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Abstract

Glucagon-like peptide-1 (GLP1) has many anti-diabetic actions and also increases energy 

expenditure in vivo. As skeletal muscle is a major organ controlling energy metabolism, 

we investigated whether GLP1 can affect energy metabolism in muscle. We found that 

treatment of differentiated C2C12 cells with exendin-4 (Ex-4), a GLP1 receptor agonist, 

reduced oleate:palmitate-induced lipid accumulation and triglyceride content compared 

with cells without Ex-4 treatment. When we examined the oxygen consumption rate 

(OCR), not only the basal OCR but also the OCR induced by oleate:palmitate addition was 

significantly increased in Ex-4-treated differentiated C2C12 cells, and this was inhibited 

by exendin-9, a GLP1 receptor antagonist. The expression of uncoupling protein 1 

(UCP1), β3-adrenergic receptor, peroxisome proliferator-activator receptor a (PPARa) and 

farnesoid X receptor mRNA was significantly upregulated in Ex-4-treated differentiated 

C2C12 cells, and the upregulation of these mRNA was abolished by treatment with 

adenylate cyclase inhibitor (2′5′-dideoxyadenosine) or PKA inhibitor (H-89). As well, 

intramuscular injection of Ex-4 into diet-induced obese mice significantly increased the 

expression of UCP1, PPARa and p-AMPK in muscle. We suggest that exposure to  

GLP1 increases energy expenditure in muscle through the upregulation of fat oxidation 

and thermogenic gene expression, which may contribute to reducing obesity and  

insulin resistance.

Introduction

Glucagon-like peptide-1 (GLP1) is an incretin hormone 
that is secreted from enteroendocrine gastrointestinal 
L cells after meal (Layer  et  al. 1995). GLP1 controls 
glucose homeostasis in many organs; it has a glucose-
dependent insulinotropic effect, inhibits glucagon 
secretion, delays gastric emptying and reduces food 
intake and body weight (Drucker 2006). In addition, 
GLP1 is known to have beneficial effects on fatty liver 

disease (Ding  et  al. 2006) and cardioprotective and 
neuroprotective effects (Liu et al. 2010, Briyal et al. 2014).  
As well, GLP1 has been shown to affect energy 
metabolism. During hyperglycaemic clamping, GLP1 
administration increased energy expenditure in humans 
(Shalev et al. 1997). In addition, intracerebroventricular 
administration of GLP1 increased the proportion of fat 
oxidation in lean and obese Zucker rats (Hwa et al. 1998).  
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Recently, it was reported that brown adipose tissue 
thermogenesis is controlled by central nervous system 
GLP1 receptor signaling (Lockie et al. 2012).

Obesity develops due to the imbalances between 
energy intake and energy expenditure. Therefore, 
promoting energy expenditure is an attractive strategy for 
combating obesity. In addition to the physical activity, 
adaptive thermogenesis is one component of energy 
expenditure that can be readily altered. Thermogenesis 
is regulated by sympathetic nervous system through 
peripheral tissues such as brown fat and skeletal muscle 
(Bal et al. 2012, Chechi et al. 2013).

We previously reported that treatment of ob/ob 
mice with recombinant adenoviruses expressing GLP1 
(rAd-GLP1) decreased fat mass and increased energy 
expenditure, as analyzed by indirect calorimetry, 
compared with untreated mice fed equal amounts of 
food (Lee et al. 2012). We hypothesize that GLP1 might 
affect energy expenditure and fat oxidation in muscle, 
contributing to the improvement of insulin sensitivity 
seen after GLP1 treatment in these mice. In this study, 
we investigated whether the GLP1 receptor agonist, 
exendin-4 (Ex-4) increases energy expenditure and the 
expression of energy metabolism-related genes in mouse 
muscle cells in vitro and in vivo.

Materials and methods

Animals

C57BL/6 mice were obtained from the Korea Research 
Institute of Bioscience and Biotechnology (Daejeon, 
Korea) and were maintained at a facility at Gachon 
University. Male C57BL/6 mice (6 weeks old) were fed a 
high-fat diet (HFD; 60% kcal from fat) for 8  weeks. All 
animal experiments were carried out under a protocol 
approved by the Institutional Animal Care and Use 
committee at Lee Gil Ya Cancer and Diabetes Institute, 
Gachon University.

Materials

Cell culture media and fetal bovine serum (FBS) were 
purchased from WELGENE (Daegu, Korea) and horse 
serum from Gibco-BRL. Palmitate, oleate, bovine serum 
albumin, H-89, exendin-4, exendin-9, oligomycin, 
carbonil cyanide p-trifluoromethoxy phenylhydrazone 
(FCCP), rotenone and antimycin A were purchased 
from Sigma. 2′5′-dideoxyadenosine and LY294002 were 
products of Calbiochem.

Cell culture

C2C12 cells (mouse myoblasts) were cultured in DMEM 
medium supplemented with 10% (v/v) heat-inactivated 
fetal bovine serum, 25 mM glucose, 2 mM l-glutamine, 
100 U/mL penicillin and 100 µg/mL streptomycin at 
37°C in a humidified atmosphere containing 95% (v/v) 
air and 5% (v/v) CO2. The cells were seeded at a density 
of 5.0 × 105/well in 6-well plates. To induce the myogenic 
differentiation of C2C12 cells, the cells were cultured to 
85% (v/v) confluence in differentiation media (DMEM 
with 2% (v/v) horse serum), which was changed daily for 
4 days.

Oil Red O staining

Biochemical quantification of fat accumulation in Ex-4-
treated C2C12 cells was assessed with the fat-soluble dye, 
Oil Red O. Differentiated C2C12 cells were pretreated 
with 20 nM Ex-4 for 24 or 48 h or 0, 10, 20 or 40 nM 
Ex-4 for 48 h, and then stimulated with 400 μM free fatty 
acid mixture at a 2:1 ratio of oleate to palmitate for 12 h. 
C2C12 cells were fixed with 10% (w/v) neutral buffered 
formalin for 30 min. The cells were stained with Oil Red 
O solution (Sigma, Oil Red O in 60% (v/v) isopropanol) 
for 30 min at room temperature. Stained cells were rinsed 
twice with distilled water and washed with isopropanol. 
Then, the optical absorbance of the sample containing a 
dye was read at 450 nm by VersaMax microplate reader 
(Molecular Devices).

Analysis of triglyceride content

Differentiated C2C12 cells were pretreated with 20 nM 
Ex-4 for 24 or 48 h or 0, 10, 20 or 40 nM Ex-4 for 48 h, and 
then stimulated with 400 μM oleate:palmitate mixture 
(2:1) for 12 h. Cells were lysed in ethanolic KOH (2 parts 
EtOH:1 part 30% (v/v) KOH) and incubated overnight at 
55°C. The lysates were mixed with H2O:EtOH (1:1) and 
centrifuged for 5 min. The supernatants were mixed with 
1 M MgCl2 and incubated for 10 min on ice. The samples 
were centrifuged for 5 min. The amount of triglyceride 
in supernatants was measured using a triglyceride assay 
kit (Asan Pharmaceutical Co. Ltd., Seoul, Korea). The 
absorbance was measured at 550 nm.

Analysis of free fatty acid (FFA) content

Differentiated C2C12 cells were treated with 20 nM Ex-4 
for 24 or 48 h. The cells were extracted by homogenization 
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with 200 μL of 1% (v/v) Triton X-100 in pure chloroform 
in a microhomogenizer. The lower phase was collected 
after centrifuging for 10 min at 9300 g, and the chloroform 
was evaporated. The dried lipids were dissolved in 200 μL 
of fatty acid assay buffer (BioVision). The amount of FFA 
was measured using a FFA quantification kit (K612-100, 
BioVision). The fluorescence was measured with a multi-
label plate counter (Victor 3, Perkin Elmer) with excitation 
at 535 nm and emission at 590 nm.

Oxygen consumption rate (OCR) measurement

C2C12 cells were seeded at a density of 1.66 × 104 cells/
well in 24-well XF plates in culture medium and cultured 
for 48 h at 37°C and 95% (v/v) air and 5% (v/v) CO2. For 
differentiation, the media was replaced with differentiation 
media (DMEM with 2% (v/v) horse serum) every day for 
4–6 days. Differentiated C2C12 cells were pretreated with 
or without 20 nM Ex-9 for 30 min and then treated with 
20 nM Ex-4 for 48 h (changed medium and Ex-4 added 
every 24 h). For BSA conjugation, 20 mM palmitate or 
oleate in 0.01 M NaOH was incubated at 70°C for 30 min, 
and the palmitate or oleate was then mixed with 5% (v/v) 
BSA in PBS at a 3:1 molar ratio of BSA to palmitate or 
oleate. BSA-conjugated oleate and palmitate were mixed 
at a proportion of 2:1. Differentiated C2C12 cells were 
treated with the oleate:palmitate–BSA conjugated mixture 
at a final concentration of 200 μM. Oxygen consumption 
was determined using Seahorse XF24 extracellular Flux 
analyzer (Seahorse Bioscience, North Billerica, MA, USA) 
as previously described (Schuh  et  al. 2012) with slight 
modifications. The oxygen consumption rate (OCR) 
measurements were obtained at baseline (3 × (3 min mix, 
2 min wait and 3 min measure)) and after injection of 
oleate:palmitate mixture (200 μM) (5 × (3 min mix, 2 min 
wait and 3 min measure)), oligomycin (1 μM) (3 × (3 min 
mix, 2 min wait and 3 min measure)), FCCP (1 μM) 
(3 × (3 min mix, 2 min wait and 3 min measure)) and 
rotenone (0.1 μM)/antimycin A (2 μM) (3 × (3 min mix, 
2 min wait and 3 min measure)) sequentially.

Immunoprecipitation

Differentiated C2C12 cells were treated with 20 nM 
Ex-4 for 72 h (Ex-4 added every 24 h). Mitochondria 
were isolated from Ex-4-treated C2C12 cells using a 
Thermo mitochondrial isolation kit (89874, Thermo 
Fisher). Soleus muscle tissue was homogenized with 
radioimmunoprecipitation assay (RIPA) buffer (50 mM 
Tris–HCL, pH 8.0; 150 mM NaCl; 0.1% (w/v) SDS, 0.5% 

(w/v) Na-deoxycholate; 1% (v/v) NP-40; and a 1:100 
dilution of protease inhibitor cocktail (P8340, Sigma-
Aldrich)). Mitochondria (300 μg protein) or soleus muscle 
lysates (600 μg protein) were precleared by incubating for 
overnight with normal rabbit IgG and protein A/G PLUS-
agarose beads (sc-2003, Santa Cruz Biotechnology) at 
4°C in a rotary shaker. After centrifugation, supernatants 
were incubated overnight with anti-uncoupling protein 
(UCP)-1 antibody (14670, Cell Signaling Technology) 
at 4°C and then 20 μL of protein A/G PLUS-agarose 
beads was added to the samples, and samples were 
incubated at 4°C on a rotating device overnight. After 
centrifugation, pellets were washed with RIPA buffer. 
These immunoprecipitated samples were used for SDS-
PAGE and Western blot analysis with anti-UCP1 antibody 
(AB1426, Millipore).

Western blotting

Total cell lysates from undifferentiated or differentiated 
C2C12 cells, quadriceps muscle tissue or brown 
adipose tissue were prepared using Mammalian 
Protein Extraction Buffer (GE HealthCare) containing 
a protease and phosphatase inhibitor cocktail 
(Sigma-Aldrich). The isolated protein (30–50 μg) was 
electrophoresed in a 10% (w/v) acrylamide–SDS gel and 
transferred to polyvinylidene difluoride membranes. 
After 1 h of blocking with 3% (w/v) skim milk, 
membranes were incubated with anti-phospho-AMP-
activated protein kinase (AMPK)a (Thr172) (2535, Cell 
Signaling Technology), AMPKa (2532, Cell Signaling 
Technology), anti-phospho-acetyl-CoA carboxylase 
(ACC) (3661, Cell Signaling Technology), ACC (3676, 
Cell Signaling Technology), UCP1 (AB1426, Millipore), 
PGC1a (ab 54481, Abcam), HSP60 (ab 46798, Abcam) or 
β-actin (sc-47778, Santa Cruz Biotechnology) antibody. 
Membranes were then incubated with horseradish 
peroxidase-conjugated goat anti-rabbit IgG (sc-2004, 
Santa Cruz Biotechnology) or goat anti-mouse IgG 
antibodies (sc-2005, Santa Cruz Biotechnology). Signals 
were detected with ECL detection kit (Millipore) and 
analyzed using a Luminescent Image Analyzer LAS4000 
(Fuji Film, Tokyo, Japan).

RNA isolation and real-time quantitative PCR

Total RNA was isolated from cells using RNA iso Plus 
(TAKARA) according to the manufacturer’s protocol. cDNA 
was synthesized from 2 μg total RNA using the PrimeScript 
1st-strand cDNA synthesis kit (TAKARA). Quantitative 
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real-time PCR (qRT-PCR) was performed using a reaction 
mixture containing SYBR Green master mix (TAKARA). 
PCR amplification was carried out in an ABI 7900HT Real-
Time PCR Sequence Detection System at 50°C for 2 min 
and 95°C for 10 min, followed by 40 cycles of 95°C for 15 s 
and 60°C for 1 min. The sequences of the primer pairs are 
shown in Table 1.

Intracellular cAMP measurement

Differentiated C2C12 cells in 6-well plates were treated 
with 20 nM Ex-4. Media was removed and 1 mL of 0.1 M 
HCL was added to the cells. The cells were lysed by 
incubation for 20 min at room temperature. The lysate 
was centrifuged at 800 g for 5 min to pellet the cellular 
debris, and the supernatant was assayed for determination 
of cAMP concentration using a cAMP ELISA kit (Enzo Life 
Sciences, Farmingdale, NY, USA).

In vivo experiment

HFD-induced obese mice were given an intramuscular 
injection of Ex-4 (1 μg/kg). At 12 h after Ex-4 treatment, 
the mice were killed by cervical dislocation and quadriceps 
muscle tissue was removed. HFD-induced obese mice 
or C57BL/6 male mice were given an intramuscular 
injection of Ex-4 (1 μg/kg/day) for 4 weeks. The mice were 
killed by cervical dislocation and soleus muscle tissue 
was removed for qRT-PCR and immunoprecipitation and 
Western blot analysis.

Statistical analysis

Data are presented as the mean ± s.e.m. Statistical analysis 
was performed using an unpaired parametric Student’s 
t-test for two groups or ANOVA followed by Fisher’s 
protected least significant difference test for multiple 
groups. P < 0.05 was accepted as significant.

Results

Ex-4 treatment reduced fatty acid-induced lipid 
accumulation in differentiated C2C12 cells

To investigate whether Ex-4 affects lipid accumulation 
in differentiated C2C12 cells, we treated the cells with 
oleate and palmitate at a proportion of 2:1 in the 
presence or absence of Ex-4, and Oil Red O staining was 
performed to determine fat accumulation. The Oil Red 
O content in the cells was significantly decreased by 
Ex-4 treatment at 24 and 48 h compared with untreated 
cells (Fig. 1A), and it was dose dependently decreased 
by Ex-4 treatment, reaching significance at 20 and 
40 nM (Fig.  1B). Ex-4 decreased the lipid droplets in 
differentiated C2C12 cells (Fig. 1C and D). In addition, 
triglyceride content was significantly reduced in Ex-4-
treated cells at 48 h compared with untreated cells 
(Fig. 1E), and it was also dose dependently decreased by 
Ex-4 treatment, reaching significance at 20 and 40 nM 
(Fig. 1F). These results indicated that Ex-4 reduced the 
intracellular lipid accumulation induced by fatty acid 
in muscle cells.

Ex-4 treatment increased OCR in differentiated  
C2C12 cells

As fat accumulation was reduced in C2C12 cells by 
Ex-4 treatment, we also measured energy expenditure. 
We treated differentiated C2C12 cells with Ex-4 for 
48 h and then measured the basal OCR. The basal OCR 
was significantly increased in Ex-4-treated C2C12 cells 
compared with untreated cells. In addition, we examined 
OCR after oleate:palmitate addition and found that Ex-4 
treatment also significantly increased oleate:palmitate-
induced OCR compared with the untreated group. We 
then measured OCR for ATP turnover and proton leak after 
treatment with oligomycin, an ATP synthase inhibitor. 
Ex-4 treatment displayed significantly higher proton  

Table 1 List of qRT-PCR primers and sequences.

Primer Sense Anti-sense

Cyclophilin 5′-TGGAGAGCACCAAGACAGACA-3′ 5′-TGCCGGAGTCGACAATGAT-3′
UCP1 5′-CTGGGCTTAACGGGTCCTC-3′ 5′-CTGGGCTAGGTAGTGCCAGTG-3′
UCP2 5′-GACCTCCCTTGCCACTTCAC-3′ 5′-GAAGGCATGAACCCCTTGTAG-3′
UCP3 5′-CCGATACATGAACGCTCCC-3′ 5′-AAGCTCCCAGACGCAGAAAG-3′
PPAR-a 5′-TATTCGGCTGAAGCTGGTGTAC-3′ 5′-CTGGCATTTGTTCCGGTTCT-3′
FXR 5′-GACAGCGAAGGGCGTGAC-3′ 5′-TTCCGTTTTCTCCCTGCAAA-3′
β3-ar 5′-CGCTACCTAGCTGTCACCAA-3′ 5′-TAGAAGGAGACGGAGGAGGA-3′
CPT1 5′-CAAAGATCAATCGGACCCTAGAC-3′ 5′-CGCCACTCACGATGTTCTTC-3′
HSL 5′-GGTGACACTCGCAGA AGACAA TA-3′ 5′-GCCGCCGTGCTGTCTCT-3′
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leak-associated OCR compared with untreated cells. 
Carbonyl cyanide-4-(trifluoromethoxy) phenylhydrazone 
(FCCP) addition uncouples the transport of electrons from 
ATP production and results in maximal respiration. In 
Ex-4-treated cells, maximal respiration was significantly 
increased after FCCP addition. Lastly, rotenone and 
antimycin A, inhibitors of complex I and III, were 
added to shut down the electron transfer, revealing 
the non-mitochondrial respiration. Ex-4-treated cells 
were increased from untreated cells after rotenone and 
antimycin treatment. These effects were inhibited by 
Exendin-9 (9-39), a GLP1 receptor antagonist (Fig.  1G 
and H). These results suggest that Ex-4 increased not only 
basal OCR, but also fatty acid-induced OCR by increasing 
uncoupling efficiency and proton leak in muscle cells.

Ex-4 treatment increased mRNA and protein expression 
of thermogenic genes in differentiated C2C12 cells

As Ex-4 treatment significantly increased oxygen 
consumption in C2C12 cells, we first determined mRNA 
expression of UCP1, UCP2 and UCP3 in Ex-4-treated 
differentiated C2C12 cells. The expression of UCP1 
mRNA was upregulated at 24 h after 20 nM of Ex-4 
treatment (Fig. 2A); however, the expression of UCP2 and 
UCP3 mRNA was not changed (Fig. 2B and C). As UCP1 
expression is induced by β3-adrenergic receptor activation 
(Mattsson et al. 2011), we examined mRNA expression of 
β3-adrenergic receptor. As shown in Fig. 2D, the expression 
of β3-adrenergic receptor mRNA was significantly increased 
in differentiated C2C12 cells by 20 nM of Ex-4 treatment.

Figure 1
Ex-4 reduced fatty acid-induced lipid accumulation and increased oxygen consumption rate in differentiated C2C12 cells. (A and E) Differentiated C2C12 
cells were pretreated without or with 20 nM Ex-4 for 24 or 48 h, and then stimulated with 400 μM free fatty acid mixture at a 2:1 ratio of oleate to 
palmitate for 12 h. (B and F) Differentiated C2C12 cells were pretreated without or with 10, 20 or 40 nM Ex-4 for 48 h, and then stimulated with 400 μM 
free fatty acid mixture for 12 h. (A and B) Lipid content was detected by a quantitative Oil Red O dye method. Data are percentages of Oil Red O dye 
content relative to untreated (Un) cells. (C and D) Differentiated C2C12 cells were pretreated without or 40 nM Ex-4 for 48 h, and then stimulated with 
400 μM free fatty acid mixture for 12 h. The cells were stained with Oil Red O. Lipid droplets in C2C12 cells were observed by microscope (200×). (E and F) 
Total triglyceride content was measured in C2C12 cells. Data are presented as mean ± s.e.m. #P < 0.05, ##P < 0.005 compared with untreated group.  
(G) Differentiated C2C12 cells were pre-treated with or without 20 nM Ex-9 for 30 min and then treated with Ex-4 for 48 h. Oleate and palmitate at a 
proportion of 2:1 (200 μM), oligomycin (Oligo), FCCP and rotenone with antimycin A (Rtn/AA) were added at the indicated times (lines) and OCR was 
measured over 136 min. (H) The area under the curve (AUC) was calculated. n = 3–5, mean ± s.e.m. #P < 0.05, ##P < 0.01, ###P < 0.005 compared with 
untreated group (Un) and *P < 0.05, **P < 0.01 compared with the Ex-4-treated group.
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In addition, we examined the expression of upstream 
molecules related to fat oxidation and thermogenesis 
such as PPARa, farnesoid X receptor (FXR), carnitine 
palmitoyltransferase (CPT)-1 and peroxisome proliferator-
activated receptor γ coactivator (PGC)-1a. The expression 
of PPARa mRNA and FXR mRNA was significantly increased 
after 20 or 10 nM of Ex-4 treatment, respectively (Fig. 2E 
and F). However, the CPT1 mRNA expression levels were 
not significantly changed (Fig.  2G). The protein level 
of PGC1a was increased by Ex-4 treatment (Fig. 2H). In 
addition, we observed that the protein expression of 
UCP1 was increased after Ex-4 treatment in differentiated 
C2C12 cells. Because UCP1 is primarily expressed in the 
mitochondria of brown adipose tissue, but not in muscle 

(Ricquier & Bouillaud 2000), we confirmed this result 
in isolated mitochondria by immunoprecipitation and 
Western blot analysis, respectively. We found that UCP1 
protein expression was clearly increased by Ex-4 treatment 
(Fig. 2I).

Ex-4 treatment increased the expression of hormone-
sensitive lipase (HSL) mRNA and decreased FFA 
concentration in differentiated C2C12 cells

FFAs are required to activate UCP1 for thermogenesis 
(Hagen & Lowell 2000). Therefore, we measured the 
expression of adipose triglyceride lipase and HSL mRNA 
in Ex-4-treated C2C12 cells. The expression of adipose 

Figure 2
Ex-4 increased the expression of thermogenic gene mRNA and protein in differentiated C2C12 cells. Differentiated C2C12 cells were treated with 10 or 
20 nM Ex-4 for 24 h. The expression of (A) UCP1, (B) UCP2, (C) UCP3, (D) β3-adrenergic receptor (β3-ar), (E) PPARa, (F) FXR and (G) CPT1 mRNA was 
measured by qRT-PCR. The fold change was calculated as the ratio of the expression level in untreated (Un) cells. Results are representative of 4 
independent experiments. Data are means ± s.e.m. #P < 0.05, ##P < 0.01 compared with untreated cells. (H) Protein expression of PGC1a was measured by 
Western blot. Differentiated C2C12 cells were treated with Ex-4 20 nM for 0, 12, 24, 48 and 72 h (Ex-4 added every 24 h). Differentiated C2C12 cells were 
loaded with 50 μg of total whole lysate. β-actin was a loading control. (I) Mitochondria isolated from differentiated C2C12 cells, which were treated with 
20 nM Ex-4 for 72 h (added per 24 h). Mitochondria lysates were immunoprecipitated (IP) with anti-UCP1 (14670, Cell Signaling) antibody and 
immunoblotted (IB) with anti-UCP1 (AB1426, Millipore) antibody. Mouse brown adipose tissue (BAT) protein (2 μg) was loaded as a positive control for 
UCP1 and input 3% (w/w) mitochondria protein was loaded and HSP60 was a loading control for IP.
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triglyceride lipase was not detectable in C2C12 cells, but 
the expression of HSL mRNA was significantly increased 
in Ex-4-treated C2C12 cells (Fig. 3A). We also measured 
the concentration of FFA in Ex-4-treated C2C12 cells. The 
FFA content in Ex-4-treated cells was not significantly 
different from untreated cells after 24 or 48 h of treatment. 
However, the concentration of FFA in Ex-4-treated C2C12 
cells was significantly decreased at 48 h compared with 
24 h (Fig.  3B). These results suggest that Ex-4 treatment 
increases fatty acid utilization.

Ex-4 upregulates mRNA expression of thermogenic 
genes via cAMP/PKA signaling pathways in 
differentiated C2C12 cells

The function of both GLP1 and Ex-4 are mediated 
via the activation of cAMP/protein kinase (PK)A and 
transactivation of the epidermal growth factor receptor 
leading to the activation of phophatidylinositol-3 kinase 
(PI3K) signaling pathways (Lee & Jun 2014). To investigate 
whether the changes of expression of thermogenic genes 
by Ex-4 treatment is affected by these signaling pathways, 
we first measured cAMP production levels in Ex-4-
treated differentiated C2C12 cells. We found that cAMP 
production was significantly increased at 10 min after 
Ex-4 treatment in C2C12 cells compared with untreated 
cells (Fig. 4A).

PKA is activated depending on cellular levels of cAMP. 
Thus, we pretreated differentiated C2C12 cells with an 
adenylate cyclase inhibitor (2′5′-dideoxyadenosine) or 
PKA inhibitor (H-89) and determined the expression 
levels of UCP1, β3-adrenergic receptor, PPARa and FXR 
mRNA after Ex-4 treatment. The expression of UCP1,  

β3-adrenergic receptor, PPARa and FXR mRNA was 
increased by Ex-4; however, it was inhibited by adenylate 
cyclase (Fig. 4B, E, H and K) or PKA (Fig. 4C, F, I and L) 
inhibitors. In addition, we pretreated differentiated 
C2C12 cells with a PI3K inhibitor (LY294002). However, 
pretreatment with a PI3K inhibitor did not inhibit the 
induction of UCP1, β3-adrenergic receptor or PPARa 
mRNA expression, except for FXR mRNA (Fig.  4D, G, J 
and M). This suggests that Ex-4 induced the expression of 
UCP1, β3-adrenergic receptor, PPARa and FXR mRNA via 
activation of cAMP and PKA signaling.

AMPK activation stimulates fatty acid oxidation 
in skeletal muscle (Winder & Hardie 1999). Thus, we 
examined the protein levels of AMPK and phosphorylated 
AMPK in Ex-4-treated differentiated C2C12 cells. The 
expression of phosphorylated AMPK was increased at 
3 h after Ex-4 treatment compared to the untreated 
cells, but levels of AMPK were not changed. In addition, 
phospho-AMPK expression is associated with phospho-
ACC (Choudhury et al. 2014). Thus, we investigated the 
expression of ACC and phosphorylated ACC in Ex-4-
treated C2C12 cells. The expression of the phospho-ACC 
was increased at 3 h after Ex-4 treatment (Fig. 4N).

Injection of Ex-4 increased UCP1, PPARa and p-AMPK 
protein in muscle tissue of mice

To examine whether Ex-4 shows similar effects on muscle 
tissue in vivo, Ex-4 (1 μg/kg) was given by intramuscular 
injection to HFD-induced obese C57BL/6 mice. The mice 
were killed at 12 h after Ex-4 injection, and quadriceps 
muscle tissue was harvested for Western blotting. The 
expression of PPARa and p-AMPK protein was significantly 
increased in quadriceps muscle of Ex-4-injected mice 
compared with untreated control mice (Fig. 5A, B and C). 
In addition, we examined the expression of UCP1 in regular 
chow-fed or HFD-fed C57BL/6 mice after Ex-4 treatment. 
Soleus muscle (98% type I fibers) is rich in mitochondria; 
thus, we used the soleus muscle to investigate the UCP1 
alteration in muscle by Ex-4 treatment. We confirmed 
the significant increase of UCP1 mRNA and protein 
expression in soleus muscle tissue by treatment with Ex-4 
(1 μg/kg/day) for 4 weeks (Fig. 5D, E and F).

Discussion

Muscle is an important organ for controlling insulin 
resistance and energy metabolism. In skeletal muscle, 
insulin resistance has been linked to lipid accumulation 
and a defect in fatty acid metabolism, which includes 

Figure 3
Expression of HSL mRNA and the concentration of free fatty acid in 
Ex-4-treated C2C12 cells. (A) Differentiated C2C12 cells were treated with 
Ex-4 20 nM for 0, 6, 12 or 24 h. The expression of HSL mRNA was 
measured by qRT-PCR. The fold change was calculated as the ratio of the 
expression level at 0 h. (B) Differentiated C2C12 cells were treated with 
Ex-4 20 nM for 24 or 48 h. The concentration of FFA was measured in 
Ex-4-treated C2C12 cells. N = 6. Data are means ± s.e.m. #P < 0.01, ##P < 0.005, 
###P < 0.001 compared with 0 h, and *P < 0.05 compared with Ex-4 treated.
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alterations in fatty acid uptake, triacylglycerol synthesis 
and fatty acid oxidation. In addition, skeletal muscle, 
along with brown adipose tissue, is important in non-
shivering thermogenesis, which may increase energy 
expenditure to combat obesity (Bal et al. 2012).

GLP1 shows beneficial effects on the reduction of 
obesity and improvement of insulin sensitivity. In a 
previous study, we found that GLP1-treated mice showed 
reduced fat mass and increased energy expenditure 
compared with untreated mice fed equal amounts 
(Lee et al. 2012). Therefore, in this study, we investigated 
whether Ex-4, a GLP1 receptor agonist, improves energy 
metabolism in muscle. We found that Ex-4 significantly 
decreased lipid and triglyceride content and also increased 
basal and fat-induced OCR in differentiated C2C12 cells. 

These results indicate that acute exposure to Ex-4 reduces 
intracellular lipid via an increase of energy expenditure 
in muscle.

Basal energy expenditure is required to maintain the 
body’s normal metabolic activity, i.e. maintenance of 
body temperature (Corpeleijn et al. 2009). Non-shivering 
thermogenesis, which mainly depends on thermogenic 
metabolism, is an important function of energy 
expenditure (Terrien  et  al. 2010). Thus, thermogenesis 
can improve energy expenditure and fat oxidation in 
muscle. Mitochondrial uncoupling proteins (UCPs) are 
mitochondrial anion carrier proteins expressed in the 
inner mitochondrial membrane (Fisler & Warden 2006). 
UCP1 plays an important role in energy expenditure 
and regulation such as thermogenesis in mitochondria 

Figure 4
Ex-4 regulates the thermogenic gene expression via cAMP/PKA signaling pathways in differentiated C2C12 cells. (A) Intracellular cAMP production was 
measured at 10-min intervals after Ex-4 treatment. Results are representative of 3 independent experiments. #P < 0.05 compared with untreated group. 
(B, C, D, E, F, G, H, I, J, K, L and M) Differentiated C2C12 cells were pre-treated with 2′5′-dideoxyadenosine (2′5′; 50 μM for 30 min), H-89 (1 μM for 30 min) 
or LY294002 (LY; 4 μM for 3 h) and then treated with Ex-4 (20 nM for 24 h). The expression of UCP1, β3-adrenergic receptor (β3-ar), PPARa and FXR mRNA 
was measured by qRT-PCR. The fold change was calculated as ratio of the expression level in untreated cells. #P < 0.05, ##P < 0.01 compared with 
untreated group and *P < 0.05, **P < 0.01 compared with the Ex-4-treated group. Results are representative of 4–6 independent experiments. (N) The 
cells were treated with Ex-4 (20 nM) and harvested at the indicated times. The expression of p-AMPK, AMPK, p-ACC and ACC protein was measured by 
Western blot. β-actin was analyzed as a loading control.
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(Busiello et al. 2015). UCP1 has been known to be highly 
expressed in brown adipose tissue, but not in muscle 
(Ricquier & Bouillaud 2000). However, our results showed 
that the expression of UCP1 was significantly increased by 
Ex-4 treatment in differentiated C2C12 cells and mouse 
muscle. Recently, inducible brown adipocyte progenitors 
have been identified in skeletal muscle (Schulz et al. 2011, 
Murakami  et  al. 2015). It is not clear yet whether the 
increase of UCP1 expression by Ex-4 treatment is due to 
the effect on brown adipocyte progenitors or direct effect 
on muscle cells. Further studies are required to identify the 
detailed mechanisms. In addition, OCR was increased by 
Ex-4 treatment through uncoupling efficiency and proton 
leak in differentiated C2C12 cells However, the expression 
of UCP2 and UCP3, which do not have a primary role 
in the regulation of energy metabolism (Schrauwen & 
Hesselink 2002), was not increased in differentiated C2C12 
cells. Similarly, an increase of UCP1 expression by Ex-4 in 
differentiated brown adipocytes and brown adipose tissue 
of mice was also observed (Supplementary Figs 1 and 2,  

see section on supplementary data given at the end of this 
article). The increased mRNA expression of the lipolytic 
enzyme, HSL, and the decreased FFA concentration by 
Ex-4 treatment in differentiated C2C12 cells, suggests 
that Ex-4 increases lipolysis and free fatty acid utilization, 
contributing to the activation of UCP-1.

β3-adrenergic receptors are thought to play a role in 
thermogenesis in brown fat and skeletal muscle, induce 
adaptive non-shivering thermogenesis and stimulate 
UCP1 expression (Golozoubova et al. 2006). We observed 
that the expression level of β3-adrenergic receptor mRNA 
was significantly increased by Ex-4 treatment. Taken 
together, induction of UCP1 and β3-adrenergic receptor 
expression by Ex-4 may contribute to the increase 
in energy expenditure through upregulation of non-
shivering thermogenesis.

PPARa is expressed predominantly in tissues that 
have a high level of fatty acid catabolism, such as liver, 
heart and muscle (Auboeuf et al. 1997). FXR, a member 
of nuclear receptor superfamily, is well known to regulate 

Figure 5
Intramuscular injection of Ex-4 increased UCP1, PPARa and p-AMPK protein in muscle of HFD-induced obesity mice or regular chow diet-fed mice. Ex-4 
(1 μg/kg) was given by intra-muscular injection to HFD-induced obese mice. The mice were killed 12 h after injection, and quadriceps muscle tissue was 
harvested. (A) The expression of PPARa and p-AMPK protein was determined by Western blot. (B and C) Histograms show densitometry analysis of 
Western blots. Data are shown as the PPARa/β-actin ratio or p-AMPK/total AMPK (tAMPK) ratio. β-actin was analyzed as a loading control. Data were 
normalized to total β-actin or AMPK. (D and E) Ex-4 (1 μg/kg) was given by intra-muscular injection for 4 weeks to (D) HFD-induced obese mice or (E) 
regular chow-fed C57BL/6 mice. The mice were killed and soleus muscle tissue was harvested. The expression of UCP1 mRNA was determined by qRT-PCR. 
(F) Ex-4 (1 μg/kg/day) was given by intra-muscular injection for 1 or 4 weeks to regular chow diet-fed C57BL/6 mice. After 1 week or 4 weeks later, the 
mice were killed and soleus muscle tissue was harvested. Soleus muscle lysates were immunoprecipitated (IP) with anti-UCP1 (14670, Cell Signaling) 
antibody and immunoblotted (IB) with anti-UCP1 (AB1426, Millipore) antibody. β-actin was a loading control. n = 4–5, mean ± s.e.m. #P < 0.05, ##P < 0.01, 
###P < 0.001 compared with untreated (Un) mice.
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lipid metabolism through improvement of fat oxidation 
(Prawitt et al. 2011), and FXR is involved in the induction 
of PPARa. Our observation indicates that the GLP1 receptor 
agonist, Ex-4, significantly increased the expression of 
fatty acid oxidation-related genes such as PPARa and FXR, 
which might contribute to increased fat oxidation and 
improve energy expenditure in C2C12 cells and muscle.

The presence of a GLP1 receptor in muscle is still 
controversial. Some studies have detected GLP1 receptor 
mRNA or protein, but others were studies that were unable 
to detect this receptor (Delgado et al. 1995, Bullock et al. 
1996, Green  et  al. 2012). In our study, treatment with 
Ex-9, an antagonist of the GLP1 receptor, inhibited Ex-4-
induced OCR and cAMP production was increased by 
Ex-4 treatment in C2C12 cells, indicating the presence of 
a GLP1 receptor in C2C12 cells. In addition, the increased 
expression of genes involved in thermogenesis and fat 
oxidation was inhibited by inhibitors of the cAMP-
PKA pathways which are induced by the GLP1 receptor. 
Therefore, the Ex-4-mediated increases of OCR and 
thermogenic gene expression are likely due to the direct 
mechanism through the GLP1 receptor in muscle.

Recent studies have shown that AMPK activation was 
significantly associated with the improvement of insulin 
resistance. In addition, activation of skeletal muscle AMPK 
due to the overexpression of AMPKγ3 increased fatty acid 
oxidation and protected against obesity (Barnes  et  al. 
2004, Viollet  et  al. 2009). Furthermore, AMPK activity 
was increased by cold exposure in mouse brown adipose 
tissue (Mulligan et al. 2007). In this study, we found that 
the phosphorylated AMPK level was increased by Ex-4 
in C2C12 cells and muscle suggesting that Ex-4 induced 
AMPK activation in muscle, which might contribute to the 
increase of energy expenditure and the improvement of 
insulin sensitivity. AMPK is known to be activated by liver 
kinase B1 (LKB1), Ca(2+)/calmodulin-dependent protein 
kinase kinase (CaMKK) or transforming growth factor-b-
activated kinase 1 (TAK1) (Woods et al. 2005, Shackelford 
& Shaw 2009, Kim et al. 2012). As we observed that total 
intracellular ATP levels were increased by Ex-4 treatment 
in C2C12 cells, it is unlikely that AMPK activation was due 
to the increase of AMP/ATP or ADP/ATP ratios. Instead, it 
is possible that AMPK activation might be mediated in an 
AMP-independent manner such as by CaMKK activation. 
It was recently reported that a glucagon-like peptide-1 
mimetic, increased intracellular Ca2+ and activated 
CaMKKb, which in turn activated AMPK in human aortic 
endothelial cells (Krasner et al. 2014).

To confirm the effects of Ex-4 in muscle in vivo,  
Ex-4 was given by intramuscular injection to  

HFD-induced obese C57BL/6 mice or regular chow diet-
fed C57BL/6 mice. HFD-induced obese models show 
impaired metabolic function, such as impaired AMPK 
activation (Ruderman & Prentki 2004). We found that 
the expression of UCP1, PPARa and p-AMPK protein was 
significantly increased in Ex-4-injected mice compared 
with control mice. Thus, Ex-4 might improve energy 
expenditure in muscle both in vitro and in vivo through 
thermogenic gene regulation.

In conclusion, we investigated the effect of Ex-4 
treatment on energy metabolism in muscle and found 
that treatment of Ex-4 increased lipid metabolism 
by enhancing fatty acid oxidation via upregulation 
of thermogenic genes such as UCP1, β3-adrenergic 
receptors, PPARa, FXR and AMPK activation in  
muscle, which may contribute to reducing obesity and 
insulin resistance.
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