (6) 21.0 £5.0 242 £ 1.1 223 £ 0.5 30.1 £ 5.1 335 £ 4.1 29.8 £24
18:3n3 09 £ 0.1 0.7 £ 0.1 0.7 £ 0.1 09 £0.8 20+22 1.1£15
20:4n6 10.3 £ 0.8 10.1 £ 0.8 104 £ 0.6 1.7+ 1.6 38+5.7 31+68
20:5n3 1.1 £03 1.5+£0.1 12+04 1.1£0.7a 23+27a 90+ 38b
22:6n3 62+22 7.1 £0.3 7.0+ 05 44+t 17a 5.1+ 2.0* 78 £16b
Total saturated fatty acids 438 £5.7 412+ 1.0 412+ 1.6 272 +59 24.6 + 39 254+ 1.0
Total monounsaturated fatty acids ~ 13.4 £ 0.3 ab 126 £07a 146+1.0b 19.1 £28ab 19.6 £ 24 b 132 £55a
Total n-6 fatty acids 332+ 44 357+ 2.0 343 £ 1.1 43.6 £ 6.3 43.7 £ 3.8 40.6 £ 44
Total n-3 fatty acids 9.6 £ 1.5 10.6 £ 0.4 10.0 £ 0.6 94 £31a 117 £ 46 a 202 +£4.1b
n-6:n-3 fatty acid ratio 35+02 34 +£03 35+£03 52+22a 42+ 12ab 21+£07b

Results are presented as mean =+ standard deviation. Values with different letters in a row, within the same time, are considered significantly

(p < 0.05) different

* Baseline sample sizes are n = 3 with each sample a pool of two samples due to limited plasma sample

had a significantly lower n-6:n-3 fatty acid ratio in RBC
compared to control. In plasma, the fish group had signif-
icantly higher EPA, DHA, and total n-3 fatty acids
compared to either control or flax group. However, the n-
6:n-3 FA ratio in plasma did not significantly differ
between the fish and flax groups.

Histology of liver

At sacrifice, the proportion of liver weight to body weight
was significantly higher in the control group (10.7 £ 2.3%)
compared to either flax (7.6 &= 0.4%) or fish (7.3 £ 0.9%)
groups; the two treatment groups showed comparable values.

On histological examinations, the control group pre-
sented substantial fatty changes in the liver. This high
degree of steatosis was present mainly in micro-vesicular
pattern occupying approximately 66% of the liver
parenchyma and primarily in panacinar locations. For
such observations in the control group, we arbitrarily
gave a total score of 7 to include the extent of steatosis
(Score of 3), panacinar location (Score of 3) and micro-
vesicular pattern (Score of 1). On the other hand, this
scoring system revealed a score of 2 for either flax or fish
group. The differences between the control groups and
treated groups were not only related to the extent of lipid
accumulation, but also due to both location and patterns
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of lipid deposits, including peri-sinusoidal location (Score
of 0) and the lack of micro-vesicular pattern (Score of 0).
These histological findings are in agreement with our
previous biochemical observations in which total liver
lipid levels were significantly reduced in the liver of mice
treated with these ‘designer oils’ as compared to controls
[17].

Further investigation with PAS staining revealed
depleted glycogen stores in the control group (Score 1
indicating weak reactivity and diffuse granulation), while
glycogen stores were almost intact in the fish group (Score
3 indicating strong reactivity and multifocal granulation)
and slightly reduced in the flax group (Score 2). Further-
more, only the control groups showed evidence of apparent
glycogenated nuclei in the hepatocytes. Delicate spider-
like patterns of fibrosis and bile pigment incontinence were
also present in the control group. No evidence of fibrosis
was observed in either of the treated groups. Evidence for
cell injury characterized by ballooning and mega mito-
chondria features was only seen in the control group. All
groups of animals showed mild inflammation in their liver
tissues. None of the animals in any groups showed signs of
either nonobstructive or obstructive cholestasis. There were
no characteristic changes of cholestasis in the portal tracts-
circle- (bile ductular proliferation, inspissated bile in bile
ducts, portal tract edema, neutrophilic inflammation) or
evidence of cholate stasis in periportal hepatocytes.
Table 4 summarizes the scores of liver pathology and
Fig. 2 illustrates histological features of the liver tissues in
three experimental groups.

Discussion

This study has characterized the effects of low dietary ratios
of n-6:n-3 FA, from different sources, on plasma lipids,
heart FA profiles, and liver pathology. ‘Designer oils’ with
low n-6:n-3 FA ratio as part of an atherogenic diet displayed
beneficial effects on cardiovascular risk and tissue

composition in mice. Diets supplemented with the ‘designer
oils’ were apparently well tolerated by the animals. The flax
group displayed greater weekly food intake as compared to
the control and fish groups. We observed similar pattern of
food intake in our previous study [17]. Consistent data on
the effects of n-3 FA on appetite control and weight gain are
lacking [2, 17, 22]. We speculate that flaxseed oil may
influence hormones related to appetite, such as ghrelin or
leptin. Another possibility is lost energy via an increase in
uncoupling protein activity. We plan to investigate this
phenomenon further in larger groups of animals; larger
groups of animals would have given us a better power of
differentiating statistical differences between the treated
and control groups, especially in the face of disease
development in a couple of animals. We also acknowledge
the significant differences in food intake between groups as
a potential confounding factor. However, we maintain that
these differences do not fully account for the observed
changes in lipid metabolism and liver histology.

Similar to previous observations [10, 17], both flax and
fish groups showed a significant reduction in plasma TG at
week 4, as compared to baseline data. It was interesting to
note that the control diet—high in n-6:n-3 FA ratio—also
reduced plasma TG levels compared to baseline. Previous
studies have compared the effects of low n-6:n-3 FA ratios
from single sources on plasma lipids [23]. However, the
present study showed that both sources of n-3 FA as a part
of an equally low ratio of n-6:n-3 FA had comparable
effects on plasma TG or TC, consistent with previous
findings [13, 15, 17]. In the present study, we were unable
to determine plasma HDL cholesterol concentrations due to
limited quantities of samples; however, in our previous
study we reported a significant increase in HDL cholesterol
levels in mice fed with a fish-oil-based formulation [22].
The reasons for comparable effects of all of three diets on
TC and TG in the present study are currently unknown, but
we speculate that it may be due to the simultaneous
introduction of the high fat diet from the high carbohydrate
basal chow diet in all groups.

Table 4 Severity of pathological changes in the liver tissues from experimental groups

Histological features Score®

Control (n = 6) Flax (n = 5) Fish (n = 5)
Steatosis 7a 2b 2b
Fibrosis la 0b 0b
Inflammation 1 1 1
Cell injury (ballooning and mega mitochondria) la 0b 0b
Glycogen content la 2b 3¢

Different letters between groups within a row indicate significant differences (p < 0.001) between groups, according to chi-square test

? Scores determined by an independent observer based on published guidelines as described in the text; numbers reported indicate the mean of 5—
6 observations which were identical for all tissues within a group, resulting in no standard variation
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Fig. 2 Representative photomicrographs illustrating pathological
changes in the liver tissues among the experimental groups. Glycogen
contents of the liver tissues are illustrated by PAS stain; compared to
controls (a), flax (b) and fish (¢) groups show apparently normal
glycogen contents. The pattern of micro-vesicular fatty changes (d,
arrow) and empty looking apparently glycogenated nuclei (d, double
headed arrow) are shown in the control group (d, arrow), while bland
looking nuclei (e, f, arrow) are present in the flax and fish groups (e,

Overall, both treatment diets substantially influenced
heart lipid composition compared to control. Similar find-
ings with regard to plasma and RBC fatty acid composition
compared to heart were seen. Lower n-6:n-3 FA ratios and
higher EPA/DHA concentrations in heart of the flax group
(compared to control) may suggest a conversion of ALA to
EPA/DHA [8, 10]. Our data suggest that dietary ALA cannot
be incorporated into the tissue phospholipids at an identical
rate to that of dietary EPA/DHA. Additionally, dietary ALA
did not significantly reduce tissue AA in most lipid fractions
to a level comparable to that achieved by fish oil (EPA/
DHA). Nevertheless, a trend toward increased cardiac tissue
EPA and DHA as aresult of ALA feeding was observed. This
incorporation of the long-chain n-3 FA in cardiac cell
membrane in both treatment groups may help explain the
anti-arrhythmic effects of flaxseed oils [1] and fish oils [4].

A reduction in liver to body weight ratio was observed
in the flax and fish groups, which may likely be a reflection

f). d—f H&E stain. None of the animals in any groups showed signs of
either. Nonobstructive or obstructive cholestasis (control, g; flax, h;
fish, i). There were no characteristic changes of cholestasis in the
portal tracts-circle- (bile ductular proliferation, inspissated bile in bile
ducts, portal tract edema, neutrophilic inflammation) or evidence of
cholate stasis in periportal hepatocytes. Bile ducts are indicated by
arrows in g—i

of the lower lipid contents observed previously in the two
treatment groups [17]. Furthermore in the current study,
histological evaluation revealed a significantly higher
degree of steatosis in the control group compared to both
fish and flax groups. Further histological analysis revealed
hepatic glycogen depletion in the control group. It is pos-
sible that accumulation of lipids causes depletion of
glycogen. It is also possible that these alterations in liver
histology were associated with alterations in carbohydrate
metabolism resulting in increased consumption and
reduced synthesis of glycogen. It would be of interest to
further investigate the association between these changes in
hepatic tissues and glucose metabolism and insulin resis-
tance. Additional studies are also needed to determine the
role of inflammation in hepatic steatosis and insulin
resistance.

Marginal increases in heart DHA levels were observed
in the mice fed with flaxseed oil-based ‘designer oil’, likely
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indicating ability of the heart tissue to convert ALA to
DHA in mice. However, it must be noted that the flaxseed
based designer oil did not increase heart tissue EPA and
DHA to a comparable level of the fish group, further
indicating that preformed EPA and DHA rather than ALA
is more effective at increasing heart tissue EPA and DHA.
This may suggest that longer time is needed to increase
heart n-3 FA contents. Addition of the ‘designer oils’ to the
diets of the mice did not result in any major alterations in
the liver tissues. However, consumption of safflower oil-
based oil formulation in the control group was associated
with both liver steatosis and reduced glycogen content,
which may indicate the development of insulin resistance
in the control group, but not in the treated groups. Thus,
further investigations are needed to evaluate whether these
pathological changes influence metabolic function, specif-
ically insulin sensitivity and plasma glucose.

Acknowledgments This study was supported in part by Natural
Sciences and Engineering Research Council of Canada, Heart and
Stroke Foundation and ARDI. NR is a recipient of an NSERC
Graduate Scholarship. NA is a recipient of the Manitoba Graduate
Studentship. We would also like to thank Krystal Merrells, Amy
Kroeker, Melissa Ree, Rgia Othman and Aimee Cadieux for their
technical and editorial support.

References

1. Ander BP, Weber AR, Rampersad PP, Gilchrist JS, Pierce GN,
Lukas A (2004) Dietary flaxseed protects against ventricular
fibrillation induced by ischemia-reperfusion in normal and
hypercholesterolemic rabbits. J Nutr 134:3250-3256

2. Barcelli UO, Beach DC, Pollak VE (1988) The influence of n-6
and n-3 fatty acids on kidney phospholipids composition and on
eicosanoid production in aging rats. Lipids 23:309-312

3. Brenner RR (1974) The oxidative desaturation of unsaturated
fatty acids in animals. Mol Cell Biochem 3:41-52

4. Chrysohoou C, Panagiotakos DB, Pitsavos C, Skoumas J, Krinos
X, Chloptsios Y, Nikolaou V, Stefanadis C (2007) Long-term fish
consumption is associated with protection against arrhythmia in
healthy persons in a Mediterranean region—the ATTICA study.
Am J Clin Nutr 85:1385-1391

5. Folch J, Les M, Sloane-Stanley GH (1957) A simple method for
the isolation and purification of total lipids from animals. J Biol
Chem 226:497-509

6. Geleijnse JM, Giltay EJ, Grobbee DE, Donders AR, Kok FJ
(2002) Blood pressure response to fish oil supplementation: meta-
regression analysis of randomized trial. J Hypertens 20:1493—
1499

7. Gerster H (1998) Can adults adequately convert alpha-linolenic
acid (18:3n-3) to eicosapentaenoic acid (20:5n-3) and docosa-
hexaenoic acid (22:6n-3)? Int J Vitam Nutr Res 68:159-173

@ Springer

10.

11.

12.

13.

14.

15.

16.

20.

21.

22.

23.

. Gomes MFPL, de Oliveira Massoco C, Xavier JG, Bonamin LV

(2007) Comfrey (Symphytum Officinale. L.) and experimental
hepatic carcinogenesis: a short-term carcinogenesis model study.
eCAM advance access 2007

. Harper CR, Edwards MJ, DeFilipis AP, Jacobson TA (2006)

Flaxseed oil increases the plasma concentrations of cardiopro-
tective (n-3) fatty acids in humans. J Nutr 136:83-87

Harris WS, Bulchandani D (2006) Why do omega-3 fatty acids
lower serum triglycerides? Curr Opin Lipidol 17:387-393
James MJ, Gibson RA, Cleland LG (2000) Dietary polyunsatu-
rated fatty acids and inflammatory mediator production. Am J
Clin Nutr 71:343S5-348S

Kleiner DE, Brunt EM, Natta MV, Contos MJ, Cummings OW,
Ferrell LD, Liu YC, Torbenson MS, Unalp-Arida A, Yeh M,
McCullough AJ, Sanyal AJ (2005) Design and validation of a
histological scoring system for nonalcoholic fatty liver disease.
Hepatology 41:1313-1321

Lee P, Prasad K (2003) Effects of flaxseed oil on serum lipids and
atherosclerosis in hypercholesterolmic rabbits. J Cardiovasc
Pharmacol Ther 8:227-235

Ma DWL, Ngo V, Huot PSP, Kang JX (2006) n-3 polyunsatu-
rated fatty acids endogenously synthesized in fat-1 mice are
enriched in the mammary gland. Lipids 41:35-39

Maki KC, Van Elswyk ME, McCarthy D, Seeley MA, Veith PE,
Hess SP, Ingram KA, Halvorson JJ, Calaguas EM, Davidson MH
(2003) Lipid responses in mildly hypertriglyceridemic men and
women to consumption of docosahexaenoic acid-enriched eggs.
Int J Vitam Nutr Res 73:357-368

McLennan PL, Bridle TM, Abeywardena MY, Charnock JS
(1993) Comparative efficacy of n-3 and n-6 polyunsaturated fatty
acids in modulating ventricular fibrillation threshold in marmoset
monkeys. Am J Clin Nutr 58:666—-669

. Riediger N, Othman R, Fitz E, Pierce GN, Suh M, Moghadasian

MH (2008) Low dietary n-6:n-3 fatty acid ratio, with fish- or
flaxseed oil, improves plasma lipids and alters tissue fatty acid
composition in mice. Eur J Nutr 47:153-160

. Simopoulos AP (2002) The importance of the ratio of omega-6/

omega-3 essential fatty acids. Biomed Pharmacother 56:365-379

. Suh M, Wierzbicki AA, Clandinin MT (1994) Dietary fat alters

membrane composition in rod outer segments in normal and
diabetic rats: impact on content of very-long-chain (C > 24)
polyenoic fatty acids. Biochim Biophys Acta 1214:54-62
Torbenson M, Chen YY, Brunt E, Cummings OW, Gottfried M,
Jakate S, Liu YC, Yeh MM, Ferrell L (2006) Glycogenic hepa-
topathy: An underrecognized hepatic complication of diabetes
mellitus. Am J Surg Pathol 30:508-513

Xu Z, Riediger N, Innis S, Moghadasian MH (2007) Fish oil
significantly alters fatty acid profiles in various lipid fractions but
not atherogenesis in apo E-KO mice. Eur J Nutr 46:103-110
Yamada N, Shimizu J, Wada M, Takita T, Innami S (1998)
Changes in platelet aggregation and lipid metabolism in rats
given dietary lipids containing different n-3 polyunsaturated fatty
acids. J Nutr Sci Vitaminol (Tokyo) 44:279-289

Yamashita T, Oda E, Sano T, Yamashita T, Ijiru Y, Giddings JC,
Yamamoto J (2005) Varying the ratio of dietary n-6:n-3 poly-
unsaturated fatty acids alters the tendency to thrombosis and
progress of atherosclerosis in apoE-/-LDLR-/- double knockout
mouse. Thromb Res 116:393—-401



	&lsquo;Designer oils&rsquo; low in n-6:n-3 fatty acid ratio beneficially modifies cardiovascular risks in mice
	Abstract
	Introduction
	Methods
	Animals and diets
	Plasma lipids
	Tissue lipid analysis
	Liver histology
	Statistical analysis

	Results
	Body weight and food intake
	Plasma lipids
	Heart lipid and fatty acid composition
	Plasma and RBC fatty acid composition
	Histology of liver

	Discussion
	Acknowledgments
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /Description <<
    /ENU <>
    /DEU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [5952.756 8418.897]
>> setpagedevice


