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The effect on weight reduction of fish oil combined
with food restriction in comparison with that of beef
tallow was investigated in high-fat diet-induced obese
KKAy mice. Although the reduction of body and white
adipose tissue weight was similar in the two groups, fish
oil increased adiponectin levels in the plasma, improved
dyslipidemia accompanied by suppression of lipid syn-
thesis in the liver when compared with beef tallow.
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Obesity is one of the major health problems in the
world. It is causally linked to metabolic syndrome,
which is characterized by insulin resistance, dyslipide-
mia, and hypertension.'™ Weight reduction is necessary
for obese persons to improve these metabolic disorders.
Weight loss of only 5-10% has been shown to reduce or
eliminate metabolic disorders induced by obesity,>®
while ingesting a fish oil diet ad libitum has had a
preventive effect on obesity and metabolic disorders
caused by a high-fat diet.”® Several studies have
reported that fish oil or n-3 fatty acids combined with
energy restriction was more effective in improving
blood parameters when compared with only energy
restriction.!®¥ However, there is continuing debate
about whether fish oil and n-3 fatty acids contribute to
weight reduction. Adding to this debate, several reports
have suggested that the supposed effects of fish
consumption on blood parameters were diminished
when adjusting for weight reduction, and these effects
were thus attributed to weight reduction.'®!? In addi-
tion, direct comparisons between fish oil and other oils
containing a lot of saturated fatty acids, such as beef
tallow or lard in combination with a restricted diet
remain to be elucidated. In this study, we investigated
that the effect of fish oil combined with food restriction
on weight reduction in comparison with that of beef
tallow with a restricted diet in high-fat diet-induced
obese KKAy mice.

KKAy mice were obtained from CLEA Japan, Inc.
(Tokyo, Japan) at 5 wk of age. They had free access to a
standard MF pelleted diet (Oriental Yeast, Tokyo,
Japan) and water for 1 wk to accommodate them to the
new environment before the experiments began. The

mice were maintained at a constant temperature of
23 4+ 3 °C and humidity of 55 & 10% with a 12-h light/
dark cycle. All procedures were approved by the Animal
Care and Use Committee of Josai University.

Each experimental diet consisted of 30% fat on a
calorie basis. The composition of each diet was based
on AIN-93G'> with the modifications previously de-
scribed.'® Beef tallow or fish oil was used in the diet
instead of soybean oil (the B diet and F diet, respec-
tively), and the commercial MF diet was used as the
control diet. Casein, sucrose, B-starch, vitamin mixture,
mineral mixture, cellulose powder and beef tallow were
purchased from Oriental Yeast (Tokyo, Japan). L-
Cystine, and #-butylhydroquinone were purchased from
Wako Pure Chemical Industries, Ltd. (Osaka, Japan),
and fish oil was presented by NOF Corporation (Tokyo,
Japan). The diets were made following the procedure
previously described.!® The fatty acid compositions of
the dietary oils are shown in Table 1. Fatty acids in
soybean oil and fish oil were measured by gas
chromatography, and those in beef tallow were based
on the food composition table of Japan. Soybean oil was
used in the MF diet.

The mice were given free access to water throughout
the study. They were fed the B diet ad libitum for 3 wk
to induce obesity and then assigned to three groups
(n = 4), after which they were fed either the B diet
ad libitum (BA), the B diet under restriction (BR), or the
F diet under restriction (FR) for 3 wk. As a control, mice
were fed the MF diet ad libitum for all periods (Control).
Mild weight reduction was induced during the food
restriction period. Mice were initially fed 80% of the
food intake they had experienced during the obesity
induction period (Control: 15.4 + 1.5kcal/d; BA:
21.9 £ 1.0kcal/d, p < 0.01). The food intake was then
decreased 10% for about a week to 60% with the aim of
obtaining a similar final body weight to that of the
control group (60%; BR: 12.5 + 0.2kcal/d, BF: 12.6 +
1.3kcal/d). The body weight of mice was measured
once weekly or more during the experimental period.
Respiratory quotient (RQ) was measured after consum-
ing the diet for 5 wk. An MK-5000RQ acrylic metabolic
chamber and gas analyzer (an O,/CO, metabolism
measuring system for small animals; Muromachi Kikai
Co., Ltd., Tokyo, Japan) were used to measure RQ. Mice
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Table 1. Composition of Fatty Acids of Dietary Oils

Fatty acid Soybean Beef Fish
(%) oil tallow oil
14:0 (Myristic acid) 0.1 2.5 3.0
16:0 (Palmitic acid) 9.7 26.1 18.2
16:1 (Palmitoleic acid) — 3.0 4.2
18:0 (Stearic acid) 3.7 15.7 49
18:1 n-9 (Oleic acid) 26 45.5 18.8
18:2 n-6 (Linoleic acid) 50 3.7 1.3
18:3 n-3 (a-Linoleic acid) 7.1 — 0.8
20:0 (Arachidic acid) 0.4 — —
20:4 n-6 (Arachidnic acid) 0.1 — 2.0
20:5 n-3 (EPA) — — 6.8
22:0 (Behenic acid) 0.5 — —
22:5 n-6 (Docosapentaenoic — — —
acid; DPA)
22:6 n-3 (DHA) — — 22.8
S:M:P 15:26:57  41:45:4  10:10:14
n-6/n-3 7.0 20.2 0.1
ratio

Fatty acids in soybean oil and fish oil were measured by gaschromatography,
and those in lard were based on the food composition table of Japan.
Soybean oil was used in the MF diet.

in the groups were placed in the metabolic chamber,
room air was pumped through the chambers, and expired
air was directed to the gas analyzer. The data was
collected every 3min for more than 24-h. RQ was
calculated as the mean value of the 12-h light (7:00-
19:00) and the 12-h dark (19:00-7:00) measurements.
Mice had free access to water and the same amount of
diet as in their home cages during the period in the
metabolic chamber. The mice were killed after 6 wk of
receiving the diet, following a 4-h fast, with an intra-
peritoneal injection of Somnopentyl (Kyoritsu Seiyaku
Corporation, Tokyo, Japan). Blood samples were col-
lected from periorbital puncture. The liver and white
adipose tissue (WAT) weight were measured and
removed. The triglyceride and total cholesterol levels
in the plasma were measured by colorimetric slides,
using a FUJI DRI-CHEM 3500 analyzer (FujiFilm
Medical Co., Ltd., Tokyo, Japan). The triglyceride, total
cholesterol and free fatty acid levels of crude lipid
samples were measured by the Wako TG E, TC E, and
NEFA C test kits (Wako Pure Chemical Industries, Ltd.,
Osaka, Japan). Crude lipid extracts were obtained by the
method described by Bligh and Dyer.!” Total RNA was
extracted from the liver by using the Trizol reagent
(Invitrogen, Carlsbad, CA, USA). Real-time reverse
transcription polymerase chain reaction (RT-PCR) anal-
ysis was performed with an ABI Prism 7000 and 7500
thermal cycler (Applied Biosystems, Tokyo, Japan),
using QuantiTect SYBR Green RT-PCR (Qiagen,
Hilden, Germany) with gene-specific primers. The
mRNA levels of the liver in all groups are represented
as the ratios to the mRNA levels in the control group.

Statistical comparisons of the four groups were made
by one-way ANOVA, and each group was compared
with the others by Tukey HSD test (SPSS 12.0J for
Windows, SPSS Japan, Inc., Tokyo, Japan). Statistical
comparisons of the two groups were made with the same
software by Student’s #-test. p values less than 0.05 are
considered to indicate statistical significance. Values are
means + SE.

Body weight after 3 wk was significantly increased
and that after 6 wk tended to increase (p = 0.050) in the
BA group compared with that in the control group
(Table 2). Body weight after 6 wk was significantly
decreased in both the BR and the FR groups compared
with that in the BA group. The WAT weight was
significantly increased and the liver weight tended to
increase (p = 0.060) in the BA group compared with
that in the control group. The WAT and liver weights in
both the BR and FR groups were significantly decreased
compared with those in the BA group. The plasma
triglyceride and total cholesterol levels were lower in the
FR group than those in the other groups, while the
plasma free fatty acid levels tended to be lower in the FR
group than those in the BA group (p = 0.082). The
respective total lipids levels and triglyceride levels in the
liver were significantly higher and tended to be higher
(p = 0.089) in the BA group than those in the control
group. Although total lipids and triglyceride levels in the
liver of both the BR and FR groups were lower than
those in the BA group, these differences were only
significant in the FR group. Total cholesterol levels in
the liver tended to be lower in the BR and FR groups
than those in the BA group (BR: p = 0.086, FR: p =
0.059). These results show that both fish oil and beef
tallow combined with a restricted diet ameliorated
hyperlipidemia and fatty liver induced by the high-fat
diet. However, the FR group showed greater improve-
ment to hyperlipidemia and fatty liver than the BR
group, despite the comparable rate of body and WAT
weight reduction. One % of §-tocopherol-added fish oil
in this study might have some effect on the lipid content
of the liver. However, the result of one study has
indicated that vitamin E intake did not decrease the lipid
content of the liver.!® We have also reported that the
fatty acid composition was more effective for improving
fatty liver in comparison with §-tocopherol, because we
indicated that fish oil decreased lipids levels in the liver
when compared with hydrogenated fish oil, despite
containing the same amount of §-tocopherol.!”

To examine the cause for the greater improvement of
hyperlipidemia and fatty liver in the FR group, we
measured the levels of fatty acid synthase (FAS), acyl-
CoA oxidase (ACO), 3-hydroxy-3-methylglutaryl coen-
zyme A (HMG-CoA) reductase, and cholesterol 7a-
hydroxylase (CYP7A1) mRNA in the liver involved in
fatty acid synthesis, B oxidation, cholesterol synthesis,
and cholesterol conversion into bile acids,2*2D and
adiponectin levels in plasma which reflects adipose
tissue physiology.?? FAS mRNA levels tended to higher
in the BA group than those in the control group
(Fig. 1A, p = 0.095). Although the levels in both the
BR and FR groups were lower than those in the BA
group (FR vs. BA: p = 0.076), the levels in the FR
group were significantly lower than those in the BR
group. ACO, HMG-CoA reductase, and CYP7Al
mRNA levels were not significantly different among
the four groups (Fig. 1B-D). Adiponectin levels tended
to be lower in the BA group than those in the control
group (p = 0.058), and the levels in the FR group, but
not in the BR group, were significantly higher than those
in the BA group (Fig. 1E). It has been reported that fish
oil increased the secretion of adiponectin from adipo-
cytes by peroxisome proliferated receptor y stimula-
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Table 2. Body Weight, WAT and Liver Weight, and Lipids Levels in the Plasma and Liver

Control BA BR FR
Initial body weight (g) 205+ 1.6 21.8+0.3
Body weight at 3 weeks (g) 30.7+ 1.7 37.8 £ 0.9*
Body weight at 6 weeks (g) 37.3 £2.3% 46.9 +£3.2° 35.34+2.3* 347 +2.5*
WAT weight (g) 2.81 +0.26* 6.18 +£0.85" 3.56 +0.47* 3.12+0.47*
Liver weight (g) 1.29 £ 0.09% 2.53+0.58* 1.1540.11° 1.14 +0.10°
Plasma
Triglyceride (mmol/L) 1.75 £ 0.22* 1.25 £0.18% 1.29 £ 0.16% 0.69 £ 0.08"
Total cholesterol (mmol/L) 2.98 +0.42% 3.74 +£0.52* 3.06 £0.51% 1.66 £ 0.15°
Free fatty acid (mEq/L) 0.434 £ 0.034 0.451+£0.014 0.423 £0.03 0.358 £0.024
Liver
Total lipids (mg/g liver) 70.9 + 13.4* 227.7459.2° 114.7 £15.2%® 64.4 4+ 16.2*
Triglyceride (mg/g liver) 43.4 4+ 16.5% 100.4 + 14.7° 56.7 £ 24.0°® 35.8 £ 13.6*
Total cholesterol (mg/g liver) 7.43+2.63 1544+ 4.16 6.56 + 1.07 5.82+2.13

Mice were fed the MF diet (Control) or the B diet (BA) for 3 wk, and then mice fed the B diet were divided into three groups (BA, BR and FR) and each experimental
diet was fed for 3 wk. After 6 wk of diet consumption, mice were sacrificed after 4-h fasting. Data is shown as mean £ SE (n = 4). **Asterisks indicate a significant
difference from the control group; p < 0.01. Means without a common letter differ, p < 0.05.
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Fig. 1. Relative mRNA Levels in the Liver and Adiponectin Levels in the Plasma.
Mice were sacrificed after 6 wk of receiving the diet and after 4-h of fasting. The liver was removed, and the gene expression levels of (A) fatty
acid synthase (FAS), (B) acyl-CoA oxidase (ACO), (C) HMG-CoA reductase, and (D) CYP7A1 were measured by real-time RT-PCR. The gene
expression levels are indicated as the relative values to those of the control group. The plasma adiponectin levels were also measured (E).

Superscripts indicate the difference: *p < 0.05, **p < 0.01, *p < 0.1.

tion.” We confirmed the effect of fish oil under the
restriction of food consumption. These results indicate
that the FR group showed a much decreased level of
fatty acid synthesis in the liver and improved adipose
tissue physiology such as smaller adipocyte size than
that in the BR group. Further study is needed to
elucidate the mechanism for the cholesterol decrease in
the FR group.

We evaluated RQ to examine the utilization of lipids
as a substrate of energy in the BR and FR groups. It has
been reported that low RQ by energy restriction was
useful as a marker to predict body weight reduction and
an improvement to metabolic disorders.?*?> Although
RQ during the night (19:00-7:00) was similar among all
the groups (Control: 0.92; BA: 0.86; BR: 0.87; and FR:
0.87), that during the day (7:00-19:00) was lower in
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both the BR and FR groups than that in the control and
BA groups (Control: 0.92; BA: 0.85; BR: 0.76; FR:
0.77). This result shows that the utilization of lipids was
no different between the BR and FR groups, and that
energy restriction shifted the substrate for energy from
carbohydrates towards lipids during the day in both the
BR and FR groups.

In conclusion, food restriction with any type of fat
was effective in reducing the body and WAT weights
and ameliorating dyslipidemia accompanied by prefer-
ential lipid oxidation. However, fish oil feeding com-
bined with food restriction showed a greater improve-
ment to dyslipidemia and fatty liver by the strong
suppression of fatty acid synthesis in the liver and the
increased adiponectin secretion from the adipose tissue,
even though fish oil did not enhance body and WAT
weight reduction when compared with beef tallow. The
results of this study therefore suggest that fish oil
feeding combined with food restriction may be useful
for improving the high-fat diet-induced dyslipidemia
and adiponectin levels.
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