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Methods and results: We investigated the effects of auraptene, a citrus-derived compound

serving as a PPARa agonist in vitro, on abnormalities in lipid and glucose metabolisms. In

high-fat-diet (HFD)-fed KK-Ay diabetic obese mice, auraptene treatment suppressed hyper-

lipidemia and triglyceride accumulation in the liver and skeletal muscle, and increased the

mRNA expression levels of the PPAR« target genes involved in fatty acid oxidation in the liver

and skeletal muscle. Moreover, the adipocyte size in the auraptene-treated mice was signif-

icantly smaller than that in the control HFD-fed mice resulting in the improvement of HFD-

induced hyperglycemia and abnormalities in glucose tolerance.

Conclusions: These findings indicate that auraptene activates PPARa also in vivo and its

treatment may improve abnormalities in lipid and glucose metabolisms, suggesting that

auraptene is a valuable food-derived compound for managing metabolic disorders.
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1 Introduction [1]. These diseases are due to abnormalities in glucose and

lipid metabolisms. Thus, the normalization of these meta-
Obesity and its related metabolic disorders such as hyper- bolic abnormalities is indispensable for the treatment of
glycemia and hyperlipidemia are serious medical problems obesity and its related disorders. Recently, various drugs

have been widely used for the normalization of such meta-
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tion of the activities of the peroxisome proliferator-activated
receptor (PPAR) [2, 3]. This transcriptional factor is classi-
fied as a nuclear receptor, which is activated by specific
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PPARYy, and PPARS), which show specific ligand depen-
dences and tissue distributions [5]. PPARa is mainly
expressed in the liver and skeletal muscle, whose activation
induces the mRNA expression of several genes involved in
fatty acid (FA) oxidation to reduce circulating lipid level.
Thus, fibrates, which are potent PPAR« agonists, are widely
used as anti-hyperlipidemic drugs [6]. Therefore, it is
generally accepted that the control of PPARa activation is
crucial for hyperlipidemia treatment.

We have identified and characterized many food-derived
compounds that activate PPARa [7-12]. Auraptene is a
citrus-fruit-derived compound mainly present in the peel
[13]. We have reported that this compound stimulates FA
uptake in HepG2 hepatocytes by inducing the mRNA
expressions of FA-oxidation-related genes such as acyl-CoA
synthase (ACS), acyl-CoA oxidase (ACO), and carnitine
palmitoyl transferase-1 (CPT1) [12]. In the present study, we
examined the in vivo effects of auraptene on the develop-
ment of diabetes symptoms in a diabetic obese model,
KK-Ay mouse.

2 Materials and methods
2.1 Chemicals and animals

Auraptene (>98%) was purchased from LKT Lab (MN,
USA). All the other chemicals used were from Sigma (MO,
USA) or Nacalai Tesque (Kyoto, Japan) and guaranteed to be
of reagent or tissue-culture grade.

Four-wk-old male diabetic obese KK-Ay/Ta Jcl mice were
purchased from Nippon CLEA (Osaka, Japan). All the mice
were housed separately at 24+ 1°C under a 12-h light/dark
cycle. High-fat-diet (HFD) consisting of 60% (kcal%) fat was
purchased from Research Diet (MO, USA). After 1wk of
adaptation period, the KK-Ay mice were given HFD-
containing auraptene (0.1 or 0.2%). The number of mice in
each group was eight. A control group fed HFD was pair-fed
with the 0.2% auraptene-treated group. For the oral glucose
tolerance test (OGTT), the mice were fasted for more than
16h before the test and then orally loaded with glucose
(1.5mg/g body weight). Blood samples were collected from
the caudal vein and centrifuged with heparin. The animal
care procedures and methods were approved by the Animal
Care Committee of Kyoto University.

2.2 Determination of biochemical parameters

The plasma levels of glucose, nonesterified FA (NEFA), and
triacylglycerol (TG) were determined by the glucose ClI-test
Wako (Wako, Osaka, Japan), NEFA C-test Wako (Wako), and
triacylglycerol E-test Wako (Wako), respectively, according
to the manufacturer’s protocols. The plasma levels of
insulin, leptin, and adiponectin were determined using the
ultrasensitive rat insulin and mouse leptin kits (Morinaga
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Institute of Biological Science, Kanagawa, Japan) and Quinti-
kine mouse adiponectin kit (R&D Systems, MN, USA),
respectively, according to the manufacturer’s protocols.

2.3 RNA preparation and real-time fluorescence
monitoring RT-PCR analysis

Total RNA was prepared from tissues using Qiazol lysis reagent
(Qiagen, CA, USA) in accordance with manufacturer’s
instructions. By using M-MLYV reverse transcriptase (Invitrogen,
CA, USA), the total RNA was reverse transcribed in accordance
with the manufacturer’s instructions using a thermal cycler
(Takara PCR Thermal Cycler SP: Takara Shuzo Co., Shiga,
Japan). To quantify mRNA expression, real-time RT-PCR was
performed with a LightCycler System (Roche Diagnostics,
Mannheim, Germany) using SYBR Green fluorescence signals,
as described previously [7, 14]. The oligonucleotide primers of
mouse PPAR target genes were designed using a PCR primer
selection program shown in the website of the Virtual Genomic
Center from the GenBank database, as previously described
[8, 9, 12]. To compare the mRNA expression level among the
samples, the copy numbers of all transcripts were divided by
that of mouse 36B4 showing a constant expression level. The
mRNA expression level was represented as the ratio relative to
that of the control in each experiment.

2.4 Statistical analysis

The data were presented as means+ SEM and statistically
analyzed using unpaired t-test, Welch t-test, and one-way
ANOVA when variances were heterogeneous. Differences
were considered significant at p<0.05.

3 Results

3.1 Auraptene suppressed the development of
diabetic symptoms in diabetic obese KK-Ay mice

To examine the effects of auraptene on the development of
diabetic symptoms, 5-wk-old KK-Ay mice were fed with
HFD containing 0.1 or 0.2% auraptene for 4 wk. Auraptene
treatment showed no significant change in body weight
(Table 1). Only the weight of subcutaneous white adipose
tissue (WAT) decreased in the 0.2% auraptene-treated mice,
whereas those of epididymal, mesenteric, and retro-
peritoneal WATSs only tended to decrease. The livers were
relatively enlarged in both the 0.1 and 0.2% auraptene-
treated mice, although the differences were not statistically
significant. Plasma TG level decreased in the auraptene-
treated mice as shown in Fig. 1A, although the level was not
dose-dependent. Plasma NEFA level showed no significant
change at the end of this experiment, as shown in Fig. 1B.
These results suggest that hepatic PPARa is activated
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Table 1. Weights of body, WATSs, and other organs of auraptene-fed mice

HFD HFD+AUR (0.1%) HFD+AUR (0.2%)

Food intake (g/day) 3.974+0.04 4.00+0.02 4.02+0.02
Energy intake (kcal/day) 20.71+0.19 20.90+0.12 20.99+0.12
Body weight (g) 40.304+0.77 40.034+0.42 39.02+0.92
Tissue weight (g)

Subcutaneous 1.31+0.07 0.99+0.04 0.87+0.09
Epididymal 1.84+0.05 1.85+0.07 1.71+0.15
Mesenteric 1.22+0.16 0.97+0.05 0.94+0.05
Retroperitoneal 0.70+0.03 0.69+0.03 0.59+0.05
Total WAT 5.07+0.14 4.50+0.13 4.11+0.27
Skeletal muscle 0.24+0.01 0.24+0.01 0.2340.01
Liver 1.714+0.04 1.75+0.08 1.8440.07
BAT 0.23+0.01 0.20+4+0.01 0.19+0.01
Kidney (g/100 g BW) 0.49+0.01 0.51+0.01 0.54+0.01
Subcutaneous 3.23+0.14 2.50+0.10 2.224+0.19
Epididymal 4.60+0.04 4.65+0.13 4.42+0.25
Mesenteric 3.01+0.39 2.454+0.11 2.39+0.19
Retroperitoneal 1.73+0.05 1.73+0.05 1.514+0.09
Total WAT 12.6+0.19 11.3+0.19 10.5+0.50
Skeletal muscle 0.60+0.01 0.60+0.02 0.58+0.02
Liver 4.28+0.07 4.36+0.23 4.75+0.21
BAT 0.59+0.02 0.51+0.01 0.50+0.01
Kidney 1.24+0.05 1.26+0.01 1.37+0.04

Food intakes, body weights (BW), mesenteric, renal, subcutaneous, and epididymal white adipose tissue (WAT) weights, skeletal muscle,
liver, and kidney weights, and brown adipose tissue (BAT) weights of KK-Ay mice not treated (high-fat diet, HFD; 0%) and treated with
AUR (HFD+AUR 0.1 or 0.2%) for 4wk while on HFD. The values are means+ SEM of 5-6 samples. *p<0.05 and **p<0.01, compared with

each HFD control (0%).
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Figure 1. Serum levels of triglyceride (TG) and free fatty acid
(NEFA). Fasting serum levels of TG (A) and NEFA (B) are shown.
They were measured after 4wk of HFD feeding. The values are
means+SEM of 5-6 samples. *p<0.05, compared with each
vehicle control.

resulting in a decrease in plasma TG level under HFD
feeding.

3.2 Auraptene induced the mRNA expression of
PPAR target genes in the liver

To elucidate the details of the auraptene effects, we

examined TG accumulation and the mRNA expression

levels of PPARa target genes in the liver and skeletal

© 2011 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

muscle. The Oil Red O staining of the liver revealed
that hepatic TG accumulation was suppressed in the
auraptene-treated mice as shown in Fig. 2A-C. TG accu-
mulation in the skeletal muscle was also suppressed in
addition to that of the liver (Fig. 2D and E). Moreover, the
hepatic mRNA expression levels of PPARa target genes
(FAT/CD36, ACS, ACO, and CPTI1) were increased by
auraptene treatment, although the change in ACO mRNA
level was not statistically significant, as shown in Fig. 3.
Similarly, the mRNA expression levels of the same genes in
the skeletal muscle except the FAT/CD36 mRNA level were
also significantly increased by the auraptene treatment
(Fig. 4). These results indicate that auraptene treatment
increases the mRNA expression levels of PPARa target
genes in the liver and skeletal muscle, suggesting that the
induction of PPARa target genes suppresses the HFD-
induced increase in serum TG level and TG accumulation in
the liver and skeletal muscle.

3.3 Auraptene inhibited hypertrophy of adipocytes
induced by HFD

Recently, it has been reported that PPARa activation
improves insulin resistance by enhancing hepatic
lipid metabolism [15, 16]. Thus, to examine the effects of
auraptene on adipose tissues, we measured adipocyte

www.mnf-journal.com
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Figure 2. Triglyceride (TG) accumulation in liver
and skeletal muscle. (A-C) Isolated livers were
fixed in 10% formalin/PBS for more than 24h
and embedded. Liver sections were cut into
10-um-thick sections. The liver sections were
stained with Oil Red O and Mayers's hemat-
oxylin. Bar shown in each photograph, 50 um.
Livers and skeletal muscles were harvested from
the mice treated with or without auraptene. After
lipid extraction, hepatic (D) or skeletal muscular
(E) TG levels were measured by using an enzy-

40

30

20

10
0 1 1
0 | 0.1 |

AUR (%)

matic colorimetric assay. The values are means
+SEM of 5-6 samples. *p<0.05 and **p<0.01,
compared with each control.
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Figure 3. mRNA expression levels of PPARa target genes in liver.
Expression levels of PPAR« target genes: FAT/CD36 (A), ACS (B),
ACO (C), and CPT-1in liver of auraptene-treated KK-Ay mice. The
mRNA expression level of the control was set at 100% and
relative mRNA expression levels were presented as fold induc-
tion with respect to that of the control. The values are mean-
s+ SEM of 5-6 samples. *p<0.05 and **p<0.01, compared with

each control.

size in the WAT

of auraptene-treated mice.

The

auraptene treatment significantly reduced the average size
of adipocytes (Fig. 5) and increased the number of
smaller adipocytes in comparison to that in the case
of the control HFD-fed mice. Because small adipocytes show
high adiponectin expression levels [16], we measured
adiponectin expression level in WAT. As shown in
Fig. 5E, the mRNA expression level of adiponectin in

adipocytes increased

in the auraptene-treated mice,

© 2011 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 4. mRNA expression levels of PPARa target genes in
skeletal muscle. Expression levels of PPAR« target genes: FAT/
CD36 (A), ACS (B), ACO (C), and CPT-1 in skeletal muscle of
auraptene-treated KK-Ay mice. The mRNA expression level of
the control was set at 100% and relative mRNA expression levels
were presented as fold induction with respect to that of the
control. The values are means+SEM of 5-6 samples. *p<0.05

and **p<0.01, compared with each control.

although the plasma adiponectin level only tended to
increase (Fig. GF). Moreover, the auraptene treatment
significantly suppressed the increase in fasting blood
glucose level at the end of the experimental period (Fig. 6A).
A decrease in plasma glucose level was observed during
the experimental period in the 0.2% auraptene-treated
mice (Fig. 6B). OGTT showed good glucose tolerance in
auraptene-treated mice (Fig. 6C). Moreover, plasma insulin
level also decreased with the auraptene treatment, as shown

www.mnf-journal.com
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Figure 5. Adipocyte size and adiponectin expression levels of auraptene-treated mice. (A-C) Histological analyses of epididymal adipose
tissue of KK-Ay mice fed auraptene. Scale bars: 100pum. Adipose tissue sections were cut into 10-um-thick sections.
(D) Size distribution of adipocytes in epididymal fat tissue of KK-Ay mice. Data are means from analyses of five sections from each of the
five mice. (E and F) Expressions of adiponectin at mRNA levels of adipose tissues (E) and at plasma protein levels (F). For mRNA
quantification, the value of the control HFD-fed mice was set at 100 % and the relative value was presented as fold induction with respect

to that of the control HFD-fed mice. The values are means+SEM of 5-6 mice. *p<0.05, compared with control diet-fed mice.

in Fig. 6D. These results indicate that auraptene treatment
suppresses hyperglycemia development in KK-Ay mice
under HFD feeding.

4 Discussion

In the present study, auraptene treatment decreased serum
and hepatic TG levels (82 and 54%, respectively, in the 0.2%
auraptene-treated mice as shown in Figs. 1A and 2D). This
effect is likely to be mediated by the increase in the
mRNA expression levels of PPARa target genes such as
FAT/CD36, ACS, ACO, and CPT1, which are involved
in FA uptake and/or oxidation (Fig. 3). The increase in
PPARa target gene expression level by the auraptene
treatment was observed in PPARa-expressing HepG2
hepatocytes, as demonstrated in our previous study
in which auraptene activates PPAR« in luciferase reporter
assay and induces mRNA expression levels of fatty-acid-
oxidation-related genes including CPT1A, ACO, and ACS
[12]. Moreover, our previous study has demonstrated that
treatment with 0.2% bezafibrate, a potent PPARo. agonist,
decreases plasma and hepatic TG levels (62 and 73%,
respectively) in the same protocol using KK-Ay mice [17]. In

© 2011 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

addition, the auraptene treatment induced the mRNA
expression levels of PPARo target genes in the
skeletal muscle resulting in the suppression of TG accu-
mulation in the skeletal muscle (Figs. 2E and 4), although
the induction levels in the skeletal muscle were lower than
those in the liver. Thus, it is suggested that these regulations
of mRNA expression levels contribute to the decrease in
circulating and accumulated lipid levels in HDF-fed KK-Ay
mice. Finally, although PPARa agonists including fibrates
generally cause the increase in liver weight, auraptene did
not as shown in Table 1. This is a beneficial effect of
auraptene in comparison to other PPARa agonists.

The auraptene treatment also suppressed hyperglycemia
in the HFD-fed KK-Ay mice, as shown in Fig. 6. Many
reports have indicated that PPARa agonists such as fibrates
improve insulin resistance in obese mice [15, 16, 18, 19].
The improvement is thought to be partly mediated by the
suppression of the increase in the number of hypertrophied
adipocytes, which show insulin resistance. In the
present study, the size of adipocytes in the auraptene-treated
mice decreased (Fig. 5). The decrease in the size of adipo-
cytes enhanced the expression level of adiponectin, an
adipocytokine improving insulin resistance in peripheral
tissues [20]. An increase in adiponectin expression was

www.mnf-journal.com
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Figure 6. Plasma glucose and insulin levels of auraptene-treated
mice. (A and B) Fasting blood levels of glucose at end point of
and during experimental period (4 wk). Oral GTT results (C) and
serum insulin levels (D) are also shown. Obese diabetic KK-Ay
mice were fed the control HFD with or without 0.1 or 0.2%
auraptene for 4wk under pair-fed condition. Serum levels of
glucose and insulin were measured by enzymatic colorimetric
assay, as described in Section 2. A protocol of GTT was also
described in Section 2. The values are means + SEM of 5-6 mice.
*p<0.05 and **p<0.01, compared with control diet-fed mice.

observed in both mRNA and protein levels in the auraptene-
fed mice. There are many studies that demonstrated that the
treatment with a PPARa agonist such as fibrates increases
the expression level of adiponectin causing an improvement
in insulin resistance [21, 22], although its mechanism has
not yet been completely elucidated. Moreover, the anti-
diabetic effects of auraptene were confirmed from the
results that the auraptene treatment also improved the
abnormality of glucose tolerance under HFD-fed conditions
(Fig. 6C). Therefore, it can be suggested that auraptene may
be valuable functional food-derived compound for managing
diabetic conditions.

In conclusion, auraptene feeding decreases circulating
lipid level and suppresses lipid accumulation in the
liver and skeletal muscle under HFD feeding. The
effects are likely to be mediated by the increase in
the mRNA expression levels of FA-oxidation-related genes
in the liver and skeletal muscle. In addition, auraptene
treatment also suppresses increases in plasma glucose and
insulin levels and improves the abnormality of glucose
tolerance induced by HFD feeding. These findings suggest
that auraptene improves the abnormalities of lipid and
glucose metabolisms under HFD feeding through PPARa
activation.
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