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Abstract

Recent findings on hyperbaric oxygen treatment suggest potential usefulness in enhancing mitochondrial function and number in obese individuals with weight-
induced osteoarthritis and lower-back pain. Therefore, if hyperbaric oxygen should enhance metabolic function of mitochondria in skeletal muscle, it might serve as
an alternative to exercise to reduce obesity. The purpose of the present study was to investigate the effects of mild hyperbaric oxygen on mitochondrial content and
biogenesis in skeletal muscle. Eight-week-old male Wistar rats were randomly assigned to hyperbaric-oxygen or non-hyperbaric-oxygen (control) groups. Rats in
the hyperbaric-oxygen and control groups were exposed to 1.25 atmospheres absolute and normal atmospheric pressure, both with normal air, respectively. At 1hof
exposure to mild hyperbaric oxygen, the extensor digitorum longus and soleus muscles were removed and analyzed. In both the muscles, regardless of the muscle cell
type, the activities of citrate synthase and succinate dehydrogenase were not altered due to exposure to the mild hyperbaric oxygen. Moreover, the expression level of
peroxisome proliferator-activated receptor gamma coactivator 1 alpha (PGC-1a) protein remained unaltered; however, the mRNA level for PGC-1a was significantly
higher in the hyperbaric-oxygen group than in the control group. These results suggest that although mild hyperbaric oxygen does not enhance mitochondrial content

acutely, regular treatment might lead to mitochondrial biogenesis over time.

Introduction

Individuals with body mass index > 30 kg/m? are classified as
obese. Obesity is considered a major risk factor for chronic diseases
such as diabetes, heart failure, and stroke [1-3]. Obese individuals
store adipose tissue excessively as subcutaneous and abdominal fat,
and enhancement of lipid metabolism is required to reduce obesity.
During lipid metabolism, triacylglycerol in the adipocyte is hydrolyzed
to glycerol and fatty acids by lipase, and these are released into the
blood [4]. The fatty acid moiety is transported to the mitochondria
and undergo B-oxidation and is utilized for mitochondrial respiration.
Because lipid utilization predominantly occurs in the mitochondria,
enhancement of mitochondrial respiration could be effective to
decrease excess adipose effectively. Aerobic exercises such as running
and cycling are recommended for the reduction of obesity because
such exercises promote fatty acid release from adipocytes and enhance
their availability in the mitochondria of skeletal muscle cells [5]. In
addition to promoting glucose and fatty acid uptake, exercise induces
mitochondrial biogenesis in the myocyte [6]. Lira et al. [7] discussed
that regular exercise increases mitochondrial volume and activity
of the myocyte and results in increased lipid metabolism. Regular
exercise effectively reduces obesity by inducing acute lipid oxidation
during exercise and enhancing mitochondrial biogenesis over time
in the myocyte. Mitochondrial biogenesis is regulated by peroxisome
proliferator-activated receptor gamma coactivator 1 alpha (PGC-1a),
the signal is activated by regular exercise, in muscle function and
insulin sensitivity has been reviewed in [7]. Overexpression of PGC-1a
can shift from incomplete to completef-oxidation in muscle of diet-
induced obesity [8]. Although PGC-1a could mediate lipid metabolism
of myocyte and favor a reduction in obesity, maintaining a regular
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exercise schedule is difficult for obese individuals because of weight-
induced osteoarthritis and lower-back pain.

Hyperbaric oxygen causes hyperoxia in several tissues, and has
been accepted recently as a complementary treatment to promote
healing of bone fracture [9], articular cartilage injury [10], and skeletal
muscle injury [11]. Hyperbaric-oxygen treatment can be easily applied
to obese individuals to treat obesity. Previously, we had reported that
mild hyperbaric oxygen at 1.25 atmospheres absolute (ATA) with
normal air prevents adipocyte hypertrophy in obese rats [12]. Quintero
et al. reported that hyperbaric treatment with 95% oxygen increases
the release of glycerol from adipocytes in vitro [13]. In addition to
increased glycerol-release, they demonstrated that hyperoxia increases
the production of reactive oxygen species (ROS). Elevation of oxygen
partial pressure induced by hyperbaric treatment increases the
production of ROS in various tissues [14]. ROS are important signaling
molecules for mitochondrial biogenesis, and increased ROS production
activates some pathways leading to mitochondrial biogenesis [7,15,16].
However, the effect of ROS production by hyperbaric treatment on
mitochondrial biogenesis in skeletal muscle is still unclear. Should
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hyperbaric oxygen promote lipid metabolism by muscle-mitochondrial
biogenesis, it may serve as a useful alternative to exercise for obese
individuals. The purpose of the present study was to investigate the
early effects of mild hyperbaric oxygen on mitochondrial biogenesis in
the skeletal muscle.

Materials and methods

Experimental design

This study was approved by the Institutional Animal Care and
Use Committee of Hiroshima University (A13-132), and was carried
out according to the Hiroshima University Regulations for Animal
Experimentation. All experiments were conducted in accordance with
the National Institute of Health (NIH) Guidelines for the Care and Use
of Laboratory Animals (National Research Council, 1996).

Eight-week-old male Wistar rats (n = 12) were used in the present
study. All the rats were randomly assigned to hyperbaric-oxygen (HB,
n = 6) or non-hyperbaric-oxygen control (Cont, n = 6) groups. Rats in
the HB group were exposed to 1.25 ATA (1266.59 hPa) with normal air
for 1 h. Cages housing the Cont-group rats were placed in a hyperbaric
chamber at normal atmospheric pressure (1013.27 hPa). All animals
were housed in a controlled environment at a constant temperature
of 22 + 2°C. Food and water were provided ad libitum. The rats were
sacrificed with an overdose of sodium pentobarbital at 1hafter exposure
to mild hyperbaric oxygen. The extensor digitorum longus and soleus
muscles were removed immediately, frozen in liquid nitrogen-cooled
isopentane, and stored at —80°C until further analysis.

Enzymatic activity analysis

The muscle samples were homogenized in ice-cold homogenizing
buffer containing 10 mM HEPES (pH 7.3), 11.5% sucrose, 0.1%
Triton™ X-100, 1 mM dithiothreitol, and 5% protease inhibitor
cocktail (25955-11, Nacalai Tesque, Kyoto, Japan). After centrifugation
at 1,500 x g for 10 min at 4°C, the supernatants were collected. The
diluted homogenate was added to a reaction mix containing 1 mM
5,5'-dithiobis-(2-nitrobenzoic acid) solution and 10 mM acetyl-
coenzyme A solution in a cuvette. After incubation for 10 min at 25°C,
10 mM oxaloacetate solution was added to the cuvette, and the optical
density of the reaction solution was measured by spectrophotometry.

Histological analysis

Serial transverse sections of thickness 10 um were obtained using a
cryostat from the middle part of the muscle sample and were mounted
on glass slides. The sections were stained for myofibrillar adenosine
triphosphatase (ATPase) and succinate dehydrogenase (SDH). For
ATPase staining, the sections were preincubated in barbital acetate
buffer (pH 4.2) for 5 min at room temperature. Following washing
with 0.1 M barbital buffer containing 0.18 M CaCl, (pH 9.4) for 30 s,
the sections were incubated in 0.1 M barbital buffer containing 0.18 M
CaCl2 and 4 mM ATP (pH 9.4) for 45 min at room temperature. The
sections were then washed in 1% CaCl, and 2% CoCl, every 3 min,
and finally, in 0.01 M sodium barbital. Following washing with distilled
water, the sections were visualized using 1% ammonium sulfide. For
SDH staining, the sections were incubated in 50 mM phosphate buffer
(pH 7.5) containing 0.05% nitro blue tetrazolium and 50 mM sodium
succinate for 45 min at 37°C. The sections were analyzed, and images
were acquired on a microscope (BZ-9000, Keyence, Osaka, Japan).
Using the images from the serial sections stained for ATPase and
SDH, the myocytes were categorized into types I, ITA, or IIB on the
basis of a previous study [17]. Additionally, histochemical images of
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sections stained for SDH were digitized as grayscale images, and the
SDH staining intensities were expressed as optical density values. The
SDH staining intensity was quantified for 5 fields per muscle. At least
100 randomly selected values for SDH activity were analyzed for each
muscle cell type. All measurements were carried out with the Image]
software (NIH).

Western blot analysis

The muscle samples were homogenized in the buffer containing
50 mM Tris-HCI (pH 7.8), 0.15 M NaCl, and 1% protease inhibitor
cocktail (Nacalai tesque) at 4°C and centrifuged to removed debris, and
the supernatants were collected. After measurement of total protein
concentration, the homogenate were solubilized in the buffer containing
0.5 M Tris-HCI (pH 6.8), 2% sodium dodecyl sulfate, 10% glycerol, 5%
B-mercaptoethanol, and 0.005% bromophenol blue, and boiled for 10
min at 80°C. Sixty micrograms of the protein sample was loaded on
a 10% polyacrylamide gel electrophoresis at 40 mA and transferred
to a polyvinylidene fluoride membrane at 200 mA. After transfer, the
membranes were blocked using a blocking reagent (Blocking one,
Nacalai Tesque) for 60 min and incubated with anti-PGC-1a (1:200,
sc-13067; Santa Cruz Biotechnology, TX, USA) antibody at 4°C. After
overnight incubation, the membranes were incubated for 60 min at
room temperature with anti-rabbit (1:10,000, sc-2370; Santa Cruz
Biotechnology) antibody conjugated to horseradish peroxidase. The
signals were detected using a chemiluminescence detector (ECL Prime,
GE Healthcare, NJ, USA) and were analyzed with an image reader
(Versa Doc 5000, BioRad).

Quantitative polymerase chain reaction (QPCR) analysis

Total RNA was isolated from each muscle using TRIzol® reagent
(15596-026, Invitrogen, Tokyo, Japan) and the synthesis of cDNA was
carried out using the High-Capacity cDNA Reverse Transcription Kit
(4374966, Applied Biosystems, CA, USA). qPCR were performed to
quantify the expression level of PGC-la mRNA (Rn00580241_ml,
Applied Biosystems) and normalization gene 18S (Rn03928990_gl)
with the TagMan® Gene Expression Assays in CFX96™ Real-Time PCR
Detection System (BioRad).

Statistical analysis

Data were expressed as means * standard error. The significance
of differences between the groups was evaluated using the independent
t-test, and P < 0.05 was considered statistically significant.

Results

After 1hof exposure to the mild hyperbaric oxygen, skeletal muscle
was analyzed as described in Methods.

CS activity of skeletal muscle

There were no significant differences in the CS activities of both the
extensor digitorum longus (Figure 1A) and soleus (Figure 1B) muscles,
between the Cont and HB groups.

SDH activity of myocyte

ATPase- and SDH-staining revealed that the extensor digitorum
longus muscles were composed of type I, ITA, and IIB cells (Figures 2A-
2D), and the soleus muscles were composed of type I and ITA cells (Figures
2H-2K). In both the extensor digitorum longus (Figures 2E-2G) and
soleus (Figures 2L,2M) muscles, regardless of the cell type, there was no
significant difference in SDH activity between the Cont and HB groups.
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Figure 1. Citrate synthase (CS) activity of the extensor digitorum longus (A) and soleus
(B) muscles. Values represent means + standard error (SE). N = 6 in all the groups. The
following abbreviations are used for Figures 1-3. Cont: non-hyperbaric oxygen control;
HB: hyperbaric oxygen.
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Figure 2. Succinate dehydrogenase (SDH) activity of myocyte in the extensor digitorum
longus (A-D) and soleus (H-K) muscles. Representative myocyte cross-sections stained
for adenosine triphosphatase (ATPase) (A, C, H, J) and SDH (B, D, I, K) in the Cont (A, B,
H, I) and HB (C, D, J, K) groups. 1: type I cell; 2: type 1A cell; 3: type 1IB cell. Scale bar
=100 um. SDH activities of type I (E), IIA (F), and IIB (G) cells in the extensor digitorum
longus muscle, and type I (L) and IIA (M) cells in the soleus muscle. Values represent
means + SE. For each muscle cell type, over 100 myocytes were measured.

Expression levels of PGC-1a protein and mRNA

There were no significant differences in the expression level of
PGC-1a protein in both the extensor digitorum longus (Figure 3A) and
soleus (Figure 3B) muscles, between the Cont and HB groups. However,
the expression level of PGC-la mRNA in the extensor digitorum
longus muscle (Figure 3C) in the HB group was approximately twice
that in the Cont group, and the value in the soleus muscle (Figure 3D)
was significantly higher in the HB group than in the Cont group.

Discussion

The activities of CS and SDH in the skeletal muscle tissue were
not influenced by lhtreatment with mild hyperbaric oxygen. CS is
localized on the mitochondrial matrix, and it plays a key role in the
tricarboxylic acid cycle [18]. CS catalyzes the formation of citrate from
acetyl-coenzyme A and oxaloacetate. SDH is also known as succinate-
ubiquinone oxidoreductase, and it is localized on the mitochondrial
inner membrane [19]. SDH oxidizes succinic acid in the tricarboxylic
acid cycle and reduces ubiquinone in the electron transport chain.
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Using these enzymatic activities are indicators of mitochondrial
metabolic function, the present study showed that 1hmild hyperbaric
oxygen with mormal air has no effect on mitochondrial metabolism
during exposure. Both oxygen uptake and consumption increase during
exercise based on the intensity, resulting in enhanced metabolism
and energy production [20]. Increased oxygen uptake during exercise
is utilized to regenerate the ATP that was consumed by the exercise.
Increased oxygen uptake also activates the adenosine monophosphate-
activated protein kinase (AMPK) pathway [7,15,16]. However, the
AMPK pathway might not have been activated by hyperbaric oxygen in
the present study, because the animals remained still during exposure
in the hyperbaric chamber. Similarly, Kurt et al. [21] have reported that
hyperbaric oxygen increases ATP and decreases AMP concentrations
in the skeletal muscle tissue, indicating that hyperoxia does not alter
the AMPK pathway.

Although the expression level of PGC-1a protein was not altered
by mild hyperbaric oxygen with normal air, the treatment enhanced
the mRNA expression level of PGC-1a. PGC-1a is a transcriptional
coactivator and a master regulator of the expression of genes involved
in mitochondrial biogenesis [22]. Particularly in the skeletal muscle,
PGC-la regulates the energy metabolism with mitochondrial
biogenesis by promoting the transcription of mitochondrial genes [23].
Matravadia et al. [24] showed that a single bout of exercise increases
the expression level of PGC-1 only at the mRNA level. In their study,
although one week of exercise did not alter the expression level of PGC-
la protein and other markers of mitochondrial content, four weeks of
exercise significantly increased the expression levels of these markers
at the protein level. Their results suggest that although single-bout or
short-term exercise is insufficient to cause mitochondrial biogenesis,
regular exercise induces mitochondrial biogenesis with increased PGC-
la protein. Additionally, Gutsaeva et al. [25] observed mitochondrial
biogenesis at 10 days after regular treatment using hyperbaric oxygen
in the hippocampus, but not at 5 days after the treatment, suggesting
that mitochondrial biogenesis needs regular intervention. PGC-la
can suppress ROS in most cells due to induction of ROS-detoxifying
enzymes [26]. If hyperbaric oxygen would produce ROS in myocyte,
increased expression of PGC-1a mRNA and mitochondrial biogenesis
would result from the ROS production. Therefore, the finding that a
single bout of mild hyperbaric oxygen with normal air enhanced the
expression level of PGC-1a mRNA in the present study lead us to
surmise that regular treatment could induce mitochondrial biogenesis
in the myocyte with upregulation of PGC-1a protein.

In conclusion, although mild hyperbaric oxygen with normal air
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Figure 3. Expression levels of peroxisome proliferator-activated receptor gamma
coactivator 1 alpha (PGC-1a) protein (A, B) and mRNA (C, D) in the extensor digitorum
longus (A, C) and soleus (B, D) muscles and representative western blot images. Values
were calculated as fold changes relative to the extensor digitorum longus muscle in the
Cont group and represent means + SE. * is significantly different from the Cont group, P <
0.05. N = 6 in all the groups.
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did not enhance mitochondrial enzyme activities acutely in the skeletal
muscle, the treatment led to increase of PGC-1a mRNA, suggesting its
potential to induce mitochondrial biogenesis over time. Mitochondrial
biogenesis are regulated by PGC-1a, along with activation of AMPK-
and ROS-dependent signaling pathways [7,14,15]. However, it is
unlikely that exposure to hyperbaric oxygen increases AMP by
enhanced consumption of ATP. Therefore, increase of PGC-1la mRNA
induced by the single bout of mild hyperbaric oxygen with normal air
might be associated with mechanisms other than the AMPK pathway.
This study suggested the efficacy of mild hyperbaric oxygen with
normal air in promoting muscle mitochondrial biogenesis. Treatment
with hyperbaric oxygen may help obese individuals lose weight.
However, the study has some limitations. We have not analyzed
downstream molecules of the ROS and AMPK pathways. Additionally,
the experimental model was limited to investigating only the acute
effects of the treatment. Further research is required to determine the
effect of mild hyperbaric oxygen with normal air on mitochondrial
biogenesis in the myocyte over long periods.
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