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Hypoglycemic drugs such as metformin increase glucose
uptake and utilization by peripheral tissues to maintain glucose
homeostasis, and the AMP-activated protein kinase (AMPK)
signaling pathway is an important component of this pharma-
cological activity. Liver kinase B1 (LKB1) acts as a kinase
upstream of AMPK and plays an important regulatory role in
glucose metabolism. In recent years, as a tumor suppressor,
LKB1’s antitumor activity has been widely studied, yet its hypo-
glycemic activity is not clear. Here, using biochemical and cell
viability assays, site-directed mutagenesis, immunoblotting,
and immunofluorescence staining, we found that a natural
product, antroalbol H isolated from the basidiomycete mush-
room Antrodiella albocinnamomea, increases cellular glucose
uptake in murine L6 myotubes and 3T3-L1 adipocytes. Of note,
our results indicated that this effect is related to LKB1-mediated
Thr-172 phosphorylation of AMPK�. Furthermore, we ob-
served that antroalbol H induces the phosphorylation of LKB1
specifically at Thr-189 and changes subcellular localization of
LKB1. Finally, antroalbol H treatment strikingly promoted glu-
cose transporter type 4 (GLUT4) translocation to the plasma
membrane. We conclude that antroalbol H promotes Thr-189
phosphorylation of LKB1, leading to AMPK activation, reveal-
ing this residue as a potential target for increasing glucose
uptake, and that antroalbol H therefore has potential for man-
aging hyperglycemia.

AMP-activated protein kinase (AMPK),4 a major cellular
energy sensor that functions in glucose homeostasis, is a het-
erotrimeric serine-threonine enzyme comprising a catalytic �
subunit and two regulatory (� and �) subunits (1, 2). Phospho-
rylation of Thr-172 on the �-subunit is the primary factor for
the activation of AMPK, and this can be achieved by two signal-
ing pathways: a Ca2�-dependent pathway mediated by Ca2�/
calmodulin-dependent protein kinase (CaMKK) and an AMP-
dependent pathway mediated by liver kinase B1 (LKB1) (3–6).
The activation of the kinases promotes glucose uptake in skel-
etal muscles and other tissues for systemic energy supply. This
biological regulation is closely related to the membrane trans-
port of glucose transporter 4 (GLUT4). It is reported that
translocation of GLUT4 from intracellular storage vesicles
to the plasma membrane is promoted in 5-aminoimidazole-
4-carboxamide-1-�-D-ribofuranoside (AICAR)-perfused rat
muscle (7). The oral hypoglycemic drug metformin can activate
AMPK in the mouse soleus muscle, which enhances glucose
uptake (8), linking its effect to AMPK activation. Therefore, the
AMPK signaling pathway has been demonstrated as an impor-
tant target in glucose metabolism, and in recent years, a number
of compounds have been reported to activate the AMPK signal-
ing pathway (9 –12).

LKB1, known as a tumor-inhibiting factor whose loss-of-
function mutations lead to Peutz–Jeghers’s syndrome (13), is
associated with a variety of tumors, such as sporadic gastric
cancer, colorectal cancer, and pancreatic cancer (14 –16). LKB1
phosphorylates at least 13 different downstream protein
kinases, including AMPK (17). LKB1 is essentially a serine-
threonine protein kinase with multiple phosphorylation sites
(18). A decade ago, scholars reported that the Ser-307 and Ser-
428 residues of LKB1 are required for metformin-enhanced
AMPK activation, demonstrating the importance of these two
residues in activating AMPK and enhancing glucose metabo-
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lism (19 –21). Despite this, the effects of the phosphorylation
sites of LKB1 in glucose metabolism are still poorly understood.

Higher fungi are a source of a wide range of structurally
attractive and biologically active compounds. Basidiomycetes,
the largest class of fungi, with more than 1100 genera and over
16,000 species, exhibit anti-tumor, anti-hyperlipidemic, anti-
bacterial, and anti-fatigue effects (22–25). In recent years, trit-
erpenoids and sesquiterpenoids isolated from this class of fungi
have been reported as potential anti-diabetic compounds (26 –
30). The isolation of sesquiterpenoids from Antrodiella albo-
cinnamomea allows us to focus more on their anti-diabetic
activities.

In this study, we identified a novel compound, antroalbol H,
which enhances glucose uptake in myotubes and adipocytes via
the LKB1-AMPK pathway by specifically promoting the phos-
phorylation of the Thr-189 of LKB1, demonstrating the impor-
tance of the residue in glucose uptake and metabolism and the
potential application of the compound in the regulation of glu-
cose homeostasis in the near future.

Results

Antroalbol H enhances cellular glucose uptake

Differentiated L6 myotubes and 3T3-L1 adipocytes are the
two classic cell lines used for the study of glucose uptake and
metabolism. Here, we demonstrated that a 24-h incubation of
antroalbol H (Fig. 1) dose-dependently enhanced glucose
uptake in L6 myotubes (1.71– 40 �M) and 3T3-L1 adipocytes
(2.5– 40 �M) (Fig. 2, A and B). Antroalbol H (10 �M) induced
�80% of the maximum of the total enhanced glucose uptake in
both cells. Then we applied 10 �M antroalbol H to the two cell
types and assayed glucose uptake following a series of incuba-
tion times. The results showed that the amount of glucose
uptake linearly correlated with the incubation time of
antroalbol H (6 –24 h or 4 –24 h; Fig. 2, C and D). Interestingly,
as a consequence of enhanced glucose uptake, antroalbol H also
induced further production of lactate in a dose-dependent
manner in those cells (Figs. 2, E–H). Similarly, lactate produc-
tion was also enhanced by treatment with antroalbol H in a
series of incubation times in these cells (Fig. 2, G and H) that
was in parallel with the enhanced glucose uptake (Fig. 2, C and
D) without cytotoxicity at higher concentrations (Fig. S1).

Antroalbol H promotes phosphorylation of AMPK at the
Thr-172 residue rather than Akt

To determine the signaling pathways associated with
antroalbol H–induced cellular glucose uptake, Akt, the classical
key protein kinase in insulin signaling, was studied first. In gen-
eral, insulin strongly stimulates phosphorylation of the Ser-473
and Thr-308 residues of Akt in the L6 myotubes and 3T3-L1
adipocytes. Antroalbol H, however, had no effects on these two
phosphorylation residues in both of the cells after 15-min, 4-h,
or 24-h incubations (Fig. 3), indicating that the mechanism
involved in antroalbol H–induced glucose uptake is indepen-
dent of the insulin signaling pathway.

It has been previously reported that insulin-independent glu-
cose uptake is mediated through AMPK (31). Activation of
AMPK is achieved through phosphorylation of Thr-172 of the
AMPK�; therefore, it is necessary to determine the effect of
antroalbol H on the Thr-172 residue. The results showed that
by antroalbol H treatments (5–20 �M) for 24 h, the phosphor-
ylation levels of AMPK� on the Thr-172 residue were dose-
dependently enhanced in 3T3-L1 adipocytes (1.52-fold the
control level by 20 �M antroalbol H) and L6 myotubes (4.88-
fold the control by 20 �M antroalbol H). Acetyl-CoA carboxyl-
ase (ACC) is a direct substrate of AMPK�, and its phosphory-
lation level is regulated by AMPK�. We found that the
phosphorylation of ACC was also up-regulated in the
antroalbol H treatment groups (Fig. 4, A and B). In addition,
the phosphorylation of AMPK was time-dependently enhanced
by treatment with antroalbol H (10 �M) in 3T3-L1 adipocytes
and L6 myotubes (Fig. 4, C and D).

Antroalbol H induces cellular glucose uptake through AMPK

To further elucidate how AMPK controls the effect of
antroalbol H on glucose uptake, AICAR (AMPK activator) was
applied together with antroalbol H for the estimation of AMPK
phosphorylation at the Thr-172 residue and glucose uptake.
Consistent with the additive effect of phosphorylation of
AMPK, the combination treatment caused a tendency of addi-
tive effects as compared with antroalbol H or AICAR alone in
L6 myotubes (Fig. 5, A and B) and 3T3-L1 adipocytes (Fig. 5, C
and D).

On the other hand, we treated cells by a combination of
antroalbol H with compound C, an AMPK inhibitor, and esti-
mated the phosphorylation of AMPK and glucose uptake. As

Figure 1. Separation and extraction of antroalbol H.
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predicted, as compared with antroalbol H alone in both
3T3-L1 adipocytes and L6 myotubes, this approach induced
the reduction of AMPK phosphorylation and glucose uptake

(Fig. 5, E–H), indicating that compound C eliminated the
effects of antroalbol H on AMPK phosphorylation and glu-
cose uptake.

Figure 2. Antroalbol H enhances cellular glucose uptake and lactate release. A and B, glucose uptake assay with different concentrations of
antroalbol H in L6 myotubes and 3T3-L1 adipocytes. Cells were incubated with 0.1% DMSO (Con), 100 nM insulin (Ins), or incremental concentrations of
antroalbol H (AH) for 24 h. The results are expressed as -fold change relative to the control values. C and D, glucose uptake assay for different treatment
times of AH in those cells. L6 myotubes and 3T3-L1 adipocytes were incubated with 10 �M AH for a series of incubation periods up to 24 h. E–H, the
concentrations of lactate were assayed in cells parallel to the glucose uptake assay. Results are expressed as mean � S.D. (error bars) (n � 6). *, p � 0.05;
**, p � 0.01 compared with control.
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Furthermore, we knocked down the catalytic � subunit of
AMPK by siRNA, which resulted in a decrease in both AMPK
phosphorylation and glucose uptake (Fig. 5, I and J). A similar
effect could also be observed in the metformin-treated group as
the control (Fig. 5, K and L), which is in line with previous
reports involving skeletal muscle in subjects with type 2 diabe-
tes (32).

LKB1 deficiency abolishes antroalbol H–induced
phosphorylation of AMPK and glucose uptake

CaMKK and LKB1 are the two major upstream kinases of
AMPK that can directly stimulate phosphorylate of AMPK at
the Thr-172 residue (6). We aimed to determine which of the
kinases might play a role in antroalbol H–induced AMPK
phosphorylation and glucose uptake, and experiments
related to CaMKK were first performed. Our data showed
that there was no increase in the phosphorylation of
CaMKII, downstream kinase of CaMKK, treated by series
doses of antroalbol H for 24 h or 10 �M antroalbol H for 2 h
in L6 myotubes (Fig. S2, A and B). Antroalbol H did not
change the cytosolic Ca2� level in L6 myotubes and 3T3-L1
adipocytes, whereas ionomycin, the Ca2� ionophore, was

capable of increasing the cellular Ca2� levels as the control
(Fig. S2, C and D). Those results indicated that the CaMKII
and Ca2� were not involved in the antroalbol H–induced
AMPK phosphorylation and glucose uptake.

As another upstream factor of AMPK, we next elucidated the
role of LKB1 in antroalbol H–induced effects by RNAi of
LKB1 in L6 myotubes. Surprisingly, the down-expression of
LKB1 resulted in abolished effects on antroalbol H–induced
phosphorylation of AMPK and glucose uptake (Fig. 6, A and
B). As a control, metformin also exhibited similar effects of
antroalbol H–induced AMPK phosphorylation and glucose
uptake (Fig. 6, C and D). Moreover, we elucidated the effects
of AICAR on phosphorylation of AMPK in HeLa cells, which
naturally lack LKB1 protein expression. As we expected,
AICAR was able to significantly increase AMPK phos-
phorylation in the cells (2.67-fold the control level), but
antroalbol H treatment did not change the phosphorylation
of AMPK in these LKB1-deficient cells (Fig. 6E). Together,
these findings strongly demonstrated that LKB1 is required
for antroalbol H–induced AMPK phosphorylation and the
phosphorylation-related glucose uptake.

Figure 3. Antroalbol H does not affect Akt. A–D, immunoblots of p-AktS473, p-AktT308, t-Akt, and �-actin in cells stimulated by AH for a short time. L6 myotubes
or 3T3-L1 adipocytes were incubated with 100 nM insulin or 10 �M AH for 15 min or 4 h. E and F, the same assay was performed in L6 myotubes or 3T3-L1
adipocytes when cells were incubated with 100 nM insulin or 2.5–20 �M AH for 24 h. The band intensity of the phosphorylation protein was normalized to that
of total protein in the right panel (the same as below). The values are expressed as -fold change relative to the value from the DMSO-treated cells (Con). Results
are represented as means � S.E. (error bars) (n � 3). **, p � 0.01 compared with control.
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Antroalbol H–induced phosphorylation of AMPK and glucose
uptake depends on the Thr-189 residue of LKB1

After elucidating the dependence of antroalbol H on
LKB1, we next set out to examine the effects of antroalbol H
on activating LKB1. Our data showed that a significant and
dose-dependent increase of LKB1 phosphorylation at Thr-
189 resides was observed by treatment with a series of doses
of antroalbol H (2.5–20 �M) for 24 h in L6 myotubes (Fig.
7A), whereas phosphorylation of LKB1 at other residues
(Ser-307 and Ser-428) was not altered by the same treatment
(Fig. 7B).

Furthermore, if the antroalbol H–induced phosphoryla-
tion of AMPK is LKB1-dependent, we assumed that overex-
pressing LKB1 would rescue the antroalbol H–induced phos-
phorylation of AMPK in LKB1-deficient HeLa cells.
Therefore, we constructed LKB1 mutants at the antroalbol

H–activated Thr-189 (LKB1-T189A) or non-activated
Ser-307 residue (LKB1-S307A) and then expressed and co-
treated with or without antroalbol H in HeLa cells. As we
predicted, antroalbol H induced enhanced phosphorylation
of AMPK at the WT LKB1– or LKB1-S307A– overexpressing
cells, whereas the phosphorylation of AMPK was not
changed by antroalbol H in the LKB1-T189A– expressing
group, strongly indicating that the Thr-189 residue is
required for antroalbol H–induced activations of LKB1,
AMPK, and glucose uptake as a consequence in the cells.
Interestingly, there was an absence of activation effect in the
LKB1-S307A– expressing cells treated with metformin, but
not for the LKB1-T189A– expressing group (Fig. 7, C and D),
indicating the distinct molecular targets involved in glucose
uptake for antroalbol H and metformin. Furthermore, we
visualized subcellular localization of LKB1 in L6 myotubes

Figure 4. Antroalbol H promotes AMPK phosphorylation. A and B, immunoblots of p-AMPKT172, t-AMPK, p-ACCS79, t-ACC, and �-actin in L6 myotubes
and 3T3-L1 adipocytes. Cells were incubated with 100 nM insulin or 1.25–20 �M AH for 24 h. C and D, immunoblots of p-AMPKT172, t-AMPK, and �-actin
in L6 myotubes and 3T3-L1 adipocytes when cells were treated with 10 �M AH at the indicated hours. All values are expressed as -fold change relative
to the value from the DMSO-treated cells (Con or 0 h). Results are presented as mean � S.E. (error bars) (n � 3). *, p � 0.05; **, p � 0.01 compared with
control.
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and 3T3-L1 adipocytes. We found that LKB1 predominantly
was located within the nucleus in a basal state, and the dif-
fused distribution was intensified by antroalbol H or met-

formin (Fig. 7E), revealing the nucleocytoplasmic transport
of LKB1 as a consequence of LKB1 phosphorylation by
antroalbol H or metformin.

Figure 5. Antroalbol H induces cellular glucose uptake through AMPK. A, immunoblots of p-AMPKT172, t-AMPK, and �-actin in L6 myotubes. L6 myotubes
were incubated with 5 �M AH and/or 500 �M AICAR for 24 h, with values expressed as -fold change relative to the value from the DMSO-treated cells. B, glucose
uptake assay parallel to the above Western blotting experiments. C and D, the same immunoblots and glucose uptake assays were performed in 3T3-L1
adipocytes. E and H, the same immunoblots and glucose uptake assays co-incubated with compound C in those cells. L6 myotubes and 3T3-L1 adipocytes were
preincubated with 10 �M compound C for 30 min followed by treatment with or without 10 �M AH for 24 h. I and J, immunoblots and glucose uptake assays
after siRNA in L6 myotubes. L6 myotubes were transfected with scramble siRNA (siNC) or siAMPK� for 24 h, followed by incubation with 0.1% DMSO or 10 �M

AH for 24 h. K and L, the same assays were performed using 2 mM metformin (Met) in L6 myotubes. All immunoblotting values are expressed as -fold change
relative to the value from the DMSO-treated cells (Con). Results are expressed as mean � S.E. (n � 3) or mean � S.D. (n � 6) (error bars). *, p � 0.05; **, p � 0.01
compared with appropriate control.

Figure 6. LKB1 deficiency abolishes antroalbol H–induced phosphorylation of AMPK and glucose uptake. A, immunoblots of p-AMPKT172, t-AMPK,
and �-actin after siRNA in L6 myotubes. L6 myotubes were transfected with 100 nM scramble siRNA (siNC) and 100 nM siLKB1 RNA (siLKB1) for 24 h,
followed by incubation with 0.1% DMSO or 10 �M AH for 24 h. B, glucose uptake assay parallel to the above Western blotting experiments. C and D, the
same immunoblotting and glucose uptake assays were performed using metformin in L6 myotubes. E, immunoblots of p-AMPKT172, t-AMPK, and �-actin
in HeLa cells. HeLa cells were incubated with DMSO, 500 �M AICAR, or 10 �M AH for 24 h. All immunoblotting results are expressed as -fold change
relative to the DMSO-treated cells (Con). Results are presented as mean � S.E. (n � 3) or mean � S.D. (n � 6) (error bars). *, p � 0.05; **, p � 0.01 compared
with the appropriate control.
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Antroalbol H enhances the translocation of GLUT4 to the
plasma membrane

We addressed the fact that antroalbol H is capable of enhancing
glucose uptake via the LKB1-AMPK signaling pathway. It has been
reported that activation of AMPK promotes translocation of
GLUT4 to the plasma membrane and then functions in glucose
uptake (33), so we next elucidated the effect of antroalbol H on
GLUT4 translocation to the plasma membrane. The membrane
fraction results demonstrated that antroalbol H facilitated endog-
enous GLUT4 translocation from the cytosol to the plasma mem-
brane (52.5 � 2.1%), which was similar to that of insulin treatment
(49.3 � 0.5%) as compared with the control (35.9 � 1.9%) (Fig. 8A).
Furthermore, we exogenously expressed HA-GLUT4-mOrange2
in 3T3-L1 adipocytes and quantified the amount of the GLUT4 on
the plasma membrane. The results of immunofluorescence
staining of GLUT4 showed that antroalbol H enhanced the distri-
bution of GLUT4 on the plasma membrane (Fig. 8, B and C).

Discussion

Skeletal muscle and adipose tissues are important organs/tis-
sues of glucose uptake, and glucose uptake by these cells is the first
rate-limiting step in glucose metabolism in mammalian organisms
(34, 35). In the present study, we report that a new nor-sesquiter-
pene, antroalbol H, isolated from fermentation of A. albocinna-
momea, was able to enhance glucose uptake in basal L6 myotubes
and 3T3-L1 adipocytes through LKB1-AMPK signaling.

Insulin is the hormone that lowers blood glucose in the body,
and it works through a series of protein signaling cascades.
Among these protein members, Akt is considered to be a char-
acteristic protein, which is phosphorylated at Ser-473 and Thr-
308 residues when the insulin signaling pathway is activated.
In this study, antroalbol H showed no effects on the phosphor-
ylation of residues both in short (15 min and 4 h) and long (24 h)
treatments in L6 myotubes and 3T3-L1 adipocytes, indicating
that its mechanism of glucose metabolism is independent of
this pathway under this environment.

AMPK-mediated glucose uptake is insulin-independent. It
can be confirmed in the skeletal muscle of type 2 diabetes
patients that AMPK-mediated glucose uptake worked nor-
mally, whereas insulin-induced glucose uptake is impaired (31).
Antroalbol H induced phosphorylation of AMPK� on the Thr-
172 residue in parallel to the performance on glucose uptake,
linking antroalbol H’s role in promoting glucose uptake to the
AMPK pathway. As an important kinase downstream of
AMPK, ACC can be phosphorylated by AMPK signaling path-
way activators. In the antroalbol H–treated cells, phosphoryla-
tion of the Ser-79 residue of ACC was up-regulated, demon-
strating that antroalbol H activates AMPK. This association
was further confirmed in a subsequent experiment involving
the manipulation of AMPK activity by activators, inhibitors,
and siRNA. We also found that phosphorylation of AMPK� on

the Ser-182 residue in antroalbol H–treated cells was not
changed (data not shown), thus eliminating the possibility that
antroalbol H promotes cellular glucose uptake by AMPK�.

AMPK is activated by phosphorylation at the Thr-172 resi-
due within the catalytic �-subunit, catalyzed by upstream
AMPK kinases, such as LKB1 and CaMKK (3–5). CaMKII, a
kinase downstream of CaMKK, is the major signaling kinases
implicated by many studies in regulating contraction-stimu-
lated glucose uptake through GLUTs (36, 37), which is acti-
vated by phosphorylation of the Thr-286 residue of CaMKII
after a rapid rise in cytosolic Ca2�. In this study, neither Ca2�

signal nor the phosphorylation of Thr-286 was changed in L6
myotubes by antroalbol H treatment, indicating that the molec-
ular basis for the promotion of glucose uptake by antroalbol H is
CaMKK-independent and distinct from that of muscle contrac-
tion. By contrast, the mechanism of AMPK action by nootka-
tone, a sesquiterpene constituent of grapefruit with a similar
structure to antroalbol H, seems to be the same as the mecha-
nism of muscle contraction on glucose uptake (38).

Interestingly, antroalbol H induced phosphorylation of LKB1 at
the Thr-189 residue and altered nucleocytoplasmic shuttling of
LKB1 both in L6 myoblasts and myotubes (Fig. 7). Phosphoryla-
tion and subcellular localization are two main mechanisms of
LKB1 activation, although the physiological relevance of its phos-
phorylation remains controversial (39). It has been reported that
phosphorylation of LKB1 at Ser-307 regulates the nuclear trans-
port of LKB1 into the cytosol and is required for metformin-en-
hanced AMPK activation in various cells (18, 19). Our results with
metformin are consistent with these reports by mutation of Ser-
307 in LKB1-deficient HeLa cells. Under the same circumstances,
however, mutation of Thr-189 blocks AMPK activation in
response to antroalbol H, revealing the distinct mechanism of
antroalbol H and metformin on Thr-189 or Ser-307 residues of
LKB1 and highlighted that the Thr-189 residue serves as potential
target for the LKB1-AMPK pathway in glucose uptake and
metabolism. The Thr-189 residue has been reported by scholars as
the autophosphorylation site of LKB1 (40), and its natural activa-
tor has not been reported so far. Therefore, antroalbol H may be a
useful tool for the study of the mechanism of how the Thr-189
residue affects in LKB1-dependent AMPK activity.

AMPK activation contributes to GLUT4 glucose transport in
adipocytes and skeletal muscle (41, 42). Our results showed
that, similar to insulin, antroalbol H promotes translocation of
GLUT4, whereas the expression of GLUT4 was not changed
(Fig. S3). Therefore, as a consequence of activation of the LKB1-
AMPK pathway, it is inferred that antroalbol H improves glu-
cose uptake, at least in part, by inducing GLUT4 translocation
to the plasma membrane.

Taken together, the mechanism of antroalbol H on glucose
uptake specifically involves the activation of LKB1 phosphoryla-
tion at the Thr-189 residue (Fig. 9). Thr-189, an important phos-

Figure 7. Antroalbol H promotes phosphorylation and nuclear translocation of LKB1. A, immunoblots of p-LKB1T189, t-LKB1, and �-actin in L6 myotubes.
L6 myotubes were treated with 0 –20 �M AH for 24 h. B, immunoblots of p-LKB1S307, p-LKB1S428, t-LKB1, and �-actin in L6 myotubes. L6 myotubes were treated
with AH as above. C, immunoblots of p-AMPKT172, t-AMPK, and �-actin after point mutation in HeLa cells. HeLa cells were transfected with T189A, S307A, and
LKB1 plasmid for 24 h and then treated with AH for 8 h followed by immunoblot analysis. D, the same assay using 2 mM metformin in HeLa cells. Results are
expressed as mean � S.E. (error bars) (n � 3). *, p � 0.05; **, p � 0.01 compared with the appropriate control. E and F, immunofluorescence staining of LKB1 in
cells. L6 cells and 3T3-L1 adipocytes were treated with 0.1% DMSO, 2 mM metformin, or 10 �M AH for 24 h prior to immunofluorescence staining. Nuclei were
counterstained with DAPI (blue). Scale bar, 20 �m.
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phorylation site of LKB1, may be a new potential target for regula-
tion of glucose homeostasis through the LKB1-AMPK pathway.
Antroalbol H can be a useful tool for the study of the LKB1-AMPK
signaling pathway and has great potential for the treatment of
hyperglycemia.

Experimental procedures

The cell culture medium was purchased from Biological Indus-
tries (Kibbutz Beit Haemek, Israel). Insulin was purchased from
Roche (Basel, Switzerland), and Compound C was purchased from
MedChemExpress. All other chemicals and organic solvents were

of the highest grade and were obtained from Sigma-Aldrich. The
glucose assay kits were purchased from Shanghai Rongsheng Bio-
engineering Institute (Shanghai, China). The lactate assay kits
were purchased from Nanjing Jiancheng Bioengineering Institute
(Nanjing, China). Plasmid (pcDNA3-FLAG-LKB1) was prepared
by Addgene (Cambridge, MA). Specific antibodies and siRNA
sequences are indicated in the supporting information.

Preparation of antroalbol H

The A. albocinnamomea strain was cultured from the tissue
of its fruiting bodies collected from the Changbai Mountain

Figure 8. Antroalbol H increases GLUT4 translocation to the plasma membrane. A, GLUT4 protein content assay in 3T3-L1 adipocyte subcellular fractions.
3T3-L1 adipocytes were incubated with 0.1% DMSO, 100 nM insulin, or 20 �M AH for 24 h. The subcellular fractions were prepared, and the plasma membrane
(PM) and light microsome (LM) pellet fractions were immunoblotted with anti-GLUT4, N-cadherin, or �-actin antibody. The data are expressed as a percentage
of the total value of light microsome and plasma membrane in the right panel. Results are expressed as mean � S.E. (n � 3). **, p � 0.01 compared with the
appropriate control. B and C, exogenous GLUT4 fluorescent staining assay in 3T3-L1 adipocytes. After electroporation of the plasmid, 3T3-L1 adipocytes were
treated with 0.1% DMSO, 100 �M insulin, or 10 �M AH for 24 h. Cells were fixed in 3.7% paraformaldehyde for 8 min and then incubated with anti-HA primary
antibody and Cy3 secondary antibody and finally analyzed by fluorescence microscopy (Nikon, Japan). The values were the ratio of surface (S, green) and total
(T, red) GLUT4. Results are presented as mean � S.D. (n � 6). **, p � 0.01 compared with the control.
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Nature Reserve (Antu County, Jilin Province, China), in August
2009. Authentication of A. albocinnamomea was performed by
Prof. Yucheng Dai (Beijing Forestry University). The voucher
specimen (number CGBWSHF00182) was deposited in the
Herbarium of Kunming Institute of Botany, Chinese Academy
of Sciences. The culture medium consisted of 5% glucose, 0.15%
peptone, 0.5% yeast powder, 0.05% KH2PO4, and 0.05% MgSO4.
Fermentation was carried out on a shaker at 24 °C and 150 rpm
for 26 days. The whole-culture broth of A. albocinnamomea (20
liters) was initially filtered, and the filtrate was extracted three
times using EtOAc. The organic layer was concentrated using
reduced pressure to give an oily residue (7.9 g). The residue was
subjected to reversed-phase C18 eluting with MeOH-H2O
from 0:100 to 100:0, to obtain four subfractions, A–D. The frac-
tion B (1.2 g) was separated by Sephadex LH-20 (CHCl3/
MeOH, 1:1) to obtain three subfractions (B1–B3). Fraction B3
(200 mg) was separated by reversed-phase C18 eluting with
MeOH-H2O from 0:100 to 100:0 to obtain nine subfractions,
B3a–B3i. The fraction B3c was separated by repeated silica gel
CC and Sephadex LH-20 (CHCl3/MeOH, 1:1) and Me2CO
treatment to obtain antroalbol H (25.9 mg). The optical rota-
tions were determined on a Horiba SEPA-300 polarimeter. IR
spectra were recorded on a Bruker Tensor 27 spectrometer
with KBr pellets. One- and two-dimensional NMR spectra were
performed on a Bruker AM-400 spectrometer with tetrameth-
ylsilane as the internal standard. Mass spectra were recorded
using a VG Auto Spec-3000 or an APIQSTAR TOF spectrom-

eter. The NMR data and spectrum are provided as supporting
information. Antroalbol H: Colorless oil, [�]D

24 � 49.9 (c 1.42,
MeOH), and IR (KBr) �max of 3443, 2965, 1722, 1689, 1631,
1548, 1529, 1461, 1424, 1401, 1381, 1272, 1163, 1114, 1082, and
1054 cm�1, 1H NMR (CDCl3, 400 MHz) and 13C NMR (CDCl3,
100 MHz) data, see Table S1; ESIMS (positive) m/z 255 [M �
H]�, HREIMS (positive) m/z 254.1522 (calculated for
C14H22O4, 254.1518). Spectral data is shown in the supporting
information (Fig. S4 –S12).

Cell culture

3T3-L1, HeLa, and L6 myoblast cells were purchased from
the American Type Culture Collection (Manassas, VA). The
cells were maintained in Dulbecco’s modified Eagle’s medium
supplemented with 10% fetal bovine serum (FBS) or calf serum
(for 3T3-L1 cells), 100 units/ml penicillin, and 100 mg/ml
streptomycin in 10-cm diameter dishes in a humidified atmo-
sphere of 95% air and 5% CO2 at 37 °C. The cells were main-
tained in continuous passages by trypsinization of subconfluent
cultures and supplied with fresh medium every 48 h. For differ-
entiation, L6 myoblasts were transferred to Dulbecco’s modi-
fied Eagle’s medium with 2% FBS in tissue culture plates for 5– 6
days. 3T3-L1 cells were exposed to 0.5 mM 3-isobutyl-1-meth-
ylxanthine, 1 mM dexamethasone, 1 mM rosiglitazone, and 1
mg/ml insulin for 3 days; 1 mg/ml insulin (only) was adminis-
tered the day after the 3-day treatment period.

Glucose and lactate measurements

The cells were serum-starved for 4 h in 96-well plates and
then incubated with insulin, rosiglitazone, AICAR, and/or
antroalbol H for the indicated times. To inhibit the signal path-
ways, L6 myotubes were preincubated with 10 �M compound C
for 30 min. Finally, the supernatant of cultured cells was col-
lected and used in the glucose and lactate assay by a commer-
cially available kit. The quantified values were normalized using
the results of the 3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxy-
methoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium (MTS)
assay.

Cell viability assay

Cell viability was evaluated using the MTS assay. After treat-
ment, the cells were incubated with 100 ml of fresh culture
medium containing 20% (v/v) MTS for 4 h. The color intensity,
which reflects cell viability, was measured at 492 nm using a
microplate reader (PerkinElmer Life Sciences 2104 multilabel
reader).

Western blot analysis

Following treatment, the cells were homogenized in lysis
buffer containing 20 mM Tris (pH 7.5), 150 mM NaCl, 1 mM

EDTA, 1 mM EGTA, 1% Triton X-100, 2.5 mM sodium pyro-
phosphate, 1 mM �-glycerolphosphate, 1 mM Na3VO4, 1 �g/ml
leupeptin, and 1 mM phenylmethylsulfonyl fluoride. The result-
ing lysates were centrifuged at 14,000 � g for 20 min at 4 °C.
The supernatants were separated by SDS-PAGE, transferred
onto nitrocellulose membranes, and probed with specific anti-
bodies (Table S2). The immunoblots were quantified using

Figure 9. Summary of the role of antroalbol H in the AMPK signaling
pathway.
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MetaMorph software. Information related to antibodies is pro-
vided in the supporting information.

Subcellular fractionation for the 3T3-L1 adipocytes

The 3T3-L1 adipocytes were cultured in 3.5-cm dishes, and
they were lysed after treatment with insulin or antroalbol H for
24 h. The subcellular proteins were fractionated by the mem-
brane protein and cytoplasmic protein extraction kit (P0033,
Beyotime Biotechnology) according to the instructions. Pro-
teins (20 �g/sample) were separated by SDS-PAGE. N-cad-
herin and �-actin were assayed as a membrane or cytoplasm
loading control, respectively.

Transfection of siRNAs

L6 myotubes were transfected with specific AMPK� and
LKB1 siRNAs (siRNA, 100 nmol/liter each) for 48 h using
jetPRIME reagent (PolyplusTransfection, Illkirch, France).
siRNA nucleotide sequences are listed in the supporting infor-
mation (Table S3).

Immunofluorescence staining

At the end of treatment, the cells grown on the coverslips
were fixed with 3.7% paraformaldehyde solution in PBS for 8
min. After permeabilization with 0.2% Triton X-100 buffer for
20 min, the cells were incubated with 1% FBS for blocking at
37 °C for 60 min, followed by incubation with primary and
appropriate secondary antibodies. The nuclei were counter-
stained with DAPI. The coverslips were mounted with glycerin
containing paraphenylenediamine. Images were obtained using
a confocal microscope (Olympus, Japan).

Mutagenesis

The Thr-189 or Ser-307 residues of human LKB1 were
mutated to Ala using the QuikChange II site-directed mutagen-
esis kit (Agilent Technologies), according to the manufacturer’s
instructions. The mutations were confirmed by DNA sequenc-
ing. Point mutation plasmid and pcDNA3-FLAG-LKB1 plas-
mid were transfected into the HeLa cells using the jetPRIME
reagent.

Electrotransfection

3T3-L1 adipocytes where suspended at a concentration of
5 � 106 cells/ml in the electroporation medium (242 mM

sucrose, 5.5 mM Na2HPO4, 3 mM NaH2PO4, and 1.7 mM MgCl2,
pH 7.1). The cell suspension (400 �l) and 14 �g of HA-GLUT4-
orange plasmid were mixed and put into a 2-mm electropora-
tion cuvette (Eppendorf, Hamburg, Germany). The cell/plas-
mid suspension was treated with electric pulses (400 V, 80 �s)
and then incubated at room temperature for 10 min. Finally,
100 �l of the treated suspension was taken and transferred into
a 24-well plate for the exogenous GLUT4 fluorescent staining
assay.

Statistical analysis

The data were analyzed using GraphPad Prism version 5.0
(La Jolla, CA). Multiple comparisons were performed by one-
way analysis of variance followed by Student’s t-test. A value of

p � 0.05 was considered statistically significant. Data are rep-
resented as mean � S.E. or mean � S.D.
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