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Abstract

Insulin resistance, known as a primary cause of obesity and
metabolic disorder, has the close relation with type 2 diabetes,
hyperlipidemia, hyperglycemia, high cholesterol, atherosclerosis and
cardiovascular disease. Especially, lipid metabolite plays an important
role in pathogenesis and progression of insulin resistance. Therefore,
control of lipid metabolism is important to improve insulin resistance
and metabolic diseases.

Cleistocalyx operculatus is a plant widely distributed in
southern Asia, and its water extract is commonly used to relieve heat
and to prevent and treat diabetes. 2’,4’-dihydroxy-6’-methoxy-3’,5’-
dimethylchalcone (DMC) is a major compound of the extract and is
reported to have anti-tumor, anti-oxidative, and anti-inflammatory
effects. However, the underlying mechanism of improvement in

diabetes and metabolic diseases has not been elucidated.
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To carry out this study, we isolated DMC from Cleistocalyx
operculatus extract to increasing PPARy activity. Compared to
rosiglitazone, DMC showed a lower PPARY transcriptional activity and
10 times lower binding activity to the PPARy LBD. However, fatty acid
oxidation rate by DMC was higher than that by rosiglitazone.
Interestingly, DMC is useful to inhibit adipocyte differentiation, which
is totally different from rosiglitazone.

In addition, DMC increases phosphorylation of AMPK, one of
the major targets of diabetes and metabolic diseases. Compared to
AICAR and metformin, well-known AMPK activators, DMC could
increase AMPK activity, even at much lower concentrations.

Next, DMC was administrated to the high-fat fed mice, and the
effects of DMC on insulin resistance were determined. DMC improves
insulin resistance as effectively as pioglitazone did. Interestingly, DMC
treatment reduced fat tissue and showed weight loss compared to the
pioglitazone treatment.

Taken together, these results indicate that, DMC will provide
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great help to improve lipid metabolism and insulin resistance without

side effects such as obesity.

Keywords: DMC, insulin resistance, type 2 diabetes, TZD, PPARY,
AMPK

Student Number: 2009-30616
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<Introduction>

Cleistocalyx operculatus is a plant widely distributed in

Vietnam, China, and some other tropical countries [1]. Its flower bud

and leaves have been used as traditional herb tea materials to treat

respiratory and gastrointestinal disturbance, and as an anti-

inflammatory medicine [2]. Also, its dried flower buds have been used

as tonic drinks in southern China for thousands of years [3]. Water

extract from Cleistocalyx operculatus flower buds shows anti-

hyperlipidemic effect [4], cardiotonic effect [5], anti-Alzheimer effect

[6], anti-hyperglycemic effect [7, 8], pancreatic islets protecting activity

[9].

2’,4’-dihydroxy-6’-methoxy-3’,5’-dimethylchalcone (DMC) is

a major compound of the extract and is reported to have anti-tumor [10-

16], anti-drug efflux [17-19], anti-inflammation [1, 9], anti-oxidant [4,

20-22], anti-acute liver injury [23], anti-diarrhea [24, 25], anti-microbe

[26, 27], anti-virus [28] effect.



Recently, DMC was demonstrated to facilitate glycemic control

by suppression of pancreatic a-amylase and glucose transport in the

intestine and protection against the H2O2-induced decrease in basal and

glucose-stimulated insulin secretion in pancreatic p-cells [29], by

antioxidant and anti-apoptosis by the improvement of mitochondrial

function [30]. Besides, DMC has been reported to increase glucose

uptake in differentiated 3T3-L1 adipocytes [31].

Obesity is a pathological condition characterize as excessive

body weight gain. Since redundant energy is usually stored in the fat

tissues, average fat cell size and fat tissue mass increase in obesity.

Therefore, obesity is simply and specifically defined as an exclusive

increase of “fat” mass. Obesity is often caused by the interaction of one

or more causal factors, such as diet, sedentary lifestyle, lack of exercise,

genetic defects, medical and psychologic illness, socioeconomic

influences, early malnutrition, and infectious agents [32, 33]. Despite

such evidence, many clinicians considered obesity to be a self-inflicted

condition of little medical significance in the past. The increase of body
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fat mass accompanies several metabolic disorders, including insulin

resistance, type 2 diabetes, hyperglycemia, hyperlipidemia, and

cardiovascular diseases [34]. Furthermore, obese individuals have

higher susceptibility to type 2 diabetes, hypertension, and coronary

heart disease [35].

Diabetes mellitus is caused by complex interaction of genetic

and environmental factors. Type 2 diabetes mellitus is characterized by

insulin resistance and impaired beta-cell function. At the beginning of

type 2 diabetes, blood insulin levels are elevated to compensate insulin

resistance. However, as the disease progresses, insulin secretion

deteriorates thereby leading to pancreatic beta-cell death.

Asymptomatic type 2 diabetes may be undiagnosed for several years.

Long-term complications of type 2 diabetes are renal failure (diabetic

nephropathy) [36], vascular disease (coronary artery disease,

atherosclerosis) [37], vision loss (diabetic retinopathy) [38], loss of

feeling or pain (diabetic neuropathy) [39] and heart failure (diabetic

cardiomyopathy) [40].



Since type 2 diabetes is caused by the reduction of insulin

sensitivity, the regulation of insulin resistance is important for the

treatment of type 2 diabetes. Nowadays, several drugs and compounds,

such as thiazolidinedione (TZD), metformin have been used to treat

hyperglycemia, hyperlipidemia, and insulin resistance.

In the 1980s, ciglitazone was developed as the first TZD [41-

43]. Although ciglitazone was not used as a medication, it was

concerned for interest in TZD family as drugs. As a result, troglitazone,

the first analogue of ciglitazone, was developed for the market in the

middle of the 1990s. Since then, more types of TZDs have been

developed and identified (e.g. rosiglitazone and pioglitazone). As TZDs

strongly bind to and activate peroxisome proliferator-activated receptor

gamma (PPARy), they greatly sensitize insulin actions by increasing

transcription of the target genes. PPARy increases the expression of

lipid transport-related proteins in clouding adipocyte fatty acid binding

protein (aP2), fatty acid transport protein (FATP), lipoprotein lipase

(LPL) and CD36 [44]. By modulating lipid transport, PPARy
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redistributes lipid from circulation and other peripheral tissues such as

liver and skeletal muscle to adipose tissue, thereby reducing lipid

contents in the circulation, liver and muscle. In addition, these actions

of PPARYy ultimately lead to improve insulin sensitivity by removing

lipotoxicity [44].

However, TZDs have significant disadvantages. The major

side-effect of TZDs include an increased risk of heart attack [45],

stroke [46], and hepatitis due to severe drug toxicity [47], fluid

retention [48] and edema [49], which may aggravate heart failure, and

weight gain [50, 51]. Due to its links to hepatotoxicity and idiosyncratic

acidosis, troglitazone was removed from the market. Pioglitazone

(Actos), France and Germany have suspended its sale after a study

suggested the drug could raise the risk of bladder cancer [52]. And

despite of rosiglitazone's effectiveness at decreasing blood glucose

level in type 2 diabetes mellitus, its use decreased dramatically as

studies showed apparent associations with increased risks of heart

attacks and death [53]. For these reason, rosiglitazone (Avandia), which

5 2
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was put under selling restrictions in the USA and withdrawn from the

market in europe due to some studies suggesting an increased risk of

cardiovascular events. However, the several report that there is no

clinical evidence was raised. Upon re-evaluation of new data in 2013,

the FDA lifted the restrictions. Concerns about these adverse effects

have decreased TZD prescriptions despite its significant effect on

metabolic syndrome. Therefore, the need for new drugs with reduced

side effects has increased steadily.

Another therapeutic target for diabetes is AMP-dependent

protein kinase (AMPK). AMPK is a serine/threonine protein kinase and

functions as a central regulator of whole body energy balance. In

general, AMPK promotes catabolic pathways to generate more ATP,

and inhibits anabolic pathways. Several studies reveals, AMPK as a

metabolic sensor that allows for adaptive changes in growth,

differentiation and metabolism under conditions of low energy [54-59].

In most species, AMPK exists as an obligate heterotrimer, containing a

catalytic subunit (o), and two regulatory subunits (B and 7). Genes
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encoding the three subunits are also readily recognized in the genomes

of almost all eukaryotes, from simple single-celled protozoa to humans.

Based on genetic studies in lower eukaryotes, the ancestral role of this

conserved pathway appears to have been in the response to glucose

starvation. The AMPK-signaling pathway represents a mechanism to

respond to fluctuating glucose levels that appears to have evolved much

earlier than the insulin-signaling pathway, which is only found in

multicellular animals. Of particular interest, in the nematode worm

Caenorhabditis elegans AMPK is required for the extension of life span

that is observed in response to caloric restriction or to mutations that

reduce the function of the insulin-signaling pathway [60, 61].

Under lowered ATP levels, AMP can directly bind to vy

regulatory subunit of AMPK, lead to conformational change that

promotes AMPK phosphorylation and also protects AMPK

dephosphorylation machinery [62]. Binding of AMP or ADP (but not

ATP) to the AMPK vy subunit causes a conformational change that

promotes phosphorylation of Thr-172 by upstream kinases while

7 2
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inhibiting dephosphorylation by upstream phosphatases [63-65].

Stoichiometric phosphorylation of Thr-172 can cause > 100-fold

activation, although Thr-172 may only be partially phosphorylated in

Vvivo even in vitro experiencing metabolic stress. The effect of increased

phosphorylation is amplified up to 10-fold further by allosteric

activation which is caused only by binding of AMP. This tripartite

mechanism means that there can be large increases in AMPK activity in

response to small increases in the AMP:ATP or ADP:ATP ratios [66].

In the skeletal muscles, AMPK activation increases insulin-

independent glucose uptake, which may be important for overcoming

hyperglycemia in the insulin-resistant state [67]. In addition, activation

of AMPK increases fatty acid oxidation rate: AMPK phosphorylates

and inactivates acetyl-coA carboxylase (ACC), which catalyzes

transition of acetyl-CoA to malonyl-CoA. Because malonyl-CoA

allosterically inhibits carnitine palmitoyltransferase 1 (CPT1), which

catalyzes the transport of fatty-acyl CoA into the mitochondria, AMPK

activation eventually increases fatty acid oxidation (FAQO) [68]. There

8 :
"]

—



are many AMPK activators; many of them activate AMPK via an

increasing AMP:ATP ratio. However, some activators increase AMPK

activity by stimulating T172 phosphorylation or by binding directly to

AMPK subunits [69].

In this study, | screened 14 putative PPARy agonists from

Cleistocalyx operculatus extract with PPRE tk luciferase assay. Then |

examined whether DMC physically interacted with the PPARy LBD

domain like rosiglitazone does. However, efficiency in activating

PPARy was not satisfactory compared to rosiglitazone. | also tested the

effect of DMC on the 3T3-L1 adipocyte differentiation. Although, I

found that DMC as a ligand of PPARYy, however, DMC suppressed

adipogenesis. Next, | demonstrated that DMC promoted glucose uptake

and fatty acid oxidation in myotubes through AMPK phosphorylation

To test whether DMC also effective on skeletal muscle, glucose uptake

assay and fatty acid oxidation experiment was performed. To know

underlying mechanism, PPARy and AMPK inhibitor was co-treated

with - DMC. Then | examined whether DMC have AMPK
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phosphorylation activity. To elucidate how DMC phosphorylates

AMPK, | examined ADP/ATP ratio and direct combining DMC with

AMPK alBlyl complex protein. To know In vivo effect, DMC was

introduce to high fat-fed diet induced obese (DIO) mice. Compared

with pioglitazone, | tested insulin resistance and tissue weight and

morphology.

In brief, | tried to understand the effect of DMC in vitro and in

Vivo.
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<Materials and Methods>

Plant material

The leaves of Cleistocalyx operculatus (Roxb.) Merr and Perry were

purchased at the Dong Xuan herbal market, Hanoi, Vietnam, in

February 2009 and were identified botanically by Dr. Nguyen Bich Thu,

National Institute of Medicinal Materials, Hanoi, Vietham. A voucher

specimen (NIMMZ2009-05) was deposited at the herbarium of the

National Institute of Medicinal Materials, Hanoi, Vietnam.

Extraction and isolation of DMC from C. operculatus

The experiment by WK Oh’s Lab

DMC isolation method was described previously [28]. In brief, the

dried leaves of C. operculatus (1.5 kg) were extracted with methanol (3

L x 2 times) at room temperature for one week. A concentrated crude

extract (110 g) was suspended in water (2 L) and partitioned

successively with n-hexane (2 x 1.5 L), ethyl acetate (2 x 1.5 L), and n-

butanol (2 x 1.5 L). The partial fraction of ethyl acetate layer (25 g)

11 ;
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was chromatographed over a silica gel column (10 x 30 cm; 63-200

um particle size) with gradient solvent n-hexane/EtOAc (19:1,

18:2...1:19, each 2.5 L) to yield nine fractions (F1-F9) based on the

TLC profile. Fraction F3 was further chromatographed over a

Sephadex LH-20 column (7 x 40 cm) using MeOH to yield DMC (550

mg). NMR spectra were measured on a Bruker Avance 500 or 600 MHz

spectrometer at Seoul National University. HRESIMS were recorded on

an Agilent 6530 Q-TOF (Agilent Technologies, Inc., Santa Clara, CA,

USA) spectrometer. Silica gel (Merck, 63—200 um particle size) and

RP-18 (Merck, 40-63 um particle size) were used for column

chromatography. TLC was carried out with silica gel 60 F2s4 and RP-18

Fos4 plates. HPLC was carried out using a Gilson system with a UV

detector and Optima Pak Cig column (10 x 250 mm, 10 um particle

size, RS Tech, Korea).

LC-MS Analysis

The experiment by WK Oh’s Lab
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Analysis for purity was performed on an Agilent Series 1100 LC
system (Agilent Technologies, Waldbronn, Germany). The LC system
was coupled to an Agilent Series 1100 MSD single quadropole (Agilent
Technologies) equipped with API-ES source. MS detection was
conducted in the scan mode. Samples were separated on a reverse-
phase column (INNO C18 column, 150 x 4.6 mm I.D., particle size
5uM, 120A) from Young Jin Biochrom (Sungnam, Korea). The flow
rate of the mobile phase was 0.5 mL/min and the injection volume was
10 pL. 0.1% Formic acid in HPLC water (v/v) (channel A) and
acetonitrile (v/v) (channel B) was used as eluenting solvents. The
elution gradient was started with 10% solvent B for 5 min, linearly

increased B to 100% in 30 min, and held at 100% B for 5 min.

Materials, Plasmids and antibodies
Rosiglitazone, 5-Aminoimidazole-4-carboxamide riboside (AICAR)

and Compound C were purchased from Sigma Aldrich (St. Louis, MO,

13



USA). Metformin (Abcam, Cambridge, UK) and GW9662 (Cayman

Chemical, Ann Arbor, MI, USA) were also used. An expression vector

expressing mouse PPARy (pcDNA-HA-PPARy) and the PPRE-TK

reporter vector (pPPRE-TK-Luc). Antibodies against pAMPK

(phosphorylation at Thr 172 of the o subunit), AMPK, pACC

(phosphorylation at Ser 79) and ACC were purchased from Cell

Signaling Technology (Danvers, MA, USA), and the antibody against

y-tubulin was from Sigma Aldrich.

Cell culture

3T3-L1 preadipocytes were maintained in Dulbecco’s Modified Eagle

Medium (DMEM, Hyclone, Logan, UT, USA) supplemented with 10 %

calf serum (CS; Gibco, Grand island, NY, USA). Two days after

confluence, differentiation of preadipocytes was induced by treatment

with DMI [0.25 uM of dexamethasone (Dex), 0.5 mM of 3-isobutyl-a-

methylxanthine (IBMX), and 5 pg/mL insulin] in DMEM

supplemented with 10 % fetal bovine serum (FBS; Gibco, Grand island,

14 ;
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NY, USA). Two days after the induction, the medium was replaced to
DMEM supplemented with 10% FBS and 5 pg/mL insulin for
additional 2 days. The cells were maintained in DMEM supplemented
with 10 % FBS up to 10 days with changing the medium every 2 days.
COS7 cells were maintained in DMEM supplemented with 10 % FBS.
C2C12 and L6 cells were maintained in DMEM containing 10 % FBS.
Myoblast differentiation into myotubes was completed by incubation in
DMEM supplemented with 2 % horse serum (HS; Gibco, Grand island,

NY, USA) for 5-6 days.

Transient transfection and reporter assays

COS7 cells (5 x 10°) were seeded into 12-well plates and transfected
with pPPRE-tk-Luc (0.3 ug), pcDNA-HA-PPARYy (0.1 pg) and pCMV-
B-gal (0.1 pg) using Lipofectamin and PLUS reagent (Invitrogen). The
cells were treated with DMSO, rosiglitazone (5 uM) or DMC for 24 h.
Luciferase activity was determined using the luciferase assay system kit

(Promega, Madison, WI, USA) and quantified using GLOMAX

15 ;
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(Promega) according to the manufacturer's instructions. Luciferase

activity was normalized by B-galactosidase activity.

Transient transfection of SIRNA

3T3-L1 cells or C2C12 cells in 12 well plates were transfected with

siAMPK al and a2 (50nM each) (Dharmacon, Lafayette, CO, USA)

using Lipofectamine RNAIMAX (Invitrogen).

Surface plasmon resonance (SPR) spectroscopy

The experiment by Inhee Mook-Jung’s Lab

The SPR spectroscopy analysis was performed using a Biacore X-100

(GE Healthcare, Rahway, NJ, USA). The CM5 sensor chip (GE

Healthcare) was preactivated by a mixture of N-hydroxysuccinimide

and N-ethyl-N’-(dimethylaminopropyl) carbodiimide. PPARy LBD (20

mg/ml; Abcam) and AMPK alflyl (20 mg/ml; Abcam) were

immobilized  separately by  N-ethyl-N’-(dimethylaminopropyl)

carbodiimide-N-hydroxysuccinimide amine coupling on the CM5

16 :
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sensor chip. As a control, the same volume of HBS-EP buffer (0.01
mol/L HEPEs, pH 7.4, 0.15 mol/L NaCl, 3 mmol/L EDTA, and 0.005%
surfactant p20) was applied to the chip surface and the unreached sites
were blocked by injection of ethanolamine. To analyze the binding
kinetics, different concentrations of rosiglitazone or DMC diluted in
HBS-EP buffer were injected onto the sensor chip of PPARy LBD for
540 s at 10 ml/min, and the response unit (RU) was then recorded at 25
1°C. Similar experiments were performed using DMC and AMP to the
sensor chip of AMPK. After injection was stopped, HBS-EP buffer was
poured over the chip for 700 s at 10 ml/min to allow the bound analytes
to dissociate from the immobilized PPARy LBD or AMPK alplyl.
The RU elicited by injecting HBS-EP buffer alone was used as the
control. Biacore X-100 software (GE Healthcare) was used to record
the changes in RU and to plot the binding curve. The dissociation
equilibrium constant (Kp) to immobilized PPARy LBD and AMPK was
calculated using Kinetic evaluation software. The dissociation

equilibrium constant, Kp (M) was obtained by calculating kq (s) / ka

17 ;
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(M1s1), where kq and ka are dissociation- and association-rate constant,
respectively. For SPR competition assay, DMC (100 nM) and AMP
(100 nM) were injected alone or both into AMPK bounded CM5 sensor
chip. To analyze the binding kinetics, response unit (RU) was recorded

and plotted as a bar graph.

Measurement of ADP/ATP ratio

ADP and ATP levels were determined by using ADP/ATP ratio Assay
Kit (Abcam, Cambridge, UK). The cell content of ATP and ADP was
measured according to manufacturer’s protocol. Luminescence value
was read via a Victor3 1420 multilabel counter (PerkinElmer, Boston,

MA, USA).

Cell free AMPK Kkinase assay
AMPK activity was evaluated by phosphorylation of synthetic SAMS
(Abcam, Cambridge, UK) peptide in the absence or presence of

different concentration of DMC, as positive control AICAR, metformin
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and as negative control Compound C. For cell free AMPK kinase assay,
AMPK oalBlyl recombinant protein (Abcam, Cambridge, UK) was
purchased. Kinase assay were performed in kinase mixture (20 mM
Tris-Hcl, 5 mM MgCI2, 100 mM KCI, 0.1 mM DTT, 100 uM ATP, 100
uM AMP, 1 mM EDTA, 0.1 pg/ul AMPK protein, 100 uM SAMS
peptide, and 0.2 uCi [y-32P] ATP) and incubated at 30 °C for 20 minutes.
Reaction mixtures were spotted onto P81 phosphocellulose paper
(Whatman, Princeton, NJ, USA) and washed with 1 % phosphoric acid.

Radioactivity was determined by liquid scintillation counting.

Measurement of glucose uptake

L6 myotubes were treated with rosiglitazone (5 and 10 uM), DMC (5
and 10 uM) for 48 hours. After the addition of insulin (100 nM) to the
medium for 30 min, cells were washed with salt-HEPES buffer (4.7
mmol/L KCI, 130 mmol/L NaCl, 1.25 mmol/L CaClz, 2.5 mmol/L
NaH2POs, 1.2 mmol/L MgSOs, and 10 mmol/L HEPES). Cells were

incubated in salt-HEPES buffer containing 0.2 pCi of [*H]
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deoxyglucose for 15 min. Uptake was terminated by three rapid washes
with cold phosphate-buffered saline (PBS). Cells were lysed using 0.5
mol/L NaOH and neutralized by 1 mol/L HCI. The radioactivity was
determined using a Tri-Carb Liquid Scintillation counter (Perkin Elmer,

Waltham, MA, USA) and normalized by total protein amount.

Measurement of fatty acid oxidation (FAO)

C2C12 cell were lysed with mitochondria isolation buffer (MIB) buffer
(250 mmol/L Sucrose, 20 mmol/L Tris-HCI, pH 7.4, 1 mmol/L EDTA).
The lysates were incubated with FAO reaction buffer (100 mmol/L
Sucrose, 10 mmol/L Tris-HCI pH7.4, 5 mmol/L K2HPO4, 80 mmol/L
KCI, Immol/L MgCI2, 0.1 mmol/L EDTA, 0.1 mmol/L Malate, 1
mmol/L DTT, 0.1 mmol/L NAD, 2 mmol/L ATP, 0.05 mmol/L CoA
and 1 mmol/L L-carnitine) containing 0.375 pCi of [**C] palmitic acid
for 2h. *CO; and *C-labeled acid-soluble metabolites were quantified
using a liquid scintillation counter and each radioactivity was

normalized by protein amount of each lysate.
20



RNA preparation and real-time PCR

Total RNAs were prepared using TRIzol reagent (Invitrogen) according

to the manufacturer's instructions. cDNAs were synthesized by the

Reverse Transcription System (Takara, Shiga, Japan). Quantitative

real-time PCR (qRT-PCR) was performed with the appropriate primers

using SYBR-master mix (Takara) and ABI 7500 real-time PCR system

(Applied Biosystems, CA, USA). The 18S rRNA level was used for the

internal control. Experiments were performed in duplicate for each

sample. Nucleotide sequences of the primers were shown in <Table Fig.

1>

21



<Table 1> Primers used for Real time PCR

Gene F: forward
Sequence (5’ to 3°)
Name R: reverse
D36 F 5’-GGAGGCATTCTCATGCCAGT-3’
R 5’-CTGCTGTTCTTTGCCACGTC-3’
F 5’-CTGGTTGCTGCCTGAGCTTG-3’
ACSL1
R 5’-TTGCCCCTTTCACACACACC-3’
- F 5’-AAGTGTAGGACCAGCCCCGA-3’
PT1
R 5’-TGCGGACTCGTTGGTACAGG-3’
F 5’-TCATTGTGGAAGCCGACACC-3’
MCAD
R 5’-GCACCCATTGCGATCTTGAA-3’
F 5’-CAATGGCTCAAGGCATCCTG-3’
PDK4
R 5’-GCTTGGGTTTCCCGTCTTTG-3’
F 5’-AGGAGCCATGGCAGTGACCT-3’
UCP3
R 5’-CACAGGCCCCTGACTCCTTC-3’
F 5’-TGGGGGACACGCTTGGT-3’
AMPK al
R 5-GCTTTCCTTTTCGTCCAACCTT-3’
F 5’-TGACAGGCCATAAAGTGGCAG-3’
AMPK o2
R 5’-TGTGACAGTAATCCACGGCA-3’
F 5'-ACCTGGAGACGCAGCACAAG-3'
C/EBPp
R 5'-CTGCTTGAACAAGTTCCGCAG-3'
F 5-AAAGTGCAGGCTTGTGGACT-3'
C/EBPS
R 5-TTACTCCACTGCCCACCTGT-3'
F 5'-GTCGGTGGACAAGAACAGCA-3'
C/EBPa
R 5'-CCTTCTGTTGCGTCTCCACG-3'
F 5-TCTGTGGACCTCTCCGTGATGGA-3'
PPARy
R 5-AACCTGATGGCATTGTGAGAC-3'
F 5-GAGCTTCGCGTCACCAAC-3’
ATGL
R 5'-CACATCTCTCGGAGGACCA-3’
F 5'-AGACCACATCGCCCACA-3’
HSL
R

5-CCTTTATTGTCAGCTTCTTCAAGG-3’
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el F 5-CACTCTCTGGCCATGTGGA-3’
ertipin
P R 5-AGAGGCTGCCAGGTTGTG-3’
ADD1 F 5-GGCCTGCCTGGCACAGAGTG-3’
SREBPIc R 5.CTGGGTTCCCGGCCAAGCTG-3’
AsN F 5-CGACAGCACCAGCTTCGCCA-3’
R 5-CACGCTGGCCTGCAGCTTCT-3’
F 5.CCTCAGCCTTCTTCCATGAG-3’
DGAT
R 5-ACTGGGGCATCGTAGTTGAG-3’
F 5-GTAACCCGTTGAACCCCATT-3’
18S rRNA .

5’-CCATCCAATCGGTAGTAGCG-3’
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Western blot analysis

Cell lysates were prepared in the lysis buffer containing 20 mmol/L

Tris-HCI pH7.4, 1 mmol/L EDTA, 1 mmol/L EGTA, 10 mmol/L

Na4P207 and 2 mmol/L Na3POs, 1 % TritonX-100, 1 % sodium

deoxycholate, 1 % sodium-dodecyl-sulfate (SDS), 150 mmol/L NacCl,

100 mmol/L NaF, supplemented with protease inhibitors [10 pg/ml

aprotinin, 10 pg/ml leupeptin, and 1 mmol/L phenylmethylsulfonyl

fluoride (Sigma). The whole cell lysates were sonicated briefly, and

cell debris was removed by centrifugation at 4°C, 13,000rpm for 30

min. Protein concentration of the lysates was determined using

bicinchoninic-acid assay (Biorad, Hercules, CA) and 20 ug of proteins

were separated using SDS-polyacrylamide (PAGE) gels. Proteins were

then transferred on to nitro cellulose (NC) membrane (Millipore,

Billerica, MA) and the membranes were incubated with blocking

solution (5 % skim milk in 0.1 % Tween 20 and 0.1 % Tris-buffered

saline) for 1 hour at room temperature. The membranes were incubated

with specific antibodies and then hybridized primary antibodies were
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detected using a horseradish peroxidase-conjugated IgG antibody

(Santa Cruz Biotechnology). Bands were detected by using the

enhanced chemiluminescence kit (Thermo, Rockford, IL, USA).

Animal care and glucose tolerance test

Mice (C57BL/6 male mice, Center for animal resource development,

SNU, Seoul, Korea) were fed high fat diet (HFD), consisting of 60 %

fat and 6.8 % sucrose (Research diet, New Brunswick, NJ, USA) for 12

weeks. During HFD, DMC (30 mg/kg/day) and Pioglitazone (30

mg/kg/day) dissolved in CrEL (Sigma) was introduced animal by oral

gavage for 2 weeks. CrEL has been used as a vehicle for oral gavage.

After 2 week treatment, intraperitoneal glucose tolerance test (IP-GTT)

was performed. Mice were fasted for 16 hours and then injected with

1g/kg glucose (Sigma) solution. The blood glucose levels were

measured at the indicated time points with blood glucose meter (Life

scan, Milpitas, CA, USA). All animal studies were approved by the

Institutional Animal Care and Use Committee of Seoul National

25 ;
%]

—



University Hospital.

Measurement of serum profiles

Mouse serum sample were collected from each group of mice. Blood

glucose level were measured with blood glucose meter. Serum insulin

level was assessed with Insulin ELIXA kit (Alpco, NH, USA). Plasma

TG level was measured triglyceride colorimetric assay kit (Cayman

chemical, MI, USA).

Electron microscopy (TEM)

Mouse gastrocnemius muscle tissue images were evaluated by
Transmission electron microscopy. In detail, muscle tissues were fixed
with 2.5 % Glutaraldehyde in Sodium Cacodylate Buffer (EMS,
Hatfield, PA, USA) for 1 h, and then transferred into 5 %
glutaraldehyde overnight. After rinsing, tissues were post-fixed with 1%
osmium tetroxide for 1 h. Specimens were dehydrated with ethanol
series, and embedded in Araldite-Epon resin (Nissin EM, Tokyo, Japan).
Ultrathin sections were stained with uranyl acetate/ lead citrate and

photographed with a transmission electron microscope (TEM; JEM-
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100CX, JEOL, Tokyo, Japan).

Statistical analysis

Statistical analysis of the data was done with SPSS version 17.0 (SPSS

Inc., Chicago, IL). Student’s t-test was used to measure the differences

between means. Data were expressed as means + standard error, and

data with p-value less than 0.05 are denoted as statistically significant.

27



<Result>
DMC increases transcriptional activity of PPARYy

To identify a novel PPARy agonist, column chromatography
was applied to Cleistocalyx operculatus extracts, and 14 compounds
were characterized (Figure 1). The 14 compounds were identified and
evaluated by transactivation reporter assays with the PPRE tk luciferase
assay. Compound 5 showed the most potent activity as a PPARYy agonist,
about 2.5 fold times that of the DMSO control (Figure 2). Compound 5
was identified as DMC (2’,4’-dihydroxy-6’-methoxy-3’,5’-
dimethylchalcone); molecular structure of DMC is shown in (Figure 3).
The purity of DMC from C. operculatus was confirmed to be over 95 %
by HPLC/MS analysis (Figure 4).

To examine whether DMC is able to promote the transcription
activity of PPARs, reporter assays were performed. Unexpectedly,
DMC also enhanced the transcription activity of PPARa (Figure 5A),
PPARGS (Figure 5B), and PPARYy (Figure 5C). Although DMC is able to

elevate all isoform of PPARs activity, promoting PPARYy activity was
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most potent among them. Therefore to further confirm the dose-
dependent efficacy of the transcriptional activityy, DMC and
rosiglitazone were treated with various (from low to high)
concentrations (Figure 6). To ensure the ligand binding domains (LBDs)
of PPARy and DMC were combined directly to each other, SPR assay
was done (Figure 7). Although DMC was not superior to rosiglitazone,

DMC is also a potent PPARY ligand.

DMC inhibits adipocyte differentiation of 3T3-L1

Since DMC was found to be a ligand of PPARY, | examined
whether DMC could stimulate adipogenesis as other PPARy agonists do.
The adipogenesis of 3T3-L1 preadipocytes was induced by the addition
of adipocyte differentiation media (DMI) and the lipid droplets were
stained with Oil red O 9 days after the induction of adipogenesis. When
rosiglitazone was treated simultaneously with DMI and thereafter,
adipocyte differentiation and lipid accumulation were increased

compare to the DMSO control. In contrast, DMC treatment inhibited
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adipocyte differentiation in a dose-dependent manner, and adipocyte
differentiation was completely blocked at a high DMC concentration
(20 uM) (Figure 8A). To determine the stage at which DMC suppressed
adipogenesis, DMC was added at several different time points of
adipogenesis. Adipocyte differentiation was inhibited when DMC was
treated at the very early stage (day 0); however, the inhibitory effect of
DMC was not observed when DMC was treated at day 2 or later
(Figure 8B). These results suggested that DMC suppressed adipocyte
differentiation at the very early stage (within 2 days). Expression
pattern of adipogenesis related gene was also examined (Figure 9).
DMC efficiently suppressed the expression of C/EBPP and C/EBPJ at
the early stages (days 1-2), which resulted in the suppression of their

target genes such as PPARy and C/EBPa in the next days.

DMC stimulates glucose uptake and fatty acid oxidation
in myotubes

I then determined whether DMC could affect glucose uptake
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and fatty acid oxidation (FAO), which was known to be affected by

PPARy activation in myotubes. DMC treatment increased glucose

uptake both in the absence and presence of insulin, although the effect

was not as great as that of rosiglitazone (Figure 10). In contrast, DMC

treatment increased FAO more efficiently than rosiglitazone (Figure 11).

Therefore, | also examined the expression of the genes encoding FAO-

related proteins. Except for pyruvate dehydrogenase kinase 4 (PDK4),

only slight or no increases were observed after DMC treatment in the

MRNA levels of FAO-related genes, such as fatty acid translocase

(CD36), long-chain acyl-CoA synthetase 1 (ACSL1), carnitine-

palmitoyl transferase-1b (CPT1b), and medium-chain acetyl CoA

dehydrogenase (MCAD). Rosiglitazone increased the expression of

CD36, ACSL1, CPT1b, MCAD, and uncoupling protein 3 (UCP3)

(Figure 12). DMC efficiently promoted FAO, but the expressions of

PPARy-mediated and FAO-related genes such as CD36, ACSL1, and

CPT1b were not significantly changed; therefore, another mechanism

might be important for FAO stimulation by DMC in addition to PPARy
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activation.

DMC is potent activator of AMPK

It is well known that AMPK activation ultimately stimulates
FAO and glucose uptake in myotubes. | tested whether AMPK
activation is involved in FAO stimulation by DMC. When C2C12
myotubes were treated with DMC in the presence of a PPARy
antagonist, GW9662, or an AMPK inhibitor, compound C, the increase
of FAO by DMC was attenuated in the presence of GW9662 and
completely abolished in the presence of compound C (Figure 13). To
determine whether AMPK can be activated by DMC, AMPK
phosphorylation at Thrl72 of the o subunit was examined. DMC
treatment dramatically increased AMPK phosphorylation, although the
phosphorylation levels were lower than those induced by well-known
AMPK activators, such as AICAR (Figure 14). Similar to the treatment
of AICAR, the induction of AMPK phosphorylation was observed a

very short time after the treatment of DMC (within 30 min) (Figure
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15A). The phosphorylation of ACC, a downstream substrate of AMPK,

which is closely related to AMPK-medicated FAO stimulation, was also

examined. Just as AMPK phosphorylation was increased after the DMC

treatment, ACC phosphorylation was also increased, indicating that

AMPK is activated by DMC. In addition, AMPK phosphorylation was

increased by DMC in a dose-dependent manner, and DMC could

increase AMPK phosphorylation in lower concentrations than AICAR

could (Figure 15B). The DMC-stimulated FAO levels were similar to

those of AICAR (Figure. 16). These results indicated that DMC

activated AMPK. In general, several AMPK activators promote AMPK

phosphorylation by different mechanisms [69]. To determine how

DMC activates AMPK activity, following experiments were performed

in the present study. To determine whether DMC affected ADP/ATP,

cellular ADP and ATP contents were measured (Figure 17). Unlike

metformin, DMC did not change ADP/ATP ratio. Therefore, |

examined whether DMC directly activates AMPK. DMC induces

AMPK activity in a dose-dependent manner in cell free in vitro kinase
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assay (Figure 18). Furthermore, it was examined here whether DMC
activates through directly binding to AMPK complex. In the SPR assay,
DMC bound to AMPK, and the affinity of DMC to AMPK was about
3.7 fold higher than that of AMP on the basis of Kq values (Figure 19).
These results suggest that DMC is a more effective activator of
AMPK. In addition, when both DMC and AICAR was treated to the
myocytes, no additive effects was shown in AMPK phosphorylation
(Figure 20A), glucose uptake (Figure 20B), and fatty acid oxidation
(Figure 20C). When AMP, DMC or mixture of AMP and DMC was
injected into AMPK bounded CM5 sensor chip for SPR competition
assay, no additive binding was observed (Figure 21), suggesting that

they are competitive for a binding site of AMPK.

DMC stimulates fatty acid oxidation in myotubes and
inhibits adipogenesis through activating AMPK
To determine whether DMC-induced FAO is mainly mediated

by AMPK activation, the expression of AMPK a subunits 1 and 2 was
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knocked down by the transfection of specific siRNAs into C2C12

myotubes. The mRNA levels of both AMPK a subunits were

dramatically decreased 2 days after the transfection of the siRNAs

against the AMPK ol and a2 subunits (SIAMPK) (Figure 22A). When

the expression of AMPK a subunits were knocked down, the induction

of FAO by DMC was no longer observed, indicating that AMPK

mediates the DMC-induced FAQ increase in C2C12 myotubes (Figure

22B). Reports have shown that AMPK activation suppresses adipocyte

differentiation at the early stage of adipogenesis [70, 71]. Therefore, it

was also tested here whether AMPK activation was important for the

inhibition of adipogenesis by DMC. The 3T3-L1 preadipocytes were

transfected with siRNAs against AMPK o subunits the day before the

induction of adipocyte differentiation. The expression of AMPK a

subunits was efficiently suppressed (Figure 23A), and adipocyte

differentiation was not inhibited by DMC in the AMPK-knocked down

condition (Figure 23B). The results clearly demonstrated that DMC

inhibits adipogenesis by activating AMPK. In conclusion, DMC
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treatment regulates fatty acid metabolism in myotubes and adipocyte

differentiation mainly through AMPK.

DMC ameliorates high fat diet-induced obesity and
glucose tolerance in mice

To test whether DMC treatment affects metabolic disorders
induced by a high-fat diet (HFD) in mice, mice were fed HFD for 12
weeks and then treated with DMC for 3 weeks. The body weights of the
mice treated with DMC were similar to those of the control group 3
weeks after the treatment. (Figure 24). Average food intake (Figure 25A)
and water intake (Figure 25B) difference between the groups was
insignificant, suggesting that body weight change is not due to food
consumption change. | also performed a glucose tolerance test (GTT)
using the mice treated with DMC. The glucose tolerance of DMC-
treated mice was improved compared with the Veh-treated mice (Figure
26). Next, serum glucose, insulin, and TG level were measured to

examine whether DMC improves metabolic abnormalities in vivo.
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DMC significantly reduced fasting blood glucose level (Figure 27A),

normal glucose level (Figure 27B), insulin (Figure 27C) and serum TG

(Figure 27D). These data suggest that DMC would improve serum

glucose and lipid profiles. The rates of white adipose tissue weight

versus total body weight of the DMC-treated mice were lower than

those of the control mice (Figure 28). To evaluate adipose tissue

histology, epididymal white adipose tissue sections were stained by

H&E. The DMC-treated group size of adipocytes was smaller than that

of the vehicle group (Figure 29A-B). To identify exact values, more

than 10 images of each group were quantified by computerized method

(Figure 29C-D). The DMC-treated group’s average adipocyte surface

area was smaller than that of the \eh-treated group. When array in

order to adipocytes size, DMC-treated group is more frequent smaller

size than Veh-treated group. To test whether DMC treatment reduces

adipose tissue mass through lipolysis or lipogenesis, pRT-PCR was

performed with specific primers. DMC significantly increased levels of

lipolysis-related genes such as ATGL (Figure 30A), HSL (Figure 30B),
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and Perilipin (Figure 30C). Next, DMC significantly reduced lipogenic

genes such as ADD1/SREBP1c (Figure 31A), FASN (Figure 31B), and

DGAT (Figure 31C). Also I tested adipogenic genes such as C/EBPJ

(Figure 32A), C/EBPS (Figure 32B), PPARy (Figure 32C), and C/EBPa

(Figure 32D). Taken together, there data suggest that DMC efficiently

induces lipolysis and reduces lipogenesis and adipogenesis.

Consistent with the results in the cultured muscle cell, AMPK

phosphorylation (Figure 33) and fatty acid oxidation rates in the

muscles of the DMC-treated mice were substantially higher than those

of the Veh-treated mice (Figure 34). When muscle tissue was observed

under transmission electron microscope, lipid droplet was decreased in

the muscle of the DMC-treated mice compared to that of Veh-treated

mice (Figure 35).

These results suggest that DMC probably improves obesity and

glucose intolerance by stimulating FAO and inhibiting adipogenesis in

vivo, which is consistent with the results in the adipocytes.
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The experiment by WK Oh’s Lab

Fig 1. Chromatographic figure of Cleistocalyx operculatus extracts
NMR spectra were measured on a Bruker Avance 500 or 600 MHz
spectrometer at Seoul National University. HRESIMS were recorded on
an Agilent 6530 Q-TOF (Agilent Technologies, Inc., Santa Clara, CA,
USA) spectrometer. Silica gel (Merck, 63—200 um particle size) and
RP-18 (Merck, 40-63 um particle size) were used for column
chromatography. TLC was carried out with silica gel 60 Fzss and RP-18
Fos4 plates. HPLC was carried out using a Gilson system with a UV
detector and Optima Pak Cig column (10 x 250 mm, 10 um particle
size, RS Tech, Korea).
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Fig 2. Cleistocalyx operculatus extracts enhances transcriptional
activity of PPARYy

Cos7 cells were transiently transfected with PPARy expression vector,
PPRE-tk luciferase vector and CMV-B-gal for transfection efficiency
control. 10 uM of Cleistocalyx operculatus extracts and rosiglitazone
(Rosi) were treated for 24 hours. Harvested cells were analyzed by
luciferase assay. The number indicates the isolated each molecule of C.
operculatus extracts via column chromatography (Fig 1). The value of
the cells treated with D (DMSO) was set to 1 and the others were
expressed as relatives to that. Each bar represents mean + S.E. of three
independent experiments. * p<0.05 vs. D, ** p<0.01 vs. D
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Fig 3. Molecular structure of DMC and rosiglitazone
(A) DMC (2',4'-Dihydroxy-6'-methoxy-3',5'-dimethylchalcone), (B)
rosiglitazone.
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The experiment by WK Oh’s Lab

Fig 4. Purity and quality of DMC isolated from Cleistocalyx
operculatus

Analysis for purity of DMC was performed on an Agilent Series 1100
LC system (Agilent Technologies, Waldbronn, Germany). The LC
system was coupled to an Agilent Series 1100 MSD single quadropole
(Agilent Technologies) equipped with API-ES source. MS detection
was conducted in the scan mode. Samples were separated on a reverse-
phase column (INNO C18 column, 150 x 4.6 mm 1.D., particle size 5
uM, 120 A) from Young Jin Biochrom (Sungnam, Korea).
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Fig 5. DMC enhances transcriptional activity of PPAR (a, y and d)
Cos7 cells were transiently transfected with PPARa (A), PPARS (B)
and PPARy (C) expression vector, PPRE-tk luciferase vector and
CMV-B-gal for transfection efficiency control. 10 uM of WY14643
(WY), GW501516 (GW), rosiglitazone (Rosi) was treated for 24 hours.
Harvested cells were analyzed by luciferase assay. The value of the
cells treated with vehicle was set to 1 and the others were expressed as
relatives to that. Each bar represents mean + S.E. of three independent
experiments. * p<0.01 vs. vehicle
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Fig 6. Dose dependent treatment of DMC enhances transcriptional
activity of PPARy

Cos7 cells were transiently transfected with PPARy expression vector,
PPRE-tk luciferase vector and cytomegalovirus (CMV)-B-gal for
transfection efficiency control. Dose dependent treatment of DMC and
rosiglitazone (Rosi) was treated for 24 hours. Harvested cells were
analyzed by luciferase assay. The value of the cells treated with DMC
0.01 uM was set to 1 and the others were expressed as relatives to that.
Each bar represents mean + S.E. of three independent experiments. *
p<0.05 vs. DMC 0.01 uM
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The experiment by Inhee Mook-Jung’s Lab

Fig 7. Physical interaction of DMC with PPARy LBD domain

SPR spectroscopy analysis was performed to figure out the binding of
DMC and rosiglitazone (Rosi) to PPARy LBD. Binding affinity and
pharmacokinetic information were determined as described under
“Materials and Methods”. Data represent the means = S.E. of three
independent experiments.
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Fig 8. Effect of DMC on 3T3-L1 adipocyte differentiation

(A) DMC or rosiglitazone (Rosi) was treated to 3T3-L1 preadipocytes
in the indicated concentrations simultaneously with the induction of
adipocyte differentiation (DM treatment) and continuously thereafter.
The cells were stained with Oil red O 9 days after the adipogenesis
induction. (B) DMC (20 uM) was treated at the indicated time points
during adipogenesis and continuously treated until day 9. Cells were
stained with Oil red O at day 9. Lipid droplets were observed using
bright filed microscopy at 400x magnification (lower panel).
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Fig 9. mRNA expression profile of adipogenesis related gene
3T3-L1 preadipocytes were treated with vehicle or DMC (20 uM)
simultaneously with the induction of adipocyte differentiation (DMI
treatment). Cells were harvested at indicated day (0, 1, 2, 4, 6 and 8).
Total RNAs were isolated and gRT-PCR was performed using specific
primers. The mRNA level of each gene obtained from the cells treated
with vehicle only at day 0 was set to 1 and the others were expressed as
relatives to that. Data represent the mean + S.E. of three independent
experiments. *, P < 0.05 compared with the value of the cells treated
with vehicle only at day 0.
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Fig 10. Effect of DMC on glucose uptake in rat skeletal muscle cells
L6 myotubes were treated with DMC (5 uM or 10 uM) or rosiglitazone
(Rosi) (5 uM or 10 uM) for 48 h. After insulin treatment for 30 min,
glucose uptake was measured. The value of the cells treated with
vehicle only in the absence of insulin was set to 1 and the others were
expressed as relatives to that. Data represent the means + S.E. of the
three independent experiments. *, P < 0.05; compared with the value of
the cells treated with vehicle without insulin. #, P < 0.05; compared
with the value of the cells treated with vehicle with insulin.
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Fig 11. Effect of fatty acid oxidation in mouse skeletal muscle cells
C2C12 myotubes were treated with vehicle, 5 uM of DMC and 5 uM
of rosiglitazone (Rosi) for 48 h, and then fatty acid oxidation rate was
measured. The value of the cells treated with vehicle was set to 100 and
the others were expressed as relatives to that. Data represent the means
+ S.E. of five independent experiments. *, P < 0.05; **, P < 0.01:
compared with the value of the cells treated with vehicle.
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Fig 12. mRNA expression profile of fatty acid oxidation related
gene

C2C12 myotubes were treated with vehicle, DMC or rosiglitazone (5
uM) for 48 h. Total RNAs were isolated and gRT-PCR was performed
using specific primers (CD36, ACSL1, CPT1b, MCAD, PDK4, and
UCP3). The mRNA level of each gene obtained from the cells treated
with vehicle was set to 1 and the others were expressed as relatives to
that. Data represent the mean * S.E. of three independent experiments.
*, P <0.05; **, P < 0.01: compared with the value of the cells treated
with vehicle.
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Fig 13. Increased fatty acid oxidation by DMC was abolished with
AMPK inhibitor

C2C12 myotubes were pretreated with GW9662 (10 uM) or compound
C (10 uM) for 1 h and then vehicle, DMC (5 uM) was added for 48h.
The value of the cells treated with vehicle was set to 100 and the others
were expressed as relatives to that. Data represent the means + S.E. of
four independent experiments. *, P < 0.05; compared with the value of
the cells treated with vehicle. #, P < 0.05; compared with the value of
the cells treated with DMC only.
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Fig 14. Effect of DMC on AMPK phosphorylation in C2C12
myotubes

C2C12 myotubes were treated vehicle, DMC, metformin (10 mM) and
AICAR (1 mM) for 24h. The cell lysates were subjected to western blot
analysis with the specific antibodies (left panel). The band intensity of
pAMPK was normalized to that of AMPK and the value obtained with
the cell lysates from vehicle treated was set to 100 and the others were
expressed as relatives to that (right panel). The data represent the means
+ S.E. of four independent experiments. *, P < 0.05; compared with the
value of the cells treated with vehicle.
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Fig 15. Time and dose dependent effect of DMC on AMPK
phosphorylation in C2C12 myotubes

(A) C2C12 myotubes were treated with DMC (5 uM) or AICAR (1 mM)
for the indicated periods, and the lysates were subjected to western blot
analysis. (B) C2C12 myotubes were treated with DMC or AICAR in
various concentrations for 24 h. The lysates were subjected to western
blot analysis.
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Fig 16. Effect of DMC on fatty acid oxidation in C2C12 myotubes
C2C12 myotubes were treated with vehicle, DMC (5 uM) and AICAR
(1 mM) for 48 h, and then FAO was measured. The value of the cells
treated with vehicle was set to 100 and the others were expressed as
relatives to that. Data represent the means = S.E. of five independent
experiments. *, P < 0.05; compared with the value of the cells treated
with vehicle.

54



Relative ADP/ATP

Fig 17. Effect of DMC on ADP/ATP ratio change

C2C12 myotubes were treated with vehicle, different concentration of
DMC, metformin (10 mM) and AICAR (1 mM) for 24 h, and then
ADP/ATP ratio was measured. The value of the cells treated with
vehicle was set to 1 and the others were expressed as relatives to that.
Data represent the means + S.E. of four independent experiments. *, P
< 0.05 compared with the value of the cells treated with vehicle.
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Fig 18. Cell free AMPK activity assay

Cell free in vitro kinase assay was performed. Recombinant AMPK
complex protein was incubated with different concentration of DMC,
then kinase activity was evaluated by phosphorylated synthetic SAMS
peptide. The activity obtained with DMC (0.001 uM) treated sample
was set to 1. Other values are expressed relative to this value. Data
represent the mean = S.E. of three independent experiments. *P <0.05
compared with the value of DMC (0.001 uM).
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The experiment by Inhee Mook-Jung’s Lab

Fig 19. Physical interaction of DMC with AMPK al1p1y1

SPR spectroscopy analysis was performed to figure out the binding of
DMC and AMP to AMPK complex. Binding affinity and
pharmacokinetic information were determined as described under
“Materials and Methods”. Data represent the means + S.E. of three
independent experiments.
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Fig 20. Additive/synergistic effect of DMC and AICAR

(A) C2C12 myotubes were treated with vehicle, DMC (5 uM), AICAR
(1 mM) and mixture of DMC and AICAR for 24 h, and the lysates were
subjected to western blot analysis. (B) L6 myotubes were treated with
vehicle, DMC, AICAR and mixture of DMC and AICAR for 48 h.
After insulin treatment for 30 min, glucose uptake was measured. The
value of the cells treated with vehicle only in the absence of insulin was
set tol and the others were expressed as relatives to that. Data represent
the means + S.E. of the four independent experiments. *, P < 0.05;
compared with the value of the cells treated with vehicle without
insulin. #, P < 0.05; compared with the value of the cells treated with
vehicle with insulin. (C) C2C12 myotubes were treated with vehicle,
DMC, AICAR and mixture of DMC and AICAR for 48 h, and then
FAO was measured. The value of the cells treated with vihicle was set
t0100 and the others were expressed as relatives to that. Data represent
the means + S.E. of four independent experiments. *, P < 0.05
compared with the value of the cells treated with vehicle.
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The experiment by Inhee Mook-Jung’s Lab

Fig 21. Competition assay of DMC and AICAR to AMPK complex
SPR spectroscopy analysis was performed to figure out the binding of
DMC (100 nM), AMP (100 nM) or mixture DMC and AMP to AMPK.
Dotted line represents an expected response unit for noncompetitive
binding. Data represent the means = S.E. of four independent
experiments.
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Fig 22. Induction of fatty acid oxidation by DMC is dependent on
AMPK

(A and B) C2C12 myotubes were transfected with siRNAs against
AMPK ol and a2 subunits (50 nM each, siAMPK) and the next day
cells were treated with vehicle or DMC (5 uM) for 48 h. The mRNA
levels of AMPK ol and a2 subunits (A) and FAO (B) were measured.
The mRNA level of each gene (A) or FAO (B) value obtained from the
cells treated with the control sSiRNA (siNS) and vehicle was set to 1 or
100, respectively and the others were expressed as relatives to those.
Data represent the mean £ S.E. of three independent experiments. *, P
< 0.05; compared with the value of the siNS with vehicle. #, P < 0.05;
compared with the value of the siNS with DMC.
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Fig 23. Suppression of adipogenesis is dependent on AMPK
(Aand B) 3T3-L1 preadipocytes were transfected with siNS or
siIAMPK the day before the differentiation induction. (A) The mRNA
levels of AMPK ol and a2 subunits were measured two days after the
SiIRNA treatment. The mRNA level of each gene obtained from the
cells treated with siNS and vehicle was set to 1 and the others were
expressed as relatives to that. Data represent the mean + S.E. of three
independent experiments. *, P < 0.05; compared with the value of the
control cells. (B) Cells were stained with Oil red O at day 9 of
adipogenesis. Lipid droplets were observed using bright filed
microscopy at 400x magnification (lower panel).
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Fig 24. Body weight change in DMC treated diet induced obese

Body weights of the mice during the treatments. The arrow indicates
the start point of the treatment with DMC or pioglitazone. Each value
represents the mean + S.E. of each group of mice. *, P<0.05 vs. veh; #
P<0.05 vs. pio at indicated weeks on figure.
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Fig 25. Average daily food and water intake of DMC treated diet
induced obese mice

Average daily food and water intake measurement of the mice during
the treatments. The measurement was started from 12 weeks to 14
weeks. (A) Average daily food intake of each group was shown as line
graphs. Data represent the mean + S.E. (B) Average daily water intake
of each group was shown as line graphs. Data represent the mean + S.E.
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Fig 26. Effect of DMC on glucose tolerance test in diet induced

obese mice

DMC-injected mice were fasted for 16 h and injected with glucose
solution. Plasma glucose levels were measured from the mouse tail vain
blood sample which were drawn at baseline (t=0) and indicated time
point. Data represent the mean + S.E. *p<0.05; **p<0.01 vs. veh at

indicated time on figure.
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Fig 27. Serum profiles of DMC-treated diet induced obese mice
Serum concentrations of fasting glucose (A), random glucose (B),
insulin (C) and TG (D). Each bar represents the mean £ S.E. *p<0.05
vs. vehicle compared with the value of the vehicle group.
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Fig 28. Average tissue weight of DMC treated diet induced obese
mice

Each fat tissue weight was measured and then represented as the %
value of the total body weight (BW). Each bar represents the mean +
S.E. *p<0.05 vs. vehicle; ** p<0.01 vs. vehicle at time points indicated
on figure.
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Fig 29. Morphological changes of epididymal white adipose tissue
(A and B) H&E stained epididymal white adipose tissue were observed
using bright field microscope. 100x magnification (A) and 200x
magnification (B). (C) Adipocytes size were measured and then
calculated to cell surface area. Each bar represents the mean + S.E.
*p<0.05 vs. vehicle compared with the value of the vehicle group. (D)
Distribution of cell numbers according to (low to high) adipocyte
surface area was measured and then represented as bar graph. *p<0.05;
Veh vs. DMC. #p<0.05; Veh vs Pio.
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Fig 30. DMC increased lipolysis related genes in epididymal white
adipose tissue

Epididymal adipose tissue RNAs were isolated and gRT-PCR was
performed using lipolysis related primers adipose triglyceride lipase
(ATGL) (A), hormone-sensitive lipase (HSL) (B) and Perilipin (C).
The mRNA level of each gene obtained from the mouse adipose tissue
treated with veh was set to 1 and the others were expressed as relatives
to that. Data represent the mean + S.E. of seven individual mice. *, P <
0.05 compared with the value of Veh-treated mice.
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Fig 31. DMC increased lipogenesis related genes in epididymal
white adipose tissue

Epididymal adipose tissue RNAs were isolated and gRT-PCR was
performed using lipolysis related primers such as adipocyte
differentiation and determination factor 1 (ADD1) (A), fatty acid
synthase (FASN) (B) and diglyceride acyltransferase (DGAT) (C). The
MRNA level of each gene obtained from the mouse adipose tissue
treated with veh was set to 1 and the others were expressed as relatives
to that. Data represent the mean + S.E. of seven individual mice. *, P <
0.05 compared with the value of \eh-treated mice.
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Fig 32. DMC decreased C/EBPs and PPARYy in epididymal white
adipose tissue

Epididymal adipose tissue RNAs were isolated and gRT-PCR was
performed using lipolysis related primers C/EBPB (A), C/EBPS (B),
PPARy (C) and CEBPa (D). The mRNA level of each gene obtained
from the mouse adipose tissue treated with Veh was set to 1 and the
others were expressed as relatives to that. Data represent the mean *
S.E. of seven individual mice. *, P < 0.05 compared with the value of
Veh-treated mice.
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Fig 33. Effect of DMC on AMPK phosphorylation in gastrocnemius
muscle
Gastrocnemius muscle tissue was lysed and subjected to western blot
analysis with the specific antibodies (A). The band intensity of pAMPK
was normalized to that of AMPK and the value obtained with the
lysates from \eh-treated mice was set to 100 and the others were
expressed as relatives to that (B). The data represent the means + S.E. *,
P < 0.05; compared with the average value of the Veh-treated mice

group.
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Fig 34. DMC enhances fatty acid oxidation in gastrocnemius

muscle

Gastrocnemius muscle tissue was lysed in mitochondria isolation buffer
and then fatty acid oxidation (FAO) was measured. The value of the
vehicle group was set to 100 and the others were expressed as relatives
to that. Data represent the means + S.E. of seven individual mice. *, P

< 0.05 compared with the value of the vehicle group.
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Fig 35. DMC decreased lipid droplet in gastrocnemius muscle
tissue

Gastrocnemius muscle tissue were observed using transmission
electron microscope (TEM) at 8000x magnification. Electron
micrographs of skeletal muscle from vehicle-treated mice (left panel),
and DMC-treated mice (right panel).
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<Discussion>

Cleistocalyx operculatus is a plant widely distributed in several

Southeast Asia countries. Its dried flower bud and leaves have been

used as traditional herb tea materials to treat anti-obesity. 2’,4’-

dihydroxy-6’-methoxy-3’,5’-dimethylchalcone (DMC) is a major

compound of the Cleistocalyx operculatus extract and has been

reported to have several health beneficial effects especially regarding

metabolic syndrome.

In this study, DMC was isolated from C. operculatus extract

(Figure 1-4) and elucidated detail mode of action mechanism. First, |

screened DMC as a new PPARy agonist; however, efficiency in

activating PPARy was not satisfactory compared to rosiglitazone

(Figure 5-7). Although, I found that DMC as a ligand of PPARYy,

however, DMC suppressed adipogenesis (Figure 8-9). Next, |

demonstrated that DMC promoted glucose uptake and FAO in

myotubes through AMPK phosphorylation (Figure 10-16, 22-23). DMC
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promotes AMPK phosphorylation not change ADP/ATP ratio but direct

binding to AMPK (Figure 17-19). Furthermore, DMC-treated mice

improves insulin tolerance due to high fat diet (Figure 24-35).

AMPK is considered an important therapeutic target for type 2

diabetes, because it is activated under low cellular energy levels and

stimulates glucose uptake and fatty acid oxidation, but reduces hepatic

glucose production. Numerous pharmacological, natural activators of

AMPK have been reported [62]. These activators promote AMPK

activity through several different mechanisms [72].

The nucleoside 5-aminoimidazole-4-carboxamide riboside

(AICAR) is taken up into cells and is then metabolized to ZMP, which

is the AMP analog, by adenosine kinase. ZMP binds to the g subunit of

AMPK and mimics the effect of AMP on allosteric activation of the

kinase [73]. Testing of AICAR in an animal model of diabetes exhibited

anti-diabetic effects, as many pathological metabolic parameters in

these animals, including blood glucose level, lipid profile, hepatic

glucose output and glucose disposal, showed improvement [74].
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However, AICAR suffers from unfavorable pharmacokinetic properties

(i.e., high effective concentration, poor bioavailability and short half-

life) and severe metabolic complications such as lactic acidosis and

massive uric acid production [75]. In addition, AICAR interacts with S-

adenosyl homocysteine hydrolase [76] and glycogen phosphorylase

[77], and also inhibits hepatic fructose-1,6-bisphosphatase resulting

from accumulation of ZMP [78]. To solve these problems, many

researchers have attempted to develop more potent derivatives of

AICAR. One example is Example 58 [79], which is structurally related

to imidazol analogs of AICAR and increases AMPK activity directly up

to 311 % at 200 uM in comparison with the control treatments.

Guanidine and its isoprenyl derivative, galegine, are natural

products from the plant Galega officinalis, which was used as a

medicinal herb in medieval Europe [80]. Metformin and phenformin

are biguanides, synthetic derivatives of guanidine. All of these

compounds were tested on animals in the 1920s, but the success of

insulin therapy at that time perhaps caused further studies of guanidine-
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based drugs to be put on hold. The biguanides were finally introduced

for treatment of type 2 diabetes in the 1950s; phenformin was

subsequently withdrawn in the 1970s because of a rare but life

threatening side effect of lactic acidosis, but metformin is now

generally the first choice drug for treatment of type 2 diabetes.

Although biguanides were already known to reduce hepatic glucose

production and enhance peripheral insulin sensitivity [80], the first

clues to their molecular mechanism came in 2000, when it was shown

that they inhibited. Complex | of the mitochondrial respiratory chain

[81, 82]. Interestingly, both drugs are cations, so they accumulate in

mitochondria due to the electrical gradient across the inner membrane

[81]. Metformin has poor plasma membrane permeability, but uptake

into many cells (including hepatocytes) is promoted by the organic

cation transporter OCT1, whereas phenformin uptake is less dependent

on this transporter [83]. Since both drugs inhibit mitochondrial ATP

synthesis, they would be expected to cause increases in the ADP:ATP

and AMP:ATP ratios and thus activate AMPK indirectly. AMPK
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activation by metformin was indeed demonstrated in 2001 [84], and

this was subsequently also shown for phenformin [85] and galegine

[86]. The activation mechanism requires increases in AMP and/or ADP,

because all three drugs fail to activate AMPK in cells expressing an

AMPK vy subunit with a mutation (R531G) that renders the complex

AMP/ADP insensitive [83].

In addition to galegine, a bewildering variety of other natural

products, many derived from plants used as herbal medicines in Asian

countries, have been reported to activate AMPK. These include

resveratrol from red grapes, quercetin present in many fruits and

vegetables, ginsenoside from Panax ginseng, curcumin from Curcuma

longa, berberine from Coptis chinensis (used in the Chinese herbal

medicine Huanglian), epigallocatechin gallate from green tea,

theaflavin from black tea [87], and hispidulin from snow lotus, another

plant used in Chinese herbal medicine [88]. Many of these compounds

are claimed to have favorable effects in type 2 diabetes and the

metabolic syndrome. Although many of these compounds can be
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classed as polyphenols, their structures are quite variable, and a

puzzling feature was how such disparate structures would all be able to

activate  AMPK. Based on findings that berberine inhibited the

respiratory chain [89], whereas resveratrol inhibited the F1-ATP

synthase [90], it seemed possible that many of them activated AMPK

indirectly, by inhibiting mitochondrial ATP production and thus

increasing cellular AMP:ATP and/or ADP:ATP ratios, in a similar

manner to the biguanides. Supporting this, AMPK activation by

resveratrol, berberine, and quercetin was reduced or eliminated in cells

expressing the AMP/ADP-insensitive AMPK mutant [83].

Metformin and TZDs indirectly activate AMPK by increasing

the AMP:ATP ratio through the inhibition of the mitochondrial

respiratory chain complex 1 [72, 91]. In addition, several compounds

and natural substances, such as A-769662, PT1, and salicylate, have

been reported to activate AMPK by direct binding to AMPK subunits

[92-94].
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DMC certainly inhibits adipogenesis when it was treated at the
beginning step. To consider DMC’s anti-adipogenic effect from animal
level, adipose tissue were significantly decreased. In general, adipose
tissue grows by two mechanisms: hyperplasia (cell number increase)
and hypertrophy (cell size increase). Hyperplastic growth appears only
at early stages in adipose tissue development. Hypertrophy occurs prior
to hyperplasia to meet the need for additional fat storage capacity in the
progression of obesity [95-97]. However, it has proven difficult to
understand how diet and genetics specifically affect hyperplasia and
hypertrophy of adipose cells, because of limited longitudinal data about
adipose tissue growth.

Therefore 1 tried to solve above problem using the indirect
method. First, | search for literature about effect of AMPK activators to
cell number and cell cycle. There are several reports about AICAR and
metformin inhibits proliferation due to S-phage arrest [98-100]. AICAR
may regulate cell growth via p53 phosphorylation, and also indicates

the possibility of p53 phosphorylation [101]. However, although I did
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not observe here, DMC may also regulate cell cycle arrest via the
AMPK-p53 pathway. Second, to determine whether DMC has anti-
hypertrophy effect, expression level of lipolysis related genes (adipose
triglyceride lipase (ATGL), hormone-sensitive lipase (HSL) and
Perilipin) and lipogenesis related genes (adipocyte
differentiation and determination factor 1 (ADD1), fatty acid synthase
(FASN) and diglyceride acyltransferase (DGAT)) was examined here.
gRT PCR results shows that DMC interferes with lipid accumulation
and consumption via lipolysis and beta-oxidation (Figure 30-32).

However, since DMC is a small molecule and can bind to
PPARYy as well as AMPK, it is possible that DMC also binds to other
proteins and modulates their activity. Therefore, AMPK-independent
DMC effects should be carefully examined, although any apparent
abnormalities were not observed in the mice treated with DMC.

In addition, side effects of animal study with long term
treatment using DMC was not verified. In fact, long-term use of

metformin has been associated with increased homocysteine levels
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[102] and malabsorption of vitamin B12 [103, 104]. Higher doses and

prolonged use are associated with increased incidence of vitamin B12

deficiency [105] and some researchers recommend screening or

prevention strategies [106].

Further studies such as pharmacokinetics of DMC and effect of

mitochondrial activity are needed to elucidate other properties of DMC.

Moreover, there was a report that AMPK enhance the mitochondrial

biogenesis and functional activity [92]. AMPK enhances the activity of

transcription factors like nuclear respiratory factor 1 (NRF-1), myocyte

enhancer factor 2 (MEF2), host cell factor (HCF), and others [107, 108].

AMPK also has a positive feedback loop, enhancing its own expression

[109].

In this study, DMC, a natural compound, was identified as an

activator of AMPK through direct binding. Furthermore, DMC

promotes AMPK phosphorylation with a much higher sensitivity than

AICAR at much lower concentrations. These data clearly highlighted
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DMC as a therapeutic target for the treatment of diabetes, based on the

in vivo effects of DMC on HFD-induced obese mice.
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