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Adenosine monophosphate (AMP)-activated protein kinase (AMPK) plays a crucial role in the mainte-
nance of cellular energy homeostasis, and several natural compounds that activate AMPK possibly
enhance glucose uptake by muscle cells. In this study, we found that pinusolide stimulated AMPK phos-
phorylation and glucose uptake and these effects were significantly reduced by siRNA LKB1 or compound
C, suggesting that enhanced glucose uptake by pinusolide is predominantly accomplished via an LKB1-
mediated AMPK activation pathway. An insulin resistance state was induced by exposing cells to
30 mM glucose, as indicated by reduced insulin-stimulated tyrosine phosphorylation of IRS-1 and glucose
uptake. Under these conditions, the phosphorylation of AMPK and ACC were decreased. Surprisingly, dis-
rupted insulin signaling and decreased AMPK activity by high glucose concentrations were prevented by
pinusolide. Moreover, this treatment increased insulin-stimulated glucose uptake via AMPK activation.
Taken together, our findings suggest a link between high glucose and insulin resistance in muscle cells,
and provide further evidence that pinusolide attenuates blockade of insulin signaling by enhancing IRS-1
tyrosine phosphorylation by the activating the AMPK pathway. In addition, this study indicates the tar-
geting of AMPK represents a new therapeutic strategy for hyperglycemia-induced insulin resistance and
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1. Introduction

Hyperglycemia is a characteristic feature of type 2 diabetes and
plays a pivotal role in diabetes-associated metabolic disorders.
Hyperglycemia per se induces insulin resistance in experimental
animal models, and chronic hyperglycemia plays an important role
in perpetuating metabolic deterioration, characteristic of the dia-
betic state [1]. Thus, hyperglycemia may induce in vivo insulin
resistance by desensitizing insulin receptors in adipose and muscle
tissues [2,3].

AMPK is a phylogenetically conserved intracellular energy sen-
sor and has been implicated in the regulation of food intake, body
weight, glucose uptake, and lipid metabolism [4,5]. Once activated,
AMPK phosphorylates its downstream substrates to reduce
ATP-consuming anabolic pathways responsible for fatty acid, cho-
lesterol, and triacylglycerol synthesis, and increases ATP-generat-
ing catabolic pathways leading to fatty acid oxidation and
lipolysis [6,7]. Recent reports have shown that AMPK activation
may account for at least some of the beneficial effects of exercise,
such as, increased fatty acid oxidation [8] and possibly glucose up-
take [9]. Furthermore, the administration of the AMPK activator,
5-amino-4-imidazolecarboxamide ribose (AICAR), has been
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reported to improve glucose tolerance and lipid profiles in insu-
lin-resistant Zucker rats [10]. In addition, the oral biguanide antidi-
abetic drug metformin improves insulin sensitivity and reduces
plasma glucose and lipid levels in patients with type 2 diabetes
[11-13]. These observations suggest that AMPK regulates insulin
sensitivity and associated hyperglycemia.

The dried leaves of Biota orientalis L. (Cupressaceae) have been
used in Korean folk medicine to treat gout, rheumatism, and diar-
rhea, implying that it has anti-inflammatory effects. Furthermore,
previous chemical studies on B. orientalis have reported a large
number of terpenes, flavonoids, and phenolics [14,15], and diter-
pens, such as, pinusolide which is present in B. orientalis, have been
reported to have neuroprotective and platelet activating factor
(PAF) antagonistic activities [16,17]. However, the effect of pinuso-
lide on insulin resistance and the mechanisms responsible for its
action have not been elucidated to date. In the present study, we
used L6 myotubes to investigate the effects of pinusolide on glucose
uptake and insulin signaling in the presence of high glucose concen-
trations. We found that the insulin-stimulated tyrosine phosphory-
lation of IRS-1 and glucose uptake were reduced by high glucose
concentrations, but that treatment with pinusolide alleviated high
glucose-suppressed insulin signaling by improving the function of
IRS-1 molecules. Importantly, the ability of pinusolide to reduce
insulin resistance was dampened by siRNA AMPKo2, suggesting
that AMPK is required for the hypoglycemic effects of pinusolide.
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2. Materials and methods
2.1. Materials

Pinusolide (Fig. 1A) was isolated from the methanol extract of
the leaves of B. orientalis and structurally identified as previously
described [16]. p-glucose and human recombinant insulin were ob-
tained from Sigma-Aldrich (St. Louis, MO). Fetal bovine serum
(FBS), aMEM, trypsin/EDTA, and penicillin/streptomycin were from
GIBCO (Auckland, N.Z.), and 2-Deoxy-[>H] p-glucose was from Per-
kin-Elmer Life Sciences (Boston, MA, USA). Antibodies against
phosphospecific and non-phosphospecific-IRS-1, c-Jun NH,-termi-
nal kinase (JNK), LKB1, AMPK, acetyl CoA carboxylase (ACC), and
Akt were purchased from Cell Signaling Technology (Beverly, MA,
USA). AMPKa2 polyclonal antibody was purchased from Abcam
(Cambridge, MA). All other reagents were of the highest analytical
grade commercially available.

2.2. Glucose uptake assay

Radiolabeled 2-peoxyglucose uptake assays were conducted as
previously described [18].

2.3. Cell culture
L6 myotubes were obtained from the American Type Culture

Collection (Manassas, VA, USA). Cell culture was performed as pre-
viously described [19].

2.4. Immunoblotting and immunoprecipitation with IRS-1

Immunoblot analysis was carried out as previously described
[19]. In brief, L6 myotubes were stimulated with reagents or
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incubated under the indicated conditions. After stimulation, cells
were immediately lysed in lysis buffer (20 mM Tris-HCI, pH 8.0,
1% Nonidet P-40, 1mM EDTA, 1mM EGTA, 1mM sodium
orthovanadate, 1 mM dithiothreitol, 1 mM phenylmethylsulfonyl
fluoride, 2 pg/ml aprotinin, 2 pg/ml leupeptin, and 1 pg/ml pepsta-
tin). Cell debris was removed by centrifugation at 14,000g for
15 min at 4 °C, and the resulting supernatant (cell lysate) was used
for Western blotting. Protein concentrations were measured using
a bicinchoninic acid assay (BCA Protein Assay kit; Pierce). For
immunoprecipitation, 1 mg of protein in total cell lysate was incu-
bated with anti-IRS-1 antibody for 2 h at 4 °C and the immunocom-
plex obtained was precipitated with 20 pl protein A-Sepharose.
The precipitate was extensively washed three times with ice-cold
lysis buffer. Precipitates or total cell lysates were subjected to 8%
sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE) and resolved proteins were immunoblotted with the indi-
cated antibodies.

2.5. Transfection with small-interfering RNA (siRNA)

For siRNA experiments, SMARTpool for rat LKB1 (ONTAR-
GETplus SMARTpool targeting rat LKB1, L-100539-01-0020), and
AMPKao2 (L-100623-00-0020) were obtained from Dharmacon
(Lafayette, CO). Nonspecific siRNA (ONTARGETplus siCONTROL
Non-Targeting Pool, D-001810-10-20) was used as a control.

2.6. Statistical analysis

All experiments were performed at least three times. Average
values are expressed as means + SEMs and/or SDs. The analysis
was performed using SPSS ver. 9.0 (SPSS, Chicago, IL). The Student’s
t-test was used to compare two independent groups, and statisti-
cally significance was accepted for P values of <0.05.
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Fig. 1. Pinusolide mediates AMPK activation in L6 myotubes. (A) Chemical structure of pinusolide. (B) L6 myotubes were exposed to different concentrations of pinusolide or
metformin (2 mM) for 2 h, and the phosphorylation of AMPK and ACC were then analyzed by Western blotting. Pinusolide was found to increase the phosphorylation of AMPK
and ACC dose-dependently. Metforimin was used as a positive control for AMPK phosphorylation. (C) L6 myotubes were treated with pinusolide (10 uM) for various times up
to 24 h. The phosphorylations of AMPK and ACC were determined by Western blotting with the indicated antibodies. (D) Cells were serum-deprived and incubated with 10 or
20 puM of pinusolide for 2 h, glucose uptake was then measured. As a positive control, L6 myotubes were treated with 2 mM metformin for 2 h. The glucose uptake shown are
representative of five independent experiments. Results are expressed as means + SEMs (n = 4). **P < 0.05 versus untreated controls.
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3. Results

3.1. Pinusolide increases the phosphorylation of AMPK and glucose
uptake in L6 myotubes

AMPK has been shown to play key roles in the regulations of the
metabolisms of glucose and lipids [20]. To examine the cytotoxic
effect of pinusolide, L6 myotubes were incubated with various con-
centrations (10-100 uM) of pinusolide for 24 h. Cells were then
incubated for 1 h at 37 °C in a 5% CO, atmosphere in the presence
of WST-1 (Roche Applied Science, Mannheim, Germany). No cyto-
toxicity was observed at concentrations up to 100 M (data not
shown). We next examined the effect of pinusolide on the phos-
phorylation of AMPK and ACC (a target of AMPK). L6 myotubes
were treated with or without the indicated concentrations of
pinusolide or metformin (a well-known AMPK activator) for 2 h.
As shown in Fig. 1B, the levels of AMPK and ACC phosphorylation
were considerably increased by pinusolide in a dose-dependent
manner, and maximal increases were observed at a pinusolide con-
centration of 20 pM. As was expected, metformin augmented the
phosphorylation of AMPK and ACC. In addition, pinusolide signifi-
cantly and time-dependently increased the phosphorylation of
AMPK and ACC (Fig. 1C).

Accumulating evidence suggests that AMPK activation plays a
role in the regulation of skeletal muscle glucose uptake [21,22].
To investigate the effects of pinusolide on glucose uptake, L6 myo-
tubes were incubated in the presence of 10 or 20 uM of pinusolide
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for 2 h. Glucose uptake increased from 1.8 + 0.1 pmol/mg/min to
3.1£0.1 pmol/mg/min in pinusolide (10 uM)-treated cells (72%
induction; P<0.05) and to 3.2 £0.1 pmol/mg/min in pinusolide
(20 uM)-treated cells (78% induction; P<0.05) and to
2.9+0.1 pmol/mg/min in metformin-treated L6 myotubes (61%
induction; P < 0.05), respectively (Fig. 1D). Together, these results
demonstrate that pinusolide improves glucose profiles in muscle
cells.

3.2. LKB1 is required for pinusolide-induced AMPK activation

To confirm that the increase in glucose uptake by pinusolide
was due to its activation of AMPK, we applied an AMPK inhibitor,
compound C. As shown in Fig. 2A, pinusolide-mediated the phos-
phorylation of AMPK and ACC were completely abrogated by pre-
treating cells with 10 uM of compound C, but total AMPK and
ACC protein levels were unchanged. To determine whether the
pinusolide-induced increase in glucose uptake was attributable
to the activation of AMPK, we treated L6 myotubes with compound
C. Glucose uptake was increased about 1.7-fold by 10 uM of
pinusolide (3.3 +0.1 pmol/mg/min) (p <0.05) versus untreated
cells (1.9 £ 0.1 pmol/mg/min) (Fig. 2B). However, when L6 myotu-
bes were pretreated with 10 uM of compound C for 30 min and
then incubated with pinusolide, glucose uptake reduced to 40%
of that in cells treated with pinusolide alone (3.3 £ 0.1 pmol/mg/
min in pinusolide-treated versus 2.0* 0.1 pmol/mg/min in
compound C-pretreated) (Fig. 2B). Taken together, these results
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Fig. 2. Specificity of pinusolide in AMPK signaling. (A) Increased phosphorylations of AMPK and ACC in L6 myotubes treated with 10 pM of pinusolide for 2 h were prevented
by pretreatment with 10 pM of compound C for 20 min. Phosphorylated AMPK and ACC were immunoblotted with specific antibodies as indicated. (B) Increased glucose
uptake after treatment with 10 uM of pinusolide for 2 h was significantly inhibited by pretreating with 10 uM of compound C for 20 min. The results shown are
representative of five independent experiments. Results are expressed as means + SEMs (n =4). **P < 0.05 versus untreated controls (Student’s t test) and #P < 0.05 versus
pinusolide-treated cells (Student’s t test or ANOVA). (C) L6 myotubes were transfected with control siRNA (Mock) or LKB1 siRNA for 48 h, and then treated with pinusolide for
2 h. Phosphorylated AMPK and ACC were immunoblotted with specific antibodies as indicated. (D) L6 myotubes were transfected with mock or LKB1 siRNA for 48 h, and then
stimulated with or without pinusolide (10 uM) for 2 h. Representative glucose uptake and quantifications of five independent experiments are shown. Results are expressed

as means = SEMs (n = 4). *P < 0.05 versus untreated controls.



S.-L. Hwang et al./ Biochemical and Biophysical Research Communications 437 (2013) 374-379 377

show that pinusolide improved glucose uptake via AMPK
activation.

LKB1 is the major upstream kinase of AMPK [23,24] and regu-
lates AMPK activity by phosphorylating its Thr'”? regulatory site
[25,26]. We used siRNA-mediated LKB1 knockdown to explore
LKB1 involvement in pinusolide signaling. In L6 myotubes treated
with control siRNA, pinusolide robustly increased the phosphoryla-
tion of AMPK. In contrast, knockdown of LKB1 blocked the phos-
phorylation of AMPK by pinusolide (Fig. 2C). Consistent with the
lack of AMPK activation in L6 myotubes treated with siRNA LKB1,
pinusolide also failed to induce the phosphorylation of ACC
(Fig. 2C). In control siRNA transfected L6 myotubes, pinusolide sig-
nificantly increased glucose uptake, but had no significant effect on
glucose uptake in L6 myotubes treated with siRNA LKB1 (Fig. 2D).
These findings suggest that LKB1 is essential for pinusolide -stim-
ulated glucose uptake in L6 myotubes.

3.3. Effects of high glucose on the insulin stimulation of the tyrosine
phosphorylation of IRS-1 and glucose uptake

To investigate whether high glucose culture impairs insulin sig-
naling, we performed western blot analysis to investigate insulin-
stimulated tyrosine phosphorylation of IRS-1 in L6 myotubes. As
shown in Fig 3A, exposure of L6 myotubes to glucose (30 mM,
24 h) decreased insulin-stimulated phosphorylation of IRS-1 and
Akt without changing their total protein levels. Akt is downstream
of PI3K and facilitates insulin-mediated glucose uptake in muscles.
In concert with these changes in the phosphorylation of IRS-1 and
Akt, insulin-stimulated glucose uptake was significantly decreased
by high glucose concentrations (30 mM) in L6 myotubes (Fig. 3B).
It has been reported that the activity of c-Jun NH,-terminal kinase
(JNK) is abnormally elevated in various tissues under diabetic con-
ditions [27,28] and that activation of the JNK pathway interferes
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with insulin action by increasing the serine phosphorylation of
IRS-1 [27,29]. As was expected, high glucose increased the phos-
phorylation of JNK (Fig. 3A). Notably, high glucose concentrations
(30 mM) was found to suppress the phosphorylation of AMPK
and ACC (Fig. 3A). These results demonstrated that high glucose
concentrations suppress AMPK activity and insulin signaling, and
thus, inhibit glucose uptake. To determine whether pinusolide
improves impaired insulin signaling by high glucose concentra-
tions, L6 myotubes were treated with pinusolide for 2 h under high
glucose concentrations. Consistent with our earlier observations,
the phosphorylation of AMPK and ACC was markedly increased
by pinusolide in the presence of high glucose concentrations
(Fig. 3A). Moreover, the inhibition of insulin-mediated the phos-
phorylation of IRS-1 and Akt and glucose uptake in cells exposed
to high glucose concentrations was improved by pinusolide
(Fig. 3A and B). Consistent with this observation, JNK phosphoryla-
tion, which was increased by high glucose concentrations, was re-
duced by pinusolide (Fig. 3A), suggesting that pinusolide improves
impaired insulin signaling caused by high glucose concentrations
in insulin-resistant L6 myotubes.

3.4. Pinusolide improves insulin resistance by activating AMPK

We evaluated whether AMPK activation by pinusolide contrib-
uted to the prevention of the reduction of insulin-stimulated tyro-
sine phosphorylation of IRS-1 and Akt phosphorylation caused by
high glucose concentrations in L6 myotubes. Fig. 4A shows that
pinusolide did not induce the phosphorylation of AMPK and ACC
in AMPKo2, siRNA-transfected L6 myotubes, whereas pinusolide
activated AMPK in control siRNA-transfected L6 myotubes. More-
over, high glucose concentrations reduced insulin-stimulated tyro-
sine phosphorylation of IRS-1 and Akt phosphorylation and this
effect was not observed in cells exposed to pinusolide (Fig. 4B).

B
#
— 47 *
fe)) *
E
g £ 31
SE
20
> 4
o« 2
Q9
£ 1-
e
0_
Ins (100 nM) - + + +
HG (30 mM) - - + +
Pinu (10 uM) - - - +

Fig. 3. Pinusolide improves high glucose concentrations-induced insulin resistance in L6 myotubes. (A) L6 myotubes were quiesced in serum-free medium overnight and
incubated in serum free medium containing either 5.5 mM (normal) or 30 mM (high concentration) of p-glucose for an additional 24 h, pretreated with or without pinusolide
for 2 h, and then stimulated with or without insulin (100 nM) for 10 min. IRS-1 tyrosine phosphorylation (pY), Akt phosphorylation, AMPK phosphorylation, ACC
phosphorylation, and JNK phosphorylation and their total protein levels were examined either by immunoprecipitation (IP) following by immunoblotting (IB) or by directly
immunoblotting the cell lysates of pinusolide-treated L6 myotubes. (B) L6 myotubes were starved in serum-free medium overnight and incubated in serum free medium
containing either 5.5 mM (normal) or 30 mM (high concentration) of p-glucose for 24 hl, pretreated with or without pinusolide for 2 h and then stimulated with or without
insulin (100 nM) for 10 min. Representative glucose uptake and quantifications of five independent experiments are shown. Results are expressed as means + SEMs (n = 4).
*P<0.05 versus untreated control (Student’s t test) and *P < 0.05 versus insulin-treated cells (Student’s t test or ANOVA).
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Fig. 4. Pinusolide improves high glucose-reduced insulin sensitivity via AMPK activation. (A) L6 myotubes were transfected with control siRNA (mock) or AMPKo2 siRNA for
48 h, treated with pinusolide for 2 h, and lysates were immunoblotted with the indicated phospho-specific antibodies or total antibodies as loading controls. (B) L6 myotubes
were transfected with control siRNA (mock) or AMPKa2 siRNA for 48 h, incubated in serum free medium containing either 5.5 or 30 mM (high concentration) of p-glucose for
an additional 24 h, pretreated with or without pinusolide for 2 h, and then stimulated with or without insulin (100 nM) for 10 min. IRS-1 tyrosine phosphorylation (pY), Akt
phosphorylation, JNK phosphorylation, AMPK phosphorylation, and ACC phosphorylation and their total protein levels were determined either by immunoprecipitation
following by immunoblotting or by direct immunoblotting. (C) Cells were transfected with control siRNA (mock) or AMPKa2 siRNA for 48 h, incubated in serum free medium
containing either 5.5 mM (normal) or 30 mM (high concentration) of p-glucose for 24 h, pretreated with or without pinusolide for 2 h, and then stimulated with or without
insulin (100 nM) for 10 min. Representative glucose uptake and quantifications of five independent experiments are shown. *P < 0.05 versus untreated control (Student’s t
test) and **P < 0.05 versus insulin-treated cells (Student’s t test), *P < 0.05 versus untreated control and/or insulin-treated cells (Student’s t test or ANOVA).

However, the effect of pinusolide on high glucose-exposed cells
was blocked by AMPKa2, siRNA, suggesting that the ability of
pinusolide to prevent high glucose-induced insulin resistance re-
quires AMPK activation. Furthermore, pinusolide-reduced phos-
phorylation of JNK was prevented in L6 myotubes transfected
with AMPKo2 siRNA under high glucose concentrations (Fig. 4B).
Consistent with this, pinusolide preserved the high glucose con-
centration impairment of the action of insulin on glucose uptake,
and this response was unaltered in cells transfected with AMPKo2
siRNA (Fig. 4C). Taken together, these results suggest that pinuso-
lide prevents high glucose-induced insulin resistance via an AMPK-
dependent mechanism.

4. Discussion

This study was undertaken to determine whether pinusolide
improves insulin resistance through the LKB1-AMPK signaling
pathways in muscle cells. We found pinusolide increased AMPK
phosphorylation and glucose uptake, and that the siRNA-mediated
knockdown of LKB1 blocked increases in AMPK phosphorylation
and glucose uptake by pinusolide in L6 myotubes. Furthermore,
pinusolide was found to improve insulin resistance in cells exposed
to high glucose concentrations via AMPK activation. These findings

strongly suggest that the beneficial effects of pinusolide on muscu-
lar glucose homeostasis are mediated mainly by AMPK.

In a previous study, it was suggested that the activation of
AMPK enhances insulin sensitivity by increasing glucose uptake
and lipid oxidation in skeletal muscle, and by inhibiting glucose
and lipid synthesis in liver [30]. In the present study, we investi-
gated the effect of pinusolide on AMPK activity and glucose uptake
in L6 myotubes, and found that pinusolide increased AMPK phos-
phorylation and glucose uptake in L6 myotubes (Fig. 1). To deter-
mine whether pinusolide stimulation of glucose uptake is
mediated by AMPK activation, we also examined the effect of com-
pound C (an AMPK inhibitor). It was found that pretreatment with
compound C blocked pinusolide-stimulated glucose uptake in L6
myotubes (Fig. 2).

It is well known that the tumor suppressor LKB1 activates
AMPK by phosphorylating it at Thr-172 [25,26]. In the present
study, pinusolide failed to induce glucose uptake in L6 myotubes
treated with siRNA LKB1 (Fig. 2), LKB1 was found to be necessary
for the activation of AMPK by pinusolide, which was confirmed
by the prevention of this effect by LKB1 knockdown.

High glucose directly induces insulin resistance in cultured hu-
man hepatoma HepG2 cells [31], but this insulin resistance can be
rescued via adenoviral-mediated expression of a Myc-tagged con-
stitutively active mutant of AMPK [31]. Current evidence suggests
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that JNK activation is closely linked to the development and path-
ogenesis of liver insulin resistance [32]. In addition to mediating
insulin resistance via the activation of JNK, hyperglycemia exerts
negative effects on insulin signaling via the serine phosphorylation
of IRS-1 in animal models of type 2 diabetes [32]. In the present
study, pinusolide significantly decreased high glucose-induced
JNK phosphorylation, and ameliorated high glucose-reduced insu-
lin-stimulated tyrosine phosphorylation of IRS-1 and glucose up-
take in muscle cells (Fig. 3). Furthermore, AMPKa2 siRNA
enhanced JNK phosphorylation, and this was reduced by
pinusolide treatment under high glucose conditions (Fig. 4B). Fur-
thermore, we found that AMPKo2 siRNA, but not control siRNA,
significantly reduced the effect of pinusolide on glucose uptake un-
der high glucose conditions (Fig. 4C), which suggests that pinuso-
lide may increase insulin sensitivity by alleviating the inhibitory
effect of JNK under high glucose conditions.

In conclusion, our results provide evidence that pinusolide ben-
efits glucose metabolism in muscle cells, and show that AMPK
pathway activation is required for pinusolide-mediated glucose
uptake. In addition, we evaluated the effects of pinusolide on the
insulin resistance pathway in L6 myotubes in the presence of high
glucose concentration-induced insulin resistance. Furthermore, we
found that pinusolide might alleviate insulin resistance by improv-
ing insulin signaling via AMPK activation and glucose uptake
enhancement in insulin-resistant cells. Taken together, our find-
ings support the notion that pinusolide might be a useful therapeu-
tic for the treatment of metabolic disorders, such as, type 2
diabetes and their associated complications.
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