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Comparison of enzymatically synthesized
inulin, resistant maltodextrin and
clofibrate effects on biomarkers of
metabolic disease in rats fed a high-fat
and high-sucrose (cafeteria) diet

Abstract Background While
naturally occurring inulin has
anti-hyperlipidemic effects in ani-
mals and humans, health effects of
synthetic inulin with different
degrees of fructose polymerization
remain poorly understood. Aim of
the study Our study aimed at
distinguishing health effects of
synthetic inulin with different
degrees of fructose polymerization
(DP) from those of resistant mal-
todextrin and clofibrate. Methods
We examined effects of synthetic
inulin on serum and liver lipid
profiles and blood biochemical
parameters in rats fed a high-fat
and high-sucrose (HF, cafeteria)
diet when compared to resistant
maltodextrin and clofibrate. Re-
sults Treatment with inulin
(average DP = 6-8, 16-17 and 23)
and resistant maltodextrin for
3 weeks reduced the elevation in
liver levels of triacylglycerol and
total cholesterol of rats fed the
cafeteria diet but not the standard
diet. In these groups, inulin
(average DP = 16-17) signifi-
cantly reduced the portal plasma
glucose level. Moreover, the levels
of portal plasma propionate and
circulating serum adiponectin,
which were decreased in cafeteria
rats, recovered to nearly normal
levels after administration of inu-
lin (average DP = 16-17). In

addition, the dietary inulin sup-
pressed elevation in levels of
portal plasma insulin and circu-
lating serum leptin and induction
of acetyl-CoA carboxylase and
fatty acid synthase mRNAs in the
liver of cafeteria rats, consistent
with the reduction of liver lipids.
The dietary inulin and clofibrate
markedly reduced triacylglycerol
levels in serum very low density
lipoprotein (VLDL) and liver and
epididymal adipose tissue weights
of cafeteria rats; the extent of
suppression by the dietary inulin
was higher than that by clofibrate.
No additive or synergistic effect of
the dietary inulin and clofibrate
was found in decrease in circulat-
ing serum VLDL and liver lipid
levels. Conclusion These observa-
tions indicate that the dietary
inulin may prevent the develop-
ment of metabolic disease such as
hyperlipidemia and hyperinsuli-
nemia caused by intake of cafete-
ria diet, in association with
suppression of liver lipogenesis.
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anti-metabolic disease -
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Carbohydrate responsive element-
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3-hydroxy-3-methylglutaryl CoA

proliferator- activated receptor;
SREBP: Sterol regulatory element-
binding protein; wat: White adipose
tissue

reductase:

reductase; PPAR: Peroxisome

Introduction

Inulin is a polysaccharide with S (2-1) linkages
through D-fructoses that are polymerized with a ter-
minal glucose molecule. Inulin is widely distributed
throughout the plant kingdom and exists as a reserve
substance in the tubers or tuberous roots of Astera-
ceae plants such as the dahlia and British inula, as
well as chicory roots [20]. These naturally occurring
molecules have degrees of fructose polymerization
(DP) that vary from 2 to greater than 60 (the average
DP ranges from 32 to 34). In previous studies [21, 22],
we found a microorganism Bacillus sp. 217C-1
expressing a highly efficient enzyme that converts
sucrose into inulin molecules having similar chain-
lengths and structures to plant-origin inulin, and we
developed methods to industrially produce inulin
from sucrose using one of these inulin-producing
enzymes. Although our synthetic inulin had many
similar properties to plant-derived inulin, there was a
marked difference in the polydispersity of the inulin
chain length. Since synthetic inulin has a narrow
range of fructose polymerization, it shows better
solubility in water than plant-derived inulin and a
lower viscosity than Raftiline HP and Raftiline ST
[22].

Naturally occurring inulin and oligofructans are
soluble and fermentable dietary fibers, in contrast to
starch. Inulin and oligofructans are resistant to
hydrolysis by pancreatic amylase and saccharidases
(sucrase, maltase, isomaltase or lactase) in the upper
gastrointestinal tract, reach the large intestine unab-
sorbed, and are utilized as carbohydrate substrates for
the growth of indigenous bifidobacteria [8, 10, 14, 15,
19]. Since synthetic inulin is not hydrolyzed by
digestive enzymes (i.e. z-amylase and amyloglucosi-
dase), it is also considered to reach the large intestine
essentially intact in the same manner as plant-origin
inulin and function as a dietary fiber. The effects of
dietary inulin or inulin-type fructans on carbohydrate
and lipid metabolism and disease risk are considered
to depend on chemical-physical properties such as
solubility in water, viscosity, and fermentability by
microorganisms in the large intestine. Chemical-
physical properties of synthetic inulin depend on the
extent of fructose polymerization. Accordingly, in the
present study, we investigated whether changes in the
degree of fructose polymerization affect health effects

on serum and liver parameters such as lipid profiles,
and glucose, insulin, leptin, and adiponectin levels.
We have reported that high-fat and high-sucrose
(cafeteria) diet modulates expression of liver drug-
metabolizing phase I and II enzymes in rats, leading
to alteration in metabolism of drugs such as acet-
aminophen [13] and induction of liver failure by
phenobarbital and dexamethasone, that is amelio-
rated through modulation of circulating serum and
liver lipid profiles by synthetic inulin [17]. However,
little is known about the mechanism of modulation of
serum and liver lipids by dietary synthetic inulin. In
addition, activation of peroxisome proliferators-acti-
vated receptor o (PPARw), which regulates the tran-
scription of many genes involved in lipid catabolism,
increases fatty acid f-oxidation and reduces the level
of circulating serum lipids [4]. Therefore, in this
study, we examined effects of synthetic inulin on
circulating serum and liver profiles and hepatic
expression of lipid metabolism-related enzyme and
transcription factor genes, when compared to resis-
tant maltodextrin and PPARx agonist clofibrate.

Materials and methods
Chemicals

Inulin (average DP = 16-17; DP range, 5-30) enzy-
matically synthesized from sucrose by an inulin-pro-
ducing enzyme was prepared as previously reported
[22]. Inulin (average DP = 6-8; DP range, 3-16)
(supplemental Fig. 1) was prepared as follows: a 67 %
sucrose solution was added to the inulin-producing
enzyme and incubated in citrate buffer (pH 6.0-7.0) at
65°C for 2 days. The reaction was stopped by heat
treatment at 85°C for 30 min. The reaction mixture
was decolorized with activated charcoal, filtered
through a reverse osmosis membrane to remove low
molecular materials, desalted with ion-exchange resin,
and spray-dried to obtain inulin powder. Inulin from
chicory (average DP = 23, raftiline HP; DP range, 12-
60) and clofibrate were purchased from Sigma-Aldrich
(St. Louis, MO) and resistant maltodextrin (pinefiber
C) obtained by heating and enzyme treatment of po-
tato starch was from Matsutani Chemical Industries
(Itami, Japan). Sweetness of average DP = 6-8 and
16-17 inulins was 0.3-fold and 0.5-fold lower than that
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of sucrose, respectively. The water solubility of aver-
age DP = 6-8 and 16-17 inulins was 50 and 20% (w/
w) at room temperature, respectively. The viscosity of
average DP = 6-8 inulin was similar as that of fruc-
tooligosaccharide, and the viscosity of average DP
= 16-17 inulin was lower than that of raftiline HP and
raftiline ST. The thermal stability order at pH 3 was
raftiline HP > average DP = 16-17 inulin > average
DP = 6-8 inulin and raftiline ST > fructooligosac-
charide. The growth order of Bifidobacterium adoles-
cens was average DP = 6-8 inulin > average DP
= 16-17 inulin and resistant maltodextrine > raftiline
HP (average DP = 23 inulin). Average DP = 6-8 and
16-17 inulins suppressed more strongly the growth of
harmful bacteria such as Clostridium butyricum and
Eubacterium aerofaciens than fructooligosaccharide
(data not shown).

Experimental animals

All studies followed protocols approved by the Insti-
tutional Animal Care and Life Committee, University
of Shizuoka. Male Wistar rats were obtained from Ja-
pan Charles River (Tokyo, Japan) at 6 weeks of age.
Animals were acclimatized for one week prior to the
experiment, housed in stainless-steel hanging cages
with free access to food and water, and maintained on
a 12-h light-dark cycle. All animals were randomly
assigned to the standard diet (SD), 5% inulin or
resistant maltodextrin-supplemented standard diet
(SD + I or P), high-fat and high-sucrose diet (HF,
cafeteria), or 5% inulin or resistant maltodextrin-
supplemented high-fat and high-sucrose diet (cafete-
ria + I or P) for 3 weeks. The cafeteria diet consisted
of 19.7% casein, 1% soybean oil, 10% lard, 4% mineral
mixture, 1% vitamin mixture, 0.15% choline chloride,
0.5% cholesterol, 0.25% sodium cholate, 3.4% cellulose
and 60% sucrose (23.9% lipid, 56.8% carbohydrate
and 19.3% protein [Kk]]), and the SD diet consisted of
23.8% crude protein, 5.1% crude fat, 3.2% crude fiber,
6.1% ash, 54% nitrogen-free extract and 7.8%
humidity (12.9% lipid, 60.4% carbohydrate and 26.7%
protein [kJ]). All rats were weighed three times per
week, and food intake in grams was monitored.
Administration of clofibrate (CFB): After one-
week-consumption of each diet, each diet group was
divided into three subgroups consuming each diet
containing 0, 0.1, and 0.25% clofibrate, and then
continued to consume the diets for another 2 weeks.

Biochemical analyses

Blood and tissue sampling was done between 11:00
and 12:00 AM as described previously [22]. Plasma

glucose concentrations were determined by the
hexokinase method using commercial reagents (R-
Biopharm AG, Darmstadt, Germany). Plasma insulin
was measured using a double antibody radioimmu-
noassay kit specific for rat insulin (Eiken Chemical,
Tokyo, Japan). Serum aspartate aminotransferase
(AST) and alanine aminotransferase (ALT) were
measured using kits from Wako Pure Chemicals
(Osaka, Japan). Serum adiponectin and leptin were
measured using kits from Cyclex (Nagano, Japan) and
Yanaihara Laboratory (Shizuoka, Japan), respectively.
Frozen livers (about 0.5 g) were homogenized in 20
volumes (the SD group) or 100 volumes (the cafeteria
group) of 0.9% NaCl containing 0.1% Triton X-100,
and the concentrations of triacylglycerol, total cho-
lesterol, and nonesterified fatty acid were estimated
enzymatically with kits from Shino Test (Tokyo, Ja-
pan).

Plasma short chain fatty acids were analyzed by
using an HPLC system comprised of a CO-8020
injector, DP-8020 pump, TSKgel OApak-P precolumn
(6.0 mm X 40 mm), TSKgel OApak-A column
(7.8 mm x 300 mm), and a PD-8020 spectrophotom-
eter (TOSOH, Tokyo, Japan) with 0.75 mM H,SO, as
the mobile phase at 0.7 ml/min according to the
manufacturer’s protocol. Detection was performed by
measuring absorption at 207 nm. Portal plasma was
added crotonic acid (3 pg/ml) as internal standard.
Propionic acid and butyric acid were measured
against standards of these short chain fatty acids
according to the manufacturer’s protocol.

Triacylglycerol and total cholesterol levels in ser-
um lipoproteins were determined by a dual detection
HPLC system with two tandem connected TSKgel
Lipopropak XL columns (300 mm X 7.8 mm; TOS-
OH) in Skylight Biotech Inc. (Akita, Japan) [18].

Determination of mRNA levels

Total RNA was prepared from the liver using TRIZOL
reagent (Invitrogen Life Technologies, Carlsbad, CA).
Samples were quantitated by spectrophotometry, and
1 ngoftotal RNA was used to generate cDNA by reverse
transcription (RT) using a Prime Script RT reagent kit
(Takara Bio. Inc., Otsu, Japan) according to the man-
ufacturer’s protocol. cDNA synthesized from 50 ng of
total RNA was subjected to quantitative real-time
polymerase chain reaction (PCR) as described previ-
ously [16] with an 7500 Real Time PCR System (Applied
Biosystems, Foster City, CA) using Premix Ex Taq re-
agent (TaKaRa Bio Inc.) for the TagMan probe method
or SYBR Premix Ex Taq reagent (TaKaRa Bio Inc.) for
the intercalation reaction with SYBR Green I according
to the manufacturer’s specifications. The TaqMan
probes and primers for rat fatty acid synthase (FAS,
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), rat 3-hydroxy-3-methylglutaryl CoA

reductase (HMG-CoA reductase, NM_013134) and rat

f-actin [6], rat carnitine palmitoyltransferase 1 [11]

and rat sterol regulating element-binding protein 1
(SREBP1, AF286470) and rat SREBP2 (XM_216989) [9]
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Values are expressed as the mean * standard error.
The data were analyzed by ANOVA unless otherwise
stated. Fisher’s Protected Least Significant Difference
test was used to determine the significance of differ-

ences among the groups. The level of statistical sig-

nificance was set at P < 0.05.

16-17 inulin con-

sumption for 4 and 12 weeks in the cafeteria group

diet
reduced the rat body weights, while the consumption

ts fed a cafeter
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Effects of fructose polymerization of enzymatically
synthesized inulin on biomarkers of metabolic

d
age DP = 6-8, 16-17, and 23)-supplemented diets

did not vary significantly between groups, intake of
inulin (average DP = 6-8 and 16-17) for 3 weeks
showed a trend toward body weight reduction

in the SD group did not affect them (3). In this
(P < 0.10), but not the weight of rats fed the SD diet
(Table 1). In the liver of cafeteria rats in a 3-week

study, while food efficiency in rats fed inulin (aver-

We have reported that DP

Results

feeding study, dietary inulin (average DP = 6-8, 16-
17, and 23) and resistant maltodextrin suppressed
the elevation of triacylglycerol and total cholesterol
levels (Table 1). There was no significant difference
in liver lipid profiles between inulin and maltodex-
trin. Dietary inulin with average DP = 16-17 sig-
nificantly reduced portal plasma glucose levels in
rats fed not only the cafeteria diet but also the SD
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Fig. 1 Comparison of synthetic inulin
with different degrees of fructose
polymerization and resistant
maltodextrin effects on blood
biomarkers of metabolic disease in SD
and cafeteria rats. Rats were fed SD-,
inulin (I)- or resistant maltodextrin (P)-
supplemented SD (SD + | or P)-,
cafeteria and inulin- or resistant
maltodextrin-supplemented cafeteria
(cafeteria + | or P)-diets for 3 weeks,
and then sacrificed. Values are the
means + SE of 5-9 determinations in
each group. **P < 0.01 for SD + | (16)
rats versus SD rats; *P < 0.10,

*P < 0.5, **"P < 0.001 for cafeteria
rats versus SD rats; P < 0.05,

¥Pp < 0.01, P < 0.001 for

cafeteria + | (16) rats or cafeteria + P
rats versus cafeteria rats. Numbers in
parenthesis show the average degree
of fructose polymerization (6; 6-8, 16;
16-17)
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diet (Fig. 1a). Resistant maltodextrin did not reduce  circulating serum leptin levels in rats, and the die-
the portal plasma glucose level. Intake of the cafe- tary inulin with average DP = 16-17 induced
teria diet elevated portal plasma insulin levels and recovery to near control levels in cafeteria rats
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(Fig. 1b, ¢). In addition, intake of the cafeteria diet
tended to reduce circulating serum adiponectin lev-
els, and the dietary inulin (average DP = 16-17)
recovered to near control levels (Fig. 1d).

Effects of dietary inulin and resistant maltodextrin
on portal plasma short chain fatty acid levels

Inulin-type fructans in the large intestine are
reported to be metabolized by digestive microflora to
produce short-chain fatty acids [8, 10, 14, 15, 19].
We examined whether intake of synthetic inulin
(average DP = 16-17) and resistant maltodextrin
affected portal plasma short chain fatty acid levels in
rats fed standard and cafeteria diet. Rats fed the
cafeteria diet for 3 weeks showed markedly reduced
portal plasma propionate and butyrate levels (Fig. 1
e, f). Dietary inulin (average DP = 16-17) and
resistant maltodextrin tended to increase portal
plasma propionate levels in SD rats and induce
recovery to near control levels in cafeteria rats
(Fig. 1e), although dietary inulin (average DP = 16-
17) and resistant maltodextrin did not affect portal
plasma butyrate levels in SD and cafeteria rats

(Fig. 1f).

Effects of dietary inulin and clofibrate on
biomarkers of metabolic disease in cafeteria rats

Since clofibrate at the concentration of 0.25% but not
0.1% elevated liver weights in SD and cafeteria rats, in
this study, we compared health effects of dietary
inulin (average DP = 16-17) and clofibrate (0.1%).
Dietary inulin and clofibrate reduced the elevation of
liver triacylglycerol levels but not total cholesterol
levels in cafeteria rats (Fig. 2a, ¢, d). The extents of the
reduction in epididymal adipose tissue weights and
liver triacylglycerol levels by the dietary inulin were
higher than those by 0.1% clofibrate (Fig. 2b, c). The
majority of circulating serum lipoprotein triacylglyc-
erol in SD and cafeteria rats was in very low density
lipoprotein (VLDL) (85.2 + 12.7 and 87.9 + 10.2%,
respectively), and VLDL total cholesterol content in
cafeteria rats was high level (79.4 £ 9.5%) among
serum lipoproteins (Fig. 2e, f). Dietary inulin and
clofibrate markedly reduced serum VLDL triacyl-
glycerol levels in SD and cafeteria rats (Fig. 2e). The
extent of suppression by dietary inulin was higher
than by 0.1% clofibrate in cafeteria rats, and the
additive or synergistic suppression by both inulin and
clofibrate was not found. In contrast, the elevated
levels of serum VLDL total cholesterol in cafeteria rats
was reduced by 0.1% clofibrate but not by dietary
inulin (Fig. 2f).

Liver gene expression

Next, in order to investigate the mechanism of anti-
hyperlipidemic effects by dietary inulin, we examined
the effects of inulin (average DP = 16-17) on the
hepatic expression of genes such as HMG-CoA
reductase, acetyl-CoA carboxylase and fatty acid
synthase, that are involved in syntheses of cholesterol
and fatty acid, as well as genes involved in carbohy-
drate and lipid metabolism. Consistent with the in-
crease in serum VLDL and liver triacylglycerol levels,
rats fed the cafeteria diet for 3 weeks showed signif-
icant elevation of acetyl-CoA carboxylase and fatty
acid synthase mRNA levels in the liver (Table 2).
HMG-CoA reductase mRNA level was reduced in the
liver of cafeteria rats (Table 2). Accumulation of
cholesterol in the liver may inhibit the gene tran-
scription (Table 2). Dietary inulin suppressed the
upregulation of acetyl-CoA carboxylase and fatty acid
synthase mRNAs (Table 2). The expression of PPAR«
target gene carnitine palmitoyltransferase la mRNA
in SD and cafeteria rats was not affected by the dietary
inulin (0.99 + 0.15 and 0.45 + 0.12 fold induction)
when compared to rats fed fiber-free diets
(1.00 £ 0.24 and 0.47 £ 0.16 fold induction, respec-
tively), while the levels in rats fed SD, SD + I, cafe-
teria, and cafeteria + I diets tended to be increased by
administration of clofibrate (1.57 = 0.63, 1.29 + 0.23,
0.74 £ 0.10, and 0.72 £ 0.05 fold induction, respec-
tively). These results were consistent with facts that
PPARo mRNA levels were not significantly changed
by intake of the cafeteria diet and inulin in this model
(Table 2). Moreover, dietary inulin did not affect the
expression of PPARy and SREBP2 mRNAs in cafeteria
rats (Table 2). The messenger RNA levels of liver
lipogenesis gene-regulating transcription factors such
as SREBP1 and ChREBP were not significantly in-
creased by intake of the cafeteria diet, but the mRNA
levels of SREBP1 and ChREBP, that are induced by
glucose, were reduced or tended to be reduced by the
dietary inulin, consistent with the decrease in portal
plasma glucose levels (Fig. 1 and Table 2).

Discussion

In a previous study [22], we reported that synthetic
inulin and plant inulin had similar properties for in
vitro fermentation, and that synthetic inulin sup-
pressed the growth of harmful bacteria more strongly
than fructooligosaccharide. However, it has not been
determined whether the effects of synthetic inulin
depend on its physico-chemical properties. In the
present study, in order to investigate whether the
anti-hyperlipidemic effects of inulin are dependent on
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Fig. 2 Comparison of synthetic inulin
(average DP = 16-17) and clofibrate
effects on tissue weights and lipid
profiles in the liver and circulating serum
lipoproteins in SD and cafeteria rats.
Rats (7 weeks of age) were fed SD-,
inulin (I)-supplemented SD (SD + I)-,
cafeteria -, and inulin-supplemented
cafeteria (cafeteria + 1) diets for 1 week,
continued to consume each diet
containing 0, 0.1, and 0.25% (w/w)
clofibrate for another 2 weeks, and then
sacrificed. Values are the means + SE of
4 determinations in each group.

*P < 0.05, **P < 0.01, ***P < 0.001 for
SD + 0.25% clofibrate rats versus SD
control rats, or SD + | + 0.25%
clofibrate rats versus SD + | control rats;
P < 0.001 for cafeteria control rats
versus SD control rats; *P < 0.05,

P < 0.01, P < 0.001 for

cafeteria + 0.1% clofibrate,

cafeteria + 0.25% clofibrate, or
cafeteria + | control rats versus cafeteria
control rats, cafeteria + | + 0.25%
clofibrate rats versus cafeteria + |
control rats, cafeteria + | control or
cafeteria + | + 0.1% clofibrate rats
versus cafeteria 0.1% clofibrate rats

its physico-chemical properties based on its degree of
fructose polymerization, we compared the health ef-
fects of synthetic inulin (average DP = 6-8 and 16-17
inulins) and chicory inulin (average DP = 23) with
those of resistant maltodextrin. In rats fed the cafe-
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teria diet, inulin (5%, average DP = 16-17) reduced
the elevation of serum and liver triacylglycerol levels
(Table 1). Although Levrat et al. [10] reported that
addition of 20%, but not 5 or 10%, chicory inulin to a
similar diet to the standard diet in the present study
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Health benefits of synthetic inulin

Table 2 Liver gene exp-

ression in rats in response Liver gene Fold induction
Itguﬁn“;ﬁ;ﬁlgfﬁggfgg 0 s D+ 1 (16-17) Cafeteria Cafeteria + | (16-17)
dard (SD + 1), high-fat
and  high-sucrose  (HF, b 5 5 5 - 5 s
cafeteria), and inulin-sup- Acetyl-CoA carboxylase 1.00 + 0.18 0.71 £ 0.18 1.89 + 0.21+++ 0.56 + 0.15###
plemented high-fat and Fatty acid synthase 1.00 + 0.12 0.76 + 0.26 5.26 £ 1.30 0.49 £ 0.15
highsucose  (cafete-  HMG CoA reductase 1.00 + 0.16 098 + 022 035 + 0.06"" 0.08 + 0.02
fia + 1) diets Camnitine 1.00 + 0.24 099 + 015 047 + 0.16 045 + 0.12
Palmitoyltransferase la
PPARo 1.00 = 0.14 159 £ 0.23 1.07 £ 0.09 0.77 £ 0.18
PPARy 1.00 £ 0.10 0.67 + 0.15 0.60 + 0.04 0.62 + 0.10
SREBP 1 1.00 + 0.32 0.19 £+ 0.08 1.27 £ 0.16 041 + 0.13%
SREBP 2 1.00 £ 0.30 0.43 + 0.06 0.38 + 0.09 0.09 + 0.02
ChREBP 1.00 £+ 0.23 0.46 + 0.12 0.70 £ 0.10 0.29 £ 0.09

Values are the means + S.E.; n number of animals. Numbers in parenthesis show average degree of fructose polymerization of
synthesized inulin. Fold induction is expressed by taking the control values obtained from SD-fed animals as 1.0. Statistical
significance between treatment groups was determined by ANOVA and Bonferroni’s test.

P < 0.01; TTP < 0.001 for cafeteria-fed animals versus SD-fed animals; *P < 0.01; #¥P < 0.001 for inulin-supplemented

cafeteria-fed animals versus cafeteria-fed animals

decreased the plasma triacylglycerol level, 5% syn-
thetic inulin in the cafeteria diet but not in the SD diet
suppressed the triacylglycerol accumulation in blood
and liver. While there were no differences in the
suppression of liver triacylglycerol or total cholesterol
accumulation among the three types of inulin and
resistant maltodextrin, inulin (average DP = 16-17)
only decreased portal plasma glucose levels in rats fed
the SD and cafeteria diets (Table 1 and Fig. 1). Degree
of fructose polymerization of synthetic inulins is less
than 30, while there are plant-derived inulins with
over than 30 of DP (supplemental Fig. 1). The dif-
ference in portal plasma glucose levels among these
groups may result from differences in chemical and
physical properties including solubility in water, vis-
cosity, and fermentability. As reported previously
[22], inulin (5%, average DP = 16-17) significantly
suppressed the elevation of blood glucose in healthy
subjects after dextrin loading. In addition, it has been
reported that a high-fructose diet (60% fructose w/w)
for 8 weeks can cause hyperinsulinaemia in rats with
elevated plasma insulin and leptin concentrations [7].
As well as the high-fructose diet [7], the high-fat (10%
lard) and high-sucrose (60% sucrose w/w) diet in this
study resulted in increase in portal insulin and cir-
culating serum leptin levels. In addition, whereas
adiponectin increases insulin sensitivity by increasing
fatty acid oxidation in skeletal muscle and suppresses
hepatic glucose production [2, 5], the high-fat and
high-sucrose diet showed a tendency to decrease cir-
culating serum adiponectin levels. The levels of
insulin, leptin, and adiponectin were recovered to
nearly normal levels by intake of synthetic inulin
(average DP = 16-17) (Fig. 1b-d). Accordingly,
inulin with an average DP of 16-17 is likely the most
effective compound in terms of its anti-hyperlipi-
demic and anti-hyperglycemic activities.

In this study, we found that portal plasma propi-
onate levels were markedly reduced in rats fed the
cafeteria diet (Fig. le). Interestingly, propionate is
reported to inhibit fatty acid synthesis in rat hepa-
tocytes [3, 12]. The reduction in propionate levels in
portal blood may be associated with induction of liver
fatty acid synthase. Inulin is fermented by colonic
microflora, and short-chain fatty acids such as ace-
tate, propionate and butyrate are produced and can
be absorbed from the colon [8, 10, 19]. The fact that
propionate absorption is higher than that of butyrate
[10] is consistent with our observations that propio-
nate levels recovered to nearly normal levels and
butyrate levels were remained reduced after dietary
inulin intake (Fig. le, ). Thus, the recovery of portal
plasma propionate levels by dietary inulin could
possibly result in suppression of fatty acid synthesis.
Taken together, these data suggest that a link likely
exists between the modulation of glucose and propi-
onate levels in portal blood by dietary inulin and its
anti-lipogenic effects. The different physical and
biological properties of synthetic and plant-derived
inulins with the different degrees of polymerization
might be associated with the different nutritional ef-
fects.

The mechanism underlying the effect of inulin on
serum and liver lipid accumulation has not been
accurately determined. Since lipid levels of liver and
serum VLDL were markedly reduced, we compared
the hepatic expression of genes involved in carbohy-
drate and lipid metabolism between rats fed SD and
cafeteria diets. As shown in Table 2, mRNA levels of
acetyl-CoA carboxylase and fatty acid synthase, which
regulate de novo lipogenesis, were elevated in the liver
of rats fed the cafeteria diet. Dietary inulin (average
DP = 16-17) reduced the mRNA levels of acetyl-CoA
carboxylase and fatty acid synthase, leading to sup-
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pression of liver fatty acid synthesis. Activation of
PPARo with PPARo agonists has been shown to re-
duce circulating serum lipid levels and suppress fatty
liver formation in humans [1]. Since dietary inulin
did not affect PPARx mRNA levels, we examined
health effects of coadministration with synthetic
inulin and clofibrate in this study. Although clofibrate
reduced circulating serum and liver lipid levels in
cafeteria rats, no additive or synergistic effect of clo-
fibrate on reduction in serum and liver lipid levels by
dietary inulin was found (Fig. 2). The anti-lipogenic
action of synthetic inulin is likely to be more effective
than that of clofibrate (Fig. 2). Transcription factors
SREBP1 and ChREBP, of which the expression is
regulated by glucose, activate genes required for fatty
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acid synthesis. Portal glucose levels were decreased in
SD and cafeteria rats by intake of synthetic inulin and
then hepatic mRNA levels of SREBP1 and ChREBP
tended to be reduced, consistent with suppression in
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fatty acid synthase. Thus SREBP1 and ChREBP may
play a key role in fatty acid synthesis in rats fed the
cafeteria diet, leading to lipid accumulation. Further
studies are required to confirm whether synthetic
inulin can decrease blood glucose and insulin levels
and circulating and liver lipid levels in humans.

Acknowledgments We gratefully acknowledge Satoko Ishikawa,
Tomoaki Fukuyama, Shiho Taniguchi, Akihiro Oumi, and Shuji
Kamata for excellent technical assistance.

. Chitturi S, Farrell GC (2001) Etio-
pathogenesis of nonalcoholic steato-
hepatitis. Semin Liver Dis 21:27-40

. Combs TP, Berg AH, Obici S, Scherer
PE, Rossetti L (2001) Endogenous glu-
cose production is inhibited by the

serum and liver lipid concentrations,
cecal short-chain fatty acid concentra-
tions and fecal lipid excretion in rats. J
Nutr 128:1731-1736

. Kojima M, Nemoto K, Murai U, Yo-

shimura N, Ayabe Y, Degawa M (2002)
Altered gene expression of hepatic
lanosterol 140-demethylase [CYP51] in
lead nitrate-treated rats. Arch Toxicol
76:398-403

Yoshinari K, Sueyoshi T, Nagishi M,
Miwa M (2005) Transcriptional regu-
lation of human UGT1A1 gene expres-
sion: activated glucocorticoid receptor

enhances  constitutive  androstane
receptor/pregnane X receptor-medi-
ated UDP-glucuronosyltransferase 1A1
regulation with glucocorticoid recep-
tor-interacting protein 1. Mol Phar-
macol 67:845-855

adipose-derived protein Acrp30. J Clin 10. Levrat M-A, Remesy C, Demigne C 17. Sugatani J, Wada T, Osabe M, Yama-
Invest 108:1875-1881 (1991) High propionic acid fermenta- kawa K, Yoshinari K, Miwa M (2006)
. Demigne C, Morand C, Levrat MA, tions and mineral accumulation in the Dietary inulin alleviates hepatic stea-
Besson C, Moundras C, Remesy C cecum of rats adapted to different lev- tosis and xenobiotics-induced liver in-
(1995) Effect of propionate on fatty els of inulin. J Nutr 121:1730-1737 jury in rats fed a high-fat and high-
acid and cholesterol synthesis and on 11. Nicot C, Relat J, Woldegiorgis G, Haro D, sucrose diet association with the sup-
acetate metabolism in isolated rat Marrero PF (2002) Pig liver carnitine pression of hepatic cytochrome P450
hepatocytes. Br ] Nutr 74:209-219 palmitoyltransferase: chimera studies and hepatocyte nuclear factor 4o
. Desvergne B, Wahli W (1999) Peroxi- show that both the N- and C-terminal expression. Drug Metab Dispos
some proliferators-activated receptors: regions of the enzyme are important for 34:1677-1687
nuclear control of metabolism. Endocr the unusual high malonyl-CoA sensitiv- 18. Usui S, Hara Y, Hosaki S, Okazaki M
Rev 20:649-688 ity. ] Biol Chem 277:10044-10049 (2002) A new on-line dual enzymatic
. Fruebis J, Tsao TS, Javorschi S, Ebbets- 12. Nishina PM, Freedland RA (1990) Ef- method for simultaneous quantifica-
Reed D, Erickson MR, Yen FT, Bihain fects of propionate on lipid biosynthe- tion of cholesterol and triglycerides in
BE, Lodish HF (2001) Proteolytic sis in isolated rat hepatocytes. J Nutr lipoproteins by HPLC. ] Lipids Res
cleavage product of 30-kDa adipocyte 120:668-673 43:805-814
complement-related protein increases 13. Osabe M, Sugatani ], Fukuyama T, 19. Van de Wiele T, Boon N, Possemiers S,
fatty acid oxidation in muscle and Ikushiro S, Ikara A, Miwa M (2008) Jacobs H, Verstraete W (2007) Inulin-
causes weight loss in mice. Proc Natl Expression of hepatic UDP-glucurono- type fructans of longer degree of poly-
Acad Sci USA 98:2005-3010 syltransferase 1A1 and 1A6 correlated merization exert more pronounced in
. Hirayama T, Honda A, Matsuzaki Y, with increased expression of the nu- vitro prebiotic effects. ] Appl Microbiol
Miyazaki T, Ikegami T, Doy M, Xu G, clear constitutive androstane receptor 102:452-460
Lea M, Salen G (2006) Hypercholes- and peroxisome proliferators-activated 20. Van Loo ], Coussement P, De Leenheer
terolemia in rats with hepatomas: in- receptor a in male rats fed a high-fat L, Hoebregs H, Smits G (1995) On the
creased oxysterols accelarate efflux but and high-sucrose diet. Drug Metab presence of inulin and oligofructose as
do not inhibit biosynthesis of choles- Dispos 36:294-302 natural ingredients in the western diet.
terol. Hepatology 44:602-611 14. Rao AV (1999) Dose-response effects Crit Rev Food Sci Nutr 35:525-552
. Huang B-W, Chiang M-T, Yao H-T, of inulin and oligofructose on intestinal 21. Wada T, Ohguchi M, Iwai Y (2003) A
Chiang W (2004) The effect of high-fat bifidogenesis effects. ] Nutr 129:14425- novel enzyme of Bacillus sp. 217C-11
and high-fructose diets on glucose tol- 14458 that produces inulin from sucrose.
erance and plasma lipid and leptin 15. Raschka L, Daniel H (2005) Mechanisms Biosci Biotechnol Biochem 67:1327-
levels in rats. Diabetes Obes Metab underlying the effects of inulin-type 1334
6:120-126 fructans on calcium absorption in the 22. Wada T, Sugatani J, Terada E, Ohguchi
. Kim M, Shin HK (1998) The water- large intestine of rats. Bone 37:728-735 M, Miwa M (2005) Physicochemical
soluble extract of chicory influences 16. Sugatani J, Nishitani S, Yamakawa K, characterization and biological effects

of inulin enzymatically synthesized
from sucrose. ] Agric Food Chem
53:1246-1253



	Sec1
	Sec2
	Sec3
	Sec4
	Sec5
	Sec6
	Sec7
	Sec8
	Sec9
	Tab1
	Fig1
	Sec10
	Sec11
	Sec12
	Sec13
	Fig2
	Tab2
	Ack
	Bib
	CR1
	CR2
	CR3
	CR4
	CR5
	CR6
	CR7
	CR8
	CR9
	CR10
	CR11
	CR12
	CR13
	CR14
	CR15
	CR16
	CR17
	CR18
	CR19
	CR20
	CR21
	CR22


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /Description <<
    /ENU <>
    /DEU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [5952.756 8418.897]
>> setpagedevice


