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and HepG2 Cells via Activation of AMP-Activated Protein Kinase
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ABSTRACT Inulin, a naturally occurring, functional food ingredient found in various edible plants, has been reported to

exert potential health benefits, including decreased risk of colonic diseases, non–insulin-dependent diabetes, obesity, osteo-

porosis, and cancer. However, the mechanism of the antidiabetic activity of inulin has not yet been elucidated. In this study,

we showed that inulin increased the uptake of glucose in C2C12 myotubes, which was associated with both AMP-activated

protein kinase (AMPK) and phosphatidylinositol 3-kinase (PI3-K) signaling pathways, but both of these pathways appeared to

transmit their signals in an independent manner. Moreover, we found that inulin was able to increase the uptake of glucose in

C2C12 myotubes in which insulin resistance was induced by exposing cells to high glucose concentrations. The identical

effects of inulin were also observed in HepG2 hepatoma cells. Collectively, we report the antidiabetic activity of inulin and

further demonstrate for the first time that such activity is associated with AMPK and PI3-K activation.
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INTRODUCTION

Inulin is defined as a polydisperse carbohydrate con-
sisting mainly of b(2? 1) fructosyl-fructose links rang-

ing from two to 60 units long.1 Classified as a diet fiber,
naturally occurring inulin is found in a variety of edible fruits
and vegetables, such as wheat, onions, leeks, garlic, aspar-
agus, artichokes, and bananas, and has thus been part of
human consumption for centuries. Recent studies have
suggested that inulin has many physiological effects such as
stimulating the immune system, decreasing the pathogenic
bacteria in the intestine, relieving constipation, increasing
mineral absorption, lowering the synthesis of triglycerides
and fatty acids in the liver, and decreasing their serum
levels.2 These effects are associated with the reduction of
the risk of some diseases such as intestinal infections, con-
stipation, non–insulin-dependent diabetes, obesity, osteo-
porosis, colonic cancer, and others.3

It is widely accepted that the addition of dietary fiber to
the standardized diabetic diet is beneficial for controlling
both insulin- and non–insulin-dependent diabetes. Some
clinical studies on the effect of inulin on glycemic control
have been reported. Luo et al.4 also reported that chronic
ingestion of fructooligosaccharides, an entity that is chem-
ically similar to inulin, decreased basal hepatic glucose
production in a process separate from insulin-stimulated
glucose metabolism in healthy individuals. In addition, a
diet rich in fructooligosaccharides can lower blood tria-
cylglycerols and cholesterol in rats fed high fat diets.5 De-
spite its common use and beneficial effect on diabetes, its
mechanism of glycemic control is poorly understood.

It is well known that insulin plays a central role in gly-
cemic control, and it accelerates glucose transport via acti-
vation of phosphatidylinositol 3-kinase (PI3-K), which
transmits the signal to the phosphorylation and activation of
Akt, leading to glucose transporter 4 (GLUT4) translocation
to the plasma membrane in muscle cells.6 Exercise is also
known to increase translocation of GLUT4, and AMP-
activated protein kinase (AMPK) has been demonstrated to
play a critical role in this process.7,8 AMPK is a phyloge-
netically conserved intracellular energy sensor that plays a
central role in the regulation of glucose and lipid metabolism.
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AMPK, a heterotrimeric complex comprising a catalytic
a-subunit and regulatory b- and g-subunits, is activated when
cellular energy is depleted.9 When activated by allosteric
binding of AMP or phosphorylation at the Thr172 catalytic sub-
unit by AMPK kinase, AMPK accelerates ATP-generating
catabolic pathways, including glucose and fatty acid oxi-
dation,10–12 and simultaneously curtails ATP-consuming
anabolic pathways, including cholesterol, fatty acid, and
triacylglycerol synthesis.13 Recent investigations suggest
that AMPK could potentially be beneficial as a therapeutic
target in the treatment of diabetes and obesity.14 The po-
tential role of AMPK in the treatment of type 2 diabetes has
been particularly reinforced by the understanding that
commonly used antidiabetic drugs, including metformin
(dimethylbiguanide) and thiazolidinediones, exert their
pharmacological effects via AMPK activation.15,16 In ad-
dition, the anti-obesity effects of adiponectin, leptin, and
a-lipoic acid are mediated by AMPK.17–19

In the present study, we show that inulin increases the
glucose uptake in C2C12 myotubes and HepG2 hepatoma
by activating AMPK and PI3-K pathways and that inulin
overcomes insulin resistance in both cells, revealing the
underlying mechanisms of antidiabetic activity of inulin.

MATERIALS AND METHODS

Materials

Dulbecco’s modified Eagle’s medium (DMEM) and
fetal bovine serum (FBS) were purchased from Invitrogen
(Carlsbad, CA, USA). 2-Deoxy-d-[3H]glucose (6.0 Ci=mmol)
was purchased from PerkinElmer Life Sciences (Boston,
MA, USA). LY294002 was purchased from TOCRIS
(Bristol, UK). Compound C was a generous gift from Merck
(Darmstadt, Germany). Inulin from chicory and insulin were
purchased from Sigma (St. Louis, MO, USA). Antibodies
that recognize the phosphorylated acetyl-coenzyme A car-
boxylase (ACC)a-Ser79, AMPKa-Thr172, and Akt-Ser473

were purchased from Cell Signaling Technology (Danvers,
MA, USA). AMPKa antibody was purchased from Upstate
Biotechnology (Lake Placid, NY, USA). Antibodies for Akt
and a-actinin were purchased from Santa Cruz Biotech-
nology, Inc. (Santa Cruz, CA, USA).

Cell culture and induction of differentiation

The skeletal muscle cell line C2C12 myoblasts and
HepG2 cells were maintained in DMEM supplemented with
10% heat-inactivated FBS at 378C with 95% air and 5%
CO2. To induce differentiation of C2C12 cells, growth
medium was replaced with DMEM containing 1% FBS
when they were confluent. Experiments were performed in
differentiated C2C12 myotubes after 7 days in differentia-
tion medium.

Glucose uptake

Cells were cultured on 12-well cluster dishes, washed
with Krebs-Ringer phosphate buffer (25 mM HEPES [pH

7.4], 118 mM NaCl, 4.8 mM KCl, 1.3 mM CaCl2, 1.2 mM
KH2PO4, 1.3 mM MgSO4, 5 mM NaHCO3, 0.07% bovine
serum albumin, and 5.5 mM glucose), and incubated in
serum-free media for 3 hours. After inulin or insulin treat-
ment, cells were incubated in Krebs-Ringer phosphate buffer
containing 0.5 mCi of 2-deoxy-d-[3H]glucose for 20 min-
utes. The reaction was terminated by placing the plates on
ice and adding ice-cold phosphate-buffered saline. After
three washes with phosphate-buffered saline, the cells were
dissolved in 0.1% sodium dodecyl sulfate. Radioactivity
was quantified by liquid scintillation counting.

Protein extract and western blot analysis

C2C12 cells grown in a six-well culture plate were wa-
shed with cold phosphate-buffered saline, and 150 mL of
extraction buffer (50 mM Tris-HCl [pH 7.5], 1 mM EDTA,
0.25% sucrose, 0.4 mg=mL digitonin, and 1.5 mM phe-
nylmethylsulfonyl fluoride) was added to the culture dish.
The plate was rocked on ice for 3 minutes, and the buffer
was collected for western blot analysis. The proteins in the
cytosolic fractions were separated by 8% sodium dodecyl
sulfate-polyacrylamide gel electrophoresis, transferred onto
a nitrocellulose membrane, and probed using horseradish
peroxidase conjugates. Protein levels of a-actinin were used
as controls for equal protein loading.

Induction of insulin resistance caused by high glucose
concentrations

To develop a model of insulin resistance, C2C12 myoblasts
and HepG2 cells were cultured in normal concentrations of
glucose (5.5 mM d-glucose) and DMEM supplemented with
10% heat-inactivated FBS for 2 weeks and were then incu-
bated with serum-free DMEM containing high concentrations
of glucose (30 mM d-glucose) for 24 hours. Their response to
insulin (100 nM for 10 minutes) was then tested as de-
scribed.20

Statistical analysis

All data are presented as mean� SE values. Statistical
analysis was performed by a two-tailed unpaired Student’s t
test. A value of P< .05 was accepted as statistically sig-
nificant.

RESULTS

Inulin increases glucose uptake and activates
AMPK and Akt in C2C12 myotubes

We first examined the effect of inulin on glucose uptake
in C2C12 myotubes. Glucose uptake was induced in a dose-
dependent manner, showing a maximum induction of ap-
proximately threefold at 2 mg=mL for 1 hour (Fig. 1A).
Inulin did not influence the viability of C2C12 cells within a
dose range of 0–1 mg=mL for 48 hours, but higher con-
centrations (2 mg=mL) revealed a slight toxicity (data not
shown). Thus, concentrations of inulin up to 1 mg=mL were
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used in subsequent experiments. We then investigated the
kinetics of AMPK and Akt activation in C2C12 myotubes
that were exposed to inulin at the indicated concentrations
for 1 hour (Fig. 1B) or at 1 mg=mL for the indicated time
periods (Fig. 1C). Akt is a serine=threonine protein kinase
that plays a critical role in the translocation of GLUT4 to the
plasma membrane via a signal transduction cascade in-
volving insulin, the insulin receptor substrate family, and
PI3-K.21 The phosphorylation level of Thr172 in the active
site of the AMPKa catalytic subunit, which is essential for
the enzyme activity,22 was increased in a dose- and time-
dependent manner (Fig. 1B and C). Furthermore, phos-
phorylation of Ser79 in ACC, which is the best-characterized
phosphorylation site by AMPK,9 was also increased with
similar kinetics. The phosphorylation of ACC-Ser79 has
been shown to tightly correlate with endogenous AMPK
activity.23 Under these conditions, the phosphorylation level
of Akt-Ser473, which indicates activation of upstream PI3-K,
was induced in a dose- and time-dependent manner. The
total amount of AMPK, ACC, and Akt was the same.
Therefore, these results indicate that AMPK and PI3-K=Akt
pathways were activated by inulin treatment in C2C12
myotubes.

Inulin-induced increase of glucose uptake is associated
with both AMPK and PI3-K=Akt activities

To determine whether activated AMPK or Akt was in-
volved in the effect of inulin on glucose uptake, we at-
tempted to inhibit the AMPK or Akt activity using a
pharmacological approach. C2C12 myotubes were pre-
treated with compound C, an AMPK inhibitor,24 or
LY294002, a PI3-K inhibitor, for 30 minutes and then ex-
posed to 1 mg=mL inulin for 1 hour. The phosphorylations
of AMPKa-Thr172 and Akt-Ser473 induced by inulin were
attenuated by compound C and LY294002, respectively
(Fig. 2A). Compound C and LY294002 blocked the inulin-
induced glucose uptake, indicating a critical role of AMPK
and PI3-K=Akt in the process (Fig. 2B). However, inhibition
of PI3-K=Akt pathway by LY294002 led to an almost
complete block of inulin-induced glucose uptake, whereas
treatment with the AMPK inhibitor partially attenuated the
inulin effect. To clarify the role of AMPK on inulin-induced
glucose uptake, we evaluated the synergistic effect of both
inhibitors on glucose uptake. The combined treatment
(Compound CþLY294002) resulted in remarkably de-
creased glucose uptake. Furthermore, AMPK inhibition by
Compound C exerted no effect on the inulin-induced

FIG. 1. Inulin stimulates glucose uptake and activates both PI3-K=
Akt and AMPK in C2C12 myotubes. C2C12 myotubes were incu-
bated with the indicated concentrations of inulin for 1 hour or with
1 mg=mL inulin for the indicated time periods. (A) Glucose uptake
was measured as described in Materials and Methods. Data are
mean� SD values for two independent assays performed in triplicate.
(B and C) Protein extracts were prepared and subjected to western
blot assay using anti-phosphospecific ACC-Ser79 (p-ACC), total ACC
(ACC), anti-phosphospecific AMPK-Thr172 (p-AMPK), total AMPK
(AMPK-a), anti-phosphospecific Akt-Ser473 (p-Akt), and total Akt
(AKT) antibodies, varying (B) inulin concentration or (C) incubation
time. Experiments were repeated three times with similar results, and
a representative result is shown.

FIG. 2. Effect of inulin on glucose uptake is dependent upon both
AMPK and Akt in C2C12 myotubes. C2C12 cells were pretreated
with or without 20mM compound C (Com.C) or 25mM LY24002 for
30 minutes and then treated with 1 mg=mL inulin for 1 hour. (A)
Protein extracts were prepared and subjected to western blot analysis
using anti-phosphospecific AMPK-Thr172 (p-AMPK), total AMPK
(AMPK-a), anti-phosphospecific Akt-Ser473 (p-Akt), and total Akt
(AKT) antibodies. Experiments were repeated three times with sim-
ilar results, and a representative result is shown. (B) Glucose uptake
was measured as described in Materials and Methods. Data are
mean� SD values for two independent assays performed in triplicate.
*P< .05 versus inulin alone.
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phosphorylation of Akt-Ser473. Conversely, LY294002 did
not alter inulin-induced phosphorylation of AMPK-Thr172.
Thus, both AMPK and PI3-K=Akt signal pathways are re-
quired for inulin-induced glucose uptake, but both of these
pathways seemed to transmit their signals in an independent
manner.

Inulin overcomes insulin resistance in a PI3-K=Akt-
and AMPK-dependent manner

To examine the effect of inulin on glycemic control under
insulin resistance conditions, we first attempted to create
insulin resistance by exposing C2C12 cells to high con-
centrations of glucose (30 mM for 24 hours). Indeed, such
treatment almost abolished phosphorylation of Akt in re-
sponse to insulin (100 nM for 10 minutes) (Fig. 3A, lanes
2 and 5). Simultaneously, the basal phosphorylation level of
AMPK was also decreased without a change in total AMPK
protein levels (Fig. 3A, lanes 1 and 4). Next, to determine
whether inulin is able to overcome insulin resistance, the
cells were incubated in the absence or presence of inulin

(1 mg=mL) for 1 hour. The phosphorylation of Akt and
AMPK was markedly up-regulated after treatment of
insulin-resistant C2C12 cells with inulin, compared to the
basal level (Fig. 3A, lanes 4 and 6). In concert with these
changes in phosphorylation of Akt and AMPK, glucose
uptake that was decreased by high glucose concentrations
was dramatically increased by almost 1.8-fold after treat-
ment of the cells with inulin (Fig. 3B). These results dem-
onstrate that exposure to high concentrations of glucose
induces an insulin resistance-like condition, including an
inhibition of the Akt and AMPK pathways, but that inulin is
able to overcome the insulin resistance, resulting in in-
creased glucose uptake via activation of Akt and AMPK
pathways.

Inulin increases glucose uptake and overcomes
insulin resistance in HepG2 cells

To determine the effect of inulin on glycemic control and
its mechanism of action, we carried out identical experi-
ments in HepG2 hepatoma. Inulin induced activation of
AMPK and Akt (Fig. 4A) and increased glucose uptake in a
dose-dependent manner (Fig. 4B). The effect of inulin on
AMPK in hepatoma cells was less than that in muscle cells
(Figs. 1B and 4A), which might be due to the various ex-
pression patterns of AMPK isoforms between tissues.25

In a model of insulin resistance induced by high glucose
concentration, inulin treatment led to activation of Akt and
AMPK pathways (Fig. 4C) as well as a 1.5-fold increase in
glucose uptake (Fig. 4D). The results in HepG2 cells were
consistent with those in C2C12 cells.

DISCUSSION

The present study demonstrated that inulin stimulated
glucose uptake and overcame insulin resistance by activat-
ing the AMPK and PI3-K=Akt pathways in C2C12 skeletal
muscle cells and HepG2 hepatoma cells. Although many
beneficial properties of inulin have been reported, especially
effects on diabetes, the mechanisms are poorly understood.
Thus, to our knowledge, this is the first report demonstrating
the antidiabetic effects of inulin and its mechanisms of
action.

At this point, we do not understand the mechanism un-
derlying AMPK activation by inulin. AMPK is activated by
metabolic stresses that deplete cellular ATP, such as glucose
deprivation, hypoxia, oxidative stress, hyperosmolarity, and
exercise in muscle.26 Sorbitol induced AMPK activation by
hyperosmolar stress (120 mM),26 but AMPK activation of
inulin is not likely to be linked to hyperosmolarity consid-
ering the low concentration of inulin (0.2 mM) used in our
study. On the other hand, upstream kinases like LKB1 can
activate AMPK regardless of the AMP:ATP ratio.27 Further
studies are required to elucidate the signaling pathways
through which inulin activates AMPK.

The mechanism by which insulin enhances glucose up-
take in muscle has been well established. Insulin stimula-
tion leads to activation of PI3-K and Akt, which promotes
GLUT4 translocation to plasma membrane. In contrast,

FIG. 3. Inulin overcomes insulin resistance in a PI3-K=Akt- and
AMPK-dependent manner. C2C12 cells were incubated in serum-free
medium overnight and incubated in serum-free medium containing
either normal (5.5 mM) or high (30 mM) concentrations of d-glucose
for an additional 24 hours. Before harvesting, the cells were stimu-
lated with 1 mg=mL inulin or 100 nM insulin for 1 hour. (A) The
phosphorylation of AMPK and Akt was analyzed with anti-phospho-
Ser473 Akt and anti-phospho-Thr172 AMPK antibodies, respectively.
Experiments were repeated three times with similar results, and a
representative result is shown. (B) Glucose uptake was measured as
described in Materials and Methods. Data are mean� SD values for
two independent assays performed in triplicate. *P< .05 versus
normal glucose; #P< .05 versus high glucose alone.
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accumulating evidence suggests that AMPK is likely to
mediate the effect of insulin-independent stimuli for glu-
cose uptake. Indeed, AMPK activation in response to
muscle contraction, hypoxia, and hyperosmolarity corre-
lates closely with an increase in glucose uptake in mus-
cle.15,28 More recently, it was demonstrated that expression
of a constitutively active form of AMPK stimulated glu-
cose uptake into the cells, in association with enhanced
GLUT4 translocation to the plasma membrane.29 Con-
sistent with these reports, AMPK activation by inulin in-
creased glucose uptake. This effect of AMPK did not
involve any part of the insulin-dependent pathway such as
PI3-K=Akt signaling (Fig. 3).

In summary, the current study established that inulin
exerts beneficial therapeutic effects against diabetes, at

least, partially via the insulin-dependent PI3-K=Akt path-
way and the insulin-independent AMPK pathway. Al-
though the mechanism by which inulin activated AMPK
remains somewhat elusive, inulin could be considered a
potential agent in the treatment of many metabolic diseases
due to its activation of PI3-K=Akt and AMPK. Our results
also suggest that the salutary effects of inulin on the low-
ered glucose uptake associated with insulin-resistant states
depend on Akt. This is the first report to suggest a possible
mechanism by which inulin affects glycemic control. Ad-
ditionally, recent studies demonstrated that the AMPK
cascade plays a central role in the regulation of lipid me-
tabolism in response to the adipocyte-derived hormones,
leptin and adiponectin. Thus, further research into the
possible effects of inulin on lipid metabolism via AMPK

FIG. 4. Inulin increases glucose uptake and overcomes insulin resistance in HepG2 hepatoma cells. HepG2 cells were incubated with the
indicated concentrations of inulin for 1 hour. (A) Protein extracts were prepared and subjected to western blot assay using anti-phosphospecific
ACC-Ser79 (p-ACC), total ACC (ACC), anti-phosphospecific AMPK-Thr172 (p-AMPK), total AMPK (AMPK-a), anti-phosphospecific Akt-Ser473

(p-Akt), and total Akt (AKT) antibodies. Experiments were repeated three times with similar results, and a representative result is shown. (B)
Glucose uptake was measured as described in Materials and Methods. Data are mean� SD values for two independent assays performed in
triplicate. (C) HepG2 cells were incubated in serum-free medium overnight and incubated in serum-free medium containing either normal
(5.5 mM) or high (30 mM) concentrations of d-glucose for an additional 24 hours. Before harvesting, the cells were stimulated with 1 mg=mL
inulin or 100 nM insulin for 1 hour. The phosphorylation of AKT, and AMPK was analyzed with anti-phospho-Ser473 Akt and anti-phospho-Thr172

AMPK antibodies, respectively. Experiments were repeated three times with similar results, and a representative result is shown. (D) Glucose
uptake was measured as described in Materials and Methods. Data are mean� SD values for two independent assays performed in triplicate.
*P< .05 versus normal glucose; #P< .05 versus high glucose alone.
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activation will contribute to our understanding of the
pathogenesis of obesity and diabetes.
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