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level of 80 g/kg strongly stimulated the physiological activity of a

sesame sesamin preparation containing sesamin and episesamin

at equal amounts to increase hepatic fatty acid oxidation. This

study was conducted to clarify whether fish oil at lower dietary

levels enhances the physiological activity of sesamin to increase

hepatic fatty acid oxidation. Rats were fed experimental diets

supplemented with 0 or 2 g sesamin/kg, and containing 0, 15 or

30 g fish oil/kg for 15 days. Among rats fed sesamin�free diets,

diets containing 15 and 30 g fish oil/kg slightly increased the

activity of enzymes involved in hepatic fatty acid oxidation.

Sesamin increased these values irrespective of the presence or

absence of fish oil in diets; however, the extent of the increase of

many parameters was much greater in rats given fish oil�containing

diets than in those fed a fish oil�free diet. Diets simultaneously

containing sesamin and fish oil increased the gene expression of

various peroxisomal fatty acid oxidation enzymes in a synergistic

manner; but they were ineffective in causing a synergistic increase

in mRNA levels of mitochondrial fatty acid oxidation enzymes.

The extent of the synergistic increase in the activity of hepatic

fatty acid oxidation enzymes and mRNA levels of the peroxisomal

enzymes was indistinguishable between diets containing 15 and

30 g fish oil/kg and appeared comparable to that observed pre�

viously with a diet containing 80 g fish oil/kg.
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IntroductionSesamin is one of the most abundant lignans in sesame seed,
and is epimerized during acid-clay bleaching in the oil-

refining process to form episesamin.(1) Therefore, commercial
sesamin preparations obtained as a byproduct of the oil-refining
process contain sesamin and episesamin at about equivalent rates.
We previously found that the sesamin preparation profoundly and
dose-dependently increased the activity and gene expression of
fatty acid oxidation enzymes in rat liver, presumably through the
activation of peroxisome proliferator-activated receptor (PPAR)
α.(2) A later study showed that episesamin is more effective than
sesamin in increasing the activity and gene expression of fatty acid
oxidation enzymes.(3) It is well demonstrated that fish oil rich in
eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA)
also increases hepatic fatty acid oxidation, although the magnitude
of the increase is much weaker with fish oil than with sesamin.(4–6)

We previously demonstrated that a diet simultaneously containing
sesamin and fish oil at levels of 2 and 80 g/kg, respectively,
increased the activity of many enzymes involved in hepatic fatty
acid oxidation in a synergistic manner.(6) We subsequently reported
that diets simultaneously containing sesamin and highly purified
either EPA or DHA in the form of ethyl esters added to experi-

mental diets at a level of 20 g/kg mimic the physiological activity
of fish oil in enhancing the sesamin-dependent increase in hepatic
fatty acid oxidation.(7) Analysis of the mRNA levels of various
hepatic enzymes involved in fatty acid oxidation strongly indi-
cated that up-regulation of the gene expression of peroxisomal
enzymes is responsible for this effect.(6,7) These observations
indicate that n-3 fatty acids abundant in fish oil not only increase
hepatic fatty acid oxidation but also act as a co-activator of
sesamin to enhance peroxisomal fatty acid oxidation; however,
the dietary levels of fish oil (80 g/kg) or EPA and DHA (20 g/kg)
employed in the previous studies were much higher than those
expected in human diets. A nutritional survey conducted in 2005
in Japan (http://www.mhlw.go.jp/houdou/2006/05/h0508-1.html)
indicated that the fat level is 130–140 g/kg diet and one-tenth was
derived from fish in the human diet. Also, the food composition
table (http://fooddb.jp/) indicated that oils from edible fish contain
200 g/kg of n-3 fatty acids on average. This means that fish oil and
derived n-3 fatty acids comprise 13–14 g/kg and 2–3 g/kg, respec-
tively, in the typical Japanese diet; therefore, it is important to
clarify the impact of fish oil to enhance the physiological activity
of sesamin to increase hepatic fatty acid oxidation at dietary levels
lower than those employed previously. We found in the present
study that fish oil at a dietary level as low as 15 g/kg strongly
enhanced the physiological activity of sesamin to increase hepatic
fatty acid oxidation.

Materials and Methods

Animals and diets. Male Sprague-Dawley rats obtained from
Charles River Japan (Kanagawa, Japan), at 4 weeks of age were
housed individually in animal cages in a room with controlled
temperature (20–22°C, humidity (55–65%), and lighting (lights on
from 6:00 to 18:00 h), and fed a commercial diet (Type NMF;
Oriental Yeast Co., Tokyo, Japan). After 7 day of acclimatization,
rats were fed purified experimental diets supplemented with 0 or
2 g sesamin (1:1 mixture of sesamin and episesamin; Takemoto
Oil Co., Aichi, Japan)/kg, and containing 0, 15 or 30 g fish oil /kg
for 15 days. Dietary fat levels were adjusted to be 100 g/kg by
adding palm oil. The basal composition of the purified experi-
mental diets was (in g/kg): casein, 200; dietary fat, 100 (palm and
fish oils); corn starch, 150; cellulose, 20; mineral mixture,(8) 35;
vitamin mixture,(8) 10; L-cystine, 3; choline bitartrate, 2.5 and
sucrose to 1 kg. Sesamin was added to experimental diets in lieu of
sucrose. Palm and fish oils were the gifts from NOF Corp., Tokyo,
Japan. Animals had free access to the diets and water during the
experimental period. Fatty acid compositions of dietary fats were
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(in g/100 g fatty acids): 14:0, 2.68; 16:0, 15.0; 16:1, 5.72; 18:0,
3.66; 18:1, 21.8; 18:2, 1.57; 18:3 (n-3), 0.88; 20:3 (n-6), 0.21; 20:4
(n-6), 2.45; 20:5 (n-3), 10.1; 22:4 (n-6), 0.33; 22:5 (n-6), 1.45;
22:5 (n-3), 1.98; 22:6 (n-3), 32.2 for fish oil and 14:0, 0.94; 16:0,
44.2, 16:1, 0.19; 18:0, 4.43; 18:1, 40.4; 18:2, 9.62; 18:3 (n-3), 0.22
for palm oil, respectively. This study was approved by the review
board of animal ethics of our university and we followed the
university’s guidelines for the care and use of laboratory animals.

Enzyme assays. Upon termination of the experiments, ani-
mals were anesthetized using diethyl ether and killed by bleeding
from the inferior vena cava, after which livers were excised
immediately. About 2 g of each liver was homogenized with 15 ml
of 0.25 mol/l sucrose containing 1 mmol/l EDTA and 3 mmol/l
Tris-HCl (pH 7.2). Activity levels of various hepatic fatty acid
oxidation enzymes were measured spectrophotometrically using
the whole liver homogenate as an enzyme source, as detailed
previously.(2,4,9) The peroxisomal palmitoyl-CoA oxidation rate,
and acyl-CoA oxidase and carnitine palmitoyltransferase activities
were measured using palmitoyl-CoA as a substrate. We used
trans-2-octenoyl-CoA, 3-ketooctanoyl-CoA and sorboyl-CoA as
substrates in assaying enoyl-CoA hydratase, 3-keotacyl-CoA
thiolase and 2,4-dienoyl-CoA reductase activities, respectively.

RNA analysis. RNA in liver was extracted, and mRNA
abundance was analyzed by quantitative real-time PCR as detailed
elsewhere.(10) The nucleotide sequences of primers and probes
designed using Primer Express Software (Applied Biosystems)
have been reported previously.(11) mRNA abundance was calcu-
lated as a ratio to the β-actin level in each cDNA sample and
expressed as a fold change, assigning the value in rats fed a diet
free of fish oil and sesamin as 1.

Analyses of lipids and lignans. Serum triacylglycerol, cho-
lesterol, phospholipid, and free fatty acid concentrations were
measured using commercial enzyme kits (Wako Pure Chem. Ind.
Ltd., Osaka, Japan). Concentrations of sesamin and episesamin
in the serum and liver were analyzed by HPLC as detailed
previously.(6) Hepatic concentrations of EPA and DHA were
analyzed by GLC using a FAMEWAXTM column (30 m × 0.25 mm,
Restek, PA) and heptadecanoic acid as an internal standard.

Statistical analysis. Microsoft Excel add-in software (Excel
Statistics 2010, Social Survey Research Information Co., Tokyo,
Japan) was used for the statistical analysis. The data for two-way
classification were analyzed by two-way ANOVA to establish the
effect of fish oil and sesamin or any interaction between these two
factors. If no significant interaction existed, Tukey’s post-hoc test
was conducted to detect differential effects of diets containing
varying amounts of fish oil. When the interaction was significant,
the data were reanalyzed with one-way ANOVA and the post-hoc
test. The data for one-way classification were analyzed using one-
way ANOVA and the post-hoc test. Differences were considered
significant when p<0.05.

Results

Neither fish oil nor sesamin affected food intake (19.5–20.7
g/day) or growth (127–133 g/15 days) of rats. Dietary fish oil did
not affect the liver weight of rats, but sesamin significantly
increased this parameter among the animals fed diets containing
different amounts of fish oil (5.47 ± 0.13, 5.18 ± 0.12 and 5.34 ±
0.15 g/100 g body weight for rats fed sesamin-free diets containing
0, 15 and 30 g/kg fish oil, and 6.05 ± 0.06, 6.33 ± 0.16 and 6.28 ±
0.18 g/100 g body weight for the animals fed 2 g/kg sesamin diets
containing 0, 15 and 30 g fish oil/kg, respectively).

Among rats fed sesamin-free diets, a diet containing 15 g fish
oil/kg caused 25–90% increases in the activity of enzymes
involved in hepatic fatty acid oxidation (Fig. 1A). A diet con-
taining 30 g fish oil/kg caused greater increases in these para-
meters (40–147% increases), although the differences between
rats fed diets containing 15 and 30 g fish oil/kg were not always

significant. Dietary sesamin greatly increased these parameters
in both rats fed fish oil-free and -containing diets; however, the
extent of the increase in many of the parameters was apparently
greater in rats given fish oil-containing diets than in animals fed a
fish oil-free diet, and two-way ANOVA revealed significant
interactions between the two dietary factors, that is, fish oil and
sesamin, in affecting these parameters, except for 2,4-dienoyl-
CoA reductase. To clarify the interaction of fish oil and sesamin,
sesamin-dependent increases in enzyme activity were calculated
by subtracting the value in rats fed a sesamin-free diet containing
different amounts of fish oil from the corresponding value in
animals fed a sesamin diet containing the respective levels of fish
oil. Values are expressed as percentages assigning the value in rats
fed a fish oil-free diet containing sesamin as 100, and are shown in
Fig. 1B. Fish oil markedly enhanced the physiological activity of
sesamin to increase the peroxisomal palmitoyl-CoA oxidation rate
and the activity of acyl-CoA oxidase and carnitine palmitoyl-
transferase. The sesamin-dependent increases of these parameters
were more than 2 times higher in rats fed diets simultaneously
containing fish and sesamin than in animals fed a diet containing
sesamin alone; however, these values were comparable between
rats fed the diets simultaneously containing sesamin, and 15 and
30 g fish oil/kg. Although the fish oil-dependent change in this
parameter was weaker for 3-ketoacyl-CoA thiolase, fish oil at 15
and 30 g/kg diet also significantly increased the value. Also, fish
oil added to the sesamin-containing diet at 30 but not at 15 g/kg
significantly enhanced the physiological activity of sesamin to
increase the activity of enoyl-CoA hydratase; however, fish oil
rather attenuated sesamin-dependent changes in the activity of
2,4-dienoyl-CoA reductase.

Fig. 2A shows mRNA levels of peroxisomal enzymes involved
in fatty acid oxidation and peroxin-11α, a peroxisomal membrane
protein.(12) Among the various peroxisomal proteins, a sesamin-
free diet containing fish oil at a 15 g/kg dietary level compared to
a control diet significantly increased the mRNA levels of carnitine
octanoyltransferase and acyl-CoA oxidase 1, but not of 3-ketoacyl-
CoA thiolase and peroxin-11α, while fish oil at a 30 g/kg dietary
level significantly increased the mRNA levels of all these
peroxisomal proteins. Sesamin increased the mRNA levels of
peroxisomal proteins both in rats fed a fish oil-free and fish oil-
containing diets. The extent of the increase was apparently greater
in the latter than the former. In fact, two-way ANOVA showed
significant interactions between sesamin and fish oil in affecting
mRNA levels of these peroxisomal proteins. Sesamin-dependent
increases in mRNA levels of carnitine octanoyltransferase were
about 3-times higher in rats fed diets containing 15 and 30 g fish
oil/kg than in animals fed a fish oil-free diet (Fig. 2B). Also, the
parameters for the other peroxisomal proteins were about 2-times
higher in the groups of animals fed fish oil than in those fed a
fish oil-free diet; therefore, it is apparent that fish oil strongly
enhanced the physiological activity of sesamin to increase the
expression of these genes. Consistent with the results observed
on enzyme activity, differences in the dietary levels of fish oil did
not affect the magnitude of the response.

The previous study(6) showed that a diet containing 80 g fish
oil/kg strongly enhanced the physiological activity of sesamin to
increase mRNA levels of various peroxisomal fatty acid oxidation
enzymes, but not of mitochondrial enzymes. The situation
appeared to be the same in this study where fish oil was added to
experimental diets at lower levels (Table 1). Two-way ANOVA
revealed that both fish oil and sesamin increased mRNA levels of
various hepatic mitochondrial enzymes involved in β-oxidation
(carnitine palmitoyltransferase 2, trifunctional enzyme subunit
α and β, and 3-ketoacyl-CoA thiolase), an auxiliary pathway for
β-oxidation (2,4-dienoyl-CoA reductase and Δ3,Δ2-enoyl-CoA
isomerase 1) and ketogenesis (3-hydroxy-3-methylglutaryl-CoA
synthase); however, the interactions of sesamin and fish oil in
affecting these parameters except for Δ3,Δ2-enoyl-CoA isomerase 1
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were not significant. Also, the sesamin-dependent increases in
these values were all comparable except for one instance (Δ3,Δ2-
enoyl-CoA isomerase 1 mRNA level in rats fed a diet containing
30 g fish oil/kg). Fish oil and sesamin also significantly increased

the mRNA level of microsomal cytochrome P-450 4a1 involved
in ω-oxidation of fatty acids; however, fish oil did not affect the
sesamin-dependent increase in this parameter.

Fish oil at 15 and 30 g/kg dietary levels significantly reduced

Fig. 1. Interaction of dietary fish oil (15 and 30 g/kg) and sesamin (2 g/kg) in affecting the activity of enzymes involved in hepatic fatty acid
oxidation. The activity of hepatic fatty acid oxidation enzymes was analyzed using total homogenate as an enzyme source (A). Sesamin�dependent
increases in enzyme activity in rats fed diets containing different amounts of fish oil were calculated and expressed as percentages, assigning the value
in the animals fed a fish oil�free diet containing 2 g sesamin/kg as 100 (B). Values are the means ± SE of seven rats. Two�way ANOVA revealed
significant interactions between the two dietary factors, that is, fish oil and sesamin, in affecting the activities of various enzymes, except for 2,4�
dienoyl�CoA reductase (A); therefore, these values were reanalyzed by one�way ANOVA and Tukey’s post�hoc test. The values for sesamin�depen�
dent increases in enzyme activity were analyzed by one�way ANOVA and the post�hoc test (B). a,b,c,d,e Means without a common letter differ, p<0.05.
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serum concentrations of triacylglycerol and cholesterol among
rats fed sesamin-free diets (Table 2); however, dose-dependent
effects of fish oil on these parameters were not observed. Sesamin
significantly reduced these parameters in rats given diets con-

taining 0 and 30 g fish oil/kg. As a result, serum concentrations
of triacylglycerol and cholesterol became very low in rats fed a
diet containing 30 g fish oil/kg and sesamin in combination;
however, significant sesamin-dependent changes in these para-

Fig. 2. Interaction of dietary fish oil (15 and 30 g/kg) and sesamin (2 g/kg) in affecting mRNA levels of peroxisomal enzymes involved in hepatic
fatty acid oxidation, and peroxin�11α. Hepatic RNA was extracted and mRNA abundance was analyzed by quantitative real�time PCR (A). Values are
expressed as a fold change, assigning the value in rats fed a diet free of fish oil and sesamin as 1. Sesamin�dependent increases in mRNA level in rats
fed diets containing different amounts of fish oil were calculated and expressed as percentages assigning the value in the animals fed a fish oil�free
diet containing 2 g sesamin/kg as 100 (B). Values are the means ± SE of seven rats. Two�way ANOVA revealed significant interactions between the
two dietary factors, that is, fish oil and sesamin, in affecting the mRNA levels of various peroxisomal proteins (A); therefore, these values were
reanalyzed by one�way ANOVA and Tukey’s post�hoc test. Values for sesamin�dependent increases in enzyme activity were analyzed by one�way
ANOVA and the post�hoc test (B). a,b,c,d Means without a common letter differ, p<0.05.
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meters were not observed in rats give diets containing 15 g fish
oil/kg. Two-way ANOVA indicated that both sesamin and fish oil
were effective in reducing serum concentrations of phospholipid.
Subsequent post-hoc analysis revealed that there was no signifi-
cant dose-dependent effect of fish oil in affecting this value.

As the sesamin preparation employed in the current study
contained sesamin and episesamin at an equimolar ratio, these
compounds were detected in the serum of rats fed sesamin. As
has been demonstrated in previous studies,(6,7) the serum and liver
concentrations of episesamin greatly exceeded those of sesamin
in all groups of rats; i.e., the concentrations of the former were
9.6–13.8 and 2.7–3.0 times higher than those of the latter, for the
serum and liver, respectively. Fish oil at 15 and 30 g/kg levels

significantly lowered the serum concentrations of these lignans
to similar values. Changes due to the differences in dietary levels
of fish oil were not detected in both episesamin and sesamin
concentrations in the liver.

Fish oil feeding strongly increased hepatic concentrations of
EPA and DHA in dose-dependent manner. Sesamin did not affect
the concentrations of EPA among rats fed diets containing
different amounts of fish oil. However, the lignan significantly
increased hepatic concentrations of DHA in rats fed a fish oil-free
and 3.0% fish oil diets, but not in the animals fed a 1.5% fish oil
diet.

Table 1. Interaction of dietary fish oil (15 and 30 g/kg) and sesamin (2 g/kg) in affecting mRNA levels of mitochondrial enzymes involved in hepatic
fatty acid oxidation and microsomal cytochrome P�450 4a1

Values are the means ± SE of 7 rats. a,b,c,d Means in a row with superscripts without a common letter differ, p≤0.05. Sesamin�dependent increases in
mRNA levels were calculated and expressed as percentages assigning the value in the animals fed a fish oil�free diet containing 2 g sesamin/kg as
100, and are shown in parentheses. ns: Not significant.

mRNA level (fold change)

Dietary fats and sesamin Two�way ANOVA (p value) Post�hoc analysis (p value)

100 g Palm 

oil/kg

100 g Palm 

oil/kg 

+ 

2 g 

sesamin/kg

85 g Palm 

oil/kg 

+ 

15 g fish 

oil/kg

85 g Palm 

oil/kg 

+ 

15 g fish 

oil/kg + 

2 g 

sesamin/kg

70 g Palm 

oil/kg 

+ 

30 g Fish 

oil/kg

70 g Palm 

oil/kg 

+ 

30 g Fish 

oil/kg + 

2 g 

sesamin/kg

Fish oil Sesamin

Fish oil 

× 

Sesamin

Fish 

oil�free 

vs 

15 g Fish 

oil/kg

Fish 

oil�free 

vs 

30 g Fish 

oil/kg

15 g Fish 

oil/kg 

vs 

30 g Fish 

oil/kg

Mitochondrial enzymes

Carnitine palmitoyltransferase 2 1.00 ± 0.05 2.62 ± 0.14 

(100 ± 9)

1.29 ± 0.04 2.95 ± 0.18 

(102 ± 11)

1.51 ± 0.12 2.86 ± 0.38 

(82.7 ± 23)

ns <0.01 ns — — —

Trifunctional enzymes subunit α 1.00 ± 0.04 2.56 ± 0.11 

(100 ± 7)

1.42 ± 0.06 3.08 ± 0.09 

(106 ± 6)

1.65 ± 0.09 2.94 ± 0.18 

(83.1 ± 11.5)

<0.01 <0.01 ns <0.01 <0.01 ns

Trifunctional enzymes subunit β 1.00 ± 0.03 3.27 ± 0.16 

(100 ± 7)

1.48 ± 0.07 3.78 ± 0.15 

(101 ± 7)

1.89 ± 0.15 3.99 ± 0.42 

(92.6 ± 18.6)

<0.01 <0.01 ns ns <0.01 ns

Mitochondrial 3�ketoacyl�CoA thiolase 1.00 ± 0.02 2.63 ± 0.11 

(100 ± 7)

1.54 ± 0.06 3.58 ± 0.22 

(126 ± 13)

1.65 ± 0.10 3.12 ± 0.33 

(90.6 ± 20.1)

<0.01 <0.01 ns <0.01 <0.01 ns

3�Hydroxy�3�methylglutaryl�CoA synthase 1.00 ± 0.03 2.41 ± 0.09 

(100 ± 6)

1.57 ± 0.05 3.31 ± 0.08 

(123 ± 6)

1.74 ± 0.10 3.16 ± 0.20 

(101 ± 14)

<0.01 <0.01 ns <0.01 <0.01 ns

2,4�Dienoyl�CoA reductase 1.00 ± 0.07 5.67 ± 0.37 

(100 ± 8)

2.57 ± 0.15 8.07 ± 0.34 

(118 ± 7)

3.72 ± 0.31 8.14 ± 0.78 

(94.6 ± 16.8)

<0.01 <0.01 ns <0.01 <0.01 ns

Δ3,Δ2�Enoyl�CoA isomerase 1.00 ± 0.04a 9.14 ± 0.57c 

(100 ± 7)

2.08 ± 0.16a,b 12.9 ± 0.8d 

(133 ± 9)

3.43 ± 0.36b 11.6 ± 0.6d 

(100 ± 7)

<0.01 <0.01 <0.01 — — —

Microsomal enzyme

Cytochrome P�450 4a1 1.03 ± 0.03a 5.70 ± 0.26c 

(100 ± 5)

1.56 ± 0.05a,b 7.59 ± 0.32d 

(128 ± 7)

2.07 ± 0.14b 7.30 ± 0.38d 

(111 ± 8)

<0.01 <0.01 <0.05 — — —

Table 2. Interaction of dietary fish oil (15 and 30 g/kg) and sesamin (2 g/kg) in affecting serum lipid and lignan levels

Values are the means ± SE of 7 rats. a,b,c Means in a row with superscripts without a common letter differ, p≤0.05. ns: Not significant.

Dietary fats and sesamin Two�way ANOVA (p value) Post�hoc analysis (p value)

100 g Palm 

oil/kg

100 g Palm 

oil/kg 

+ 

2 g 

sesamin/kg

85 g Palm 

oil/kg 

+ 

15 g fish 

oil/kg

85 g Palm 

oil/kg 

+ 

15 g fish 

oil/kg + 

2 g 

sesamin/kg

70 g Palm 

oil/kg 

+ 

30 g Fish 

oil/kg

70 g Palm 

oil/kg 

+ 

30 g Fish 

oil/kg + 

2 g 

sesamin/kg

Fish oil Sesamin

Fish oil 

× 

Sesamin

Fish 

oil�free 

vs 

15 g Fish 

oil/kg

Fish 

oil�free 

vs 

30 g Fish 

oil/kg

15 g Fish 
oil/kg 

vs 
30 g Fish 

oil/kg

Serum lipids (μmol/dl)

Triacylglycerol 395 ± 53c 156 ± 18b 163 ± 8b 124 ± 19b 122 ± 11b 77.3 ± 10.3a <0.01 <0.01 <0.01 — — —

Cholesterol 337 ± 15d 280 ± 15b,c 248 ± 13b 248 ± 11b 297 ± 10c 166 ± 8a <0.01 <0.01 <0.01 — — —

Phospholipid 359 ± 19 269 ± 15 268 ± 14 241 ± 12 249 ± 20 183 ± 8 <0.01 <0.01 ns <0.01 <0.01 ns

Serum lignans (nmol/dl)

Sesamin — 9.73 ± 2.17b — 3.35 ± 0.63a — 3.20 ± 0.69a — — — — — —

Episesamin — 104 ± 14b — 46.1 ± 9.6a — 30.7 ± 5.2a — — — — — —

Liver lignans (nmol/g)

— 4.87 ± 0.53 — 3.74 ± 0.83 — 3.59 ± 0.79 — — — — — —

— 13.1 ± 1.5 — 10.6 ± 2.3 — 10.9 ± 2.1 — — — — — —

Liver n�3 fatty acids (μmol/g)

EPA 0.24 ± 0.05 0.21 ± 0.04 5.12 ± 0.16 4.68 ± 0.69 7.81 ± 0.43 7.94 ± 0.55 <0.01 ns ns <0.01 <0.01 <0.01

DHA 3.64 ± 0.18a 5.46 ± 0.27b 15.9 ± 0.3c 16.4 ± 1.2c 21.0 ± 1.2d 32.4 ± 1.9e <0.01 <0.01 <0.01
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Discussion

We previously observed that fish oil, and EPA and DHA ethyl
esters added at experimental diets at the levels of 80 and 20 g/kg,
respectively, strongly enhanced the physiological activity of
sesamin in increasing the activity of many enzymes involved in
hepatic fatty acid oxidation in rats.(6,7) A synergistic increase in
mRNA levels caused by a diet simultaneously containing fish oil
or n-3 fatty acid ethyl esters and sesamin was noted in peroxisomal
but not in mitochondrial enzymes. Therefore, it was suggested
that the synergistic increase in the activity levels of enzymes
involved in hepatic fatty acid oxidation caused by the diet con-
taining these dietary factors in combination was primarily due to
the up-regulation of enzymes involved in peroxisomal fatty acid
oxidation.(6,7) In the present study, we confirmed that fish oil
strongly enhanced the physiological activity of sesamin in
increasing the activity of many enzymes involved in hepatic fatty
acid oxidation and mRNA levels of peroxisomal proteins, despite
dietary levels much lower than the level employed in the previous
study.(6) The magnitudes of the synergistic increase were compa-
rable between those caused by the diet containing either 15 or 30 g
fish oil/kg, and 2 g sesamin/kg in combination, and appeared
comparable to those caused by a diet simultaneously containing
80 g fish oil/kg and 2 g sesamin/kg reported previously(6); there-
fore, the dose-dependent effect of fish oil on this synergism with
sesamin as a counterpart appeared indistinguishable between
dietary levels from 15 to 80 g/kg. In this situation, fish oil
increased the activity and mRNA levels of mitochondrial and
peroxisomal enzymes involved in fatty acid oxidation dose-
dependently when it was added to sesamin-free diets. This implies
that fish oil, apart from its activity to increase hepatic fatty acid
oxidation, acts as a co-activator of sesamin to enhance hepatic
fatty acid oxidation. Fish oil at a dietary level as low as 15 g/kg
appeared sufficient to cause a maximal effect in enhancing the
physiological activity of sesamin to increase hepatic fatty acid
oxidation. EPA and DHA can mimic the physiological activity of
fish oil to cause this effect,(7) and a dietary level of these n-3 fatty
acids at 6 g/kg is considered sufficient to lead maximal synergistic
effect, taking in account the sum of the quantities of these n-3
fatty acids contained in fish oil employed in the present study
(40 g/100 g fatty acids). This dietary level of n-3 fatty acids is still
considered about 2 times higher than the level expected in the
typical Japanese diet; however, our current study raised the
possibility that n-3 fatty acids lower than 6 g/kg diet would be
effective to cause a synergistic increase in hepatic fatty acid
oxidation with sesamin as a counterpart. This is because fish oil at
15 and 30 g/kg were equally effective to stimulate the physio-
logical activity of sesamin to increase hepatic fatty acid oxidation.
At present, the minimal dietary level of fish oil causing this effect
is not known.

The mechanism by which n-3 fatty acids and sesamin cause a
synergistic increase in the gene expression of peroxisomal
enzymes is not clear. Sesamin is not an antioxidant in vitro, but is
metabolized to compounds having antioxidation propensity;(13)

therefore, there is the possibility that sesamin when given to
animals in combination with n-3 fatty acids increases the retention
in tissue of n-3 fatty acids through the prevention of oxidative
degradation. This consequence may cause an exaggerated increase
in hepatic fatty acid oxidation because n-3 fatty acids have activity
to increase hepatic fatty acid oxidation. Although sesamin was
not effective in modulating hepatic EPA concentration, this
compound actually increased the DHA concentration in rats fed a
diet free of fish oil and a diet containing 3.0% fish oil. However,
the lignan failed to affect DHA concentration in rats given a diet
containing 1.5% fish oil. Apparently, there was no clear-cut
relationship between hepatic fatty acid oxidation and concentra-
tion of n-3 fatty acid in the present study.

Alternatively, there is the possibility that n-3 fatty acids

modulate the metabolism of sesamin and hence cause changes in
hepatic fatty acid oxidation. As the sesamin preparation employed
in this study is a 1:1 mixture of sesamin and episesamin, these
compounds are detected in serum. It has been demonstrated that
episesamin is much more effective than sesamin in increasing
hepatic fatty acid oxidation;(3,14) therefore, alteration in the liver
concentration of the lignan, especially episesamin, may affect
hepatic fatty acid oxidation. However, fish oil did not affect
hepatic concentrations of either sesamin or episesamin. There is
the possibility that some metabolite(s) of sesamin or episesamin
rather than the original compound is the actual inducer of hepatic
fatty acid oxidation;(13) therefore, the possibility cannot be
disregarded that n-3 fatty acids increase the conversion of the
lignan to generate a compound capable of causing a marked
increase in hepatic fatty acid oxidation. Fish oil decreased the
serum concentration of both sesamin and episesamin. As both
sesamin and episesamin are hydrophobic compounds, it is
plausible that they are incorporated into serum lipoproteins and
transported in the circulation.(15) Therefore, decreases of serum
lignan concentration by fish oil may represent the consequence of
the reduction of serum concentrations of lipoproteins. Consistent
with this consideration, changes in serum lipid levels generally
paralleled those in lignan concentrations in the present study.

The potential role of the peroxisome proliferator activated
receptor (PPAR), a member of nuclear receptor superfamily in
regulating lipid metabolism has been well demonstrated.(16,17)

Various types of PPAR (α, γ1, γ2 and δ) have been identified in
rodents and humans. PPARα is highly expressed in liver and
may play a crucial role in regulating lipid metabolism in this
tissue. A wide range of natural and synthetic compounds can
function as PPAR ligands. The natural agonists for PPARα
include fatty acids and fatty acid derivates, mainly eicosanoids.
Previous information(2,3) suggests that sesamin is also a natural
ligand to activate PPARα. With respect to the synthetic ligands,
fibrate as lipid-lowering drugs function as PPARα agonists.
PPARα is activated by the ligand and heterodimerized with the
retinoid-X receptor (RXR) then bind to specific DNA sequences,
known as peroxisome proliferator response elements (PPREs), in
the promotor region of target genes, thereby acting as a transcrip-
tional regulator. Enzymes involved in fatty acid oxidation are
targeted by PPARα. Genes of peroxisomal acyl-CoA oxidase 1
and bifunctional enzymes involved in fatty acid oxidation were
first identified as targets to be activated by PPARα.(18,19) Later
studies,(20–22) however, showed that PPARα up-regulates the gene
expression not only of peroxisomal proteins but also of proteins
associated with organelles other than peroxisomes and involved
in lipid metabolism. In this study, as has also been observed in
previous studies,(6,7) enhanced increases in mRNA expression in
animals on diets containing both sesamin and fish oil were noted
for the peroxisomal enzymes involved in fatty acid oxidation and
a membrane protein (peroxin-11α) associated with peroxisomes,
but not in enzymes associated with mitochondria and microsomal
cytochrome P-450 4a1. Therefore, our current observation indi-
cates the existence of a mechanism independent of PPARα to
specifically induce the gene expression of peroxisomal proteins.

In conclusion, we showed that low dietary levels (15 and 30 g/kg)
of fish oil greatly enhanced the physiological activity of sesamin
to increase hepatic fatty acid oxidation, primarily through the up-
regulation of peroxisomal fatty acid oxidation enzymes. The
extent of this augmentation was indistinguishable between diets
containing 15 and 30 g fish oil/kg and sesamin in combination,
and appeared comparable to that observed previously with a diet
containing 80 g fish oil/kg(6) or containing 20 g EPA or DHA/kg
in the form of ethyl ester(7) and sesamin in combination. It was
considered that fish oil at dietary levels observable in the usual
Japanese human diets can stimulate the physiological activity of
sesamin to enhance hepatic fatty acid oxidation.
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