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Purpose: This study aimed to investigate the effects of single-bout exercise on mitochondrial function, dynamics (fusion, fis-
sion), and mitophagy in cardiac and skeletal muscles.

Methods: Fischer 344 rats (4 months old) were randomly divided into the control (CON) or acute exercise (EX) group (n=10
each). The rats performed a single bout of treadmill exercise for 60 minutes. Mitochondrial function (e.g., O, respiration, H,O,
emission, Ca’* retention capacity), mitochondrial fusion (e.g., Mfn1, Mfn2, Opal), mitochondrial fission (e.g., Drp1, Fisl),
and mitophagy (e.g., Parkin, Pinkl, LC3II, Bnip3) were measured in permeabilized cardiac (e.g., left ventricle) and skeletal
(e.g., soleus, white gastrocnemius) muscles.

Results: Mitochondrial O, respiration and Ca*" retention capacity were significantly increased in all tissues of the EX group
compared with the CON group. Mitochondrial H,O, emissions showed tissue-specific results; the emissions showed no sig-
nificant differences in the left ventricle or soleus (type I fibers) but was significantly increased in the white gastrocnemius (type
IT fibers) after acute exercise. Mitochondrial fusion and fission were not altered in any tissues of the EX group. Mitophagy
showed tissue-specific differences: It was not changed in the left ventricle or white gastrocnemius, whereas Parkin and LC3II
were significantly elevated in the soleus muscle.

Conclusions: A single bout of aerobic exercise may improve mitochondrial function (e.g., O respiration and Ca*" retention
capacity) in the heart and skeletal muscles without changes in mitochondrial dynamics or mitophagy.
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o HIGHLIGHTS
- A single bout of aerobic exercise improved mitochondrial function (e.g., O, respiration and Ca** retention capacity) in the heart and skeletal muscles.
- A single bout of aerobic exercise did not alter mitochondrial dynamics (fusion, fission) in the heart and skeletal muscles.
- A single bout of aerobic exercise did not alter mitophagy in the heart.
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INTRODUCTION

Mitochondria play an important role in cellular respiration, ox-
idative stress, and calcium homeostasis. Previous studies sug-
gested that mitochondrial dysfunction is associated with diverse
diseases such as obesity, diabetes, and cancer, demonstrating
that the underlying mechanisms are characterized by a defi-
ciency in mitochondrial O; respiration and a decrease in mito-
chondrial ATP production. Indeed, Petersen et al. [1] reported
that insulin resistance results from reduced activity of oxidative
phosphorylation complexes and decreased mitochondrial ATP
production. Several studies reported that increased mitochon-
drial reactive oxygen species (ROS) are associated with the
pathogenesis of the above-mentioned diseases. For example,
Montaigne et al. [2] reported that elevated myocardial oxidative
stress is associated with type 2 diabetes regardless of weight sta-
tus. In addition, a decreased mitochondrial Ca*" retention ca-
pacity is linked with mitochondrial permeability transition pore
(mPTP) opening, which contributes to cellular apoptosis. In-
deed, Anderson et al. [3] showed that atrial tissues of type 2 dia-
betic humans had increased sensitivity to mPTP opening re-
sulting from Ca** stimulation and an abundance of active cas-
pase 9.

Mitochondria are dynamic organelles that undergo cycles of
structure and morphology, referred to as mitochondrial dy-
namics (fusion, fission) [4]. The dynamic interaction between
mitochondrial fusion and fission controls cell survival, growth,
and division as well as mitochondrial distribution during dif-
ferentiation [4]. Several studies have reported the relationship
between mitochondrial dynamics and insulin activity. Indeed,
Weng et al. [5] showed that fusion-related molecules increased
glucose uptake and insulin signaling, whereas fission-related
molecules decreased glucose uptake. Mitochondria also go
through a step of autophagy known as mitophagy (mitochon-
drial autophagy), the removal of damaged or abnormal mito-
chondria. Greene et al. [6] showed that mitophagy proteins
(e.g., Bnip3, p62) were reduced in the skeletal muscle by obesity,
suggesting that damaged or abnormal mitochondria in obesity
are not well removed.

Exercise training has a protective effect on the incidence of
diverse diseases, and mitochondrial function, dynamics, and
mitophagy may be potential mechanisms linked to various dis-
eases. For these reasons, previous studies established the effects
of exercise training on various diseases. Indeed, many studies
have investigated the changes in mitochondrial function [7],
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mitochondrial dynamics [8], and mitophagy [9] in skeletal
muscle according to various intensities and types of exercise
training. Likewise, studies have examined the changes in mito-
chondrial function [10] and mitochondrial dynamics [11] in
the heart. However, studies on the impacts of acute exercise are
scarce compared to those of chronic exercise in the cardiac and
skeletal muscle. Furthermore, the results of mitochondrial oxi-
dative stress and dynamics in skeletal muscle is contradictory
among studies. Therefore, this study was performed to deter-
mine the effects of acute exercise on mitochondrial function,
dynamics, and mitophagy in cardiac and skeletal muscles.

MATERIALS AND METHODS

Animals and Ethical Approval

Four-month-old Fischer 344 rats were randomly divided into
the control (CON) or acute exercise (EX) group (n=10 each).
We abided by the stipulation of the National Institutes of Health
and the guidelines of the Korean Academy of Medical Science
with respect to procedures for animal experiments. This experi-
ment was approved by the Kyung Hee University Institutional
Animal Care and Use Committee (Seoul, Korea) (KHUASP
[SE]-17-089).

Exercise Design

The treadmill exercise was conducted after an adaptation peri-
od of about 10 minutes for a week. The EX group performed a
single bout treadmill exercise at 20 m/min and 0% incline for
60 minutes at an intensity of approximately 60%-70% of VO,
max [12].

Mitochondrial Function

The left ventricle, soleus, and white gastrocnemius were separat-
ed in ice cold buffer X containing 7.23mM KEGTA, 2.77mM
Ca KLbEGTA, 20mM imidazole, 0.5mM DTT, 20mM taurine,
5.7mM ATP, 14.3mM phosphocreatine, 6.56mM MgCl.-6H.O,
and 50mM 2-(N-morpholino) ethanesulfonic acid. The sepa-
rated myofibers were permeabilized using saponin. Following
mitochondrial permeabilization for 30 minutes at 4°C, the
myofibers were washed for at least 15 minutes before perform-
ing mitochondrial function analysis. Mitochondrial O, con-
sumption was measured through high-resolution respirometry
(Oroboros O2K Oxygraph, Innsbruck, Austria) with an assay
buffer consisting of Buffer Z with the addition of 50uM ethyl-
ene glycol tetraacetic acid (EGTA) and 20mM creatine. The
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mitochondrial O, consumption protocol is as follows: 5mM
glutamate+2mM malate, 4mM ADP, and 10mM succinate. Mi-
tochondrial H,O, emissions were measured by a Spex Fluormax
4 spectrofluorometer (HORIBA Jobin Yvon, Edison, NJ, USA)
at 37°C. The experiments were conducted with buffer Z added
to Amplex Red, horseradish peroxidase, and oligomycin, an in-
hibitor of mitochondrial ATP synthase. The mitochondrial
H,O, emission protocol is as follows: 5mM glutamate+2mM
malate (complex I substrate), 10mM succinate (complex II sub-
strate), and 10mM glycerol-3 phosphate (lipid substrate). The
mitochondrial Ca* retention capacity was analyzed using a
Spex Fluormax 4 spectrofluorometer. Overlaid traces of changes
in Ca**-induced fluorescence by Calcium Green-5N were mea-
sured continuously (AF/min) at 37°C during state 4 condition.
After establishing background AF (1uM Calcium Green-5N,
80uM EGTA, 0.5M glutamate, and 0.2M malate in Buffer Z), we
initiated the reaction by adding Ca* pulses (30uM) with excita-
tion and emission wavelengths of 506 and 532 nm, respectively.

Western Immunoblot Analysis

Protein levels of mitochondrial fusion, fission, and mitophagy
were determined. Soleus, white gastrocnemius, and left ventri-
cle tissues were collected and immediately frozen at -80°C. Ap-
proximately 30 pg of tissues were homogenized with lysis buffer
and centrifuged at 14,000 rpm for 20 minutes. Protein concen-
trations were quantitated by bicinchoninic assay. Protein was
denatured at 95°C for 5 minutes, separated on sodium dodecyl
sulfate—polyacrylamide gel with running buffer at 100 V for 2
hours and then transferred onto a nitrocellulose membrane on
ice at 170 mA for 1.5 hours. After ponceau S staining, the mem-
branes were blocked with 5% skim milk in Tris-buffered saline
containing 0.1% Tween-20 for 2 hours. The membranes were
incubated with primary antibodies overnight at 4°C. The mem-
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brane was then incubated at room temperature for 1 hour with
secondary antibodies. The bands were detected by an enhanced
chemiluminescence detection reagent kit. Protein bands were
expressed using Chemidoc (Bio-Rad, Hercules, CA, USA).

Statistical Analysis

Data are presented as mean + standard error of the mean. An
independent t-test analysis of variance was performed to deter-
mine the effects of a single bout of exercise. The significance
level was set at 0.05. All graphs were generated using Prism 5
(GraphPad, La Jolla, CA, USA).

RESULTS

Effects of Acute Exercise on Mitochondrial Function in
Cardiac and Skeletal Muscles

Mitochondrial O, consumption was measured with the follow-
ing steps: basal, glutamate+malate (substrates of complex I,
state 2), ADP (state 3), and succinate (substrate of complex II,
state 3) (Fig. 1). Acute exercise significantly augmented gluta-
mate and malate-stimulated O, respiration added to basal res-
piration (GM2) by 62% in the permeabilized left ventricle
(P<0.05) (Fig. 1A). In left ventricle tissues treated with acute
exercise, mitochondrial O, consumption was increased by 63%
in ADP-induced O; respiration supported by glutamate and
malate (GM3, P<0.05) (Fig. 1A). Likewise, mitochondrial O,
consumption was elevated by 74% upon the addition of succi-
nate to GM and ADP (GMS:) in the left ventricle (P <0.05)
(Fig. 1A). Acute exercise significantly increased all stages in-
cluding GM2, GM3, and GMS3 by 13%, 76%, and 99%, respec-
tively, in permeabilized soleus muscle (P <0.05) (Fig. 1B). In the
permeabilized white gastrocnemius muscle, acute exercise did
not increase GM2 stage, but it did significantly elevate GM3,
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Fig. 1. The effects of acute exercise on mitochondrial O, consumption in the left ventricle (A), soleus (B), and white gastrocnemius
(C). The data are shown as mean +standard error of the mean. GM2, glutamate+malate (state 2); GM3, glutamate+malate+ ADP
(state 3); GMS3, glutamate+malate+succinate+ADP (state 3); CON, control group; EX, exercise group. *P <0.05 compared to the

control group.
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and GMS3 by 65% and 72%, respectively (P <0.05) (Fig. 1C). did not significantly change mitochondrial H,O, emission in
In the left ventricle and soleus fibers, a single bout of exercise GM, GMS, and GMSG3P conditions (Fig. 2A, B). However, in
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Fig. 2. The effects of acute exercise on mitochondrial H,O, emission in the left ventricle (A), soleus (B), and white gastrocnemius (C).
The data are shown as mean + standard error of the mean. GM, glutamate+malate; GM3, glutamate+malate+ADP; GMSG3P, glutam
ate+malate+succinate+glycerol-3 phosphate; CON, control group; EX, exercise group. *P < 0.05 compared to the control group.
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Fig. 3. The effects of acute exercise on mitochondrial Ca* retention capacity in the left ventricle (A), soleus (B), and white gastrocne-
mius (C). The data are shown as mean * standard error of the mean. CON, control group; EX, exercise group. *P <0.05 compared to
the control group.
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the white gastrocnemius muscle supported by GMS and GMS- (P<0.05) (Fig. 2C). Acute exercise significantly increased the
G3P, mitochondrial H,O, emission was significantly increased mitochondrial Ca** retention capacity by 59% in the left ventri-
by 19% and 24% in the EX group and CON group, respectively cle (P<0.05) (Fig. 3A). Likewise, in the soleus and white gas-
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Fig. 5. The effects of acute exercise on mitochondrial dynamics in Mfn1 (A), Mfn2 (B), Opal (C), Drpl (D), and Fisl (E) of soleus
muscle. The data are shown as mean + standard error of the mean. CON, control group; EX, exercise group.
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trocnemius muscle: The data are shown as mean + standard error of the mean. CON, control group; EX, exercise group.
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trocnemius muscles, mitochondrial Ca® retention capacity in 23%, respectively) (P <0.05) (Fig. 3B, C).
the EX group was higher than that in the CON group (62% and
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Fig. 7. The effects of acute exercise on mitochondrial mitophagy in Parkin (A), Pink1 (B), LC3II (C), and Bnip3 (D) of left ventricle.
The data are shown as mean * standard error of the mean. CON, control group; EX, exercise group.
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nemius muscle. The data are shown as mean + standard error of the mean. CON, control group; EX, exercise group.
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group.

Effects of Acute Exercise on Mitochondrial Dynamics
(Fusion, Fission) and Mitophagy in Cardiac and Skeletal
Muscles

In the left ventricle, none of the mitochondrial dynamics pro-
teins differed between the groups (Fig. 4). In the soleus (Fig. 5)
and white gastrocnemius (Fig. 6) muscles, no statistical differ-
ences in mitochondrial dynamics were observed in the EX
compared with the CON group. In the left ventricle (Fig. 7) and
white gastrocnemius muscle (Fig. 8), there were no significant
intergroup differences in mitophagy-related proteins. However,
in the soleus muscle, statistical increases were observed in Par-
kin and LC3II protein levels in the EX group compared with
the CON group (Fig. 9A, C), whereas no significant intergroup
differences were seen in Pinkl or Bnip3 (Fig. 9B, D).

DISCUSSION

Here we observed that a single bout of exercise augmented mi-
tochondrial O, respiration and Ca* retention capacity in all
tested tissues (left ventricle, soleus, white gastrocnemius). How-
ever, a single bout of exercise showed tissue-specific results in
mitochondrial H,O, emission, increasing mitochondrial H,O.

S28 www.einj.org

emissions in white gastrocnemius without showing statistically
significant changes in the left ventricle or soleus. However, a
single bout of exercise did not show any statistical differences in
mitochondrial fusion and fission in any of the tissues. In partic-
ular, a single bout of exercise revealed tissue-specific mitophagy
findings.

We examined whether mitochondrial function can be affect-
ed by a single bout of exercise. The current study demonstrated
that mitochondrial O, respiration was significantly increased by
acute exercise in all tissues (Fig. 1). These findings of an in-
creased mitochondrial O, consumption following a single bout
of exercise are consistent with those of previous studies and
shows increased respiratory capacity of mitochondria in cardiac
[13] and skeletal [14] muscles. Based on the notion that mito-
chondrial O, respiration and ATP production concurrently oc-
cur, the improved mitochondrial O, respiration may be related
to activation of the mitochondrial functional capacity and ATP
production.

We also analyzed mitochondrial H,O, emission. Mitochon-
drial ROS is generated by products of the mitochondrial elec-
tron transfer chain during coupled respiration in complexes I
and IIT [15]. ROS plays different biological roles depending on

Int Neurourol J February 28,2019
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its concentration: (1) appropriate ROS is an essential mediator
of cellular signaling and redox signals that are necessary for cel-
lular homeostasis [16]; (2) a low level of ROS is needed for cel-
lular differentiation, proliferation, growth, and adaptive re-
sponses [17]; (3) excessive ROS production induces both mito-
chondrial dysfunction and oxidative stress in proteins, nuclear
DNA, mtDNA, and lipids [16]. In previous studies, regular ex-
ercise reduced ROS and elevated antioxidant enzymes in isolat-
ed heart mitochondria [10] and skeletal muscle [7]. However,
several previous studies reported that acute exercise, unlike
chronic exercise, augments mitochondrial oxidative stress [18].
In the current study, we observed that a single bout of exercise
showed tissue-specific differences in mitochondrial H,O, emis-
sion (Fig. 2). We conjectured that these tissue-specific differ-
ences may have been due to the number of different mitochon-
dria depending on the tissues. Mitochondria are abundant in
metabolic energy-demanding cardiac tissue, constituting 20%-
40% of cellular volume [19], and are the second most plentiful
in skeletal muscle because of its high metabolic need for mito-
chondrial ATP production in 3%-8% of skeletal muscle tissues
[20]. In particular, among skeletal muscles, the number of mi-
tochondria between red and white muscles is mainly matched
by metabolic demand differences depending on exercise type
[21]. Thus, we believe that mitochondrial H,O, emissions are
tissue-specific as follows: (1) mitochondrial H,O, emission was
not affected in the heart, where mitochondria are most abun-
dant; (2) mitochondrial H,O, emissions were not altered in the
soleus, where mitochondria are mainly used during aerobic ex-
ercise; and (3) mitochondrial H,O, emissions were significantly
increased in the white gastrocnemius, which has relatively few
mitochondria.

We also measured mitochondrial Ca* retention capacity.
Mitochondrial Ca** plays an essential role in cellular function
in terms of influencing energy production and apoptosis [22].
Mitochondria regulates energy production by activating F,Fo-
ATPase and the mitochondrial dehydrogenases responsible for
nicotinamide adenine dinucleotide generation [23] and con-
trolling apoptosis by regulating Ca** uptake [22]. According to
previous studies, a damaged mitochondrial Ca** retention ca-
pacity is associated with programmed cell death, whereas the
impacts of acute exercise on mitochondrial Ca** uptake have
not been fully studied. In the present study, we observed that
the mitochondrial Ca* retention capacity was significantly in-
creased by acute exercise in all tissues (Fig. 3). We conclude that
these results may be related to improved energy production and

Int Neurourol J February 28,2019

the protective role of acute exercise in mitochondria-mediated
apoptosis.

Mitochondrial dynamics play an essential role in normal mi-
tochondrial and cellular function [24]. Physical fusion between
mitochondrial membranes could facilitate the exchange of mi-
tochondrial molecules (proteins, metabolites, mtDNA), while
mitochondrial fission could separate dysfunctional and unnec-
essary mitochondria by dividing the mitochondria into smaller
components [25]. In the current study, we hypothesized that
mitochondrial fusion is stimulated by energy demand due to
acute exercise-induced energy deprivation. However, in this
study, mitochondrial fusion proteins showed a tendency to in-
crease without statistical significance in all tissues (Figs. 4-6).
According to a previous study; the short exercise duration and
absence of a recovery period may account for the insignificant
difference in fusion proteins [24]. Indeed, one study in humans
documented unchanged Mfn1 and Mfn2 protein levels after a
single bout of exercise [26]. We conclude that energy loss due to
acute exercise was insufficient to stimulate mitochondrial fu-
sion. Meanwhile, the transcriptional regulation of mitochon-
drial dynamics correlated with exercise intensity [24]. Previous
studies showed that exhaustive exercise-induced excessive ROS
production causes mitochondrial fragmentation [27,28]. In-
deed, a study in rats documented the transcriptional upregula-
tion of Fisl following intense exercise [29]. However, in this
study, mitochondrial fission proteins tended to decrease with-
out statistical significance in all tissues (Figs. 4-6). Thus, we
conclude that mitochondrial fission is activated by high-inten-
sity exercise; our measured fission proteins may not have been
affected because of the moderate-intensity exercise protocol
used in this study.

Mitochondrial autophagy (mitophagy) refers to the selective
autophagic process of mitochondria. Mitophagy corresponds to
mitochondrial quality control because it promotes the turnover
of damaged mitochondria and inhibits the accumulation of
dysfunctional mitochondria that are consequently associated
with mitochondrial homeostasis [30]. A few studies reported
that acute exercise activates mitophagy [31,32]. In the present
study, acute exercise showed tissue-specific findings regarding
mitophagy-related proteins. In the left ventricle and white gas-
trocnemius, mitophagy proteins tended to increase without sta-
tistical significance by acute exercise (Figs. 7, 8). In contrast, in
the soleus muscle, acute exercise significantly increased Parkin
and LC3II but not Pink1 and Bnip3 (Fig. 9). We speculate that
these tissue-specific results may be due to the relationship be-
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tween exercise type and the muscle type that is accordingly
mobilized. Because we used aerobic treadmill exercise and the
soleus muscle is a type 1 fiber that is mobilized by aerobic exer-
cise, it is speculated that mitophagy increases to balance the mi-
tochondrial biosynthesis in the soleus muscle caused by exer-
cise. However, further studies are needed to elucidate the un-
derlying mechanisms because our study measured mitophagy
only at the protein level.

In conclusion, a single bout of aerobic exercise may improve
mitochondrial function (e.g., O respiration and Ca®" retention
capacity) in the heart and skeletal muscle. It did not change mi-
tochondrial dynamics (fusion and fission) or mitophagy in the
heart and skeletal muscles. However, a single bout of aerobic
exercise increased protein levels of Parkin and LC3II in the so-
leus muscle. Further studies on the impacts of acute exercise on
various diseases such as obesity, diabetes, and cancer are also
needed.
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