Available online at www.sciencedirect.com

ScienceDirect Metabolism

Clinical and Experimental

i “: oty b
ELSEVIER Metabolism Clinical and Experimental 57 (2008) 140 — 148

www.elsevier.com/locate/metabol

Nateglinide prevents fatty liver through up-regulation of lipid oxidation
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Abstract

Dyslipidemia and fatty liver are important components of the metabolic syndrome and are the factors most commonly associated with the
development of nonalcoholic fatty liver disease. Delayed and excessive insulin secretion in response to food intake is a key element in the
onset of these risk factors. Nateglinide (NAT) is known to restore early-phase insulin secretion. We assessed the effect of NAT on
postprandial hypertriglyceridemia and fatty liver in type 2 diabetic Goto-Kakizaki (GK) rats. The GK rats fed a high-fat diet containing 30%
beef tallow twice a day were administered either the vehicle alone or NAT (50 mg/kg) before each meal for 12 weeks. Delayed insulin
secretion and an increase of total insulin release were caused by feeding 30% beef tallow to the rats. This diet also induced postprandial
hypertriglyceridemia and increased the hepatic triglyceride content. Treatment with NAT restored early-phase insulin secretion without any
increase of total insulin release and also reduced postprandial hypertriglyceridemia and the hepatic triglyceride content. There was up-
regulation of the hepatic expression of peroxisome proliferators—activated receptor o and its downstream enzymes after 12 weeks of NAT
treatment, as well as normalization of the plasma total ketone body level. Furthermore, NAT also up-regulated hepatic expression of the
adiponectin receptor AdipoR2, although there was no effect on the plasma adiponectin level. These findings indicate that long-term treatment
with NAT prevented the development of fatty liver through the up-regulation of hepatic lipid oxidation pathways. Restoration of early-phase
insulin secretion and suppression of recurrent postprandial hypertriglyceridemia might be involved in these effects of NAT. The present

results may support the use of NAT to prevent the onset and progression of the metabolic syndrome and chronic liver disease.

© 2008 Elsevier Inc. All rights reserved.

1. Introduction

Dyslipidemia and fatty liver are important components of
the metabolic syndrome. Delayed and excessive insulin
secretion combined with loss of early-phase insulin secretion
after food intake is a characteristic pathophysiological
abnormality of patients with type 2 diabetes mellitus or
impaired glucose tolerance, and it plays a key role in the
development of these risk factors along with insulin
resistance [1-3]. In addition, hyperinsulinemia is the
commonest factor associated with the development of
nonalcoholic fatty liver disease [4,5], which is one of the
commonest causes of chronic liver disease. Excessive dietary
fat intake is also involved in the occurrence of these
abnormalities [6]. Therefore, intervention to prevent dysli-
pidemia and fatty liver by restoring early-phase insulin
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secretion may be a potential therapeutic approach for
preventing progression of the metabolic syndrome and
chronic liver disease.

Nateglinide (NAT) is known to restore early-phase
insulin secretion after food intake and also suppresses
postprandial hyperglycemia [7-10]. Uchino et al [8] reported
that NAT enhanced early-phase insulin secretion without
increasing total postprandial insulin release in obese patients
with type 2 diabetes mellitus and also suppressed post-
prandial hyperglycemia. They pointed out that restoration of
early-phase insulin secretion is necessary for the normal-
ization of postprandial hepatic glucose metabolism. In
addition, recent preclinical and clinical studies have shown
that NAT suppresses the postprandial increase of plasma
triglycerides (TG), very low-density lipoprotein (VLDL)
TG, remnant-like particles TG, and remnant-like particles
cholesterol [11-14], whereas such effects were not observed
with glibenclamide or an o-glucosidase inhibitor [11,12].
These findings suggest that restoration of early-phase
insulin secretion is also necessary to improve postprandial
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Table 1
Composition of the experimental diets

SBT 30BT
Casein 20 20
L-Cys, 0.3 0.3
Corn starch 51.75 26.75
a-Starch 132 132
Oil 5 30
Cellulose 5 5
Mineral mix (AIN93) 3.5 35
Vitamin mix (AIN93) 1.0 1.0
Choline bitartrate 0.25 0.25

Weight percentage.

dyslipidemia. However, it is still unclear whether recurrent
postprandial hypertriglyceridemia is a risk factor for the
development of fatty liver and related diseases, and
restoration of early-phase insulin secretion is efficacious
for prevention of hepatic lipid dysmetabolism.

In the present study, we investigated the effect of long-
term NAT therapy on postprandial hypertriglyceridemia and
the hepatic TG content in Goto-Kakizaki (GK) rats fed a
high-fat diet. The GK rats are known to show impaired early-
phase insulin secretion in response to food intake and also
display hepatic insulin resistance [15,16]. We previously
reported that GK rats showed recurrent postprandial
hyperglycemia in the meal-feeding regimen [16,17]. In this
study, the same feeding protocol was adopted, and GK rats
received a high-fat diet for 12 weeks as a model of recurrent
postprandial hypertriglyceridemia. Afterward, the hepatic
TG content and hepatic expression of genes related to lipid
metabolism were assessed after long-term NAT therapy.

2. Materials and methods

2.1. Animals

Male GK rats and Wistar rats were purchased from Clea
Japan (Tokyo, Japan) at 6 weeks of age, and each rat was
housed in a polycarbonate cage with wood chip bedding.
Water was provided ad libitum, and the experimental diet
was provided according to the meal-feeding regimen
described below. The animal room was kept on a 12-hour
light/dark cycle (7:00 AM to 7:00 pm, dark; 7:00 pm to 7:00
AM, light), with a temperature range of 22°C + 1°C and a
relative humidity of 55% + 5% throughout the experi-
mental period.

2.2. Measurements of blood glucose, plasma insulin, plasma
TG, plasma nonesterified fatty acids, plasma total ketone
bodies, and plasma adiponectin

Blood glucose and plasma TG were measured with an
autoanalyzer (Fuji Dri-Chem 5500; Fuji, Tokyo, Japan).
Plasma nonesterified fatty acids (NEFA) were measured by
using a commercial kit (NEFA C; Wako, Tokyo, Japan).
Plasma insulin was measured by enzyme-linked immuno-

sorbent assay (ELISA) (Morinaga insulin ELISA Kkit;
Morinaga, Tokyo, Japan). Plasma total ketone bodies were
measured with a commercial kit (Ketone Test B; Sanwa,
Nagoya, Japan). The plasma adiponectin level was deter-
mined by an ELISA kit (Otsuka adiponectin kit; Otsuka,
Tokushima, Japan). Fractionation of plasma lipids was
performed by agarose gel electrophoresis, and the TG level
in each lipoprotein fraction was determined by TG-specific
staining using the Chol/Trig Combo system (Helena
Laboratories, Saitama, Japan).

2.3. Study protocol

This study was approved by the Animal Care and Use
Committee of Ajinomoto. The rats were trained to consume
their chow within 1 hour, and it was provided twice a day
during the dark period (9:00 AM to 10:00 AM and 3:00 pM to
4:00 p™m), as described previously [16,17]. The animals
were acclimatized to the laboratory condition for 3 weeks.
After this dietary conditioning, the GK rats were divided
into 3 groups. One group was fed a basal diet containing
5% beef tallow (5BT), and the vehicle (0.5% methylcellu-
lose [MC]) was administered by oral gavage twice daily
just before each meal for 12 weeks (SBT/MC group). The
other 2 groups were fed a high-fat diet containing 30% beef
tallow (30BT), and either the vehicle (30BT/MC group) or
50 mg/kg of NAT (30BT/NAT group) was administered by
oral gavage twice daily just before each meal for 12 weeks.
Wistar rats (Wis group) were fed the 5SBT diet, and the
vehicle was administered by oral gavage twice daily just
before each meal for 12 weeks. The composition of each
diet is shown in Table 1. At the end of the study (week 12),
blood was collected from the inferior vena cava during
laparotomy under pentobarbital anesthesia, and plasma
samples were prepared. Afterward, the liver was rapidly
removed, frozen in liquid nitrogen, and stored at —80°C
until analysis.

Table 2

Primer used for real-time quantitative RT-PCR

Genes Primer sequences

PPARo Forward 5’-CTCGTGCAGGTCATCAAGAA-3’
Reverse 5’-CAGCCCTCTTCATCTCCAAG-3’

ACS Forward 5'-GTGAAAGGGGCAAATGTGTT-3'
Reverse 5'-TCGCTCCGCAGGTAGATATT-3’

CPT-1 Forward 5’-AGCCATGGAGGTTGTCTACG-3’
Reverse 5'-GGCTTGTCTCAAGTGCTTCC-3’

SREBPIlc Forward 5’-GCCATGGATTGCACATTTG-3’
Reverse 5'-TGTGTCTCCTGTCTCACCCC-3’

SCD-1 Forward 5’-CTGTTAGCCCAGCCTCACTC-3’
Reverse 5’-TATTAGCAGCCCAGGGAGAA-3’

ME Forward 5’-ACCACGGCTGAGGTCATATC-3’
Reverse 5-TCTTTGTTTTGGGGTTCAGG-3'

AdipoR2 Forward 5’-ACCCACAACCTTGCTTCATC-3’
Reverse 5’-AGAGGGCAGCTCCTGTGATA-3'

B-Actin Forward 5’-CTCCAAGTATCCACGGCATAG-3’
Reverse 5-AAGCAATGCTGTCACCTTCC-3’
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2.4. Measurement of the hepatic TG content

Triglycerides were extracted from the harvested liver
tissue by the chloroform-methanol (2:1, vol/vol) method of
Folch et al [18] and measured enzymatically using a
commercial kit (TG test, Wako).

2.5. Real-time quantitative reverse transcriptase polymerase
chain reaction

Total RNA was extracted from liver samples using an
RNA extraction kit (ISOGEN; Nippon Gene, Tokyo, Japan)
according to the manufacturer’s instructions. Afterward,
complementary DNAs were synthesized by using Super-
script IT Rnase H Reverse Transcriptase and an oligo-dT
primer (Invitrogen, Tokyo, Japan). The resulting comple-
mentary DNAs were amplified by using a SYBR Green
polymerase chain reaction (PCR) kit (Applied Biosystems
Japan, Tokyo, Japan). Quantitative PCR was performed
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using an ABI PRISM 7700 sequence detection system
(Applied Biosystems Japan). The primer sequences for
detecting the target genes are listed in Table 2.

2.6. Statistical analysis

Statistical analysis was performed with StatView version
5.0 software (SAS Institute, Cary, NC). Results are
expressed as the means + SEM. Data between 2 groups
were analyzed by Student 7 test and that among all groups by
1-way analysis of variance, followed by Tukey-Kramer test.
P <.05 was considered to indicate significance.

3. Results
3.1. Effect of NAT treatment on blood parameters

There were no significant differences of daily food
intake between the groups. The total calorie intake of rats
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Fig. 1. Diurnal profiles of blood glucose (A-1, A-2), plasma insulin (B-1, B-2), plasma TG (C-1, C-2), and plasma NEFA (D-1, D-2) in each group. The experimental
diet was given as described in Materials and methods. Either MC or NAT was administered just before each meal. Blood samples were taken from the tail vein at each
time point. The AUC from 8:00 AM to 8:00 pM was calculated and superimposed on the right side of each graph. Data are expressed as the mean + SEM. n = 8.
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Fig. 1 (continued).

fed the 30BT diet was about 1.3-fold greater than that of
rats fed the SBT diet, whereas the total carbohydrate intake
of rats on the 30BT diet was about one half of that in the
SBT/MC group (because the carbohydrate content of 30BT
was about one half of that in 5BT). Fig. 1 shows the
characteristic diurnal changes of blood glucose, plasma
insulin, TG, and NEFA under the meal-feeding regimen.
Although the postprandial blood glucose level of the 30BT/
MC group was lower than that of the SBT/MC group
(Fig. 1A-1, A-2) because the carbohydrate content of the
30BT diet was lower than that of the 5BT diet, NAT
significantly suppressed postprandial hyperglycemia
(Fig. 1A-2 and Fig. 2A, B). The GK rats showed
hyperinsulinemia throughout a day compared with Wistar
rats (Fig. 1B-1), and the peak of insulin secretion after food
intake in the 30BT/MC group was slightly delayed (2 to 3
hours after feeding) compared with that in the SBT/MC
group (1 to 2 hours after feeding) (Fig. 1B-1, B-2).
Furthermore, total insulin secretion from 8:00 AM to 8:00
pM (area under the curve [AUC]insulin 8:00 AM-8:00 pv) Was

significantly increased in the 30BT/MC group after 12
weeks of treatment (37.9 + 5.0 ng-h/mL in week 0 vs
58.7 £ 2.4 ng-h/m in week 12, P < .05). Nateglinide en-
hanced and/or restored the increment of plasma insulin from
baseline during the 1-hour feeding period (Fig. 2C, D), but
did not cause a marked increase of AUC qulin 8:00 AM-8:00 M
after 12 weeks of treatment (44.9 + 5.0 ng-h/mL in week 0
vs 51.8 £ 2.6 ng-h/mL in week 12, not significant). In
addition, the 30BT/MC group showed a recurrent post-
prandial increase of plasma TG at 2 hours after meals
(11:00 am and 5:00 pm) (Fig. 1C-2 and Fig. 2E, F) as well
as an increase of AUCjg.09 am-s:00 rv» Whereas this
significant increase of TG was not observed in the 5BT/
MC group (Fig. 1C-1). Nateglinide also suppressed such
postprandial increase of plasma TG (Fig. 1C-2 and Fig. 2E,
F). The decrease of TG with NAT therapy was mainly at
the origin area and pre-f area on agarose gel electrophor-
esis, which correspond to the chylomicron and VLDL
subfractions, respectively (Fig. 3). Postprandial decrease of
NEFA as seen in the Wis group and the SBT/MC group
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Fig. 2. Increment or decrement of blood glucose (A, B), plasma insulin (C, D), plasma TG (E, F), and plasma NEFA (G, H) from baseline (9:00 AM and 3:00 pm),
at 1 hour after food intake (blood glucose, plasma insulin, and plasma NEFA [A, B, C, D, G, H]), and at 2 hours after food intake (plasma TG [E, F]). The
experimental diet was given as described in Materials and methods. Either MC or NAT was administered just before each meal. Blood samples were taken from

the tail vein just before and at 1 or 2 hours after each meal. Data are expressed as the mean = SEM. n =

8, *P <.05 vs Wis, ¥*P <.01 vs Wis, “P <.05 vs 5BT/MC,

#p <01 vs SBT/MC, P <.05 vs 30BT/MC, P < .01 vs 30BT/MC, Tukey-Kramer test.

(Fig. 1D-1) was diminished in the 30BT/MC group (Fig.
1D-2 and Fig. 2G, H). Nateglinide treatment also restored
such postprandial response of NEFA.

3.2. Organ weights and laboratory data

The body weight and organ weights of the GK rats after
12 weeks of treatment are summarized in Table 3.
Although the GK rats showed lowered body weight and
epididymal fat pad weight compared with the Wistar rats,
the high-fat diet caused an increase of body weight and
epididymal fat pad weight. Nateglinide therapy did not
cause a significant increase of body weight, whereas the
increase of epididymal fat pad weight was unaffected.
Laboratory data are summarized in Table 4. Fasting blood
glucose and fasting plasma insulin in the SBT/MC group
were higher than those in the Wis group, and the 30BT diet
induced further elevation of fasting blood glucose. Fasting
plasma TG in the 30BT/MC group tended to show an
increase in week 12 compared with the SBT/MC group, but
the difference was not significant. Treatment with NAT had
no effect on these parameters.

3.3. Effect of NAT treatment on hepatic TG content and
plasma total ketone bodies

Intake of the 30BT diet for 12 weeks resulted in greater
hepatic accumulation of TG compared with the SBT/MC
group (Fig. 4). In addition, there was a slight decrease of
plasma total ketone bodies in the 30BT/MC group (Fig. 5).
Nateglinide treatment ameliorated the accumulation of TG in
the liver, and total ketone bodies were also normalized in the
30BT/NAT group.

3.4. Hepatic gene expression related to lipid
oxidation pathway

Hepatic expression of peroxisome proliferators—activated
receptor o (PPAR«) was slightly decreased in the 30BT/MC
group compared with the Wis group, but NAT treatment up-
regulated its expression by about 2-fold above the level in the
30BT/MC group (Fig. 6A). In addition, the enzymes acting
downstream of PPARo, such as acyl-coenzyme A oxidase
(ACO) and carnitine palmitoyltransferase 1 (CPT-1), were
up-regulated by NAT treatment (Fig. 6B, C). The expression
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Fig. 3. Changes of plasma TG subfractions (origin area [A] and pre-f3 area [B]) after food intake. Blood samples were taken from the tail vein just before
and 2 hours after feeding, and plasma samples were prepared. Afterward, plasma TG were fractionated and quantified as described in Materials and methods.
Data are expressed as the mean £ SEM. n = 8, *P <.05 vs 30BT/MC, Student ¢ test.

of ACO and CPT-1 was positively correlated with the
expression of PPARa (r = 0.61 with ACO, r = 0.72 with
CPT-1) (Fig. 6B, C). Furthermore, 12 weeks of treatment
with NAT resulted in up-regulation of the hepatic expression
of adiponectin receptor AdipoR2 by about 2-fold above the
level in the 30BT/MC group (Fig. 7A). The plasma
adiponectin level after 12 weeks of treatment was reduced
by the 30BT diet, and NAT had no effect on it (Fig. 7B).

3.5. Hepatic gene expression related to lipogenesis

Regarding the lipogenic pathway, expression of sterol
regulatory element—binding protein 1c (SREBP1c) showed
a marked increase in the GK rats, but there was no
difference between the groups of GK rats (Fig. 8A).
However, NAT treatment suppressed the expression of
stearoyl-coenzyme A desaturase 1 (SCD-1) and malic
enzyme (ME) (Fig. 8B, C).

Table 3
Body weight and organ weights after 12 weeks of treatment

Body weight (g) Epididymal fat pad (g) Liver (g)
Wis 402.5+7.5 34+02 99+0.5
SBT/MC 321.4+46%* 23+0.1% 9.0+0.3
30BT/MC 3521 £57%"F 334017 9.4+03
30BT/NAT 335.1£63% 3.1+02" 89+0.3

Mean + SEM, n = 8.
* P <.01 vs Wis, Tukey-Kramer test.
T P <.01 vs 5BT/MC, Tukey-Kramer test.

4. Discussion

In this study, meal feeding of the 30BT diet did not have a
major impact on the fasting plasma TG level. However, GK
rats fed the 30BT diet twice a day showed marked
postprandial hypertriglyceridemia accompanied by delayed
insulin secretion. Occurrence of fatty liver was also observed
after 12 weeks in the 30BT/MC group. The elevated plasma
TG level after consumption of the 30BT diet was mainly due
to an increase of the chylomicron and VLDL subfractions.
These data suggested that although elevation of fasting
plasma TG levels were modest, recurrent postprandial
hypertriglyceridemia combined with delayed insulin secre-
tion causes hepatic lipid dysmetabolism and increases the
risk of fatty liver.

Table 4
Fasting blood glucose, TG, insulin, and NEFA after 12 weeks of treatment

FBG (mg/dL) TG (mg/dL) Insulin (ng/mL) NEFA (mEq/L)

Wis 1165+ 1.7 157.5+16.0 1.7+£0.2 0.81 +0.04
SBT/MC  151.6+6.0* 107.3+10.0 5.0+05* 0.76 £ 0.10
30BT/MC  164.0+2.6*%7 133.3+19.7 45+03% 0.68 £ 0.05
30BT/NAT 169.5+7.1%7 132.0£16.6 5.1+03% 0.65 + 0.04

After 17 hours of fasting (18 hours after the last dosing), blood samples were
taken from the tail vein. Mean + SEM, n = 8. FBG indicates fasting blood
glucose.

* P <.01 vs Wis, Tukey-Kramer test.

T P <.01 vs 5BT/MC, Tukey-Kramer test.
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It is known that polyunsaturated free fatty acids suppress
lipogenesis by down-regulating SREBP1c expression in the
liver [19]. However, the fat added to the diet used in this
study was beef tallow, and its polyunsaturated free fatty
acid content is known to be very low, whereas the content
of saturated free fatty acids is high. Moreover, hyperinsu-
linemia has been reported to activate lipogenesis through
up-regulation of SREBPIc [20], and the 30BT/MC group
showed a significant increase of diurnal total insulin
secretion by the end of the present study. Therefore, up-
regulation of SREBP1c seemed likely to contribute to the
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Fig. 5. Plasma total ketone body level after 12 weeks of treatment. A blood
sample was obtained after an overnight fast, and plasma total ketone bodies
were measured as described in Materials and methods. Data are expressed as
the mean + SEM. n = 8, %P <.01 vs 30BT/MC, Tukey-Kramer test.
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overnight fast, and plasma adiponectin was measured by ELISA. Data are
expressed as the mean + SEM. n =8, *P <.05 vs Wis, ¥**P <.01 vs Wis, p<
.05 vs SBT/MC, P < 01 vs 30BT/MC, Tukey-Kramer test.
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Fig. 8. Hepatic expression of SREBP1c (A), SCD-1 (B), and ME (C) after
12 weeks of treatment. The liver was excised from each rat, and total RNA
was extracted for quantitative RT-PCR analysis described in Materials and
methods. -Actin was used as the internal control. Data are expressed as the
mean + SEM. n = 8, *P <.05 vs Wis, **P <.01 vs Wis, P <.01 vs SBT/
MC, %P < .01 vs 30BT/MC, Tukey-Kramer test.

development of fatty liver in the 30BT/MC group.
However, from the current results, although a significant
elevation of SREBPIlc expression was seen in GK rats
compared with normal Wistar rats, there was no difference
between the 5BT/MC group and the 30BT/MC group,
despite showing a significant increase of hepatic TG
content in the 30BT/MC group. In addition, NAT treatment
had no effect on hepatic expression of SREBPlc. Never-
theless, the expression of SCD-1 and ME, which are the
enzymes acting downstream of SREBPlc, was down-
regulated by NAT treatment, and hepatic TG content was
decreased. Therefore, suppression of lipogenesis by NAT
treatment might contribute to suppression of the develop-
ment of fatty liver in this model. In the present study,
SREBPIc expression was measured in the fasting state just
before the first meal on the final day of the experiment,
whereas up-regulation or activation of SREBP1c is reported
to be induced by food intake [21]. Therefore, it may be
necessary to measure SREBPlc expression in the post-
prandial or postabsorptive state to clarify the involvement
of lipogenic pathway in the development of fatty liver in
this model.

On the other hand, there was decreased hepatic expression
of PPARa and a lower plasma total ketone body level in the
30BT/MC group. Peroxisome proliferators—activated recep-
tor o regulates the mitochondrial and peroxisomal fatty acid
[B-oxidation systems as well as the microsomal w-oxidation
system. Its defect has been reported to lead to the defect of
hepatic fat utilization as an energy source and lead to
hypoketonemia that has a prominent impact on the
pathogenesis of fatty liver disease [22-25]. In addition,
impairment of hepatic insulin sensitivity has been also
known to be involved in impairment of ketogenesis in the
liver and hepatic TG accumulation [26]. In this study, we
used type 2 diabetic GK rats that show hepatic insulin
resistance [15]. Feeding the high-fat diet to the GK rats
exacerbated hyperinsulinemia and caused a decrease of
hepatic PPARa. Therefore, the decrease of total ketone body
level observed in the 30BT/MC group might be due to the
defect of fat utilization in the liver. In this model, hepatic TG
accumulation was suppressed by NAT treatment along with
up-regulation of PPARa and its downstream enzymes and
with normalization of the plasma total ketone body level.
These data indicated that NAT suppressed hepatic accumula-
tion of TG through up-regulation of lipid oxidation pathway.
Because measurements of gene expression are not the same
as measurements of biologic function, further investigation
might be necessary for confirming the effect of NAT
treatment on lipid oxidation pathway. However, because
positive relationship between the expression of PPARo and
CPT-1 or ACO was observed in the present study,
transcriptional regulation of lipid oxidation pathway by
PPARa might play a critical role for the preventive effect of
NAT on fatty liver. Morita et al [27] reported that 16 weeks of
treatment with NAT led to improvement of histologic
changes in the livers of nonalcoholic fatty liver disease
(nonalcoholic steatohepatitis) patients. Therefore, although
the mechanism by which NAT regulates hepatic expression
of PPARa remains unclear, it might be a potential agent for
use in the prevention of fatty liver disease, such as
nonalcoholic steatohepatitis. There was no acute effect of
NAT on hepatic PPARa expression (data not shown).
Therefore, long-term treatment with NAT may be necessary
for such changes to occur. Suppression of the increase of
total insulin release by restoration of early-phase insulin
secretion might be an important factor for this effect of NAT.
However, we cannot exclude the possibility that NAT
directly regulates hepatic lipid metabolism.

We also found that hepatic expression of AdipoR2 was
unexpectedly up-regulated by NAT treatment. Because this
study was not designed to evaluate the role of adiponectin
receptors in mediating the effects of NAT, it is difficult to
clarify whether the up-regulation of AdipoR2 is involved in
the prevention of fatty liver by NAT treatment. However, it
has been demonstrated that the impairment of adiponectin
signaling pathway is involved in the pathogenesis of fatty
liver disease [28-30]. In the present study, long-term intake
of the 30BT diet lowered the plasma adiponectin level.
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Although NAT treatment had no effect on the plasma
adiponectin level, it might be possible that adiponectin
activity in the liver was enhanced by up-regulation of
AdipoR2 expression. Therefore, activation of the adiponec-
tin signaling pathway might also be involved in the effects of
NAT detected in the present study.

In conclusion, this was the first study to show that long-
term treatment with NAT can prevent the development of
fatty liver through enhancement of lipid oxidation pathway
in the liver in rats with type 2 diabetes mellitus fed a high-fat
diet. Although further investigation is necessary to clarify
whether the current results are also applicable to the
pathophysiological basis of dyslipidemia and fatty liver in
human subjects with type 2 diabetes mellitus, our findings
support the efficacy of NAT for preventing the onset and
progression of fatty liver and related diseases.
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