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Abstract
The melanocortin system includes five G-protein coupled receptors (family A) defined as

MC1R-MC5R, which are stimulated by endogenous agonists derived from proopiomelano-

cortin (POMC). The melanocortin system has been intensely studied for its central actions

in body weight and energy expenditure regulation, which are mainly mediated by MC4R.

The pituitary gland is the source of various POMC-derived hormones released to the circu-

lation, which raises the possibility that there may be actions of the melanocortins on periph-

eral energy homeostasis. In this study, we examined the molecular signaling pathway

involved in α-MSH-stimulated glucose uptake in differentiated L6 myotubes and mouse

muscle explants. In order to examine the involvement of AMPK, we investigate α-MSH stim-

ulation in both wild type and AMPK deficient mice. We found that α-MSH significantly

induces phosphorylation of TBC1 domain (TBC1D) family member 1 (S237 and T596),

which is independent of upstream PKA and AMPK. We find no evidence to support that

α-MSH-stimulated glucose uptake involves TBC1D4 phosphorylation (T642 and S704) or

GLUT4 translocation.

Introduction
Over the past decades it has become clear that the central melanocortin system, driven by neurons
expressing proopiomelanocortin (POMC) and agouti related protein (AgRP), is broadly involved
in the regulation of mammalian energy homeostasis. POMC undergoes posttranslational process-
ing to melanocyte stimulating hormone (α-, β- and γ-MSH) and adrenocorticotropic hormone
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(ACTH), which are melanocortin receptor (MCR) agonists with varying affinities [1, 2]. The cen-
tral metabolic effects of the melanocortin system are mediated mainly by melanocortin receptor 4
(MC4R). Humans with MC4Rmutations develop morbid obesity and account for 1-6% of mor-
bidly obese individuals across diverse ethnic groups [3–7]. The obese phenotype in humans with
MC4R deficiency is characterized by increased fat and lean mass [8] and early onset hyperphagia
[9]. Likewise, MC4R knockout mice have increased lean body and fat mass and hyperphagia [10].

The peripheral effects of melanocortin peptides have not been as intensely studied as the
central effects, even though MCRs are expressed outside of the central nervous system (CNS)
[2]. The pituitary gland is the source of various POMC-derived hormones such as ACTH, β-
lipotrophin, β-endorphin and α-MSH [11, 12]. These hormones are released to the circulation
[13], where they may have peripheral actions on metabolic tissues. The melanocortin system
includes in total five G-protein coupled receptors (family A) defined as MC1R-MC5R. The
MCRs are mostly described for their signaling through coupling to Gs, which increases intra-
cellular adenylate cyclase activity, cAMP and activates protein kinase A (PKA). Peripheral
MCRs were initially examined for their effects on pigmentation and adrenal function, which
are mediated by MC1R and MC2R respectively. However, the melanocortin system also has
other peripheral functions such as in white adipose tissue, where it regulates proliferation
(MC1R) [14], leptin release (MC4R and MC5R) [2, 15] and lipolysis (MC2R and MC5R) [16–
18]. Moreover, peripheral MCRs regulate thermogenesis in brown adipose tissue (MC2R and
MC5R) [19], exocrine gland secretion (MC5R) [20] as well as anti-inflammatory effects
(MC1R and MC3R) [21, 22]. Peripheral MCR-regulation of muscle metabolism is a rather
unexplored field but it has previously been reported that α-MSH increases fatty acid oxidation
in skeletal muscle likely mediated by MC5R and downstream activation of cAMP, PKA,
AMPK and ACC [23].

Insulin and exercise/contraction are the two most physiologically relevant stimuli of glucose
transport in skeletal muscle [24]. Their effects seem to be additive, since a combination of con-
traction and insulin causes a greater glucose uptake compared to either stimulus alone [25].
Researchers have pursued the downstream targets of insulin and contraction-mediated glucose
uptake, which could operate as a link to the physiological effect on glucose transporter 4
(GLUT4) translocation. TBC1 domain (TBC1D) family member 4 (also termed Akt substrate of
160 kDa (AS160)) as well as TBC1D1 have been suggested to act as downstream mediators of
insulin (Akt)and contraction (AMPK)stimulated glucose uptake respectively [26, 27]. TBC1D4
and TBC1D1 are functional Rab-GTPase-activating proteins, which inhibit GLUT4 translocation
by keeping target rab proteins inactive [28, 29]. In the phosphorylated state TBC1D4 and
TBC1D1 dissociate from GLUT4 storage vesicles, which facilitate GLUT4 translocation and glu-
cose uptake. Hence, TBC1D4/1 can be characterized as intracellular brakes on GLUT4 transloca-
tion. Phosphorylation of TBC1D1 S237 and T596 are suggested to be pivotal in terms of GLUT4
translocation in murine muscle [27, 30]. Also, several phosphorylation sites on TBC1D4 have
been associated with GLUT4 translocation in murine muscle including T642 [31, 32].

In this study, we examined the molecular signaling pathway induced by α-MSH during stimu-
lation of glucose uptake in murine muscle. As AMPK is known as an essential mediator of glu-
cose uptake, we characterized the downstream signaling pathway of AMPK during α-MSH
stimulation in differentiated L6 myotubes and soleus muscle explants. Furthermore, we
assessed the effect of α-MSH on glucose uptake in soleus and extensor digitorum longus (EDL)
muscle explants from wild type (WT) and α2-AMPK kinase-dead (KD) mice. Lastly, we investi-
gated the phosphorylation pattern of TBC1D1 and TBC1D4 and the translocation of GLUT4
in response to α-MSH stimulation. We found that α-MSH significantly induces phosphorylation
of TBC1D1 (S237 and T596) independently of upstream PKA and AMPK.We found no evi-
dence to support that α-MSH-stimulated glucose uptake involves phosphorylation of TBC1D4
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(T642 and S704). Likewise, α-MSH does not seem to induce GLUT4 translocation in cultured
muscle cells.

Methods

Test Compounds
α-MSH (Bachem), PKA inhibitor H89 dihydrochloride hydrate (Sigma-Aldrich Co. LLC),
human recombinant insulin (Actrapid, Novo Nordisk).

Materials
Total RNA from soleus muscles was extracted using the Trizol method and RNeasy kit (Qia-
gen, Germantown, MD). The total RNA was reverse transcribed using SuperScript II reverse
transcriptase. Primers and gene expression mastermix from Applied Biosystems were used in
real time PCR. Mice used for experiments were purchased from Taconic. [3H] 2-deoxyglucose
(Perkin Elmer), [14C] mannitol (Perkin Elmer) and liquid scintillation (Tri-Carb 2000, Packard
Instrument) was used to measure glucose uptake. Bio-Rad equipment was used to cast gels.
PVDF membranes and enhanced chemiluminescence fromMillipore were used in western
blotting.

Animals
All mice used for in vivo experiements at the August Krogh Centre were bred and housed at
the Department of Experimental Medicin (Panum, University of Copenhagen). WT littermates
produced from heterohetero breeding were used as controls for the α2-kinase deficient (KD)
mice. Mice were maintained on a 12:12-h light-dark cycle and received standard rodent chow
and water ad libitum. The AMPK KDmouse model has previously been described by Mu et al.
[33].The muscle stimulation experiments were conducted on 4 separate days: experiment day 1
(WT [n=4], AMPK KD [n=4]), experiment day 2 (WT [n=6], AMPK KD [n=2]), experiment
day 3 (WT [n=7], AMPK KD [n=8]) and experiment day 4 (WT n=8). α-MSH-stimulation of
glucose uptake obtained in WT mice from each of the 4 experiment days were pooled in Fig
3A. Data generated in the H89 experiment (Fig 6A) are only obtained from experiment day 4.
At Monash University, from 5-6 wk of age C57BL/6J mice (Monash Animal Services) were fed
a regular rodent diet (Specialty Feeds) or a HFD (SF04-001; Specialty Feeds) for 20 weeks. Mice
were housed (5/cage) in a controlled environment and food as well as water was available ad
libitum. During each experiment, animals were individually caged. Body weights were mea-
sured weekly. Euthanasia: Mice were euthanized by intraperitoneal injection of pentobarbitone
sodium anaesthetic (6 mg/100 g body weight) under isofluorine anaesthesia.

Incubation of isolated muscles
EDL and soleus were quickly removed from anesthetized fed mice (females, 18-23 g) and incu-
bated in Krebs Ringer Buffer (KRB) (117 mmol/l NaCl, 4.7 mmol/l KCl, 2.5 mmol/l CaCl2, 1.2
mmol/l KH2PO4, 1.2 mmol/l MgSO4, and 24.6 mmol/l NaHCO3 with addition of 8 mmol/l
mannitol, 2 mmol/l pyruvate, and 0.1% BSA, pH = 7.4) as previously described [34, 35]. Muscle
explants were suspended at resting tension in Multi Myograph system incubation-chambers
(Danish Myo-Technology, Aarhus, DK) at 30°C and oxygenated with a gas containing 95% O2

and 5% CO2. After a 10 min pre-incubation, muscles were either stimulated with KRB + α-
MSH (100 nM) or KRB + DMSO (vehicle; 0.0025%) for 30 minutes. Glucose uptake was mea-
sured during the last 10 min of the 30 min period by adding labelled [3H]-2-deoxyglucose (1
mmol/l, 0.056 MBq/ml) and [14C]-mannitol (7 mmol/l, 0.0167 MBq/ml) to the incubation
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medium. After stimulation, muscles were harvested and snap frozen in liquid nitrogen and
stored at -80°C for later processing. Dissected muscle was incubated pairwise; i.e., from the
same animal, one muscle was used for stimulation, whereas as the contralateral muscle was
used as control (basal/rest). At the Monash University, mice (males) were fasted overnight and
soleus muscles were dissected tendon to tendon from anaesthetised mice (2-3% isoflurane gas).
Muscles were preincubated for 30 min with warmed (30°C), pre-gassed (95%O2- 5%CO2, pH
7.4), modified Krebs-Henseleit buffer supplemented with 2 mmol/l sodium pyruvate, 8 mmol/l
mannitol, and 0.1% wt/vol BSA and were then incubated with or without 10 nM insulin, 100
nM α-MSH or α-MSH plus insulin (100 nM + 10 nM) for 20 min. Glucose uptake was assessed
for 10 min using 2-deoxy-D-[2,6-3H]glucose (1 mmol/l, 0.5 μCi/ml) and 1 mM D-[14C]man-
nitol (0.45 mCi/ml) in the presence or absence of 10 nM insulin. Radioactivity was measured
in muscle lysates by liquid scintillation counting.

Preparation of muscle lysate
Intact muscles were homogenized in 400 ml ice-cold lysis buffer [10% glycerol, 20 mM sodium
pyrophosphate, 1% NP-40, 2 mM PMSF, 150 mM sodium chloride, 50 mMHEPES, 20 mM β-
glycerophosphate, 10 mM sodium fluoride, 1 mM EDTA, 1 mM EGTA, 10 g/ml aprotinin, 3
mM benzamidine, 10 g/ml leupeptin, and 2 mM sodium orthovanadate (pH 7.5)] for 2 x 1
minute using a tissuelyser (TissueLyser II, Qiagen, Germany). Homogenates were rotated end
over end for 1 h at 4°C and subsequently centrifuged at 16,000 g at 4°C for 20 min. Superna-
tants were collected and snap-frozen in liquid nitrogen and stored at -80°C for later analyses.
Total protein concentrations were determined using BCA protein assay (Pierce Biotechnology
Inc., Rockford, IL).

Differentiation of L6 myotubes and preparation of lysate
L6 myoblasts [36] were thawed and seeded with DMEM (+10% FBS, 1% pen/strep). At 70% of
confluence, cells were trypsinized and seeded in 12 wells plates. One day after reaching 100%
confluence, differentiation was started by changing growth media to low glucose DMEM + 2%
horse serum. Media was replaced every second day during 9 days. Approximately 40% of the
cells were differentiated into myotubes on the day of the experiment. Medium was replaced by
fresh serum-free low glucose medium (1h) and cells were stimulated with vehicle or 100 nM α-
MSH for 20 minutes. Cells were washed 3 times with PBS at 37° C before adding solubilization
buffer (PBS + 0.1% Triton-X). Homogenates were centrifuged at 16.000 g at 4°C for 20 min.
Supernatants were collected and stored at -80°C for later analyses. Total protein concentrations
were analyzed using BCA protein assay (Pierce Biotechnology Inc., Rockford, IL).

Western blotting
Muscle lysates were adjusted to equal protein concentration and heated in Laemmli buffer (5
min, 96°C) as previously described (35). Samples (20 g) were separated by SDS-PAGE loaded
on self-cast 5 or 8% acrylamide gels and transferred to PVDF membranes. Membranes were
blocked (1 h at room temperature) in washing buffer (10 mmol/l Tris-base, 150 mmol/l NaCl,
and 0.25% Tween 20) containing 2% low-fat milk protein. L6 myotube lysates were adjusted to
equal protein concentration and heated in NuPAGE LDS Sample buffer + 10 X DTT NuPAGE
Sample Reducing Agent (5 min, 96°C). Samples (20 g) were loaded on pre-cast 10% Bis-Tris
gels and transferred to PVDF membranes. Membranes were blocked (1 h at room temperature)
in blocking buffer (Thermo Scientific). Membranes were incubated with primary antibodies
(1:1000) overnight at 4°C, followed by incubation (1 h at room temperature) with appropriate
secondary antibody (1:5000) (polyclonal goat anti-rabbit or rabbit anti-sheep,
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DakoCytomation). At the University of Copenhagen, bands were visualized using a ChemiDoc
(MPsystem, BioRad) and quantified using Image Lab software. At Monash University, bands
were analysed using AlphaView Software from ProteinSimple. Primary antibodies: TBC1D1
(#5929, Cell Signaling Technology), TBC1D1 phospho (p) 237 (Cat. No. 07-2268, Millipore),
TBC1D1 p596 (#6927, Cell signalling), TBC1D1 p700 (#6929, Cell signalling), TBC1D4 p642
(#3028 P1, Symansis), TBC1D4 p704 (kindly provided by Dr. L.J. Goodyear, Joslin Diabetes
Center, Harvard Medical School, Boston, MA), TBC1D4 protein (Cat. No. 07-741, Millipore),
Akt p473 (#9215, Cell Signaling Technology), Akt 2 (#3063, Cell Signaling Technology, ACC
total (HRP conjugated streptavidin, DakoCytomation), ACC p222 (#JBC1900509, Millipore),
AMPK2 (#SC-19131 Santa Cruz) and AMPK p172 (#2535, Cell Signaling Technology).

Glucose tolerance test (GTT) and Insulin Tolerance Test (ITT)
After a 4-hour fast samples were obtained from tail vein bleeds from control and DIO mice.
Blood glucose was measured using a glucometer (Accu-check; Roche Diagnostic Corp) at 0, 15,
30, 60, and 120 minutes after an ip injection of glucose (1 mg/g). Insulin Tolerance Test (ITT)
was also measured after a 4-hour fast from the tail vein bleeds in control and DIO mice at t= 0,
15, 30 and 60 minutes after an ip injection of human insulin (1.0 U/kg; Lilly, Indianapolis, IN).
Previous inhouse studies have shown that just ~70% of the mice fed on HFD were glucose
intolerant and insulin resistant. For this reason we performed GTT and ITT to select glucose
intolerant and insulin resistant mice. Selection of mice was only used in experiments shown in
Figs 1 and 2, where the direct effect in DIO mice specifically was examined.

RNA extraction and cDNA synthesis
Dissected soleus explants were used for RNA extraction and subsequent real time PCR. Sam-
ples were collected from 12 lean and 12 diet induced obese (DIO) mice. Mice were character-
ized as obese and insulin resistant prior to the dissection of tissue by whole body weight,
intraperitoneal glucose (GTT) and insulin tolerance (ITT) tests as routinely done in our labora-
tory [37]. Quality of RNA was quantified by measuring absorbance at 260 nm and 280 nm
(ratio should be 1.8 or higher). cDNA synthesis reactions were incubated 5 min at 25°C, 30
min at 42°C and 5 min at 85°C.

Real time PCR
Gene expression assays for MC4R (Mm00457483_s1), MC5R (Mm00442970_m1), TBC1D1
(Mm00497989_m1), TBC1D4 (Mm00557659_m1) and MRAP (Mm00547149_m1) were pur-
chased from Applied Biosystems and standard curves for each primer set were initially run to
establish a suitable cDNA dilution factor. Each reaction was prepared by mixing 5 μl qPCR
mastermix, 0.5 μl of primer/probe and H2O (up to 8 μl). Synthesized cDNA was diluted 1:10,
after which 2 μl of diluted cDNA in total reaction volume of 10 μl were added to a 96 well plate.
All samples were run in triplicates and plates were centrifuged (30 seconds/1000 rpm) prior to
real time PCR. GAPDH was chosen as reference gene.

GLUT4 translocation assay
The rat L6 muscle cell line stably overexpressing exofacially myc-epitope tagged GLUT4 has
previously been described [38]. L6 GLUT4myc myoblasts were seeded into 96-well plates (100
l) and grown to confluence in MEM with 10% FBS after which the serum was lowered to 2%
FBS to initiate myotube differentiation for 6 days. The medium was changed every 2 days. On
day 6 post-differentiation, the L6 myotubes were serum starved for 1.5 h after which DMSO
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alone, increasing doses of α-MSH (0.1-500 nmol/l) or insulin were added and incubated for 30
min. Cells were then washed in ice-cold PBS, fixed in 3% paraformaldehyde and blocked in 5%
goat serum before incubation with anti-myc antibody (Sigma C3956 1:500) for 45 min, then
anti-rabbit HRP secondary antibody (DAKO P0448 1:1000) for 30 min before colorimetric
absorbance-detection at 495 nm using OPD (Sigma P5412). In one well, primary antibody was
omitted to measure the background absorbance for subtraction. The mean of 11-12 wells/con-
dition/plate was taken as an n=1 and the experiment repeated 3 times.

Fig 1. Relative mRNA expression of MC5R, MC4R, MRAP, TBC1D1 and TBC1D4 in soleusmuscle dissected from lean and DIOmice.RNA was
extracted from lean and DIO mice (n=12), which were characterized as obese and insulin resistant prior to the dissection of soleus by body weight, GTT
and ITT (n=6) (A, B and D). cDNA was synthesized and relative mRNA levels were determined by real time PCR (C). Data are shown as mean ± SEM.
Two-tailed t-test calculated from normal distributed Ct-levels; p-value (*p 0.05, **p 0.01, ***p 0.001).

doi:10.1371/journal.pone.0157027.g001
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Statistical analysis
The use of radiolabeled 2-DG is a widely used method to establish glucose uptake in muscle
explants/cultures and have previously been described [39, 40]. Western blot bands normalized
to the vehicle group (CTR) and analyzed in GraphPad Prism. Real-time quantization of target
mRNA was normalized to GAPDH. Data were obtained as threshold cycle (Ct) values and rela-
tive gene expression was calculated using the Ct method as described in the User Bulletin No.
2, 1997 (ABI, 7700 Sequence Detection System). Data are presented as Ct values (Ct(target gene)
– Ct(reference gene)), which are also used for calculations of significance (normal distributed). Stu-
dents t-test was used to calculate statistical significance between 2 groups. 2-way repeated mea-
sures (RM) ANOVA (Student Newman Keuls post hoc test) was used to calculate a statistical
significant effect of α-MSH or insulin, when comparing more than 2 groups (�p< 0.05,
��p< 0.01, ���p< 0.001). # indicates a significant effect of genotype (#p< 0.05, ##p< 0.01,
###p< 0.001).

Ethics statement
All experiments performed at the August Krogh Centre were approved by the Danish Animal
Experimental Inspectorate. At Monash University, all procedures were performed in accor-
dance with the guidelines and approval of the Monash University Animal Ethics Committee.

Results

mRNA expression levels of TBC1D1, TBC1D4, MC5R, MC4R and
MRAP in soleus muscle dissected from lean vs. DIO mice
Previous studies have shown that mutations in MCRs cause obesity. Intriguingly, it has not
been investigated whether obesity induces a change in the expression of muscle MCRs. For this
reason we initially characterized the expression profile of target genes in soleus muscle of lean
vs. DIO mice. RNA was extracted from lean and DIO mice, which were characterized as obese
and insulin resistant (Fig 1A, 1B and 1D). We found that TBC1D4 mRNA was significantly

Fig 2. α-MSH induced phosphorylation of AMPK in differentiated L6myotubes and in soleus explants dissected from lean and diet-induced obese
(DIO) mice. A: Phosphorylation of AMPK in lean and DIOmice in basal conditions in soleus muscle explants (n=4). 2.B: α-MSH-phosphorylation of AMPK in
lean and DIO soleus muscle explants (n=6). 2.C: Phosphorylation of AMPK after α-MSH-stimulation (100 nM) in differentiated L6 myotubes (n=4). AMPK
phosphorylation is normalized to total AMPK. Unpaired one-tailed t-test was used to calculate statistical significance (*p < 0.05, **p < 0.01, ***p < 0.001 vs.
vehicle)

doi:10.1371/journal.pone.0157027.g002
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enriched (5.5 fold) in soleus muscle dissected from DIO mice compared to lean (average of
absolute Ct-values were 31.9 vs. 33.5) (Fig 1C). To our knowledge this result has not previously
been described. TBC1D1, MC4R, MC5R and MCR accessory protein (MRAP) mRNA were
expressed at similar levels in DIO mice compared to lean.

α-MSH-stimulated phosphorylation of AMPK in differentiated L6
myotubes and in soleus muscle dissected from lean vs. DIO mice
AMPK is a key integrator of hormones and nutrient signals that regulates glucose transport
and fatty acid oxidation in muscle. We examined the capacity of α-MSH to stimulate phos-
phorylation of AMPK T172 in lean vs. DIO soleous. Phosphorylation of AMPK was not differ-
ent under basal conditions (Fig 2A). However, treatment with α-MSH caused a dose-
dependent phosphorylation of AMPK in muscle obtained from lean mice only (Fig 2B). MCRs
are described to signal through coupling to Gs, which increases intracellular adenylate cyclase,
cAMP and activate protein kinase A (PKA). Thus, we examined the effect of α-MSH on
AMPK phosphorylation in the presence of PKA inhibitor H89. In differentiated L6 myotubes
we found that H89 did not prevent α-MSH induced phosphorylation of AMPK (Fig 2C). This
implies that α-MSH induces phosphorylation of AMPK T172 through a mechanism indepen-
dent of PKA.

α-MSH-stimulated glucose uptake in WT and AMPK KDmice
To investigate wheather the phosphorylation of AMPK is necessary for α-MSH induced glu-
cose uptake and signaling, we took advantage of the AMPK KDmouse model [33]. α-MSH sig-
nificantly increased glucose uptake by ~20% in soleus muscle from both WTmice and AMPK
mice (Fig 3A), indicating that α-MSH increases muscle glucose uptake independently of
AMPK. Notably, we found no effect of α-MSH on glucose uptake in EDL (Fig 3B). For this rea-
son only soleus muscle was used for further examination of α-MSH-induced signaling. As pre-
viously reported by An et al. [22], we found that α-MSH induces phosphorylation of AMPK
T172 and downstream target ACC S212 in WT animals (S1 Fig). In order to exclude the possi-
bility that α-MSH elicits its effect on glucose uptake by potentiation of insulin-like signaling,
we next examined the effect of α-MSH on Akt phosphorylation. We observed that α-MSH did
not increase phosphorylation of Akt T473in soleus muscle (Fig 3C).

α-MSH-stimulated phosphorylation of TBC1D1 and TBC1D4 in soleus
muscle
To further disclose the downstream signaling pathway induced by α-MSH, we measured phos-
phorylation of Rab-GTPase-activating protein TBC1D1 and TBC1D4 in WT and in AMPK
KDmice. We hypothesized that α-MSH induces phosphorylation of TBC1D1, which increases
GLUT4 translocation and glucose uptake. We found that α-MSH significantly stimulates phos-
phorylation of TBC1D1 S237 and T596 in WT and in AMPK KDmouse soleus muscle (Fig 4A
and 4B). This suggests that phosphorylation of TBC1D1 in response to α-MSH is mediated by
an AMPK-independent mechanism. Phosphorylation of TBC1D4 was also studied as a poten-
tial downstream mediator of α-MSH-induced glucose uptake. However, we found no increase
in phosphorylation of TBC1D4 T642 and S704 after α-MSH-stimulation in either WT or
AMPK KD mice (Fig 5A and 5B). Notably, we found a significant reduction in TBC1D4 T642
and S704 phosphorylation after α-MSH stimulation in both genotypes.
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Fig 3. α-MSH stimulated 2-Deoxy Glucose uptake in soleus and extensor digitorum longus (EDL) muscle explants. 3.A: soleus explants fromWT
and AMPK KDmice were stimulated with α-MSH (100 nM). Data is presented as the mean ± SEM of pooled data from a series of experiments (see
individual bars). 3.B: EDL explants fromWT and AMPK KDmice were stimulated with α-MSH (100 nM). 3.C: Phosphorylation of Akt was measured in
soleus explants after α-MSH-stimulation (100 nM). Data is presented as the mean ± SEM. 2-way RM ANOVA was used to calculate statistical significance
(*p < 0.05, **p < 0.01, ***p < 0.001 vs. vehicle). # indicates a significant effect of genotype (#p < 0.05, ##p < 0.01, ###p < 0.001).

doi:10.1371/journal.pone.0157027.g003

Fig 4. α-MSH (100 nM) stimulated TBC1D1 S237 and T596 phosphorylation in WT and AMPKKDmice. TBC1D1 S237 and T596
phosphorylation sites were measured in soleus muscle usingWB as described (n indicated in the individual bars). Phosphorylation of
TBC1D1 S237 and T596 is normalized to total TBC1D1. Findings are shown as representative immunoblots and pooled data is
quantified in bar graphs as arbitrary units. 2-way RM ANOVA was used to calculate statistical significance (*p < 0.05, **p < 0.01,
***p < 0.001 vs. vehicle). # indicates a significant effect of genotype (#p < 0.05, ##p < 0.01, ###p < 0.001).

doi:10.1371/journal.pone.0157027.g004
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α-MSH-stimulated glucose uptake and TBC1D1 phosphorylation in
soleus muscle with or without treatment with PKA-inhibitor H89
Since PKA is an established mediator of MCR signaling, we investigated α-MSH-induced glu-
cose uptake and TBC1D1 phosphorylation in the presence of PKA inhibitor H89. α-MSH-
induced glucose uptake was not significantly affected by H89 indicating that PKA does not
mediate the effect. Likewise, H89 did not decrease α-MSH-mediated phosphorylation of
TBC1D1 S237 and T596 (Fig 6B and 6C). We found that α-MSH induced a minor reduction in
phosphorylation of TBC1D1 S700. Collectively, the results suggest that phosphorylation of
TBC1D1 is not directly regulated by MC5R-PKA signaling

α-MSH-stimulated GLUT4-translocation in differentiated L6 myotubes
To investigate whether α-MSH-stimulated glucose uptake is mediated by a change in GLUT4
translocation we measured translocation of GLUT4 after α-MSH stimulation in differentiated
L6 myotubes. Insulin significantly increased GLUT4 translocation. However no effect of α-
MSH was observed (0.1-500 nM) (Fig 7).

Discussion
This study was conducted to gain insight into the molecular signaling induced by α-MSH during
glucose uptake in skeletal muscle. cAMP and PKA are known downstreammediators of MCR
signaling. Thus, we hypothesised that α-MSH-stimulated glucose uptake involves PKA, AMPK
and potentially Rab-GTPase-activating protein TBC1D1 or TBC1D4. Here we show that
α-MSH stimulates glucose uptake in mouse skeletal muscle, which no not seem to involve PKA.

Fig 5. α-MSH (100 nM) stimulated TBC1D4 T642 and S704 phosphorylation in WT and AMPK KDmice. Phosphorylation of TBC1D4
was measured in soleus muscle usingWB as described (n indicated in the individual bars). TBC1D4 T642 and S704 phosphorylation is
normalized to total TBC1D4. Findings are shown as a representative immunoblot and pooled data is quantified in bar graphs as arbitrary
units. 2-way RM ANOVA was used to calculate statistical significance (*p < 0.05, **p < 0.01, ***p < 0.001 vs. vehicle). # indicates a
significant effect of genotype (#p < 0.05, ##p < 0.01, ###p < 0.001).

doi:10.1371/journal.pone.0157027.g005
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Furthermore, our results suggest that α-MSH induces phosphorylation of AMPK and TBC1D1.
However these effects appear to occur independently of PKA- and PKA/AMPK-signaling,
respectively. Collectively, these observations represent significant findings of novel signaling for
melanocortin peptides and their receptors not previously described.

Based on glucose uptake measurements in the AMPK KDmouse model, AMPK does not
seem to be involved in the ability of α-MSH to stimulate muscle glucose uptake.Evidence sug-
gests that AMPK stimulates muscle glucose uptake by increasing the amount of GLUT4 in the
cell surface membrane [41]. However, we did not find an effect of α-MSH on GLUT4 translo-
cation further supporting the notion that α-MSH stimulates glucose uptake independently of

Fig 6. α-MSH (100 nM) stimulated 2-Deoxy Glucose uptake and TBC1D1 S237, T596 and S700
phosphorylation +/- H89 in dissected soleus explants fromWTmice. A: Soleus muscle was dissected,
stimulated and 2-DG was measured as described (n indicated in the individual bars). B: Phosphorylation of TBC1D1
was measured in soleus muscle usingWB as described. TBC1D1 S237, T596 and S700 phosphorylation is
normalized to total TBC1D1. Findings are shown as a representative immunoblot and pooled data quantified in bar
graphs as arbitrary units. 2-way RM ANOVA was used to calculate statistical significance (*p < 0.05, **p < 0.01,
***p < 0.001 vs. vehicle). # indicates a significant effect of genotype (#p < 0.05, ##p < 0.01, ###p < 0.001). Data
generated in the experiment are only obtained from experiment day 4.

doi:10.1371/journal.pone.0157027.g006
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AMPK. Although, it seems unlikely that α-MSH induces phosphorylation of AMPK T172
without facilitating improvements in GLUT4 translocation, it may be explained by the selective
action of α-MSH towards specific AMPK heterotrimeric complexes. Such selectivity has been
demonstrated for the unspecific AMPK activator PT-1, which increases phosphorylation of
AMPK T172 without affecting glucose uptake in mouse soleus and EDL [41, 42]. Regarding
TBC1D4, we found a significant reduction in T642 and S704 phosphorylation after α-MSH
stimulation in WT and AMPK KDmice. Based on a previous mutation study [31] this indi-
cates that α-MSH-induced glucose uptake occurs independently of TBC1D4-mediated GLUT4
translocation. Similar to TBC1D4, it has been suggested that TBC1D1 controls GLUT4 translo-
cation and downstream glucose uptake [43]. Our results suggest that α-MSH stimulates glucose
uptake independently AMPK, TBC1D1 and TBC1D4. This is in line with the observation that
GLUT4 translocation is not involved in α-MSH-stimulated glucose uptake (Fig 8). It would be
highly relevant to measure α-MSH-stimulated glucose uptake in a TBC1D1-deficient model,
which unfortunately was not possible in this study.

It seems likely that other kinases besides PKA are activated after α-MSH stimulation, which
potentially phosphorylates TCB1D1. This may explain the increased phosphorylation of
TBC1D1 S237 and T596 when co-incubating α-MSH with PKA-inhibitor H89.

Like MCRs, -adrenergic repectors are classically described for their signaling through cou-
pling to Gs, which increases intracellular adenylate cyclase activity, cAMP and activates PKA.
Interestingly, adrenaline has also been shown to increase glucose uptake independently of PKA
in smooth muscle through -adrenergic repectors [44].

α-MSH induces an increase in TBC1D1 S237 and T596 phosphoryaltion in muscle from
AMPK KDmice revealing a previously unregcognized regulation of TBC1D1. Since Akt phos-
phorylation did not change in response to α-MSH an increase in TBC1D1 phosphoryaltion
seems not to be mediated by elevated Akt activity. Thus, one or several protein kinases different
from AMPK and Akt appear to regulate phosphorylation of TBC1D1 in response to α-MSH.
Alternatively, α-MSH may inhibit the activity of protein phosphatases thereby increasing the

Fig 7. α-MSH stimulated GLUT4 translocation in differentiated L6myotubes (n=3). Differentiated L6
myotubes were serum starved for 1½ h after which DMSO alone, increasing doses of α-MSH (0.1-500 nM) or
insulin were added for 30 minutes. Data is presented as mean ± SEM. 2-way RM ANOVA was used to
calculate statistical significance (*p < 0.05, **p < 0.01, ***p < 0.001 vs. CTR).

doi:10.1371/journal.pone.0157027.g007
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overall phosphorylation of TBC1D1. Arguing against this, we found that α-MSH did not
increase phosphorylation of TBC1D1 S700. The molecular mechanisms accounting for α-MSH
regulation of TBC1D1 phosphorylation needs further clarification.

We found that α-MSH phosphorylates AMPK T172 in muscle explants isolated from lean
mice, which is lost DIO mice. However, MC4-5R mRNA levels were equal in muscle from lean
vs. DIO mice indicating that the difference is not caused by changes in receptor gene expres-
sion. The result that MC4R and MC5R mRNA were similarly expressed in soleus muscle tissue
is slightly different than standard PCR published by An et al. stating that MC5R mRNA is sub-
stantially higher expressed compared to MC4R mRNA [23].

The signaling pathway disclosed in this study may be involved in metabolic functions other
than glucose uptake. TBC1D1 is linked to human obesity and TBC1D1 mutations in lean
mouse confer leanness and protects from diet-induced obesity [45]. Expression of TBC1D1 has
been identified in skeletal muscle but also in heart, pancreas, colon, kidney and hypothalamus,
though at relatively lower expression levels [45]. The MC3R and MC4R are highly expressed in
the hypothalamus [11], which raises the possibility that TBC1D1 may execute downstream
effects of the melanocortin receptors here as well. Knockdown of TBC1D1 in skeletal muscle
cells has been shown to increase fatty acid uptake and oxidation [45]. Hence, the functional

Fig 8. Overview of cellular signaling induced by α-MSH in skeletal muscle. α-MSH stimulates glucose uptake by an unknown
mechanism, which acts independently of AMPK, TBC1D1 and GLUT4 translocation. α-MSH stimulates phosphorylation of TBC1D1
independently of PKA and AMPK. α-MSH stimulates phosphorylation of AMPK independently of PKA.

doi:10.1371/journal.pone.0157027.g008
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end-point of α-MSH and downstream TBC1D1 may likely include fatty acid uptake and oxida-
tion as previously published by An et al. [23]. Notably, TBC1D1 KOmice exhibit normal glu-
cose tolerance, with no difference in body weight compared with WT littermates [46],
although these results may be biased on an overall reduction of GLUT4 in TBC1D1 KOmice.
Regardless, results obtained in this study support previous data, which propose that the periph-
eral melanocortin system may be a part of an endocrine circuit that could contribute to the reg-
ulation of post-prandial glucose homeostasis. Satiety is induced as a result of central MC4R
activation and owing to activation of MC4R coupled to the sympathetic nervous system inner-
vation of liver, muscle, pancreas, brown adipose tissue and white adipose tissue occurs [47–51].
In line with the above, it seems plausible that α-MSH secreted to the circulation may boost cen-
tral effects on metabolism by inducing glucose uptake in muscle.

Only α-MSH has been tested in mouse soleus muscle explants and this agonist has equal
affinity for MC4R and MC5R. Since both MC4R and MC5R mRNA is expressed in mouse
soleus muscle we cannot exclude that MC4R also facilitates α-MSH-induced glucose uptake. It
would be highly relevant to test MC4R and MC5R selective agonists in order to separate the
effect of the receptors. Interestingly, α-MSH did not stimulate GLUT4 translocation in differ-
entiated L6 myotubes. This indicates that the sensitivity of the assay was too low, that GLUTs
in the plasma membrane were activated, or that other GLUTs were translocated upon α-MSH
stimulation which could explain changes in muscle glucose uptake. It would be interesting to
examine translocation of GLUT12 after α-MSH stimulation, as GLUT12 may provide redun-
dancy to the dominant GLUT4 system in muscle [52]. It is estimated that 12% of insulin-
induced translocation of glucose transporters in humans are due to GLUT12[52]. In this study,
α-MSH-stimulated glucose uptake accounts for ~5% of the maximum insulin-stimulated glu-
cose uptake. Hence, the effect induced by α-MSH is compatible with the GLUT12 capacity.
Additional studies are needed to resolve which glucose transporter isoforms are employed dur-
ing α-MSH-stimulation.

The physiological relevance of melanocortin-induced glucose uptake is difficult to deter-
mine. The actual level of circulating endogenous α-MSH is reported to be 11 pmol/l (0.011
nM) calculated as an average of lean and obese patients [53]. This concentration is not compa-
rable with the concentration of α-MSH used in this study. Notably, the physiological concen-
tration of endogenous α-MSH circulating in the human body is below the EC50 values for all
peripheral MCRs [53], including MC1R in the skin. MC1R is specifically expressed in melano-
cytes of the skin, where α-MSH stimulation induces synthesis of the brown/black pigment
eumelanin [54]. POMC is produced locally in the skin, processed to α-MSH and has a para-
crine effect on MC1R. Paracrine stimulation could potentially also take place in other tissues,
where POMC and melanocortin receptors are present. Hence, ectopic melanocortin (both α-
MSH and ACTH) could stimulate MCRs (MC4/5R) locally in muscle tissue. In addition, a
MC4R selective drug is still an attractive anti-obesity target. Peripheral effects on muscle glu-
cose uptake (and fatty acid oxidation) may become relevant, as the therapeutic compound may
accumulate in the body.

It may be relevant to consider a combined MC4R/MC5R agonist or a selective MC5R candi-
date for a therapeutic approach to decrease plasma blood sugar by increasing glucose uptake in
muscle.

Supporting Information
S1 Fig. α-MSH (100 nM) stimulated ACC phosphorylation in WT and AMPK KDmice.
Phosphorylation of ACC S212 was measured in soleus muscle using western blotting as
described. ACC phosphorylation was normalized to total ACC. We found that α-MSH
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stimulation phosphorylated AMPK inWT animals as previously reported by An et al. [23] (Fig
6). Phosphorylation of AMPK in AMPK KDmice was also identified, however no difference
was seen between vehicle and α-MSH-treated explants. AMPK KDmice are not able to phos-
phorylate ACC, since ACC is a read-out of AMPK activity. We found no increase in ACC-
phosphorylation after α-MSH-stimulation in AMPK KDmice, which validates the deficient
kinase activity of the AMPK 2 mutant (Fig 6). It is shown that α-MSH significantly phosphory-
lates ACC in WTmice proving activity of AMPK. Findings are shown as a representative
immunoblot and pooled data are quantified in bar graphs as arbitrary units. 2-way RM
ANOVA was used to calculate statistical significance (�p< 0.05, ��p< 0.01, ���p< 0.001 vs.
vehicle). # indicates a significant effect of genotype (#p< 0.05, ##p< 0.01, ###p< 0.001).
(TIF)

Author Contributions

Conceived and designed the experiments: CLM RK PJE KR BSW JWMAC. Performed the
experiments: CLM RK CGR SAL PJE TEJ. Analyzed the data: CLM CGRMAC PJE RK JW
TEJ. Wrote the paper: CLM RK PJE TEJ BSW JWMAC.

References
1. Haskell-Luevano C, Nikiforovich G, Sharma SD, Yang YK, Dickinson C, Hruby VJ, et al. Biological and

conformational examination of stereochemical modifications using the template melanotropin peptide,
Ac-Nle-c[Asp-His-Phe-Arg-Trp-Ala-Lys]-NH2, on human melanocortin receptors. J Med Chem. 1997;
40(11):1738–48. doi: 10.1021/jm960845e [pii]. PMID: 9171884

2. Mountjoy KG. Functions for pro-opiomelanocortin-derived peptides in obesity and diabetes. Biochem J.
2010; 428(3):305–24. [pii]; doi: 10.1042/BJ20091957 PMID: 20504281

3. Begriche K, Girardet C, McDonald P, Butler AA. Melanocortin-3 receptors and metabolic homeostasis.
Prog Mol Biol Transl Sci. 2013; 114:109–46. [pii]; doi: 10.1016/B978-0-12-386933-3.00004-2 PMID:
23317784

4. Larsen LH, Echwald SM, Sorensen TI, Andersen T, Wulff BS, Pedersen O. Prevalence of mutations
and functional analyses of melanocortin 4 receptor variants identified among 750 men with juvenile-
onset obesity. J Clin Endocrinol Metab. 2005; 90(1):219–24. [pii]; doi: 10.1210/jc.2004-0497 PMID:
15486053

5. Vaisse C, Clement K, Durand E, Hercberg S, Guy-Grand B, Froguel P. Melanocortin-4 receptor muta-
tions are a frequent and heterogeneous cause of morbid obesity. J Clin Invest. 2000; 106(2):253–62.
doi: 10.1172/JCI9238 PMID: 10903341

6. Wang CL, Liang L, Wang HJ, Fu JF, Hebebrand J, Hinney A. Several mutations in the melanocortin 4
receptor gene are associated with obesity in Chinese children and adolescents. J Endocrinol Invest.
2006; 29(10):894–8. 3255 [pii]. PMID: 17185898

7. Yeo GS, Lank EJ, Farooqi IS, Keogh J, Challis BG, O'Rahilly S. Mutations in the humanmelanocortin-4
receptor gene associated with severe familial obesity disrupts receptor function through multiple molec-
ular mechanisms. HumMol Genet. 2003; 12(5):561–74. PMID: 12588803

8. Krude H, Biebermann H, LuckW, Horn R, Brabant G, Gruters A. Severe early-onset obesity, adrenal
insufficiency and red hair pigmentation caused by POMCmutations in humans. Nat Genet. 1998; 19
(2):155–7. doi: 10.1038/509 PMID: 9620771

9. Farooqi IS, Keogh JM, Yeo GS, Lank EJ, Cheetham T, O'Rahilly S. Clinical spectrum of obesity and
mutations in the melanocortin 4 receptor gene. N Engl J Med. 2003; 348(12):1085–95. doi: 10.1056/
NEJMoa022050 [pii]. PMID: 12646665

10. Huszar D, Lynch CA, Fairchild-Huntress V, Dunmore JH, Fang Q, Berkemeier LR, et al. Targeted dis-
ruption of the melanocortin-4 receptor results in obesity in mice. Cell. 1997; 88(1):131–41. S0092-8674
(00)81865-6 [pii]. PMID: 9019399

11. Cone RD. Anatomy and regulation of the central melanocortin system. Nat Neurosci. 2005; 8(5):571–8.
doi: 10.1038/nn1455 PMID: 15856065.

12. Pritchard LE, White A. Neuropeptide processing and its impact on melanocortin pathways. Endocrinol-
ogy. 2007; 148(9):4201–7. [pii]; doi: 10.1210/en.2006-1686 PMID: 17584964

α-MSH Stimulates Glucose Uptake and TBC1D1 in Mouse Muscle

PLOS ONE | DOI:10.1371/journal.pone.0157027 July 28, 2016 15 / 18

http://dx.doi.org/10.1021/jm960845e
http://www.ncbi.nlm.nih.gov/pubmed/9171884
http://dx.doi.org/10.1042/BJ20091957
http://www.ncbi.nlm.nih.gov/pubmed/20504281
http://dx.doi.org/10.1016/B978-0-12-386933-3.00004-2
http://www.ncbi.nlm.nih.gov/pubmed/23317784
http://dx.doi.org/10.1210/jc.2004-0497
http://www.ncbi.nlm.nih.gov/pubmed/15486053
http://dx.doi.org/10.1172/JCI9238
http://www.ncbi.nlm.nih.gov/pubmed/10903341
http://www.ncbi.nlm.nih.gov/pubmed/17185898
http://www.ncbi.nlm.nih.gov/pubmed/12588803
http://dx.doi.org/10.1038/509
http://www.ncbi.nlm.nih.gov/pubmed/9620771
http://dx.doi.org/10.1056/NEJMoa022050
http://dx.doi.org/10.1056/NEJMoa022050
http://www.ncbi.nlm.nih.gov/pubmed/12646665
http://www.ncbi.nlm.nih.gov/pubmed/9019399
http://dx.doi.org/10.1038/nn1455
http://www.ncbi.nlm.nih.gov/pubmed/15856065
http://dx.doi.org/10.1210/en.2006-1686
http://www.ncbi.nlm.nih.gov/pubmed/17584964


13. Mains RE, Eipper BA. Synthesis and secretion of corticotropins, melanotropins, and endorphins by rat
intermediate pituitary cells. J Biol Chem. 1979; 254(16):7885–94. PMID: 224038

14. Smith SR, Gawronska-Kozak B, Janderova L, Nguyen T, Murrell A, Stephens JM, et al. Agouti expres-
sion in human adipose tissue: functional consequences and increased expression in type 2 diabetes.
Diabetes. 2003; 52(12):2914–22. PMID: 14633851

15. Hoggard N, Hunter L, Duncan JS, Rayner DV. Regulation of adipose tissue leptin secretion by alpha-
melanocyte-stimulating hormone and agouti-related protein: further evidence of an interaction between
leptin and the melanocortin signalling system. J Mol Endocrinol. 2004; 32(1):145–53. JME14801377
[pii]. PMID: 14765998

16. Boston BA. The role of melanocortins in adipocyte function. Ann N Y Acad Sci. 1999; 885:75–84.
PMID: 10816642

17. Boston BA, Cone RD. Characterization of melanocortin receptor subtype expression in murine adipose
tissues and in the 3T3-L1 cell line. Endocrinology. 1996; 137(5):2043–50. PMID: 8612546

18. Moller CL, Raun K, Jacobsen ML, Pedersen TA, Holst B, Conde-Frieboes KW, et al. Characterization
of murine melanocortin receptors mediating adipocyte lipolysis and examination of signalling pathways
involved. Mol Cell Endocrinol. 2011; 341(1-2):9–17. S0303-7207(11)00169-9 [pii]; doi: 10.1016/j.mce.
2011.03.010 PMID: 21616121

19. Iwen KA, Senyaman O, Schwartz A, Drenckhan M, Meier B, Hadaschik D, et al. Melanocortin crosstalk
with adipose functions: ACTH directly induces insulin resistance, promotes a pro-inflammatory adipo-
kine profile and stimulates UCP-1 in adipocytes. J Endocrinol. 2008; 196(3):465–72. 196/3/465 [pii];
doi: 10.1677/JOE-07-0299 PMID: 18310442

20. ChenW, Kelly MA, Opitz-Araya X, Thomas RE, LowMJ, Cone RD. Exocrine gland dysfunction in MC5-
R-deficient mice: evidence for coordinated regulation of exocrine gland function by melanocortin pep-
tides. Cell. 1997; 91(6):789–98. S0092-8674(00)80467-5 [pii]. PMID: 9413988

21. Hoch M, Eberle AN, Wagner U, Bussmann C, Peters T, Peterli R. Expression and localization of mela-
nocortin-1 receptor in human adipose tissues of severely obese patients. Obesity (Silver Spring). 2007;
15(1):40–9. 15/1/40 [pii]; doi: 10.1038/oby.2007.525

22. Manna SK, Aggarwal BB. Alpha-melanocyte-stimulating hormone inhibits the nuclear transcription fac-
tor NF-kappa B activation induced by various inflammatory agents. J Immunol. 1998; 161(6):2873–80.
PMID: 9743348

23. An JJ, Rhee Y, Kim SH, Kim DM, Han DH, Hwang JH, et al. Peripheral effect of alpha-melanocyte-stim-
ulating hormone on fatty acid oxidation in skeletal muscle. J Biol Chem. 2007; 282(5):2862–70. [pii];
doi: 10.1074/jbc.M603454200 PMID: 17127674

24. Rockl KS, Witczak CA, Goodyear LJ. Signaling mechanisms in skeletal muscle: acute responses and
chronic adaptations to exercise. IUBMB Life. 2008; 60(3):145–53. doi: 10.1002/iub.21 PMID: 18380005

25. Ploug T, Galbo H, Vinten J, Jorgensen M, Richter EA. Kinetics of glucose transport in rat muscle:
effects of insulin and contractions. Am J Physiol. 1987; 253(1 Pt 1):E12–E20.

26. Kramer HF, Witczak CA, Fujii N, Jessen N, Taylor EB, Arnolds DE, et al. Distinct signals regulate
AS160 phosphorylation in response to insulin, AICAR, and contraction in mouse skeletal muscle. Dia-
betes. 2006; 55(7):2067–76. doi: 10.2337/db06-0150 PMID: 16804077.

27. Vichaiwong K, Purohit S, An D, Toyoda T, Jessen N, Hirshman MF, et al. Contraction regulates site-
specific phosphorylation of TBC1D1 in skeletal muscle. Biochem J. 2010; 431(2):311–20. doi: 10.1042/
BJ20101100 PMID: 20701589; PubMed Central PMCID: PMC2947193.

28. Miinea CP, Sano H, Kane S, Sano E, Fukuda M, Peranen J, et al. AS160, the Akt substrate regulating
GLUT4 translocation, has a functional Rab GTPase-activating protein domain. Biochem J. 2005; 391
(Pt 1):87–93. doi: 10.1042/BJ20050887 PMID: 15971998; PubMed Central PMCID: PMC1237142.

29. RoachWG, Chavez JA, Miinea CP, Lienhard GE. Substrate specificity and effect on GLUT4 transloca-
tion of the Rab GTPase-activating protein Tbc1d1. Biochem J. 2007; 403(2):353–8. [pii]; doi: 10.1042/
BJ20061798 PMID: 17274760

30. An D, Toyoda T, Taylor EB, Yu H, Fujii N, Hirshman MF, et al. TBC1D1 regulates insulin- and contrac-
tion-induced glucose transport in mouse skeletal muscle. Diabetes. 2010; 59(6):1358–65. [pii]; doi: 10.
2337/db09-1266 PMID: 20299473

31. Chen S, Wasserman DH, MacKintosh C, Sakamoto K. Mice with AS160/TBC1D4-Thr649Ala knockin
mutation are glucose intolerant with reduced insulin sensitivity and altered GLUT4 trafficking. Cell
Metab. 2011; 13(1):68–79. S1550-4131(10)00447-X [pii]; doi: 10.1016/j.cmet.2010.12.005 PMID:
21195350

32. Sano H, Kane S, Sano E, Miinea CP, Asara JM, LaneWS, et al. Insulin-stimulated phosphorylation of a
Rab GTPase-activating protein regulates GLUT4 translocation. J Biol Chem. 2003; 278(17):14599–
602. doi: 10.1074/jbc.C300063200 [pii]. PMID: 12637568

α-MSH Stimulates Glucose Uptake and TBC1D1 in Mouse Muscle

PLOS ONE | DOI:10.1371/journal.pone.0157027 July 28, 2016 16 / 18

http://www.ncbi.nlm.nih.gov/pubmed/224038
http://www.ncbi.nlm.nih.gov/pubmed/14633851
http://www.ncbi.nlm.nih.gov/pubmed/14765998
http://www.ncbi.nlm.nih.gov/pubmed/10816642
http://www.ncbi.nlm.nih.gov/pubmed/8612546
http://dx.doi.org/10.1016/j.mce.2011.03.010
http://dx.doi.org/10.1016/j.mce.2011.03.010
http://www.ncbi.nlm.nih.gov/pubmed/21616121
http://dx.doi.org/10.1677/JOE-07-0299
http://www.ncbi.nlm.nih.gov/pubmed/18310442
http://www.ncbi.nlm.nih.gov/pubmed/9413988
http://dx.doi.org/10.1038/oby.2007.525
http://www.ncbi.nlm.nih.gov/pubmed/9743348
http://dx.doi.org/10.1074/jbc.M603454200
http://www.ncbi.nlm.nih.gov/pubmed/17127674
http://dx.doi.org/10.1002/iub.21
http://www.ncbi.nlm.nih.gov/pubmed/18380005
http://dx.doi.org/10.2337/db06-0150
http://www.ncbi.nlm.nih.gov/pubmed/16804077
http://dx.doi.org/10.1042/BJ20101100
http://dx.doi.org/10.1042/BJ20101100
http://www.ncbi.nlm.nih.gov/pubmed/20701589
http://dx.doi.org/10.1042/BJ20050887
http://www.ncbi.nlm.nih.gov/pubmed/15971998
http://dx.doi.org/10.1042/BJ20061798
http://dx.doi.org/10.1042/BJ20061798
http://www.ncbi.nlm.nih.gov/pubmed/17274760
http://dx.doi.org/10.2337/db09-1266
http://dx.doi.org/10.2337/db09-1266
http://www.ncbi.nlm.nih.gov/pubmed/20299473
http://dx.doi.org/10.1016/j.cmet.2010.12.005
http://www.ncbi.nlm.nih.gov/pubmed/21195350
http://dx.doi.org/10.1074/jbc.C300063200
http://www.ncbi.nlm.nih.gov/pubmed/12637568


33. Mu J, Brozinick JT Jr., Valladares O, Bucan M, BirnbaumMJ. A role for AMP-activated protein kinase in
contraction- and hypoxia-regulated glucose transport in skeletal muscle. Mol Cell. 2001; 7(5):1085–94.
S1097-2765(01)00251-9 [pii]. PMID: 11389854

34. Pehmoller C, Treebak JT, Birk JB, Chen S, MacKintosh C, Hardie DG, et al. Genetic disruption of
AMPK signaling abolishes both contraction- and insulin-stimulated TBC1D1 phosphorylation and 14-3-
3 binding in mouse skeletal muscle. Am J Physiol Endocrinol Metab. 2009; 297(3):E665–E75. [pii]; doi:
10.1152/ajpendo.00115.2009 PMID: 19531644

35. Treebak JT, Birk JB, Hansen BF, Olsen GS, Wojtaszewski JF. A-769662 activates AMPK beta1-con-
taining complexes but induces glucose uptake through a PI3-kinase-dependent pathway in mouse
skeletal muscle. Am J Physiol Cell Physiol. 2009; 297(4):C1041–C52. [pii]; doi: 10.1152/ajpcell.00051.
2009 PMID: 19657063

36. Yaffe D. Retention of differentiation potentialities during prolonged cultivation of myogenic cells. Proc
Natl Acad Sci U S A. 1968; 61(2):477–83. PMID: 5245982; PubMed Central PMCID: PMC225183.

37. ChenW,Wilson JL, Khaksari M, Cowley MA, Enriori PJ. Abdominal fat analyzed by DEXA scan reflects
visceral body fat and improves the phenotype description and the assessment of metabolic risk in mice.
Am J Physiol Endocrinol Metab. 2012; 303(5):E635–43. doi: 10.1152/ajpendo.00078.2012 PMID:
22761161; PubMed Central PMCID: PMCPMC3774326.

38. Wang Q, Khayat Z, Kishi K, Ebina Y, Klip A. GLUT4 translocation by insulin in intact muscle cells:
detection by a fast and quantitative assay. FEBS Lett. 1998; 427(2):193–7. S0014-5793(98)00423-2
[pii]. PMID: 9607310

39. Hansen PA, Gulve EA, Holloszy JO. Suitability of 2-deoxyglucose for in vitro measurement of glucose
transport activity in skeletal muscle. J Appl Physiol. 1994; 76(2):979–85. PMID: 8175614

40. Wojtaszewski JF, Jakobsen AB, Ploug T, Richter EA. Perfused rat hindlimb is suitable for skeletal mus-
cle glucose transport measurements. Am J Physiol. 1998; 274(1 Pt 1):E184–E91.

41. Jensen TE, Ross FA, Kleinert M, Sylow L, Knudsen JR, Gowans GJ, et al. PT-1 selectively activates
AMPK-gamma1 complexes in mouse skeletal muscle, but activates all three gamma subunit com-
plexes in cultured human cells by inhibiting the respiratory chain. Biochem J. 2015; 467(3):461–72. doi:
10.1042/BJ20141142 PMID: 25695398.

42. Birk JB, Wojtaszewski JF. Predominant alpha2/beta2/gamma3 AMPK activation during exercise in
human skeletal muscle. J Physiol. 2006; 577(Pt 3):1021–32. doi: 10.1113/jphysiol.2006.120972 PMID:
17038425; PubMed Central PMCID: PMCPMC1890393.

43. Peck GR, Chavez JA, RoachWG, Budnik BA, LaneWS, Karlsson HK, et al. Insulin-stimulated phos-
phorylation of the Rab GTPase-activating protein TBC1D1 regulates GLUT4 translocation. J Biol
Chem. 2009; 284(44):30016–23. doi: 10.1074/jbc.M109.035568 PMID: 19740738; PubMed Central
PMCID: PMCPMC2781555.

44. Kanda Y, Watanabe Y. Adrenaline increases glucose transport via a Rap1-p38MAPK pathway in rat
vascular smooth muscle cells. Br J Pharmacol. 2007; 151(4):476–82. [pii]; doi: 10.1038/sj.bjp.0707247
PMID: 17450172

45. Chadt A, Leicht K, Deshmukh A, Jiang LQ, Scherneck S, Bernhardt U, et al. Tbc1d1 mutation in lean
mouse strain confers leanness and protects from diet-induced obesity. Nat Genet. 2008; 40(11):1354–
9. doi: 10.1038/ng.244 PMID: 18931681.

46. Stockli J, Meoli CC, Hoffman NJ, Fazakerley DJ, Pant H, Cleasby ME, et al. The RabGAP TBC1D1
Plays a Central Role in Exercise-Regulated Glucose Metabolism in Skeletal Muscle. Diabetes. 2015;
64(6):1914–22. doi: 10.2337/db13-1489 PMID: 25576050.

47. Brito MN, Brito NA, Baro DJ, Song CK, Bartness TJ. Differential activation of the sympathetic innerva-
tion of adipose tissues by melanocortin receptor stimulation. Endocrinology. 2007; 148(11):5339–47.
[pii]; doi: 10.1210/en.2007-0621 PMID: 17702843

48. Nogueiras R, Wiedmer P, Perez-Tilve D, Veyrat-Durebex C, Keogh JM, Sutton GM, et al. The central
melanocortin system directly controls peripheral lipid metabolism. J Clin Invest. 2007; 117(11):3475–
88. doi: 10.1172/JCI31743 PMID: 17885689

49. Rossi J, Balthasar N, Olson D, Scott M, Berglund E, Lee CE, et al. Melanocortin-4 receptors expressed
by cholinergic neurons regulate energy balance and glucose homeostasis. Cell Metab. 2011; 13
(2):195–204. S1550-4131(11)00011-8 [pii]; doi: 10.1016/j.cmet.2011.01.010 PMID: 21284986

50. Song CK, Jackson RM, Harris RB, Richard D, Bartness TJ. Melanocortin-4 receptor mRNA is
expressed in sympathetic nervous system outflow neurons to white adipose tissue. Am J Physiol Regul
Integr Comp Physiol. 2005; 289(5):R1467–R76. 289/5/R1467 [pii]; doi: 10.1152/ajpregu.00348.2005
PMID: 16221982

51. Lam TK, Pocai A, Gutierrez-Juarez R, Obici S, Bryan J, Aguilar-Bryan L, et al. Hypothalamic sensing of
circulating fatty acids is required for glucose homeostasis. Nat Med. 2005; 11(3):320–7. [pii]; doi: 10.
1038/nm1201 PMID: 15735652

α-MSH Stimulates Glucose Uptake and TBC1D1 in Mouse Muscle

PLOS ONE | DOI:10.1371/journal.pone.0157027 July 28, 2016 17 / 18

http://www.ncbi.nlm.nih.gov/pubmed/11389854
http://dx.doi.org/10.1152/ajpendo.00115.2009
http://www.ncbi.nlm.nih.gov/pubmed/19531644
http://dx.doi.org/10.1152/ajpcell.00051.2009
http://dx.doi.org/10.1152/ajpcell.00051.2009
http://www.ncbi.nlm.nih.gov/pubmed/19657063
http://www.ncbi.nlm.nih.gov/pubmed/5245982
http://dx.doi.org/10.1152/ajpendo.00078.2012
http://www.ncbi.nlm.nih.gov/pubmed/22761161
http://www.ncbi.nlm.nih.gov/pubmed/9607310
http://www.ncbi.nlm.nih.gov/pubmed/8175614
http://dx.doi.org/10.1042/BJ20141142
http://www.ncbi.nlm.nih.gov/pubmed/25695398
http://dx.doi.org/10.1113/jphysiol.2006.120972
http://www.ncbi.nlm.nih.gov/pubmed/17038425
http://dx.doi.org/10.1074/jbc.M109.035568
http://www.ncbi.nlm.nih.gov/pubmed/19740738
http://dx.doi.org/10.1038/sj.bjp.0707247
http://www.ncbi.nlm.nih.gov/pubmed/17450172
http://dx.doi.org/10.1038/ng.244
http://www.ncbi.nlm.nih.gov/pubmed/18931681
http://dx.doi.org/10.2337/db13-1489
http://www.ncbi.nlm.nih.gov/pubmed/25576050
http://dx.doi.org/10.1210/en.2007-0621
http://www.ncbi.nlm.nih.gov/pubmed/17702843
http://dx.doi.org/10.1172/JCI31743
http://www.ncbi.nlm.nih.gov/pubmed/17885689
http://dx.doi.org/10.1016/j.cmet.2011.01.010
http://www.ncbi.nlm.nih.gov/pubmed/21284986
http://dx.doi.org/10.1152/ajpregu.00348.2005
http://www.ncbi.nlm.nih.gov/pubmed/16221982
http://dx.doi.org/10.1038/nm1201
http://dx.doi.org/10.1038/nm1201
http://www.ncbi.nlm.nih.gov/pubmed/15735652


52. Stuart CA, Howell ME, Zhang Y, Yin D. Insulin-stimulated translocation of glucose transporter (GLUT)
12 parallels that of GLUT4 in normal muscle. J Clin Endocrinol Metab. 2009; 94(9):3535–42. [pii]; doi:
10.1210/jc.2009-0162 PMID: 19549745

53. Hoggard N, Johnstone AM, Faber P, Gibney ER, Elia M, Lobley G, et al. Plasma concentrations of
alpha-MSH, AgRP and leptin in lean and obese men and their relationship to differing states of energy
balance perturbation. Clin Endocrinol (Oxf). 2004; 61(1):31–9. doi: 10.1111/j.1365-2265.2004.02056.x
[pii].

54. Abdel-Malek Z, Suzuki I, Tada A, Im S, Akcali C. The melanocortin-1 receptor and human pigmentation.
Ann N Y Acad Sci. 1999; 885:117–33. PMID: 10816645

α-MSH Stimulates Glucose Uptake and TBC1D1 in Mouse Muscle

PLOS ONE | DOI:10.1371/journal.pone.0157027 July 28, 2016 18 / 18

http://dx.doi.org/10.1210/jc.2009-0162
http://www.ncbi.nlm.nih.gov/pubmed/19549745
http://dx.doi.org/10.1111/j.1365-2265.2004.02056.x
http://www.ncbi.nlm.nih.gov/pubmed/10816645

