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Altered mRNA expression of hepatic lipogenic enzyme and PPAR« in rats
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Abstract

Levan or high molecular P-2,6-linked fructose polymer is produced extracellularly from sucrose-based substrates by bacterial
levansucrase. In the present study, to investigate the effect of levan feeding on serum leptin, hepatic lipogenic enzyme and peroxisome
proliferation-activated receptor (PPAR) « expression in high-fat diet-induced obese rats, 4-week-old Sprague-Dawley male rats were fed
high-fat diet (beef tallow, 40% of calories as fat), and, 6 weeks later, the rats were fed 0%, 1%, 5% or 10% levan-supplemented diets for
4 weeks. Serum leptin and insulin level were dose dependently reduced in levan-supplemented diet-fed rats. The mRNA expressions of
hepatic fatty acid synthase and acetyl CoA carboxylase, which are the key enzymes in fatty acid synthesis, were down-regulated by dietary
levan. However, dietary levan did not affect the gene expression of hepatic malic enzyme, phosphatidate phosphohydrolase and HMG CoA
reductase. Also, the lipogenic enzyme gene expression in the white adipose tissue (WAT) was not affected by the diet treatments. However,
hepatic PPARa mRNA expression was dose dependently up-regulated by dietary levan, whereas PPARvy in the WAT was not changed. The
results suggest that the in vivo hypolipidemic effect of dietary levan, including anti-obesity and lipid-lowering, may result from the inhibition
of lipogenesis and stimulation of lipolysis, accompanied with regulation of hepatic lipogenic enzyme and PPAR«a gene expression.
© 2006 Elsevier Inc. All rights reserved.
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1. Introduction export of lipid are crucial steps linked to adipose tissue lipid
accretion. The decrease in serum triglyceride in animals has
been shown to result from reduction of very low density
lipoprotein—triglyceride secretion and inhibition of hepatic
lipogenesis through the reduction of activity and gene
expression of lipogenic enzymes [4,5]. Additionally, it has
been reported that, with the development of high-fat diet-
induced insulin resistance, which is characterized by
hyperinsulinemia, lipogenesis is elevated in the liver, which
further exacerbates the accumulation of excess visceral fat,
increasing serum free fatty acid levels [6].

Peroxisome proliferation-activated receptors (PPARs) are
transcription factors that have important effects on lipid
homeostasis via regulation of the expression of genes
involved in lipid metabolism. PPAR«a is predominantly
expressed in the liver and regulates the transcription of
% Corresponding author. Tel.: +82 2 450 3760; fax: +82 2 453 3761. genes involved in hepatic fatty acid uptake and oxidation

E-mail address: yoongho@konkuk.ac.kr (Y. Lim). [7], and agonists of PPARa are shown to be anti-hyper-

! The first two authors contributed equally to this study. lipidemic agents [8,9]. PPARY is expressed mainly in white

Disturbances in lipid metabolism are strongly associated
with the development of insulin resistance-related diseases
of the metabolic syndrome, particularly obesity and type 2
diabetes. The etiology of obesity is uncertain; however,
positive energy balance over time is believed to be the
primary cause [1]. It is probable that there are multiple
causes of obesity including dietary fat and genetic factors.
High-fat diet may promote obesity through increased calorie
intake and possibly through diminished efficiency in the
metabolism of fat [2].

Lipid accumulation by adipose tissue depends on plasma
lipid that is derived from hepatic lipogenesis and absorbed
from the diet [3]. Therefore, hepatic lipogenesis and the
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Table 1
Composition of experimental diets (g/kg diet)”

N HF HF-L1 HF-L5 HF-L10
Casein 200 200 200 200 200
DL-Methionine 3 3 3 3 3
Corn starch 150 150 140 100 50
Sucrose 500 345 345 345 345
Cellulose 50 50 50 50 50
Corn oil 50 - - - -
Beef tallow - 205 205 205 205
Mineral mixture® 35 35 35 35 35
Vitamin mixture® 10 10 10 10 10
Choline bitartrate 2 2 2 2 2
Levan - - 10 50 100
Fat % (calories) 11.7 40.0 40.0 40.0 40.0

N, normal diet (AIN-76A diet #100000); HF, high-fat diet
(AIN-76 diet #100496) (Dyets, Bethlehem, PA, USA); HF-LI1, high fat
with 1% levan; HF-L5, high fat with 5% levan; HF-L10, high fat with
10% levan diet.

" AIN-76 Mineral mix (Dyets).

¢ AIN-76 Vitamin mix (Dyets).

adipose tissue (WAT) where its activation stimulates the
expression of genes involved in fatty acid uptake and
storage. Recently, the insulin-sensitizing effects of PPAR<y
agonists have been used clinically for the treatment of type 2
diabetes [10,11]. Consequently, it is generally believed that
the ability of PPAR agonists to up-regulate lipid metabolism
in WAT and liver is central to their insulin-sensitizing
effects [12].

Leptin, the product of the ob gene, is a hormone secreted
by adipocyte [13]. By acting as a satiety factor and
increasing energy expenditure, leptin, which is regulated
by neuropeptide Y (NPY) in the hypothalamus, plays a
major role in body weight homeostasis [3]. When the NPY
level is decreased, leptin increases sympathetic activation,
thermogenesis and metabolic rate [14,15], thereby increas-
ing the energy expenditure and adapting thermogenesis in
brown adipose tissue [16,17].

Levan is found in plants and in the bioproducts of
microorganisms [18,19]. Recently, an enzymatic process to

Table 2

efficiently produce levan has been developed using a
levansucrase (sucrose-6-fructosyltransferase, EC2.4.1.10)
isolated from Zymomonas mobilis [20]. Fructose polymers
such as levan are fermented by gut microflora, which in turn
improves the intestinal microflora and produces short-chain
fatty acids [21]. In animal studies, short-chain fatty acids
produced by bacterial fermentation and absorbed into the
portal blood flow showed an inhibitory effect on hepatic
fatty acid and cholesterol synthesis [22,23].

Recent studies demonstrated that supplementation of
levan was able to decrease adiposity and postprandial
lipidemia in high-fat diet-induced obese rats through
enhancement of the gene expression of uncoupling protein
(UCP) [24,25]. In the present study, in order to more
specifically identify the mechanisms of hypolipidemic
action at the molecular level, we analyzed mRNA expres-
sion of genes involved in lipogenesis and lipid metabolism
in the liver and WAT.

2. Materials and methods
2.1. Experimental animals and sampling procedures

Experiments were performed on 3-week-old Sprague-
Dawley male rats purchased from Central Experimental
Animals (Samtaco, Seoul, South Korea) and housed
individually. Rats were housed in a temperature-controlled
environment with a 12:12-h light/dark cycle. After adapta-
tion for 1 week, rats were weighed, randomly assigned and
fed normal (11.7% fat of total dietary calories) or high-fat
diet (40% fat of total dietary calories). Six weeks later, high-
fat diet-fed rats were randomly grouped into four groups and
assigned to one of the four diets: high fat with 0%, 1%, 5%
or 10% (wt/wt) levan diets for 4 weeks. The composition of
experimental diets is shown in Table 1 [24]. Water and food
were consumed ad libitum. The food intake and body
weight were weighed twice a week, and energy intake was
calculated, based on the caloric value of 1.5 kcal/g of levan,
similar to all the other carbohydrates that are fermented in

Primer sequences used in the quantitative RT-PCR for FAS, ACC, ME, PAP, HMG CoA reductase, HSL, PPARa and PPARYy

Gene Primer sequence Product size (bp)

FAS Forward 5" -GGA AAG CTG AAG GAT CTG TC-3' 435
Reverse 5" -AGG TGT TAG GCT TTA GCA GC-3

ACC Forward 5" -CGG CTT GCA CCT AGT AAA AC-¥ 565
Reverse 5" -AAT CCA CTC GAA GAC CAC TG-3'

ME Forward 5" -ACC CGC ATC TCA ACA AGG AC-3 574
Reverse 5" -CCG CAG CCC AAT ATA CAA GG-3¥

PAP Forward 5" -GGT CCT CGA TGT GAT TTG CG-3¥ 412
Reverse 5" -TGT AGC CAT CGC TGC AGT TG-3'

HMG CoA reductase Forward 5" -CGA TTA GGT CCC CAA AAC GG-3 549
Reverse 5" -CCA GGA TTG TCT TTG CAC GC-3¥'

HSL Forward 5" -CCA GGA AAG AGG GCA AAA GC-3¥ 434
Reverse 5" -AGC GAC TGT GTC ATT GTG CG-¥

PPARa Forward 5" -TTC GTG GAG TCC TGG AAC TG-3' 702
Reverse 5" -TGT CGT ACG CCA GCT TTA GC-3'

PPARYy Forward 5" -CCC ACC AAC TTC GGA ATC AG-3¥ 481

Reverse

5" -GCA AGG CAC TTC TGA AAC CG-3'
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Table 3
Energy intake, weight gain and EER in rats fed experimental diets for 4 weeks*

N HF HF-L1 HF-L5 HF-L10
Energy intake (kcal/day) 116.62+1.91° 101.68+2.58; 125.12+2.403 109.09+2.725° 104.76+3.84%°
Weight gain (g/day) 2.48+0.21% 2.58+0.29¢ 2.77+0.17¢ 1.94i0.16§° 1.61£0.21y
EER**(g/kcal) 0.02140.003° 0.025+0.007¢ 0.022i0.005§‘(‘; 0.018i0.007§§ 0.015£0.003y

* Each value is mean+S.E. for nine rats. Statistical analysis was performed using one-way ANOVA, followed by Duncan’s multiple range test. Values with
different superscript letters are significantly different from each other at P<.05. a—d: Significance between N, HF, HF-L1, HF-L5 and HF-L10. x-z:

Significance between HF, HF-L1, HF-LS5 and HF-L10.
** EER=Dbody weight gain (g/day)/energy intake (kcal/day).

the colon. After 4 weeks of feeding the normal, high-fat or
levan-supplemented high-fat diets, blood was collected from
the portal vein under anesthesia with dietyl ether, and serum
was separated by centrifugation (3000xg, for 15 min at
4°C). After collecting blood samples, liver and epididymal
fat pad were excised immediately, weighed and frozen in
liquid nitrogen. All serum and tissue samples were stored at
—70°C until analysis. All experimental procedures were
conducted strictly in accordance with the ethical guidelines
of Konkuk University.

2.2. Blood analyses

Serum aspartate aminotransferase (AST) and alanine
aminotransferase (ALT) were measured using commercial
kits (Sigma, St. Louis, MO). Serum leptin and insulin were
measured by radioimmunoassay using the Linco leptin
assay kit and insulin assay kit (Linco Research Immunoas-
say, St. Louis, MO), respectively.

2.3. Quantitative RT-PCR for gene expression of hepatic
and adipocytic enzyme analyses

Total RNA was extracted from the liver and epididymal
fat pad with the Trizol reagent (Invitrogen) for analysis of
gene expression of liver and adipose tissue. The yield and
quality of the extracted RNA were assessed by 260/280 nm
optical density ratio and by electrophoresis on 1.5% agarose
gels under denaturing conditions. Reverse transcription (RT)
reaction mixture, containing 2 pg of total RNA, was
denatured for 10 min at 72°C. Reverse transcriptase reaction
in a final volume of 25 pl was then performed for 60 min at
42°C and stopped after 30 min at 75°C. The final
composition of the reaction mixture was as follows:
M-MLV (Promega, Madison, WI) 200 U, dNTP mix (each
2.5 mM) 2 ul, RNasin (Promega) 40 U, oligo(dT) primer
(Invitrogen, Carlsbad, CA) 1 pl.

Polymerase chain reaction (PCR) was performed in a
total volume of 25 ul, containing Taq polymerase (Takara,
Shiga, Japan) 0.125 pl, 10x PCR buffer 2.5 pl, dNTP

(2.5 mM each) mix 2 pl, 10 pmol each of the gene-specific
primers and 10 pmol each of the primers and B-actin (see
Table 2 for primer sequence). Thermal cycling parameters
were as follows: 94°C for 30 s, 58-62°C for 60 s and 72°C
for 60 s, and repeated for 27-35 cycles with an elongation
step of 10 min at 72°C.

The PCR products (7 pl) were resolved in a 1.5% agarose
gel, and the DNA was visualized by ethidium bromide,
using a UV transilluminator, and then photographed. The
level of gene expression was determined as the ratio of
integrated peak area for each individual gene PCR product
relative to that of the coamplified P-actin internal
standard. Values are presented as mean+S.E. of four
individual determinations.

2.4. Statistical analyses

Results are expressed as means*S.E. The significance of
difference between the normal and the high-fat diet group
before levan supplementation was determined by Student’s
t-test. ANOVA and Duncan’s multiple range test were used
to determine the significance of differences after 4 weeks of
levan supplementation. Statistical analyses were carried out
with the SAS program (ver. 8.0 for Windows), and statistical
significance of difference was defined as P<.05.

3. Results

3.1. Energy intake and energy efficiency ratio after levan
supplementation

As shown in Table 3, energy intake in the high-fat diet-
fed rats (101.68+2.58 kcal/day) was lower than in the
normal diet-fed rats (116.62+1.91 kcal/day), but lower
than in the 1% levan-supplemented diet-fed rats (125.12%
2.40 kcal/day). Body weight gain was 2.48%0.21,
2.58+0.29, 2.77+£0.17, 1.94+0.16 and 1.61+0.21 g/day
in normal diet (N), high-fat diet (HF), high-fat diet with 1%
levan (HF-L1), high-fat diet with 5% levan (HF-LS) and

Table 4
Liver weight, serum aspartate aminotransferase (AST) and alanine aminotrasferase (ALT) in rats fed experimental diets for 4 weeks”

N HF HF-L1 HF-L5 HF-L10
Liver weight (g/100 g BW) 2.86+0.07 2.86+0.07 2.93+0.03 2.93+0.09 2.87+0.12
Serum AST (IU/L) 95.14+14.59 108.40+4.62 116.30+21.98 90.224+3.23 94.89+3.02
Serum ALT (IU/L) 43.57+4.45 42.10+£2.82 43.90+6.61 39.78+1.52 41.89+2.58

? Each value is mean+S.E. for nine rats. Statistical analysis was performed using one-way ANOVA, followed by Duncan’s multiple range test ( P <.05).
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Fig. 1. Effect of dietary levan on serum leptin and insulin levels in rats fed
HF diet for 4 weeks. Values are mean=+S.E. (n =9). Different letters indicate
significant difference (P <.05) by Duncan’s multiple range test. a—c:
Significance between N, HF and levan-supplemented HF groups. x-z:
Significance between HF and levan-supplemented HF groups.

high-fat diet with 10% levan (HF-L10), respectively. Body
weight gain was lower in the rats fed 5% or 10% levan-
supplemented high-fat diet than in those fed high-fat or
normal diet alone. Thus, the energy efficiency ratio (EER)
was significantly lowered dose-dependently by dietary
levan. The EER of the high-fat diet-fed rats was higher
than that of normal diet-fed rats; however, it was lowered by
12%, 28% and 40% in 1%, 5% and 10% levan-supple-
mented diet-fed rats, respectively (Table 3).

3.2. Liver weight, serum AST and ALT after levan
supplementation

The range of relative liver weight was 2.86-2.93 g/100 g
body weight, and serum AST and ALT levels were 94.89—
95.14 and 39.78-43.90 IU/L, respectively (Table 4). How-
ever, there was no significant difference between the groups
in relative liver weight, and serum AST and ALT levels.

3.3. Serum leptin and insulin

Serum leptin and insulin levels are presented in Fig. 1. In
accordance with the previous study, serum leptin and
insulin levels in the rats fed high-fat diet were significantly
higher than in the normal diet-fed rats, suggesting the
development of hyperleptinemia and hyperinsulinemia. In
contrast to the high-fat diet-fed rats (5.74+0.77 ng/ml),
those that received 5% (1.67+0.26 ng/ml) and 10%
(1.04£0.26 ng/ml) levan supplementation showed signifi-
cant suppression of elevated serum leptin concentrations by
71% and 82%, respectively (Fig. 1). Furthermore, serum
insulin level was markedly lower in the rats fed 5%
(0.75£0.08 ng/ml) and 10% (0.67£0.13 ng/ml) levan-
supplemented high-fat diet than in the rats fed high-fat diet
alone (1.74£0.40 ng/ml). The suppressing effect of dietary
levan on serum leptin and insulin was dose-dependent. It
should be noted in Fig. 1 that 5% and 10% levan
supplementation restored serum leptin (1.58£0.26 ng/ml)
and insulin (0.67%0.13 ng/ml) levels to normal.
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3.4. mRNA expression of lipogenic enzymes and PPAR in
liver and WAT

The effects of dietary levan supplementation on mRNA
levels of genes involved in lipid metabolism in the liver
and WAT (epididymal fat pad) were examined by quanti-
tative RT-PCR: the mRNA expressions of three key
lipogenic enzymes [fatty acid synthetase (FAS), acetyl CoA
carboxylase (ACC) and malic enzyme (ME)]; phosphati-
date phosphohydrolase (PAP), a key enzyme controlling
fatty acid esterification; P-hydroxy-p-methylglutaryl-CoA
(HMG CoA reductase), the key enzyme in cholesterol
synthesis; and hormone-sensitive lipase (HSL). Further-
more, the mRNA expression of the transcriptional control-
ling factor in lipid metabolism, PPARs, was measured,
such as PPARa in liver and PPARYy in WAT (Table 4;
Figs. 2 and 3).

Hepatic mRNA levels of FAS were significantly lower in
HF-L1, HF-L5 and HF-L10 rats than in those fed high-fat
diet alone by 61%, 54% and 61%, respectively, and hepatic
ACC mRNA level was lower in HF-L1, HF-L5 and HF-L10
rats than in those fed high-fat diet alone by 38%, 20% and
33%, respectively. There was no significant difference in
the mRNA levels of ME, PAP and HMG CoA reductase in
the liver between the experimental groups.

The mRNA expression of PPAR« in the liver was higher
in the HF-L1, HF-L5 and HF-L10 rats than in the rats fed
high-fat diet alone by 3%, 21% and 44%, respectively,
which was dose-dependent (Fig. 2). In WAT, however,
the mRNA levels of lipogenic enzyme, HSL and PPAR<y
were not statistically different among the experimental

groups (Fig. 3).

4. Discussion

In the present study, we observed a reduction in the
mRNA expression of FAS, ACC and PPAR« in the liver of
obese rats with levan diet supplementation, concomitant
with a decrease in leptin and insulin levels, which were
significantly correlated with a decrease in free fatty acid
level. On the other hand, although the rats lost fat mass, the
change in the mRNA levels of lipogenic enzyme, HSL and
PPARYy expression in WAT was not associated with the
degree of fat mass loss.

There is increasing evidence that serum leptin level is
correlated with percentages of body fat and adiposity [26]. In
addition, obese humans and rats are insensitive to endoge-
nous leptin production, leptin resistance [27] and increase in
leptin resistance by high-fat diet-induced obesity [28]. Our
recent studies showed that levan supplementation in high-fat
diet reduced the adiposity and serum lipid by increasing UCP
gene expression [24,25]. In the present result, in consistency
with the above reports, the levan supplementation was found
to suppress body fat development and adipocyte hypertro-
phy, resulting in decreased leptin production and secretion.
Since there is a strong link between leptin and insulin in the
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Fig. 2. mRNA expressions of hepatic enzymes and PPAR« in rats fed experimental diets for 4 weeks. Quantitative RT-PCR was used for the mRNA
determination. Levels of mRNA were calculated as percentage values of the N diet group. Values are mean+S.E. (n =4). Different letters indicate significant
difference ( P <.05) by Duncan’s multiple range test. a—c: Significance between N, HF and levan-supplemented HF groups. x—z: Significance between HF and

levan-supplemented HF groups.

long-term regulation of energy homeostasis [29], it is quite
possible that dietary levan modifies the kinetics of absorp-
tion of dietary carbohydrates, leading to modifications of
both serum glucose and insulin, analogous to fermentable
dietary fibers such as pectin.

Postprandial insulin was significantly lower and in
hepatic lipogenesis was strongly inhibited in high-fat diet-
fed rats, when fructan was added to the diet [30]. Consistent
with the report, 1-10% of levan supplementation markedly
suppressed the hyperinsulinemia induced by high-fat diet
(Fig. 1), thereby suppressing hepatic lipogenesis and excess
body fat development accompanied by decreased serum
free fatty acid.

In order to understand the putative atherogenic role of
hyperlipidemia in humans, it is essential to elucidate the

mechanism involved in levan-treated rats after a fat load.
However, the mechanism by which such nondigestible
carbohydrate as levan modulates systemic lipid metabo-
lism remains unknown. One of the mechanisms might be
related to the fermentation in the ceco-colon. Yamamoto
et al. [31] reported that the levan in their study was not
fermented; however, the levan used in the present study
was fermented by bifidobacteria in the colon, and short-
chain fatty acids were produced [32,33]. It should be
noted that short-chain fatty acids such as acetate and
propionate are end products of bacterial fermentation of
fructans, which reach the liver through the portal vein,
and that acetate is a lipogenic substrate, and propionate
is an effective inhibitor of lipid synthesis in isolated
hepatocytes [34].
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Considering these findings, the hypotriglyceridaemic
effect of levan seems likely to be due to the decrease of
hepatic synthesis of triglycerides. Indeed, triglyceride
synthesis and secretion from acetate were significantly
reduced in hepatocytes isolated [4] from oligofructosesac-
charide (OFS)-fed rats, and the inulin supplementation
reduced hepatic lipogenesis and plasma triglyceride con-
centrations in humans [35]. In this study, the expression of
lipogenic enzymes, FAS and ACC, was found to be low in
the liver of levan-fed rats compared to rats fed high-fat diet
without levan, in accordance with the robust decrease of
FAS mRNA observed in the liver of OFS-fed Wistar rats
[36]. In this study, the expression of the enzyme, which
drives the esterification pathway (PAP, which converts
phosphatidate to diacylglycerol, the common intermediate

for phospholipid and triglyceride biosynthesis), was not
changed by the levan treatment. These results suggest that
levan decreased the hepatic triglyceride synthesis through
fatty acid synthesis, but not esterification pathway. Howev-
er, Delzenne and Kok [36] reported that the activity of all
lipogenic enzymes, including FAS, ACC, carnitine palmi-
toyltransferase, ME, glucose 6-phophate dehydrogenase and
PAP, was reduced in OFS-fed rats. In obese Zucker rats,
when 10% OFS was added to the diet, the only significant
change was a lower activity of ME, whereas FAS and PAP
activity and FAS mRNA were not different [14].

The present study showed that the PPARa mRNA
expression was dose-dependently up-regulated by levan
supplementation. Since the fatty acid oxidation in the liver is
regulated by the PPARa [37], one possible mechanism in
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the triglyceride-lowering effects of levan may be multiple
inductions of intra- and extracellular fatty acid catabolism
and utilization pathways (e.g., induction of fatty acid
B-oxidation and triglyceride hydrolysis), by up-regulation
of PPARa gene expression. The induction of lipid catabo-
lism potently suppressed body fat development.

We conclusively demonstrated that levan supplementa-
tion was beneficial for the suppression of high-fat diet-
induced obesity, accompanied by activation of lipid
metabolism and suppression of lipogenesis in the liver.
These hypolipidemic effects are probably due to decreased
lipogenic enzyme expression, resulting from the action of
short-chain fatty acids produced by levan fermentation and
reduced insulinemia. The precise molecular mechanism by
which levan stimulates lipid metabolism is unclear at
present. Further studies are needed to elucidate the detailed
interrelationship between levan feeding, energy and lipid
metabolism, and neuropeptide-related food intake.
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