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Mild Hyperbaric Oxygen Inhibits Growth-related Decrease in
Muscle Oxidative Capacity of Rats with Metabolic Syndrome
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Aim: We examined the effects of mild hyperbaric oxygen on the properties of the soleus muscle in
rats with metabolic syndrome.

Methods: Five-week-old metabolic syndrome (SHR/NDmcr-cp, cp/cp) rats were divided into normo-
baric (CP) and mild hyperbaric oxygen (CP-H) groups (7=>5/group). In addition, 5-week-old Wistar
rats were assigned as the normobaric control (WR) group (z=5). The CP-H group was exposed to
1.25 atmospheres absolute with 36% oxygen for 3 h daily for 16 weeks. Succinate dehydrogenase
(SDH) activity and mRNA levels of peroxisome proliferator-activated receptor y coactivator-la
(Pge-1a) in the soleus muscle were examined. The fiber type composition, cross-sectional areas, and
SDH staining intensity in the soleus muscle were also examined.

Results: The CP-H group showed lower fasting and nonfasting blood glucose, glycated hemoglobin,
total cholesterol, triglyceride, insulin, and systolic blood pressure levels; higher adiponectin levels;
and higher SDH activity and mRNA levels of Pgc-I1a in the muscle than the CP group. Compared
with the CP group, the CP-H group had a lower percentage of type I fibers and observed type A
fibers in the muscle. The CP-H group also had higher SDH staining intensity of type I and type IC
fibers in the muscle than the CP group. No differences in these values were observed in the muscles
of the WR and CP-H groups.

Conclusion: Mild hyperbaric oxygen inhibited growth-related increase in blood glucose levels and
decrease in muscle oxidative capacity of rats with metabolic syndrome because of improved oxidative
metabolism.
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cardiovascular disease, type 2 diabetes, hypertension,

Introduction

Metabolic syndrome is linked to physical inactiv-
ity and consumption of a high-fat and high-calorie
diet and is characterized by obesity, high blood pres-
sure, increased blood glucose levels, and hyperlipid-
emia’. Skeletal muscle is the primary site of insulin
action and glucose metabolism. Reduced oxidative
capacity in skeletal muscle impairs glucose metabolism
and increases the risk of development and aggravation
of metabolic syndrome?. Metabolic syndrome ulti-
mately develops into lifestyle-related diseases, such as
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and associated complications>®.

Compared with healthy individuals, obese patients
with or without type 2 diabetes have a low percentage
of high-oxidative type I fibers and a high percentage
of low-oxidative type I fibers, particularly type IIB
fibers, in the vastus lateralis and rectus abdominis
muscles’'?. Previous studies using animal models'"'?
observed that rats with metabolic syndrome exhibited
a low oxidative capacity of the soleus muscle with a
decreased percentage of type I fibers and an increased
percentage of type IA fibers compared with normal
rats. One of these studies'” showed decreased oxida-
tive enzyme activity in type IIA fibers of rats with
metabolic syndrome compared with normal rats. These
results indicate a low oxidative capacity of skeletal
muscle in humans and animal models with metabolic
syndrome.

An elevation in atmospheric pressure accompa-
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nied by high oxygen concentration enhances the par-
tial pressure of oxygen and increases blood flow and
oxygen, particularly dissolved oxygen, in the plasma'?.
An increase in both atmospheric pressure and oxygen
concentration enhances oxidative enzyme activity in
mitochondria and consequently increases oxidative
metabolism in cells and tissues. Thus, mild hyperbaric
oxygen facilitates oxidative metabolism, particularly
the pathways in the mitochondrial TCA cycle, thereby
improving the oxidative capacity of skeletal muscles
and their fibers. We have demonstrated that mild
hyperbaric oxygen at 1.25 atmospheres absolute (ATA)
with 36% oxygen enhanced blood flow and increased
oxygen levels, thereby improving oxidative metabo-
lism'% 1. We observed that animal models exposed to
mild hyperbaric oxygen inhibited and/or improved
lifestyle-related diseases, i.e., type 2 diabetes'®"”, dia-
betes-induced cataract®”, and hypertension?. In addi-
tion, mild hyperbaric oxygen inhibited development
and aggravation in arthritis?® and age-related decrease
in muscle oxidative capacity®. A clinical study*”
showed that mild hyperbaric oxygen reversed the
increase in melanin pigmentation induced by ultravio-
let B irradiation as well as reduced senile spot size.

Oxidative metabolism is regulated by many fac-
tors including peroxisome proliferator-activated recep-
tor y coactivator-la (PGC-1a)*?”. PGC-1a plays
an important role in oxidative metabolism by regulat-
ing mitochondrial biogenesis, fiber type composition,
and oxidative capacity in skeletal muscle®® *”. There-
fore, reduced mRNA levels of Pgc-Ia in the skeletal
muscle of animal models may induce a low percentage
of high-oxidative fibers and a high percentage of low-
oxidative fibers, whereas increased mRNA levels of
Pgc-1a may induce a shift of fiber types from low oxi-
dative to high oxidative.

We hypothesized that mild hyperbaric oxygen
would improve decreased mRNA levels of Pge-1/a and
oxidative capacity in the skeletal muscle of animal
models with metabolic syndrome. In this study, we
focused on fiber characteristics (including type com-
position, cross-sectional area, and oxidative enzyme
activity) and mRNA levels related to oxidative metab-
olism in the soleus muscle. The soleus muscles have
high oxidative capacity and are required to function
against gravity, e.g., maintaining posture and walk-
ing®”, indicating that these muscles function most
effectively at relatively low intensity for long dura-
tions. We used the SHR/NDmcr-cp [¢p/ep] rat as an
animal model for metabolic syndrome. Rats with met-
abolic syndrome have a nonsense mutation in the
leptin receptor and develop obesity, high blood pres-
sure and glucose levels, hyperinsulinemia, and hyper-
lipidemia as adults®"3?.

Aim

Humans and animal models with metabolic syn-
drome have a low oxidative capacity in skeletal mus-
cle. Reduced oxidative capacity in skeletal muscle
impairs glucose metabolism and increases the risk of
development, or aggravation, of metabolic syndrome.
An increase in both atmospheric pressure and oxygen
concentration enhances oxidative enzyme activity in
mitochondria and consequently increases oxidative
metabolism in cells and tissues. Thus, mild hyperbaric
oxygen at 1.25 ATA with 36% oxygen would be
expected to improve the decreased oxidative capacity
of skeletal muscles and their fibers in rats with meta-
bolic syndrome. In this study, we examined the effects
of mild hyperbaric oxygen on the properties of the
soleus muscle in rats with metabolic syndrome.

Methods

Ethical Statement

All experimental procedures were conducted in
accordance with the Guidelines for the Care and Use
of Laboratory Animals published by the Institutional
Animal Use Committee at Kyoto University, Kyoto,

Japan.
Animals Housing

Five-week-old metabolic syndrome male rats were
randomly assigned to either the normobaric (CP) or
mild hyperbaric oxygen (CP-H) group (n=>5/group).
Wistar male rats were assigned as the normobaric con-
trol (WR) group (7=5). All rats were housed in indi-
vidual cages and under normobaric conditions (1 ATA
with 20.9% oxygen). The room was maintained at
22%2°C with 45%—55% relative humidity and 12-h
light/dark cycle (light from 08:00 to 20:00). All rats
were given standard chow (ME Oriental East Inc.,
Tokyo, Japan) and water ad libitum. Body weight and
food intake were measured biweekly.

Exposure to Mild Hyperbaric Oxygen

The rats in the CP-H group were exposed to 1.25
ATA with 36% oxygen in a mild hyperbaric oxygen
chamber (Japan Patent No. 5076067 dated September
7, 2012; Japan Trademark Registration No. 5804129
dated November 6, 2015) for 3 h (11:00 to 14:00)

daily from 5 to 21 weeks of age.

Blood Glucose and Glycated Hemoglobin (HbA1c)
Analyses

Blood samples were obtained from the tails of
conscious rats. Blood glucose levels were measured

using a blood glucose meter (GT-1650; Arkray Inc.,
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Kyoto, Japan) after 6 h of fasting biweekly. Nonfasting
glucose levels were measured at 21 weeks of age. In
addition, HbAlc was measured at 21 weeks of age
using a DCA vantage analyzer (Siemens Healthcare
Diagnostics Co., Ltd., Germany).

Blood Pressure Analyses

Both diastolic and systolic blood pressure levels
were measured at 5, 15, and 21 weeks of age. Blood
pressures were determined automatically in conscious
rats using the indirect tail-cuff method using a BP-
98A sphygmomanometer (Softron Inc., Tokyo, Japan).

Serum Analyses

At 21 weeks of age, rats were anesthetized with
sodium pentobarbital (35 mg/kg body weight, 7.p.) and
blood samples were obtained from the abdominal aorta.
Total cholesterol, high-density lipoprotein (HDL)
cholesterol, and triglyceride levels were measured as
described previously®?. Insulin, leptin, and high molec-
ular weight adiponectin levels were measured using a
rat enzyme-linked immunosorbent assay kit (Shibayagi

Co., Ltd., Gunma, Japan).

Biochemical Analyses

After blood sampling at 21 weeks of age, the
soleus muscles were removed bilaterally and wet mus-
cle weights were measured. The soleus muscle of the
right leg was rapidly frozen in liquid nitrogen for the
measurement of succinate dehydrogenase (SDH) activ-
ity'> 1. The muscle was homogenized using a glass
tissue homogenizer with 5 volumes of ice-cold 0.3 M
phosphate buffer, pH 7.4. Sodium succinate was added
to yield a final concentration of 17 mM. The final
concentrations of the components of the reaction mix-
ture were as follows: 17 mM sodium succinate, ] mM
sodium cyanide, 0.4 mM aluminum chloride, and 0.4
mM calcium chloride. This reaction mixture was trans-
ferred to cuvettes, placed in a spectrophotometer, and
reduction in cytochrome ¢ in the mixture was deter-
mined by measuring the increase in extinction at 550
nm. SDH activity was calculated from the ferricyto-
chrome ¢ concentration and protein content.

Histochemical Analyses

The soleus muscle of the left leg was divided into
distal and proximal portions for histochemical and
mRNA analyses, respectively. The distal portion of the
muscle was pinned on a corkboard at its approximate
in vivo length and rapidly frozen in isopentane that
had been cooled with a mixture of dry ice and ace-
tone. The muscle was mounted on a specimen chuck
with Tissue-Tek OCT compound (Sakura Finetek Japan
Co., Ltd., Tokyo, Japan). Serial transverse sections (16
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pm thickness) were cut in a cryostat at —25°C. Some
sections were brought to room temperature, air dried,
and preincubated in acidic (pH 4.5) or alkaline (pH
10.4) conditions for the assessment of ATPase staining
intensity. The fibers in each muscle section were classi-
fied as type I (positive response to preincubation at
pH 4.5 and negative response to preincubation at pH
10.4), type IIA (negative response to preincubation at
pH 4.5 and positive response to preincubation at pH
10.4), and type IIC (positive response to preincuba-
tion at pH 4.5 and 10.4)'"'?. The fiber type compo-
sition and cross-sectional area (CSA) of approximately
300 fibers in the central region of the muscle were
determined.

The sections were stained for 10 min to deter-
mine the SDH staining intensity of the fibers. The
SDH staining intensity was determined in the 300
aforementioned fibers using a computer-assisted image-
processing system (Neuroimaging System, Kyoto,
Japan)'" 2. Sectional images were digitized as gray-
scale images. Each pixel was quantified as 1 of 256
gray levels; a gray level of 0 was equivalent to 100%
light transmission, whereas a gray level of 255 was
equivalent to 0% light transmission. The mean optical
density (OD) of all pixels, which were converted to
gray level values, within a fiber was determined using
a calibration photographic tablet with 21 steps of gra-
dient-density ranges and the corresponding diffused
density values.

mRNA Analyses

Total RNA was extracted from the proximal por-
tion of the muscle using the QuickGene RNA tissue
kit SII (Fujifilm, Kanagawa, Japan). Reverse transcrip-
tion was performed using the High-Capacity cDNA
Archive Kit (Applied Biosystems, Foster City, CA,
USA). Resultant cDNA samples were stored. Expres-
sion levels of peroxisome proliferator-activated recep-
tor a (Ppara) (ppara, Rn00566193_m1), Ppard/f
(ppard, Rn00565707_m1), and Pgc-Ia (ppargcla,
Rn00580241_m1) were quantified by TagMan Gene
Expression Assays (Applied Biosystems). Each Tag-
Man probe and primer set was validated by perform-
ing a quantitative real-time polymerase chain reaction
(qPCR) with a series of cDNA template dilutions to
obtain standard curves of threshold cycle against rela-
tive concentration using the housekeeping gene 18S as
an internal standard. All samples and nontemplate
control reactions were performed in a 7500 Fast
Sequence Detection System (Applied Biosystems). The

mRNA levels were normalized to the control (WR)
34,35).

group
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Fig.1. Body weights of the WR, CP, and CP-H groups at each time point studied

WR, normal rats; CP, metabolic syndrome rats; CP-H, metabolic syndrome rats exposed
to mild hyperbaric oxygen for 3 h per day. Values are means*SD for five animals. *p<
0.05 compared with WR.
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Fig.2. Food intake levels of the WR, CP, and CP-H groups at each time point
studied

WR, normal rats; CP, metabolic syndrome rats; CP-H, metabolic syndrome rats exposed
to mild hyperbaric oxygen for 3 h per day. Values are means+SD for five animals. *p<

0.05 compared with WR.

Statistics

Values were expressed as mean=*SD. One-way
ANOVA was used to determine significant differences
among the WR, CP, and CP-H groups. When the dif-
ferences were found to be significant by ANOVA,
individual group comparisons were determined using
Scheffé’s post hoc test. Statistical significance was set at

2<0.05.

Results

Body Weights
The body weights at 19 and 21 weeks of age were

greater in the CP and CP-H groups than in the age-
matched WR group (Fig. 1).

Food Intake Levels

The food intake levels at 7, 9, and 11 weeks of
age were greater in the CP and CP-H groups than in
the age-matched WR group (Fig.2). The food intake

levels at 13 and 15 weeks of age were greater in the
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Fig.3. Fasting blood glucose levels of the WR, CP, and CP-H groups at each time
point studied

WR, normal rats; CP, metabolic syndrome rats; CP-H, metabolic syndrome rats exposed to
mild hyperbaric oxygen for 3 h per day. Values are means=SD for five animals. *»<0.05

compared with WR and CP.
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Fig.4. Diastolic (A) and systolic (B) blood pressure levels of the WR, CB and CP-H groups at 5, 15, and

21 weeks of age

WR, normal rats; CP, metabolic syndrome rats; CP-H, metabolic syndrome rats expose;d to mild hyperbaric oxygen
for 3 h per day. Values are means = SD for five animals. *»<0.05 compared with WR; $»<0.05 compared with WR

and CP-H.

CP group than in the age-matched WR group.

Fasting Blood Glucose Levels

The fasting blood glucose levels from 15 to 21
weeks of age were lower in the CP-H group than in
the age-matched WR and CP groups (Fig. 3).

Blood Pressure Levels

Both the diastolic and systolic blood pressure lev-
els at 15 and 21 weeks of age were higher in the CP
and CP-H groups than in the age-matched WR group
(Fig.4). The systolic blood pressure levels at 21 weeks
of age were higher in the CP group than in the age-
matched CP-H group.
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Nonfasting Blood Glucose, HbAlc, Total Choles-
terol, HDL Cholesterol, and Triglyceride Levels
The nonfasting blood glucose (Fig.5A), HbAlc
(Fig.5B), total cholesterol (Fig.5C), HDL cholesterol
(Fig.5D), and triglyceride (Fig.5E) levels were the
highest in the CP group. All of the above parameters
were higher in the CP-H group than in the WR group.

Insulin, Leptin, and Adiponectin Levels

The insulin levels were the highest in the CP
group (Fig.5F). The insulin levels were higher in the
CP-H group than in the WR group. The leptin levels
were higher in the CP and CP-H groups than in the
WR group (Fig.5G). The adiponectin levels were the
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Fig.5. Nonfasting blood glucose (A), HbAlc (B), total cholesterol (C), HDL cho-
lesterol (D), triglyceride (E), insulin (F), leptin (G), and adiponectin (H)
levels of the WR, CP, and CP-H groups

WR, normal rats; CP, metabolic syndrome rats; CP-H, metabolic syndrome rats exposed

to mild hyperbaric oxygen for 3 h per day; HbAlc, glycated hemoglobin; HDL, high-

densi? lipoprotein. Values are means=SD for five animals. *»<0.05 compared with
WR; *p<0.05 compared with WR and CP-H.

lowest in the CP group (Fig.5H). The adiponectin muscle weight among the three groups (Fig.6A). The

levels were lower in the CP-H group than in the WR SDH activity of the soleus muscle was the lowest in
group. the CP group (Fig.6B).
Muscle Weights and SDH Activity Muscle Fiber Properties

There were no differences in the relative soleus The soleus muscles in the WR (Fig.7A-C) and
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Fig.6. Soleus muscle weights (A) and SDH activity (B) of the WR, CP, and CP-H groups

WR, normal rats; CP, metabolic syndrome rats; CP-H, metabolic syndrome rats exposed to mild hyperbaric oxy-
gen for 3 h per day; SDH, succinate dehydrogenase. Values are means + SD for five animals. $»<0.05 compared

with WR and CP-H.

CP-H (Fig.7G-I) groups contained three types of
fibers: type I, type IIA, and type IIC. In contrast,
those in the CP group contained two types of fibers:
type I and type IIC (Fig. 7D-F).

The percentage of type I fibers in the muscle was
the highest in the CP group (Fig.8A). There were no
type IA fibers in the CP group (Fig.8B). The SDH
staining intensity of type I (Fig.8G) and type IIC
(Fig. 8I) fibers was the lowest in the CP group.

Muscle mRNA Levels

The mRNA levels of Ppara were higher in the
CP and CP-H groups than in the WR group (Fig. 9A).
The mRNA levels of Ppard/B (Fig.9B) and Pgc-Ila
(Fig. 9C) were the lowest in the CP group.

Discussion

Body Weights and Food Intake Levels

In this study, there were differences in the food
intake levels between the normal (WR) group and
metabolic syndrome (CP and CP-H) groups: the food
intake levels from 7 to 11 weeks of age were higher in
the CP and CP-H groups than in the age-matched
WR group (Fig.2). In addition, the CP group showed
higher food intake levels at 13 and 15 weeks of age
than the age-matched WR group. The increased food
intake levels by rats with metabolic syndrome until 15
weeks of age correspond with our previous studies'" 2.
These studies showed increased body weights during
this period. It is therefore plausible that the body
weight increases when the quantity of diet increases.
In this study, however, there were no differences in the
body weight from 7 to 15 weeks of age among the
WR, CP, and CP-H groups (Fig. 1). We did not eluci-

date the reason why increased food intake levels from
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7 to 15 weeks of age did not result in the body weight
differences between normal and metabolic syndrome
rats. Finally, mild hyperbaric oxygen could not inhibit
a growth-related excessive increase in the body weight
of rats with metabolic syndrome.

Blood Pressure Levels and Plasma Components
Mild hyperbaric oxygen inhibited increased sys-
tolic blood pressure levels in rats with metabolic syn-
drome (Fig.4B). Mild hyperbaric oxygen also improved
increased fasting (Fig. 3) and nonfasting (Fig. 5A) blood
glucose, HbAlc (Fig.5B), total cholesterol (Fig.5C),
triglyceride (Fig. 5E), and insulin (Fig. 5F) levels. These
inhibitions and improvements induced by mild hyper-
baric oxygen, which increases blood flow and dissolved
oxygen, appear to be an adaptive response to counter
the detrimental effects of metabolic syndrome-induced
hypertension, hyperglycemia, hyperlipidemia, and hyper-

insulinemia.

Characteristics of Skeletal Muscles in Humans with
Metabolic Syndrome

Obesity, defined as an increase in the mass of
adipose tissue, is associated with various metabolic dis-
orders and cardiovascular diseases®®. Obese individu-
als with or without type 2 diabetes contain a low per-
centage of high-oxidative type I fibers and a high per-
centage of low-oxidative type II fibers in the vastus
lateralis and rectus abdominis muscles” ® '°. In partic-
ular, obesity is associated with a higher percentage of
low-oxidative type IIB fibers in skeletal muscles”?. In
general, a positive correlation between insulin action
and the percentage of type I fibers and a negative cor-
relation with the percentage of type IIB fibers are
observed in the vastus lateralis muscle of obese indi-
viduals”. Another study® observed that obesity is
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Fig.7. Serial transverse sections of the soleus muscle in the WR (A-C), CP (D-F), and CP-H (G-I) groups stained for ATPase activ-
ity following preincubation at pH 10.4 (A, D, G) and pH 4.5 (B, E, H) and for succinate dehydrogenase (SDH) activity (C,
ET)

WR, normal rats; CP, metabolic syndrome rats; CP-H, metabolic syndrome rats exposed to mild hyperbaric oxygen for 3 h per day; 1, type 1

fiber; 2, type A fiber; 3, type IIC fiber. Scale bar on I =100 pm.

inversely related to both 7 vitro glucose transport and
type I fiber population in the vastus lateralis muscle.
Furthermore, fiber type composition in the rectus
abdominis muscle is related to both 7z vitro insulin-
stimulated glucose transport and body mass index”.

Characteristics of Skeletal Muscles in Rats with
Metabolic Syndrome

Previous studies'" '? observed that rats with met-
abolic syndrome exhibited low oxidative capacity of the
soleus muscle with a decreased percentage of type I
fibers and an increased percentage of type IIA and/or
type IIC fibers compared with normal rats. One of
these studies'® showed a decreased oxidative enzyme
activity of type IIA fibers in rats with metabolic syn-

drome compared with normal rats. In contrast, obese
Zucker rats without diabetes exhibited normal fiber
type composition in the soleus muscle, whereas obese
Zucker rats with type 2 diabetes exhibited a lower per-
centage of type IIA fibers in the soleus muscle than
lean Zucker rats*.

It is suggested that the aggravation of metabolic
syndrome exacerbates lifestyle-related diseases, such as
type 2 diabetes, and induces changes in fiber types to
“no type A fibers.” In fact, our previous studies®® 3
showed that adult rats with type 2 diabetes, i.e., non-
obese Goto-Kakizaki and obese Otsuka Long-Evans
Tokushima fatty rats, exhibit no type IIA fibers in the
soleus muscle.

In this study, rats with metabolic syndrome
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Fig. 8. Percentages of type I (A), type A (B), and type IIC (C) fibers, cross-sectional areas of type I (D),
type IIA (E), and type IIC (F) fibers, and SDH staining intensity of type I (G), type IIA (H), and
type IIC (1) fibers in the soleus muscle of the WR, CP, and CP-H groups

WR, normal rats; CP, metabolic syndrome rats; CP-H, metabolic syndrome rats exposed to mild hyperbaric oxygen
for 3 h per day; CSA cross-sectional area; SDH, succinate dehydrogenase; OD, optical density. Values are means

SD for five animals. p< 0.05 compared with WR and CP-H.

showed decreased SDH activity (Fig.6B), increased
percentage of type I fibers (Fig.8A), no type IIA
fibers (Fig.8B), and decreased SDH staining intensity
of type 1 (Fig.8G) and type IIC (Fig. 8I) fibers in the
soleus muscle. The decreased oxidative capacity in the
skeletal muscle of rats with metabolic syndrome corre-
sponds with our previous findings'" %% 3%,

Skeletal muscle is a major target of insulin-stim-
ulated glucose uptake. Metabolic syndrome is associ-
ated with an impaired insulin-stimulated glucose
uptake and disposal capacity, which is attributed to
insulin resistance in skeletal muscle. Therefore, the
altered patterns of fiber types in skeletal muscles of
obese individuals and animal models with metabolic
syndrome may be linked to impaired glucose tolerance
and insulin sensitivity.

Effects of Mild Hyperbaric Oxygen on Muscle
Properties

Running restores decreased oxidative capacity in
skeletal muscle of rats with metabolic syndrome!".
Longer running distances are associated with higher
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oxidative capacity in skeletal muscle of rats with meta-
bolic syndrome. In contrast, hypertension, hypergly-
cemia, and hyperlipidemia are aggravated by a high-
fat and high-calorie diet. A high-fat and high-calorie
diet reduces the muscle oxidative capacity in rats with
metabolic syndrome'?.

An elevation in atmospheric pressure accompa-
nied by an increase in oxygen concentration enhances
the partial pressure of oxygen and increases the levels
of dissolved oxygen in the plasma“® “V. These condi-
tions enhance the oxidative capacity of mitochondria,
thereby increasing the oxidative metabolism in cells
and tissues. Furthermore, an enhancement in atmo-
spheric pressure and oxygen concentration increases
carbon dioxide concentration, which in turn facilitates
the release of oxygen from hemoglobin and causes
vasodilatation. Previous studies'® " reported that mild
hyperbaric oxygen increases the oxidative capacity in
skeletal muscle of rats. In this study, mild hyperbaric
oxygen reduced the percentage of type I fibers to nor-
mal (Fig.8A) and improved SDH staining intensity of
type 1 (Fig.8G) and type IIC (Fig.8I) fibers in the
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WR, normal rats; CP, metabolic syndrome rats; CP-H, metabolic syndrome rats exposed to mild hyperbaric oxygen for
3 h per day; Ppar, peroxisome proliferator-activated receptor; Pge-Ia, peroxisome proliferator-activated receptor y
coactivator-1a. Values are means+ SD for five animals. *»p<0.05 compared with WR; §p< 0.05 compared with WR

and CP-H.

soleus muscle of rats with metabolic syndrome.

Muscle fiber specification appears to be associ-
ated with metabolic syndrome. We conclude that mild
hyperbaric oxygen at 1.25 ATA with 36% oxygen
improves the muscle oxidative capacity of rats with
metabolic syndrome by increasing blood flow and dis-
solved oxygen.

Effect of Mild Hyperbaric Oxygen on Muscle
mRNA Levels

Previous studies established that along with
the coactivator PGC-1a, PPARs control diverse aspects
of aerobic metabolism in skeletal muscle, including
fatty acid oxidation, oxidative phosphorylation, and
mitochondrial biogenesis. In particular, PPARa and
PPARS/B directly regulate the expression of certain
nuclear-encoded mitochondrial genes and are closely
related to the regulation of oxidative metabolism via
PGC-1a* .

PGC-1a, which was originally identified as a nu-
clear receptor coactivator, is a member of a family of
transcription coactivators that play a central role in
the regulation of glucose/fatty acid metabolism, mito-
chondrial synthesis, vascularization, proteolysis, and
apoptosis® 7. PGC-1a is expressed at high levels in
cells and tissues where mitochondria are abundant and
oxidative metabolism is at a high level, such as in the
brain, brown adipose tissue, the heart, kidney, liver,
and skeletal muscle? *. PGC-1a is also believed to
be essential for fatty acid oxidation as it interacts with
PPARa to promote the transcription of nuclear genes
that encode mitochondrial fatty acid oxidation en-
zymes“?.

Skeletal muscle fiber properties, including type
composition and oxidative enzyme activity, are regu-
lated by PGC-1a?* %%, An upregulation of PGC-1a

26, 42)

in transgenic mice under the influence of a muscle
creatine kinase promoter results in a shift of fiber types
from low oxidative to high oxidative®. We suggest
that an increase in mRNA levels of Pge-Ia induced by
mild hyperbaric oxygen restores decreased muscle oxi-
dative capacity and can result in improved glucose tol-
erance and insulin resistance.

The soleus muscle of rats with metabolic syn-
drome exhibited lower mRNA levels of Ppard/f than
that of normal rats*. Another study'” showed that
the soleus muscle of rats with metabolic syndrome
exhibits low mRNA levels of Ppard/B and Pgc-1a and
high mRNA levels of Ppara. In this study, the soleus
muscle of rats with metabolic syndrome exhibited
higher mRNA levels of Ppara (Fig.9A) and lower
mRNA levels of Ppard/p (Fig.9B) and Pgc-1a (Fig.9C)
than that of normal rats; thus, the soleus muscle of
rats with metabolic syndrome have a low capacity for
fatty acid oxidation.

In general, type I and type IIA fibers in the hind
limb muscles of normal rats have a relatively high oxi-
dative enzyme activity, whereas type IIB fibers have a
relatively low oxidative enzyme activity*>”. The rat
soleus muscle contains type I, type IIA, and type IIC
fibers; type A and type IIC fibers have a higher oxi-
dative enzyme activity than type I fibers*”>?. In this
study, the soleus muscle of rats with metabolic syn-
drome was comprised of type I and type IIC fibers,
whereas those of the other two groups had high-oxida-
tive type IIA and IIC fibers as well as low-oxidative
type I fibers (Figs.7, 8A-C). The mRNA levels of
Pgc-1a in the soleus muscle were lower in rats with
metabolic syndrome than in normal rats (Fig. 9C). In
contrast, mild hyperbaric oxygen improved muscle
SDH activity (Fig.6B) and fiber SDH staining inten-
sity of type I (Fig.8G) and type IIC (Fig.8I) fibers
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and induced type shifts of fibers from low-oxidative
type I to high-oxidative type HA (Fig.8A, B). The
reduced mRNA levels of Pge-1a in the soleus muscle
of rats with metabolic syndrome may be related to the
low percentage of high oxidative fibers and high per-
centage of low oxidative fibers. Thus, it appears that
one mechanism for increased muscle oxidative capac-
ity induced by mild hyperbaric oxygen is due to an
enhancement in the mRNA levels of Pgc-1a.

Our previous study'" observed a high proportion
of type I fibers in the soleus muscle of exercised rats
with metabolic syndrome and a concurrent increase in
the SDH staining intensity of type I fibers. The
study'” was unique in that the running distance of
exercised rats with metabolic syndrome positively cor-
related with muscle SDH activity and mRNA levels of
Pgc-1a. Conversely, in this study, mild hyperbaric
oxygen reduced a percentage of type I fibers to nor-
mal (Fig.8A). It is widely known that endurance exer-
cise causes a steady increase in blood flow. However,
the increase in blood flow following an endurance
exercise is induced mostly in active skeletal muscles
but not in internal organs. In addition, because of the
increased atmospheric pressure and oxygen concentra-
tion, mild hyperbaric oxygen has an advantage in that
it can increase the amount of dissolved oxygen in the
plasma, which does not occur with endurance exer-
cise. It is suggested that there are some differences in
mechanism(s) for changes in fiber properties induced
by endurance exercise versus mild hyperbaric oxygen.
However, we did not elucidate the reason for these
changes in skeletal muscle induced by endurance exer-
cise and mild hyperbaric oxygen.

Conclusion
Mild hyperbaric oxygen at 1.25 ATA with 36%

oxygen inhibited a growth-related increase in blood
glucose levels and decrease in muscle oxidative capac-
ity of rats with metabolic syndrome via improved oxi-
dative metabolism induced by increased blood flow
and dissolved oxygen.
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