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Abstract Keywords

Context: Mangiferin has been reported to possess antidiabetic activities. Norathyriol, a xanthone  Active metabolite, AMPK, insulin resistance,
aglycone, has the same structure as mangiferin, except for a C-glucosyl bond. To our best L6 muscle cells, norathyriol

knowledge, no study has been conducted to determine and compare those two compounds
on glucose consumption in vitro.

Objective: In this study, the effects of norathyriol and mangiferin on glucose consumption in
normal and insulin resistance (IR) L6 myotubes were evaluated. Simultaneously, the potential : ;
mechanism of this effect was also investigated. Revised 9 April 2013

Materials and methods: Normal or IR L6 myotubes were incubated with norathyriol (2.5~ 10uM, ~Accepted 10 June 2013

0.625 ~ 2.5 uM), mangiferin (10 ~ 40 pM, 2.5 ~ 10 uM) or rosiglitazone (20 uM) and/or 0.05 nM Published online 13 September 2013
insulin for 24h, respectively. The glucose consumption was assessed using the glucose

oxidase method. Immunoblotting was performed to detect protein kinase B (PKB/Akt) and

AMP-activated protein kinase (AMPK) phosphorylation in L6 myotubes cells.

Results: Norathyriol and mangiferin treatment alone increased the glucose consumption 61.9

and 56.3%, respectively, in L6 myotubes and made additional increasing with 0.05nM insulin.

In IR L6 myotubes, norathyriol treatment made increasing with or without insulin, mangiferin

treatment also made increasing but only when co-treated with insulin. Immunoblotting results

showed that norathyriol and mangiferin produced an increase of 1.9- and 1.8-fold in the

phosphorylation levels of the AMPK, but not in Akt.

Discussion and conclusion: Our findings suggest that norathyriol and mangiferin could improve

the glucose utilization and insulin sensitivity by up-regulation of the phosphorylation of AMPK.

Norathyriol may be considered as an active metabolite responsible for the antidiabetic activity

of mangiferin.

History
Received 5 July 2012

Introduction rather than muscle and thus on its own is not a complete
therapy. There is a worldwide search for better agents (Moller,
2001; Smyth & Heron, 2006; Tan et al., 2008).

Natural products have been a rich resource for the devel-
opment of novel therapeutics used to treat a variety of human
diseases. Mangiferin, a xanthone glycoside, originally isolated
from Mangifera indica L. (Anacardiaceae). It has also been in
other medical plants such as Anemarrhena asphodeloides
Bunge. Thus far, mangiferin has been reported to possess a
wide spectrum of pharmacological activities, such as antidia-
betic, anti-HIV, anticancer, anti-inflammatory, antiviral, anti-
oxidant and anti-bone resorption activities (Andreu et al., 2005;
Lietal., 1998; Pardo-Andreu et al., 2006; Yoosook et al., 2000;
Zhou et al., 2007). It is noteworthy that mangiferin has
hypoglycemic activity in glucose-induced hyperglycemic rats
and mice (Aderibigbe et al., 1999, 2001), streptozotocin-
induced diabetic rats and ‘KK/Ay mice, a genetic type 2

Insulin resistance (IR) is a major metabolic abnormality
leading to type 2 diabetes; and, as such, there is considerable
interest in the discovery of insulin-sensitizing agents to aid in
the treatment of this disease. Currently, pharmacological
treatment of IR mainly targets two mechanisms: peroxisome
proliferator-activating receptors (PPARs) (Smyth & Heron,
2006) and AMP-activated protein kinase (AMPK) (Ye et al.,
2005). The two most popular agents now in use are the
thiazolidinediones (TZDs) and the biguanides. The TZDs
are widely used but can have undesirable side effects
(weight gain, fluid retention and heart failure). The biguanide
metformin does not cause weight gain but mainly acts in liver
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diabetes mellitus with hyperinsulinemia (Ichiki et al., 1998;
Miura et al., 2001b; Muruganandan et al., 2005). Moreover, the
compound also lowers blood lipids in type 2 diabetic animals
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Figure 1. Conversion of mangiferin to norathyriol.

(Miura et al., 2001a), activates PPAR-o luciferase activity
in human embryonic kidney 293 cells and enhances
PPAR-a-dependent lipoprotein lipase expression and activity
in the THP-1 derived macrophage cell line (Huang et al., 2006).
Recent pharmacological studies have demonstrated that
mangiferin modulates multiple targets: o-glucosidase
(Li et al., 2004), protein tyrosine phosphatase 1B (Hu et al.,
2007; Klaman et al., 2000) and glucose transporter protein
4 (GLUT4) expression and translocation (Girdn et al., 2009).
These studies indicated that mangiferin has anti-diabetic
potent. However, pharmacokinetic studies in rats given oral
mangiferin have failed to detect mangiferin in plasma
and urine, and the oral bioavailability was only 1.2%,
suggesting poor absorption (Han et al., 2010; Wang et al.,
2006). It can be assumed that the pharmacological activities of
mangiferin may not come from mangiferin itself but
its metabolites.

Norathyriol is one of the metabolites of mangiferin.
Some evidence has shown that mangiferin, after oral admin-
istration, was first deglycosylated into norathyriol by intes-
tinal bacterium and then further metabolized (Figure 1)
(Liu et al., 2011; Sanugul et al., 2005; Wang et al., 2007).
Therefore, we hypothesize that norathyriol is an active
metabolite responsible for the antidiabetic activity of
mangiferin. In order to verify the possibility, we examined
the effects of norathyriol and mangiferin on the glucose
consumption in normal and insulin-resistant L6 myotubes
and compared with an insulin sensitizer, rosiglitazone,
a positive control. In addition, we investigated two main
glucose metabolic pathways, the phosphorylation of PKB/Akt
and AMPK in normal L6 myotubes.

Materials and methods
Materials

Dulbecco’s modified Eagle’s medium (DMEM), o-minimal
essential medium (a-MEM), fetal calf serum (FCS) and
other culture reagents were purchased from Hyclone
(Thermo Scientific Co., Waltham, MA). Methylthiotetrazole
(MTT) was purchased from Sigma Chemical Co. (St. Louis,
MO). Norathyriol (purity >87% by high-performance liquid
chromatography) was obtained by Kunming Medical
University. The biochemical kits used in this experiment
were purchased from Shanghai Rongsheng Bioengineering
Institute. Mangiferin, insulin, B-actin antibody and horse
radish peroxidase (HRP)-conjugated secondary antibodies
were purchased from Sigma-Aldrich (St. Louis, MO). Akt,
phospho-Akt (Ser473 and Thr308), AMPK and phospho-
AMPK (Thr172) antibodies were purchased from Cell
Signaling Technology (Beverly, MA).

Cell culture

L6 myoblasts were purchased from Cell Bank of Shanghai
Institute for Biological Science, Chinese Academy of
Sciences. Cells were grown in DMEM containing 10%
(v/v) FCS, 100 units/ml penicillin and 100 pg/ml strepto-
mycin in 10cm diameter dishes in a humidified atmos-
phere of 95% air and 5% CO, at 37°C. Myoblasts were
maintained in continuous passages (<15) by trypsinization
of subconfluent cultures and fed fresh medium every 48 h.
For differentiation, L6 myoblasts were transferred to
o-MEM with 2% FCS in 96-well tissue culture plates
(Corning, NY), 5-6 days post-confluence (Mitsumoto &
Klip, 1992). The extent of differentiation was established
by observing multinucleation of cells, and 90% fusion of
myoblasts into myotubes was considered for our study. In
order to induce IR, L6 myotubes were exposed to 25 mM
glucose and 100nM insulin in o-MEM for 24h (Walker
et al., 1989).

Glucose consumption assay

Fully differentiated normal and IR myotubes grown in a 96-
well plate with some wells left blank were subjected to a
glucose consumption assay as reported (Mueller et al., 2000;
Yin et al., 2002; Zuo et al., 2008). Cells were serum starved
for 4h. Then, all wells including the blank wells were
incubated with norathyriol, mangiferin or rosiglitazone and/or
0.05 nM insulin for 24 h (in some experiments, incubated with
a series of concentration of insulin for 48h). Finally, the
medium was removed, and glucose concentrations were
determined by the glucose oxidase method. The amount of
glucose consumption was calculated by the glucose concen-
trations of blank wells subtracting the remaining glucose in
cell plated wells. The MTT assay was used to monitor cell
viability, and glucose consumption values were corrected
accordingly.

Cell viability (MTT) assay

L6 myotubes were exposed to o-MEM alone, norathyriol
or mangiferin at final concentrations of 1 x 10_5, 1x10*or
1 x 103 mol/L for a total of 24, 48 or 72h. Each treatment
had four replicate wells. After treatment for 20, 44 or 68h,
50 pug MTT in 10 pl of phosphate-buffered saline (PBS) was
added to each well. After incubation for another 4 h, the MTT
medium was discarded and the formazan was dissolved in
dimethyl sulfoxide. The absorbance was read at 595 nm with
a 96-well plate reader (3550-UV, Bio-Rad, Hercules, CA).
Cell viability was calculated as a percentage of the average
MTT absorbance in matched control cells.
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Western blotting

L6 myotubes were serum-starved in o-MEM medium (12 h at
37°C) prior to incubation either with the test compounds or
vehicle for 4h or with 100 nM insulin for 15 min. Following
treatment, cells were washed three-times with ice-cold PBS
and subsequently lysed in 1% Triton X-100 in PBS supple-
mented with NaOV; (I1mM), NaF (1 mM) and protease
inhibitor cocktail (Roche, San Francisco, CA), then centri-
fuged at 20000 x g for 20 min. Protein concentration was
measured by the bicinchoninic acid (BCA) method, and equal
amounts of protein were heated for 10min at 95°C in
Laemmli sample buffer supplemented with 10% B-mercap-
toethanol. Proteins were resolved by 10% sodium dodecyl
sulfate polyacrylamide gel electrophoresis and transferred to
polyvinylidene difluoride membrane using MiniProtean III
electrophoresis and blotting system (Bio-Rad). After blocking
with 3% BSA, membranes were incubated with anti-p-Akt
(Serd473 and Thr308), anti-Akt or anti-p-AMPK (Thr172)
and anti-AMPK antibodies (Cell Signaling Technology),
followed by incubation with appropriate HRP-conjugated
secondary antibodies. Immunoreactive bands were visualized
by enhanced chemiluminescence according to the manufac-
turer’s instructions (GE Healthcare, Buckinghamshire, UK).
Immunoblots were exposed to X-ray film to produce bands in
a linear range and then quantified using National Institute of
Health Image J software (written and maintained by Wayne
Rasband of NIH, Bethesda, MD). To validate equal loading in
each lane and normalize the blots for protein levels, B-actin
was used as an internal loading control.

Statistical methods

The data were analyzed using GraphPad Prism version 5.0
(San Diego, CA). Multiple comparisons were performed by
one-way analysis of variance followed by Dunnett’s test. A
value of p<0.05 was considered statistically significant, and
all results are presented as mean = SEM.

Results

Effect of norathyriol and mangiferin on glucose
consumption in L6 myotubes

When myotubes were incubated with increasing amounts
of norathyriol (2.5~ 10 pM) or mangiferin (10 ~ 40 uM) for
24 h, glucose consumption was stimulated in a dose-response
manner, with a maximum relative increase of 62 and 56%,
respectively (p<0.05) (Figure 2). In the presence of insulin
(0.05nM), the glucose-lowering effects of norathyriol and
mangiferin were enhanced, and the maximum value was
increased by 111 and 113% compared with basal cells
(p<0.01), 42.8 and 44.1% compared with insulin-treated
cells (p <0.05), respectively. In contrast, rosiglitazone (20 uM)
only promoted glucose consumption when incubated with
insulin (p <0.05).

Effect of norathyriol and mangiferin on glucose
consumption in insulin-resistant L6 myotubes

As shown in Figure 3, fully differentiated L6 myotubes
exhibited highly insulin-sensitive glucose consumption.
Insulin concentration-dependently enhanced the glucose
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Figure 2. Effects of norathyriol and mangiferin on basal and insulin-
stimulated glucose consumption in L6 myotubes. L6 myoblasts cells
were grown in 96-well plates, treated with a-MEM supplemented with
2% FCS for 5-6 days to differentiate into myotubes and then serum
starved for 4 h and incubated with rosiglitazone (Rg), norathyriol (Nor),
mangiferin (Mf) or vehicle (Con) for 24 h in the absence and presence of
0.05nM insulin. The concentration of glucose in the medium in each
well before and after 24 h of incubation was determined with a glucose
determination kit. Data are means of six samples +SEM. *p<0.05,
*#*¥p<0.01 compared with basal control; #p<0.05, compared with
insulin-treated control.
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Figure 3. Effect of insulin on glucose consumption in normal and
insulin-resistant L6 myotubes. Insulin-resistant L6 myotubes were
induced by incubation with 25mM glucose and 100nM insulin for
24 h. These cells were serum deprived for 4 h and then incubated with or
without a series of concentration of insulin for 48 h. The concentration of
glucose in the medium was determined with a glucose determination kit.
Data are means of six samples £ SEM. *p <0.05, *¥p <0.01 compared
with untreated normal cells; Ap<0.05 compared with same concentra-
tion insulin treated normal cells. Normal: L6 myotubes; IR: insulin
resistant L6 myotubes.

consumption, leading to a 53.8% increase from the baseline
level at the maximum concentration of 800 nM. Twenty-four
hour incubation with 25mM glucose and 100nM insulin
caused a reduction in glucose consumption, which was
significant at baseline level with a 30.1% decrease compared
with the normal control cells (p<0.05). At the highest
concentration of insulin (800 nM), the glucose consumption
of cells was only 88.7% of control L6 myotubes, which
indicates that 25 mM glucose and 100nM insulin exposure
leads to a state of cellular IR.

In the absence of insulin, norathyriol (1.25 pM) completely
prevented the decrease of glucose consumption induced by
high glucose and insulin, resulting in glucose consumption
was significantly increased with 1.3-fold that of basal insulin-
resistant cells (p <0.01) (Figure 4). However, mangiferin and
rosiglitazone did not show any effect on insulin-resistance.
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Figure 4. Effects of norathyriol and mangiferin on glucose consumption
in insulin-resistant L6 myotubes. L6 myotubes were grown in 96-well
plates, treated with 25 mM glucose and 100 nM insulin for 24 h and then
incubated with rosiglitazone (Rg), norathyriol (Nor), mangiferin (Mf) or
vehicle for 24h with or without 0.05nM insulin. The concentration
of glucose in the medium was determined with a glucose determination
kit. Data are expressed as means of six samples +SEM. *p<0.01,
**p<0.001 compared with basal insulin-resistant cells; #p<0.01
compared with insulin-treated insulin-resistant cells (0.05 nM).

Table 1. Effects of norathyriol and mangiferin on
cell viability in L6 myotubes.

Cell viability (% Control)
Group 24h 48h 72h

Nor (1 x 10> mol/L)  93.7 89.3 82.5
Nor (1 x 10™*mol/L)  87.3 86.8 83.7
Nor (1 x 10 mol/L)  81.4 80.4 87.7
Mf (1 x 10~ °mol/L)  87.8 94.6 91.2
Mf (1 x 10™*mol/L)  92.1 98.7 96.5
Mf (1 x 10 mol/L)  93.9 97.8 91.2

Nor, norathyriol; Mf, mangiferin.

In the presence of insulin (0.05nM), both norathyriol (1.25
and 2.5 pM) and mangiferin (5 and 10 uM) treatments led to
increases; there was 1.5- and 1.3-fold increase compared with
basal and insulin-treated alone IR cells, respectively
(»<0.01). A similar result was founded in the rosiglita-
zone-treated group (p <0.05).

Effect of norathyriol and mangiferin on cell viability
in L6 myotubes

To study if norathyriol or mangiferin shows any cytotoxicity
in L6 myotubes, cells were incubated with norathyriol or
mangiferin (1 x 107>~ 1 x 10> mol/L) for 24, 48 and 72h.
Cell viability assay results showed that no treatment increased
cytotoxicity or increased proliferation (Table 1). Two-day
exposure of norathyriol at a higher concentration
(1 x 10 °mol/L) produced the lowest cell viability values
(80.4% of control compared with vehicle control). For
mangiferin treatment groups, the lowest value is 87.8% at
the concentration of 1 x 10~ mol/L after one day of exposure.
All values were not statistically significant from controls.

Effect of norathyriol and mangiferin on the
phosphorylation of the Akt and AMPK in L6 myotubes

Western blot assays showed that the level of AMPK
phosphorylation has markedly promoted, and increased 1.9-
and 1.8-fold compared with that in the control group
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Figure 5. Effect of norathyriol and mangiferin on AKT phosphorylation
(A) and AMPK phosphorylation (B). L6 myotubes cells were incubated
in an FCS-free medium for 12 h and then treated with insulin (100 nM),
metformin (100 uM), norathyriol (2 uM) or mangiferin (50 uM) for 4 h.
Whole cell lysates (40pg of protein samples) were subjected to
SDS-PAGE and immunoblotted with anti-p-AKT (Ser473 and Thr308),
anti-AKT, anti-p-AMPK (Thr172), anti-AMPK or anti-B-actin anti-
bodies. Data are expressed as mean+SEM of three experiments.
*p<0.05, **p<0.01 compared with controls.

after norathyriol (2uM) (p<0.01) and mangiferin
BO0uM) (p<0.05) treatment for 4h, respectively (Figure
5B). Metformin slightly promoted phosphorylation of AMPK
at a dose of 100 uM. Figure SA showed that insulin stimulated
the level of Akt phosphorylation at Ser473 and Thr308, but
neither norathyriol nor mangiferin changed the phosphoryl-
ation of this protein.

Discussion

Skeletal muscle, as an insulin sensitive tissue, has a
paramount role in energy balance. It is the principal site for
postprandial glucose utilization and disposal. L6 is a well-
established skeletal muscle cell line that can differentiate into
myotubes. In this study, mangiferin concentration-depen-
dently enhanced glucose consumption, and it also increased
glucose consumption mediated by insulin. These results were
consistent with a previous study in normal L6 myotubes
(Girdn et al., 2009). Moreover, we found that norathyriol, the
aglycone of mangiferin, also promoted glucose consumption
at a lower concentration than mangiferin. These results
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suggest that norathyriol and mangiferin could promote
glucose utilization in normal L6 myotubes, and the effect of
norathyriol was more potent than that of mangiferin.

IR, the inability of cells or tissues to respond to physio-
logical concentrations of insulin, is a major defect underlying
the development of type 2 diabetes. It is a central component
of the metabolic syndrome, a constellation of abnormalities
including obesity, hypertension, glucose intolerance and
dyslipidemia (Hotamisligil, 2006; Moller & Flier, 1992).
Skeletal muscle IR is characterized by impaired insulin-
mediated translocation of GLUT4 to plasma membrane
(Koistinen et al., 2003; Zierath et al., 1996) and decreased
glucose uptake, the rate-limiting step for glucose disposal
(Petersen & Shulman, 2006).

In this study, insulin-resistant L6 myotubes induced by
high glucose and insulin (Walker et al., 1989) were used to
further explore the effects of norathyriol and mangiferin on
glucose utilization. L6 myotubes were treated with high
glucose and insulin for 24 h, glucose utilization was markedly
reduced both in the basal and insulin stimulation, suggesting
that cells were insulin resistant. Norathyriol significantly
increased the glucose consumption of the insulin-resistant
cell, especially in the presence of physiological concentration
insulin, indicating that this compound reinforced the anti-
diabetic effects of insulin. In contrast, mangiferin only
promoted  insulin  induced  glucose  consumption.
Rosiglitazone, an insulin sensitizer, showed weaker activity
of insulin sensitizing at a concentration of 20 pM. Previous
studies have shown mangiferin to be antidiabetic (Miura et al.,
2001a,b; Muruganandan et al., 2005) but have poor bioavail-
ability when orally administrated to rats (Wang et al., 2006).
Sanugul et al. (2005) found a human intestinal bacterium
(Bacteroides sp. MANG) that is able to produce an enzyme
that can cleave the C-glucosyl bond of mangiferin during
anaerobic incubation. This conversion is an important path-
way in mangiferin metabolism (Bock & Ternes, 2010). Our
studies indicate that norathyriol and mangiferin both could
improve glucose utilization and enhance the insulin sensitiv-
ity in normal and insulin-resistant L6 myotubes, and the effect
of norathyriol was more potent than that of mangiferin,
suggesting that norathyriol may be an active metabolite
responsible for the antidiabetic activity of mangiferin. Cell
viability assay results showed that neither mangiferin nor
norathyriol has cytotoxicity. Therefore, these two compounds
may be considered safe in vitro.

Insulin-mediated glucose transport linked to the activation
of the phosphatidylinositol 3-kinase (PI3K) — Akt/PKB
pathway (Taniguchi et al., 2006), so phosphorylation status
of Akt was detected in this study. The results showed that
mangiferin did not promote the phosphorylation of Akt,
which was consistent with the previous report (Girdn et al.,
2009). Norathyriol, similar to mangiferin, did not enhance the
level of Akt phosphorylation at Ser473 and Thr308. These
results suggest that neither norathyriol nor mangiferin
increase the glucose utilization of L6 myotubes by the insulin
signaling pathway.

AMPK, a heterotrimeric protein that plays a key role in
regulation of whole-body energy homeostasis, is one attract-
ive drug target. Documented evidence shows that AMPK is
considered to be a ‘‘fuel gauge’” of our body, which is
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activated under energy-depleted conditions (Hardie &
Carling, 1997; Hardie, 2004). An activator of AMPK can
cause the translocation of GLUT4 to the muscle cell
membrane, increasing glucose uptake. This process is not
dependent on insulin activation of the PI3K pathway (Krook
et al.,, 2004). Therefore, we have assayed the effects of
norathyriol and mangiferin on AMPK phosphorylation. The
results show that norathyriol and mangiferin are able to
stimulate AMPK phosphorylation, whose effects were better
than that of the AMPK activator metformin (Cleasby et al.,
2004).

In conclusion, norathyriol and mangiferin may have
promoted glucose consumption in normal and insulin-
resistant L6 myotubes via activating the phosphorylation of
AMPK. Norathyriol may be considered as an active metab-
olite responsible for the antidiabetic activity of mangiferin
and is worthy of further development as a potential insulin
sensitizer.
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