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Abstract Aerobic exercise is an effective intervention in preventing obesity and is also an important
factor associated with thermogenesis. There is an increasing interest in the factors and mechanisms
induced by aerobic exercise that can influence the metabolism and thermogenic activity in an
individual. Recent studies suggest that exercise induced circulating factors (known as ‘exerkines’),
which are able to modulate activation of brown adipose tissue (BAT) and browning of white adipose
tissue.However, the underlyingmolecularmechanisms associatedwith the effect of exercise-induced
peripheral factors on BAT activation remain poorly understood. Furthermore, the role of exercise
training in BAT activation is still debatable. Hence, the purpose of our study is to assess whether
exercise training affects the expression of uncoupled protein 1 (UCP1) in brown adipocytes via
release of different blood factors. Four weeks of exercise training significantly decreased the
body weight gain and fat mass gain. Furthermore, trained mice exhibit higher levels of energy
expenditure and UCP1 expression than untrained mice. Surprisingly, treatment with serum from
exercise-trained mice increased the expression of UCP1 in differentiated brown adipocytes. To
gain a better understanding of these mechanisms, we analysed the conditioned media obtained
after treating the C2C12 myotubes with an AMP-activated protein kinase (AMPK) activator
(AICAR; 5-aminoimidazole-4-carboxamide ribonucleotide), which leads to an increased expression
of UCP1 when added to brown adipocytes. Our observations suggest the possibility of aerobic
exercise-induced BAT activation via activation of AMPK in skeletal muscles.

(Received 21 February 2022; accepted after revision 4 March 2022; first published online 17 March 2022)
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Seoul National University, #514, Seoul National University Building 81, 1 Gwanak-ro, Gwanak-gu, Seoul 08826, South
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Abstract figure legend Exercise induces the release of several factors called ‘exerkines’ that can help to modulate the
metabolic as well as thermogenic activity of an individual. However, there is limited knowledge regarding the underlying
molecular mechanisms that enable these factors to stimulate brown adipose tissue activity. Our study demonstrates that
exercise induces activation of AMP-activated protein kinase in skeletal muscles, which, in turn, presumably through the
release of exerkines from muscles, can modulate the uncoupled protein 1 expression in brown adipocytes. We believe
that this paper provides an understanding of the molecular basis of adipocyte browning during aerobic exercise, and this
knowledge may be useful in developing novel strategies for preventing the onset of/overcoming obesity.

Key points
� Exercise promotes thermogenesis by activating uncoupling protein 1 (UCP1), which leads to a
decrease in the body weight gain and body fat content. However, little is known about the role of
exerkines inmodulatingUCP1 expression and subsequent brown adipose tissue (BAT) activation.

� Four weeks of voluntary wheel-running exercise reduces body weight and fat content.
� Exercise induces the increase in AMP-activated protein kinase (AMPK) and slow-type muscle
fibremarker genes in skeletalmuscles and promotesUCP1 expression inwhite and brown adipose
tissues.

� Incubation of brown adipocytes with serum isolated from exercise-trained mice
significantly increased their UCP1 gene and protein levels; moreover, conditioned media
of AMPK-activator-treated C2C12 myotubes induces increased UCP1 expression in brown
adipocytes.

� These results show that aerobic exercise-induced skeletal muscle AMPK has a significant effect
on UCP1 expression in BAT.

Introduction

The metabolic functions of brown adipose tissue (BAT)
are well documented, and recent studies suggest that
BAT can be regulated via certain factors secreted from

skeletal muscle as well as non-skeletal muscle tissues
in response to exercise (Laurens et al., 2020; Safdar &
Tarnopolsky, 2018; Sanchez-Delgado et al., 2015). Over
the past 20 years, several studies have defined myokines
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as the exercise-induced circulating factors or cytokines
released by skeletal muscles, which interact with adipose
tissues and the liver (Hoffmann&Weigert, 2017;Magliulo
et al., 2021; Severinsen & Pedersen, 2020). Mostly,
myokines have been reported to play multiple roles
in regulating the metabolic functions of an individual,
depending on the type, intensity and duration of exercise.
However, at present, humoral biomolecules, including
hormones, cytokines and exosomes, that are released
from any tissue during exercise, are defined as exerkines
(Castano et al., 2019; Magliulo et al., 2021; Safdar &
Tarnopolsky, 2018). Based on these observations, there
has been an increased focus on determining the under-
lying mechanisms by which exerkines modulate white fat
to beige fat conversion and BAT activation, ultimately
leading to exercise-induced metabolic improvement.

The available evidence suggests that exercise promotes
thermogenesis through the expression of mitochondrial
uncoupling protein 1 (UCP1), which uncouples
respiration from ATP synthesis (De Matteis et al., 2013;
Flouris et al., 2017; Shirkhani et al., 2018). High levels
of UCP1 contribute to whole-body energy expenditure,
which, in turn, leads to a reduction in body fat and body
weight in both rodents and humans (Feldmann et al.,
2009; Okamatsu-Ogura et al., 2020). Therefore, UCP1 is
used as the most common and representative molecular
marker of the browning of adipose tissue. However, the
role of exercise-induced circulating factors in modulating
the UCP1-induced regulation of BAT is poorly under-
stood. Furthermore, there is still a debate about whether
exercise induces BAT activation at all.

In this study, we first verified that 4 weeks of exercise
training leads to an increased expression of peroxisome
proliferator-activated receptor-gamma coactivator-1
alpha (PGC-1α) and UCP1, along with activation of
BAT. This observation led us to hypothesize that the
exercise-induced activation of AMP-activated protein
kinase (AMPK) in the skeletal muscles may be, at
least in part, responsible for BAT activation. After
the 4 weeks of training, we collected blood from the
hearts of the mice, isolated the serum, and incubated
fully differentiated brown adipocytes in it to investigate
whether the blood factors that are altered during exercise
can directly modulate the expression of UCP1 in the
brown adipocytes.

Additionally, we performed another experiment using
a C2C12 skeletal muscle cell line to analyse the effect of
muscle-derived factors released during aerobic exercise
on brown adipocytes. For this, we treated the conditioned
medium (CM) of the C2C12 myotubes with an AMPK
agonist (AICAR; 5-aminoimidazole-4-carboxamide
ribonucleotide), which is widely used to mimic the
condition of aerobic exercise (Iglesias et al., 2002; Jakobsen
et al., 2001; Sanchez et al., 2013), and incubated the brown
adipocytes in it. Based on this in vitro system, we further

investigated whether exercise-induced AMPK activity in
skeletal muscles can modulate the expression of browning
markers in brown adipocytes.

Materials and methods

Ethical approval

All animal experimental protocols were approved by the
Institutional Animal Care and Use Committee (IACUC)
of Seoul National University, Seoul, Korea (Permit
Number: SNU-191014-2) and performed according to
the Guide for Animal Experiments (edited by the Korean
Academy of Medical Sciences).

Animal studies

We obtained 8-week-old male C57BL/6N mice from
DBL (Seoul, Korea). The mice were housed in specific
pathogen-free conditions and had ad libitum access to a
normal chow diet (Ziegler Bros, NIH-41) and tap water.
All mice were maintained under a 12/12 h light/dark
cycle, 60 ± 5% humidity, and 23 ± 5°C temperature. The
C57BL/6mice strain has been shown to be a suitable strain
mimicking the human metabolism observed in obesity
(Lang et al., 2019; Mori et al., 2010).
The mice were randomly divided into the control and

exercise groups. Our previous study had demonstrated
that voluntary wheel-running was more effective in
reducing body weight and fat content in mice, as
compared to the treadmill exercise (Kim et al., 2020).
Therefore, we chose to conduct voluntary wheel-running
as the mode of aerobic exercise. The exercise group
performed this activity every day for 4 weeks. The
daily running distance was recorded using an activity
wheel-running countermachine (STARRLife Science, PA,
USA). Additionally, the body weights of all the mice were
measured once a week, and the food intake was measured
4 days/week. After the 4 weeks of training, all mice were
kept sedentary for 4 h before being killed, to abolish the
last bout effect.

Body composition

Fat mass and lean mass of the mice were recorded
using nuclearmagnetic resonancemethods withMinispec
LF-50 (Bruker, Germany).

Indirect calorimetry

For measurements of respiratory gas exchange and energy
expenditure, sedentary and trained mice were housed
individually in cages, with free access to food and water
under a 12/12 h light/dark cycle. Mice were monitored
using PhenoMaster 7.5.6 (TSE system, Germany) for
3 days.

© 2022 The Authors. The Journal of Physiology published by John Wiley & Sons Ltd on behalf of The Physiological Society.
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Table 1. Primer sequences for real-time quantitative polymerase chain reaction (qPCR)

Gene Forward (5’→3’) Reverse (5’→3’)

Myh2 GCGACTTGAAGTTAGCCCAGGA CTCGTCCTCAATCTTGCTCTGC
Myh7 GCTGGAAGATGAGTGCTCAGAG TCCAAACCAGCCATCTCCTCTG
Cidea ATCACAACTGGCCTGGTTACG TACTACCCGGTGTCCATTTCT
Ucp1 ACTGCCACACCTCCAGTCATT CTTTGGCTCACTCAGGATTGG
Pgc-1α CCCTGCCATTGTTAAGACC TGCTGCTGTTCCTGTTTTC
Prkaa1 siRNA
(AMPKα1)

CUGAAAGAGUACCGUUCUU AAGAACGGUACUCUUUCA

Prkaa2
siRNA
(AMPKα1)

CUGUGAAUUCGCUGUAGAU AUCUACAGCGAAUUCACAG

The C2C12 cell cultures

The C2C12 mouse myoblast cells were obtained from
the American Type Culture Collection (ATCC, USA).
These cells were seeded at a density of 2.5 × 105
cells/well in a 6-well plate with Dulbecco’s modified
Eagle’s medium (DMEM; Welgene, Korea) containing
10% fetal bovine serum (FBS; Gibco, USA) and 1%
penicillin-streptomycin (P/S; Welgene). When the cells
reached 90% confluence, the maintenance medium
was replaced with the differentiation medium (DMEM
containing 2% horse serum (#H1270, Sigma, USA)
and 1% P/S); subsequently, this medium was changed
every 48 h for 4 days. After the cells were completely
differentiated, the C2C12 myotubes were treated with
1 mm AICAR (#A9978, Sigma) for 24 h. Finally, the
supernatant was harvested from the AICAR-treated cells
using CM to obtain the brown adipocytes.

Transfection of siRNA

Fully differentiated C2C12 myotubes were transfected
with negative control siRNA or siRNA targeting AMPKα1
(30 nm) and AMPKα2 (30 nm) using the Lipofectamine
RNAiMAX reagent (#13778075, Thermo Scientific, USA).
The siRNA sequences are presented in Table 1.

Treatment of IL-6 neutralizing antibody

Fully differentiated C2C12 myotubes were maintained
in differentiation media with IL-6 neutralizing antibody
(1 μg/ml; MAB-406, R&D systems, USA) for 24 h. After
24 h, themyotubeswere treatedwith a combination of IL-6
neutralizing antibody and AICAR (1 mM).

Immortalized brown pre-adipocyte cell culture

Immortalized brown pre-adipocytes (iBPA) (Ohno et al.,
2013; Uldry et al., 2006) were obtained from Korea
Research Institute of Bioscience and Biotechnology

(KRIBB). These cells were seeded at a density of
5 × 104 cells/well in a 12-well plate with DMEM
(Gibco) supplemented with 10% FBS (Gibco). When
the cells reached 90–95% confluence, the maintenance
medium was replaced with the induction medium,
which comprised DMEM with 10% FBS, 0.5 mm iso-
butylmethylxanthine (IBMX; #I7018, Sigma), 125 μm
indomethacin, 0.5 μm dexamethasone (#R2408, Sigma),
1 nm T3, and 20 nm insulin (#sc-360 248, Santa Cruz).
After 2 days of induction, the medium was changed to
the insulin medium, that is, DMEMwith 10% FBS, 20 nm
insulin and 1 nm T3, and this was subsequently changed
every 48 h for 4 days. After the cells had completely
differentiated to brown adipocytes, the 500 μl of CM
from the C2C12 cell culture was added to each well.

Histology

Inguinal white adipose tissue (iWAT) and BAT were
fixed with 4% paraformaldehyde (PFA; #HP2031,
Biosesang, Korea), and 3 μm thin paraffin-embedded
sections were created. Haematoxylin and eosin
(H&E) staining was performed following the standard
procedures. For immunohistochemical analysis, the
iWAT and BAT specimens were incubated with
anti-UCP1 (#ab10987, Abcam, UK; 1:400) overnight
at 4°C. All slides were stained using a horseradish
peroxidase/3,3′-diaminobenzidine (HRP/DAB) detection
immunohistochemistry (IHC) kit (#ab64261, Abcam).
All slides were analysed using a Pannoramic Scanner
(3DHISTECH, Hungary).

Fluorescence microscopy analysis

The cultured and treated brown adipocytes were fixed
with 4% PFA for 10 min, permeabilized, and blocked
with PBS containing 0.2% Triton X-100 (0.2% PBST) and
1% bovine serum albumin for 15 min. The cells were
incubated with anti-UCP1 (#ab10987, Abcam; 1:400)

© 2022 The Authors. The Journal of Physiology published by John Wiley & Sons Ltd on behalf of The Physiological Society.
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overnight at 4°C. Subsequently, the cells were incubated
with alexa-488 conjugated goat anti-rabbit immuno-
globulin G (IgG) secondary antibody (Invitrogen) for
30 min at room temperature. Finally, the secondary
antibody-treated cells were stained with mounting media
containing 4′,6-diamidino-2-phenylinodole (DAPI;
#D9542, Sigma) and analysed using a confocal micro-
scope (Carl Zeiss, Germany).

Western blot

Protein concentrations were measured using a
bicinchoninic acid (BCA) protein assay kit (#23227,
Thermo Scientific, USA). Equal amounts of proteins were
loaded, subjected to 10% SDS-PAGE, and transferred
to polyvinylidene fluoride membranes. Thereafter, the
membranes were incubated overnight at 4°C with the
following primary antibodies: anti-UCP1 (#ab10987,
Abcam; 1:2000), anti-PGC-1α (#ab54481, Abcam;
1:1000), anti-α-tubulin (#A01080, Abbkine; 1:5000),
anti-α-actin (#A2066, Sigma; 1:5000), anti-succinate
dehydrogenase complex, subunit A (anti-SDHA;
#5839, Cell Signalling, USA; 1:2000), anti-p-AMPK
(Thr172) (#5256, Cell Signalling; 1:1000) and anti-AMPK
(#2532, Cell Signalling; 1:1000). Finally, the membranes
were probed with appropriate secondary antibodies
(#PI-1000-1, Vector Laboratories, USA) for 2 h at room
temperature. The target proteins were detected with
enhanced chemiluminescence reagents (#170-5061,
Bio-Rad, USA) and analysed with Chemi-Doc XRS+
System (Bio-Rad). The protein levels were normalized
against α-tubulin expression levels using Image J software
(NIH, USA).

Quantitative real-time polymerase chain reaction
(qPCR)

The reverse transcribed cDNA was subjected to real-time
qPCR using the Sensi-Fast SYBR Green Hi-ROX Kit
(#BIO-92005, Meridian Bioscience, USA), according to
the manufacturer’s instructions. The mRNA expression
levels of the target genes were normalized to the
expression level of 36B4. The primer sequences used for
this PCR analysis are presented in Table 1.

The 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl
tetrazolium bromide (MTT) assay

Cell viability was measured using the MTT assay
(#M5655, Sigma). After treating the cells with serum or
CM, the medium was removed and the cells were washed
twice with Dulbecco’s PBS. Thereafter, 200 μl of MTT
solution (5 mg/ml) was added to each well and incubated
for 3 h. The absorbance was measured at 595 nm using a
microplate reader.

Cytokine assay

Serum from mice or CM from C2C12 adipokine and
cytokine (#MADKMAG-71K, Millipore, USA) levels
were analysed using the MAGPIX assay kit (Luminex,
USA). All experiments were performed according to the
manufacturer’s protocol.

Statistical analysis

Data are presented as means ± SD. Differences between
the two groups were analysed using a two-tailed t test.
Prism 7.00 was used for all statistical analyses. Statistical
significance was set at P< 0.05. ∗P< 0.05, ∗∗P< 0.01 and
∗∗∗P < 0.001.

Results

Effects of 4 weeks of exercise training on fat mass
and weight gain in C57BL/6 mice

The experimental design is shown in Fig. 1A. The daily
running distance recorded over a period of 4 weeks
is 8–10 km (Fig. 1B). As shown in Fig. 1C, the daily
cumulative food consumption is significantly higher in
the exercise group of mice, as compared with that in the
control group. Incidentally, despite the intake of a high
amount of food for 4 weeks, the voluntary wheel-running
exercise markedly lowers the body weight of the exercise
group (Fig. 1D). Moreover, these exercise-trained mice
have a significantly lower fat mass, fat mass/body weight
ratio (Fig. 1E) and a higher lean mass/body weight
ratio (Fig. 1F), as compared with those of the control
mice. Interestingly, the multiplex adipokine assay results
are significantly correlated with the phenotype data.
Particularly, the serum insulin and leptin levels are
significantly lower in the serum of the exercise group of
mice than those in the serumof the controlmice (Fig. 1G).
These results demonstrate that 4 weeks of voluntary
wheel-running exercise training is effective enough for
weight loss and modification of the serum insulin and
leptin levels.

Exercise training increases the thermogenic capacity
of white and brown adipose tissue

To investigate whether exercise induces weight loss
through the activation of browning capacity of adipose
tissues, we compared UCP1 expression and the browning
marker gene levels in iWAT and BAT after exercise
training. The H&E staining of adipose tissue sections
demonstrate that the size of adipocytes in the iWAT
and BAT is noticeably smaller in the exercise-trained
mice, as compared with that in sedentary mice (Fig. 2A).
Furthermore, exercise training not only activates BAT, but

© 2022 The Authors. The Journal of Physiology published by John Wiley & Sons Ltd on behalf of The Physiological Society.
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Figure 1. Voluntary wheel-running exercise training improves metabolic phenotype
A, scheme of 4 weeks of voluntary wheel-running exercise training. B, daily running distance (km) during exercise
training, n = 6 for exercise group. C, daily food intake (g) during exercise training and average food intake (g/day)
during experiment period, n = 6 for all groups. D, weekly body weight (0–4 weeks) and body weight after exercise,
n = 6 for all groups. E, F, body composition analysis, n = 6 for all groups. E, fat mass (g) and fat mass (g)/body
weight (g). F, lean mass (g) and lean mass (g)/body weight (g). G, serum adipokine levels (ng/ml) after exercise,
n = 4 for all groups. Data are represented as means ± SD. Differences between two groups were analysed using
a two-tailed t test.
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Figure 2. Voluntary wheel-running exercise training induces browning of inguinal white adipose tissue
(iWAT) and activation of brown adipose tissue (BAT)
A, haematoxylin and eosin (H&E) staining of iWAT and BAT tissues, n = 3 for all groups. B, immunohistochemical
staining of iWAT and BAT for detection of uncoupled protein-1 (UCP1) levels, n = 3 for all groups (scale
bar = 50 μm). C, UCP1 and peroxisome proliferator-activated receptor-gamma coactivator-1 alpha (PGC-1α)
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protein expressions in iWAT and BAT, n = 3 for all groups (scale bar = 100 μm); quantification of protein expression,
n = 3 for all groups. D, Ucp1 gene expression in iWAT and BAT, control (CON) = 5, exercise (EX) = 4. The expression
levels were normalized to the expression of 36B4 gene. E, whole-body oxygen consumption rate (VO2) (ml/h/kg)
were monitored in mice, CON = 3, EX = 5. F, whole-body heat generation (kcal/h/kg) was monitored in mice,
CON = 3, EX = 5. Data are represented as means ± SD. Differences between two groups were analysed using a
two-tailed t test. [Colour figure can be viewed at wileyonlinelibrary.com]

also stimulates iWAT to undergo a change to resemble
the BAT-like phenotype. We also performed immuno-
histochemical staining of iWAT and BAT with anti-UCP1
antibody. As shown in Fig. 2B, both iWAT and BAT of
the exercise-trained mice exhibit a highly positive stain
for UCP1. Similarly, western blot analysis also shows
that the UCP1 protein expression level is significantly
high (P < 0.05) in both iWAT and BAT of the exercise
group of mice. Additionally, even though the PGC-1α
protein level is significantly increased in the BAT of
the exercise group, there is no statistically significant
difference in its levels between the iWATs of the exercise
and control groups (P = 0.079) (Fig. 2C). Based on the
occurrence of this phenotype, we also investigated the
Ucp1 gene expression levels in iWAT and BAT of themice.
Incidentally, the exercise-trained mice show a significant
increase (P < 0.05) in the level of Ucp1 mRNA in their
iWAT as well as BAT (Fig. 2D).
We then evaluated the physiological mechanism under-

lying the exercise-induced thermogenic capacity using
indirect calorimetry. VO2 (Day, P< 0.05; Night, P< 0.05)

and heat generation (Day, P < 0.01; Night, P < 0.01)
were significantly increased in the exercise-trained mice
compared with the untrainedmice for 3 days from the end
of the exercise (Fig. 2E and F).

Activation of AMPK in skeletal muscles following
voluntary wheel-running exercise

In response to the wheel-running exercise, there is a
significant effect (P < 0.001) on AMPK phosphorylation
in the soleus muscle of the mice (Fig. 3A). Furthermore,
the 4 weeks of exercise training led to the increased
expression of slow fibre marker myosin heavy chain 7
(Myh7) and intermediate fibre markerMyh2 in the trans-
verse abdominal (TA) (Myh7 andMyh2: P< 0.05), gastro-
cnemius (Myh7: P < 0.05 and Myh2: P < 0.01) and
plantaris (Myh7: P= 0.452 andMyh2: P< 0.001) muscles.
However, there is no statistically significant difference in
the expression of these marker genes in the soleus muscle
of the two groups (Myh7: P = 0.225, Myh2: P = 0.665)
(Fig. 3B).
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in skeletal muscle
A, exercise increases AMPK
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training increases myosin heavy chain 7
(Myh7) and Myh2 gene expression in the
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36B4 gene. Data are represented as means
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were analysed using a two-tailed t test.
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Figure 4. Exercise-induced circulating factors in the serum of exercise-trained mice can activate brown
adipocytes by modulating uncoupled protein 1 (UCP1) expression
A, scheme of conditioned medium (CM) harvest and transfer experiment. B, relative cell survival (%) of
differentiated brown adipocytes treated with 1% and 5% serum obtained from exercise-trained mice assessed
by 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT) assays, n = 9 for all groups. C, immuno-
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fluorescence staining of differentiated brown adipocytes treated with 5% serum for UCP1 detection, n = 3 for
all groups. D, UCP1 protein expression was elevated in cells treated with 1% and 5% serum obtained from
exercise-trained mice. Succinate dehydrogenase complex, subunit A (SDHA) protein expression was elevated in
cells treated with 5% serum obtained from exercise-trained mice; bands were quantified, control (CON) serum:
n = 6; exercise (EX) serum: n = 5. E, Ucp1 mRNA expression in differentiated brown adipocytes treated with
1% and 5% serum obtained from exercise-trained mice, n = 8 for all groups. The expression of target genes
was normalized to the expression of 36B4 gene. Data are represented as means ± SD. Differences between two
groups were analysed using a two-tailed t test. Differences between the groups were analysed using one-way
ANOVA, post hoc Tukey’s test. P < 0.05 was considered statistically significant. [Colour figure can be viewed at
wileyonlinelibrary.com]

Effect of incubating differentiated brown adipocytes
with serum extracted from exercise-trained mice

The experimental design of incubating differentiated
brown adipocytes with serum extracted from
exercise-trained mice is shown in Fig. 4A. As shown
in Fig. 4B, post-incubation with the mouse serum, the
differentiated brown adipocytes did not exhibit any
significant concentration-dependent difference in cell
viability. Subsequently, we examined the UCP1 protein
level in these brown adipocytes to determine whether
they undergo activation upon incubation with serum
containing exercise-induced factors. As expected, the
UCP1 protein level is robustly increased in the cells
treated with serum extracted from exercise-trained mice
(Fig. 4C). Furthermore, western blot analysis showed
that UCP1 (P < 0.05) protein levels were significantly
elevated in the adipocytes treated with serum (1% and
5%, respectively) obtained from the exercise mice group,
compared with that in the adipocytes treated with serum
obtained from the control mice group (Fig. 4D). However,
SDHA protein levels were significantly elevated only in
the cells treated with 5% serum (P < 0.05). Additionally,
Ucp1 mRNA expression is significantly increased
(P < 0.01) in the adipocytes treated with the serum
of exercise-trained mice in a concentration-dependent
manner (Fig. 4E).

Effect of AICAR treatment on C2C12 myotubes

Fully differentiated C2C12 myotubes were treated with
AICAR to induce effects similar to aerobic exercise,
thereby leading to the presence of the exercise-induced
secretome in the CM.We determined whether the C2C12
myoblasts had completely differentiated into myotubes
with skeletal muscle properties by checking the Myh7
(D0 vs. D2, D4 and D6; P < 0.001) and Myh2 (D0
vs. D2, D4 and D6; P < 0.001) mRNA levels (Fig. 5B
and C). To evaluate the effect of AICAR treatment
on myotubes, we investigated the extent of AMPK
phosphorylation (P < 0.01) and confirmed its significant
increase post-AICAR treatment (Fig. 5D). Furthermore,
AICAR treatment increases Myh7 (P < 0.05) and Myh2
(P < 0.05) mRNA expressions in the C2C12 myotubes
(Fig. 5E).

Effect of AICAR treatment-induced secretome derived
from C2C12 myotubes on activation of differentiated
brown adipocytes

We attempted to verify whether the differentiated brown
adipocytes could be activated by the secretome of the
C2C12 myotubes released upon induction by mimetics of
aerobic exercise. The experimental design of the C2C12
cell CM transfer into the differentiated brown adipocyte
culture plates is shown in Fig. 5A. After incubating the
brown adipocytes with the CM of the AICAR-treated
C2C12myotubes, we determined its effects on the activity
of differentiated brown adipocytes. Firstly, there is no
significant toxicity in cell viability of the CM-transferred
differentiated brown adipocytes (Fig. 6A). Moreover, the
Ucp1 mRNA level (P < 0.01) and the expressions of
other thermogenic marker genes (Pgc-1α, P < 0.01
and Cidea, P < 0.05) are significantly increased in the
CM-treated cells (Fig. 6B). Western blot analysis shows
that incubation of differentiated brown adipocytes for 24 h
with AICAR-treated CM significantly increases UCP1
(P < 0.01) and SDHA (P < 0.05) protein expressions, as
compared with that in the control CM (Fig. 6C).

Effect of AICAR treatment-induced AMPK activation
on UCP1 expression in differentiated brown
adipocytes

To investigate the AMPK-dependent expression of UCP1
in brown adipocytes, AMPKα1 and AMPKα2 were
knocked down in C2C12 myotubes and then treated
with AICAR (Fig. 7A). There was no significant toxicity,
as observed from the cell viability of the AMPKα1
and AMPKα2 knock-down C2C12 myotubes (Fig. 7B).
The expression of AMPK protein was suppressed in
C2C12myotubes transfected with target siRNA compared
with that of non-target siRNA (P < 0.01) (Fig. 7C).
Furthermore, phosphorylation and expression of AMPK
levels were significantly abolished despite the AICAR
(Fig. 7D).
After incubating the brown adipocytes with the CM

of the AICAR-treated AMPKα1 and α2 knock-down
C2C12 myotubes, we determined CM effects on the
activity of differentiated brown adipocytes. Firstly, there
was no significant toxicity, as observed from the cell
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Figure 5. Administration of 5-aminoimidazole-4-carboxamide ribonucleotide (AICAR) increases
activation of AMP-activated protein kinase (AMPK) in C2C12 myotubes
A, scheme of cell culture and conditioned medium (CM) transfer experiments. B, myosin heavy chain 7 (Myh7)
mRNA expression levels during differentiation of C2C12 cells, n = 4 for all groups. C, Myh2 mRNA expression
levels during differentiation of C2C12 cells, n = 4 for all groups. D, phosphorylated-AMPK (p-AMPK) (Thr172) and
total AMPK protein levels in differentiated C2C12 myotubes treated with 1 mM AICAR. Protein expressions were
quantified, n = 3 for all groups. E, Myh7 and Myh2 gene levels post-AICAR treatment, n = 4 for all groups. Data
are represented as means ± SD. Differences between the two groups were analysed using a two-tailed t test.
To compare more than two groups, one-way ANOVA, Tukey’s multiple comparisons test and Dunnett’s test were
used. P < 0.05 was considered statistically significant.
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viability of the CM-transferred differentiated brown
adipocytes (Fig. 7E). Western blot analysis showed that
the incubation of differentiated brown adipocytes for
24 h with AICAR-treated CM significantly increased
UCP1 protein expression (P < 0.05), compared with that
in the control CM. However, the expression of UCP1
protein was significantly suppressed in AMPK α1 and
α2 knock-down brown adipocytes despite the AICAR
treatment (Fig. 7F).

AICAR treatment induces changes in cytokine levels
released by C2C12 myotubes

AICAR-treated C2C12 myotubes exhibit a significantly
high release of interleukin 6 (IL-6; P < 0.001) (Fig. 8A),
whereas the release of monocyte chemoattractant
protein-1 (MCP-1) is significantly low (P< 0.01) (Fig. 8B).
Next, we investigated the myotubes treated with the

combination of IL-6 neutralizing antibody and AICAR
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Figure 6. Conditioned medium (CM) of the 5-aminoimidazole-4-carboxamide ribonucleotide
(AICAR)-treated C2C12 cells activates brown adipocytes by modulating uncoupled protein 1
(UCP1) expression
A, relative cell survival (%) of differentiated brown adipocytes incubated with CM of AICAR-treated, differentiated
C2C12 cells determined by 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT) assays, n = 7 for
all groups. B, brown adipose tissue (BAT) activation-associated marker gene expression in differentiated brown
adipocytes incubated with CM, n = 4 for all groups. The expression of target genes was normalized to the
expression of the 36B4 gene. C, UCP1 and succinate dehydrogenase complex, subunit A (SDHA) protein levels
in differentiated brown adipocytes incubated with CM of the AICAR-treated differentiated C2C12 cells; protein
expression levels were quantified, n = 4 for all groups. Data are represented as means ± SD. Differences between
the two groups were analysed using a two-tailed t test. For a comparison of more than two groups, the one-way
ANOVA and Tukey’s multiple comparisons tests were used.
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Figure 7. Conditioned medium (CM) of the AICAR-treated AMPK knock-down C2C12 cells failed to
modulate UCP1 expression in brown adipocytes
A, scheme of cell culture, siRNA treatment, AICAR treatment, and CM transfer experiments. B, relative cell survival
(%) of differentiated C2C12 myotubes treated with 30 nM of AMPKα1 and AMPKα2 siRNA with or without
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AICAR, n = 4−5. C, AMPK protein levels in differentiated C2C12 myotubes treated with 30 nM of AMPKα1 and
AMPKα2 siRNA. Protein expressions were quantified, n = 3 for all groups. D, AMPK phosphorylation and expression
levels with and without AICAR treatment in differentiated C2C12 myotubes treated with 30 nM of AMPKα1
and AMPKα2 siRNA. Protein expressions were quantified, n = 3−4 for all groups. E, relative cell survival (%) of
differentiated brown adipocytes incubated with CM of AMPK knock-down with AICAR-treated, differentiated
C2C12 cells determined, n = 8 for all groups. F, UCP1 protein levels in differentiated brown adipocytes incubated
with CM of the AICAR-treated AMPK knock-down C2C12 myotubes. Protein expression levels were quantified,
n = 6 for all groups. Data are represented as means ± SD. Differences between the groups were analysed using
one-way ANOVA and post hoc Tukey’s multiple comparisons test. P < 0.05 was considered statistically significant.
[Colour figure can be viewed at wileyonlinelibrary.com]

(Fig. 8C). IL-6 neutralizing antibody (1 μg) effectively
blocked IL-6 release in C2C12myotubes without affecting
cell viability (Fig. 8D). Phosphorylation and expression
of UCP1 were significantly abolished by IL-6 Ab despite
the treatment with AICAR (Fig. 8E). IL-6 Ab-treated
CM did not abolish AICAR-induced UCP1 expression
in differentiated brown adipocytes without affecting cell
viability (Fig. 8F and G).

Discussion

The current study examined the role of exercise-induced
secretory factors in stimulating the expression of UCP1
in brown adipocytes. We observed that the serum
extracted from exercise-trained mice could induce an
increased expression of the UCP1 gene and protein in
brown adipocytes. Furthermore, SDHA protein levels
were also significantly increased. These results suggest that
exercise-induced serum factors are potent regulators that
positively modulate mitochondrial function and UCP1
expression in BAT.
The UCP1 protein is generally considered as a potent

regulator of whole-body energy metabolism in both
rodents and humans because it is abundantly present
in the mitochondria, and it regulates heat generation
(Feldmann et al., 2009; Flouris et al., 2017; Ikeda &
Yamada, 2020; Okamatsu-Ogura et al., 2020). Since the
metabolic benefits of browning of adipose tissue are
well-established, there has been an increased focus on
the various factors that stimulate UCP1 expression and
the browning of the adipocytes. Although UCP1 levels are
mainly controlled by cold exposure or β3-adrenergic
receptor activation during activation of BAT and
browning of WAT (Chouchani et al., 2019; Feldmann
et al., 2009; Ikeda & Yamada, 2020; Okamatsu-Ogura
et al., 2020; Winn et al., 2017), accumulating evidence has
revealed that exercise is also a potent stimulator of UCP1
expression in adipose tissues.
Several studies have reported an increase in UCP1

during the exercise-induced conversion of white to beige
adipocytes, especially in iWAT (Knudsen et al., 2014;
Lehnig & Stanford, 2018; Ringholm et al., 2013; Shirkhani
et al., 2018; Stanford et al., 2015; Xiong et al., 2019).
However, there are conflicting reports regarding the
effectiveness of exercise in BAT activation. One study has

reported that 6 weeks of swimming training increases
BAT mass and the amount of UCP1 protein in BAT
(Ohishi et al., 1996). Another study has demonstrated that
8 weeks of swimming exercise increases mitochondrial
activity and iodothyronine deiodinase 2 (Dio2) enzyme
activity in rats (Ignacio et al., 2012). In contrast, recent
studies have indicated a decrease in BAT activity in
response to exercise in both rodents and humans.
For instance, 8 weeks of treadmill exercise decreased
UCP1 expression in the BAT of rats (Wu et al., 2014).
Furthermore, a human study showed that endurance
exercise training decreases cold-induced BAT activation
and supraclavicular BAT mass in young male athletes
(Vosselman et al., 2015). These contradictory results
emphasise the necessity of studying the effects of exercise
training on BATmetabolism. Therefore, our experimental
design is an extremely important and unique method
for investigating whether the exercise-induced circulating
factors closely affect the BAT activation. Although this
study did not identify the specific, exercise-induced,
circulatory factors, our results demonstrate that 4 weeks of
exercise training can increase activation of BAT;moreover,
when the serum extracted from these exercise-trained
mice was added to fully differentiated brown adipocytes,
there was an increase in the UCP1 expression. We believe
that these observations will form an important clue in the
discussions regarding the conflicting role of exercise in
activating BAT.
Many studies have explored the nature of UCP1

expression during aerobic exercise due to the high rate
of oxygen consumption and free fatty acid mobilization
during such exercises (Gollisch et al., 2009; Joyner &
Green, 2009). Aerobic exercise stimulates a multi-step
signal transduction that occurs throughAMPKactivation;
in fact, AMPK has been identified as a sensor for intra-
cellular energy stress in skeletal muscles, liver and adipose
tissues (Jakobsen et al., 2001; Musi & Goodyear, 2003;
van der Vaart et al., 2021). Therefore, we hypothesized
that factors released upon AMPK activation in the skeletal
muscles may induce the expression of UCP1 in brown
adipocytes. To mimic the effects of aerobic exercise
on skeletal muscle cells, we treated fully differentiated
C2C12 myotubes with AICAR. Thereafter, the CM of the
AICAR-treated C2C12 myotubes was collected, and the
brown adipocytes were incubated with it. Surprisingly,
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Figure 8. AICAR-induced IL-6 secreted conditioned medium (CM) increases the expression of UCP1 in
brown adipocytes
A, serum interleukin-6 (IL-6) concentration, n = 4 for all groups. B, serum monocyte chemoattractant protein 1
(MCP-1) concentration, n = 4 for all groups. C, scheme of cell culture, IL-6 neutralizing antibody (IL-6 Ab) treatment,
AICAR treatment and CM transfer experiments. D, relative cell survival (%) of differentiated C2C12 myotubes
treated with IL-6 Ab with or without AICAR, n = 7. E, phosphorylation and expression of AMPK protein levels
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in differentiated C2C12 myotubes treated with 1 μg/ml of IL-6 Ab with or without AICAR. Protein expressions
were quantified, n = 3 for all groups. F, relative cell survival (%) of differentiated brown adipocytes incubated with
the CM of IL-6 Ab with or without AICAR, n = 7 for all groups. G, UCP1 protein levels in differentiated brown
adipocytes incubated with the CM of IL-6 neutralized with or without AICAR from C2C12 myotubes. Protein
expression levels were quantified, n = 4 for all groups. Data are expressed as means ± SD. Differences between
the groups were analysed using one-way ANOVA and post hoc Tukey’s test. P < 0.05 was considered statistically
significant. [Colour figure can be viewed at wileyonlinelibrary.com]

AICAR-induced activated AMPK significantly increased
the UCP1 expression. These results show that aerobic
exercise-induced AMPK has a significant effect on UCP1
expression in BAT.
Finally, we measured the cytokine levels in the CM

of AICAR-treated C2C12 myotubes to determine what
led to these changes. Incidentally, the AICAR-treated
C2C12 myotubes released a significantly high amount
of IL-6 and a significantly low amount of MCP-1.
These results are consistent with those of previous
studies, which report an increase in IL-6 and a
decrease in MCP-1 during exercise (Diniz et al., 2019;
Troseid et al., 2004). Moreover, previous studies have
also reported that an increase in IL-6 promotes UCP1
expression, and a decrease in MCP-1 promotes browning
of adipocytes (Laurens et al., 2020; Rajasekaran et al., 2019;
Severinsen & Pedersen, 2020). Similarly, our observations
suggest that activation of AMPK in skeletal muscle
induces activation of brown adipocytes by promoting
IL-6 release and inhibitingMCP-1 release. However, since
several factors are associated with AICAR-treated CM,
reasoning that the increase in IL-6 or the decrease in
MCP1 had a significant effect on the expression of UCP1
would be far-fetched and could indicate a limitation.
In addition, the expression of UCP1 protein was not
suppressed upon treatment with IL-6-neutralized CM.
Presumably, other factors contributed to the expression
of UCP1. However, the inability to identify the specific
factors involved is a limitation of our study.
Because the molecular experiments required to under-

stand obesity and metabolic syndrome to the degree
required for discover cannot be easily performed in
human subjects, translation from animals to humans
is necessary. Although basic metabolic and physio-
logical mechanisms are well conserved between mice
and humans, there are still barriers to translating
animal studies to humans. According to previous studies,
increasing the housing temperature of mice from room
temperature to 27−30°C (thermoneutrality) is amenable
for translation between humans and mice (Keijer et al.,
2019; Raun et al., 2020; Seeley & MacDougald, 2021).
However, a recent study has suggested that studying
mice at thermoneutrality is not conducive, because
the thermal biology of mice is fundamentally different
from that of humans and 30°C conditions could be
activating the immune system (Skop et al., 2020). In
addition, several groups have recently reported that the
voluntary wheel-running distance of mice is significantly

reduced in thermoneutral conditions compared with
room temperature (Raun et al., 2020; Takahashi et al.,
2019). These findings signify limitations as to whether
the exercise effect can be adequately explained when the
mouse exercised in specific conditions. This is also a
limitation of this study.
Fortunately, however, there have been well-

documented studies that have reported similarity in
BAT functions between humans and mice. The studies
have directly quantified UCP1 function in human BAT
(Porter et al., 2016) and suggested that human BAT has a
respiratory capacity greater than that of WAT and UCP1
function is similar in human and rodent BAT. Therefore,
our findings could be expected to yield similar results
when applied to humans.
In conclusion, the present data suggest that exercise

can cause UCP1 activation in brown adipocytes, and this
might help to resolve the previous conflicting reports.
Although further studies are required to determine the
details of the underlying molecular signalling pathways
that contribute to the activation of BAT, the results
of our study may provide a better understanding of
exercise-induced UCP1 expression in differentiated
brown adipocytes.
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