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Genistein-Derivatives from Zetracera scandens Stimulate Glucose-Uptake

in L6 Myotubes
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An EtOAc-soluble partition of the MeOH extract of a branch of Tetracera scandens (Dilleniaceae family)
was subjected to a glucose-uptake assay, which led to the isolation and identification of five isoflavones of previ-
ously known structure namely, genistein (1), its derivatives 3',5'-diprenylgenistein (2), 6,8-diprenylgenistein (3),
derrone (4) and alpinumisofiavone (5). Of these, compounds 2—S5 exhibited significant glucose-uptake activity in
basal and insulin-stimulated L6 myotubes. The findings from adenosine monophosphate-activated kinase
(AMPK) activation and glucose transport proteind (GLUT4) and GLUT1 over-expression revealed certain char-
acteristics of compounds 2—S5. These compounds inhibited protein tyrosine phosphatase 1B (PTP1B) activities
with IC,, values ranging from 20.63+0.17 to 37.52+0.31 um. No muscle cell toxicity was reported with com-
pounds 3—S5, while compounds 1 and 2 reduced muscle cell viability with IC,, values of 34.27+0.35 and
18.69+0.19 um, respectively. It was concluded that 7. scandens and its constituents exerted highly desirable activ-
ities on type 2 diabetes mellitus treatment since they significantly stimulated the uptake of glucose, AMPK phos-
phorylation, GLUT4 and GLUT1 mRNA expressions and PTP1B inhibition in L6 myotubes.
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Natural products are excellent sources of lead compounds
in the search for novel drugs for treatment of various dis-
eases. The most under-explored source of such materials lies
in the tropical and subtropical regions of the world. In these
areas, a long tradition of ethnobotanical medicine often ex-
ists and offers a rich and relatively untapped source for the
discovery of novel drugs from natural products.” A tradi-
tional Vietnamese medicinal plant, Tetracera scandens is
originally from the Quang Ninh province in Vietnam. It is
called ‘Day Chieu’ in Vietnamese and has shown some thera-
peutic activities in inflammation, hepatitis and gout." How-
ever, no reports on the effects of 7. scandens and its compo-
nents have been published in the field of diabetes.

Type 2 diabetes mellitus (T2DM) is a heterogeneous meta-
bolic disorder characterized by the impairment of insulin-se-
cretion from pancreatic beta cells and insulin resistance in
peripheral tissues such as liver, adipose tissue, and skeletal
muscle.? Skeletal muscles account for approximately 75% of
glucose absorption under insulin-stimulated conditions, and
a reduction in insulin-stimulated glucose-uptake in skeletal
muscles of T2DM patients has been observed both in vitro
and in vivo.>» Some commonly used glucose-lowering anti-
diabetic drugs in the market such as metformin, rosiglitazone
and pioglitazone are believed to increase the glucose-uptake
in skeletal muscle.>® Therefore, muscle glucose-uptake
could be considered as an excellent target for treatment of
T2DM.

Adenosine monophosphate-activated  protein  kinase
(AMPK) plays a central role in the regulation of glucose and
lipid metabolism as an intracellular energy sensor. Upon acti-
vation by allosteric binding of AMP or phosphorylation at
Thr'” of its catalytic subunit, AMPK accelerates ATP-gener-
ating catabolic pathways, including glucose-uptake and glu-
cose and fatty acid oxidation.” In many reports, AMPK-acti-
vators such as aminoimidazole carboxamide ribonucleotide
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(AICAR), peroxisome proliferator-activated receptor ¥
(PPARY) agonists, metformin and berberine stimulated mus-
cle glucose-uptake both in cells and in humans.®*—'?

Moreover, the uptake of glucose into tissues is mediated to
a large extent by the members of a series of facilitated carrier
proteins, designated glucose transport protein (GLUT) 1—
12.'Y GLUT4 is highly expressed in skeletal muscle cells
that exhibit regulated insulin-responsive glucose-uptake. The
increased expression of GLUT4 has previously been lowered
blood glucose and enhanced glucose transport and glucose
utilization in skeletal muscles.!? GLUTI1 is nearly ubiquitous
in its distribution and is thought to be primarily responsible
for basal glucose-transport associated with AMPK activa-
tion."*!Y The over-expression of GLUTI in L6 myoblasts
and transgenic mice resulted in augmented basal rates of glu-
cose-uptake.'>!® Thus, basal and insulin-stimulated glucose-
uptake into skeletal muscle may be regulated at least in part
by the level of GLUT1 and GLUT4 expressions in muscle
tissue.

Protein tyrosine phosphatase 1B (PTP1B) negatively regu-
lates insulin-signaling, and is strongly involved in glucose-
uptake pathways.!” The over-expression of PTPIB in trans-
genic mice decreased glucose-uptake activity by 40—50%.'®)
Global deletion of PTP1B in mice results in increased sys-
temic insulin sensitivity, enhanced glucose-uptake into skele-
tal muscle, and improved glucose-tolerance.'” Hence PTP1B
inhibitors are believed to be promising therapeutic agents
against obesity and T2DM.?"

In the present study, we sought to identify the bioactive
constituents of an extract of a branch of 7. scandens, ac-
counting for muscle glucose-uptake. We also attempted to
elucidate the major targets mediating glucose-uptake activi-
ties both in basal and insulin-responsive L6 myotubes. Their
roles were evaluated by measuring the extent of activation of
AMPK, mRNA expressions of GLUT4 and GLUTI, and
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PTPI1B activity. Our data collectively suggested that the iso-
lated compounds were potently beneficial in the treatment of
diabetes.

MATERIALS AND METHODS

Cell Line and Reagents L6 rat skeletal muscel cell
(CRL-1458™) was obtained from American Type Culture
Collection (ATCC) (Rockville, MD, U.S.A.). Dulbecco’s
modified Eagle’s cell culture medium (DMEM), fetal bovine
serum (FBS), horse serum and penicillin/streptomycin were
obtained from GIBCO/BRL Life Technologies (Grand Is-
land, NY, U.S.A.). 2-Deoxy-p-[*H]-glucose was purchased
from American Radiolabeled Chemicals Inc. (St. Louis, MO,
U.S.A.). PTP1B (human, recombinant) was obtained from
BIOMOL International LP (Plymouth Meeting, PA, U.S.A.).
Anti-AMPK, anti-P-AMPK and anti-glyceraldehyde-3-phos-
phate dehydrogenase (GAPDH) were purchased from Cell
Signaling (Danvers, MA, U.S.A.). Anti-rabbit horseradish
peroxidase-conjugated immunoglobulin G (IgG) was from
SantaCruz Biotechnology Inc. (Santa Cruz, CA, U.S.A.).
RNeasy®™ mini kit was from QIAGEN (Valencia, CA, U.S.A.)
and AccuPower® CycleScript RT PreMix (dT20) was from
Bioneer Inc. (Daejeon, Korea). Cell Counting Kit8 (CCKS8)
was purchased from Dojindo Laboratories (Kumamoto,
Japan). Other reagents were obtained from Sigma Chemical
Co. (St. Louis, MO, U.S.A)).

Plant Material T scandens were collected at Vietnam in
July 2007, and identified by Professor KiHwan Bae. A
voucher specimen (No. 07-V001) has been deposited in
Korea Research Institute of Bioscience and Biotechnology,
Korea.

Extraction and Isolation T scandens (3kg) were
chopped and extracted three times with MeOH for 10d at
room temperature. The extract was evaporated to yield a
residue (410g). The MeOH extract was partitioned with n-
hexane, EtOAc, and BuOH. The active EtOAc (40 g) phase
was separated by silica gel column chromatography (10X30
cm; 63—200 um particle size) using a gradient of hexane—
EtOAc (from 10:1—0:1) to afford four fractions (#1—#4).
Fraction #2 was further purified by HPLC [Optima Pak C,q
column, (25X10cm, RS Tech. Daejon, Korea); a gradient
mobile phase (54%—100% ACN in H,0) detected at
210nm; flow rate: 2ml/min] to yield compound 1. Com-
pounds 2, 3, 4 and 5 were purified from fraction #3 by HPLC
using acetonitrile-water gradient system [Optima Pak C,q
column, (25X10 cm); a gradient mobile phase (54%—100%
ACN in H,0); 210 nm; flow rate: 2 ml/min].

Cell Culture Monolayers of L6 cells were grown in
DMEM containing 10% FBS and penicillin (100 U/ml)/
streptomycin (100 ug/ml), and cultured in a humidified 5%
CO, incubator at 37 °C. Cells (1X10°/ml) were seeded in 12-
well plates and grown to 90% confluency, and differentiated
with DMEM with 2% horse serum for a week.

Glucose Uptake Assay Differentiated L6 mature my-
otubes were cultured on 12-well plates, incubated serum-free
DMEM for 24h, and washed with Krebs—Ringer N-(2-
hydroxyethyl)piperazine-N-2'-ethanesulfonic acid (HEPES)
(KRH) buffer (120mm NaCl, 5mm KCl, 2mMm CaCl,,
1.5mm MgSO,, 20mMm HEPES). After compound treatment
for 1h, cells were added with 200 nm insulin for 20 min. And
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the cells were incubated in KRH buffer containing 1 uCi 2-
deoxy-p-[°H] glucose and 5mm glucose for 30 min. The re-
action was terminated by placing the plates on ice-cold phos-
phate buffered saline (PBS). After washing the cells with ice-
cold PBS, the cells were dissolved with 0.5M NaOH with
0.1% sodium dodecyl sulfate (SDS). The activity was deter-
mined by liquid scintillation counter.

PTP1B Inhibition Assay The inhibitory effect of com-
pounds on PTPIB enzyme activity was measured by a
method described previously.?”

Western Blot Analysis L6 myotubes were washed with
cold PBS containing 1mm Na,;VO,. The pellet was sus-
pended in extraction buffer (10mm Tris, pH 7.4, 150 mm
NaCl, 0.5% NP-40, 1 mm EDTA, 1% TritonX-100, 1 mm PI,
I mm Na,;VO,), and protein concentration was determined
with Bio-Rad Protein Assay Reagent. Equal amounts of pro-
tein were subsequently fractionated by 10% SDS-PAGE and
transferred to a polyvinylidene difluoride (PVDF) mem-
brane. The blotter was blocked in 5% skim milk diluted in
TBS containing 0.1% Tween-20 for 1h then incubated with
primary antibody, anti-AMPK, anti-P-AMPK and GAPDH
(1:1000), followed by incubation with anti-rabbit horserad-
ish peroxidase-conjugated IgG (1 :2000) and visualized with
enhanced chemiluminescence.

Reverse Transcription-Polymerase Chain Reaction
(RT-PCR) L6 myotubes were subjected to total RNA isola-
tion by using RNeasy mini kit. RNA concentrations were de-
termined by measuring absorption at 260 nm in a spectropho-
tometer. Aliquots of 1 ug of total RNA from each sample
were reverse transcribed to cDNA using an AccuPower® Cy-
cleScript RT PreMix (dT20) according to manufacturer’s in-
structions from Bioneer Inc. PCR primers used in this study
included; GLUT4: 5'-GGG CTG TGA GTG AGT GCT
TTC-3" and 5'-CAG CGA GGC AAG GCT AGA-3/;
GLUT1: 5'-TGC AGT TCG GCT ATA ACA CC-3' and 5'-
ACA CCT CCC CCA CAT ACA TG-3'; GAPDH: 5'-TAG
ACG GGA AGC TCA CTG GC-3' and 5'-AGG TCC ACC
ACC CTG TTG CT-3".

Cell Viability Assay L6 rat myoblasts were seeded at
5X10° cells/well in 96-well microplates and allowed to at-
tach for 24 h. Each compound was added to the medium at
various concentrations (0—75 um). After 24 h, cell viability
was assessed by Cell Counting Kit8 (CCKS). Briefly, highly
water-soluble tetrazolium salt, WST-8[2-(2-methoxy-4-nitro-
phenyl)-3-(4-nitrophenyl)-5-(2,4-disulfophenyl)-2 H-tetra-
zolium, monosodium salt], produced a orange colored water-
soluble product, formazan. The amount of formazan dye
generated by dehydrogenases in cells was directly propor-
tional to the number of living cells. CCK8 (10 ul) was added
to each well and incubated for 3 h at 37 °C, then cell prolifer-
ation and cytotoxicity were assessed by measuring the ab-
sorbance at 450nm using microplate reader (Dynatech
MR700). Three replicated wells were used for each experi-
mental condition.

Statistical Analysis Data were presented as mean of
triplicate assays*S.D. For statistical analysis of the date for
single comparison, the significance between means was de-
termined by #-test. * p<<(0.05, ** p<<0.01 compared with un-
treated control; #p<<0.05, # p<<0.01 compared with insulin-
treated control.
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Fig. 1. Chemical Structures of Compounds 1—S5 Isolated from 7. scandens
RESULTS AND DISCUSSION

In the course of screening of natural medicinal plants
using the glucose-uptake analysis, the MeOH extract of the
branches of 7. scandens was found to significantly stimulate
glucose-uptake in basal and insulin-stimulated L6 myotubes
(IC, values of 58.14%0.72 and 33.62+0.18 ug/ml, respec-
tively). T° scandens, belonging to the Dilleniaceae family, is a
Vietnamese traditional medicine whose constituents and ef-
fects have not been fully characterized. Here further fraction-
ations and separations by several chromatographic methods
yielded five isoflavones from 7. scandens, and these were
identified as genistein (1), its derivatives 3',5'-diprenylgenis-
tein (2), 6,8-diprenylgenistein (3), derrone (4) and alpinu-
misoflavone (5) by the direct comparison of their physico-
chemical and spectroscopic data with those previously re-
ported (Fig. 1).2> 2 Isoflavones contained in soy were previ-
ously proposed to possess beneficial metabolic effects in pa-
tients with diabetes and obesity.”> In this study, we show for
the first time that an EtOAc-soluble fraction of 7. scandens
contains isoflavones and has muscle glucose-uptake activity.

To investigate the effects of the isolated compounds 1—S5,
at various concentrations (0—25 um), a glucose-uptake assay
was performed. Incubation of L6 myotubes with compound 1
for 1h at all tested concentrations did not enhance the glu-
cose-uptake, whereas compounds 2—S5 significantly stimu-
lated the basal and insulin-treated glucose- uptake in a dose-
dependent manner (Fig. 2). Compound 2 was the most active
at a lower concentration of 10 um, and revealing cytotoxicity
at 25 um, with increasing basal and insulin-stimulated glu-
cose-uptake of 182.3 and 295% respectively; compound 3
(25 um) produced an increase of glucose-uptake by 161 and
247%; compound 4 (25 um) showed a 177 and 285.7% in-
crease in glucose-uptake; compound 5 (25 um) produced a
132 and 222% increase in glucose-uptake. Previously it was
shown that compound 1 directly inhibited GLUT4-mediated
glucose-uptake in 3T3-L1 adipocytes,?® but in this study we
did not detect any role of this compound in the regulation of
glucose-uptake in L6 myotubes. Theses results indicated that
compounds 2—5 might exert some metabolic roles as glu-
cose-uptake enhancers within skeletal muscle cells.

This study was further extended to determine the modula-
tion of upstream regulators involved in the glucose-uptake
signaling pathway such as AMPK, which is an important
marker involved in the stage of nutrient-sensing. Phosphory-
lation of AMPK at Thr'’?, the active site of the AMPK o-
subunit and which is essential for enzyme activity, was
demonstrated by Western blotting. The levels of AMPK were
normalized with glyceraldehyde 3-phosphate dehydrogenase
(GAPDH). AMPK was found to have been significantly
phosphorylated after the cells were treated with compounds
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Fig. 2. Basal and Insulin-Stimulated Glucose-Uptake by Compounds 1—5
in L6 Myotubes

The cells were incubated in the presence of 0—25 um compound 1 (A) and 3 (C), 4
(D), 5 (E) and 0—10 um compound 2 (B) for 1h, and then glucose uptake was assayed.
Data are presented as means*=S.D. of triplicate experiments. Mean value is significantly
different (* p<<0.05 and ** p<<0.01 as compared with untreated control group; #»<<0.05
and # p<<0.01 as compared with insulin-treated control group).

2—S5 (10 um), whereas only a faintly increased level of phos-
phorylation was observed after treatment with compound 1
(10 M) on differentiated L6 myotubes, which are similar to
those of glucose-uptake assay (Fig. 3). These results corre-
lated with that of the glucose-uptake assay. Previously, it was
suggested that compound 1 activated phosphorylation of
AMPK to inhibit differentiation of adipocytes,*” but no other
isolated compounds have yet been reported as AMPK activa-
tors. These results implied that AMPK was involved in en-
hancing the glucose-uptake action of compounds 2—S5 in L6
myotubes.

Previous studies showed that highly expressed levels of
GLUT4 and GLUT1 increased the insulin-stimulated or
basal level of glucose-uptake in both muscle cells and in
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Fig. 3. AMPK Activation by Compounds 1—S5 in L6 Myotubes

The cells were treated with 10 um compound 1—S5. The cell lysates were analyzed by
Western blotting with specific antibodies against total-AMPK and phospho-AMPK
(Thr'"?). The protein level was normalized by glyceraldehyde 3-phosphate dehydroge-
nase (GAPDH).
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Fig. 4. GLUT4 and GLUT! mRNA Expression Levels by Compounds
1—S5 in L6 Myotubes

Cells were exposed to compounds (10 um) for 1h. After washing and lysis, total
RNA was isolated and reverse transcribed to cDNA for RT-PCR analysis. Total RNA
level was analyzed by GAPDH. Mean value is significantly different (* »<<0.05 as com-
pared with untreated control group).

mice.'>!>!9 To determine whether the difference in expres-
sion of GLUT4 and GLUT! occurred at the level of tran-
scription, an RT-PCR assay was employed. Treatment of L6
myotubes with compounds 2—5 increased the GLUT4
mRNA levels by 1.65-, 1.80-, 1.92-, 1.77-fold, and the
GLUTI mRNA levels by 1.77-, 1.71-, 1.74-, 1.84-fold, re-
spectively, whereas no difference was observed after treat-
ment of the myotubes with compound 1 (Fig. 4). This sug-
gested that the basal and insulin-responsive glucose-uptake
into muscle cells treated with compounds 2—5 may be regu-
lated in part by the level of expressions of GLUTI1 and
GLUTA4.

Furthermore, current researchers have demonstrated the
possible association of PTP1B in insulin sensitivity with
T2DM.?*#? Since PTPIB plays a pivotal role in insulin re-
sistance, the findings of the PTP1B correlates with the glu-
cose-uptake activity of each compound. As shown in Table 1,
compounds 2—S5 exhibited moderate PTP1B inhibition with
IC,, values ranging from 20.63£0.17 um to 37.52 =0.31 um.
While no activation of glucose-uptake and AMPK phospho-
rylation was observed with compound 1, it showed PTP1B
inhibition with an ICy, value of >80 um. Except for com-
pound 5, which was isolated from Erythrina mildbraedii and
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Table 1. PTPIB Inhibition Activity of Compounds 1—5
Compounds PTPIB, IC, (um)”
1 >80
2 31.75+0.27
3 28.13%0.19
4 20.63+0.17
5 37.52+0.31
Ursolic acid” 5.13+0.45

a) Data are presented as means*S.D. of triplicate experiments.
trol.

b) Positive con-

Table 2. Cytotoxic Activity of Compounds 1—5 on L6 Myoblast

Compounds 1Cs, (um)?

34.27%+0.35

18.69+0.19
>60
>60
>60

N B W -

a) Data are presented as means*S.D. of triplicate experiments.

formerly proposed to be a PTPIB inhibitor,*” none of the
other compounds tested have previously been reported to be
PTPI1B inhibitors. The findings of this study therefore pres-
ent compounds 2—4 as novel PTP1B inhibitor compounds,
showing some correlation between PTP1B inhibition and in-
sulin-mediated glucose-uptake activity.

Since existing oral diabetic agents have revealed skeletal
toxicity, the search for non-toxic diabetic therapeutics has be-
come increasingly important.’" The effect of each compound
on muscle cell toxicity was investigated using a CCKS8 assay,
which measures formazan dye produced by living cells.
Compounds 3—S5 showed similar results with no toxic effects
at concentrations up to 60 um after a 24 h-treatment. How-
ever, when cells were exposed to compounds 1 and 2, muscle
cell toxicity was exhibited with ICs, values of 34.27+0.35
and 18.69+0.19 um, respectively (Table 2). Previously com-
pound 1 was shown to have anti-proliferative and apoptotic
effects on various malignant cell types derived from solid tu-
mors, and even on NIH 3T3 non-tumor cells,*? whereas no
cellular cytotoxic effects of compounds 2—5 were reported.
The results of the present study indicated that compounds
3—S5 could be possible lead candidates for anti-diabetic drug
development without exerting toxicity to muscle cells.

In summary, this is the first study to show that 7" scandens
and its isoflavones, 3',5'-diprenylgenistein (2), 6,8-diprenyl-
genistein (3), derrone (4) and alpinumisoflavone (5) stimu-
late glucose-uptake in basal and insulin-stimulated L6 my-
otubes in a dose-dependent manner. AMPK activation,
GLUT4 and GLUT1 expressions and PTP1B inhibition by
bioactive constituents appear to be involved in the mecha-
nism of the stimulation of basal and insulin-responsive glu-
cose-uptake. Thus this study provides evidence that com-
pounds 2—5 may be possible candidates of a novel therapeu-
tic strategy for T2DM treatment, although further studies
will be required to clarify the molecular mechanism of these
bioactive constituents.
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