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Peroxisome proliferator-activated receptors (PPARs) have been considered as desirable targets for meta-
bolic syndrome treatments, even though their specific agonists have several side effects, including body
weight gain, edema, and tissue failure. The effects of amorphastilbol (APH) on glucose- and lipid metab-
olism were investigated with in vitro 3T3-L1 adipocyte systems and in vivo db/db mice model. APH selec-
tively stimulates the transcriptional activities of both PPARa and PPARc, which are able to enhance fatty
acid oxidation and glucose utilization. Furthermore, APH improves glucose and lipid impairment in db/db
mice. More importantly, there are no significant side effects, such as weight gain or hepatomegaly, in
APH-treated animals, implying that APH do not adversely affect liver or lipid metabolism. All our data
suggest that APH can be used as potential therapeutic agents against type 2 diabetes and related meta-
bolic disorders, including obesity, by enhancing glucose and lipid metabolism.

� 2013 Elsevier Inc. All rights reserved.
1. Introduction

Type 2 diabetes mellitus (T2DM), which accounts for more than
90% of diabetes cases, is a common metabolic disease that is char-
acterized by the resistance of target tissues to insulin stimulation
[1]. T2DM is usually associated with hyperglycemia, dyslipidemia,
obesity, hypertension, fatty liver disease, atherosclerosis, certain
cancers, and cardiovascular diseases [2]. Multiple defects in intra-
cellular events, including an impairment of the insulin signaling
axis, diminished glucose metabolism and reduced glycogen syn-
thesis, contribute to insulin resistance [3,4]. T2DM patients also
manifest adipocyte resistance to the antilipolytic effects of insulin
[5], and the resulting increase in concentration of the plasma free
fatty acid impairs insulin secretion [6,7] and aggravates insulin
resistance in liver and muscle tissues [8,9].

Currently, relieving the insulin resistance has been considered
to be an approach to treating T2DM [10]. Thiazolidinediones and
fibrate drugs are some of the most commonly used medications
in the treatment of T2DM, hyperlipidemia and insulin resistance.
These drugs bind to and activate peroxisome proliferator-activated
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receptors (PPARs), which results in the upregulation of several
genes involved in glucose and lipid metabolism [11]. The PPAR
family consists of three isoforms, PPARa, PPARb/d, and PPARc
[12]. PPARc, mainly expressed in adipose tissue and vascular tis-
sue/macrophages [13] and present in muscle and b cells in low
abundance [14], affects genes involved in lipid synthesis and stor-
age and glucose homeostasis. PPARc agonists, such as thiazolidin-
ediones including rosiglitazone and pioglitazone, control
mobilization of lipid into adipocytes by promoting adipogenesis
and inducing the expression of such lipid transport genes as adipo-
cyte fatty acid-binding protein (aP2), thereby reducing lipotoxicity
[15,16]. However, several concerns, such as the weight gain associ-
ated with increased excess fat, arise in T2DM patients [17]. Accu-
mulating evidence indicates that the activation of PPARa,
predominantly expressed in the liver [18], would stimulate lipid
consumption by enhancing the expression of fatty acid oxidation
genes, resulting in the amelioration of hyperlipidemia. PPARa ago-
nists, such as fenofibrate (used to treat hyperlipidemia and cardio-
vascular disease), have potent effects on the reduction of plasma
triglycerides [19]. Due to the distinct metabolic effects of PPARa
and PPARc agonists on insulin sensitivity and lipid metabolism,
development of novel drugs has focused on dual PPARs that pos-
sess PPARc and PPARa activities. It has been proposed that the
simultaneous activation of PPARa and PPARc would guarantee
more desirable effects with alleviated adverse effects [20,21].
Many PPARa/c dual agonists have been identified and tested in ob-
ese and insulin-resistant individuals; however, most of these drugs
have shown unexpected side effects, including weight gain, heart
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failure, renal failure, urinary cancer and anemia [22,23]. Therefore,
the development of novel PPARa/c dual agonists with few adverse
effects is in urgent need.

Recent our report shows that amorphastilbol (APH) from Amor-
pha fruticosa stimulates transcriptional activities of PPARa/c [24],
however, its effect is not evaluated in vivo. In the present study,
we explored the pharmacological properties of APH on glucose
and lipid metabolisms in vivo. APH is able to activate PPARa and
PPARc directly, leading to the amelioration of glucose and lipid
abnormalities. Furthermore, in obese and diabetic db/db mouse
models, APH improved the abnormalities in glucose and lipid
metabolism without exhibiting the previously reported side effects
of other PPARc agonists, such as weight gain, hepatomegaly, and
hepatotoxicity. Collectively, these data suggest that APH can be po-
tential therapeutic agents for T2DM, obesity, and lipid dysregula-
tion through PPARa/c dual activation.

2. Materials and methods

2.1. Cell culture and reagents

CV-1 and 3T3-L1 cells were obtained from ATCC and cultured in
Dulbecco’s modified Eagle’s medium (DMEM; Invitrogen, Carlsbad,
CA) supplemented with 10% fetal bovine serum (FBS; HyClone Lab-
oratories, Logan, UT) and 1% penicillin/streptomycin (Invitrogen).
HepG2 cells were purchased from ATCC and cultured in Minimum
Essential Medium with Earle’s Balanced Salts (MEM/EBSS), supple-
mented with 10% FBS, 1% penicillin/streptomycin, 1X non-essential
amino acid (WelGENE, Daegu, Korea) and 1 mM sodium pyruvate
(WelGENE) at 37 �C with 5% CO2 in air. Amorphastilbol (APH)
was synthesized by Dr. J. Ham (Korea Institute of Science and Tech-
nology [KIST] Gangneung Institute) for in vivo study [24]. Rosiglit-
azone, troglitazone, tesaglitazar, and WY14643 were purchased
from Sigma–Aldrich Co. (St Louis, MO), and GW501516 was pur-
chased from Santa Cruz Inc. (Santa Cruz, CA).

2.2. Cell-based transactivation assay and adipocyte differentiation

Transactivation assay for PPARs was measured by reporter gene
(PPRE-luciferase plasmid) analysis, and adipocyte differentiation
was measured by oil-red O staining as described previously [25].

2.3. Ligand binding assay

The LanthaScreen™ TR-FRET PPAR competitive binding assay
(Invitrogen) was performed according to the manufacturer’s
instructions [24].

2.4. Measurement of glycerol-3-phosphate dehydrogenase (GPDH)
activity

After treatment, differentiated 3T3-L1 adipocytes were rinsed
twice with PBS, scraped into 200 ll enzyme extraction buffer (pro-
vided by a kit, Takara MK426) and sonicated. The GPDH activity
was determined according to the decreases in the NADH activity
by measuring the decrease in the absorbance at 340 nm, according
to the manufacturer’s protocol.

2.5. Gene expression analysis

Total RNA was isolated from 3T3-L1 adipocytes or tissue using
the TRIzol reagent (Invitrogen) according to the manufacturer’s
instructions. The RNA concentration of each sample was deter-
mined by spectrophotometry at 260 nm; the integrity of each
RNA sample was evaluated using the Agilent 2100 BioAnalyzer
(Agilent Technologies, SantaClara, CA). cDNA synthesis was per-
formed using 1 lg of total RNA in 20 ll with random primers
and Superscript II reverse transcriptase. Quantitative real-time
PCR (Q-PCR) analyses were performed with SYBR green fluorescent
dye using the 7500 Real-Time PCR System (Applied Biosystem, Fos-
ter City, CA). Data analyses were performed using 7500 System SDS
software version 1.3.1 (Applied Biosystem). The sequences of the
primers used in this study are described in Supplementary Table 1.

2.6. Animal experiments

All of the experiments were performed according to the proce-
dures approved by the KIST’s Institutional Animal Care and Use
Committee. Seven week-old male C57BLKS/J lar-Lepdb/db mice were
purchased from the Shizuoka Laboratory Animal Center (Japan).
The mice were housed under conditions of 23 ± 2 �C and 55 ± 5%
humidity with standard light cycles (12 h light/dark). The mice
were orally administered 4 mg/kg rosiglitazone, 1 mg/kg tesaglita-
zar or 20 mg/kg APH once a day for 8 weeks prior to the gene
expression or blood biomarker analyses. For glucose-tolerance
tests, 7 week mice were orally administered 4 mg/kg rosiglitazone,
1 mg/kg tesaglitazar or 20 mg/kg APH once a day for 8 weeks and
fasted overnight before the oral administration of 2 g/kg D-glucose.
Glucose was measured by tail vein bleeds at the indicated time
intervals using an Accu-Chek glucometer (Roche), and the serum
insulin concentrations were determined by ELISA (Shibayagi, Ja-
pan). At the end of the experimental period, the liver/body weight
ratios were measured, and blood samples were obtained from the
abdominal aorta to determine plasma biomarker concentrations.

2.7. Analysis of plasma biomarkers

After the experiment, blood was collected in tubes containing
0.18 M EDTA and centrifuged at 5000 rpm for 5 min at 4 �C. After
centrifugation, the plasma was separated for the estimation of
the total cholesterol, LDL-cholesterol, triglycerides, and free fatty
acids. The total cholesterol levels were measured by enzymatic
methods using SICDIA L T-CHO reagents (Eiken Chemical, Tokyo,
Japan), and the LDL-cholesterol levels were determined by enzy-
matic methods using L-Type LDL-C reagents (Wako Pure Chemical,
Osaka, Japan). The triglyceride levels were measured by GPO-
HMMPS using the SICDIA L TG reagent (Eiken Chemical), and free
fatty acids were measured by enzymatic methods using NEFA-
ZYME-S (Eiken Chemical).

2.8. Statistics

The data are expressed as the mean ± SD. Differences between
the mean values in the two groups were analyzed using one-way
analysis of variance (ANOVA). P < 0.05 was considered statistically
significant.
3. Results

3.1. Amorphastilbol is a PPARa/c dual agonist

To explore the pharmacological properties of APH (Fig. 1A), we
reexamined the effects of APH on transcriptional activation of
PPARs. As shown in Fig. 1B and C, APH treatment led to an increase
in both PPARa- and PPARc-reporter gene activities in a dose-
dependent manner, and the EC50 values to induce PPARa and
PPARc activation were estimated to be 7.4 lM and 5.4 lM, respec-
tively. However, APH exhibited a minimal effect on PPARd tran-
scription (Fig. 1D) and no detectable effect on RXRa (Fig. 1E). We
next examined the binding affinities of APH to PPARa and PPARc



Fig. 1. Amorphastilbol selectively activates PPARa and PPARc in vitro. (A) Chemical structure of amorphastilbol (APH). Human PPARa (B), PPARc (C), or PPARd (D) and the
RXRa (E) expression vector, PPRE-luciferase reporter construct, and pRL-SV40 vector were transiently cotransfected in CV-1 cells. The cells were then treated with 10 lM
WY14643 (WY), 10 lM troglitazone (TRO), 1 lM GW501516 (GW), or various concentrations of APH (1, 3, 10, or 20 lM) for 24 h. A reporter assay was performed as described
in Materials and methods. Each bar represents the mean ± SD of duplicates. ⁄P < 0.05 vs. control. (F) Binding affinities of APH to PPARa and PPARc were analyzed using the
LanthaScreen™ TR-FRET PPAR competitive binding assay, as described in Materials and methods.
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using a LanthaScreen competitive binding assay and found that
APH could bind to both PPARa and PPARc, as shown in Fig. 1F.
However, the APH binding affinities to PPARa and PPARc are weak-
er than those of the positive controls, GW9662 and troglitazone,
which is in accordance with the weak ability of APH to activate
the transcription of PPARa/c in comparison to that of the positive
control (Fig. 1B and C). These findings suggest that APH acts as a
PPARa/c dual agonist through the directly binding to the PPARa/
c ligand-binding domain.

3.2. APH up-regulates specific genes involved in both adipocyte
differentiation and fatty acid oxidation

We next examined the potential effect of APH on adipogenesis
of 3T3-L1 preadipocytes. As shown in Fig. 2A, the APH treatment
caused a dramatic increase in lipid accumulation in the differenti-
ated adipocytes, which was comparable to the effect of troglitaz-
one. To characterize the adipogenic potential of APH further, the
cellular triglyceride content and glycerol-3-phosphate dehydroge-
nase (GPDH) enzyme activity were measured. The triglyceride con-
tent in the differentiated adipocytes was also increased by the APH
treatment up to 2.0- and 3.2-fold in the presence of 1 lM and
10 lM APH, respectively (Fig. 2B); this observation was in accor-
dance with the result that APH causes lipid droplet accumulation
in adipocytes, as shown in Fig. 2A. In addition, the GPDH activity
was significantly enhanced by the APH treatment (Fig. 2C). Alto-
gether, these results strongly support the notion that APH stimu-
lates adipocyte differentiation in 3T3-L1 cells. Because
adipogenesis is governed by the increased expression of various
transcription factors and adipocyte-specific genes, we examined
the effect APH on the expression of adipogenic transcription factors
and marker genes in differentiated adipocytes. After the induction
of adipocyte differentiation in the presence of APH, the mRNA lev-
els of C/EBPa, PPARc, aP2, adiponectin, and resistin were measured
using Q-PCR. In the APH-treated adipocytes, the mRNA levels of
these genes were dramatically increased compared to their levels
in the absence of APH (Fig. 2D). In addition, the APH treatment
led to a drastic increase in the mRNA level of GLUT4, which is



Fig. 2. In vitro functional analysis of APH. (A) Lipid accumulation in differentiated 3T3-L1 cells treated with troglitazone (TRO) or APH (1 or 10 lM) following Oil-red O
staining. DM: differentiation media. (B) The quantification of the lipid accumulation was based on the OD values measured at 520 nm of destained Oil Red O from the
adipocytes. (C) The GPDH activity was measured at day 8 after differentiation (C). ⁄P < 0.05 vs. DM control. (D) The expression of adipocyte-enriched genes in these cells was
analyzed by Q-PCR (n = 3) and normalized to the expression of glyceraldehyde-3-phosphate dehydrogenase (GAPDH). Each bar represents the mean ± SD. ⁄P < 0.05 vs. DM
control. (E) HepG2 cells transfected with human PPARa were incubated with WY or APH for 48 h. The relative gene expression was analyzed by Q-PCR and normalized to the
GAPDH expression. Each bar represents the mean ± SD of triplicate experiments. ⁄P < 0.05 vs. control. (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article.)
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responsible for insulin-mediated glucose uptake, indicating that
the insulin sensitivity of adipose tissue could be enhanced by
APH treatment. Next, we examined the effect of APH on fatty acid
oxidation to confirm its PPARa agonistic effect. In PPARa-transfec-
ted HepG2 cells, two different PPARa target genes involved in b-
oxidation, carnitine-palmitoyl transferase 1a (CPT1a) and acyl-
CoA oxidase 2 (ACO2), were induced by the APH treatment
(Fig. 2E), supporting the hypothesis that APH promotes fatty acid
oxidation through the activation of PPARa.
3.3. APH alleviates glucose impairment and glucose tolerance in db/db
mice

To evaluate the effects of APH in vivo, we administered APH to
obese and diabetic db/db mice and monitored the plasma glucose
levels in each animal. As shown in Fig. 3A, treatments with APH
led to a significant decrease in glucose levels, which is comparable
to the effect of rosiglitazone, a PPARc agonist, or tesaglitazar, a
PPARa/c dual agonist, treatment. However, unlike rosiglitazone
that causes significant weight gain, APH treatments did not pro-
mote significant gains in body weight (Fig. 3B) without changes
in food intake (Supplementary Fig. 1A and B). Interestingly,
although liver weights in rosiglitazone- or tesaglitazar-treated ani-
mals were dramatically increased, we did not observe increased li-
ver weight in APH-treated groups (Fig. 3C). Furthermore, glucose
tolerance was significantly attenuated by APH treatments
(Fig. 3D). Taken together, these results strongly suggest that APH
can efficiently alleviate glucose impairment without the side ef-
fects of significant weight gain and hepatomegaly.
3.4. APH improves metabolic markers in the liver, blood, and white
adipose tissue

Because hepatic gluconeogenesis gene expression is markedly
increased in diabetic animals and contributes to hyperglycemia,
the expression of glucose-6-phosphatase (G6Pase), one of the key
enzymes in gluconeogenesis, were measured in the liver tissue of
db/db mice. The expression level of G6Pase significantly reduced
in APH-treated mice (Fig. 4A), supporting the anti-diabetic effects
of APH. In addition, the APH treatment increased the expression
of uncoupling protein 2 (UCP2), which is involved in the regulation
of energy expenditure in the liver; however, the effects of APH are
weaker than that of rosiglitazone or tesaglitazar (Fig. 4B). Next, we
examined whether APH is capable of alleviating lipid abnormali-
ties. As shown in Fig. 4C, the plasma levels of triglycerides and free
fatty acids significantly decreased in APH-treated mice, compara-
ble to the effects observed following rosiglitazone or tesaglitazar
treatment. Furthermore, unlike rosiglitazone or tesaglitazar, AF



Fig. 3. Antidiabetic activity of APH in db/db mice. (A) Non-fasting blood glucose changes in rosiglitazone (RG; 4 mg/kg)-, TS (1 mg/kg)-, or APH (20 mg/kg)-treated obese and
diabetic db/db mice (n = 7 for each group). ⁄P < 0.05 vs. control. (B) Whole-body weight changes over 8 weeks following drug administration. ⁄P < 0.05 vs. control. (C) Average
liver weights of RG-, TS-, or APH-treated db/db mice. Each bar represents the mean ± SD. ⁄P < 0.05 vs. control. (D) Oral glucose tolerance test in db/db mice. Mice were fasted
and injected with glucose (2 g/kg), and the blood glucose levels were measured at the baseline (t = 0 min) and blood samples drawn at the indicated time points (n = 7). The
area under the curve (AUC) of the glucose tolerance test was calculated. ⁄P < 0.05 vs. control.

Fig. 4. APH improves metabolic markers in the liver, blood, and white adipose tissue (WAT) of db/db mice. Relative gene expression of glucose-6-phosphatase (G6Pase) (A)
and uncoupling protein 2 (UCP2) (B) from the livers of the indicated drug-treated obese db/db mice (n = 7) were determined by Q-PCR. Data represent the means ± SD.
⁄P < 0.05 vs. control. (C) The blood triglyceride, free fatty acids, and total cholesterol levels were measured as described in Materials and methods. Each bar represents the
means ± SD. ⁄P < 0.05 vs. control. Relative gene expression of PPARc (D) and UCP3 (E) from the WAT were determined by Q-PCR. Data represent the means ± SD. ⁄P < 0.05 vs.
control.
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and APH treatment did not affect the total plasma cholesterol lev-
els (Fig. 4C), indicating that APH can alleviate lipid abnormalities
and prevent hypertriglyceridemia and hypercholesterolemia. We
next analyzed the expression levels of PPARc and UCP3 in white
adipose tissue because UCP3 expression is directly up-regulated
by PPARc agonists [26,27]. The expression of PPARc was dramati-
cally increased in the white adipose tissues (Fig. 4D) after APH
treatments, and this induction of PPARc was accompanied by in-
creased UCP3 expression in white adipose tissues (Fig. 4E), which
might be related to the increased rate of lipid metabolism.
4. Discussion

T2DM and its related complications arise as a serious health
problem in modern societies. In this study, we demonstrated the
anti-diabetic and hypolipidemic potentials of APH, as evidenced
by the observations that APH improve glucose impairment in db/
db mice through the dual activation of PPARac transcription. Un-
like other PPAR agonists, APH exhibited favorable effects on obes-
ity and hyperlipidemia without the severe side effects like weight
gain and hepatomegaly.

Although insulin sensitizers are considered as a better agent for
the treatment of T2DM patients with insulin resistance, the clinical
use of thiazolidinediones, especially rosiglitazone, is currently
challenged by their severe adverse effects, including hepatotoxic-
ity, weight gain, dyslipidemia, and the possible worsening of car-
diovascular risk [28]. Thus, enormous efforts are concentrated on
the development of novel insulin sensitizers having less toxicity.
In this study, we showed that APH has anti-diabetic and hypolipi-
demic effects via the dual agonistic action on PPARac. APH shows
dual agonistic activities for both PPARa and PPARc; however, their
binding affinities to PPARa are weaker than to PPARc. Although
APH acts as a PPARc agonist, its adipogenic potential and PPARc-
binding affinity are milder than those of thiazolidinedione, and
our observation that APH efficiently stimulates PPARa activity
indicates that APH may primarily govern lipid metabolism by fatty
acid oxidation. Indeed, APH increases the expression of PPARa and
its target genes, suggesting the enhancement of lipid catabolism.

Several reports have demonstrated that rosiglitazone is associ-
ated with an increased risk of heart attacks, which potentially lim-
its its appeal and further clinical use, in spite of its potent
improvement of glucose metabolism [28]. However, pioglitazone,
another thiazolidinedione PPARc agonist, is less frequently associ-
ated with increased cardiovascular risk [29], implying that PPARc
activity itself may not necessarily be associated with this cardio-
vascular risk and that the chemical structure of the individual ago-
nists may be responsible. Therefore, the development of novel
PPAR agonists that are not structurally related to thiazolidinedi-
ones, especially rosiglitazone, remains appealing. From this point
of view, it is noteworthy that APH, which are derived from natural
products, is a novel and weak PPARa/c dual agonists and that the
chemical structure of APH is unique from those of thiazolidinedi-
ones. Taken together, these facts support, in part, the relative
safety of APH with regard to cardiovascular risk. In addition, PPAR
agonists such as rosiglitazone and tesaglitazar show hepatomegaly
as a side effect, which is caused by fatty liver, aberrant PPARa acti-
vation, and peroxisome proliferation. However, our data show that
APH do not increase liver weight in db/db mice (Fig. 4C), indicating
that APH would improve fatty liver without severe hepatomegaly,
a fatal side effect of potent PPARa activators [16,30]. However,
their exact molecular mechanisms remain to be unraveled.

In summary, we demonstrate here that APH has beneficial ef-
fects on glucose and lipid metabolism in the improvement meta-
bolic disorders by selectively activating both PPARa and PPARc
without the severe adverse reactions that have been observed for
other PPAR agonists, such as weight gain and hepatomegaly. There-
fore, APH have strong reasons to be further developed as anti-met-
abolic agents to correct glucose and lipid abnormalities, insulin
resistance and obesity. APH has a potential to be a lead compound
to combat insulin resistance and obesity.
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