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Triglycerides (TG) consisting of highly purified (>97%) n-3 series highly unsaturated fatty acids,
eicosapentaenoic acid (EPA), docosapentaenoic acid (DPA), and docosahexaenoic acid (DHA), were
administered to C57BL/KsJ-db/db mice for 4 weeks by pair-feeding to compare their effects on lipid
metabolism and to evaluate the effects of DPA on lipid metabolism. The hepatic TG level and total
amount was decreased by treatment with DHA and DPA compared to the control. The efficacy of DPA
was greater than that of EPA, but less than that of DHA. In contrast, EPA had the greatest serum TG
reducing effect. The hepatic cytosol fraction of the DHA-treated group contained the lowest fatty acid
synthase (FAS) and malic enzyme (ME) activity levels. Furthermore, the DHA-treated group contained
the highest serum adiponectin concentrations. These findings indicate that the strong hepatic TG-
lowering effect of DHA is due to the suppression of TG synthesis. The same tendencies were observed
in DPA-treated mice, and the effect was stronger than that observed in EPA-treated mice, but
equivalent to that observed in DHA-treated mice. Based on these results, DPA possesses lipid
metabolism-improving effects. The beneficial effects of DPA for lipid metabolism were not superior to
those of EPA and DHA, and the effect was always intermediate between those of EPA and DHA.
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INTRODUCTION

Fish oil has attracted widespread attention as a functional fat
and oil. The effects of fish oil are thought to originate from n-3
series highly unsaturated fatty acids (n-3HUFA), such as eicosa-
pentaenoic acid (20:5n-3, EPA) and docosahexaenoic acid (22:6n-
3, DHA), which are contained in fish oil. Though several studies
have reported their efficacy for lowering triglycerides (TG) and
cholesterol levels in the plasma and liver (/—3), increasing
p-oxidation activity in the mitochondria and peroxisomes in
hepatic cells (¢), and suppressing TG synthesis in the liver (5),
some of the results and proposed mechanisms are still conflicting
or are unclear (6, 7). Many kinds of foods and medicines
containing these functional fatty acids are already on the market
and applied practically. For example, EPA decreases plasma TG
levels, and EPA ethyl ester is used as a medicine to treat
hyperlipidemia (3). DHA also improves lipid metabolism. In

Japan, some foods enriched with DHA have been approved as a
Food for Specified Health Use by the Ministry of Health, Labor,
and Welfare, and packaging of the foods is permitted to display
health claims regarding the improvement of blood TG levels (8).

EPA and DHA are n-3HUFA and cannot be de novo
synthesized in a mammalian body because mammals lack the
essential A-12 and A-15 desaturase (9). Therefore, they must
be obtained from other living organisms. The conversion of an
n-3 series polyunsaturated fatty acid taken into the mammalian
body to other kinds of n-3 series polyunsaturated fatty acids is
possible, however, through chain elongation, desaturation, and
p-oxidation reactions (9). For example, EPA taken into the body
can be converted to DHA by two elongation reactions, a
desaturation reaction, and subsequent S-oxidation. The first
elongation reaction for EPA forms docosapentaenoic acid
(22:5n-3, DPA). Although DPA is not a major fatty acid, it is
contained in fairly high amounts in seal oil (10, 17). The n-6 series
DPA is increased in the mammalian brain when there are limited
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amounts of n-3 series (/2—14). This n-6 series DPA (22:5n-6,
n-6DPA) is produced from the shorter chain length of n-6 series
polyunsaturated fatty acids such as linoleic and arachidonic acids.

Published on Web 10/22/2009 pubs.acs.org/JAFC



11048 J. Agric. Food Chem., Vol. 57, No. 22, 2009

In fact, several effects of n-3 series DPA itself have been reported
over the last several years. Kanayasu-Toyoda et al. reported that
DPA possesses a 10-fold greater endothelial cell migration ability
than EPA, and that DPA might act as a potent preventive
nutrient against arteriosclerosis (/5). Akiba et al. compared the
inhibition effects among n-3 series EPA, DPA and DHA on
platelet aggregation stimulated by collagen or arachidonic
acid (16). DPA was the most potent inhibitor and is thought to
act as a potent antithrombosis factor in the arteries. Therefore,
n-3 series DPA is now attracting attention as a functional fatty
acid.

Seal oil is a marine oil that contains relatively high amounts of
n-3 series DPA compared to other marine oils such as tuna and
sardine oils (10, 11). The reducing effect of DPA in seal oil on
plasma TG levels was confirmed in rats and found to be even
stronger than the effect of a mixture of tuna orbital oil and sardine
oil (17). The plasma TG reducing ability is thought to be due to
the existence position of n-3HUFA on a glycerol backbone of
TG, but relatively high amounts of DPA might also induce this
effect. One study compared the lipid metabolism-improving
effects of EPA and DHA using highly purified EPA ethyl ester
(>95%) and DHA ethyl ester (>95%) in rats (/8); however, the
effects have not been compared among EPA, DPA, and DHA
using TGs consisting of highly purified fatty acids in animal
experiments. The metabolism pathways of fatty acids in fatty acid
ethyl ester and TG are different (/9). The fatty acids hydrolyzed
from fatty acid ethyl ester in the small intestine are absorbed into
small-intestine epithelial cells to be synthesized to TG or phos-
pholipids in the phosphatidic acid pathway. In contrast, the fatty
acids hydrolyzed from TG are mainly synthesized to TG in the
monoacylglycerol pathway in the small-intestine epithelial cells
because the 2-monoacylglycerol is also formed in small intestine
when TG is hydrolyzed in small intestine. The fatty acid ethyl
ester is an artificially synthesized form. Therefore, in using the TG
form of n-3HUFA, the main naturally existing form of fatty acid,
itisimportant to understand the effect of n-3HUFA on the body.
C57BL/KsJ-db/db mice carry a mutation in the leptin receptor
gene that results in impaired function of leptin receptor b and
eventually exhibit hyperlipidemic, diabetic, and obese symptoms
due to a lack of appetite control (20—25). Therefore, this model
mouse is commonly used for studies of lipid and glucose meta-
bolism. The C57BL/KsJ-db/db mouse is also thought to be a
suitable model for evaluating the effects of n-3HUFA on lipid
metabolism. In this study, TGs consisting of highly purified fatty
acids were administered to C57BL/KsJ-db/db mice to compare
their effects on lipid metabolism, aimed toward understanding the
effects of DPA on lipid metabolism in comparison with those of
EPA and DHA.

MATERIALS AND METHODS

Chemicals and Materials. AAA-type TGs such as tripalmitate
(tri18:0), trioleate (tril8:1n-9), trilinoleate (tril8:2n-6), trilinolenate
(tri18:3n-3), triEPA, triDPA, and triDHA were obtained from Tsukishima
Foods Industry Co., Ltd. (Tokyo, Japan). The purity of the fatty acids
consisting of AAA-type TG, with the exception of a-linolenic acid, was
greater than 97%. The purity of o-linolenic acid was greater than 90%.
Dithiothreitol, Triton X-100, 6-phosphogluconatedehydrogenase, casein,
pr-methionine, and choline bitartrate were purchased from Wako Pure
Chemical Industries, Ltd. (Osaka, Japan). Beta-corn starch, cellulose,
nicotinamide adenine dinucleotide, reduced nicotinamide adenine dinu-
cleotide, and reduced nicotinamide adenine dinucleotide phosphate were
obtained from Oriental Yeast Co., Ltd. (Tokyo, Japan). Mineral mixture
(AIN-76) and vitamin mixture (AIN-76) were purchased from Nosan
Corporation (Tokyo, Japan). 5,5-Dithiobis(2-nitro-benzoic acid) was
purchased from Tokyo Chemical Industry Co., Ltd. (Tokyo, Japan).
Sucrose was obtained from Mitsui Sugar Co., Ltd. (Tokyo, Japan). Silica
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Table 1. Composition of Experimental Diet (g/100 g)

C57BL/6J C57BL/KsJ-db/db
normal control ~ control  EPA-TG  DPA-TG  DHA-TG
ingredient group group group group group
casein 20.00 20.00 20.00 20.00 20.00
corn starch 15.00 15.00 15.00 15.00 15.00
cellulose 5.00 5.00 5.00 5.00 5.00
mineral mixture 3.50 3.50 3.50 3.50 3.50
(AIN-76)
vitamin mixture 1.00 1.00 1.00 1.00 1.00
(AIN-76)
pL-methionine 0.30 0.30 0.30 0.30 0.30
choline bitartrate 0.20 0.20 0.20 0.20 0.20
tripalmitate (tri16:0) 3.00 3.00 3.00 3.00 3.00
trioleate (tri18:1n-9) 3.00 3.00 3.00 3.00 3.00
trilinoleate 2.90 2.90 1.90 1.90 1.90
(tri18:2n-6)
trilinolenate 0.10 0.10 0.10 0.10 0.10
(tri18:3n-3)
triEPA (1ri20:5n-3) 1.00
triDPA (tri22:5n-3) 1.00
triDHA (tri22:6n-3) 1.00
sucrose 46.00 46.00 46.00 46.00 46.00

gel (silicic acid 100 mesh) was purchased from Mallinckrodt Baker, Inc.
(Phillipsburg, NJ). Palmitoyl CoA was obtained from Funakoshi Co., Ltd.
(Tokyo, Japan). Glucose 6-phosphate was purchased from CALZYME
LABORATORIES, Inc. (San Luis Obispo, CA). Acetyl CoA, r-malic
acid, malonyl CoA, r-carnitine, flavin adenine dinucleotide (FAD),
phosphatidylcholines, and phosphatidic acid were bought from SIG-
MA-Aldrich Japan K.K. (Tokyo, Japan). Other reagents were obtained
from Wako Pure Chemical Industries, Ltd. (Osaka, Japan).

Animal Tests. All experiments were performed in accordance with the
Saga University guidelines for animal use and care provided by the ethics
committee. Five-week-old male C57BL/KsJ-db/db mice and C57BL/6J
mice were supplied by Nippon Clea Co. (Tokyo, Japan). The mice were
housed individually in plastic cages lined with sawdust in a temperature
(23 £ 2 °C) and light (12-h cycle) controlled environment. The mice were
initially fed a commercial diet CE-2 (Nippon Clea Co.) for 1 week and then
divided into four groups: control group (control diet; n = 5), EPA-TG
group (1% [w/w] of trilinoleate in the control diet was replaced with
triEPA; n = 5), DPA-TG group (1% of trilinoleate in control diet was
replaced with triDPA; n=35), and DHA-TG group (1% of trilinoleate in
control diet was replaced with triDHA; n=15). TG comprised 9% of the
control diet and consisted of tripalmitate (3%), trioleate (3%), trilenoleate
(2.9%), and trilinolenate (0.1%). All the diets were prepared based on an
AIN-76 composition, and the detailed diet composition is shown in
Table 1. Each group of C57BL/KsJ-db/db mice was given their diet for 4
weeks by pair-feeding. Furthermore, as the positive control group, a group
of C57BL/6J mice was also fed a control diet for 4 weeks (normal control).
All the mice were allowed free access to water. The weight and consump-
tion amount of the feed for each mouse were measured every day. At the
end of the feeding period, the mice were killed by withdrawing blood from
the heart under nembutal anesthesia after a 9 h starvation period. Liver,
epididymal, perirenal, and omental fat, and testis, kidney, spleen, heart,
muscle, and brain were harvested and their weights, with the exception of
that of muscle, were obtained. All the organs and tissues were preserved in
liquid nitrogen. The withdrawn blood samples were centrifuged at 1750g
for 15 min at 4 °C to collect the serum.

Serum Analysis. Serum TG and cholesterol levels were analyzed using
commercial enzyme assay kits (Wako Pure Chemical Industries, Ltd.).
Insulin and adiponectin levels were measured using an Insulin ELISA kit
(Shibayagi Co. Ltd., Gunma, Japan) and Mouse/Rat Adiponectin ELISA
kit (Otsuka Pharmaceutical Co., Ltd., Tokyo, Japan), respectively.
Alanine aminotransferase (ALT) activity was analyzed using a Transami-
nase ClI-test Wako kit (Wako Pure Chemical Industries, Ltd.).

Liver Lipid Analysis. Hepatic lipid was extracted from liver by the
method of Folch et al. (26). Hepatic concentrations of TG and phospho-
lipid were measured according to Fletcher et al. (27) and Rouser et al. (28),



Article J. Agric. Food Chem., Vol. 57, No. 22,2009 11049
Table 2. Effect of Experimental Diet on Growth Parameters in C57BL/6J and C57BL/KsJ-db/db Mice®
C57BL/6J C57BL/KsJ-dbldb

normal control group control group EPA-TG group DPA-TG group DHA-TG group
initial body wt (g) 218 +£0.3 274 £0.1* 274 £03 274 +£02 274 £04
final body wt (g) 240+0.3 336 £ 1.0 ab* 350+05a 27+11ab 305+09b
body wt gain (g) 220 £0.14 6.28 + 1.07 ab* 764 +£072a 5.34 +£1.01ab 318 +£1.18b
food intake (g) 70.1 £ 0.6 115 + 4* 115+£5 115+£2 114 £2
liver wt (g/100 g BW) 3.93 £ 0.08 6.37 + 0.68" 6.13 £ 0.40 529 +0.17 518 £0.21
testis (g/100 g BW) 0.850 = 0.019 0.412 £ 0.016* 0.407 £ 0.020 0.335 =+ 0.009 0.351 £ 0.031
kidney (/100 g BW) 1.20 £ 0.04 1.06 £ 0.07 1.00 & 0.03 1.10 £ 0.05 1.18 £+ 0.03
spleen (g/100 g BW) 0.230 £+ 0.014 0.0912 + 0.0084* 0.105 £ 0.007 0.0924 + 0.0047 0.103 £ 0.006
heart (g/100 g BW) 0.425 £ 0.003 0.276 £ 0.011* 0.273 £ 0.008 0.278 £ 0.005 0.291 £+ 0.013
accumulated fat (white adipose tissue) wt (g/100 g BW)
brain (g/100 g BW) 1.73 £ 0.03 1.04 £ 0.03 ab* 1.00 £ 0.02a 1.06 & 0.02 ab 1.14 £ 0.04 b
total 3.52 +£0.39 11.5 £+ 0.3 ab* 114+ 0.1ab 120+ 04a 108 +£0.2b
epididymal 1.74 £ 017 5.02 £ 0.19* 477 £0.12 5.05 + 0.35 4.68 £+ 0.04
perirenal 0.807 £ 0.081 2.89 £ 0.14* 3.00 +0.18 3.21+0.13 2.75+0.17
omental 0.974 £ 0.159 3.59 +0.10 ab* 366 £0.10ab 373+0.03a 334 £0.07b

@Each value represents mean =+ SE. Different letters indicate significant difference at P< 0.05 among C57BL/KsJ-db/db groups. (*) P< 0.05 (normal control vs control group).

respectively. Hepatic cholesterol concentration was analyzed using the
Cholesterol E-Test Wako (Wako Pure Chemical Industries, Ltd.).

Hepatic Enzyme Activity Assay. Liver mitochondrial and cytosol
fractions were prepared by homogenization and centrifugation. The
protein concentration of each fraction was analyzed by the method of
Lowry (29). The enzyme activity of fatty acid synthase (FAS) (30) and
glucose 6-phosphate dehydrogenase (G6PDH) (37) in each cellular frac-
tion was measured by the method of Kelly. Malic enzyme (ME), carnitine
palmitoyl transferase (CPT), peroxisomal -oxidation, and phosphatidate
phosphohydrolase (PAP) in each cellular fraction were assayed by the
method of Ochoa et al. (32), Markwell et al. (33), Lazarow et al. (34), and
Walton et al. (35), respectively.

Hepatic mRNA Level Assay. Total RNA was extracted from liver
using TRIZOL Reagent (Invitrogen, Tokyo, Japan). TagMan Universal
PCR Master Mix (Applied Biosystems, Tokyo, Japan); Assay-on-De-
mand, Gene Expression Products (Mm01204659 m1 for acetyl-CoA
carboxylase 2 (ACC2), Mm000662319_m1 for FAS, Hs99999901_sl for
18S RNA, Applied Biosystems), and TagMan MGB Gene Expression Kit
for sterol regulatory element binding protein-1 (SREBP-1) were used for
quantitative real-time RT-PCR analysis of ACC, FAS, 18S RNA, and
SREBP-1 expression in the liver, respectively. The details of the TagMan
MGB Gene Expression assay were as follows: SREBP-1 (forward primer,
5'-GCCCACAATGCCATTGAGA-3; reverse primer, 5-GCAAG-
ACAGCAGATTTATTCAGCTT-3; and TagMan MGB probe,
5-FAM-TATCAATGACAAGATTGTG-MGB-3'). The amplification
was performed with a real-time PCR system (ABI Prism 7000 Sequence
Detection System; Applied Biosystems). Results were quantified with a
comparative method and expressed as a relative value after normalization
to 18S RNA expression.

Analysis of Fatty Acid Composition in Organs and Tissues. Lipids
contained in the organs and tissues were also extracted by the method of
Folch et al. (26). The extracted lipids were dried and weighed. Methyl
esterification of the extracted lipids was performed using a boron
trifluoride methanol solution. The methyl-esterified fatty acid was sub-
jected to a gas chromatography—flame ionization detector (GC—FID)
system (GC14B, Shimadzu, Tokyo, Japan) equipped with a capillary
column (Omegawax320, 30 m x 0.25 mm ID, SIGMA-Aldrich Japan K.
K., Tokyo, Japan) and a Chromatopac integrator (C-R6A; Shimadzu) to
analyze the fatty acid composition and relative ratio. The temperature of
the injection port and detector was 250 and 260 °C, respectively. The initial
column temperature of 175 °C was increased to 225 °C at a rate of 1 °C/
min. Helium was used as the carrier gas at a flow rate of 32 cm/s. The fatty
acid species was identified using the retention time of a fatty acid methyl
ester standard solution (Supelco 37 Component FAME Mix, SIGMA-
Aldrich Japan K K.). The relative content of the respective fatty acids was
calculated using a GC—FID chromatogram.

Statistical Analyses. Each value is presented as mean & SE. Differ-
ences between CS57BL/KsJ-db/db groups were analyzed by one-way
ANOVA, and all detected differences were further analyzed using a

Tukey—Kramer posthoc test. Differences between normal control and
the control group were evaluated by Student’s 7 test. The difference was
considered significant when P was less than 0.05.

RESULTS AND DISCUSSION

CS57BL/KsJ-db/db mice carry a G-to-T point mutation at the
leptin receptor b coding gene and therefore lack the ability to bind
leptin (20, 21). Other mutations in the C57BL/KsJ-db/db mouse
have not been reported. This one mutation leads to an excessive
appetite, thereby causing obesity, hyperlipidemia, hyperglycemia,
etc. (22—25). In the present study, pair-feeding was employed to
compare the relative effects of n-3HUFA on lipid metabolism in
C57BL/KsJ-db/db mice. Growth parameters, such as body weight,
food intake amount, organ weight, and tissue weight for each
experimental diet group of C57BL/KsJ-db/db and the C57BL/6J
mice, are shown in Table 2. The body weight gain of the control
group (CS7BL/KsJ-db/db mice) was almost 3-fold higher than
that of the normal control (C57BL/6] mice), even though the food
intake amount of the control group was less than double that of
the normal control. Leptin is involved in the control of metabolic
rate, thermogenesis, inflammation, etc. (20—25). The big differ-
ence in weight gain between the control group and the normal
control group might be also due to these other roles of leptin.
Therefore, the defective leptin receptor function affects not only
appetite control but also other homeostatic mechanisms, and
therefore observations of lipid metabolism in C57BL/KsJ-db/db
mice is thought to be the best way to understand the effects of
functional food components on lipid metabolism. Differences in
the these accumulated TG amounts in the liver, particularly
between the normal control and the control group (Table 3),
indicate that the metabolism rate of hepatic TG is inherently lower
in C57BL/KsJ-db/db mouse liver than that in the C57BL/6J mouse
liver and/or that the TG synthesis rate in CS57BL/KsJ-db/db
mouse liver is inherently higher than that in C57BL/6J mouse,
because the food intake amount of the control group was less than
double that of the normal control. There was a clear effect of
n-3HUFA ingestion on hepatic TG levels (Table 3). Hepatic TG
levels in the DHA-TG were approximately 3-fold lower than that
in the control group, and that in the DPA-TG group was about
half that in the control group. Ingestion of EPA-TG, however, did
not significantly decrease hepatic TG levels. Incidentally, an
improvement in hepatic TG levels was not observed in the EPA-
TG group. The hepatic TG lowering effect was DHA-TG
> DPA-TG > EPA-TG.
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Table 3. Effect of Experimental Diet on Hepatic Lipids in C57BL/6J and C57BL/KsJ-db/db Mice (mg/g liver)®

C57BL/6J C57BL/KsJ-db/db

normal control group control group EPA-TG group DPA-TG group DHA-TG group
triglyceride (mg/g liver) 25.1+39 173 £ 21 a" 148 + 20 ab 101 £ 13 be 673+ 11.0c
triglyceride (mg/liver) 240+ 44 398 £ 98 a* 327 + 64 ab 180 + 30 ab 109 £22b
total cholesterol (mg/g liver) 2.57 +0.06 3.15+0.14* 3.81 +£0.29 3.42 +0.27 3.84 +0.28
total cholesterol (mg/liver) 2.42 +0.07 6.83 £ 1.00 8.12+0.70 5.84 +0.30 3.07 £ 0.53
phospholipid (mg/g liver) 31.3+06 231 +£1.0° 244+10 254+13 258 +0.9
phospholipid (mg/liver) 295+ 0.7 49.6 + 6.6 520+ 27 437 £ 2.1 405+ 1.3

@Each value represents mean = SE. Different letters indicate significant difference at P< 0.05 among C57BL/KsJ-db/db groups. (*) P< 0.05 (normal control vs control group).

This finding might be related to hepatic enzyme activity. The
activities of several kinds of hepatic TG metabolism-related
enzymes were measured (Table 5), and peroxisomal S-oxidation
and CPT activity in the cytosolic and mitochondrial fractions,
PAP in the microsomal fractions, and G6PDH in cytosolic
fraction did not significantly differ among the four C57BL/KsJ-
db/db groups. In contrast, the enzymatic activities of FAS and
ME, relating to TG synthesis, in the cytosolic fraction were
affected by the n-3HUFA species. Also the mRNA levels of
FAS and SREBP-1 in liver were also decreased by supplementa-
tion with n-3HUFA, but the reduction was not significant
(Table 6). The FAS activity in the DHA-TG group was lower
than that in the other groups. Though a significant difference was
not detected, the mean FAS activity in the DPA-TG group was
lower than that in the control and EPA-TG groups. The tendency
was similar for ME activity. These results might indicate that
n-3HUFA comprising 22 carbons like DPA and DHA is
important for lowering the lipogenic enzyme activities of FAS
and ME to decrease TG levels in the liver. Willumsen et al. also
observed acute alterations in lipid metabolism after the adminis-
tration of EPA and DHA in Mol:WIST rats (7). In their study,
both lipogenic and lipolytic enzyme activities in the liver were
examined and the results were similar to ours. For example, the
activity of the lipogenic enzyme PAP was significantly decreased
compared to that of the control group. In our study, however, the
reduction in PAP activity was not significant. Also, FAS and ME
were reduced in the DPA-TG and DHA-TG groups. Therefore,
DHA and DPA act to suppress the synthesis of TGs in the liver.
Willumsen et al. also observed a significant increase in the acti-
vity of lipolytic enzyme such as fatty acyl-CoA oxidase and
2,4-dienoyl-CoA reductase activity in an EPA-treated group (7).
The increases in these enzymes might also reduce hepatic TG
levels, and other studies reported that EPA reduces hepatic TG
levels (9). In the present study, we observed no significant increase
in lipolytic enzyme activity, e.g., CPT and peroxisomal -oxida-
tion, following EPA treatment. As a result, hepatic TG levels
(mg/g liver) and total amounts (mg/liver) in the EPA-TG group
were not improved compared to the control group. This differ-
ence might be due to differences in leptin receptor function
between animals. Further discussion about these differences is
not possible at present because the same enzymatic activities were
not evaluated in both experiments. In contrast, serum TG levels
were lowest in the EPA-TG group among the four C57BL/KsJ-
db/db groups. This might be due to lower hepatic VLDL levels
due to enhanced intercellular degradation of apolipoprotein
(Apo) B100 by EPA (36). Interestingly, the effect of lowering
serum TG levels by EPA-TG was the reverse of that for hepatic
TG levels. Therefore, it might be that the number of double bonds
in the structure is an important factor for the enhancement of
intercellular degradation of Apo B100. The serum TG level of the
DHA-TG group was not significantly different from that of the
control group, which is not consistent with other reports that
DHA decreases blood TG levels (I8, 37). A possible reason for

this discrepancy is that the blood TG lowering effects of DHA
might be due to a reduction of the hepatic TG level. As indicated
above, DHA strongly decreases hepatic TG levels. In the present
study, the test feed administration period was 4 weeks, and this
might be not sufficient for complete lowering of the hepatic TG
levels, which is reflected by the serum TG levels. The lowering
efficacy of both serum and hepatic TG levels of DPA was always
intermediate between that of EPA and DHA. These results might
indicate that the ability of DPA to reduce serum and hepatic TG
levels is not superior to that of the other n-3HUFAs.

The effects of n-3HUFAs on cholesterol levels were different
from those on serum and hepatic TG levels. For example, mean
hepatic cholesterol level (mg/g liver) and amount (mg/liver) were
higher in the groups administered n-3HUFA than in the control
group (Table 3). In contrast, mean serum cholesterol level in the
n-3HUFA groups was lower than that in the control group
(Table 4). Plasma cholesterol levels are reported to be decreased
by n-3HUFA (38). Our results are consistent with these previous
findings, even though the difference we observed was not
significant. There was no difference in the serum and hepatic
TG levels among the groups receiving n-3HUFAs, however,
which might indicate that n-3HUFA suppressed the secretion
of cholesterol from the liver because the cholesterol levels in the
liver of the three groups receiving n-3HUFAs were higher than
those of the control group, but the levels in the serum were lower.

Adiponectin is a protein hormone related to glucose and lipid
metabolism, and the blood concentration is inversely correlated
with body fat percentage (39, 40). Low levels of plasma adipo-
nectin increase the risk for cardiovascular diseases (41, 42). The
concentration of adiponectin in the control group (C57BL/KsJ-
db/db mice) was significantly lower than that of the normal
control (CS57BL/6J mice) (Table 4), indicating that all the
C57BL/KsJ-db/db mice exhibited abnormal lipid or glucose
metabolism. The level was improved, however, by the admini-
stration of n-3HUFA. The beneficial effect of DHA was the
strongest, followed by DPA, among the three groups admini-
stered n-3HUFA. EPA also increased adiponectin, and signifi-
cantly higher adiponectin levels were observed in the EPA-TG
group than in the control group. The increase in adiponectin by
n-3HUFA has been reported in both animals and humans by
several groups (43,44). Therefore, the adiponectin findings in the
present study are consistent with previous results. DHA-TG
decreased the enzymatic activity of FAS and ME in the hepatic
cytosol fraction (Table 5) as well as the hepatic TG level (mg/g
liver) and amount (mg/liver) (Table 3). Adiponectin suppresses
hepatic enzymatic activity related to fatty acid synthesis (45, 46).
Thus, there is a possibility that the decrease in FAS and ME
activity induced by the administration of DHA-TG might be due
to the increase in the adiponectin levels. Furthermore, a tendency
toward an improved serum insulin concentration was observed in
the DHA-TG and DPA-TG groups (Table 4), but the improve-
ment was not significant. As mentioned above, the C57BL/KsJ-
db/db mouse is also commonly used in glucose metabolism
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Table 4. Effect of Experimental Diet on Serum Parameters in C57BL/6J and C57BL/KsJ-db/db Mice?
C57BL/6J C57BL/KsJ-db/db

normal control group control group EPA-TG group DPA-TG group DHA-TG group
triglyceride (mg/dL) 46.4 + 3.8 851+ 7.0 66.9 + 5.2 76.8 +10.9 927+74
total cholesterol (mg/dL) 933+29 177 + 12* 152 +£ 13 137 £5 153 + 14
ALT (GPT) (IUL) 6.02+ 0.8 45.6 £ 20.1 37.0+72 2717 +£27 32.0+33
adiponectin («g/mL) 19.1+0.8 10.6 + 0.3 a" 137+ 06b 146+ 06b 15.6 =04 b
insulin (ng/mL) 0.986 + 0.270 17.0 £ 3.8 25.3 +9.1 114 +£07 115+22

Each value represents mean + SE. Different letters indicate significant difference at P< 0.05 among C57BL/KsJ-db/db groups. (*) P< 0.05 (normal control vs control group).
ALT, alanine aminotransferase.

Table 5. Activities of Hepatic Triglyceride Metabolism Related Enzymes in C57BL/6J and C57BL/KsJ-db/db Mice (nmol/min/mg protein)?

C57BL/6J C57BL/KsJ-db/db
normal control group control group EPA-TG group DPA-TG group DHA-TG group
Cytosol Fraction
FAS 163+ 1.5 184+ 2.7ab 223+25a 178 +1.6ab 11.0+1.8b
ME 148 + 11 146 + 24 ab 181+ 11a 127 £ 15 ab 99.1+54b
G6PDH 16.6 £2.2 5.65 + 0.98* 5.94 4 0.48 5.03 + 0.45 5.04 +0.27
Mitochondrial Fraction
CPT 9.88 + 0.42 134 £ 0.7 141+04 128 £ 0.6 140+ 0.8
peroxisomal /3-oxidation 112+04 23.6 + 1.6* 232+18 21.9+1.0 240409
Homogenate
CPT 10.0 £ 0.5 11.6 + 0.0 120+ 0.8 11.0+05 122+ 04
peroxisomal 3-oxidation 5.12 £ 0.55 9.45 £+ 0.96" 11.8+£05 8.86 + 1.44 9.83 + 0.91
Microsome Fraction
PAP 16.9 £ 2.1 10.6 £+ 0.6* 10.6 £0.5 112+£06 9.09 +0.34

@ Each value represents mean =+ SE. Different letters indicate significant difference at P< 0.05 among C57BL/KsJ-db/db groups. (*) P< 0.05 (normal control vs control group).
FAS, fatty acid synthase; ME, malic enzyme; G6PDH, glucose 6-phosphate dehydrogenase; CPT, camitine palmitoyl transferase; PAP, phosphatidate phosphohydrolase.

Table 6. Relative Hepatic mRNA Levels in C57BL/6J and C57BL/KsJ-db/db Mice?

C57BL/6J C57BL/KsJ-db/db
normal control group control group EPA-TG group DPA-TG group DHA-TG group
FAS 171 +£42 100 + 33* 58.7 + 18.4 48.0 + 10.4 52.4 + 141
ACC2 152.6 + 4.7 100 £ 13 a* 81.3 £ 128 ab 595+ 8.6 ab 426+72b
SREBP-1 205+1.6 100 + 20* 86.1 + 14.9 739+93 66.7 + 19.5

@ Each value represents mean = SE. Different letters indicate significant difference at P< 0.05 among C57BL/KsJ-db/db groups. (*) P < 0.05 (normal control vs control group).
FAS, fatty acid synthase; ACC2, acetyl-CoA carboxylase 2; SREBP-1, sterol regulatory element binding protein-1.

experiments because the mouse exhibits hyperglycemia. Adipo-
nectin is also strongly related to glucose metabolism, and increa-
ses in adiponectin mitigate the effects of insulin in the liver, which
improves fatty liver (47). An increase in adiponectin might also
improve insulin levels in the DPA-TG and DHA-TG groups. The
effect of DPA to increase adiponectin levels was between those of
DHA and EPA. Thus, the chain length and unsaturation number
in n-3HUFAs might affect hepatic lipid metabolism through
increasing adiponectin. According to this perspective, our results
are rational because the chain length of DPA is longer than that
of EPA and the unsaturation number of DPA is lower than that
of DHA.

Except for DHA in the liver, kidney, testis, and brain in the
control group, there was very little accumulation of n-3HUFAs in
the other organs and tissues (Figure 1). The ratio of accumulated
hepatic DHA in the DHA-TG group or hepatic DPA in the DPA-
TG group against total lipids was significantly higher than that in
the other groups. In contrast, the hepatic EPA ratio in the EPA-
TG group was not significantly higher than that in the DHA-TG
or DPA-TG groups. This finding might be due to an increase in

EPA in the DHA-TG or DPA-TG groups by a retroconversion of
DHA or DPA to form EPA. The f-oxidation mechanism of
polyunsaturated fatty acids is different from that of saturated
fatty acids, and DHA is retroconverted to EPA without
DPA (48). Therefore, the finding that little DPA accumulated
in the kidney and liver in the DHA-TG groups is reasonable. In
fact, the EPA content among the three groups administered
n-3HUFA was almost the same. This result might be explained
by defective hepatic lipid metabolism in the EPA-TG group
compared to the other groups. In contrast, the ratio of arachi-
donic acid in liver lipids of the three groups administered
n-3HUFA was significantly lower in the EPA-TG group than
that of the control group. Several studies have reported that
n-3HUFA suppresses the elongation reaction of n-6 series poly-
unsaturated fatty acids to generate arachidonic acid (49). More-
over, the presence of DPA, but not EPA, in the brain was
observed in the EPA-TG and DPA-TG groups. It is well-known
that both n-3 and n-6 series DPA permeate the blood—brain
barrier (50, 51). Therefore, the distribution, conversion, and
retroconversion of n-3HUFA observed in C57BL/KsJ-db/db
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Figure 1. Comparison of the distribution of main fatty acids in the epididymal fat, perirenal fat, liver, kidney, testis, and brain. Values represent mean + SE.
Different letters indicate significant difference at P < 0.05. 14:0, myristic acid; 16:0, palmitic acid; 16:1n-9, palmitoleic acid; 18:0, stearic acid; 18:1n-9, oleic acid;
18:2n-6, linoleic acid; 18:3n-3, a-linolenic acid; 20:4n-6, arachidonic acid; 20:5n-3, eicosapentaenoic acid (EPA); 22:5n-3, docosapentaenoic acid (DPA);

22:6n-3, docosahexaenoic acid (DHA).

mice are consistent with the results obtained in other animals
and are apparently not affected by impaired leptin receptor
function.

The main purpose of the present study was to understand the
effects of DPA on lipid metabolism by comparing them with the
effects of EPA and DHA. The results indicated that DPA also
improves lipid metabolism. The beneficial effects of DPA, how-
ever, were not superior to those of the other n-3HUFAs. More-
over, the effects of DPA were always between those of EPA and
DHA. In this study, the C57BL/KsJ-db/db mouse was used
because it was thought that the effects of n-3HUFA on lipid
metabolism would be amplified so that the results could be
easily evaluated. The same comparison using wild-type animals
is needed to better characterize the effects of DPA on lipid
metabolism.

ABBREVIATIONS USED

ACC2, acetyl-CoA carboxylase 2; ALT, alanine aminotrans-
ferase; CPT, carnitine palmitoyl transferase; DHA, docosahexa-
enoic acid (22:6n-3); DPA, docosapentaenoic acid (22:5n-3);
EPA, eicosapentaenoic acid (20:5n-3); FAS, fatty acid synthase;
G6PDH, glucose 6-phosphate dehydrogenase; ME, malic en-
zyme; n-3HUFA, n-3 series highly unsaturated fatty acid; PAP,
phosphatidate phosphohydrolase; SREBP-1, sterol regulatory
element binding protein-1; tril8:0, tripalmitate; tril8:1n-9, trio-
leate; tril8:2n-6, trilinoleate; tril8:3n-3, trilinolenate.

LITERATURE CITED

(1) Tran, K.; Sun, F.; Cui, Z.; Thorne-Tjomsland, G.; Germain, C. S.;
Laperre, L. R.; McLeod, J. C.; Yao, Z. Attenuated secretion of very
low density lipoproteins from McA-RH7777 cells treated with



Article

eicosapentaenoic acid is associated with impaired utilization of
triacylglycerol synthesized via phospholipid remodeling. Rigelie
i 20006, /761, 463-473.

(2) Ikeda, I.; Kumamaru, J.; Nakatani, N.; Sakono, M.; Murota, 1.;
Imaizumi, K. Reduced hepatic triglyceride secretion in rats fed
docosahexaenoic acid-rich fish oil suppresses postprandial hyper-
triglyceridemia. Lz, 2001, /37, 1159-1164.

(3) Yokoyama, M.; Origasa, H.; Matsuzaki, M.; Matsuzawa, Y.; Saito,
Y.; Ishikawa, Y.; Oikawa, S.; Sasaki, J.; Hishida, H.; Itakura,
H.; Kita, T.; Kitabatake, A.; Nakaya, N.; Sakata, T.; Shimada,
K.; Shirato, K. Effects of eicosapentaenoic acid on major coronary
events in hypercholesterolaemic patients (JELIS): a randomized
open-label, blinded endpoint analysis. Lgucgr 2007, 369, 1090
1098.

(4) Madsen, L.; Rustan, A. C.; Vaagenes, H.; Berge, K.; Dyrgy, E.;
Berge, R. K. Eicosapentaenoic and docosahexaenoic acid affect
mitochondrial and peroxisomal fatty acid oxidation in relation to
substrate preference. Ljpids 1999, 34, 951-963.

(5) Kajikawa, S.; Harada, T.; Kawashima, A.; Imada, K.; Mizuguchi,
K. Highly purified eicosapentaenoic acid prevents the progression of

hepatic steatosis by repressing monounsaturated fatty acid synthesis
in high-fat/ high-sucrose diet-fed mice. *
. 2009, 80, 229-238.

(6) Tran, K.; Sun, F.; Cui, Z.; Thorne-Tjomsland, G.; Germain, C. S.;
Lapierre, L. R.; McLeod, R. S.; Jamieson, J. C.; Yao, Z. Attenuated
secretion of very low density lipoproteins from McA-RH7777 cells
treated with eicosapentaenoic acid is associated with impaired
utilization of triacylglycerol synthesized via phospholipid remodel-
ing. |GG 2006, /761, 463—473.

(7) Willumsen, N.; Vaagenes, H.; Lie, OQ.; Rustan, A. C.; Berge, R. K.
Eicosapentaenoic acid, but not docosahexaenoic acid, increases
mitochondrial fatty acid oxidation and upregulates 2,4-dienoyl-
CoA reductase gene expression in rats. Ligids 1996, 31, 579-592.

(8) Ohama, H.; Ikeda, H.; Moriyama, H. Health foods and foods with
health claims in Japan. fgadcadags 2006, 22/, 95-111.

(9) Botham, K. M.; Mayes, P. A. Biosynthesis of fatty acids &
eicosanoids, Harper’s illustrated biochemistry, 27th ed.; Murray, R.
K., Granner, D. K., Rodwell, V. W., Eds.; McGraw-Hill Companies:
New York, NY, 2006; pp 202—203.

(10) Wanasundara, U. N.; Shahidi, F. Positional distribution of fatty acids
in triacylglycerols of seal blubber oil. juisansaininigg 1997, 4. 51-64.

(11) Ikeda, I.; Yoshida, H.; Tomooka, M.; Yosef, A.; Imaizumi, K.;
Tsuji, H.; Seto, A. Effects of long-term feeding of marine oils with
different positional distribution of eicosapentaenoic and docosahexa-
enoic acids on lipid metabolism, eicosanoid production, and platelet
aggregation in hypercholesterolemic rats. Lipids 1998, 33, 897-
904.

(12) MacDonald, R. S.; Zhang, W.; Zhang, J. P.; Sun, G. Y. Brain neutral
lipids and phospholipids are modified by long-term feeding of beef
tallow vs. corn oil diet. J. Nutr. 1986, 126, 1554-1562.

(13) Lim, S. Y.; Doherty, J. D.; Salem, N. Lead exposure and (n-3) fatty
acid deficiency during rat neonatal development after liver, plasma,
and brain polyunsaturated fatty acid composition. L. 2005,
135, 1027-1033.

(14) Weisinger, H. S.; Vingrys, A. J.; Sinclair, A. J. Dietary manipulation
of long-chain polyunsaturated fatty acids in the retina and brain of
guinea pigs. Lipids 1995, 30, 471-473.

(15) Kanayasu-Toyoda, T.; Morita, 1.; Murota, S. Docosapentaenoic
acid (22:5, n-3), an elongation metabolite of eicosapentaenoic acid

(20:5, n-3), is a potent stimulator of endothelial cell migration on
pretreatment in vitro. [N
Acids 1996, 54, 319-325.

(16) Akiba, S.; Murata, T.; Kitatani, K.; Sato, T. Involvement of
lipoxygenase pathway in docosapentaenoic acid induced inhibition
of platelet aggregation. jiiminiiniia 2000, 23, 1293-1297.

(17) Yoshida, H.; Kumamaru, J.; Mawatari, M.; Ikeda, I.; Imaizumi, K.
Lymphatic absorption of seal and fish oils and their effect on lipid
metabolism and eicosanoid production in rats. |
Bieehew. 1996, 60, 1293-1298.

(18) Hung, P.; Gu, J. Y.; Kaku, S.; Yunoki, S.; Ohkura, K.; Ikeda, I.;
Tachibana, H.; Sugano, M.; Yazawa, K. Dietary effects of

J. Agric. Food Chem., Vol. 57, No. 22,2009 11053

eicosapentaenoic and docosahexaenoic acid esters on lipid metabo-
lism and immune parameters in Sprague-Dawley rats. Bigsciy
I 2000, 64, 2588-2593.

(19) Botham, K. M.; Mayes, P. A. Metabolism of acylglycerols &
sphingolipids. In Harper’s illustrated biochemistry, 27th ed.; Murray,
R. K., Granner, D. K., Rodwell, V. W., Eds.; McGraw-Hill Companies:
New York, NY, 2006; pp 209—211.

(20) Chen, H.; Charlat, O.; Tartaglia, L. A.; Woolf, E. A.; Weng, X.; Ellis,
S. J.; Lakey, N. D.; Culpepper, J.; More, K. J.; Breitbart, R. E.;
Duyk, G. M.; Tepper, R. I.; Morgenstern, J. P. Evidence that
diabetes gene encodes the leptin receptor: identification of a muta-
tion in the leptin receptor gene in db/db mice. Cell 1996, 84,
491-495.

(21) Lee, G. H.; Proenca, R.; Montez, J. M.; Carroll, K. M.
Darvishzadeh, J. G.; Lee, J. I.; Friedman, J. M. Abnormal splicing
of the leptin receptor in diabetic mice. Nague 1996, 379, 632-635.

(22) Madiehe, A. M.; Hebert, S.; Mitchell, T. D.; Harris, R. B. Strain-
dependent stimulation of growth in leptin-treated obese db/db mice.
iaessiaates 2002, /43, 3875-83.

(23) Anstee, Q. M.; Goldin, R. D. Mouse models in non-alcoholic fatty
liver disease and steatohepatitis research. i 2006,
87, 1-16.

(24) Steiner, A. A.; Romanovsky, A. A. Leptin: At the crossroads of
energy balance and systemic inflammation. juiiag. 2007,
46, 89-107.

(25) Garris, D. R.; Garris, B. L.; Novikova, 1.; Lau, Y. S. Structural,
metabolic and endocrine analysis of the diabetes (db/db) hypogona-
dal syndrome: relationship to hypophyseal hypercytolipidemia.
niesnentiag. 2005, 379, 501-512.

(26) Folch, J.; Less, M.; Sloane Stanley, G. H. A simple method for the
isolation and purification of total lipids from animal tissues. L Bigl
Clew. 1957, 226, 497-509.

(27) Fletcher, M. J. A colorimetric method for estimating serum trigly-
cerides. iy 1968. 22, 393-397.

(28) Rouser, G.; Siakotos, A. N.; Fleischer, S. Quantitative analysis of
phospholipids by thin-layer chromatography and phosphorus ana-
lysis of spots. Lipids 1965, 1, 85-86.

(29) Lowry, O. H.; Rosebrough, N. J.; Farr, A. L.; Randall, R. J. Protein
measurement with the folin phenol reagent. gonitindeinksi 1951, /93,
265-275.

(30) Kelly, D. S.; Nelson, G. J.; Hunt, J. E. Effect of prio nutritional
status on the activity of lipogenic enzymes in primary monolayer
cultures of rat hepatocytes. Rigakaimd 1986, 235, 87-90.

(31) Kelly, D. S.; Kletzien, R. F. Ethanol modulation of the hormonal
and nutritional regulation of glucose 6-phosphate dehydrogenase
activity in primary cultures of rat hepatocytes. Sigalaiiand 1984, 217,
543-549.

(32) Ochoa, S. Malic enzyme. In | NEEEEEEN Colowick, S. P.,
Kaplan, N. O., Eds.; Academic Press: New York, NY, 1955; Vol. 1, pp
739—753.

(33) Markwell, M. A. K.; McGroarty, E. J.; Bieber, L. L.; Tolbert, N. E.
The subcellular distribution of carnitine acyltransferases in mamma-
lian liver and kidney. junitidminfigii. 1973, 248, 3433-3440.

(34) Lazarow, P. B. Assay of peroxisomal-oxidation of fatty acids. In
Methods in Enzymology; Lowenstein, J. M., Ed.; Academic Press:
New York, NY, 1981; Vol. 72, pp 315—319.

(35) Walton, P. A.; Possmayer, F. Mg>"-dependent phosphatidate phos-
phohydrolase of rat lung: development of an assay employing a
difined chemical substrate which reflects the phosphohydrolase
activity measured using membrane-bound substrate. pisiitsim-
1985, 151, 479-486.

(36) Wang, H.; Chen, X.; Fisher, E. A. N-3 fatty acids stimulate
intracellular degradation of apoprotein B in rat hepatocytes. LCliz,
Luess. 1993, 91, 1380-1389.

(37) Williams, M. A.; Tinoco, J.; Yang, Y. T.; Bird, M. I; Hincenbergs, I.
Feeding pure docosahexaenoate or arachidonate decreases plasma
triacylglycerol secretion in rats. Lipids 1989, 24, 753-758.

(38) Al-Shurbaji, A.; Larsson-Backstrom, Carin.; Berglund, L.;
Eggertsen, G.; Bjokhem, 1. Effect of n-3 fatty acids on the key
enzymes involved in cholesterol and triglyceride turnover in rat liver.
Lipids 1991, 26, 385-389.



11054  J. Agric. Food Chem., Vol. 57, No. 22, 2009

(39) Berg, A. H.; Combs, T. P.; Scherer, P. E. ACRP30/adiponectin: an
adipokine regulating glucose and lipid metabolism. gssdelusdon
siiiabldsiah 2002, /3, 84-89.

(40) Goropashnaya, A. V.; Herron, J.; Sexton, M.; Havel, P. J.;
Stanhope, K. L.; Plactke, R.; Mohatt, G. V.; Boyer, B. B. Relation-
ships between plasma adiponectin and body fat distribution, insulin
sensitivity, and plasma lipoproteins in Alaskan Yup’ik Eskimos: the
Center for Alaska native Health Research study. Jddgishadss 2009,
58,22-29.

(41) Pischon, T.; Girman, C. J.; Hotamisligil, G. S.; Rifai, N.; Hu, F. B.;
Rimm, E. B. Plasma adiponectin levels and risk of myocardial
infarction in men. || N RRHNNNEE. 2004, 291, 1730-1737.

(42) Pischon, T.; Rimm, E. B. Adiponectin: a promising marker for
cardiovascular disease. itk 2006, 52, 797-799.

(43) Itoh, M.; Suganami, T.; Satoh, N.; Tanimoto-Koyama, K.; Yuan,
X.; Tanaka, M.; Kawano, H.; Yano, T.; Aoe, S.; Takeya, M.;
Shimatsu, A.; Kuzuya, H.; Kamei, Y.; Ogawa, Y. Increased adipo-
nectin secretion by highly purified eicosapentaenoic acid in rodent
models of obesity and human obese subjects. | R N

dsemRial 2007, 27, 1918-1925.
(44) Flachs, P.; Mohamed-Ali, V.; Horakava, O.; Rossmeisl, M.;

Hosseinzadeh-Attar, M. J.; Hensler, M.; Ruzickova, J.; Kopecky, J.
Polyunsaturated fatty acids of marine origin induce adiponectin in
mice fed a high-fat diet. Disheiadegis 2006, 49, 394-397.

(45) Morais, A. D. S.; Lebrun, V.; Abarca-Quinones, J.; Brichard, S.;
Hue, L.; Guigas, B.; Viollet, B.; Leclercq, I. A. Prevention of steato-
hepatitis by pioglitazone: Implication of adiponectin-dependent

Gotoh et al.

inhibition of SREBP-1c and inflammation. Jeskieagiad. 2009, 50,
489-500.

(46) Thanh, D. T.; Ide, T. Dietary lipoic acid-dependent changes in the
activity and mRNA levels of hepatic lipogenic enzymes in rats. Br.,
Nugr. 2008, 100, 79-87.

(47) Xu, A.; Wang, Yu, W.; Keshaw, H.; Xu, L. Y.; Lam, K. S. L.;
Cooper, G. J. S. The fat-derived hormone adiponectin alleviates
alcoholic and nonalcoholic fatty liver diseases in mice. joiliiimkiiigi-
2003, /72, 91-100.

(48) Schulz, H.; Kunau, W. H. Beta-oxidation of unsaturated fatty
acids: a revised pathway. | NI 1987, /2. 403-
406.

(49) Cao,J. M.; Blond, J. P.; Juaneda, P.; Durand, G.; Bezard, J. Effect of
low level of dietary fish oil on fatty acid desaturation and tissue fatty
acids in obese and lean rats. Lipids 1995, 30, 825-832.

(50) Homayoun, P. G.; Durand, G.; Pascal, G.; Bourre, J. M. Alternation
of fatty acid composition of adult rat braincapillaries and choroid
plexus induced by a diet deficient in n-3 fatty acids: slow recovery
after substitution with a nondeficient diet. gtk 1988, 5/,
45-48.

(51) Nakahara, T.; Yokochi, T.; Higashihara, T.; Tanaka, S.; Yaguchi,
T.; Honda, D. Production of docosaxesaenoic and docosapentaenoic
acids by Schizochytrium sp. Isolated from Yap islands. gt

(i 1996, 73, 1421-1426,

Received for review July 30, 2009. Revised manuscript received October
1, 2009. Accepted October 04, 2009.



