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Meteorin-like (metrnl) is a recently identified adipomyokine that benefi-

cially affects glucose metabolism; however, its underlying mechanism of

action is not completely understood. We here show that the level of metrnl

increases in vitro under electrical pulse stimulation and in vivo in exercised

mice, suggesting that metrnl is secreted during muscle contractions. In

addition, metrnl increases glucose uptake via the calcium-dependent

AMPKa2 pathway in skeletal muscle cells and increases the phosphoryla-

tion of HDAC5, a transcriptional repressor of GLUT4, in an AMPKa2-
dependent manner. Phosphorylated HDAC5 interacts with 14-3-3 proteins

and sequesters them in the cytoplasm, resulting in the activation of

GLUT4 transcription. An intraperitoneal injection of recombinant metrnl

improved glucose tolerance in mice with high-fat-diet-induced obesity or

type 2 diabetes, but not in AMPK b1b2 muscle-specific null mice. Metrnl

improves glucose metabolism via AMPKa2 and is a promising therapeutic

candidate for glucose-related diseases such as type 2 diabetes.

Introduction

Exercise has the potential to protect against metabolic

disease, cardiovascular disease, cancer, and dementia

[1]. In response to exercise, skeletal muscle cells secrete

various proteins called myokines that elicit responses

in an auto-, para-, or endocrine manner [2,3]. Myoki-

nes are known to improve glucose homeostasis and
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insulin sensitivity [4], glucose tolerance [5], regulation

of fat oxidation [6], and satellite cell proliferation [7,8].

Adipose tissue is an endocrine organ that releases vari-

ous adipokines to control systemic metabolism and

energy homeostasis [9,10]. Skeletal muscle contraction-

regulated myokines are secreted by adipocytes and are

thus called adipomyokines; they are associated with

beneficial, exercise-induced metabolic effects [11-13].

We have previously analyzed the role of the

adipomyokines irisin [14], fstl-1 [15], resistin [16], and

visfatin [17], which perform various functions in differ-

ent organs.

Meteorin-like hormone (metrnl), also known as

cometin, subfatin, and IL-39, is a secreted adipomyo-

kine [18] expressed in various tissues, including the

liver, heart, stromal cells, macrophages, spleen, and

central nervous system [19,20]. Metrnl is induced in

skeletal muscles upon exercise and in white adipose tis-

sue during exposure to cold [21,22]. Metrnl stimulates

energy expenditure and improves glucose tolerance

and the expression of genes associated with thermoge-

nesis in brown and beige adipocytes and anti-inflam-

matory cytokines [22]. Furthermore, adipocyte-specific

knock-out of metrnl exacerbates insulin resistance

induced by a high-fat diet (HFD), whereas adipocyte-

specific transgenic overexpression of metrnl prevents

insulin resistance induced by HFD or leptin deletion,

suggesting that adipocyte metrnl ameliorates overall

insulin resistance by acting on local adipose tissue in

an autocrine/paracrine fashion [23]. Until now, the

expression and function of metrnl have been explored

extensively in fat tissues, but few studies have consid-

ered the molecular mechanism of metrnl-mediated

antidiabetic effects in skeletal muscle.

AMP-activated kinase (AMPK) is a master regula-

tor of metabolic homeostasis and an energy-sensing

serine/threonine kinase [24]. During exercise, it is acti-

vated in skeletal muscles, adipose tissue, the liver, and

other organs by events that increase the AMP/ATP

ratio. Activated AMPK stimulates glucose uptake in

skeletal muscle, induces fatty acid oxidation in adipose

tissue, and reduces hepatic glucose production [25],

indicating that AMPK plays a crucial role in the regu-

lation of glucose homeostasis. Exercise is perhaps the

most powerful physiological activator of AMPK.

In the present study, we determined whether exercise

stimulates the expression of metrnl in skeletal muscle

and investigated the effects of metrnl on glucose home-

ostasis using mouse models of obesity and diabetes. In

addition, we investigated the molecular mechanisms

responsible for improved glucose homeostasis in skele-

tal muscle cells and AMPK b1b2-muscle-specific null

mice.

Results

Metrnl levels increased in vivo and in vitro

muscle contraction models

To verify whether metrnl was secreted or upregulated fol-

lowing muscle contractions, differentiated C2C12 myo-

tube cells underwent electrical pulse stimulation (EPS) to

mimic exercise. The concentration of metrnl increased in

acute or chronic EPS-conditioned media, implying that

metrnl was secreted upon muscle stimulation (Fig. 1A,B),

and the expression of metrnl mRNA also increased

(Fig. 1C). In addition, the phosphorylation of AMPKa1/
2, a key molecule in muscle contraction, increased in the

cell lysate after acute or chronic EPS (Fig. 1D,E). To fur-

ther understand the effect of metrnl on EPS-induced

AMPKa1/2 phosphorylation, we used siRNA-mediated

downregulation of metrnl to block the phosphorylation

of AMPKa1/2 after acute EPS (Fig. 1F). In a chronic

exercise mouse model (1 h�day�1 for 3 weeks), metrnl

blood concentrations increased after forced treadmill run-

ning (Fig. 1G). Glucose tolerance was improved in

chronic exercise mice (Fig. 1H,I). In addition to the

expression of metrnl, the phosphorylation of AMPKa1/2
and TBC1D1 increased in the quadriceps femoris muscles

of the chronic exercised mice (Fig. 1J). However, metrnl

did not increase in adipocyte tissues (Fig. 1K), suggesting

that the metrnl levels follow the plasma levels. Taken

together, these results suggest that exercise increases the

muscle contraction-induced secretion of metrnl.

Metrnl stimulated glucose uptake via AMPKa2 in

skeletal muscle cells

To determine whether metrnl affects glucose homeostasis,

we evaluated its effect on AMPKa1/2 phosphorylation in

C2C12 mouse skeletal muscle cells. Metrnl treatment

increased AMPKa1/2 phosphorylation in a dose- and

time-dependent manner (Fig. 2A,B) and also increased

the phosphorylation of acetyl-CoA carboxylase (ACC), a

downstream substrate of AMPK. In addition, metrnl

increased glucose uptake in dose ranges from 30 to

300 ng�mL�1 (Fig. 2C) and time points between 30 and

180 min in differentiated C2C12 myotubes (Fig. 2D).

These effects were suppressed when AMPKa2 was inhib-

ited by compound C or knocked down by siRNA

(Fig. 2E,F), suggesting that metrnl stimulates glucose

uptake via AMPKa2 in skeletal muscle cells.

Metrnl increased AMPKa1/2 phosphorylation by

increasing intracellular calcium concentrations

Glucose uptake can be regulated by calcium-sensitive

contraction-dependent mechanisms [26]; thus, we
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hypothesized that calcium could be involved in metrnl-

mediated AMPKa1/2 activation. Metrnl increased the

fluorescence intensity of cells stained with Fluo-3 AM, a

calcium dye (Fig. 3A), whereas pre-treatment with

BAPTA-AM, an intracellular calcium chelator, blocked

metrnl-induced AMPKa1/2 phosphorylation (Fig. 3B).

Moreover, when CaMKK2 (calcium/calmodulin-depen-

dent protein kinase 2, upstream of AMPK) was inhibited
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Fig. 1. The level of metrnl increased in vitro and in vivo exercise models. (A, B) C2C12 myotubes were subjected to an acute or chronic

electrical pulse stimulation (EPS), and the conditioned media (serum-free DMEM) were analyzed using a metrnl ELISA kit. (C) Total mRNA

was prepared from C2C12 myotubes after EPS, and RT-PCR was performed using metrnl-specific primers. PCR products were separated

on a 1% agarose gel and visualized under ultraviolet light, with b-actin as the positive control. (D) C2C12 myotubes were subjected to acute

EPS. Lysates were analyzed by western blotting using anti-phospho-AMPKa1/2 (Thr183/Thr172) antibody, with AMPKa1/2 and b-actin as the

controls. (E) Total protein was prepared from C2C12 myotubes after chronic electric pulse stimulation, and western blot analysis was

performed using metrnl, GLUT4, and phospho-AMPKa1/2 (Thr183/Thr172) antibodies, with b-actin and AMPKa1/2 as the controls. (F) C2C12

myoblasts were transiently transfected with metrnl siRNA for 24 h. Then, the cells were subjected on acute EPS. Cell lysates were

analyzed by western blotting using anti-phospho-AMPKa (Thr183/Thr172), metrnl, AMPKa1/2 antibodies, with b-actin as the controls. (G)

BALB/C mice were divided into groups: sedentary (n = 10) and forced treadmill running (n = 10). Mice were sacrificed after chronic

exercise, and the level of metrnl circulating in the blood was measured by ELISA. (H, I) Intraperitoneal (IP) GTT: blood glucose

concentrations were measured after intraperitoneal administration of glucose (2 mg�kg�1 body weight). (J) Western blot analysis of

phospho-AMPKa1/2 (Thr183/Thr172), AMPKa1/2, phosphos-TBC1D1 (Ser237), TBC1D1, and metrnl in thigh muscles of sedentary and exercise

mice. b-Actin is shown as a loading control. (K) Western blot analysis of metrnl in adipose tissues of sedentary and exercise mice. b-Actin is

shown as a loading control. Results are displayed as the mean � SEM of five experiments. *P < 0.05, **P < 0.01, and ***P < 0.001

compared with control.
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using STO-609, metrnl-induced AMPKa1/2 phosphory-

lation and glucose uptake were blocked (Fig. 3C,D).

These results suggest that metrnl stimulates glucose

uptake via calcium-mediated AMPKa phosphorylation.

Metrnl increased glucose uptake via p38 MAPK

pathway

The activation of p38 mitogen-activated protein kinase

(MAPK) increases glucose uptake via enhanced GLUT4

translocation in cardiomyocytes [27,28]. To assess the

effect of metrnl on p38 MAPK in skeletal muscle cells, we

measured p38 MAPK phosphorylation in C2C12 myo-

blasts after metrnl treatment. Metrnl increased p38

MAPK phosphorylation in a dose- and time-dependent

manner (Fig. 4A,B). We then investigated the role of

AMPKa2 in the metrnl-mediated phosphorylation of p38

MAPK and found that inhibition or knockdown of

AMPK suppressed the metrnl-mediated phosphorylation

of p38 MAPK (Fig. 4C,D). To confirm these findings, we

examined the effect of p38 MAPK inhibition on glucose

uptake. Metrnl-induced glucose uptake was suppressed

when p38 MAPK was inhibited by SB202190 or siRNA

knockdown (Fig. 4E,F). These results demonstrate that

p38 MAPK is involved in metrnl-mediated glucose

uptake as a downstream of AMPK.

Metrnl regulated the binding of HDAC5 to the

GLUT4 promoter

Histone deacetylase 5 (HDAC5) is a corepressor of

GLUT4 transcription that is exported from the
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Fig. 2. Metrnl stimulated glucose uptake via AMPK in skeletal muscle cells. (A) Dose-dependent phosphorylation of AMPKa1/2 and ACC

after metrnl treatment. C2C12 myoblasts were stimulated for 60 min at various metrnl concentrations. The cell lysates were analyzed by

western blotting using antibodies against phospho-AMPKa (Thr183/Thr172) and phospho-ACC (Ser79), with AMPKa1/2 and ACC as the

controls. (B) Time-dependent phosphorylation of AMPKa1/2 and ACC after metrnl treatment. C2C12 cells were incubated with metrnl

(100 ng�mL�1) for the indicated times. Cell lysates were analyzed by western blotting using antibodies against phospho-AMPKa1/2 (Thr183/

Thr172) and phospho-ACC (Ser79), with AMPKa1/2 and ACC as the controls. (C) Dose-dependent uptake of glucose with metrnl treatment.

C2C12 myotubes were incubated with metrnl at several concentrations for 1 h and then assayed for glucose uptake. (D) Time-dependent

uptake of glucose with metrnl treatment. C2C12 myotubes were incubated with metrnl (100 ng�mL�1) for the indicated times and then

assayed for glucose uptake. (E) C2C12 myotubes were treated with metrnl (100 ng�mL�1) for 1 h in the presence of compound C (10 µM)

and then assayed for glucose uptake. (F) C2C12 myotubes were transiently transfected with AMPKa2 siRNA or non-target siRNA, incubated

with metrnl (100 ng�mL�1) for 1 h and then assayed for glucose uptake. Results are displayed as the mean � SEM of five experiments.

*P < 0.05, **P < 0.01, and ***P < 0.001.
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nucleus after phosphorylation [29], and the chaperone

protein 14-3-3 is known to mediate the nuclear export

of HDAC5 [30]. We found that metrnl increased the

mRNA and protein expression of GLUT4 (Fig. 5A,B)

and increased HDAC5 phosphorylation in a time-de-

pendent manner (Fig. 5C). The phosphorylation of

HDAC5 was not observed following the inhibition or

knockdown of AMPKa2 (Fig. 5D,E), suggesting that

metrnl increases the phosphorylation of HDAC5 via

AMPKa2. We used cytosolic fractionation and

immunocytochemistry (ICC) to confirm that metrnl

induced the cytosolic translocation of phosphorylated

HDAC5 (Fig. 5F,G). In immunoprecipitation (IP) and

ICC experiments, metrnl also increased the interaction

between phosphorylated HDAC5 and 14-3-3 (Fig. 5H,

I), suggesting that 14-3-3 helps to sequester HDAC5 in

the cytoplasm. To confirm whether metrnl affects

HDAC5 binding to the GLUT4 promoter, we per-

formed chromatin immunoprecipitation (ChIP) assays.

Notably, metrnl treatment reduced HDAC5 binding to

the GLUT4 promoter region and increased histone H3

acetylation in the same region (Fig. 5J). These data

suggest that metrnl could upregulate GLUT4

expression by regulating the binding of HDAC5 to the

GLUT4 promoter.

Metrnl stimulated translocation of GLUT4 via

TBC1D1 phosphorylation

TBC1D1 is a Rab-GTPase-activating protein involved

in GLUT4 trafficking and is known to be activated by

AMPK [27,28]. We therefore tested whether TBC1D1

was involved in metrnl-mediated glucose regulation.

Metrnl induced TBC1D1 (Ser237) phosphorylation in a

dose- and time-dependent manner (Fig. 6A,B), but

those effects were not observed when AMPKa2 was

inhibited or knocked down (Fig. 6C,D). To confirm

that result, we performed membrane fractionation and

ICC experiments and found that metrnl increased

GLUT4 translocation to the plasma membrane

(Fig. 6E,F). Insulin was used as positive control for

GLUT4 translocation. The cell surface localization of

GLUT4myc was also measured using a colorimetric

assay, which showed that metrnl increased plasma

membrane GLUT4myc in a time-dependent manner

(Fig. 6G), which was not observed when AMPKa2
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incubated in Fluo-3 AM (10 µM) for 30 min. The Ca2+ response was measured after C2C12 incubated with metrnl (100 ng�mL�1). The Ca2+

concentration correlates with the fluorescence intensity. Scale bars, 100 lm (n = 5). (B) C2C12 myoblasts were pre-treated with the

membrane-impermeable calcium chelator BAPTA-AM (5 lM) and then incubated with metrnl (100 ng�mL�1) for 60 min. Cell lysates were
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western blotting using anti-phospho-AMPKa1/2 (Thr183/Thr172) antibody, with AMPKa1/2 as the control. (D) C2C12 myotubes were treated
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was inhibited or knockdown (Fig. 6H,I). In addition,

knockdown with TBC1D1 siRNA suppressed the

metrnl-induced translocation of GLUT4 to the plasma

membrane (Fig. 6J). These results suggest that metrnl

stimulates translocation of GLUT4 via AMPKa-medi-

ated TBC1D1 phosphorylation.

Metrnl stimulated AMPKa1/2 phosphorylation

and glucose uptake in mouse primary myoblast

cells

To assess the physiological relevance of metrnl, we

investigated its effects in primary myoblasts prepared

from the quadriceps femoris tissue of wild-type (WT)

mice (BALB/c). Metrnl significantly increased the cal-

cium levels of primary myoblasts, with maximum fluo-

rescence detected after 10 s (Fig. 7A). In addition,

metrnl increased the phosphorylation of AMPKa1/2
and its downstream target ACC in a time-dependent

manner (Fig. 7B) and increased glucose uptake in dif-

ferentiated primary myotubes (Fig. 7C), further sup-

porting the biological relevance of metrnl.

Metrnl administration improved glucose

tolerance in animal models

To investigate the effect of metrnl on glucose tolerance

in vivo, we prepared recombinant GST-tagged metrnl

proteins and GST proteins using Escherichia coli

(Fig. 8A). GST-metrnl treatment increased AMPKa1/2
phosphorylation in C2C12 cells (Fig. 8B), confirming

the biological activity of the recombinant protein. We

then administered the metrnl-GST to C57BL/6 mice

(n = 12 per group) by intraperitoneal injection. GST-
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Fig. 4. Metrnl increased glucose uptake via the p38 MAPK pathway. (A) C2C12 myoblasts were stimulated for 60 min with several

concentrations of metrnl. The cell lysates were analyzed by western blotting using anti-phospho-p38 MAPK antibody, with p38 MAPK as the

control. (B) Time-dependent phosphorylation of p38 MAPK after metrnl treatment. C2C12 myoblasts were incubated with metrnl

(100 ng�mL�1) for the indicated times. Cell lysates were analyzed by western blotting using anti-phospho-p38 MAPK antibody, with p38

MAPK as the control. (C) C2C12 myoblasts were pre-treated with compound C (10 lM), then treated with metrnl (100 ng�mL�1). Cell lysates

were analyzed by western blotting using antibodies against phospho-p38 MAPK and phospho-AMPKa1/2(Thr183/Thr172), with p38 MAPK and

AMPKa1/2 as the controls. (D) C2C12 myoblasts were transiently transfected with AMPKa2 siRNA or non-target siRNA. Cell lysates were

analyzed by western blotting using anti-phospho-p38 MAPK antibody, with p38, AMPKa2, and b-actin as the controls. (E) C2C12 myotubes
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myotubes were transiently transfected with p38 MAPK siRNA or non-target siRNA, incubated with metrnl (100 ng�mL�1) for 1 h, and then

assayed for glucose uptake. Results are displayed as the mean � SEM of five experiments. *P < 0.05 and **P < 0.01.
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metrnl reduced blood glucose levels and improved glu-

cose tolerance (Fig. 8C,D). To confirm the effect of

metrnl in a disease model, we administered GST-

metrnl to type 2 diabetic (db/db) mice and found that

it ameliorated their impaired glucose tolerance

(Fig. 8E,F). In addition, GST-metrnl lowered glucose

level in the blood and increased AMPKa1/2 phospho-

rylation in the extensor digitorum longus (EDL)
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Fig. 5. Metrnl increased GLUT4 expression by stimulating HDAC5 phosphorylation. (A) Total mRNA from C2C12 myoblasts was prepared

after metrnl (100 ng�mL�1) treatment for the indicated times, and real-time qRT-PCR was performed using GLUT4-specific primers, with b-

actin mRNA as the positive control. (B) C2C12 myoblasts were treated with metrnl (100 ng�mL�1) for the indicated times. The cell lysates

were analyzed by western blotting using anti-GLUT4 antibody, with b-actin as the control. (C) Time-dependent phosphorylation of HDAC5

after metrnl treatment. C2C12 myoblasts were incubated with metrnl (100 ng�mL�1) for the indicated times. Cell lysates were analyzed by

western blotting using anti-phospho-HDAC5 (Thr498) antibody, with HDAC5 as the control. (D) C2C12 myoblasts were pre-treated with

compound C (10 lM) and then treated with metrnl (100 ng�mL�1). Cell lysates were analyzed by western blotting using anti-phospho-HDAC5

(Thr498) antibody, with HDAC5 as the control. (E) C2C12 myoblasts were transiently transfected with AMPKa2 siRNA or non-target siRNA.

Cell lysates were analyzed by western blotting using antibodies against phospho-HDAC5 (Thr498), AMPKa2, and HDAC5, with b-actin as the

controls. (F) C2C12 myoblasts were treated with metrnl (100 ng�mL�1). Cytosolic and nuclear proteins were extracted from the cells.

HDAC5 phosphorylation was evaluated by western blot analysis, with HDAC5 as the control. Western blotting was performed on nuclear

and cytosolic fractions to detect nuclear (lamin B) and cytosolic (a-tubulin) marker proteins. (G) Representative images of phospho-HDAC5

treated with metrnl for 30 min. Scale bars, 10 lm (n = 5). (H) C2C12 myoblasts were immunoprecipitated with anti-14-3-3 antibody,

followed by western blotting using anti-phospho-HDAC5, HDAC5, and 14-3-3 antibodies. (I) Representative images (phospho-HDAC5 and 14-

3-3 objective images) of cells treated with metrnl for 1 h. Scale bars, 10 lm (n = 5). (J) The relative occupancy of HDAC5 and AcH3 on the

GLUT4 promoter was assessed using a ChIP analysis following 60 min of metrnl (100 ng�mL�1) treatment. The ChIP data represent the

ratio of IP values for each region relative to the input. The results shown are from three independent experiments. Other results are

displayed as the mean � SEM of five experiments. *P < 0.05, **P < 0.01, and ***P < 0.001.
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Fig. 6. Metrnl stimulated GLUT4 translocation by AMPK-induced TBC1D1 phosphorylation. (A) C2C12 myoblasts were stimulated for 1 h

with different concentrations of metrnl. Cell lysates were analyzed by western blotting using anti-phospho-TBC1D1 (Ser237) antibody, with

TBC1D1 as the control. (B) C2C12 myoblasts were incubated with metrnl (100 ng�mL�1) for the indicated times. Cell lysates were analyzed

by western blotting using anti-phospho-TBC1D1 (Ser237) antibody, with TBC1D1 as the control. (C) C2C12 myoblasts were pre-treated with

compound C (10 lM) and then treated with metrnl (100 ng�mL�1). Cell lysates were analyzed by western blotting using anti-phospho-

TBC1D1 (Ser237) antibody, with TBC1D1 as the control. (D) C2C12 myoblasts were transiently transfected with AMPKa2 siRNA or non-

target siRNA. Cell lysates were analyzed by western blotting using anti-phospho-TBC1D1 (Ser237), AMPKa2, TBC1D1 antibodies, with b-

actin as the controls. (E) C2C12 myoblasts treated with metrnl (100 ng�mL�1) or insulin (100 nM) were lysed and then fractionated into the

plasma membrane and cytosol. Plasma membrane (PM) and cytosol proteins were analyzed by western blotting using anti-GLUT4 antibody,

with insulin receptor (IR) as a plasma membrane marker. (F) Representative images (GLUT4, Hoechst, and merged) of cells treated with

metrnl for 1 h. Insulin (100 nM) was used as the positive control. Scale bars, 10 lm (n = 5). (G) Surface expression of GLUT4myc with

metrnl treatment. L6-GLUT4myc myotubes were incubated with metrnl at several time points for 3 h, and then, cell surface expression of

GLUT4myc was detected using an antibody-coupled colorimetric absorbance assay. (H) L6-GLUT4myc myotubes were treated with metrnl

(100 ng�mL�1) for 1 h in the presence of compound C (10 µM), and then, cell surface expression of GLUT4myc was detected using an

antibody-coupled colorimetric absorbance assay. (I, J) L6-GLUT4myc myotubes were transiently transfected with AMPKa2 or TBC1D1

siRNA for 48 h before metrnl (100 ng�mL�1) treatment for 1 h. The cell surface expression of GLUT4myc was detected using an antibody-

coupled colorimetric absorbance assay. Results are displayed as the mean � SEM of five experiments. *P < 0.05 and **P < 0.01.
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muscles of db/M+, db/db + GST, and db/db + GST-

metrnl mice (Fig. 8G,H). To assess the chronic effect

of metrnl on glucose tolerance in HFD-induced obese

mice, GST-metrnl was intraperitoneally administered

(at 48-h intervals) for 8 weeks and significantly

improved glucose tolerance in both the normal chow

diet (NCD) and HFD groups (Fig. 8I,J). GST-metrnl

also lowered glucose levels and body weigh in HFD

mice (Fig. 8K,L). Taken together, these results demon-

strate that metrnl improves glucose tolerance in animal

models.

Metrnl did not improve glucose tolerance in

AMPK b1b2 muscle-specific null mice

The b1 and b2 subunits of AMPK are required for the

assembly of AMPK heterotrimers and are important

for regulating enzyme activity. Mice lacking both the

b1 and b2 isoforms in their skeletal muscle (b1b2M-

KO) have a drastically lower capacity for treadmill

running and contraction-stimulated glucose uptake

[31]. To confirm the role of metrnl on the AMPK-me-

diated glucose metabolism, we administered recombi-

nant GST-metrnl into AMPK b1b2M-KO mice. The

intraperitoneal injection of GST-metrnl improved glu-

cose tolerance in WT mice, but not in AMPK b1b2M-

KO mice (Fig. 9A,B). To further characterize the role

of AMPK in vivo, we isolated the EDL muscles of WT

and AMPK b1b2M-KO mice and measured their glu-

cose uptake ability. Metrnl-GST increased glucose

uptake in the EDL muscles of WT mice, but not those

of AMPK b1b2M-KO mice (Fig. 9C). These results

clearly demonstrate that metrnl improves glucose toler-

ance via AMPK in vivo.

Discussion

Exercise-induced myokines are recognized as central

players in both the prevention and treatment of type 2

diabetes. To date, several hundred myokines in the

muscle secretome have been identified, a subpopula-

tion of which are specifically induced by skeletal mus-

cle contractions [32]. However, the bioactivity of many

of these myokines and the mechanisms through which

they act have either not yet been characterized or

remain poorly understood. Among those many myoki-

nes, it is well known that metrnl is induced upon exer-

cise [21,22] and has antidiabetic effects by enhancing

the browning of white adipose tissue or activating adi-

pocyte differentiation [22,23], suggesting that metrnl

has therapeutic potential for metabolic diseases. How-

ever, the underlying molecular mechanisms by which

metrnl improves glucose homeostasis have not been

fully explained.

We observed that acute and chronic EPS increased

the secretion and expression of metrnl into condition-

ing media and cell lysates and the phosphorylation of

AMPKa1/2 in C2C12 myotubes (Fig. 1A–E). In addi-

tion, we investigated how acute and chronic exercise

affected metrnl expression and glucose tolerance. Mice

exposed to chronic exercise showed improved glucose

tolerance compared with controls (Fig. 1H,I). Interest-

ingly, the concentration of metrnl in the blood did not

increase following acute exercise (data not shown), but
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it did increase in the mice exposed to chronic exercise

(Fig. 1G), indicating that only chronic endurance

training can induce metrnl-mediated antidiabetic

effects. However, metrnl mRNA expression increased

in the acute EPS system (Fig. 1C). Therefore, the acute

exercise model did not completely exclude the effect of

increased metrnl levels. According to the previous

reports, acute exercise enhances glucose homeostasis

by activating insulin signaling and GLUT4 transloca-

tion [33,34]. On the other hand, some human and ani-

mal studies have reported that acute exercise does not

induce insulin signaling in skeletal muscles [35,36] or

metrnl mRNA expression [37]. Those reports support

our results. Moderate endurance exercise seems to

acutely increase insulin signaling [38], whereas short or

light resistance and endurance training show no effect

[33]. In addition, the time point after exercise at which

the effect of exercise is studied appears to be highly

relevant. A recent review from Frig and Richter found

that exercise-induced increases in glucose uptake

occurred during a critical time point of 3–4 h after

exercise, indicating a time-dependent course in the acti-

vation of exercise-induced molecular signaling [39] that

could explain why the metrnl level in the blood of our

acute exercise models did not increase: In our acute

exercise experiment, we performed the glucose toler-

ance test (GTT) 1 h after exercise. To fully determine

whether acute exercise increases metrnl levels in the

blood, a further study using a different acute exercise

protocol is needed.

Exercise increases glucose homeostasis by activating

AMPK through an AMP-dependent pathway or a

Ca2+-dependent pathway. To investigate the mecha-

nism of metrnl-mediated AMPK activation, we mea-

sured intracellular Ca+2 concentrations upon metrnl

stimulation. In C2C12 myotubes and primary muscle

cells, metrnl induced an increase in the calcium ion

concentration (Figs 3A and 7A) and an increase in

AMPKa1/2 phosphorylation (Figs 3B and 7B). It is

well known that AMPKa2 can be directly phosphory-

lated at Thr172 by the calcium-sensitive kinase

CAMKK2 in response to calcium flux [40], which thus

links calcium signaling to the regulation of energy

metabolism by AMPK [41]. We observed that metrnl

mediated AMPK phosphorylation and that glucose

uptake was inhibited by STO-609, a CAMMK2 inhibi-

tor (Fig. 3C,D). Therefore, increased intracellular cal-

cium caused by metrnl activates CAMKK2 and leads

to both the activation of AMPK activity and an

increase in glucose uptake.

AMPK increases GLUT4 transcription by phospho-

rylating HDAC5 [42]. Therefore, we examined whether

metrnl-mediated AMPKa1/2 phosphorylation

increased GLUT4 expression by regulating HDAC5.

Firstly, we found that metrnl increased the phosphory-

lation of HDAC5 (Fig. 5C) and the interaction

between 14-3-3 and HDAC5 (Fig. 5H). AMPKa2 inhi-

bition blocked metrnl-mediated HDAC5 phosphoryla-

tion (Fig. 5D,E), implying that metrnl increases

GLUT4 transcription via an AMPK-HDAC5 signaling

pathway. HDAC5 inhibitors are a novel treatment for

diabetes mellitus that increases GLUT4 gene expres-

sion [43,44], suggesting that metrnl might also treat

diabetes by increasing GLUT4 expression.

Glucose uptake is promoted through a signaling

cascade that contains several spatially distinct phos-

phorylation events that together move glucose trans-

porters (GLUT4) to the plasma membrane, which

upregulates glucose transport into the cell [45]. Specif-

ically, AMPK mediates glucose uptake through

TBC1D1 and p38 MAPK phosphorylation [27-

28,46,47]. TBC1D1 contains an AMPKa1/2 phospho-

rylation site (Ser237) [48], and TBC1D4 (AS160)

phosphorylation (Thr642) is required for insulin-de-

pendent glucose uptake in skeletal muscle cells [45].

In this study, metrnl increased TBC1D1 phosphoryla-

tion (Ser237) (Fig. 6A,B) but did not alter TBC1D4

phosphorylation (Thr642) (data not shown), suggest-

ing that metrnl stimulates GLUT4 translocation via

the AMPK-TBC1D1 axis separate from insulin sig-

naling. In addition, metrnl induced the phosphoryla-

tion of p38 MAPK in a dose- and time-dependent

manner (Fig. 4A,B), and glucose uptake was

decreased by inhibiting p38 MAPK (Fig. 4E,F),

implying that metrnl enhances glucose uptake

through an AMPK-p38MAPK pathway. Taken

together, our results show that metrnl regulates glu-

cose homeostasis by separately activating TBC1D1

and p38 MAPK signaling pathways. To summarize

our in vitro results, metrnl stimulates glucose uptake

through Ca2+-CAMKK2-AMPK-HDAC5-GLUT4-

p38-TBC1D1-dependent signaling.

In this study, we found that metrnl improves glucose

tolerance (Fig. 8C,D) and decreases the concentration

of glucose in the blood in mouse models of obesity

and type 2 diabetes (Fig. 8G,K). In addition, in the

db/db mouse model, the phosphorylation of

AMPKa1/2 in the EDL muscles increased after metrnl

treatment (Fig. 8H). The body weight also decreased

after metrnl treatment in the HFD mice (Fig. 8L).

These data demonstrate that metrnl has an antidiabetic

effect in mouse models of diabetes and HFD-induced

obesity. To confirm the role of AMPK in the antidia-

betes effects of metrnl, we tested how metrnl affected

glucose tolerance in AMPK b1b2M-KO mice. Metrnl

did not improve glucose tolerance or uptake in AMPK
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b1b2M-KO mice, but it improved both in WT mice

(Fig. 9A–C), demonstrating that metrnl improves glu-

cose tolerance in vivo via the AMPK signaling path-

way.

Interestingly, recent reports by Jung et al. and Bae

et al. [49,50] strongly support our data by showing

that metrnl alleviates inflammation and improves insu-

lin resistance through AMPK or PPARd-dependent
signaling in skeletal muscles. Our results differ from

those previous results in important ways. First, they

investigated the effect of metrnl on glucose regulation

only in HFD-fed obese mice. In contrast, we examined

the function of metrnl on glucose regulation using

mouse models of both obesity and diabetes and

demonstrated that AMPK is a key player in metrnl’s

antidiabetic effects using AMPK b1b2M-KO mice.

Second, we characterized the mechanism of metrnl-me-

diated glucose homeostasis in skeletal muscle cells.

In conclusion, we have shown that metrnl has

antidiabetic effects via a Ca2+-CAMKK2-AMPK-

HDAC5-GLUT4-p38-TBC1D1 signaling pathway.

Taken together, our results demonstrate that metrnl is

an attractive therapeutic target for treating for meta-

bolic syndrome.

Materials and methods

Reagents

Antibodies against AMPKa1/2, AMPKa2, p-AMPKa1/2
(Thr183/Thr172), phospho-ACC (Ser79), ACC, and 14-3-3

were obtained from Abcam (San Francisco, CA, USA).

TBC1D1 and p-TBC1D1 (Ser237) were purchased from

Merck Millipore (Darmstadt, Germany). Antibodies

against HDAC5 and p38 MAPK were purchased from

Cell Signaling Technology (Danvers, MA, USA). Antibod-

ies against b-actin were purchased from Sigma-Aldrich

(St. Louis, MO, USA). Antibodies against phospho-p38

(Thr180/Tyr182), a-tubulin, GLUT4, and lamin B were pur-

chased from Santa Cruz Biotechnology (Santa Cruz, CA,

USA). Phospho-HDAC5 (Thr498) antibodies were from

Thermo Fisher Scientific (Rockford, IL, USA). Horserad-

ish peroxidase (HRP)-conjugated goat anti-rabbit IgG and

goat anti-mouse secondary antibodies were purchased

from Enzo Life Sciences (Farmingdale, NY, USA). Metrnl

was obtained from Cusabio (Wuhan, Hubei, China), and

1, 2-bis (o-aminophenoxy) ethane-N, N, N0, N0-tetraacetic
acid (BAPTA)-AM was purchased from Abcam. Com-

pound C and STO-609 were obtained from Calbiochem

(San Diego, CA, USA). Protein A-agarose beads were

obtained from GE Healthcare (Piscataway, NJ, USA).

The fluorescent Ca2+ indicator Fluo-3 AM and Hoechst

33342 were obtained from Invitrogen (Leiden, the Nether-

lands).

C2C12 myoblast cell culture and differentiation of

C2C12 myoblasts

C2C12 myoblasts [American Type Culture Collection

(ATCC), Manassoas, VA, USA] were cultured at 37 °C in

5% CO2 in Dulbecco’s modified Eagle’s medium (DMEM)

supplemented with 10% FBS and 1% antibiotics. We

induced skeletal muscle differentiation at 80–90% conflu-

ence of the myoblasts by changing the growth medium to

differentiation medium (DMEM + 2% horse serum). After

5 days, the myotubes were used.

Ca2+ measurement

Cells were treated with 5 lM Fluo-3 AM in regular culture

medium at 37 °C for 30 min, then washed, and incubated

for 15 min in regular medium (without Fluo-3 AM) to

complete the de-esterification process. Cells were treated

with metrnl, and the culture plates were placed on a tem-

perature-controlled confocal microscope (Zeiss LSM700

Meta; Zeiss, Oberkochen, Germany) at 2009 magnification.

The excitation and emission wavelengths for signal detec-

tion were 488 and 515 nm, respectively.

Immunoblot analyses

Following various experimental manipulations, the culture

medium was removed, the cells were washed twice with

ice-cold PBS and then lysed with 70 lL of lysis buffer

[50 mM Tris/HCl (pH 7.4), 1% Triton X-100, 0.25%

sodium deoxycholate, 150 mM EDTA, 1 mM sodium

orthovanadate (Na3VO4), 1 mM NaF, and 1 mM phenyl-

methylsulfonyl fluoride (PMSF)]. The samples were soni-

cated and then centrifuged at 16 000 g for 20 min.

Proteins were quantified with a Bradford assay kit used

according to the manufacturer’s protocol (Bio-Rad, Her-

cules, CA, USA). Extracts were heated at 95 °C for

5 min, resolved on 10% separating polyacrylamide gel,

and transferred to nitrocellulose membranes. Membranes

were blocked in Tris-buffered saline with 0.1% Tween-20

(TBS-T) and 5% dry milk (w/v) for 1 h and then washed

three times in TBS-T. Membranes were incubated over-

night at 4 °C with primary antibodies and probed with

HRP-conjugated secondary antibodies for 1 h. The blots

were visualized using chemiluminescence with the ECL

detection system (Amersham International PLC, Bucking-

hamshire, UK). Western blot densitometry quantification

was done using IMAGEJ software (version 1.46r; NIH,

Bethesda, MD, USA). Protein levels were normalized with

the levels of the loading control.

AMPKa, p38MAPK, metrnl, and TBC1D1 silencing

Transient transfections were performed using Lipofec-

tamine 2000 (Invitrogen, Carlsbad, CA, USA) according to
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the manufacturer’s protocol. Briefly, AMPKa2 siRNA (L-

NM_100623), p38MAPK siRNA (L-040125-00), TBC1D1

siRNA (L-040360-01) (Dharmacon, Lafayette, CO, USA),

metrnl siRNA (L-059938-01), and non-targeting pool

siRNA (L-001810-10, On-TARGET plus SMART pool

oligonucleotide; Dharmacon) were used. For each experi-

ment, 5 lL of Lipofectamine 2000 was diluted in 95 lL of

reduced-serum medium (Opti-MEM; Invitrogen) and then

mixed with siRNA. The mixtures were incubated for

15 min and then added dropwise to culture wells contain-

ing 800 lL of Opti-MEM to achieve a final siRNA concen-

tration of 50 nM.

Reverse transcription polymerase chain reaction

and real-time PCR

Reverse transcription polymerase chain reaction (RT-PCR)

was performed at 55 °C for 20 min using a Thermoscript II

one-step RT-PCR Kit (Invitrogen). cDNA amplification

was carried out using a Gene Amp System 9700 thermocy-

cler (Applied Biosystems, Warrington, UK). The reverse

transcriptase was heat-inactivated in the first step of the

PCR (95 °C for 10 min). The following primers were used

for amplification: metrnl, sense 50-AAGCCTTTCAGGGA

CTCCTC-30 and antisense 50-CCCTGGTCGTACTCCA-

CACT-30; b-actin, sense 50-ATTTGGTCGTATTGGGCG

CCTGGTCACC-30 and antisense 50-GAAGATGGTGA

TGGGATTTC-30; GLUT4 for real-time PCR, sense 50-
AGCTGGTGTGGTCAATACGG-30 and antisense 50-AA

CAGATGGAGTGTCCGTCG-30; GLUT4 for ChIP, sense

50-CTTCGACCTTTCAGGGGGAC-30 and antisense 50-G
AACAAAAGGCTCTTCCCGC-30. The amplification steps

were as follows: 32 cycles of 95 °C for 15 s, 58 °C (b-actin)
or 55 °C (GLUT4 and metrnl) for 30 s, and 72 °C for 30 s,

followed by 10 min at 72 °C. After each reaction, 10 µL
was analyzed by agarose gel electrophoresis. For real-time

PCR, the relative amount of the target genes was deter-

mined by measuring the cycle threshold values of the target

genes and b-actin. The relative amount of the target genes

was normalized against b-actin, the internal control in the

same sample, and described as the ratio of each target

gene/b-actin.

Myc-GLUT4 immunodetection

The cell surface expression of Myc-GLUT4 was quantified

using a previously described antibody-coupled colorimetric

absorbance assay [17]. Following stimulation, differentiated

L6 myotubes stably expressing Myc-GLUT4 were incubated

with a polyclonal anti-Myc antibody (1 : 1000) for 60 min

and then incubated with an HRP-conjugated goat anti-rabbit

IgG (1 : 1000) for 1 h. Cells were washed six times with PBS

and incubated in 1 mL of o-phenylenediamine dihydrochlo-

ride (OPD) reagent (0.4 mg�mL�1) for 30 min. The absor-

bance of the supernatant was measured at 492 nm.

Glucose uptake

Differentiated C2C12 myotubes were washed twice with

PBS and then starved in serum-free low-glucose DMEM

for 3 h. The cells were next incubated with KRB [20 mM

HEPES (pH 7.4), 130 mM NaCl, 1.4 mM KCl, 1 mM CaCl2,

1.2 mM MgSO4, and 1.2 mM KH2PO4] and then incubated

with test compounds in the same buffer at 37 °C. The

uptake assay was initiated by adding 2-deoxy-D-(H3)-glu-

cose (2-DG) to each well and incubating at 37 °C for

15 min. The reaction was terminated by washing with ice-

cold PBS. Cells were lysed in 10% SDS. An aliquot of the

cell lysate was removed for protein quantitation by the

Bradford assay method. The uptake of [H3]-2-deoxyglucose

was determined (in triplicate) by scintillation counting.

Immunoprecipitation

Cellular proteins (1 mg) were mixed with 1 lg of anti-14-3-

3 (rabbit monoclonal antibody) or anti-IgG (normal rabbit

antibody) and incubated at 4 °C for 24 h. Immune com-

plexes were captured using protein A-Sepharose beads

(Amersham, Uppsala, Sweden) for a further 3 h. The pre-

cipitated immune complexes were washed three times with

a wash buffer [25 mM HEPES, 5 mM EDTA, 1% Triton X-

100, 50 mM NaF, 150 mM NaCl, 10 mM PMSF, 1 lM leu-

peptin, 1 lM pepstatin, and 1 lM aprotinin (pH 7.2)]. The

washed samples were resuspended in SDS sample buffer

[125 mM Tris/HCl (pH 6.8), 20% (v/v) glycerol, 4% (w/v)

SDS, 100 mM dithiothreitol, and 0.1% (w/v) bromophenol

blue] and heated at 100 °C for 5 min.

Isolation of the plasma membrane fraction

C2C12 mouse myoblast cells (2 9 107) were plated in trea-

ted 10-cm cell culture dishes, the growth medium was chan-

ged to Opti-MEM for 6 h, and then, the cells were treated

with metrnl (100 ng�mL�1) for 3 h or 100 nM insulin for

30 min. The supernatants were removed, cells were washed

three times with ice-cold PBS, and the plasma membrane

was extracted and purified using a plasma membrane pro-

tein extraction kit (ab65400; Abcam, Boston, MA, USA)

according to the manufacturer’s instructions.

Chromatin immunoprecipitation assay

A ChIP assay was performed using a kit (Cell Signaling

Technology, MA, USA) according to the manufacturer’s

instructions. C2C12 myoblasts were treated with metrnl,

and then, DNA–protein complexes were cross-linked using

1% formaldehyde for 15 min and quenched using

125 mmol�L�1 glycine. The cross-linked chromatin samples

were isolated from the cell lysates by nuclease digestion.

HDAC5 was immunoprecipitated using an HDAC5 anti-

body (Novus Biologicals, Littleton, CO, USA) or an
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unrelated control antibody (normal rabbit IgG) and then

DNA was extracted. For quantitative PCR, ChIP DNA

was amplified using the following primers for the GLUT4

promoter containing the MEF2 binding site: forward 50-
CTT CGA CCT TTC AGG GGG AC-30 and reverse 50-
GAA CAA AAG GCT CTT CCC GC-30. Each reaction

used Power SYBR green PCR Master Mix (Applied

Biosystems, Foster City, CA, USA). Values represent

enrichment over the IgG negative control using the thresh-

old cycle (2�DDCT ) method.

Immunocytochemistry

Cells were fixed with 4% paraformaldehyde (PFA)/PBS at

room temperature for 15 min. After blocking with 3% bovine

serum albumin (BSA) at room temperature for 30 min, the

fixed cells were incubated with primary anti-p-HDAC5

(1 : 500, gtx50238; Gene Tex, Irvine, CA, USA), primary anti-

p-TBC1D1 (1 : 500, 07-2268; Merck Milipore, Damstadt, Ger-

many), or primary anti-14-3-3 (1 : 500, ab6081; Abcam) anti-

bodies in primary antibody diluent (PBS, 3% BSA, and 0.1%

Triton X-100) at 4 °C overnight. Cells were then washed with

PBS, probed with a goat anti-rabbit Cy3 (red) or goat anti-

mouse 488 (green) secondary antibody (Molecular Probes,

Eugene, OR, USA) and washed three times with PBS at room

temperature for 10 min. Images were obtained using a Zeiss

confocal microscope (LSM700).

Plasmid construction of GFP-GLUT4 and GST-

metrnl

A mouse myc-DDK-tagged GLUT4 ORF clone

(MR_208202) and a mouse metrnl ORT clone (MR_14497)

were purchased from Origene Technologies, Inc. (Rockville,

MD, USA). Plasmid DNA from those clones was amplified

by PCR using the following primers: GLUT4, forward 50-
CGCGGGCCCGGGATCC ATG CCT TCG GGT TTC

CAG CAG-30 and reverse 50-G AGC TCG CAA ACA GAG

CTG AAC TAG-3; metrnl, forward 50-GGT TCC GCG

TGG ATC CCA GTA CTC CAG CGA CCT G-30 and

reverse 50-GAT GCG GCC GCT CGA GCT CCA TAT

TGA TTT CAC A-30. The BamH1- and Sac1-digested prod-

ucts of GLUT4 and BamH1- and Xho1-digested products of

metrnl were ligated into linearized pEGFP-C1 (Clontech,

Palo Alto, CA, USA) and pGEX4-1 vectors (GE Healthcare,

Boston, MA, USA), respectively. All constructs were verified

by direct sequencing. Nuclei were stained with Hoechst

33342 dye for 30 min at 25 °C. Confocal images were

obtained using a Zeiss confocal microscope (LSM700) and

analyzed using the ZEISS LSM image browser software.

Confocal microscopy

C2C12 cells expressing GFP-GLUT4 were fixed with 4%

PFA/PBS at room temperature for 15 min. After blocking

with 3% BSA at room temperature for 30 min, the nuclei

were stained with Hoechst 33342 dye for 30 min at 25 °C.
Confocal images were obtained using a Zeiss confocal

microscope (LSM700) and analyzed using the ZEISS LSM

image browser software.

Purification of GST-metrnl and GST proteins and

administration in mice

The GST and GST-metrnl fusion proteins were expressed

in E. coli and purified using glutathione agarose beads (GE

Healthcare) according to the manufacturer’s instructions.

The purity and integrity of the fusion proteins were ana-

lyzed by SDS/PAGE and Coomassie blue staining. Diabetic

(db/db) and HFD mice were given 3 mg�kg�1 of recombi-

nant GST or GST-metrnl by intraperitoneal injection for

4 weeks.

Mouse metrnl sandwich ELISA

Immediately after exercise, blood was collected from

control and exercised mice, and samples were cen-

trifuged at 3000 r.p.m. for 10 min at 4 °C. The serum

metrnl concentration was measured using a mouse

metrnl ELISA kit (Cusabio) according to the manufac-

turer’s instructions.

Ex vivo glucose uptake

Primary myoblasts were obtained from the forelimbs and

hind limbs of 5-day-old littermate pups (n = 3–4). Dissected

and minced muscle was enzymatically disaggregated at

37 °C in 4 mL PBS containing 1.5 U�mL�1 dispase II and

1.4 U�mL�1 collagenase D (Roche, Penzberg, Germany).

Samples were sheared by mixing with a 10-mL pipette

every 5 min for 20 min. Cells were filtered through a 70-

µm mesh and collected by pelleting at 1230 g for 5 min.

The cell pellet was dissociated in 10 mL F10 medium (Invi-

torgen, Valencia, CA, USA) supplemented with

10 ng�mL�1 basic fibroblast growth factor (Pepero Tech,

Rocky Hill, NY, USA) and 10% Cosmic calf serum

(Hyclone, Logan, UT, USA). Cells were pre-plated twice

onto non-collagen-coated plates for 1 h to deplete the

fibroblasts. After the cells reached confluence, differentia-

tion was induced by incubation in DMEM supplemented

with 2% FBS for 2 days. Cells were washed twice with

PBS and then starved in serum-free, low-glucose DMEM

for 3 h. Next, the cells were incubated with KRB and incu-

bated with the indicated compounds at 37 °C. The uptake

assay was initiated by adding 2-DG to each well and incu-

bating at 37 °C for 15 min. The reaction was terminated

by washing with ice-cold PBS. The cells were lysed in 10%

SDS and mixed with a scintillation cocktail to measure

radioactivity. This experiment was approved by the Korea
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University Institutional Animal Care and Use Committee

and was performed in accordance with its guidelines and

regulations. The glucose uptake experiment reported in

Fig. 9C was conducted as previously described [51].

Electrical pulse stimulation of muscle cells

Electrical pulse stimulation experiments were performed

according to the method of Lambernd et al. [52]. In short,

myotubes were starved overnight in serum-free DMEM to

exclude the effects of the many undefined factors in FBS.

The starvation medium was refreshed directly before stimu-

lation to minimize the effects of factors potentially secreted

during the overnight starvation. EPS was applied to C2C12

myotubes cultured under high-density micro-mass condi-

tions (2 9 105 cells�mL�1) using either an acute protocol

(pulse trains of bipolar pulses at 1 Hz for 2 ms every 5th

second, 25 V, for 1–6 h) or a chronic protocol (single,

bipolar pulses of 2 ms, with 25 V and 1 Hz continuously

for the last 12, 24, or 36 h of the differentiation period) in

a C-dish with carbon electrodes combined with a pulse gen-

erator (C-Pace 100; Ion Optix, Milton, MA, USA). At the

indicated time points, cells were harvested in Trizol (Invit-

rogen) for PCR analysis or in lysis buffer for western blot-

ting.

Treadmill running procedure

Eight-week-old, specific-pathogen-free, male BALB/C mice

were maintained according to Korea University College of

Medicine research requirements. All procedures were

approved by the Committee on Animal Research. The ani-

mals were fed chow and water ad libitum and acclimatized

to a 12-h light cycle (lights on between 0600 and 1800 h)

for 1 week before experimental manipulation. Mice were

divided into two groups, one of which received treadmill

training for three weeks. The forced exercise was performed

at a velocity of 10 m�min�1 for 60 min and was adminis-

tered 5 days�week�1. After the final exercise session on day

21, the animals were anesthetized with zoletil (Virbac Labo-

ratories, Carros, France) by intraperitoneal injection. Blood

samples were harvested by cardiac puncture into tubes con-

taining heparin solution and then centrifuged at 2000 g for

10 min to obtain plasma for ELISA testing.

Animals and experimental design

For the diet-induced obesity experiments, 50 specific-patho-

gen-free C57BL/6N male mice (7 weeks old, 22–24 g) were

prepared and fed an HFD or NCD. Seven-week-old male

db/m and db/db mice (C57BL KSJ M+/lepR�/�) were sup-

plied by Central Lab Animal, Inc. (Seoul, Korea) for the

diabetic mouse experiments. All procedures were approved

by the Committee on Animal Research. For the obese

mice, 8-week-old C57BL/6N males were divided randomly

into four groups of ten animals. The first and second

groups were then fed an HFD and injected with recombi-

nant GST or recombinant metrnl-GST for 8 weeks. The

third and fourth groups were fed an NCD and injected

with GST or recombinant metrnl-GST for 8 weeks. For the

diabetic mice, eight-week-old db/db males were divided ran-

domly into two groups of 10 animals. The db/m group was

the positive control. The first group of db/db mice was

injected with recombinant GST, and the second group was

injected with recombinant metrnl-GST three times per week

for 8 weeks. After the final treatment with recombinant

protein, GTTs were performed. All experimental animals

fasted for ~ 16 h before 20% glucose (2 g�kg�1) was

injected intraperitoneally. Blood glucose levels were mea-

sured before the injection and 15, 30, 60, and 120 min after

injection. Blood glucose concentrations were measured

using an Accu-Check glucometer (Roche). The experiments

with the AMPK b1b2 MKO mice were performed by our

collaborators in Melbourne. All animal procedures were

approved by the St. Vincent’s Hospital Animal Ethics

Committee or the Ethics Committee of the Life Sciences

Sector, Universit�e Catholique de Louvain (Male Wistar

mouse). Information about the AMPK b1b2M-KO mice

was published previously [31].

Blood and tissue samples

To rule out temporary training effects in the mice, tissue

sampling was conducted 6 h after the completion of the

last exercise. After complete anesthesia (ethyl ether), blood

samples (1 mL) were obtained from the abdominal vena

cava via syringes. Plasma was collected using centrifugation

of heparinized blood at 16 000 g for 15 min. After blood

sampling, abdominal visceral fat and right leg muscle tissue

were excised and weighed. The tissues and plasma were

then stored at �80 °C until analysis.

Statistical analysis

All data are presented as the mean � standard error of the

mean (SEM). Differences between treatment groups were

tested using one-way ANOVA with Bonferroni’s post hoc

test. Statistical difference between the two groups was

determined by Student’s t-test. Differences with P < 0.05

were considered statistically significant. Statistical analyses

were performed using SIGMA PLOT 12.0 (Systat Software

Inc., London, UK).
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