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Irisin is a novel myokine produced by skeletal muscle. However, its metabolic role is poorly un-
derstood. In the present study, irisin induced glucose uptake in differentiated skeletal muscle cells.
It increased AMP-activated protein kinase (AMPK) phosphorylation and the inhibition of AMPK
blocked glucose uptake. It also increased reactive oxygen species (ROS) generation. N-acetyl
cysteine, a ROS scavenger, blocked irisin-induced AMPK phosphorylation. Moreover, irisin acti-
vated p38 MAPK in an AMPK-dependent manner. The inhibition and knockdown of p38 MAPK
blocked irisin-induced glucose uptake. A colorimetric absorbance assay showed that irisin stimu-
lated the translocation of glucose transporter type 4 to the plasma membrane and that this effect
was suppressed in cells pretreated with a p38 MAPK inhibitor or p38 MAPK small interfering RNA.
In primary cultured myoblast cells, irisin increased the concentration of intracellular calcium.
STO-609, a calcium/calmodulin-dependent protein kinase kinase inhibitor, blocked irisin-induced
AMPK phosphorylation, implying that calcium is involved in irisin-mediated signaling. Our results
suggest that irisin plays an important role in glucose metabolism via the ROS-mediated AMPK

pathway in skeletal muscle cells. (Molecular Endocrinology 29: 873-881, 2015)

MP-activated protein kinase (AMPK) is an evolu-
Ationary conserved and ubiquitously expressed kinase
that plays an important role in cellular energy homeosta-
sis. It is a heterotrimeric complex consisting of a catalytic
subunit (a) and 2 regulatory subunits (8 and vy) and is
activated upon depletion of cellular energy stores (1)
through the phosphorylation of Thr'”* on the catalytic
subunit by AMPK kinase. When the AMP to ATP ratio
rises, AMP binds to the y-subunit and causes a conforma-
tional change in the heterotrimer, making the a-subunit a
substrate for upstream kinases. Liver kinase B1 and
calcium/calmodulin-dependent protein kinase kinase
(CaMKK)B have been identified as upstream kinases (2—
5). In addition, AMPK activation through physiological
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stimulation such as muscle contraction or the pharmaco-
logical activator, 5-aminoimidazole-4-carboxamide-1-
day-ribofuranoside, results in a significant increase in glu-
cose uptake, which is mediated by the translocation of
glucose transporter type 4 (GLUT4) (6, 7). GLUT4 is
highly expressed in adipose tissue and skeletal muscle (8,
9) and mediates the removal of circulating glucose. There-
fore, it is a key regulator of systemic glucose homeostasis
(10). One recent study demonstrated that mice with myo-
statin knockout exhibited increased muscle mass and re-
duced fat mass through AMPK activation (11), suggesting
that myostatin represents a therapeutic target for obesity
and diabetes. Although myokines have been the focus of
research in terms of their relationship with AMPK as mo-
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Abbreviations: ACC, acetyl-CoA carboxylase; AMPK, AMP-activated protein kinase;
CaMKK, calcium/calmodulin-dependent protein kinase kinase; DCF-DA, 2'7’-dichlorodi-
hydrofluorescein diacetate; FNDCS5, fibronectin type Ill domain-containing 5; GLUT4, glu-
cose transporter type 4; HRP, horseradish peroxidase; NAC, N-acetyl cysteine; PGC, per-
oxisome proliterator-activator receptor y coactivator; ROS, reactive oxygen species; siRNA,
small interfering RNA.
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lecular targets for cellular energy sensors, many details on
their molecular mechanism remain unclear. Therefore,
further study is necessary to understand the function of
myokines in the process of signal transduction.

Skeletal muscle is the largest organ of the body and is
characterized by its mechanical roles in posture and
movement. However, recent evidence demonstrated that
skeletal muscle is not only an organ for locomotion but
also plays a role in the secretion of physiological factors.
Many types of peptide are produced, expressed, and se-
creted by skeletal muscles, and they are classified as myo-
kines (12). The myokine secretome consists of various
types of cytokines that communicate with other organs,
such as adipose tissue, the liver, and the brain, in an au-
tocrine, paracrine, or endocrine manner (13). So far, var-
ious types of myokines have been identified, such as IL-6
(14), fibroblast growth factor-21 (15), insulin-like 6, fol-
listatin-like 1 (16), Leukemia inhibitory factor (17), IL-7
(18), IL-15 (19), musclin (20), and irisin (21). Myokines
are known to be involved in various physiological func-
tions, such as myogenesis (22), fat oxidation (23), osteo-
genesis (24), endothelial function (25), and fat browning
(21). They are secreted in response to muscle contraction.
Therefore, they could provide a useful clue to understand-
ing the relationship between myokines and chronic dis-
eases related to physical inactivity, such as obesity and
diabetes.

A recent study demonstrated that physical exercise in-
duced peroxisome proliferator-activator receptor y coacti-
vator (PGC) 1« and its downstream membrane protein, fi-
bronectin type IIl domain-containing 5 (FNDCS5), which is
cleaved to form irisin (21). Many physiological functions of
irisin have previously been reported, such as white fat
browning (26), thermogenesis (27), and uncoupling protein
1 induction (28). Thus, it is tempting to speculate that irisin
has the capacity to regulate glucose homeostasis in skeletal
muscle systems in an autocrine manner.

In this study, the effects of irisin on AMPK were ex-
amined to determine its role in hypoglycemia. Irisin was
found to stimulate glucose uptake in skeletal muscle cells
by a mechanism involving the reactive oxygen species
(ROS)-mediated AMPK pathway. These results provide
novel insights into the contribution of irisin to glucose
metabolism in skeletal muscle cells.

Materials and Methods

Reagents

Antibodies against AMPK, phospho-AMPK (Thr!”2), acetyl-CoA
carboxylase (ACC), and phosphor-ACC (Ser”) were from Millipore-
Upstate; p38 MAPK and phospho-p38 MAPK (Thr'#/Tyr'8?) from
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Santa Cruz; and myogenin was purchased from Epitomics, Inc.
Horseradish peroxidase (HRP)-conjugated secondary antibodies
were from Enzo Life Sciences. Compound C, 5-aminoimidazole-4-
carboxamide-1-day-ribofuranoside, SB202190, insulin, and N-acetyl
cysteine (NAC) were obtained from Calbiochem. Irisin was purchased
from Phoenix Pharmaceuticals. The fluorescent ROS indicator 27'-
dichlorodihydrofluorescein diacetate (DCF-DA) was obtained from
Invitrogen.

Cell culture

L6 muscle cells were maintained in DMEM (Invitrogen) supple-
mented with 10% fetal bovine serum and antibiotics (37°C; 5%
CO,).

Immunoblot analysis

L6 cells were grown in 6-well plates and subjected to serum-
starvation for 5 hours before treatment. After the experimental
manipulations, the medium was removed, and the cells were
washed twice with ice-cold PBS and lysed with 60 uL of lysis
buffer. The samples were sonicated, heated for 5 minutes at 95°C,
and then centrifuged for 25 minutes. The supernatants were re-
solved on sodium dodecyl sulfate-PAGE (8 %) gels then transferred
to polyvinylidene difluoride membranes, which were incubated
overnight at 4°C with primary antibodies. After 6 washes in Tris-
buffered saline containing 0.1% Tween 20, the membranes were
incubated for 1 hour with HRP-conjugated secondary antibodies
at room temperature. The blots were washed and then visualized
by chemiluminescence using the Amersham Biosciences enhanced
chemiluminescence Western blotting detection system (Amersham
International PLC). The membrane was scanned and densitometry
analysis was performed with an Image] analysis.

Knockdown of p38 MAPK and AMPKa2 by
using small interfering RNA (siRNA)

L6 cells were seeded on 6-well plates and grown to 70%
confluence over 24 hours. Transient transfections were per-
formed using Lipofectamine 2000 (Invitrogen) according to the
manufacturer’s protocol. Briefly, siRNA for p38 MAPK
(L-080059-02-0005; Thermo Scientific), AMPKa2 (NM_
001013367; Dharmacon), and a nontargeted control siRNA
were purchased from Bioneer. The 5 uL of siRNA and 5 uL of
Lipofectamine 2000 were each diluted with 95 uL of reduced
serum medium (Opti-MEM; Invitrogen), and then combined.
The mixtures were incubated for 20 minutes at room tempera-
ture before being added dropwise to the culture well containing
800 uL of Opti-MEM. After 4 hours, the medium was replaced
with fresh DMEM, and the cells were cultivated for 48 hours.

Immunodetection of GLUT4myc

Cell surface expression of GLUT4myc was quantified using
an antibody-coupled colorimetric absorbance assay as previ-
ously described (23). After stimulation by insulin or metformin,
myoblasts that stably expressed L6-GLUT4myc were incubated
with polyclonal anti-myc antibody (1:1000) for 60 minutes.
They were then fixed with 4% paraformaldehyde in krebs-
ringer bicarbonate for 10 minutes and incubated with HRP-
conjugated goat antirabbit IgG (1:1000) for 1 hour. Cells were
washed 2 times in PBS, and incubated in 1 mL of O-phemylene-
diamine dihydrochloride reagent (0.4 mg/mL) for 30 minutes.
The absorbance of the supernatant was measured at 492 nm.
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taining 2.5mM MgCl,, ITmM CaCl,, and
20mM HEPES (pH 7.4), then incubated
with the test compounds in the same buf-
fer at 37°C. The uptake assay was initiated
by adding 0.5 uCi of 2-deoxy-D [H?] glu-
cose to each well and incubating for 10
minutes at 37°C. The process was termi-
nated by washing the cells with ice-cold
PBS. Cells were lysed in 10% sodium do-
decyl sulfate for determination of
radioactivity.
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Figure 1. Irisin stimulates glucose uptake in differentiated muscle cells. A, L6 myotube cells treated with the ROS-sensitive indica-
were incubated with irisin (62 ng/mL) for the indicated times and then assayed for glucose tor, DCF-DA by using confocal mi-
uptake. B, Differentiated L6 myotube cells were incubated with different concentrations of irisin croscopy (Zeiss LSM 510 Meta; Zeiss).
for 1 hour and then assayed for glucose uptake. Insulin (100 ng/mL) was treated for 15 minutes L6 cells were loaded with SmM

" . o
. <. . . .
and used as a positive control. *, P < .05 vs basal condition DCE-DA in regular culture medium for

45 minutes at room temperature. The

Analysis of 2-deoxyglucose uptake culture plates were placed on a temperature-controlled mi-

The uptake of 2-deoxyglucose was examined in differentiated ~ croscope stage and examined using the X20 objective. The

L6 muscle cells. Two days after cells reached confluence, differen-  excitation and emission wavelengths for signal detection
tiation into myotubes was induced by incubation for 6-7 daysin ~ were 488 and 515 nm, respectively.
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Figure 2. Irisin activates AMPK in L6 cells. A, L6 cells were incubated with irisin (62 ng/mL) for the indicated times. Cell lysates were analyzed by
Western blotting, using antibodies against phospho-AMPK (Thr'”2) and ACC (Ser”?), whereas AMPK and ACC served as controls. B, L6 cells were
stimulated for 1 hour at several concentrations of irisin. The cell lysates were analyzed by Western blotting using antibody against phospho-AMPK
(Thr'”2) and ACC (Ser’®), whereas AMPK and ACC served as controls. C, Differentiated L6 myotube cells were incubated for 1 hour with irisin (62
ng/mL) in the presence of the AMPK inhibitor compound C (2uM) and then assayed for glucose uptake. *, P < .05 vs basal condition; **, P < .05
vs irisin-treated condition. D, L6 cells were pretreated with compound C (2uM), then incubated with irisin (62 ng/mL) for 60 minutes. Cell lysates
were analyzed by Western blotting using an antibody against phospho-AMPK (Thr'”2), whereas AMPK served as a control. E, L6 cells were
transiently transfected with AMPKa2 siRNA for 48 hours. The cell lysates were analyzed by Western blotting using antibody against
phosphorylated AMPK2 and ACC, whereas AMPKa2 and B-actin served as controls. F, L6 cells were transiently transfected with AMPKa2 siRNA
for 48 hours. Differentiated L6 myotube cells were incubated for 1 hour with irisin (62 ng/mL) and then assayed for glucose uptake. *, P < .05 vs
basal condition.
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Intracellular calcium measurement

Ca®* concentration was determined by detecting fluorescence
in cells treated with the Ca®"-sensitive indicator, fluo-3 AM, using
confocal microscopy (Zeiss LSM 510 Meta; Zeiss). The cells were
loaded with SmM Fluo-3 AM in regular culture medium for 45
minutes at room temperature. The culture plates were placed on a
temperature-controlled microscope stage and observed using the
20X objective lens. The excitation and emission wavelength for
signal detection was 488 nm.

Primary myoblast preparation

We isolated primary myoblasts from the forelimbs and
hindlimbs of 3—4 5-day-old littermate pups. The dissected and
minced muscle was enzymatically disaggregated in 4 mL PBS
containing 1.5-U/mL dispase II and 1.4-U/mL collagenase D
(Roche), and triturated with a 10-mL pipette every 5 minutes for
20 minutes at 37°C. The cells were filtered through 70-um mesh
(BD) and collected by pelleting at 1000 rpm for 5 minutes. The
cell pellet was dissociated in 10 mL of F10 medium (Invitrogen)
supplemented with 10 ng/mL of basic fibroblast growth factor
(PeproTech) and 10% cosmic calf serum (Hyclone; referred to
as growth medium 1. Finally, the cells were preplated onto non-
collagen-coated plates twice for 1 hour to deplete the population
of fibroblasts, which generally adhere faster than myoblasts. To
induce differentiation, primary myoblasts at 75% confluence
were placed into DMEM containing antibiotics and 5% horse
serum (Invitrogen).

Data analysis
One-way ANOVA and Holm-Sidak comparisons were used
to compare each experimental condition. The means were con-

A

Irisin
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sidered statistically different when the probability of the event
was determined to be below 5% (P < .05).

Results

Irisin stimulates glucose uptake in
differentiated muscle cells

Among established skeletal muscle cells, rat myoblast
L6 cells could be the most promising model to investigate
glucose uptake. The effect of irisin treatment on glucose
uptake in differentiated L6 cells was determined. We
found that the presence of irisin resulted in increased glu-
cose uptake in these cells. The maximum glucose uptake
was observed after 30 minutes of treatment with irisin
(Figure 1A). The increase of glucose uptake was maxi-
mized at a concentration of 62 ng/mL (Figure 1B). Insulin
was used as a positive control. These results indicate that
irisin exerts a glucose regulatory role in skeletal muscles.

Irisin activates AMPK in L6 cells

To assess whether AMPK, a key player in glucose up-
take, is involved in irisin-mediated signaling, the degree of
AMPK phosphorylation in irisin-treated L6 cells was de-
termined. The levels of phospho-AMPK (Thr'”?) and its
downstream ACC were highest at 30 minutes in irisin-
treated cells (Figure 2A). In addition, irisin induced a
dose-dependent increase in AMPK
phosphorylation (Figure 2B). The
degree of phosphorylation was max-
imal at 62 ng/mL of irisin. The pres-
ence of the AMPK inhibitor com-
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pound C abrogated the observed
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Figure 3. Irisin activates the AMPK signaling pathway through ROS in myoblasts. A, Increase of
ROS after irisin treatment. L6 cells were treated with irisin (62 ng/mL) for 1 hour. ROS were
stained with the marker DCF-DA. Images were captured using a confocal microscope. B, L6 cells
were pretreated with the ROS scavenger NAC for 15 minutes and then incubated with irisin (62
ng/mL) for 1 hour. The cell lysates were analyzed by Western blotting with antibodies against
phospho-AMPK (Thr'72) and AMPK. C, Differentiated L6 myotube cells were pretreated with the
ROS scavenger NAC for 15 minutes, then incubated with irisin (62 ng/mL) for 1 hour, and then

assayed for glucose uptake. *, P < .05 vs basal condition.

(-) (+)
Irisin - + + -
NAC = = &+
| - — — -
- e i — ‘ IB: AMPK

ure 2C). Compound C blocked the
irisin-mediated phosphorylation of
AMPK, confirm the activity of com-
pound C (Figure 2D). To further
confirm, we first knocked down
AMPKa2 with siRNA (Figure 2E).
Knockdown of AMPKa2 blocked
irisin-induced glucose uptake (Fig-
ure 2F). These results demonstrate
that irisin stimulates glucose uptake
via the AMPK pathway.

Irisin activates the AMPK
signaling pathway through ROS
Some papers demonstrated that
ROS was associated with AMPK ac-
tivation (29, 30). Together with the
our finding that irisin increased
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ROS, these facts led us to hypothesize that ROS may involve
in irisin-mediated AMPK phosphorylation. To elucidate the
mechanism of irisin-mediated AMPK phosphorylation, the
effects of irisin on the level of the ROS were examined. For
the ROS assay, cells were first incubated for 1 hour with
irisin, and stained with DCF-DA, a ROS-sensitive dye. Using
a confocal microscope, the level of ROS was determined by
the fluorescence intensity. The intensity increased after irisin
stimulation (Figure 3A), indicating that irisin increased the
ROS level in L6 cells. To clarify the role of ROS in AMPK
phosphorylation, ROS were chelated using the ROS
scavenger, NAC. This resulted in a decrease in AMPK

A
Irisin 0 15 30 60 180 360 (min)
G o s i ‘IB: p-p38 MAPK
| serm——— | 5: 38 MAPK
C
Irisin = L B
NAC = = B ¥
—ﬁ'—‘— IB: p-p38 MAPK
E

p38 MAPK siRNA - +
s IB: p38 MAPK

El IB: B-Actin
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phosphorylation (Figure 3B). NAC blocked the irisin-
mediated glucose uptake (Figure 3C). These results
demonstrate that irisin increases AMPK phosphoryla-
tion through ROS generation.

The p38 MAPK pathway is involved in
irisin-mediated glucose uptake

Previous articles showed that AMPK played as p38
MAPK upstream (31, 32) and p38 MAPK played as an
upstream for GLUT4 translocation (33, 34). Thus, we
speculated that irisin might stimulate glucose uptake via
p38 MAPK pathway. To prove this hypothesis, the effect

B

Irisin A S

Compound C we i

| ——— IIB: p38 MAPK

15 - * + #
‘_._] ’__‘
1 - |

0.5 A

2-Deoxyglucose uptake

Irisin = + + =

$B202190 z P + +

15 1

* 5%
’—V—‘
1
N I I I
o 4
= + + 5

p38 MAPK siRNA - % + +

2-Deoxyglucose uptake

Irisin

Figure 4. The p38 MAPK pathway is involved in irisin-mediated glucose uptake. A, L6 cells were incubated with irisin (62 ng/mL) for the
indicated times. Lysates were analyzed by Western blotting using an antibody against phospho-p38 MAPK, whereas p38 MAPK served as a
control. B, L6 cells were pretreated with compound C (2uM), then incubated with irisin (62 ng/mL) for 60 minutes. Cell lysates were analyzed by
Western blotting using an antibody against phospho-p38 MAPK, whereas p38 MAPK served as a control. C, L6 cells were pretreated with the ROS
scavenger NAC for 15 minutes and then incubated with irisin (62 ng/mL) for 1 hour. The cell lysates were analyzed by Western blotting with
antibodies against phospho-p38 MAPK and p38 MAPK. D, Differentiated L6 myotube cells were incubated with irisin (62 ng/mL) for 1 hour in the
presence of the p38 MAPK inhibitor SB202190 (5uM), before assaying for glucose uptake. E, L6 cells were transiently transfected with p38 MAPK
siRNA for 48 hours. The cell lysates were analyzed by Western blotting using antibody against p38 MAPK, whereas B-actin served as controls. F,
Differentiated L6 myotube cells were transiently transfected with p38 MAPK siRNA (50nM) for 48 hours and then incubated with irisin (62 ng/mL)
for 1 hour before assaying for glucose uptake. *, P < .05 vs basal condition; **, P < .05 vs irisin-treated condition.
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of irisin on the phosphorylation of p38 MAPK was ex-
amined. Irisin treatment resulted in a time-dependent in-
crease in p38 MAPK phosphorylation in L6 cells (Figure
4A). The presence of the AMPK inhibitor abrogated the
observed irisin-induced increase of p38 MAPK phosphor-
ylation (Figure 4B). NAC blocked the irisin-mediated p38
MAPK phosphorylation (Figure 4C). In addition, the iri-
sin-induced uptake of glucose was abolished upon treat-
ment with SB202190, a p38 MAPK inhibitor (Figure 4D).
To confirm that the effects of irisin were due to p38
MAPK phosphorylation, p38 MAPK was knocked down
using siRNA (Figure 4E). Irisin-mediated glucose uptake
was decreased in p38 MAPK siRNA-transfected cells
(Figure 4F), indicating that irisin mediates glucose uptake
through p38 MAPK. Inhibition of p38 MAPK did not
change irisin-mediated AMPK phosphorylation (data not
shown), indicated that AMPK play as an upstream mol-
ecule of p38 MAPK. These results demonstrate that irisin
stimulates glucose uptake via the p38 MAPK pathway.

Irisin stimulates GLUT4 translocation
Based on the finding that irisin can mediate glucose
uptake by p38 MAPK activation, the effect of irisin on the

Mol Endocrinol, June 2015, 29(6):873-881

expression of GLUT4, a p38 MAPK target, was evalu-
ated. Irisin treatment had no effect on the level of GLUT4
mRNA (data not shown). Thus, we hypothesized that
irisin may induce glucose uptake via stimulation of
GLUT4 translocation from the perinuclear region to the
plasma membrane. A colorimetric assay was used to mea-
sure cell surface localization of GLUT4myc. An increase
in plasma membrane GLUT4myc was observed in the
presence of irisin (Figure SA). Insulin was used as a pos-
itive control for GLUT4 translocation. Irisin-induced
GLUT4 translocation was abolished upon treatment with
SB202190 (Figure 5B). Irisin-mediated GLUT4 translo-
cation was decreased in p38 MAPK siRNA-transfected
cells (Figure 5C). Inhibition of ROS with NAC blocked
irisin-mediated GLUT4 translocation, confirmed that ROS is
involved in irisin-mediated GLUT4 translocation (Figure
5D). These results imply that irisin stimulates GLUT4 trans-
location through p38 MAPK activation.

Irisin activates the AMPK and stimulates glucose
uptake in primary-cultured myoblasts
To gain insight into the role of irisin in vivo, we exam-
ined its effect on primary-cultured myoblast cells. First,
we examined its morphological
changes during differentiation. Af-
‘ ter 24 hours, primary-cultured myo-
blast cells changed to typical fused
differentiated status (Figure 6A). To
confirm this, we investigated the ex-
pression of differentiation marker
protein, myogenin. The level of
myogenin increased after 24 hours

(Figure 6B). The extent of phosphor-

ylation of AMPK, ACC, and p38

MAPK increased in irisin-treated
cells compared with control cells
(Figure 6C). Compound C abro-
gated the observed increase of irisin-
induced glucose uptake (Figure 6D).
Inhibition of p38 MAPK also
blocked irisin-induced glucose up-
take (Figure 6E). To characterize the
components of the AMPK pathway,
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Figure 5. lIrisin stimulates GLUT4 translocation. A, Confluent monolayers of myotube cells were
incubated with irisin (62 ng/mL) for 60 minutes or insulin for 15 minutes. Cell surface expression of Caz+
GLUT4myc was detected using an antibody-coupled colorimetric absorbance assay. B, L6 myotube
cells were incubated with irisin (62 ng/mL) for 1 hour in the presence of the p38 MAPK inhibitor
SB202190 (5 M), before assaying for GLUT4 translocation. C, L6 myotube cells were transiently
transfected with p38 MAPK siRNA (50nM) for 48 hours and then incubated with irisin (62 ng/mL) for
1 hour before assaying for GLUT4 translocation. D, L6 myotube cells were pretreated with NAC for
15 minutes and then incubated with irisin (62 ng/mL) for 1 hour before assaying for GLUT4
translocation. *, P < .05 vs basal condition; **, P < .05 vs irisin-treated condition.

treatment increased intracellular
concentration of arrow indi-
cated cells (Figure 6F), pointing to
CaMKK as a candidate kinase acting
upstream of AMPK, because CaMKK
is activated by Ca**/calmodulin bind-

ing. To test this hypothesis, myoblasts
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Figure 6. lIrisin activates AMPK and stimulates glucose uptake in primary-cultured myoblasts. A, Morphology of differentiated primary-cultured
myoblasts. Myoblasts were prepared from quadriceps muscle of 3-day mouse. B, Cell lysates were prepared from myoblasts of 0 and 24 hours of
differentiation. The cell lysates were analyzed by Western blotting using antibody against myogenin, whereas B-actin served as controls. C, Differentiated
primary-cultured myoblasts cells were stimulated for the indicated times with irisin. Cell lysates were analyzed by Western blotting using antibodies
against phospho-AMPK (Thr'’2), ACC (Ser’®), and p38 MAPK, whereas AMPK, ACC, and p38 MAPK served as controls. D, Differentiated primary-
cultured myoblast cells were incubated for 1 hour with irisin (62 ng/mL) in the presence of the AMPK inhibitor compound C (2uM), then assayed for
glucose uptake. E, Differentiated primary-cultured myoblast cells were incubated for 1 hour with irisin (62 ng/mL) in the presence of the p38 MAPK
inhibitor SB202190 (2uM), then assayed for glucose uptake. F, For Ca®* detection, cells were preincubated in Fluo-3 AM (10uM) for 45 minutes. The
Ca’* response was measured after treatment of irisin with confocal microscope. Ca?* concentration is correlated with fluorescence intensity. G,
Myoblasts were pretreated with the CaMKK inhibitor STO-609 (2uM), then incubated with irisin for 60 minutes. Cell lysates were analyzed by Western
blotting using an antibody against phospho-AMPK, whereas AMPK served as a control. H, For Ca®™ detection, cells were preincubated in Fluo-3 AM
(10uM) for 45 minutes. The Ca™ response was measured after treatment of irisin in the presence of NAC with confocal microscope. I, L6 cells were
treated with irisin (62 ng/mL) for 1 hour in the presence of BAPTA. ROS were stained with DCF-DA. Images were captured using a confocal microscope. J,
Differentiated primary-cultured myoblast cells were incubated for 1 hour with irisin (62 ng/mL) in the presence of the NAC, then assayed for glucose
uptake. K, L6 cells were treated with irisin (62 ng/mL) for 1 hour. ROS were stained with DCF-DA. Images were captured using a confocal microscope.

* P < .05 vs basal condition; **, P < .05 vs irisin-treated condition.

were pretreated with STO-609, a CaMKK inhibitor, before
the addition of irisin. STO-609 blocked irisin-induced
AMPK phosphorylation (Figure 6G). Inhibition of ROS
with NAC did not change irisin-mediated calcium increase
(Figure 6H). On the other hand, blocking the calcium with
BAPTA prevented irisin-mediated ROS generation (Figure
61), indicating that calcium may play as an upstream of ROS
in irisin-mediated signaling. Blocking of ROS (Figure 6])
blocked the irisin-mediated glucose uptake in primary cell
cultured myoblast. The level of ROS was increased by irisin
treatment in the primary myoblast also (Figure 6K). These

results demonstrate that the mechanism of glucose uptake
induced by irisin involves Ca”*-mediated CaMKK/AMPK
pathway in primary cell culture systems.

Discussion

The key finding of this study was that irisin stimulates
glucose uptake via AMPKa2-mediated p38 MAPK acti-
vation in muscle cells. This was determined directly
through observation of glucose uptake in irisin-treated
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cells and indirectly through the knockdown of p38 MAPK
and by examining GLUT4 translocation in the presence of
irisin. Irisin also increased the phosphorylation of AMPK a2
in primary myoblast cells. These results suggest that the hy-
poglycemic effect of irisin occurs through the regulation of
the AMPK pathway in skeletal muscle.

Ever since irisin was identified as a novel myokine,
many studies have focused on the characterization of its
mechanism of action. Irisin exerts various effects on mus-
cle and nonmuscle tissue via autocrine, paracrine and en-
docrine pathways. This is interesting because, it means
that if administered exogenously, irisin has a promising
therapeutic potential. Circulating irisin is present in hu-
man plasma, and its concentration is associated with met-
abolic status (35-38). Moreover, recombinant irisin has
been shown to reduce body weight and improve glucose
control in mice (26). These in vivo results suggest that
irisin may become therapeutically useful for obesity and
diabetes. Although there is great interest in the effects of
recently identified myokines on metabolic disorders (in-
cluding this study), the in vitro results here make it diffi-
cult to draw definite conclusions about their in vivo func-
tions. The structural stability of irisin in vivo could
become a promising candidate for drug development. Fu-
ture work should address the relationship between irisin
and its activity in vivo to fully elucidate the molecular
mechanism underlying its function.

In our results, irisin promoted GLUT4 translocation as
potent as insulin (Figure SA). However, irisin did not
stimulate glucose uptake as insulin (Figure 1). This dis-
crepancy may be explained by the fact that GLUT4 trans-
location is necessary factor for glucose uptake, but it is
not sufficient factor for glucose uptake. Glucose uptake
does not completely due to GLUT4 translocation to the
plasma membrane (39). There are some reasons for dis-
crepancy between GLUT4 and glucose uptake. First,
there are several kinds of GLUT. Another kinds of GLUT
rather than GLUT4 might be also involve in glucose up-
take. Second, the degree of glucose uptake is affected by
both GLUT4 translocation and GLUT intrinsic activity.
Thus, translocation of GLUT4 to the plasma membrane
does not entirely account for glucose uptake. In addition, in
our experiment, irisin increased glucose uptake at best 30%.
Many previous articles demonstrated that activation of
AMPK potentiated insulin sensitivity (40, 41). Combined
together with our data about AMPK phosphorylation due
to irisin, our results suggested that irisin may have physio-
logical importance via its insulin sensitizing effect, even
though it increased glucose uptake very little.

One study reported that a lipid-lowering drug, simva-
statin, increased irisin concentration in vivo and in vitro
(35). Other study, at the same time, reported that there
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was no correlation between circulation level of irisin at
type 2 diabetes (42). Because irisin was reported to be
involved in exercise-induced fat browning, research has
been focused on the role of PGC1a. Thus, PGC1a-irisin
axis is a part of thermogenesis for therapeutics for meta-
bolic diseases, such as diabetes and obesity. Molecule,
such as irisin, identified as novel AMPK activator in this
study, may have beneficial glucose-regulating effects in
low concentration, as well as thermogenesis process.

There is still some controversy surrounding the exact
mechanism of irisin activity, specifically with respect to its
expression and receptor. One study demonstrated that irisin
is expressed in skeletal muscle, the heart, and the cerebellum
(43). Together with the finding that FNDCS, the membrane
protein that is cleaved to form irisin, is detected in skeletal
muscle, indicates that a major site of irisin function may be
skeletal muscle. In addition, irisin activity was shown in vivo
in very low concentration ranges (21), suggesting the exis-
tence of an irisin receptor. The crystal structure of the
FNDCS ectodomain was shown to correspond to irisin (44).
This implies that the irisin receptor and soluble irisin may
work by binding to a receptor that is yet to be identified. The
identity of the irisin receptor has not been explored thus far.
Future studies should be focused on characterization of the
irisin receptor’s existence and function. Together, irisin ac-
tivates glucose uptake in the skeletal muscles via calcium/
ROS-mediated AMPK pathway. P38 MAPK was involved
in irisin-mediated glucose uptake in the AMPK downstream
pathway. Therefore, we concluded that irisin had beneficial
effect in skeletal muscles via AMPK-related pathway.

In summary, irisin was shown to stimulate glucose up-
take via AMPKa2 activation in muscle cells in a mechanism
likely involving p38 MAPK-GLUT4 translocation. These
findings provide insight into the hypoglycemic functions of
irisin, and could potentially become the focus of future re-
search on myokines into the treatment of diabetes.
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