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Dietary docosahexaenoic acid-rich diacylglycerols
ameliorate hepatic steatosis and alter hepatic gene
expressions in C57BL/6J-Lep°”** mice
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We examined the effect of docosahexaenoic acid (DHA)-enriched structured lipids-diacylglycerol
(SL-DG), which were synthesized using soybean oil (SO) and algae oil (AO), on hepatic lipid metab-
olism and the mRNA expression of genes involved in hepatic steatosis of C57BL/6J-Lep®®*® compared
to the SL-triacylglycerol (TG). The animals were fed a high-fat (10% lard and 10% test oils) and
high-cholesterol (0.2% cholesterol) diet for 12 weeks. Mice fed SL-DG showed a lower total white
adipose tissue weight and plasma triglyceride concentration than the SO group. Reduction of hepatic
triglyceride content in the SL-DG group was related with the suppression of hepatic enzyme activities
for fatty acid and triglyceride synthesis along with fecal triglyceride excretion compared to the SL-
TG. SL-DG also lowered hepatic cholesterol levels by suppressing cholesterol regulating enzyme
activity compared to the SO group. Moreover, SL-DG lowered the mRNA expressions of sterol regu-
latory element binding protein-1 and its target genes than TG-form oils (SO, AO and SL-TG) in the
liver. Thus, the current results suggest that DHA-enriched SL-DG oil used in this study is beneficial
for ameliorating hepatic steatosis in obese animal model by improving hepatic fatty acid and choles-

terol metabolic enzyme activity and their gene expression.
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1 Introduction

Obesity is at the forefront of global health issues and it
directly contributes to many chronic illnesses. Recently,
attention has focused on the excessive accumulation of tri-
glycerides in the liver as part of this syndrome [1]. Since
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excessive fat accumulation in the liver may be a predispos-
ing condition to hepatic inflammation, steatohepatitis, and
liver cirrhosis, which can lead to death, efforts to prevent
fatty liver are needed.

Several dietary components show promise in the preven-
tion or improvement of obesity, one of which is dietary oil
that is rich in diacylglycerols (DG). The present objectives
are to examine the scientific knowledge concerning DG
with n-3 and/or n-6 fatty acids in order to assess evidence
that supports the effect on substrate oxidation rates, body
weight and fat mass, and blood lipids, as well as to elucidate
potential mechanisms of its action. The 1,3-DG oil is
believed to have the ability to increase B-oxidation, enhance
body weight loss, suppress body fat accumulation, and
lower serum triacylglycerol concentration postprandially
[2]. In addition, docosahexaenoic acid (DHA) has attracted
a great deal of attention because of its various physiological
functions within the human body. DHA reduces or inhibits
risk factors that are involved in various diseases such as car-
diovascular diseases [3], and can have a positive effect on
diseases such as hypertension, arthritis, arteriosclerosis and
thrombosis [4].
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Among the animal models, genetically obese Lep®/Lep®
(ob/ob) mice can develop obesity, glucose intolerance, insu-
lin resistance, and fatty livers (excess fat that is deposited in
the liver) due to an inherited deficiency of the appetite-sup-
pressing hormone, leptin [5]. Reflecting the plural activity
of leptin, the 0ob/ob mouse represents a complex model of
obesity-related steatosis. The expanded white adipose tis-
sue (WAT) mass in ob/ob mice promotes adipose tissue lip-
olysis that releases long-chain fatty acids (LCFA). This
event can lead to an increase in circulating LCFA that partly
can be delivered to the liver. In addition, sterol regulatory
element-binding protein (SREBP)-1c is activated and can
accumulate in 0b/ob hepatocyte nuclei that promote fatty
acid synthase activity. The increased hepatic lipid synthesis
and its storage coincide with expanded adipose tissue stor-
age that contributes to hepatic steatosis and obesity [6].

There have been no comparative studies regarding the
effect of n-3 fatty acid enriched diacylglycerol- and triacy-
glycerol-structured lipids (SL-DG and SL-TG), synthesized
based on soybean oil (SO) and algae oil (AO), on obese ani-
mal models. The chemical structure of SL-DG that we
designed would be expected to exert a beneficial effect that
could be attributable to its DG structure itself in addition to
the presence of linolenic acid and DHA. Accordingly, the
effect of SL-DG was compared with SL-TG, which
included approximately the same n-6/n-3 fatty acid ratio in
ameliorating hepatic steatosis. We examined its influence
on hepatic lipid metabolism, such as lipogenesis, fatty acid
oxidation, and cholesterol synthesis. Ob/ob mice were
chosen as they are characterized by hyperphagia, excessive
body weight gain and lipid deposition in hepatic and adi-
pose tissue. Furthermore, we examined its influence on the
mRNA expression of various genes that are involved in hep-
atic lipid metabolism.

2 Materials and methods

2.1 Test oils

Commercially-available SO was used, and AO was pur-
chased from Martek Biosciences Corporation (Columbia,
MD). SL-TG was synthesized by enzymatic interesterifica-
tion with SO and AO [7]. SL-DG was produced by glycerol-
ysis with SL-TG and glycerol catalyzed by lipase. Each test
oil was analyzed for its fatty-acid profile and acylglycerol
moieties, as shown in Table 1.

2.2 Animals and diets

Four-week-old, male ob/ob mice (strain C57BL/6J Lep®®/
Lep®?) were purchased from Jackson Laboratory (Bar Har-
bor, ME). The animals were housed in a room with con-
trolled temperature (20—23°C) and lighting (12-h light/
dark cycles) and they were fed a pelletized commercial non-
purified diet for 1 week after arrival. The mice were then
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Table 1. Acylglycerol and fatty acid composition of test oils
(%)

Soybean Algae SL-TG  SL-DG
oil oil

Acylglycerol species

Triacylglycerol 100 100 100 47.5
1,2-Diacylglycerol  — - - 16.5
1,3-Diacylglycerol  — - - 25.8
Monoacylglycerol  — - - 10.2
Fatty acid

14:0 0.1 13.3 5.1 5.2
16:0 15.0 31.4 20.2 19.2
16:1 0.1 0.6 0.3 0.2
18:0 4.9 0.6 25 23
18:1 28.1 0.7 13.5 15.0
18:2 48.1 0.4 31.1 33.8
18:3 3.7 0.5 3.5 3.6
20:4 - 0.2 0.1 0.1
20:5 - 3.2 1.4 1.3
22:5 - 14.0 6.6 5.9
22:6 - 35.1 15.7 134
SFA 20.0 45.3 27.8 26.7
MUFA 28.2 1.3 13.8 15.2
PUFA 51.8 53.4 55.4 52.7
P/S? 2.6 1.2 2.0 2.0
n-6 48.1 0.6 31.2 33.9
n-3 3.7 52.8 27.2 242
n-6/n-3 13.0 0.0 1.2 14

a) Polyunsaturated fatty acid/saturated fatty acid ratio.

randomly divided into four groups, SO, AO, SL-TG and
SL-DG (n = 10) and provided with experimental diets for
12 weeks. The diets contained (%) casein, 20; fat, 20 (10%
lard and 10% test oil); corn starch, 15; sucrose, 34.8; cellu-
lose, 5; mineral mixture (AIN-76-MX) [8], 3.5; vitamin
mixture (AIN-76-VX) [9], 1; D,L-methionine, 0.3; choline
bitartrate, 0.2; and cholesterol, 0.2. The mice were allowed
free access to food and water. Food consumption and body
weight were measured daily and weekly, respectively. At
the end of the experimental period, the mice were anesthe-
tized with Ketamin-HCl after withholding food for 14 h.
Blood samples were taken from the inferior vena cava in
order to determine the plasma leptin and lipids concentra-
tions. The organs and adipose tissues were removed and
rinsed with physiological saline. All samples were stored at
—70°C until analyzed. The current study protocol was
approved by the Ethics Committee at Kyungpook National
University for animal studies.

2.3 Fat pad weights

Fat pads, including the epididymal WAT, perirenal WAT
and interscapular WAT were dissected from each animal
according to defined anatomical landmarks and the weights
were measured. The fat pads were then immediately frozen
in liquid nitrogen and stored at —70°C.
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2.4 Blood analyses

The plasma cholesterol concentration was determined using
a commercial kit (Sigma Chemical, St. Louis, MO) based
on a modification of the cholesterol oxidase method of
Allain ef al. [10]. The plasma triglyceride concentrations
were measured enzymatically using a kit from Sigma
Chemical, a modification of the lipase-glycerol phosphate
oxidase method [11]. Glucose levels were measured with a
glucose analyzer (Arkra, Japan) using the glucose oxidase
method. Plasma phospholipids and free fatty acid (non-
esterified fatty acid, NEFA) were measured using commer-
cial assay kits (phospholipids B-, NEFA-Wako; Wako Pure
Chemical Industries, Osaka, Japan).

2.5 Hepatic and fecal lipids measurement

The hepatic lipids were extracted using the procedure
developed by Folch et al. [12]. The dried lipid residues were
dissolved in 1 mL of ethanol for cholesterol and triglyceride
assays. Triton X-100 and a sodium cholate solution (in dis-
tilled H,O) were added to 200 pL of the dissolved lipid sol-
ution to produce a final concentration of 5 g/L and 3 mmol/
L, respectively. The hepatic cholesterol, triglyceride, phos-
pholipid and free fatty acids were analyzed with the same
enzymatic kit that was used in plasma analysis.

The feces from each group were collected daily for last
five days and analyzed for lipids, by the method described
previously with slight modifications [12]. Briefly, the feces
were dried and extracted in ice-cold chloroform and metha-
nol (2:1, v/v) for 24 h at 4 C. After centrifugation at 900 x g
for 10 min, the supernatant was collected, dried at 50°C,
and dissolved with ethanol. The cholesterol, triglyceride,
phospholipids and free fatty acid levels of the feces were
estimated using the same method that was used for the liver.

2.6 Enzyme analyses

The livers were prepared according to Hulcher [13] with
slight modifications in order to measure the malic enzyme
(ME), glucose-6-phosphate dehydrogenase (G6PD), phos-
phatidate phosphohydrolase (PAP), carnitine palmitoyl
transferase (CPT), fatty acid PB-oxidation, 3-hydroxy-3-
methylglutaryl-coenzyme (HMG-CoA) reductase, and acyl
CoA:cholesterol acyltransferase (ACAT) activities. ME
activity was measured according to the method of Ochoa
[14] by monitoring the production of NADPH at 340 nm,
where activity was represented by the formation of NADPH
nmol/min/mg protein. G6PD activity was assayed by spec-
trophotometric methods according to the procedures
described by Pitkanen [15], where the activity was
expressed as the reduced NADPH nmol/min/mg protein.
PAP activity was determined using the method of Walton
[16]. CPT activity was analyzed according to the method of
Markwell [17]. The results were expressed as nmol/min/mg
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protein. The fatty acid B-oxidation was determined using
the method of Lazarow [18] by monitoring the reduction of
NAD to NADH at 340 nm, where the activity was expressed
as the reduced NAD nmol/min/mg protein. The HMG-CoA
reductase activity was measured in the microsomes with
[**C]-HMG-CoA as the substrate based on a modification
of the method of Shapiro [19], where the activity was
expressed as the synthesized mevalonate pmol/min/mg pro-
tein. The ACAT activity in the microsomes was determined
by the rate of incorporation of ['*C]-oleoyl-CoA into cho-
lesterol ester fractions, as described by Erickson [20],
where the activity was expressed as the synthesized choles-
teryl oleate pmol/min/mg protein. The protein concentra-
tions were measured according to the method of Bradford
[21] using BSA as the standard.

2.7 RNA extraction and messenger RNA
expression analysis

Total RNA was extracted from liver using TRIZOL reagent
(Invitrogen, Carlsbad, CA) according to the manufacturer's
instructions. The RNA samples were quantified spectro-
photometrically. Complementary DNA was synthesized
using Moloney murine leukemia virus reverse transcriptase
(Fermentas, Burlington, ON, Canada), random hexamers,
deoxyribonucleoside triphosphates, and 5 pg of total RNA.
After first-strand complementary DNA synthesis, the RNA
expression was quantified by a real-time quantitative PCR
using SYBR green PCR reagents (Applied Biosystems,
Foster City, CA) and the SDS7000 sequence-detection sys-
tem (Applied Biosystems). Gene—specific mouse primers
were used for acetyl-CoA carboxylase (ACC),
5'-taaggtcttcetcaccactg—3’ (forward) and 5'—tctcgaatggtatt-
caaagg—3' (reverse); ATP-citrate lyase (ACL), 5'—cagcaag-
cactgtcagaata—3' (forward) and 5’'—ttaaaacttgcattcccttc—3'
(reverse); stearoyl-CoA desaturase-1 (SCD-1), 5'—taagct-
cagtctcactcett—3' (forward) and 5’'—aaaagatttctgcaaaccaa—
3’ (reverse); sterol regulatory element binding protein-1c
(SREBP-1¢), 5'—acagatgtgtctatggaggg—3' (forward) and
5'—aaaagacaaggggctactct—3' (reverse); peroxisome prolif-
erator activated receptor v (PPARY), 5'—agagtctgctgatctge-
gagc—3' (forward) and 5'-ttcctgtcaagatcgeecte—3'
(reverse); fatty acid synthase (FAS) , 5'—gtgaagaagtgtctg-
gactgtgtcat—3' (forward) and 5'—ttttcgetcacgtgcagttta—3’
(reverse) and glyceraldehyde-3-phosphate dehydrogenase
(GAPDH), 5'-tgcagtggcaaagtggagat—3' (forward) and
5'—ttgaatttgccgtgagtgga—3' (reverse). The relative quantita-
tion values were calculated by analyzing the changes in the
SYBR green fluorescence during PCR, according to the
manufacturer's instructions. The C, values obtained were
the threshold cycles at which a statistically significant
increase in SYBR green emission intensity occurred. Using
the 272ACt method, the fold changes were calculated; tran-
scripts of GAPDH were also amplified from the samples in
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Table 2. Comparative effect of soybean oil and algae oil SL on weight of adipose tissue in ob/ob mice?

SO AO SL-TG SL-DG
Initial body weight (g) 32.9:0.8 32.9:0.8 32.5+0.8 32.7+0.9
Final body weight (g) 58.0+1.7 58.0+1.3 59.7+0.9 59.7+1.0
Body weight gain (g/d) 2.2+0.1 2.1:0.1 2.3:0.1 2.1:01
Epididymal WAT (g) 2.7+0.22 3.2:+0.2° 3.0:0.1%® 3.0:0.2%®
Perirenal WAT (g) 3.6+0.12 2.9:0.3° 3.4:+0.1%® 3.3:0.2%
Interscapular WAT (g) 3.4:0.22 3.6+0.3 2.7+0.1° 2.4:0.1°
Total WAT (g) 9.6+0.3% 9.1+ 0.4%® 9.0+ 0.2%® 8.5+0.4°

a) Mean = SEM (n = 10). ®®Means not sharing a common letter are significantly different among groups at p < 0.05 as determined by

a one-way ANOVA test.

Table 3. Comparative effect of soybean oil and algae oil SL on the concentration of plasma, hepatic and fecal lipids in ob/ob mice®

SO AO SL-TG SL-DG
Plasma lipids (mmol/L)
Total cholesterol 9.8+0.52 12.3:0.7° 10.3+0.5° 11.4:0.4%
Triglyceride 1.0£0.12 0.9:0.0%® 1.1:+0.12 0.9+0.0°
Free fatty acid 6.9:0.32 55:0.6° 6.2+0.4% 5.4:0.4°
Phospholipid 9.2+0.3% 9.6+0.32 9.7+0.42 10.6+0.3°
Glucose 14.0:0.4 14.7+1.0 14.0+0.8 14.0:0.6
Hepatic lipids (umol/g)
Cholesterol 382.3:25.02 219.9:+8.2°¢ 310.9:+13.9° 327.2+12.7°
Triglyceride 262.3+11.92 280.1+7.32 229.0+5.5" 202.3:6.6°
Free fatty acid 73.7+1.2 75.2+:2.3 73.1+1.3 74.6+0.9
Phospholipid 209.4+11.22 233.7+18.8% 248.2 + 18.6% 271.6+16.1°
Fecal lipids (umol/g)
Cholesterol 114.6:22.7 106.2+:22.8 107.7+12.6 120.2+:13.7
Triglyceride 445+0.52 44.3+2.02 44.3+4.4° 77.1+14.3°
Free fatty acid 73.3+3.9 70129 75.1+4.4 81.8:+6.1

a) Mean + SEM (n = 10). ®°Means not sharing a common letter are significantly different among groups at p < 0.05 as determined

by a one-way ANOVA test.

order to assure normalized real-time quantitative RT-PCR
detection [22].

2.8 Statistical analysis

All data were presented as mean + SEM. Significant differ-
ences among the groups were determined by a one-way
ANOVA using SPSS. Duncan's multiple-range test was per-
formed if differences were identified between groups at p <
0.05.

3 Results

3.1 Body weight and fat pad weight

No significant differences were observed in initial body
weight, final body weight and body weight gain of the mice
in the four diet groups (SO, AO, SL-TG and SL-DG).

In order to examine the effect of diet on body-fat accu-
mulation, we analyzed the distribution of WAT as shown in
Table 2. There was a significant reduction in the weight of
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the epididymal WAT in the SO group compared with the
AO group, whereas the weight of perirenal WAT was signif-
icantly lower in the AO group than in the SO group. In par-
ticular, the quantity of interscapular WAT, which is nor-
mally detected in higher amounts in the 0b/0b mice com-
pared to the normal mice, was significantly lower in the SL-
TG and SL-DG groups than in the SO and AO group. Over-
all, the total WAT weight was significantly lower only in the
SL-DG group than in the SO group.

3.2 Plasma, hepatic and fecal lipids

The supplementation of SL-DG significantly lowered the
plasma triglyceride level compared to the SL-TG group,
although it did not significantly alter compared to the precur-
sor oil groups (AO and SO). Plasma total cholesterol concen-
tration was significantly higher in the AO group than in the
SO group (Table 3). In the SL-DG group, the plasma free
fatty acid level was significantly lowered, whereas the phos-
pholipid level was significantly elevated compared to the SO
group. The plasma glucose level did not differ among the
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Table 4. Comparative effect of soybean oil and algae oil SL on activities of hepatic G6PD, ME, CPT, B-oxidation, PAP, HMGR and

ACAT in ob/ob mice?

SO AO SL-TG SL-DG
Fatty acid synthesis (nmol/min/mg protein)
G6PD 10.0+ 0.3 8.4:0.1° 8.7:04° 7.5+0.1°¢
ME 32.7+1.72 31.5+24z2 32.9:2.32 23.2:3.2°
Fatty acid oxidation (nmol/min/mg protein)
CPT 21.8+1.6 23.4:0.6 23.8:+1.8 24.6+0.6
-oxidation 31.3:2.32 44.6+0.6° 57.0+1.8¢ 63.9:0.6°
TG synthesis (nmol/min/mg protein)
PAP 19.3:0.4% 17.5+1.1%° 17.3:0.8% 16.3+0.5°
Cholesterol-regulating (umol/min/mg protein)
HMGR 367.9:27.62 297.5+13.5° 390.0+24.6° 304.4+11.2°
ACAT 387.6+:28.32 313.5+:13.8" 286.1+21.1° 266.0+9.3°

a) Mean = SEM (n = 10). ®Means not sharing a common letter are significantly different among groups at p < 0.05 as determined

by a one-way ANOVA test.

groups. Hepatic cholesterol content was significantly lower
in the AO group than in the other groups, however, the two
structured lipid groups (SL-TG and SL-DG) resulted in a sig-
nificant reduction in the hepatic triglyceride content. When
the two structured lipid groups were compared, the hepatic
triglyceride level was significantly lower in the SL-DG
group. In addition, hepatic cholesterol contents were signifi-
cantly lowered in the DHA-containing oil groups (AO, SL-
TG and SL-DG) than DHA-deficient oil group (SO). The
hepatic free fatty acid level did not differ among the groups,
however, similar to plasma, the hepatic phospholipid level
was significantly higher in the SL-DG group than in the SO
and AO groups. Fecal triglyceride was significantly higher
in the SL-DG group than in the other groups, although the
fecal cholesterol and free fatty acid levels did not differ
among the groups.

3.3 Hepatic G6PD, ME, CPT, g-oxidation and PAP
activity

The activity of the hepatic lipogenic enzymes, G6PD, ME
and PAP, were significantly lower in the SL-DG group than
in the SO group (Table 4). Although, the groups exhibited
no significant difference with regard to CPT activity, fatty
acid B-oxidation activity was significantly elevated in the
SL-TG and SL-DG groups than in the SO group.

3.4 Hepatic HMG-CoA reductase and ACAT
activity

Hepatic HMG-CoA reductase activity was significantly
lower in the AO and SL-DG groups than in the SO and SL-
TG groups. Hepatic ACAT activity was significantly lower
in the AO, SL-TG and SL-DG groups by 19, 26 and 31%,
respectively, compared to the SO group (Table 4).
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Figure 1. Comparative effect of soybean oil and algae oil SL
on the hepatic mRNA expression of SREBP-1¢, SCD-1, FAS,
ACL, ACC and PPARYy in ob/ob mice. Mean + SEM (n = 10).
acMeans not sharing a common letter are significantly different
among groups at p <0.05 as determined by a one-way
ANOVA test.

3.5 mRNA expression of hepatic lipid-regulating
enzymes

To elucidate the mechanism by which SL-DG reduces hep-
atic lipid content in 0b/ob mice with fatty liver, the mRNA
levels of the hepatic key lipogenic transcription factors,
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SREBP-1c and PPARYy were examined, along with other
related genes using a real-time PCR analysis (Fig. 1). The
mRNA expression of SREBP-1c was significantly lower in
the SL-TG and SL-DG groups compared to the SO group.
Especially, the SREBP-1c mRNA levels were significantly
reduced in the SL-DG group than SL-TG group. In addi-
tion, the mRNA levels of ACL was lower in the SL-DG
group compared to the SO group. Expression of ACC
mRNA exhibited the lowest level in the SL-DG group
among the groups. Meanwhile PPARY mRNA level was
reduced in the SO, SL-TG and SL-DG groups than AO

group.

4 Discussion

In this study, we observed the effect of dietary SL-DG on
the fatty livers of genetically obese animal model. The
buildup of fat in the liver is regulated by the integrated
activity of cellular enzymes that catalyze lipid uptake, syn-
thesis, oxidation, and export. In addition to genetic factors,
many environmental factors such as diet and toxins can also
modulate fat accumulation. Our results suggest that dietary
DG might be beneficial for ameliorating the hepatic steato-
sis in ob/ob mice. We also observed the lipid-lowering
action of SL-DG with regard to hepatic cholesterol regulat-
ing enzyme activity and body fat pads weight when com-
pared to the SO.

The fatty acid composition of dietary oils markedly
affects the physiologic action of each oil. For instance, diet-
ary n-3 polyunsaturated fatty acid (PUFA) has been
reported to reduce body fat deposition by inducing the
expression of genes that are involved in lipid metabolism
and thermogenesis, thereby increasing total body heat gen-
eration [23]. Thus, certain dietary oils, due to their constitu-
ent fatty acids, show a beneficial effect on lipid metabolism
and therefore on obesity. It seems that DHA can suppress
the development of obesity and hepatic fat accumulation
[24]. In current study, total WAT weights tended to lower in
the n-3 fatty acid containing oil-fed groups (AO and SL-
TG) compared to the n-3 fatty acid deficient oil-fed group
(SO). Especially, we observed that fat deposition was more
efficiently lowered by the ingestion of DHA with the DG
form (SL-DG) than by the TG form (SL-TG). These find-
ings indicate that the molecular species composition of con-
stituent fatty acid and the acylglycerol structure affect the
accumulation of body fat in 0b/0b mice. In fact, the position
of the fatty acid on the glycerol skeleton is responsible for
metabolic differences of DG oil [2]. When comparing DG
and TG oils, studies have reported differential changes in
body compartment volumes and, more specifically, in adi-
pose tissue mass in experimental animals [2, 25].

It has been determined that abnormal patterns of post-
prandial serum lipid levels are related to abdominal obesity
[26]. It is hypothesized that the 1,3-DG is less readily resyn-

© 2008 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

Mol. Nutr. Food Res. 2008, 52, 965—-973

thesized into chylomicrons TG, but directly transported to
the portal vein for B-oxidation. In particular, 1,3-DG, in
contrast to dietary TG, has been associated with positive
physiological results in the areas of weight control, fat dep-
osition, and lipid metabolism [2]. When TG was replaced
by varying amounts of DG, a significant decrease in serum
triglyceride concentration was observed with diets supply-
ing 50% or more of total fatty acids as DG. Accordingly,
plasma triglyceride levels were also significantly lower in
the mice that were fed DG oil (SL-DG) compared to those
fed TG oil (SL-TG group) in the current study. It is possible
that the retarded assembly of chylomicrons and decreased
transport of TG into chylomicrons might be one of the
mechanisms underlying the plasma TG-lowering effect,
and then it could be implicated in a decrease of body fat
mass in the SL-DG group.

Hepatic triglyceride content was significantly lower in
the SL-DG and SL-TG groups. These two structured oils
were prepared by interesterifying SO, which was rich in n-6
fatty acid (almost linoleic acid) and AO rich in n-3 fatty
acid (almost DHA). It is plausible that the improvement of
the n-6/n-3 ratio in the SL-DG and SL-TG groups could be
attributed to preventing an accumulation in hepatic trigly-
cerides. The addition of fish oil ameliorated the hepatic
steatosis induced by a 0.1% cholesterol diet, whereas the
n-6-rich safflower oil did not show the same effect [27].
Despite that both SL-TG and SL-DG contain DHA, the sup-
pression of hepatic triglyceride accumulation was more
prominent in the 0ob/ob mice that were fed the SL-DG diet.
This suggests that additional mechanisms can be responsi-
ble for altering lipid metabolism by SL-DG compared to
the SL-TG. The SL-DG also markedly lowers the activity of
hepatic fatty acid synthesis enzymes, G6PD and ME. These
lipogenic enzymes are involved in supplying NADPH for
fatty acid biosynthesis. Thus, the reduction of hepatic ME
and G6PD activity can limit the availability of the long
chain fatty acids that are required for hepatic triglyceride
synthesis. Changes in hepatic fatty acid biosynthesis also
modify the plasma triglyceride concentration, since it alters
the hepatic triglyceride synthesis and, in turn, this affects
the production of very low-density lipoproteins (VLDL) by
the liver. Interestingly, hepatic fatty acid oxidation enzyme
(B-oxidation) activity also was increased in the DHA-con-
taining oil supplemented groups, AO, SL-TG and SL-DG,
compared to the SO group. The supplement of very long-
chain n-3 PUFA in fish oils lead to enhance hepatic fatty
acid oxidation, diminish triglyceride synthesis, and
decrease VLDL-triglycerides [28]. Increased fatty acid oxi-
dation can result to limit the fatty acid supply which in
available for hepatic triglyceride synthesis. In addition,
reduced hepatic lipogenesis may retard VLDL secretion in
n-3 fatty acid fed animals [29]. In the present study, the SL-
DG group exhibited the lowest activity in hepatic fatty acid
synthesis enzyme, but the highest activity in hepatic fatty
acid oxidation enzyme. Our results imply that the acylgly-
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cerol structure has a significant effect on lipid catabolism
and accumulation in the liver. Murata et al. [30] reported
that increased intake of dietary DG also resulted in elevat-
ing the activity of other hepatic enzymes that are involved
in the B-oxidation pathway, such as CPT, acyl-CoA dehy-
drogenase, acyl-CoA oxidase, enoyl-CoA hydratase,
3-hydroxyacyl-CoA dehydrogenase, and 2,4-dienoyl-CoA
reductase. Furthermore, enzymes involved in fatty acid syn-
thesis, such as fatty acid synthase, G6PD, and ME were
shown to be lower in rats fed DG than in those fed TG for
14 days [30]. Meng et al. [25] examined the inhibitory
effect of 1,3-DG on diet-induced lipid accumulation in the
liver and abdominal adipose tissues of rats. The increase in
hepatic fat accumulation induced by high TG feeding for
21 days was also suppressed when this was replaced with
the same amount of DG containing oils [31]. In the current
study, SL-DG tended to lower PAP activity, a rate-limiting
enzyme in triglyceride synthesis. Furthermore, SL-DG
appeared to facilitate to increase the excretion of triglycer-
ide into the feces. Consequently, the simultaneous action of
SL-DG on the down-regulation of the hepatic lipogenic
enzyme activity and the up-regulation of the hepatic fatty
acid oxidation and the fecal triglyceride excretion all
seemed to contribute to the ameliorating hepatic steatosis in
ob/ob mice.

In addition, not only SL-DG oil lowered hepatic trigly-
ceride levels but also it decreased the cholesterol levels to
higher extent than SO in ob/ob mice. These results were
accompanied by the remarkable inhibition of hepatic cho-
lesterol-regulating enzyme activity. The two key enzymes
involved are HMG-CoA reductase and ACAT, the enzymes
that catalyze the rate-limiting step in cholesterol biosynthe-
sis and esterification, respectively. The present results sug-
gest that SL-DG-fed mice exhibited to lower cholesterol
biosynthesis through the partial inhibition of hepatic HMG-
CoA reductase. The lower ACAT activity with the SL-DG
supplement may have led to less cholesteryl ester being
available for VLDL packing. These results were consistent
with our previous studies that dietary DG intake lowered
the hepatic cholesterol-regulating enzyme, HMG-CoA
reductase and ACAT, activities [32]. Moreover, the suppres-
sion of hepatic HMG-CoA reductase activity, following
intake of DHA by rats, was consistent [33]. Therefore,
inhibition of cholesterol synthesis by DHA seemingly
induced lower hepatic cholesterol content in the SL-DG
groups. Although the underlying mechanism is still not
clear, we suggest that the dietary DG intake attributed to the
reduction of de novo SREBP-1c-mediated cholesterol syn-
thesis.

The present study showed that the structure of acylgly-
cerols as well as the fatty acid composition of dietary oil
affected hepatic lipid metabolism and its related gene
expressions. PUFA are a part of the negative regulators of
hepatic lipogenesis, which is apparently mediated by the
repression of SREBP-1c [34]. SREBP are transcription fac-

© 2008 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

tors involved in the transcription of genes related to choles-
terol and lipid synthesis. The crucial role of SREBP-1c¢ has
been shown by studies, in which deficiency of SREBP-1c¢c
prevented hepatic steatosis in 0b/ob mice, while the overex-
pression of SREBP-1c induced hepatic steatosis [35].
SREBP-1c¢ binds with sterol-regulatory elements in the pro-
moters of many genes including ACL, ACC, FAS, and
SCD-1. PUFA suppress the transcription of many lipogenic
genes. Moreover, n-3 PUFA suppresses triglyceride synthe-
sis, VLDL secretion, and serum triglycerides that are differ-
ent from n-6 PUFA [28]. Kim et al. [36] suggested that the
feeding of fish oil down-regulated hepatic SREBP-1c
mRNA in C57BL/6J mice. DHA is known to suppress hep-
atic fatty acid synthesis by decreasing the levels of mature
SREBP-1¢c and SREBP-1c mRNA. We observed that the
expression of SREBP-1¢ mRNA was up-regulated by feed-
ing SO that was DHA-free oil, whereas it was markedly
suppressed by SL-DG oil in 0b/0b mice. SL-DG also
decreased hepatic triglyceride production in 0b/ob mice.
The mRNA expressions of SREBP-lc and its target
enzymes, FAS, ACL and SCD-1, were also determined.
ACL mRNA expression was suppressed along with
SREBP-1c mRNA in 0b/ob mice by SL-DG although
mRNA expressions of FAS and SCD-1 were not altered sig-
nificantly. This suggests that the SL-DG structure used in
this study potently regulates the hepatic lipogenic pathway
at the transcription level. These results indicate that SL-DG
might be useful in preventing the formation of fatty liver in
obese animals; this effect could be closely related to the
down-regulation of the SREBP-1c mRNA expression as
well as its target genes in the liver.

Similar to SREBP-1c¢, PPARY mediates the development
of hepatic steatosis in the mouse models [37]. PPARY is pre-
dominantly expressed in adipose tissues and to a lesser extent
in many other tissues including the liver. Several murine
models of obesity and diabetes, including ob/ob, A-ZIP, aP2/
DTA, and KKAy, develop fatty livers with high levels of
PPARYy intheliver [37,38]. These results suggest that PPARy
might be implicated in the pathophysiology of fatty liver that
can be observed in animals. Liver PPARY likely increases the
transcription of genes involved in hepatic fatty acid synthesis
(including FAS, ACC, SCD) and fatty acid uptake (including
FAT/CD36, fatty acid translocase) [39]. Thus, it is likely that
liver PPARY contributes to the regulation of lipid synthesis,
transport, and storage within the hepatocytes, causing the
development of hepatic steatosis. In the present study,
PPARY mRNA expression was increased in the AO group
compared to the other groups. Some studies indicate that
PUFA are better activators of PPARY, especially DHA acti-
vates the PPAR [40]. SL-DG significantly lowered the hep-
atic PPARy expression compared to the AO concomitant
with suppression of the hepatic triglyceride accumulation in
ob/ob mice. A decrease in PPARYy expression by SL-DG
feeding seemingly resulted in an improvement of hepatic
steatosis.
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The present investigation is the first study that suggests
benefits of DHA-esterified DG structure. DHA in algae oil
is effective for altering body fat mass and hepatic lipid
metabolizing enzymes activities. Especially, these effects
were more predominant when provided with DG form. In
summary, dietary SL-DG can mediate to lower body fat
mass and hepatic lipid levels in ob/ob mice that were
accompanied by stimulating hepatic lipid metabolizing
enzyme activities. In addition, this functional oil was appa-
rently beneficial for ameliorating the hepatic steatosis in
Lep®® mice via the down-regulation of the hepatic
SREBP-1c and PPARy mRNA expression. The combined
effect of DHA and the structural difference in DG suggests
that structured lipids can be further developed as potent
functional oils that can enhance triglyceride metabolism
and retard fatty liver formation.
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