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Abstract

The effects of hyperbaric exposure with high oxygen concentration on spinal motoneurons and the skeletal muscle fibers that they
innervate were investigated. Five-week-old male rats were exposed to a hyperbaric (1.25 atmospheric pressure) environment with a high
oxygen concentration (35.0%) for 6 h daily. The number, cell body size, and oxidative enzyme activity of motoneurons innervating the soleus
and plantaris muscles were examined after 8 weeks of hyperbaric exposure. In addition, the fiber type distribution, cell size, and oxidative
enzyme activity of the slow soleus and fast plantaris muscles were examined. The oxidative enzyme activity of alpha motoneurons innervating
the soleus and plantaris muscles increased after hyperbaric exposure, irrespective of their cell body sizes. The percentage of high-oxidative
fibers in the soleus and plantaris muscles increased after hyperbaric exposure. The oxidative enzyme activity of all types of fibers in the soleus
and plantaris muscles increased after hyperbaric exposure. It is concluded that hyperbaric exposure with high oxygen concentration enhances

the oxidative capacity of neuromuscular units.

© 2005 Elsevier Ireland Ltd and the Japan Neuroscience Society. All rights reserved.
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1. Introduction

We have developed a specially designed hyperbaric
chamber for animal experiments, which is an oxygen
compression tank with an oxygen concentrator. The
hyperbaric chamber is designed to automatically maintain
increased levels of atmospheric pressure and oxygen con-
centration. The increased atmospheric pressure enhances the
partial pressure of oxygen and dissolves more oxygen into
the blood and plasma.

The neuromuscular unit is comprised of skeletal muscle
fibers and spinal motoneurons associated with those muscle

* Corresponding author. +81 75 753 6881; fax: +81 75 753 6771.
E-mail addresses: ishihara@life.h.kyoto-u.ac.jp (A. Ishihara),
kawaco@space.hss.osaka-u.ac.jp (F. Kawano).
' Tel.: +81 6 6850 6018; fax: +81 6 6850 6030.

fibers. Motoneurons innervating the muscle fibers are
located at the ventral horn of the spinal cord (McHanwell
and Biscoe, 1981; Nicolopoulos-Stournaras and Iles, 1983;
Peyronnard et al., 1986) and have specific morphological
and metabolic properties (Burke et al., 1982; Sickles and
McLendon, 1983; Ishihara et al.,, 1991, 1995). The
phenotypic properties of motoneurons and muscle fibers
in the neuromuscular unit are matched under normal
conditions. Smaller motoneurons presumably innervating
slow-twitch, high-oxidative fibers have higher oxidative
enzyme activities than larger motoneurons presumably
innervating fast-twitch, low-oxidative fibers.

It was anticipated that the increased availability of
oxygen induced by hyperbaric exposure with high oxygen
concentration would greatly increase the oxidative enzyme
activity in the neuromuscular unit. In the present study,
therefore, the effects of hyperbaric exposure with high

0168-0102/$ — see front matter © 2005 Elsevier Ireland Ltd and the Japan Neuroscience Society. All rights reserved.
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oxygen concentration on the number, cell body size, and
oxidative enzyme activity of motoneurons, which innervate
the slow soleus and fast plantaris muscles in rats, were
examined. In addition, the fiber type distribution, cell size,
and oxidative enzyme activity of the soleus and plantaris
muscles were examined after hyperbaric exposure with
high oxygen concentration. Special attention was paid to
investigating whether the effects of hyperbaric exposure
with high oxygen concentration depend on the cell body
size of motoneurons and the muscle fiber types that they
innervate.

2. Materials and methods
2.1. Animals and treatments

All procedures were approved by the University
Committee for the Care and Use of Animals for research
purposes and followed the Guidelines of the National
Institutes of Health for the Care and Use of Laboratory
Animals.

Ten 5-week-old male Wistar rats were randomly assigned
into the control (n =5) and hyperbaric (n =5) groups. All
rats were individually housed in cages of the same size
(30 cm x 20 cm x 13 cm). The rats in the hyperbaric group
were exposed to an atmospheric pressure of 1.25 with an
oxygen concentration of 35.0% automatically maintained by
a computer-assisted system. The hyperbaric chamber is
180 cm long, 70 cm in diameter. The size of the chamber
allows multiple rats (up to 20 cages) to be housed
simultaneously. The rats in the hyperbaric group were
exposed to the hyperbaric environment for 6 h (from 10:00
to 16:00) in their inactive times daily for 8 weeks. Food and
water were provided ad libitum for both groups. The rats
were kept in a controlled environment with fixed 12:12 h
light:dark cycles (lights off from 19:00 to 07:00) and room
temperature maintained at 22 £ 2 °C.

2.2. Injection of neuronal tracer

Eight weeks later, the rats were anesthetized with sodium
pentobarbital (50 mg/kg body weight, i.p.) for injection of
the fluorescent tracer, nuclear yellow, into the right soleus
and left plantaris muscles (Ishihara et al., 1997a). After the
muscle was exposed, a 2% solution of the fluorescent tracer
was injected into the muscle using a microsyringe. The
fluorescent tracer was injected at multiple sites to ensure
distribution throughout the muscle. Care was taken to inject
the fluorescent tracer slowly and prevent leakage. After the
fluorescent tracer had been injected into the muscle, the
skin was sutured and the rats were allowed to recover from
anaesthesia. The volumes of injected fluorescent tracer
were 10 and 15 pl for the soleus and plantaris muscles,
respectively. After 2 days of survival period, the rats were
sacrificed by overdose of sodium pentobarbital.

2.3. Analyses

The lumbosacral enlargement of the spinal cord and the
bilateral soleus and plantaris muscles were removed and
frozen immediately in isopentane cooled with liquid
nitrogen. Serial longitudinal sections of the lumbosacral
enlargement, 10 pwm thick, were cut in a cryostat set at
—20 °C. The motoneurons innervating the soleus and
plantaris muscles were identified by golden-yellow fluor-
escence of the nucleus with nuclear yellow on the untreated
sections using a fluorescent microscope (Fig. 1A and B). The
identified motoneurons were counted in the serial sections.
The same sections used to identify the motoneurons were
then stained for activity of succinate dehydrogenase (SDH),
an oxidative marker enzyme, at room temperature for
10 min (Fig. 1C and D). The activity of SDH was rendered
visible by incubating the sections in 0.1 M phosphate buffer
(pH 7.6) containing 0.9 mM sodium azide, 0.9 mM 1-
methoxyphenazine methylsulfate, 1.5 mM nitroblue tetra-
zolium, 5.6 mM EDTA-disodium salt, and 48 mM succinate
disodium salt (Chalmers and Edgerton, 1989a,b). The
reaction was terminated by multiple washings in distilled
water, dehydration in graded ethanols, and passing through
xylene. For histochemical controls, either the succinate
disodium salt or the nitroblue tetrazolium was excluded
from the incubation medium.

The cross-sectional areas of the identified motoneurons
in which the nucleus was visible were measured from the
SDH-stained sections using a computer-assisted image
processing system (Neuroimaging System, Kyoto, Japan)
(Ishihara et al., 1996). The sections were digitized as gray
level images using a computer-assisted image processing
system. Each pixel on a gray level image was quantified as
one of 256 gray levels. A gray level value of zero was
equivalent to 100% transmission of light and that of 255
was equivalent to 0% transmission. The mean optical
density (OD) values of all pixels within the cytoplasm of
each motoneuron were determined using a calibration tablet
which has 21 steps of gradient density ranges and their
diffused density values. The nucleus was excluded from
measurements of staining intensity, because it is un-stained
for the activity and would lower the OD values of small
motoneurons to a greater extent than it would for large
motoneurons.

Motoneurons with a cell body size greater than 500 p,m2
were presumed to be alpha motoneurons innervating
extrafusal muscle fibers. Smaller motoneurons were pre-
sumed to be gamma motoneurons innervating intrafusal
muscle fibers. The cut-off for the distribution between
gamma and alpha motoneurons was primarily based on
convention (Sickles and Oblak, 1984; Peyronnard et al.,
1986; Swett et al., 1986).

Serial transverse sections of the left soleus and right
plantaris muscles, 10 wm thick, were cut in a cryostat set at
—20 °C. The sections were brought to room temperature,
air-dried for 30 min and then stained for adenosine
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Fig. 1. Longitudinal sections of the spinal cord in the control (A and C) and hyperbaric exposed (B and D) rats. Nine and 7 motoneurons innervating the soleus
muscle of the control (A) and hyperbaric exposed (B) rats are identified by retrograde neuronal labeling with nuclear yellow, respectively. C and D are the same
sections as shown in A and B, but after processing for succinate dehydrogenase activity. WM: white matter. Scale bar = 100 wm.

triphosphate (ATPase) activity following acid (pH 4.3 and
4.5) and alkaline (pH 10.4) pre-incubation (Nakatani et al.,
1999, 2000; Hirofuji et al., 2000). The muscle fibers were
classified into type I (positive at pre-incubation pH 4.3 and
4.5, and negative at pre-incubation pH 10.4), type IIA
(negative at pre-incubation pH 4.3 and 4.5, and positive at
pre-incubation pH 10.4), type IIB (negative at pre-

incubation pH 4.3, and negative at pre-incubation pH 4.5
and 10.4), and type IIC (positive at pre-incubation pH 4.3,
4.5, and 10.4) (Fig. 2). The fiber type distribution of the
soleus muscle was determined from the entire transverse
section of the muscle, while that of the plantaris muscle was
determined from approximately 500 fibers in the middle
region of the transverse section of the muscle.

Fig. 2. Serial transverse sections of the soleus muscle in the control (A—C) and hyperbaric exposed (D-F) rats. A and D are stained for adenosine triphosphatase
activity following pre-incubation at pH 10.4, while B and E are stained for adenosine triphosphatase activity following pre-incubation at pH 4.5. C and F are
stained for succinate dehydrogenase activity. 1, type I; 2, type IIA; 3, type IIC. Scale bar = 100 wm.
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The sections were also stained for SDH activity, an
indicator of mitochondrial oxidative potential (Nakatani
et al., 1999, 2000; Hirofuji et al., 2000). The SDH activities
of approximately 500 fibers from each muscle were
determined on digitized images of stained sections. The
SDH staining intensity was measured using a computer-
assisted image processing system (Neuroimaging System,
Kyoto, Japan) (Ishihara et al., 1996).

2.4. Statistics

Means and standard deviations were calculated from
individual values using standard procedures. The student’s
t-test was used to determine significant differences
between the control and hyperbaric groups. Differences
were considered significant at the 0.05, 0.01, or 0.001 level
of confidence.

3. Results
3.1. Body and muscle weights

The body weights of the control and hyperbaric groups
were 391 £15g (n=5) and 386 £ 18 g (n=35), respec-
tively. The soleus muscle weights of the control and
hyperbaric groups were 141.5+ 134 mg (n=5) and
145.8 £ 14.0 mg (n=15), respectively, and the plantaris
muscle weights of the control and hyperbaric groups were
336.7£203mg (n=5) and 339.5+21.1mg (n=>35),
respectively. There were no differences in mean body or
mean muscle weight between the control and hyperbaric
groups.

3.2. Spinal motoneurons

There was no difference in the mean number, mean cell
body size, or mean oxidative enzyme activity of gamma,
alpha, or entire (gamma + alpha) motoneurons innervating
the soleus or plantaris muscle between the control and
hyperbaric groups (Table 1).

When examining the oxidative enzyme activity of
motoneurons based on their cell body sizes, the oxidative
enzyme activity of alpha, but not gamma, motoneurons of
the hyperbaric group was higher than that of the control
group, irrespective of their cell body sizes (Fig. 3).

3.3. Skeletal muscle fibers

The mean percentage of type I fibers was lower and those
of type IIA and type IIC fibers were higher in the soleus
muscle of the hyperbaric group than in the soleus muscle of
the control group (Fig. 4). The mean percentage of type IIA
fibers was higher and that of type IIB fibers was lower in the
plantaris muscle of the hyperbaric group than in the plantaris
muscle of the control group.

There were no differences in mean fiber cross-sectional
area of the soleus or plantaris muscle between the control and
hyperbaric groups, irrespective of the fiber types (Fig. 4).

The mean fiber oxidative enzyme activities in the soleus
and plantaris muscles of the hyperbaric group were higher
than those of the control group, irrespective of the fiber types
(Fig. 4).

4. Discussion

Previous studies (Donselaar et al., 1986; Chalmers et al.,
1991, 1992; Seburn et al., 1994; Ishihara et al., 1997b, 2004,
Roy etal., 1999, 2001) showed no changes in morphological
or metabolic properties in spinal motoneurons following
chronic decrease (e.g., spinal cord transaction, spinal cord
isolation, immobilization, or hindlimb un-loading) or
increase (e.g., exercise, functional overload, electrical
stimulation, or hypergravity) in the neuromuscular activity.
Chalmers et al. (1992) observed no change in the cell body
size or oxidative enzyme activity of motoneurons after
spinal cord transection at a low thoracic level or spinal cord
isolation at a low thoracic and a high sacral level plus
bilateral deafferentation between the two transection sites in
cats. Similarly, Seburn et al. (1994) showed no change in the
cell body size or oxidative enzyme activity of motoneurons

Table 1
Numbers, cell body sizes, and succinate dehydrogenase activities of motoneurons innervating the soleus and plantaris muscles of the control and hyperbaric
groups
Number Cell body size (uwm?) SDH activity (OD)
Gamma Alpha Total Gamma Alpha Total Gamma Alpha Total
Soleus motoneurons
Control 18+£3 45+6 63+8 328 £ 13 888 + 12 727 £ 14 0.48 +0.03 0.38 £ 0.03 0.40 £+ 0.03
Hyperbaric 17 +£3 41+£5 59+7 331 +£15 900 + 17 731 £ 18 0.49 + 0.03 0.40 £ 0.03 0.42 £+ 0.03
Plantaris motoneurons
Control 23 +4 73+9 96 £+ 11 321+ 17 922 +£ 19 777 £22 0.48 + 0.03 0.34 + 0.03 0.38 + 0.03
Hyperbaric 25+4 74 +£8 99 +9 322+19 909 + 22 759 £24 0.48 +0.03 0.37 +£0.03 0.40 £+ 0.03

Values are expressed as mean + S.D. from 5 animals. Gamma and alpha motoneurons are divided by their cell body sizes at 500 wm?® SDH, succinate

dehydrogenase; OD, optical density.
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Fig. 3. Distributions of succinate dehydrogenase activities of motoneurons innervating the soleus (A and C) and plantaris (B and D) muscles of the control (A
and B) and hyperbaric (C and D) groups. Values are expressed as mean and standard deviation from 5 animals, and grouped in 100 wm intervals of cell body size.
SDH, succinate dehydrogenase; OD, optical density. “P < 0.05, “P < 0.01 compared with the control value at the same cell body size.

after inactivity induced by chronic tetrodotoxin (a selective
channel blocker) administration to the rat sciatic nerve.
Donselaar et al. (1986) observed no change in the oxidative
enzyme activity of motoneurons following anti-dromic
electrical stimulation of the common peroneal nerve in cats.
Furthermore, the cell body size and oxidative enzyme
activity of motoneurons innervating the plantaris muscle in
cats were unaffected following functional overload of the
plantaris muscle by removal of the major synergists,
gastrocnemius and soleus muscles (Chalmers et al., 1991).

In contrast, exposure to microgravity decreased oxidative
enzyme activity of small-sized alpha motoneurons innervat-
ing the high-oxidative fibers in rat skeletal muscle,
especially antigravity muscle (Ishihara et al.,, 1996,
2000b, 2002). The high-oxidative fibers in antigravity
muscles, e.g., the soleus muscle, atrophied and type-shifted
the most by exposure to microgravity. Hypobaric hypoxia
(460 Torr, equivalent to an altitude of 4000 m) enhanced
oxidative enzyme activity of small-sized alpha motoneurons
innervating the high-oxidative fibers in the slow soleus and
fast extensor digitorum longus muscles in rats (Ishihara
et al., 1990; Taguchi et al., 1990). Hypoxia causes an
increase in the capillary and mitochondrial densities,
myoglobin concentration, and fiber oxidative enzyme

activity of skeletal muscle (Ishihara et al., 2000a). It is
considered that these changes in the neuromuscular unit are
due to adaptations for maintenance of adequate levels of
tissue oxygenation under hypoxic conditions.

Increased atmospheric pressure enhances the partial
pressure of oxygen and dissolves more oxygen into the blood
and plasma. Therefore, it is reasonable to expect that an
increased delivery of oxygen and increased amount of
oxygen induced by hyperbaric exposure with high oxygen
concentration would greatly increase the oxidative enzyme
activity in the neuromuscular unit. As expected, the present
study showed that the oxidative enzyme activity of alpha
motoneurons increased after hyperbaric exposure with high
oxygen concentration, irrespective of their cell body sizes
and the muscle fiber types that they innervate (Fig. 3)
although the mean oxidative enzyme activities of entire
motoneurons innervating the soleus and plantaris muscles
were not changed by hyperbaric exposure with high oxygen
concentration (Table 1). It is of great interest to note that the
oxidative enzyme activity of alpha motoneurons increased
after hyperbaric exposure with high oxygen concentration,
irrespective of their cell body sizes, because previous
studies (Ishihara et al., 1990; Taguchi et al., 1990) showed
that the oxidative enzyme activity of only small-sized
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alpha motoneurons was increased by hypobaric hypoxia.
When subjected to hypobaric hypoxia, the adaptations of
motoneurons and muscle fibers in the neuromuscular unit
were matched, i.e., the oxidative enzyme activities of slow-
twitch, high-oxidative fibers and of small-sized alpha
motoneurons innervating those fibers were increased by
hypobaric hypoxia.

The mechanisms remain unclear for the increased
oxidative enzyme activity of alpha motoneurons, irrespec-
tive of their cell body sizes, following hyperbaric exposure
with high oxygen concentration. It is suggested that
hyperbaric exposure with high oxygen concentration used
in the present study was adequate to stimulate and enhance
the oxidative enzyme activity of entire alpha motoneurons.
The increased oxidative enzyme activities of all sizes of
alpha motoneurons by hyperbaric exposure with high
oxygen concentration corresponded with those observed
in the muscle fibers that they innervate, i.e., the oxidative
enzyme activities of all types of fibers in the soleus and
plantaris muscles were increased by hyperbaric exposure
with high oxygen concentration (Fig. 4).

In summary, an increase in the pressure of oxygen results
in more oxygen being dissolved in the blood and plasma,
making the oxygen available for diffusion into the tissues
and offering an increased oxidative capacity in the
neuromuscular unit. Therefore, the present study showed
that hyperbaric exposure (1.25 atmospheric pressure) with
high oxygen concentration (35.0%) induced an enhance-
ment of the oxidative enzyme activity of alpha motoneurons
and the muscle fibers that they innervate.
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Abstract

The effects of hyperbaric exposure with high oxygen con-
centration on the physical activity of developing male rats
were investigated. Five-week-old male rats were exposed to
an atmospheric pressure of 1.25 with an oxygen concentra-
tion of 36.0% for 12 h (7.00-19.00 h) and exercised voluntari-
ly for 12 h (19.00-7.00 h) daily for 8 weeks. The voluntary run-
ning activities were compared with those in age-matched
rats without hyperbaric exposure. In addition, the properties
of the soleus and plantaris muscle fibers and their spinal mo-
toneurons were examined. The voluntary running activities
of rats with or without hyperbaric exposure increased during
development. However, the mean voluntary running activi-
ties were higher in rats with hyperbaric exposure (7,104 m/
day) than in those without hyperbaric exposure (4,932 m/
day). The oxidative capacities of the soleus and plantaris
muscle fibers and their spinal motoneurons increased fol-
lowing hyperbaric exposure. Itis suggested that adaptations

of neuromuscular units to hyperbaric exposure with high
oxygen concentration enhance the metabolism, and thus,
the function of neuromuscular units is promoted.

Copyright © 2006 S. Karger AG, Basel

Introduction

We developed a specially designed hyperbaric cham-
ber for animal experiments [Ishihara et al., 2005]. It is an
oxygen compression tank with an oxygen concentrator.
The hyperbaric chamber is designed to automatically
maintain increased levels of atmospheric pressure and
oxygen concentration. The increased atmospheric pres-
sure enhances the partial pressure of oxygen and dis-
solves more oxygen into the blood and plasma. The in-
creased oxygen enhances the metabolism in cells of pe-
ripheral tissues, e.g., enhanced oxidative enzyme activity
in the mitochondria and increased energy expenditure in
the cells. In addition, more carbon dioxide, which is in-
creased by an enhancement in the cell metabolism, fa-
cilitates oxygen release from hemoglobin and dilates ves-
sels and capillaries.

KARGER ©2006 S. Karger AG, Basel
0378-5866/07/0296-0452$23.50/0
Fax +41 61 306 12 34
E-Mail karger@karger.ch

www.karger.com

Accessible online at:
www.karger.com/dne

Prof. Akihiko Ishihara

Laboratory of Neurochemistry

Graduate School of Human and Environmental Studies, Kyoto University
Sakyo-ku, Kyoto 606-8501 (Japan)

Tel. +81 75 753 6881, Fax +81 75 753 6771, E-Mail ishihara@life.h.kyoto-u.ac.jp


http://dx.doi.org/10.1159%2F000097319

Skeletal muscle fibers are classified into several types
based on their histochemical properties [Hori et al,
1998]. In addition, spinal motoneurons innervating the
skeletal muscle fibers have specific morphological and
metabolic properties [Ishihara et al., 2000a]. The proper-
ties of muscle fibers and their spinal motoneurons in the
neuromuscular units are matched under normal condi-
tions. Small-sized, high-oxidative a-motoneurons pre-
sumably innervate slow-twitch, high-oxidative fibers,
while large-sized, low-oxidative a-motoneurons inner-
vate fast-twitch, low-oxidative fibers.

Our recent study [Ishihara et al., 2005] revealed that
hyperbaric exposure (1.25 atm) with high oxygen con-
centration (35.0%) enhances the oxidative capacity of all
types of muscle fibers and their spinal motoneurons. The
present study was designed to assess whether or not the
increased oxidative capacity of muscle fibers and their
spinal motoneurons has a measurable effect on physical
activity, since our previous study [Ishihara et al., 2005]
showed that hyperbaric exposure with high oxygen con-
centration caused elevations in the oxidative capacity of
neuromuscular units.

Materials and Methods

Animals and Treatments

All procedures were approved by the University Committee
for the Care and Use of Animals for research purposes and fol-
lowed the Guidelines of the National Institutes of Health for the
Care and Use of Laboratory Animals.

Five-week-old male Wistar rats were assigned to control
groups with (C-Ex, n = 8) or without voluntary running exercise
(C, n = 8) or to hyperbaric groups with (H-Ex, n = 8) or without
voluntary running exercise (H, n = 8). The rats in the hyperbaric
groups (H and H-Ex) were exposed to an atmospheric environ-
ment for 12 h (7.00-19.00 h) daily for 8 weeks, while the rats in the
exercise groups (C-Ex and H-Ex) exercised for 12 h (19.00-7.00 h)
daily for 8 weeks. All rats were individually housed in cages of the
same size (30 X 20 X 13 cm). The rats in the hyperbaric groups
were exposed to an atmospheric pressure of 1.25 with an oxygen
concentration of 35.0%, automatically maintained by a computer-
assisted system [Ishihara et al., 2005]. The hyperbaric chamber
was 180 cm long and 70 cm in diameter. The size of the chamber
allows multiple rats (up to 20 cages) to be housed simultaneously.
The rats in the exercise groups exercised voluntarily on running
wheels with no load, which we developed [Ishihara et al., 1998].
Food and water were provided ad libitum for all groups. The rats
were keptina controlled environment with fixed 12-hourlight/12-
hour dark cycles (lights off from 19.00 to 07.00 h) and a room
temperature maintained at 22 £ 2°C.

Injection of Neuronal Tracer
Eight weeks later, the rats were anesthetized with sodium pen-
tobarbital (50 mg/kg body weight, i.p.) for injection of the fluo-
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rescent tracer, nuclear yellow, into the right soleus and left plan-
taris muscles [Ishihara et al., 1991, 1995]. After the muscle was
exposed, a 2% solution of the fluorescent tracer, nuclear yellow,
was injected into the muscle using a microsyringe. The fluores-
cent tracer was injected at multiple sites to ensure distribution
throughout the muscle. Care was taken to inject the fluorescent
tracer slowly and prevent leakage. After the fluorescent tracer had
been injected into the muscle, the skin was sutured and the rats
were allowed to recover from anesthesia. The volumes of injected
fluorescent tracer were 10 and 15 pl for the soleus and plantaris
muscles, respectively. After 2 days, the rats were sacrificed by an
overdose of sodium pentobarbital.

Analyses

The bilateral soleus and plantaris muscles and the lumbosacral
enlargement of the spinal cord were removed and frozen immedi-
ately in isopentane cooled with liquid nitrogen. Serial transverse
sections of the left soleus and right plantaris muscles, 10 wm thick,
were cut in a cryostat set at —20°C. The sections were brought to
room temperature, air-dried for 30 min, and then stained for ade-
nosine triphosphate (ATPase) activity following acid (pH 4.3 and
4.5) and alkaline (pH 10.4) preincubation [Hirofuji et al., 2000; Na-
katanietal., 1999,2000]. The muscle fibers were classified into type
I (positive at preincubation, pH 4.3 and 4.5, and negative at prein-
cubation, pH 10.4), type ITA (negative at preincubation, pH 4.3 and
4.5, and positive at preincubation, pH 10.4), type IIB (negative at
preincubation, pH 4.3, and positive at preincubation, pH 4.5 and
10.4), and type IIC (positive at preincubation, pH 4.3, 4.5 and 10.4).
The fiber type distribution of the soleus muscle was determined
from the entire transverse section of the muscle, while that of the
plantaris muscle was determined from approximately 500 fibers in
the middle region of the transverse section of the muscle.

The sections were also stained for succinate dehydrogenase
(SDH) activity, an indicator of mitochondrial oxidative potential
[Hirofuji et al., 2000; Nakatani et al., 1999, 2000]. The SDH ac-
tivities of approximately 500 fibers from each muscle were deter-
mined on digitized images of stained sections. The SDH staining
intensities of individual muscle fibers were measured using a
computer-assisted image processing system (Neuroimaging Sys-
tem, Kyoto, Japan).

Serial longitudinal sections of the lumbosacral enlargement,
10 pwm thick, were cutin a cryostat set at —20°C. The motoneurons
innervating the soleus and plantaris muscles were identified by
golden-yellow fluorescence of the nucleus with nuclear yellow on
the untreated sections using a fluorescent microscope. The identi-
fied motoneurons were counted in the serial sections. The same
sections used to identify the motoneurons were then stained for
activity of SDH, an oxidative marker enzyme, at room tempera-
ture for 10 min [Chalmers and Edgerton, 1989a and b].

The cross-sectional areas of the identified motoneurons in
which the nucleus was visible were measured from the SDH-
stained sections using a computer-assisted image processing sys-
tem (Neuroimaging System) [Ishihara et al., 1997a, 2002b]. Mo-
toneurons with a cell body size greater than 500 wm? were pre-
sumed to be a-motoneurons innervating extrafusal muscle fibers.
Smaller motoneurons were presumed to be y-motoneurons in-
nervating intrafusal muscle fibers. The cutoff for the distribution
between y- and a-motoneurons was primarily based on conven-
tion [Peyronnard etal., 1986; Sickles and McLendon, 1983; Sickles
and Oblak, 1984; Swett et al., 1986].
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Statistics

Means and standard deviations were calculated from individ-
ual values using standard procedures. Student’s t test was used to
determine significant differences between the control and hyper-
baric groups. Differences were considered significant at the 0.05
level of confidence.

Results

Voluntary Running Distances

The voluntary running distances of the C-Ex and
H-Ex groups increased during development (fig. 1). The
mean voluntary running distances during an 8-week
running exercise period were higher in the H-Ex group
(7,104 £ 285 m/day, n = 8; p < 0.05) than in the C-Ex
group (4,932 * 169 m/day, n = 8).

Body and Muscle Weights

There were no differences in the mean body weight
among the C (392 * 16 g,n=8), C-Ex (379 * 18 g,n =
8), H (387 £ 17 g,n = 8), or H-Ex groups (378 £ 19,n =
8). Similarly, there were no differences in the mean soleus
or plantaris muscle weight among the C, C-Ex, H, or
H-Ex groups (fig. 2). The mean soleus and plantaris mus-
cle weights per unit body weight were higher in the C-Ex
and H-Ex groups than in the C and H groups, while there
were no differences in the mean soleus or plantaris mus-
cle weight per unit body weight between the C and H
groups or between the C-Ex and H-Ex groups.

Skeletal Muscle Fibers

In the soleus muscle, the mean percentage of type I
tibers was lower and those of type ITA and type IIC fibers
were higher in the H and H-Ex groups than in the C and
C-Ex groups (fig. 3). There were no differences in the
mean fiber type distribution of the muscle between the C
and C-Ex groups or between the H and H-Ex groups.
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Fig. 1. Voluntary running distances on wheels of rats with (H-Ex)
or without (C-Ex) hyperbaric exposure. Values are expressed as
mean and standard deviation from 8 animals. * p < 0.05, com-
pared with the values of the C-Ex group.
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In the plantaris muscle, the mean percentage of type
ITA fibers was higher and that of type IIB fibers was low-
er in the H and H-Ex groups than in the C and C-Ex
groups (fig. 3). There were no differences in the mean fi-
ber type distribution of the muscle between the C and
C-Ex groups or between the H and H-Ex groups.

There were no differences in the mean fiber cross-sec-
tional area of the soleus or plantaris muscle among the C,
C-Ex, H, or H-Ex groups (fig. 3).

The mean fiber oxidative enzyme activities in the so-
leus and plantaris muscles were higher in the Hand H-Ex
groups than in the C and C-Ex groups, irrespective of the
fiber types (fig. 3). There were no differences in the mean

Hyperbaric Exposure and Physical
Activity of the Developing Rat

tiber oxidative enzyme activity of the soleus or plantaris
muscle between the C and C-Ex groups or between the H
and H-Ex groups.

Spinal Motoneurons

There were no differences in the mean number or cell
body size of y, o, or entire (y + at) motoneurons innervat-
ing the soleus or plantaris muscle among the C, C-Ex, H,
or H-Ex groups (fig. 4). There were no differences in the
mean oxidative enzyme activity of y or entire (y + o) mo-
toneurons innervating the soleus or plantaris muscle
among the C, C-Ex, H, or H-Ex groups. The mean oxida-
tive enzyme activities of a-motoneurons innervating the
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the C and C-Ex groups.

soleus and plantaris muscles were higher in the H and
H-Ex groups than in the C group, while there were no
differences in the mean oxidative enzyme activity of
a-motoneurons innervating the soleus or plantaris mus-
cle between the C and C-Ex groups or between the H and
H-Ex groups.

Discussion
Rats are a highly active species and run spontaneously

on wheels at their own pace if given the opportunity
[Mondon et al., 1985; Munoz et al., 1994; Rodnick et al.,

456 Dev Neurosci 2007;29:452-459

1989; Russell et al., 1987; Shyu et al., 1984]. These studies
indicate that rats spontaneously run distances greater
than normally performed during forced treadmill exer-
cise. In addition, voluntary running has no physical or
psychological stress, i.e. no electrical shock, loud sound,
air blasts, or food deprivation and reward to keep rats
running at a constant level. Voluntary running results
primarily in aerobic adaptations in the skeletal muscles
[Lambert and Noakes, 1990; Rodnick et al., 1989; Sexton,
1995], but some hypertrophy has been reported in the
slow soleus muscles of male [Rodnick et al., 1990a] and
female rats [Munoz et al., 1994]. The fast plantaris muscle
appears to induce hypertrophy in female [Munoz et al,,
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1994], but not in male [Rodnick et al., 1989, 1990a, b] rats
in response to voluntary running. In the present study;,
the voluntary running distances of both the C-Ex and
H-Ex groups increased during development. These re-
sults are consistent with those in a previous study [Ishi-
hara et al., 1998]. However, no exercise effects of volun-
tary running on the neuromuscular properties were ob-
served because there were no differences in the properties
of muscle fibers or spinal motoneurons between the non-
exercised C and exercised C-Ex groups or between the
nonexercised H and exercised H-Ex groups. The in-
creased voluntary running distances of the H-Ex group
compared with the C-Ex group are considered to be due
to the effects of hyperbaric exposure with high oxygen
concentration. Therefore, it is concluded that the in-
creased running distance in the H-Ex group was an indi-
rect indicator of elevated neuromuscular endurance ca-
pacity by the hyperbaric exposure with high oxygen con-
centration.

Previous studies [Chalmers et al., 1991, 1992; Donse-
laar et al., 1986; Ishihara et al., 1997b, 2004; Roy et al,,
1999, 2001; Seburn et al., 1994] showed no changes in
morphological or metabolic properties in spinal moto-
neurons following chronic decrease (e.g., spinal cord
transaction, spinal cord isolation, immobilization, or
hindlimb unloading) or increase (e.g., exercise, func-
tional overload, electrical stimulation, or hypergravity)
in the neuromuscular activity, while fiber atrophy or hy-
pertrophy and/or type shift of fibers in the skeletal mus-
cles were observed following chronic decrease or in-
crease in the neuromuscular activity. In contrast, the
oxidative capacity of small-sized a-motoneurons inner-
vating the high-oxidative fibers in the skeletal muscles,
especially the antigravity muscles, decreased following
exposure to microgravity [Ishihara et al., 1996,2000a, b,
2006]. The high-oxidative fibers in the antigravity mus-
cles, e.g., the soleus muscle, atrophied and type-shifted
the most by exposure to microgravity. Similarly, hypo-
baric hypoxia (460 mmHg, equivalent to an altitude of
4,000 m) enhanced the oxidative capacity of small-sized
a-motoneurons innervating the high-oxidative fibers in
the slow soleus and fast extensor digitorum longus mus-
cles [Ishihara et al., 1990; Taguchi et al., 1990]. The per-
centage of high-oxidative fibers in the skeletal muscles
was increased by hypobaric hypoxia. It is considered
that these changes in the neuromuscular units are due
to adaptations for maintenance of adequate levels of tis-
sue oxygenation under microgravity or hypoxic condi-
tion.

Hyperbaric Exposure and Physical
Activity of the Developing Rat

Increased atmospheric pressure enhances the partial
pressure of oxygen and dissolves more oxygen into the
blood and plasma (Henry’s law). The increased oxygen
(tissue hyperoxygenation) enhances the metabolism in
cells and tissues. In addition, more carbon dioxide,
which was increased by an enhancement in the cell me-
tabolism, facilitates oxygen release from hemoglobin
and enlarges vessels and capillaries (Bohr effect). There-
fore, it was expected that the increased amount and de-
livery of oxygen induced by hyperbaric exposure with
high oxygen concentration would greatly enhance the
cell metabolism and therefore increase the oxidative ca-
pacity in the neuromuscular units. In the present study,
the oxidative capacities in the slow soleus and fast plan-
taris muscle fibers and their spinal motoneurons in-
creased following hyperbaric exposure with high oxy-
gen concentration.

The mechanisms for the increased voluntary running
activity of the H-Ex group remain unclear. A previous
study [Harrison et al., 2002] observed that the muscle fi-
ber type composition was related to the voluntary run-
ning activity level, because myosin heavy chain IIX or IIB
null mice showed a lesser activity level than wild-type
mice. In addition, a higher voluntary running activity
level was observed in fast-twitch, high-oxidative fiber-
dominant rats, which were developed by selective breed-
ing until the 8th generation [Suwa et al., 2003]. These
studies suggest that muscle fiber type composition affects
the physical activity level.

It is suggested that the hyperbaric exposure with high
oxygen concentration used in the present study was ad-
equate to enhance the oxidative capacity in the neuro-
muscular units and that the increased oxidative capacity
in neuromuscular units stimulated and enhanced the
voluntary running activities of individual rats in the H-
Ex group. Previous studies [Huang et al., 2005; Shirasawa
etal., 2003] yielded similar results using model mice that
carry low-affinity hemoglobin with Titusville mutation
in the a-globin gene or Presbyterian mutation in the
B-globin gene. These mutant mice had a higher percent-
age of high-oxidative fibers in the fast tibialis anterior
muscle and an increased oxidative capacity of spinal mo-
toneurons innervating the tibialis anterior muscle. In ad-
dition, the mutant mice spontaneously ran twice as far as
controls (wild-type mice). These data suggest that, as the
result of adaptation to the tissue hyperoxygenation, en-
ergy metabolism in the neuromuscular units of the mu-
tant mice is augmented, and thus, the function of the neu-
romuscular units is promoted.
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In summary, it is concluded that hyperbaric exposure
(1.25 atm) with high oxygen concentration (36.0%) in-
duces an enhancement of the oxidative capacity in a-mo-
toneurons and the muscle fibers they innervate. It is sug-
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ABSTRACT: The effects of hyperbaric exposure with high oxygen concen-
tration on glucose and insulin levels and skeletal muscle-fiber properties
were investigated in type 2 diabetic Goto-Kakizaki rats. Five-week-old rats
were exposed to a hyperbaric environment (1.25 atmospheric pressure) with
a high oxygen concentration (36%) for 6 h daily. Glucose and insulin levels
and properties including fiber-type distribution, cross-sectional area, and
oxidative enzyme activity in the soleus muscle were examined after hyper-
baric exposure for 4 weeks. The growth-related increase in glucose level
was inhibited by hyperbaric exposure, and insulin also showed lower levels
compared with control rats. The percentage of low-oxidative type | fibers in
the muscle decreased and high-oxidative type IIA and type IIC fibers, which
were not detected in the muscle of control rats, were observed after hyper-
baric exposure. The oxidative enzyme activity of type | fibers in the muscle
increased after hyperbaric exposure. Hyperbaric exposure with high oxygen
concentration might therefore provide a new approach to improve the glu-
cose tolerance, insulin resistance, and altered skeletal muscle metabolism

that are caused by diabetes mellitus.
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Skeletal muscles are comprised of heterogeneous
types of fibers that have different functional, mor-
phological, and metabolic properties.”?° Patients
with type 2 diabetes mellitus have altered patterns of
fiber types in the skeletal muscles, i.e., a decreased
percentage of high-oxidative fibers in the skeletal
muscles.>7?2 Our previous studies?*30 revealed that
Otsuka Long—Evans Tokushima Fatty (OLETF) and
Goto—-Kakizaki (GK) rats, animal models of sponta-
neous type 2 diabetes mellitus that have hyperglyce-
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mia and insulin resistance, have a lower percentage
of high-oxidative fibers in the skeletal muscles than
age-matched nondiabetic rats. Skeletal muscle is a
major target of insulin-stimulated glucose uptake.
Therefore, altered patterns of fiber types in the skel-
etal muscles of patients and animal models with type
2 diabetes mellitus may be linked to glucose toler-
ance and insulin resistance.

We have designed a hyperbaric chamber for animal
experiments, which is an oxygen tank with an oxygen
concentrator and an air compressor? that automati-
cally maintain the elevated atmospheric pressure and
oxygen concentration. Increased atmospheric pressure
enhances the partial pressure of oxygen and causes
more oxygen to dissolve into the blood and plasma.

Our recent study?® observed that hyperbaric ex-
posure with high oxygen concentration inhibited a
growth-related increase in the glucose level of GK
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rats. We postulated that the increased availability of
oxygen induced by hyperbaric exposure might have
a beneficial impact on the metabolism of skeletal
muscles, for example, on oxidative enzyme activity,
which might be related to improvements in glucose
tolerance and insulin resistance. In the present study
we tested this hypothesis by exposing GK rats to a
hyperbaric environment with high oxygen concen-
tration for a period of 4 weeks, and then determined
glucose and insulin levels and closely examined the
fiber-type distribution, cross-sectional area, and oxi-
dative enzyme activity of fibers in the soleus muscle.

MATERIALS AND METHODS

Animals and Treatments. All procedures were ap-
proved by our institutional review committee and
followed US national guidelines.

GK rats are animal models of type 2 diabetes
mellitus, developed by selective breeding of an out-
bred colony of Wistar rats with high glucose levels as
measured by the oral glucose tolerance test.* They
were selected for the present study because they have
elevated levels of glucose, but not of insulin, and
they do not become obese.!:11:23.24

Five-week-old male Wistar (n = 10) or GK (n = 10)
rats were randomly assigned to control (n = 5) or
hyperbaric (n = 5) groups. All rats were individually

housed in cages of the same size. The rats in the
hyperbaric group were exposed to an atmospheric
pressure of 1.25 with an oxygen concentration of 36%
automatically maintained by a computer-assisted sys-
tem. The chamber was 180 cm long and 70 cm in
diameter, making it large enough to house a number
of rats (up to 20 cages) simultaneously.” Rats in the
hyperbaric group were exposed to the hyperbaric en-
vironment for 6 h (10:00 to 16:00) daily for 4 weeks.
Food and water were provided ad libitum for both
groups. All rats were kept in a controlled environment
with fixed 12:12-h light:dark cycles (lights off from
19:00 to 07:00) and room temperature maintained at
22 * 2°C. Food intake in a 24-h period was measured.

Tissue Preparation. The rats were weighed and
anesthetized with an intraperitoneal injection of so-
dium pentobarbital (50 mg/kg). The soleus muscle
was removed, cleaned of excess fat and connective
tissue, and wet-weighed. White adipose tissue includ-
ing epididymal, omental, and retroperitonal fat was
surgically removed and weighed. The total weight of
these three types of tissues was taken to be the white
adipose tissue weight.

Measurements of Fasting Plasma Glucose and Insulin.
Plasma obtained by centrifugation was used for mea-
surements of glucose and immunoreactive insulin

FIGURE 1. Transverse sections of the soleus muscle in nondiabetic Wistar rats under normobaric (A1-A3) and hyperbaric (B1-B3)
conditions. (A1,B1) Stained for adenosine triphosphatase activity following preincubation at pH 10.4; (A2,B2) stained for adenosine
triphosphatase activity following preincubation at pH 4.5; (A3,B3) stained for succinate dehydrogenase activity. 1, type 1; 2, type lIA; 3,

type IIC. Scale bar, 100 pm.
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FIGURE 2. Transverse sections of the soleus muscle in diabetic Goto-Kakizaki rats under normobaric (A1-A3) and hyperbaric
(B1-B3,C1-C3) conditions. (A1,B1,C1) Stained for adenosine triphosphatase activity following preincubation at pH 10.4; (A2,B2,C2)
stained for adenosine triphosphatase activity following preincubation at pH 4.5; (A3,B3,C3) stained for succinate dehydrogenase activity.
1, type 1; 2, type llA, 3, type IIC. Scale bar, 100 um. All fibers in the muscle of GK rats under normobaric conditions were type | (A1-A3).
Two of five GK rats under hyperbaric conditions had only type | fibers in the muscle, whereas two GK rats had type | and type IIC fibers
(B1-B3). One rat under hyperbaric conditions had type | and type IIA fibers in the muscle (C1-C3).

(IRI) levels. Plasma glucose was determined by a
glucose oxidative method!” on blood samples ob-
tained from the tail veins at 5, 7, and 9 weeks of age.
Plasma IRI was determined by a radioimmunoassay
using a polyethylene glycol method with rat plasma
insulin as the standard?” on blood samples obtained
from the abdominal aorta at 9 weeks of age.

Histochemical Procedures. The muscle was placed
on cork, stretched to its in vivo length, and immedi-
ately frozen in isopentane cooled in a mixture of dry
ice and acetone. Serial 10-um thick transverse sec-
tions of the muscle were cut in a cryostat set at
—20°C. The sections were brought to room temper-
ature, air-dried for 30 min, then stained for adeno-
sine triphosphatase (ATPase) activity following acid
(pH 4.3 and 4.5) and alkaline (pH 10.4) preincuba-

Hyperbaric Exposure in Rat

tion (Figs. 1, 2).61819 The muscle fibers were classi-
fied into type I (positive at preincubation pH 4.3 and
4.5, and negative at preincubation pH 10.4), type IIA
(negative at preincubation pH 4.3 and 4.5, and pos-
itive at preincubation pH 10.4), and type IIC (positive
at preincubation pH 4.3, 4.5, and 10.4). The fiber-type
distribution of the muscle was determined from the
entire transverse section of the muscle.

The sections were also stained for succinate de-
hydrogenase (SDH) activity, an indicator of mito-
chondrial capacity (Figs. 1, 2).61819 Tissue sections
were digitized as gray scale images and the value of
the SDH staining intensity was expressed as an opti-
cal density (OD) value on a computer-assisted image
processing system (Neuroimaging System, Kyoto, Ja-
pan).®19 Each pixel was quantified as one of 256 gray

MUSCLE & NERVE  March 2007 339



FIGURE 3. Glucose levels of nondiabetic Wistar (WR) and diabetic Goto—Kakizaki (GK) rats. Values are expressed as mean * standard
deviation (n = 5). **P < 0.01, **P < 0.001 compared with control value.

levels. A gray value of zero was equivalent to 100%
transmission of light, and that of 255 was equivalent
to 0% transmission of light. The OD units of all
pixels within the muscle fiber were converted to a
mean OD unit using a calibration photographic tab-
let, which has 21-step gradient density ranges of
diffused density values.

Statistics. Means and standard deviations were cal-
culated from individual values using standard proce-
dures. Student’s #test was used to determine signifi-
cant differences between the control and hyperbaric
groups.

RESULTS

Body Weight and Food Intake. The body weights of
Wistar rats at 9 weeks of age in the control and
hyperbaric groups were 365.8 £ 24.6 g and 364.6 =
19.2 g, respectively, and those of GK rats at 9 weeks
of age in the control and hyperbaric groups were
2174 = 142 g and 206.8 = 4.5 g (n = 5 for all
groups), respectively. There was no difference in
body weight of Wistar or GK rats between the control
and hyperbaric groups.

The food intakes of Wistar rats at 9 weeks of age
in the control and hyperbaric groups were 30.8 = 3.8
g/day and 29.0 £ 3.3 g/day, respectively, and those
of GK rats at 9 weeks of age in the control and
hyperbaric groups were 9.5 = 1.1 g/day and 9.0 =
1.2 g/day (n = 5 for all groups), respectively. Wistar
or GK rats in the control and hyperbaric groups had
equivalent levels of food intake.
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White Adipose Tissue Weight. The white adipose tis-
sue weights of Wistar rats in the control and hyper-
baric groups were 7.07 = 2.89 g and 7.16 * 1.28 g,
respectively, and those of GK rats in the control and
hyperbaric groups were 3.53 = 0.69 g and 3.85 =
0.57 g (n = 5 for all groups), respectively. There was
no difference in white adipose tissue weight of
Wistar or GK rats between the control and hyper-
baric groups.

Fasting Plasma Glucose and Insulin Levels. The fast-
ing plasma glucose levels of Wistar and GK rats
were significantly lower in the hyperbaric groups
at 7 and 9 weeks of age than in the control groups
(Fig. 3).

The fasting plasma IRI levels of Wistar rats at 9
weeks of age in the control and hyperbaric groups
were 1707.6 = 526.7 pg/ml and 1514.5 *= 631.6
pg/ml, respectively, and those of GK rats at 9 weeks
of age in the control and hyperbaric groups were
472.1 = 238.0 pg/ml and 123.2 * 41.3 pg/ml (n =
5 for all groups), respectively. The fasting plasma IRI
levels of GK rats were significantly lower (P < 0.05)
in the hyperbaric than control group, but there was
no difference in fasting plasma IRI level of Wistar
rats between the control and hyperbaric groups.

Soleus Muscle Weight. The muscle weights of Wistar
rats in the control and hyperbaric groups were
0.13 £ 0.02 gand 0.13 = 0.02 g, and those of GK rats
in the control and hyperbaric groups were 0.08 *
0.01 g and 0.09 £ 0.01 g (n = 5 for all groups),
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FIGURE 4. Fiber-type distributions, cross-sectional areas, and succinate dehydrogenase activities of the soleus muscle in nondiabetic
Wistar (WR) and diabetic Goto—Kakizaki (GK) rats. SDH, succinate dehydrogenase; OD, optical density. Values are expressed as
mean = standard deviation [n = 5, except for type IIA (n = 1) and type IIC (n = 2) in diabetic GK rats of the hyperbaric group]. *P < 0.05,
**P < 0.01 compared with control value.

Hyperbaric Exposure in Rat MUSCLE & NERVE  March 2007 341



respectively. There was no difference in muscle
weight of Wistar or GK rats between the control and
hyperbaric groups.

Soleus Muscle Fiber Properties. In Wistar rats there
was no difference in fiber-type distribution or cross-
sectional area between the control and hyperbaric
groups (Fig. 4). The oxidative enzyme activities of all
types of fibers were significantly higher in the hyper-
baric than control group (Fig. 4).

In GK rats all fibers in the muscles of the control
group were type I (Figs. 2, 4). The muscles of two rats
in the hyperbaric group were composed of only type
I fibers (Fig. 4). The muscles of two other rats in the
hyperbaric group were composed of type I (94.0%
and 92.5%) and type IIC (6.0% and 7.5%) fibers,
whereas that of the other rat in this group contained
type I (87.7%) and type ITA (12.3%) fibers. The
cross-sectional area of type I fibers in the muscle was
significantly smaller in the hyperbaric than control
group, whereas the oxidative enzyme activity of type
I fibers was significantly higher in the hyperbaric
than control group (Fig. 4).

DISCUSSION

Skeletal muscle plays an important role in the regu-
lation of blood glucose because it is the site with the
highest level of insulin-stimulated glucose uptake
and disposal.? It is largely accepted that type 2 dia-
betes mellitus is associated with impaired insulin-
stimulated glucose disposal capacity, which is attrib-
uted to insulin resistance in skeletal muscle. Patients
with type 2 diabetes mellitus have disrupted meta-
bolic potentials and different patterns of fiber types
in the skeletal muscles compared with nondiabetic
subjects.>16:22 Diabetes has been associated with a
high percentage of low-oxidative fibers (particularly
type IIB fibers) and a low percentage of high-oxida-
tive fibers in the fast skeletal muscles, such as the
biceps femoris, vastus lateralis, and rectus abdominis
muscles. We observed similar changes in the fiber-
type distribution of both the fast plantaris and slow
soleus muscles in diabetic rats.?9-39 Previous studies??>
suggested that a decreased percentage of high-
oxidative fibers in the skeletal muscles combined
with a reduction in glucose transporter (GLUT)-4
expression in high-oxidative fibers reduces the
insulin-sensitive GLUT-4 pool in patients with type 2
diabetes mellitus and contributes to skeletal muscle
insulin resistance. These results strongly indicate
that changes in the fiber-type distribution of skeletal
muscles in diabetic rats are due to an impairment in
insulin sensitivity and glucose metabolism.
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Consistent with our hypothesis that the increased
availability of oxygen induced by hyperbaric expo-
sure with high oxygen concentration has a beneficial
impact on glucose and insulin levels and the metab-
olism of skeletal muscles, we observed that a growth-
related increase in glucose level of GK rats was com-
pletely inhibited by hyperbaric exposure (Fig. 3).
These findings are consistent with those in our re-
cent study.?® In addition, the insulin level was signif-
icantly lower in the hyperbaric than control group.
Hyperbaric exposure with high oxygen concentra-
tion might therefore provide a new approach to
improve glucose tolerance and insulin resistance.

In the present study, we examined the soleus
muscle because it has a higher percentage of high-
oxidative fibers, which are more insulin sensitive and
responsive than low-oxidative fibers.!21315 In addi-
tion, high-oxidative fibers are characterized by in-
creased fatty acid oxidation, low glycolytic capacity,
and high triglyceride accumulation compared with
low-oxidative fibers.!*+2! A previous study?® also ob-
served that skeletal muscle insulin resistance in GK
rats is associated with high-oxidative fiber-specific
defects in the insulin-signal transduction pathway to
glucose transport, suggesting that hyperglycemia af-
fects high-oxidative fibers more severely than low-
oxidative fibers, and that it selectively reduces
GLUT-4 expression in high-oxidative fibers in pa-
tients and animal models with type 2 diabetes melli-
tus. In the present study, hyperbaric exposure with
high oxygen concentration prevented diabetes-
associated changes in the fiber-type distribution of
the soleus muscle in GK rats. In addition, we ob-
served that the type I fiber oxidative enzyme activity
of the soleus muscle in GK rats increased after hy-
perbaric exposure. These results suggest that the
increase in oxidative capacity of skeletal muscles is
an adaptive response to hyperbaric exposure with
high oxygen concentration.
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Abstract Arthritis was induced in 9-week-old female
Dark Agouti rats by injecting type II collagen. Serum
levels of the derivatives of reactive oxygen metabolites
(dROMs), which are oxidative stress markers, and C-
reactive protein (CRP) in arthritic rats that were exposed to
a pressure of 1.25 atmospheres absolute and an oxygen
concentration of 36% for 3 weeks (arthritis + HBO group)
were compared to those of control rats (control group) and
arthritic rats that were not exposed to hyperbaric oxygen
(arthritis group). The body weights of the arthritis and
arthritis + HBO groups were lower than that of the control
group, whereas no difference in the body weight was
observed between the arthritis and arthritis + HBO groups.
The serum levels of dROMs and CRP in the arthritis group
were higher than those in the control and arthritis + HBO
groups. No difference in the serum level of CRP was
observed between the control and arthritis + HBO groups.
These results indicate that the conditions of hyperbaric
oxygen exposure used in this study are effective for
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reducing the levels of reactive oxygen species, which are
overproduced during arthritis.
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Introduction

Highly reactive and toxic transient chemical species,
referred to as reactive oxygen species (ROS), are over-
produced by phagocytes during the development and
progression of inflammatory processes and pathogenesis in
a number of diseases [1]. The excessive production of
ROS can damage cellular components such as nucleic
acids, lipids, proteins, membranes, and matrix compo-
nents. In addition, ROS serve as important intracellular
signaling and regulatory molecules that enhance the
synovial inflammatory—proliferative response [2]. Oxygen
metabolism plays an important role in the pathogenesis of
many joint diseases. The potential sources of ROS pro-
duction are numerous in the case of joint diseases. In
degenerative joint diseases, proinflammatory factors such
as cytokines and prostaglandins are released at sites of
inflammation and destruction together with ROS [3]. The
production of tumor necrosis factor (TNF)-o contributes to
excessive ROS release and causes substantial reduction in
the activity of antioxidant enzymes in inflammatory joints.
Several other proinflammatory cytokines, including inter-
leukin (IL)-1, IL-6, and IL-8, are produced by synovial
cells; these cytokines recruit neutrophils into the synovial
fluids and exert their effects by activating the intracellular
signaling pathways [4]. C-reactive protein (CRP) is a

@ Springer



Clin Exp Med (2010) 10:7-13

marker of inflammation and destruction of tissues such as
cartilage and bone. The serum level of CRP correlates
with the production of derivatives of reactive oxygen
metabolites (dAROMs), which are oxidative stress markers
[5, 6].

An elevation in atmospheric pressure accompanied by
an increase in oxygen concentration enhances the partial
pressure of oxygen and increases the concentration of
dissolved oxygen in the plasma. We determined that a
pressure of 1.25 atmospheres absolute (ATA) and an
oxygen concentration of 36% are required for obtaining
effective responses with regard to oxidative metabolism [7,
8]. Previous studies [9, 10] have reported low levels of
partial pressure of oxygen in the synovial fluid of arthritic
joints. These joints are characterized by hypoxia, which is
caused by increased oxygen demand and decreased blood
flow [11-13]. Hypoxic conditions induce the production of
proinflammatory cytokines and excessive ROS release in
inflammatory joints. We hypothesized that increased
pressure and enhanced delivery and uptake of oxygen
induced by exposure to hyperbaric oxygen are effective in
reducing arthritis-induced inflammation because exposure
to hyperbaric oxygen may prevent and improve hypoxic
conditions in inflammatory joints.

In this study, we compared the serum levels of dROMs,
TNF-«, IL-6, and CRP in arthritic rats that were exposed to
hyperbaric oxygen to those of control rats and arthritic rats
that were not exposed to hyperbaric oxygen. We verified
that the conditions of hyperbaric oxygen exposure used in
this study are effective for decreasing the levels of ROS,
which are overproduced during arthritis.

Materials and methods

All experimental procedures and animal care were con-
ducted in accordance with the guidelines stated in the
Guide for the Care and Use of Laboratory Animals issued
by the Institutional Animal Experimentation Committee of
Kyoto University.

Experimental animals

Bovine type II collagen (CII) was dissolved in 0.1 M acetic
acid at a concentration of 2 mg/ml by stirring overnight at
4°C. Dissolved CII was frozen at a temperature of —70°C
until use. We immunized 9-week-old female Dark Agouti
(DA) rats (n = 12), which are susceptible to induction of
adjuvant arthritis, with an emulsion of 2 mg/ml of CII in
incomplete Freund’s adjuvant (IFA). The emulsions were
prepared by homogenizing one part of dissolved CII into
one part of IFA placed in an ice-water bath. The rats were
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anesthetized by an intraperitoneal injection of sodium
pentobarbital (50 mg/kg body weight); thereafter, 0.2 ml of
the emulsion was intradermally injected into 3—5 other sites
located on the back of each rat. Following injection, half of
these rats (arthritis + HBO group; n = 6) were exposed to
a pressure of 1.25 ATA (950 mmHg) and an oxygen con-
centration of 36%, automatically maintained by a com-
puter-assisted system, for 3 weeks, while the other rats
(arthritis group; n = 6) were placed in a hyperbaric
chamber under normal conditions (1 ATA (760 mmHg)
and 21% oxygen concentration); therefore, this group was
not exposed to hyperbaric oxygen. Nonimmunized DA rats
(control group; n = 6) served as controls. All rats were
individually housed in same-sized cages in a room main-
tained under controlled 12 h light-dark cycles (lights
switched off from 2000 to 0800 hours) at a temperature of
22 4 2°C with a relative humidity of 45-65%. Food and
water were provided ad libitum to all groups. The body
weight of each rat was measured every week. The pictures
of the paws in all rats were taken when they were 12 weeks
old. The arthritis severity was determined by means of
visual examination, on the basis of the number of instances
of knuckle swelling (0 point, no sign; 1 point, 1 or 2 digits;
2 points, 3 digits; 3 points, 4 digits; and 4 points, all digits),
and the degree of arch edema (0 point, no sign; 1 point,
light; 2 points, mild; 3 points, heavy; and 4 points, severe).
The arthritis score of each rat was calculated by deter-
mining the average of the points assigned to individual
paws. Therefore, the lowest arthritis score corresponded to
0 point, while the highest arthritis score corresponded to 8
points.

Blood sampling and biochemical measurements

Following 12 h of fasting, blood samples were collected
from the abdominal aorta of the rats anesthetized by an
intraperitoneal injection of sodium pentobarbital (50 mg/
kg body weight). The blood samples were centrifuged
(6,000g; 1 min) and evaluated photometrically. We used a
device capable of determining the levels of free radicals
and antioxidant potentials (Free Radical Analytical Sys-
tem 4; Health & Diagnostics; Grosseto, Italy) to measure
the serum level of dROMs [14]. The serum level of
dROMs was used as an index to determine the level of
oxidative stress induced by measuring the amount of
organic hydroperoxide (ROOH) converted into radicals
that oxidize N,N-diethyl-para-phenylenediamine. The
serum levels of TNF-o (R&D Systems, Inc.; MN, USA),
IL-6 (R&D Systems, Inc.) and CRP (Helica Biosystems,
Inc.; CA, USA) were measured by a routine laboratory
method using the enzyme-linked immunosorbent assay
(ELISA) kit.
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Statistical analysis

Values are presented as mean and standard deviation. One-
way analysis of variance (ANOVA) was used to evaluate
the differences among groups. When the differences were
found to be significant, further comparisons were made by
performing post hoc tests. A probability level of 0.05 was
considered to be statistically significant.

Results
Body weight

No difference in the body weight was observed among the
control, arthritis, and arthritis + HBO groups at 9, 10, and
11 weeks of age (Fig. 1). In contrast, the body weights of
the 12-week-old arthritis and arthritis + HBO groups were
lower than that of the age-matched control group.

Arthritis severity

The rats in the control group were not arthritic (Fig. 2, Al-
6). In contrast, the rats in the arthritis (Fig. 2, B1-6) and
arthritis + HBO (Fig. 2, C1-6) groups presented with
knuckle swelling and/or arch edema. No difference in the

arthritis score was observed between the arthritis
(6.0 £ 23, n=6) and arthritis + HBO (4.8 & 1.6,
n = 6) groups.

Serum level of dROMs

The serum levels of dROMs in the arthritis and arthri-
tis + HBO groups were higher than that in the control
group (Fig. 3a). The serum level of dROMs in the arthri-
tis + HBO group was lower than that in the arthritis group.

[ Control
200 [ Arthritis
—_ Il Arthritis + HBO
2 150 - * %
=
2
)
= 100
>
S
8 50
9 wks 10 wks 11 wks 12 wks

Age after birth

Fig. 1 The body weights of control rats and arthritic rats that were
and were not exposed to hyperbaric oxygen. Data are presented as
mean and standard deviation as determined from six animals. HBO
hyperbaric oxygen exposure. *P < 0.05 compared to age-matched
control rats

Serum levels of TNF-a, IL-6, and CRP

Neither TNF-o0 nor IL-6 was detected in the rats, irre-
spective of whether they were arthritic and were exposed to
hyperbaric oxygen. The serum level of CRP in the arthritis
group was higher than those in the control and arthri-
tis + HBO groups (Fig. 3b). No difference in the serum
level of CRP was observed between the control and
arthritis + HBO groups.

Discussion
Type 1II collagen-induced arthritis

Mice and rats with type II collagen-induced arthritis are
widely used as experimental animal models of inflamma-
tory polyarthritis with clinical and pathological features
similar to those of rheumatism [15, 16]. The DA rats are
susceptible to induction of adjuvant arthritis. Arthritis is
observed in 74 and 100% DA rats at 2 and 3 weeks after
immunization, respectively (SLC Inc.; Tokyo, Japan). The
body weights of DA rats are observed to gradually decrease
following immunization; the body weights are the lowest at
3 weeks after immunization and subsequently recover to
the control level (SLC Inc.). In this study, we examined
certain parameters of DA rats at 3 weeks after immuniza-
tion because all immunized rats demonstrated high severity
of arthritis, including the signs of knuckle swelling and/or
arch edema (Fig. 2, B1-6). These arthritic rats may
undergo further changes leading to cartilage and bone
destruction when studied for a prolonged period; similar
results were observed in a previous study using mice with
type II collagen-induced arthritis [17].

Serum level of dROMs in arthritic rats

Oxidative stress is the condition in which the production of
oxidants exceeds the capacity to neutralize them. Several
factors could be involved in the generation of oxidative
stress in inflammatory joints [18, 19]. ROS are produced
during many metabolic processes, including mitochondrial
respiration and enzyme activities. ROS concentrations are
regulated by maintaining the balance between their pro-
duction and elimination by antioxidants. An appropriate
balance is crucial for normal cell and tissue function. In
contrast, the excessive production of ROS damages cellular
components, including nucleic acids, lipids, proteins,
membranes, and constituents of the extracellular matrix
such as proteoglycans and collagens [2]. Previous studies
[20, 21] have reported that excessive production of ROS
causes an accelerated damage to joint cartilage and
osteoclast activation. We observed that the serum levels of
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Fig. 2 The hind-paws of control (A/-6) and arthritic rats that were (C/-6) and were not (B1-6) exposed to hyperbaric oxygen. The scale bar on

C6 indicates 1 cm

a [ Control
= Arthritis
7 8001 mm Arthritis + HBO
x +
5 600 M %
2 400{ <
2
S 2001
x
T 0

Fig. 3 The serum levels of derivatives of reactive oxygen metabo-
lites (a) and C-reactive proteins (b) in control rats and arthritic rats
that were and were not exposed to hyperbaric oxygen. Data are
presented as mean and standard deviation as determined from six
animals. dROMs derivatives of reactive oxygen metabolites; U.CARR
unit of Carratelli, which is a conventional unit named after an Italian

dROMs, which serve as a marker of oxidative stress, were
higher in arthritic rats than in control ones (Fig. 3A); this
finding suggests that arthritis induces an excessive pro-
duction of ROS.

Serum levels of TNF-«, IL-6, and CRP in arthritic rats

Several proinflammatory cytokines (TNF-«, IL-1, IL-6, and
IL-8) are produced by synovial cells and recruit neutrophils
to the synovial fluids in arthritic rats. However, we detected
neither TNF-o nor IL-6 in the DA rats with arthritis. Pre-
vious studies [22, 23] have reported increased levels of
TNF-o0 and IL-1f in Wistar or Lewis rats with type II
collagen-induced arthritis. We were unable to elucidate the
reason underlying the inability to detect cytokines in
arthritic DA rats.

We observed increased serum levels of CRP in arthritic
rats (Fig. 3b). Previous studies [24, 25] have reported that
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biologist who developed a scale based on the observations from a
group of more than 5,000 nonsmoking healthy subjects with age
ranging from 14 to 80 years (1 U.CARR = 0.08 mg of hydroperox-
ide/100 ml hydrogen peroxide); CRP C-reactive protein; HBO
hyperbaric oxygen exposure. *P < 0.05 compared to control rats;
*P < 0.05 compared to control and arthritis + HBO rats

the serum level of CRP correlated with that of proinflam-
matory cytokines such as IL-6. Increased serum levels of
CRP are observed in inflammatory diseases [26]. There-
fore, the increased serum levels of CRP reflect the arthritis
severity, including signs of knuckle swelling and/or arch
edema (Fig. 2, B1-6).

Major drugs for arthritis

It is widely accepted that reduction of oxidative stress by
superoxide dismutase (SOD) affects the course of inflam-
mation. Several studies [27-30] have focused on synthetic
low-molecular weight compounds that mimic the effects of
SOD. Among the various families of SOD mimetics, the
most promising are nitroxides (tempol) and Mn(II) penta-
azamacrocyclic ligand (M40403). Tempol diminishes
hydroxyl radical production and decreases the cytotoxic
effects of hydrogen peroxide and peroxynitrite [27].
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Furthermore, it decreases inflammation and tissue damage
in rats with type II collagen-induced arthritis. M40403
decreases the release of proinflammatory cytokines such as
TNF-c, probably by inhibiting the expression of the tran-
scription factor, nuclear factor (NF)-xB [28]. The benefi-
cial effects of M40403 have been reported in rats with
collagen-induced arthritis [29, 30].

Treatment with 3,7,11,15-tetramethyl-2-hexadecene-1-
ol (phytol) increases oxidative burst in vivo, decreases the
autoimmune response, and ameliorates both the acute and
chronic phase of arthritis in rats [31]. Furthermore, treat-
ment with alpha-lipoic acid (LA), which is a cofactor for
mitochondrial a-keto dehydrogenase complexes and which
participates in S—O transfer reactions, suppresses the
development of collagen-induced arthritis in mice. A pre-
vious study [32] reported that the amelioration of joint
diseases by LA treatment was associated with reduction in
oxidative stress, as well as with the inhibition of inflam-
matory cytokine activation and NF-xB DNA binding
activity. Furthermore, LA-induced decreased intracellular
ROS in lymphocytes obtained from the inguinal lymph
nodes of arthritic mice and prevented bone destruction in
vivo and osteoclastogenesis in vitro.

Effects of exposure to hyperbaric oxygen

Hyperbaric oxygen therapy leads to new vasoconstriction
and hyperoxygenation, making it an effective treatment
option for various clinical disorders [33-35]. This treat-
ment involves administration of 100% oxygen concentra-
tion at a pressure greater than atmospheric pressure at sea
level, usually equivalent to 2-3 ATA. However, a standard
procedure of hyperbaric oxygen therapy is known to cause
excessive production of ROS in several tissues and organs
[33, 34], suggesting that oxidative stress, which is induced
by hyperbaric oxygen therapy, accelerates the tissue
damage.

We determined that a pressure of 1.25 ATA and an
oxygen concentration of 36% are required for obtaining
effective responses with regard to oxidative metabolism [7,
8]. In this study, we exposed the rats to moderate atmo-
spheric pressure and oxygen concentration when compared
to those exposed to classical hyperbaric oxygen therapy
with 100% oxygen concentration at 2 ATA; we observed
that these conditions of hyperbaric oxygen exposure inhibit
the excessive production of ROS. Furthermore, these
conditions of hyperbaric oxygen exposure are more cost-
effective and safe; i.e. treatment at these conditions is not
associated with the risk of accidents such as eardrum split.
We observed that an excessive production of ROS in
spontaneously hypertensive rats was inhibited by exposure
to hyperbaric oxygen with 36% oxygen concentration at
1.25 ATA [36].

Intraarticular pressure is high in inflammatory joints
because of decreased compliance of the joint wall, which is
attributable to synovial membrane swelling and capsule
fibrosis [37]. Other factors contributing to increased intra-
articular pressure include movement and accumulation of
synovial fluids in chronically involved joints [10]. Together
with the reduced capillary density, this elevated pressure
could decrease the rate of capillary blood flow and induce
lowering of oxygen tension in synovial fluids and repetitive
ischemia-reperfusion injury in the inflammatory joint [11—
13]. This suggests that arthritic joints are characterized by
hypoxia, which is caused by increased oxygen demand and
decreased blood flow induced by increased intraarticular
pressure. These observations show that a potential thera-
peutic approach for treating arthritis would be to enhance
the partial pressure of oxygen and increase the levels of
dissolved oxygen for the elimination of ROS. An increase
in atmospheric pressure and oxygen concentration enhan-
ces the partial pressure of oxygen; this increases the oxy-
gen tension in the affected tissues and the concentration of
dissolved oxygen in the plasma, thus enhancing the activity
of oxidative enzymes in the mitochondria and, conse-
quently, the rate of oxidative metabolism in cells and tis-
sues. Previously, we reported that the beneficial effects of
hyperbaric oxygen exposure with 36% oxygen concentra-
tion at 1.25 ATA were associated with an increased oxi-
dative enzyme activity in skeletal muscle fibers and spinal
motoneurons in rats [7, 8]. In addition, the possible bene-
ficial effects of exposure to hyperbaric oxygen have been
reported; the increase in blood glucose level, which is
related to growth, of type 2 diabetic rats has been reported
to be inhibited by exposure to hyperbaric oxygen [38—40].
We observed that the levels of dROMs decreased in
arthritic rats following exposure to hyperbaric oxygen
(Fig. 3a); this indicated that the conditions of hyperbaric
oxygen exposure used in this study are effective for
decreasing the activity of ROS, which are overproduced in
arthritic rats. However, further studies are warranted to
elucidate whether these effects of exposure to hyperbaric
oxygen persist over prolonged periods. In addition, clinical
trials must be performed to evaluate the efficacy of expo-
sure to hyperbaric oxygen for the treatment of arthritic
patients.

The arthritis scores did not differ between the arthritic
rats that were and were not exposed to hyperbaric oxygen
(Fig. 2). This result indicates that the effects of exposure to
hyperbaric oxygen on the dROM and CRP levels (Fig. 3)
did not correspond with those on the morphological profiles
of individual paws in arthritic rats. Morphological effects
of exposure to hyperbaric oxygen on rats may be observed
if they were treated for a prolonged period; in this study,
we sacrificed the rats only 3 weeks after immunization.
Further studies are required to clarify time-dependent
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effects of exposure to hyperbaric oxygen on the morpho-
logical profiles of paws in arthritic rats.

Conclusion

A minor but significant decrease was induced in the serum
levels of dROMs and CRP in arthritic rats after exposure to
hyperbaric oxygen. We conclude that the conditions of
hyperbaric oxygen exposure used in this study are effective
to decrease the activity of ROS, which are overproduced at
an early stage of arthritis.
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The effects of exposure to hyperbaric oxygen on the oxidative capacity of the skeletal muscles in mice at different ages were
investigated. We exposed 5-, 34-, 55-, and 88-week-old mice to 36% oxygen at 950 mmHg for 6 hours per day for 2 weeks. The
activities of succinate dehydrogenase (SDH), which is a mitochondrial marker enzyme, of the tibialis anterior muscle in hyperbaric
mice were compared with those in age-matched mice under normobaric conditions (21% oxygen at 760 mmHg). Furthermore, the
SDH activities of type ITA and type IIB fibers in the muscle were determined using quantitative histochemical analysis. The SDH
activity of the muscle in normobaric mice decreased with age. Similar results were observed in both type IIA and type IIB fibers
in the muscle. The decrease in the SDH activity of the muscle was reduced in hyperbaric mice at 57 and 90 weeks. The decreased
SDH activities of type IIA and type IIB fibers were reduced in hyperbaric mice at 90 weeks and at 57 and 90 weeks, respectively.
We conclude that exposure to hyperbaric oxygen used in this study reduces the age-related decrease in the oxidative capacity of

skeletal muscles.

1. Introduction

A reduction in skeletal muscle mass is one of the most
striking features of the aging process. Previous studies [1-3]
have indicated that this reduction is due to decreases in the
number and volume of individual fibers in skeletal muscles.
Mammalian skeletal muscles consist of different sizes and
types of fibers, for example, slow-twitch type I and fast-
twitch type II fibers [4, 5]. A reduction in the number and
volume of type II fibers in skeletal muscles of rats can be
observed in the initial stages of the aging process [6, 7].
These changes in type II fibers are considered to be due to
a transition of fiber types from type II to type I, selective
loss and atrophy of type II fibers, and/or degeneration in the
neuromuscular junction, which are induced by age-related

disuse of type II fibers. A decrease in the number and volume
of both type I and type II fibers in skeletal muscles of rats
can be observed in the late stages of the aging process [6—8].
These changes in type I and type II fibers are closely related to
the loss and degeneration of spinal motoneurons innervating
those fibers in skeletal muscles. Furthermore, a decrease in
the oxidative enzyme activity of skeletal muscles in rats was
observed with increasing age [9-11].

An elevation in atmospheric pressure accompanied by an
increase in oxygen concentration enhances the partial pres-
sure of oxygen and increases the concentration of dissolved
oxygen in the plasma. An increase in both atmospheric pres-
sure and oxygen concentration enhances oxidative enzyme
activity in mitochondria and consequently increases the
oxidative metabolism in cells and tissues [12]; thus, it is



expected that exposure to hyperbaric oxygen facilitates the
turnover of oxidative metabolism, particularly of pathways
in the mitochondrial TCA cycle, thereby reducing the age-
related decrease in the oxidative enzyme activity of muscle
fibers. We determined that a pressure of 960 mmHg and
an oxygen concentration of 36% are required for obtaining
effective responses with regard to oxidative metabolism
[12, 13]. This study examined the oxidative capacity of the
tibialis anterior muscle in mice at different ages, which were
exposed to 36% oxygen at 950 mmHg. Furthermore, the
cross-sectional areas and oxidative enzyme activities of fibers,
which were type-defined by ATPase activity, in the muscle
of mice were determined using quantitative histochemical
analysis.

2. Materials and Methods

All experimental procedures, including animal care, were
conducted in accordance with the Guide for the Care and Use
of Laboratory Animals of the Japanese Physiological Society.
This study was also approved by the Institutional Animal
Care Committee at Kyoto University.

2.1. Animal Care and Treatment. We used 5-, 34-, 55-,
and 88-week-old female mice in this study. The mice (the
hyperbaric group; n = 6 in each age group) were exposed
to hyperbaric conditions (950 mmHg) with a high oxygen
concentration (36%), which were automatically maintained
by a computer-assisted system, in a hyperbaric chamber for
6 hours (1100-1700) and were placed under normobaric
conditions (21% oxygen at 760 mmHg) for 18 hours (1700
1100), while other mice (the normobaric group; n = 6
in each age group) were placed in a hyperbaric chamber
under normobaric conditions for 24 hours. The hyperbaric
chamber was 90 cm in length and 80 cm in diameter; thus,
it could simultaneously house a number of rats (up to 20
cages).

All mice were individually housed in same-sized cages
in a room maintained under controlled 12-hour light/dark
cycles (lights switched off from 2000 to 0800) at a tempera-
ture of 22 + 2°C with a relative humidity of 45%—-65%. Food
and water were provided ad libitum to all mice.

2.2. Tissue Procedures. After 2 weeks of exposure to hyper-
baric oxygen, the mice in the normobaric and hyperbaric
groups were anesthetized by an intraperitoneal injection of
sodium pentobarbital (50 mg/kg body weight). The tibialis
anterior muscles from both hind limbs were removed and
cleaned of excess fat and connective tissue. Thereafter, the
mice were sacrificed by an overdose of sodium pentobarbital.

The tibialis anterior muscles of the right side were quickly
frozen in liquid nitrogen for measurement of succinate
dehydrogenase (SDH) activity. The SDH activity was deter-
mined according to the method of Cooperstein et al. [14].
Briefly, the muscles were 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 17mM. The final concentrations of the
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components of the reaction mixture were as follows: sodium
succinate 17 yM, sodium cyanide 1 mM, aluminum chloride
0.4 mM, and calcium chloride 0.4 mM. This reaction mixture
was transferred to the spectrophotometer and the reduction
of cytochrome ¢ was followed by observing the increase
in extinction at 550 nm. The SDH activity was calculated
from the ferricytochrome ¢ concentration and protein
content.

The tibialis anterior muscles of the left side were pinned
on a cork at their in vivo length and quickly frozen in
isopentane cooled with liquid nitrogen. The mid-portion of
the muscle was mounted on a specimen chuck using a Tissue
Tek OCT Compound (Sakura Finetechnical, Tokyo, Japan).
Serial transverse sections (10-ym thickness) of the muscle on
the chuck were cut in a cryostat maintained at —20°C. The
serial sections were brought to room temperature, air-dried
for 30 minutes, and incubated for ATPase activity following
acid preincubation and for SDH activity [15, 16].

The ATPase activity was determined by the following
procedures: (1) preincubation for 5 minutes at room temper-
ature in 50 mM sodium acetate and 30 mM sodium barbital
in distilled water, adjusted to pH 4.5 with HCl; (2) washing
in 5 changes of distilled water; (3) incubation for 45 minutes
at 37°C in 2.8 mM ATP, 50 mM CaCl,, and 75 mM NaCl in
distilled water, adjusted to pH 9.4 with NaOH; (4) washing
in 5 changes of distilled water; (5) immersion for 3 minutes
in 1% CaCly; (6) washing in 5 changes of distilled water;
(7) immersion for 3 minutes in 2% CoCly; (8) washing in 5
changes of distilled water; (9) immersion for 1 minutes in 1%
(NH4)2S; (10) washing in 5 changes of distilled water; (11)
dehydration in a graded series of ethanol, passed through
xylene, and then cover slipped (Figure 1). Classification into
two fiber types was based on staining intensities for ATPase
activity: type IIA (positive intensity) and type IIB (negative
intensity) [17].

The SDH activity was determined by incubation in a
medium containing 0.9 mM 1-methoxyphenazine methyl-
sulfate, 1.5mM nitroblue tetrazolium, 5.6 mM ethylenedi-
aminetetraacetic acid disodium salt, and 48 mM succinate
disodium salt (pH 7.6) in 100 mM phosphate buffer. The
incubation time was 10 minutes; the changes in staining
intensity in response to incubation reached a plateau after
10 minutes. The reaction was stopped by multiple washings
with distilled water, dehydrated in a graded series of ethanol,
passed through xylene, and cover slipped (Figure 1).

The cross-sectional areas and SDH activities from
approximately 300 fibers, which were type-defined by ATPase
activity, in the central region of the muscle section were
measured by tracing the outline of a fiber and stored in a
computer-assisted image processing system (Neuroimaging
System, Kyoto, Japan) [18, 19]. The images were digitized as
gray-level pictures. Each pixel was quantified as one of 256
gray levels that were then automatically converted to optical
density (OD). A gray level of zero was equivalent to 100%
transmission of light and that of 255 was equivalent of 0%
transmission of light. The mean OD value of all pixels within
a fiber was determined using a calibration tablet that had
21 gradient density steps and corresponding diffused density
values.
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FIGURE 1: Serial transverse sections of the tibialis anterior muscles in the normobaric ((a) and (b)) and hyperbaric ((c) and (d)) mice at 90
weeks. (a) and (c), stained for ATPase activity following preincubation at pH 4.5; (b) and (d), stained for succinate dehydrogenase activity.

a: type IIA; b: type IIB. Scale bar = 50 ym.

2.3. Statistical Analyses. The data were expressed as mean
and standard deviation. One-way analysis of variance was
used to evaluate the age-related changes. When the differ-
ences were found to be significant, further comparisons were
made by performing post hoc tests. The differences between
the normobaric and age-matched hyperbaric groups were
determined by using the t-test. A probability level of 0.05 was
considered to be statistically significant.

3. Results

3.1. Body Weight. An age-related increase in body weight was
observed in the normobaric groups; the body weights at 36
and 57 weeks were greater than that at 7 weeks, and the body
weight at 90 weeks was the greatest among the groups (Figure
2(a)). These results were similar in the hyperbaric groups.

There were no differences in body weight between the
normobaric and age-matched hyperbaric groups, irrespec-
tive of the age.

3.2. Tibialis Anterior Muscle Weight. The muscle weights of
the normobaric groups at 36 and 57 weeks were greater than
that at 7 weeks (Figure 2(b)). These results were similar in
the hyperbaric groups. The muscle weight of the normobaric
group at 90 weeks was lower than that at 57 weeks.

There were no differences in muscle weight between the
normobaric and age-matched hyperbaric groups, irrespec-
tive of the age.

3.3. SDH Activity of the Tibialis Anterior Muscle. An age-
related decrease in SDH activity was observed in the normo-
baric groups; the SDH activities of the muscle at 57 and 90
weeks were lower than that at 36 weeks and those at 7 and
36 weeks, respectively (Figure 3). There were no differences
in SDH activity of the muscle among the hyperbaric groups,
irrespective of the age.

The SDH activity of the muscle in the hyperbaric group
at 57 and 90 weeks was greater than that in the age-matched
normobaric group.

3.4. Fiber Cross-Sectional Area in the Tibialis Anterior Muscle.
There were no differences in cross-sectional area of type IIA
fibers among the normobaric groups, irrespective of the age
(Figure 4(a)). These results were similar in the hyperbaric
groups.

There were no differences in cross-sectional area of
type IIA fibers between the normobaric and age-matched
hyperbaric groups, irrespective of the age.

The cross-sectional areas of type IIB fibers in the
normobaric groups at 36 and 57 weeks were greater than
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FIGURE 2: Body weights (a) and tibialis anterior muscle weights (b) of the normobaric and hyperbaric groups at different ages. Data are
represented as the mean and standard deviation determined from six animals. The mice in the hyperbaric group were exposed to 36%
oxygen at 950 mmHg for 6 hours per day for 2 weeks. 3P < .05 compared with the corresponding group at 7 weeks; °P < .05 compared with
the corresponding groups at 7, 36, and 57 weeks; P < .05 compared with the corresponding group at 57 weeks.
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FIGURE 3: Succinate dehydrogenase activities of the tibialis anterior
muscles of the normobaric and hyperbaric groups at different
ages. Data are represented as the mean and standard deviation
determined from six animals. The mice in the hyperbaric group
were exposed to 36% oxygen at 950 mmHg for 6 hours per day for
2 weeks. SDH: succinate dehydrogenase. %P < .05 compared with
the corresponding group at 36 weeks; P < .05 compared with the
corresponding groups at 7 and 36 weeks; *P < .05 compared with
the age-matched normobaric group.

those at 7 and 90 weeks (Figure 4(b)). These results were
similar in the hyperbaric groups.

There were no differences in cross-sectional area of
type IIB fibers between the normobaric and age-matched
hyperbaric groups, irrespective of the age.

3.5. Fiber SDH Activity in the Tibialis Anterior Muscle. The
SDH activity of type IIA fibers in the normobaric group at
57 weeks was lower than that at 7 weeks (Figure 5(a)). The
SDH activity of type IIA fibers in the normobaric group at

90 weeks was lower than those at 7 and 36 weeks. The SDH
activity of type IIA fibers in the hyperbaric group at 90 weeks
was lower than that at 7 weeks.

The SDH activity of type IIA fibers in the hyperbaric
group at 90 weeks was greater than that in the age-matched
normobaric group.

The SDH activities of type IIB fibers in the normobaric
groups at 57 and 90 weeks were lower than that at 7 weeks
(Figure 5(b)). The SDH activity of type IIB fibers in the
hyperbaric group at 90 weeks was lower than that at 7 weeks.

The SDH activity of type IIB fibers in the hyperbaric
group at 57 and 90 weeks was greater than that of the age-
matched hyperbaric group.

4. Discussion

An elevation in atmospheric pressure accompanied by
high oxygen concentration enhances the partial pressure
of oxygen and increases the concentration of dissolved
oxygen in the plasma [20, 21]. An increase in both atmo-
spheric pressure and oxygen concentration enhances the
mitochondrial oxidative enzyme activity and consequently
increases oxidative metabolism in cells and tissues. Fur-
thermore, an increase in atmospheric pressure and oxygen
concentration increases carbon dioxide concentration, which
in turn facilitates the release of oxygen from hemoglobin
and causes the dilation of blood vessels. We designed a
hyperbaric chamber for performing the animal experiments
[12]; the chamber consisted of an oxygen tank containing
an oxygen concentrator and an air compressor, which auto-
matically maintains the elevated atmospheric pressure and
oxygen concentration using a computer-assisted system. We
determined the optimal atmospheric pressure (950 mmHg)
and oxygen concentration (36%) required for obtaining
effective responses with regard to oxidative capacity in the
neuromuscular system [12].
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FIGURE 4: Cross-sectional areas of type ITA (a) and type IIB (b) fibers in the tibialis anterior muscles of the normobaric and hyperbaric
groups at different ages. Data are represented as the mean and standard deviation determined from six animals. The mice in the hyperbaric
group were exposed to 36% oxygen at 950 mmHg for 6 hours per day for 2 weeks. CSA: cross-sectional area. P < .05 compared with the

corresponding groups at 7 and 90 weeks.
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FIGURE 5: Succinate dehydrogenase activities of type ITA (a) and type IIB (b) fibers in the tibialis anterior muscles of the normobaric and
hyperbaric groups at different ages. Data are represented as the mean and standard deviation determined from six animals. The mice in the
hyperbaric group were exposed to 36% oxygen at 950 mmHg for 6 hours per day for 2 weeks. SDH: succinate dehydrogenase; OD: optical

density. °P < .05 compared with the corresponding group at 7 weeks; P
*P < .05 compared with the age-matched normobaric group.

Our previous study [13] demonstrated that young rats
exposed to 36% oxygen at 950 mmHg exhibited greater
voluntary running activities than those maintained under
normobaric conditions. We also found that oxidative enzyme
activities of fibers in the soleus and plantaris muscles and
of spinal motoneurons innervating these muscles increased
following exposure to hyperbaric oxygen [13]. These findings
suggest that the adaptation of neuromuscular units to
hyperbaric oxygen enhances the oxidative capacity in muscle
fibers and motoneurons, which promotes the function of
the neuromuscular units. Furthermore, our previous studies
[22, 23] revealed that exposure to 36% oxygen at 950 mmHg

< .05 compared with the corresponding groups at 7 and 36 weeks;

inhibited the growth-related increase in blood glucose levels
of type 2 diabetic rats and in blood pressure levels of
spontaneously hypertensive rats. Exposure to hyperbaric
oxygen inhibited both the growth-related transition of fiber
types from high to low oxidative and the decrease in oxidative
enzyme activity of fibers in the soleus and plantaris muscles
of type 2 diabetic rats [24, 25]. It is suggest that exposure
to hyperbaric oxygen reduces the age-related decrease in
the oxidative capacity of skeletal muscles, because exposure
to hyperbaric oxygen facilitates the turnover of oxidative
metabolism, particularly of pathways in the mitochondrial
TCA cycle.



Exercise is believed to be effective in maintaining and
improving oxidative metabolism in cells and tissues. Our
previous study [26] observed that exercise is effective for the
prevention of a decrease in the oxidative enzyme activity
of type I and type II fibers in the soleus muscles of rats,
which was induced by unloading. Furthermore, our previous
study [27] found that running exercises served to inhibit the
growth-related transition of fiber types from high to low
oxidative in the soleus muscle of rats with type 2 diabetes,
although this inhibition was observed only in rats that ran
more than 7 km per day.

Atrophy, loss, and decreased oxidative enzyme activity of
fibers in skeletal muscles have been observed with increasing
age [6, 7]. Muscle atrophy in old rats is associated with a
decrease in activity levels of certain enzymes involved in
oxidative metabolism [10]. These changes in skeletal muscles
of rats in the initial stages of aging (60-65 weeks) are
considered to be due to the age-related disuse of skeletal
muscles, which results in the lowering of oxidative capacity
of individual fibers. A previous study [9] observed that 96-
week-old rats retained the capacity to increase the oxida-
tive enzyme activity and mitochondrial density of skeletal
muscles in response to endurance exercises. Furthermore,
our previous study [28] observed that voluntary running
exercises prevented atrophy of type II fibers as well as the
decrease in oxidative enzyme activity of type I and type
I fibers in rats in the initial stages of aging (65 weeks).
Therefore, it is expected that a reduction in the decrease of
oxidative metabolism in skeletal muscles, which was induced
by exposure to hyperbaric oxygen as well as by aerobic
exercise, should treat fiber atrophy and the decrease in
oxidative capacity of skeletal muscles during the initial stages
of the aging process.

We classified fibers in the tibialis anterior muscles of
mice into two types on the basis of staining intensities for
the ATPase activity: type IIA and type IIB. In normobaric
mice, type IIA fibers were smaller than type IIB fibers,
irrespective of the age (Figure 4). Type IIA fibers are more
effective in supplying oxygen and nutrients for oxidative
metabolism from capillaries, which are located close to the
membrane, because of their small sizes. These indicate that
type IIA fibers can work at a relatively low intensity and
have more prolonged activities than do type IIB fibers. In
this study, a reduction in cross-sectional area of type IIB
fibers (Figure 4(b)), but not type IIA fibers (Figure 4(a)),
was observed at 90 weeks. Low-intensity and prolonged
activities, which are performed presumably using type IIA
fibers, continue during increasing age, while high-intensity
and short activities, which are performed presumably using
type IIB fibers, decrease with increasing age. These indicate
that type IIB fibers become less active with increasing age
and, therefore, facilitate disuse-induced atrophy as observed
in Figure 4(b). In this study, there were no differences in
cross-sectional area of type IIA or type IIB fibers between
the normobaric and age-related hyperbaric mice (Figure 4).
Therefore, exposure to hyperbaric oxygen had no effect on
fiber cross-sectional area in the muscle. This view does not
match our expectations and is inconsistent with the findings
observed in relation to exercise [28].
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Exposure to hyperbaric oxygen reduced the age-related
decrease in the oxidative enzyme activity of the tibialis
anterior muscle (Figure 3). Similarly, exposure to hyperbaric
oxygen reduced the oxidative enzyme activity of type IIB
fibers in the muscle at 57 weeks (initial stage of aging) and
those of type IIA and type IIB fibers at 90 weeks (middle to
late stages of aging) (Figure 5). The changes in the oxidative
enzyme activity of the tibialis anterior muscle by exposure
to hyperbaric oxygen corresponded well with that of muscle
fibers. We conclude that exposure to hyperbaric oxygen used
in this study reduced the age-related decrease in the oxidative
capacity of skeletal muscles because of the increased oxidative
metabolism in cells and tissues.

Acknowledgment

This study was supported by grants from the Kao Corpora-
tion, Tokyo, Japan.

References

[1] M. R. Carry, S. E. Horan, S. M. Reed, and R. V. Farrell,
“Structure, innervation, and age-associated changes of mouse
forearm muscles,” Anatomical Record, vol. 237, no. 3, pp. 345—
357, 1993.

[2] J. O. Holloszy, M. Chen, G. D. Cartee, and J. C. Young,
“Skeletal muscle atrophy in old rats: differential changes in the
three fiber types,” Mechanisms of Ageing and Development, vol.
60, no. 2, pp. 199-213, 1991.

[3] J. Lexell, “Human aging, muscle mass, and fiber type composi-
tion,” Journals of Gerontology. Series A, vol. 50, pp. 11-16, 1995.

[4] T. Nakatani, T. Nakashima, T. Kita, et al., “Succinate dehy-
drogenase activities of fibers in the rat extensor digitorum
longus, soleus, and cardiac muscles,” Archives of Histology and
Cytology, vol. 62, no. 4, pp. 393-399, 1999.

[5] T. Nakatani, T. Nakashima, T. Kita, et al., “Cell size and
oxidative enzyme activity of different types of fibers in
different regions of the rat plantaris and tibialis anterior
muscles,” Japanese Journal of Physiology, vol. 50, no. 4, pp. 413—
418, 2000.

[6] A. Ishihara and H. Araki, “Effects of age on the number and
histochemical properties of muscle fibers and motoneurons
in the rat extensor digitorum longus muscle,” Mechanisms of
Ageing and Development, vol. 45, no. 3, pp. 213-221, 1988.

[7] A.Ishihara, H. Naitoh, and S. Katsuta, “Effects of ageing on the
total number of muscle fibers and motoneurons of the tibialis
anterior and soleus muscles in the rat,” Brain Research, vol.
435, no. 1-2, pp. 355-358, 1987.

[8] C. Hirofuji, A. Ishihara, R. R. Roy, et al., “SDH activity and
cell size of tibialis anterior motoneurons and muscle fibers in
SAMP6,” NeuroReport, vol. 11, no. 4, pp. 823-828, 2000.

[9] R. E. Beyer, J. W. Starnes, D. W. Edington, R. J. Lipton, R. T.
Compton ITI, and M. A. Kwasman, “Exercise-induced reversal
of age-related declines of oxidative reactions, mitochondrial
yield, and flavins in skeletal muscle of the rat,” Mechanisms of
Ageing and Development, vol. 24, no. 3, pp. 309-323, 1984.

[10] G.D. Cartee and R. P. Farrar, “Muscle respiratory capacity and
Vo2 max in identically trained young and old rats,” Journal of
Applied Physiology, vol. 63, no. 1, pp. 257-261, 1987.

[11] V. Kovanen and H. Suominen, “Effects of age and life-time
physical training on fibre composition of slow and fast skeletal



Enzyme Research

[12

(19

(24

(25

J

]

muscle in rats,” Pfliigers Archiv European Journal of Physiology,
vol. 408, no. 6, pp. 543-551, 1987.

A. Ishihara, F Kawano, T. Okiura, F. Morimatsu, and Y.
Ohira, “Hyperbaric exposure with high oxygen concentration
enhances oxidative capacity of neuromuscular units,” Neuro-
science Research, vol. 52, no. 2, pp. 146-152, 2005.

A. Matsumoto, T. Okiura, F. Morimatsu, Y. Ohira, and A.
Ishihara, “Effects of hyperbaric exposure with high oxygen
concentration on the physical activity of developing rats,”
Developmental Neuroscience, vol. 29, no. 6, pp. 452—459, 2007.

S.J. Cooperstein, A. Lazarow, and N. J. Kurfess, “A microspec-
trophotometric method for the determination of succinic
dehydrogenase,” The Journal of Biological Chemistry, vol. 186,
no. 1, pp. 129-139, 1950.

A. Ishihara, K. Itoh, M. Itoh, and C. Hirofuji, “Effect of
hypobaric hypoxia on rat soleus muscle fibers and their
innervating motoneurons: a review,” Japanese Journal of
Physiology, vol. 50, no. 6, pp. 561-568, 2000.

T. Nakatani, T. Nakashima, T. Kita, and A. Ishihara, “Cell
size and oxidative enzyme activity of type-identified fibers
in rat hindlimb muscles: a review,” Acta Histochemica et
Cytochemica, vol. 36, no. 2, pp. 105-114, 2003.

C. Hirofuji, T. Nakatani, A. Ishihara, et al., “Cell size and
succinate dehydrogenase activity of different types of fibers in
different regions of the tibialis anterior muscle in mice and
rats,” Acta Histochemica et Cytochemica, vol. 33, no. 4, pp. 295—
303, 2000.

F Nagatomo, N. Gu, H. Fujino, I. Takeda, K. Tsuda, and
A. Ishihara, “Skeletal muscle characteristics of rats with
obesity, diabetes, hypertension, and hyperlipidemia,” Journal
of Atherosclerosis and Thrombosis, vol. 16, no. 5, pp. 576-585,
2009.

E Nagatomo, A. Ishihara, and Y. Ohira, “Effects of hindlimb
unloading at early postnatal growth on cell body size in spinal
motoneurons innervating soleus muscle of rats,” International
Journal of Developmental Neuroscience, vol. 27, no. 1, pp. 21—
26, 2009.

R. M. Leach, P. J. Rees, and P. Wilmshurst, “ABC of oxygen:
hyperbaric oxygen therapy,” British Medical Journal, vol. 317,
no. 7166, pp. 1140-1143, 1998.

P. M. Tibbles and J. S. Edelsberg, “Hyperbaric-oxygen ther-
apy,” The New England Journal of Medicine, vol. 334, no. 25,
pp- 1642-1648, 1996.

F. Nagatomo, H. Fujino, I. Takeda, and A. Ishihara, “Effects
of hyperbaric oxygenation on blood pressure levels of
spontaneously hypertensive rats,” Clinical and Experimental
Hypertension. In press.

K. Yasuda, N. Aoki, T. Adachi, et al., “Hyperbaric exposure
with high oxygen concentration inhibits growth-associated
increase in the glucose level of diabetic Goto-Kakizaki rats,”
Diabetes, Obesity and Metabolism, vol. 8, no. 6, pp. 714-715,
2006.

A. Matsumoto, F. Nagatomo, K. Yasuda, K. Tsuda, and A. Ishi-
hara, “Hyperbaric exposure with high oxygen concentration
improves altered fiber types in the plantaris muscle of diabetic
Goto-Kakizaki rats,” Journal of Physiological Sciences, vol. 57,
no. 2, pp. 133-136, 2007.

K. Yasuda, T. Adachi, N. Gu, et al., “Effects of hyperbaric
exposure with high oxygen concentration on glucose and
insulin levels and skeletal muscle-fiber properties in diabetic
rats,” Muscle and Nerve, vol. 35, no. 3, pp. 337-343, 2007.

[26] A. Ishihara, F. Kawano, N. Ishioka, et al., “Effects of running

exercise during recovery from hindlimb unloading on soleus
muscle fibers and their spinal motoneurons in rats,” Neuro-
science Research, vol. 48, no. 2, pp. 119127, 2004.

K. Yasuda, T. Adachi, N. Kikuchi, et al., “Effects of running
exercise on fibre-type distribution of soleus and plantaris
muscles in diabetic Otsuka Long-Evans Tokushima fatty rats,”
Diabetes, Obesity and Metabolism, vol. 8, no. 3, pp. 311-321,
2006.

A. Ishihara and S. Taguchi, “Effect of exercise on age-related

muscle atrophy,” Neurobiology of Aging, vol. 14, no. 4, pp. 331—
335, 1993.



Clinical and Experimental Hypertension, 32, 193-197, 2010
Copyright © Informa UK Ltd.

ISSN: 1064-1963 print / 1525-6006 online

DOI: 10.3109/10641960903254521

informa

healthcare

Effects of Hyperbaric Oxygenation on Blood Pressure
Levels of Spontaneously Hypertensive Rats

Fumiko Nagatomol, Hidemi Fujinoz, Isao Takeda®, Akihiko Ishihara!

I Laboratory of Neurochemistry, Graduate School of Human and Environmental Studies, Kyoto University, Kyoto, Japan

2 Division of Rehabilitation Sciences, Kobe University Graduate School of Health Sciences, Kobe, Japan

3 Department of Physical Therapy, Faculty of Health Care Science, Himeji Dokkyo University, Himeji, Japan

ABSTRACT

Five-week-old normotensive Wistar-Kyoto rats (WKY) and spontaneously hypertensive rats (SHR) were subjected
to hyperbaric oxygenation with an enhanced atmospheric pressure (950 mmHg) and an increased oxygen
concentration (36%) for 6 h per day. Systolic blood pressure (SBP) and diastolic blood pressure (DBP) were
monitored for 8 weeks of hyperbaric oxygenation period. After 8 weeks of hyperbaric oxygenation, the derivatives
of reactive oxygen metabolites (JROMs) and biological antioxidant potentials (BAPs) were measured. After 5
weeks of hyperbaric oxygenation, the hyperbaric group of WKY exhibited lower SBP than the age-matched
normobaric group, while there were no differences in the DBP between the normobaric and hyperbaric
groups. After 3 and 7 weeks of hyperbaric oxygenation, the hyperbaric group of SHR exhibited lower SBP and
DBP than the age-matched normobaric group. The hyperbaric groups of both WKY and SHR exhibited lower
dROMs than the respective normobaric groups. There were no differences in BAPs between the normobaric
and hyperbaric groups of WKY. In contrast, the hyperbaric group of SHR exhibited higher BAPs than the
normobaric group. We conclude that the hyperbaric oxygenation conditions used in this study effectively
repress hypertension.

KEYWORDS: antioxidant capacity; hyperbaric oxygenation; hypertension; oxidative stress; spontaneously hypertensive rat (SHR);

sympathetic activation

INTRODUCTION

We have developed a hyperbaric chamber for animal
experiments; this chamber consists of an oxygen tank
with an oxygen concentrator and an air compressor
that automatically maintains an elevated atmospheric
pressure and an increased oxygen concentration by
using a computer-assisted system (1). The elevated
atmospheric pressure with high oxygen concentration
increases the partial pressure of oxygen and causes
more oxygen to dissolve in the plasma. Our previous
studies (1,2) showed that the activity of succinate
dehydrogenase (SDH), which is an indicator of mito-
chondrial oxidative capacity in skeletal muscle fibers
and spinal motoneurons of rats, increased after
hyperbaric oxygenation. Furthermore, rats subjected
to hyperbaric oxygenation exhibited more voluntary
running activity than those under normobaric
conditions (2).
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These findings suggest that an enhanced oxidative
metabolism in cells and tissues was induced by adapt-
ing neuromuscular units to hyperbaric oxygenation
and therefore the function of neuromuscular units was
promoted. We observed that hyperbaric oxygenation
inhibited the growth-related increase in the blood
glucose level of type 2 diabetic Goto-Kakizaki (GK)
rats (3). Furthermore, GK rats subjected to hyperbaric
oxygenation exhibited increased oxidative capacities in
their skeletal muscles, i.e., an increased fiber SDH
activity and a shift from the low-oxidative type to the
high-oxidative type of fibers (4,5).

In rats, abnormalities of the central neural mecha-
nisms regulating peripheral sympathetic outflow and
catecholamine metabolism following neurotransmit-
ter release from nerve endings have been associated
with hypertension (6). In fact, high sympathetic
activation induces development and maintenance of
hypertension (7). In contrast, prolonged aerobic
exercise decreases sympathetic activation in hyperten-
sive rats, thereby reducing high blood pressure (BP)
levels (8). We expected that hyperbaric oxygenation
with enhanced atmospheric pressure and increased
oxygen concentration would depress the sympathetic
activation and therefore inhibit development of
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hypertension, because the effects of hyperbaric
oxygenation are similar to those of exercise. Both
result in an increase in oxidative metabolism in cells
and tissues. In this study, the effects of hyperbaric
oxygenation on BP levels in spontaneously hyperten-
sive rats (SHR) were examined and compared to
those of normotensive Wistar-Kyoto rats (WKY).
Our findings verify that hyperbaric oxygenation can
be a useful modality for treating hypertension.

MATERIALS AND METHODS

All experimental procedures were conducted in
accordance with The Guidelines for the Care and Use of
Laboratory Amimals published by the Institutional
Animal Use Committee of the Kyoto University.

Experimental Animals and Treatments

Spontaneously hypertensive rats are animal models of
spontaneous hypertension that were developed by
selective repeated inbreeding of an outbred WKY
colony (9). Five-week-old male WKY (z = 16) and
SHR (n = 16) were randomly assigned to normobaric
(n = 8) and hyperbaric (n = 8) groups. All rats were
individually housed in same sized cages. All rats were
maintained in a controlled environment with fixed
12:12 h light:dark cycles (lights were switched off from
20:00 to 08:00) and room temperature and relative
humidity maintained at 22 * 2°C and 45-55%, respec-
tively. Both groups were provided food and water ad
libitum. Prior to hyperbaric oxygenation exposure, the
SBP and DBP were automatically determined in
conscious rats by the indirect tail-cuff method using
BP-98A (Softron, Tokyo, Japan).

Exposure to Hyperbaric Oxygenation

The rats in the hyperbaric group were subjected to an
atmospheric pressure of 950 mmHg and an oxygen
concentration of 36% automatically maintained by a
computer-assisted system (1). The hyperbaric chamber
was 90 cm in length and 80 cm in diameter; thus, it
could simultaneously house a number of rats (up to 20
cages). The rats in the hyperbaric group were
subjected to the hyperbaric oxygenation for 6 h
(10:00-16:00) daily for 8 weeks.

Blood Sampling and Biochemical
Measurements

After 8 weeks of hyperbaric oxygenation period, blood
samples were obtained from the abdominal aorta

following 12 h of fasting; the samples were then
centrifuged (6000 rpm, 1 min), and evaluated photo-
metrically. A free radical and antioxidant potential
determination device called Free Radical Analytical
System 4 (Health & Diagnostics, Grosseto, Italy) was
used to automatically measure the derivatives of
reactive oxygen metabolites (d{ROMs) and the biologi-
cal antioxidant potentials (BAPs). The dROMs were
used as an index to determine the level of oxidative
stress by measuring the amount of organic hydroper-
oxide (ROOH) converted into radicals that oxidize
N, N-diethyl-para-phenylenediamine (10,11). The BAPs
were determined on the basis of the capacity of the
plasma sample to reduce ferric ions to ferrous ions (11).

Statistics

The data expressed as mean and standard deviation.
Significant differences in body weight, SBP and DBP
between the normobaric and hyperbaric groups were
analyzed with unpaired z-tests. Furthermore, one-way
analysis of variance (ANOVA) was used to evaluate
the significant differences in dROMs and BAPs among
the groups. When the differences were found to be
significant based on the ANOVA analyses, further
comparisons were made using post hoc tests. The 0.05
level of probability was considered significant.

RESULTS

Body Weight

There were no differences in the body weight between
the normobaric and age-matched hyperbaric groups of
both WKY (Figure 1A) and SHR (Figure 1D) during
the hyperbaric oxygenation period.

Systolic and Diastolic Blood Pressures

In WKY, SBP was lower in the hyperbaric group
than in the age-matched normobaric group after 5
weeks of hyperbaric oxygenation (Figure 1B). In
contrast, there were no differences in the DBP
between the normobaric and age-matched hyper-
baric groups during the hyperbaric oxygenation
period (Figure 1C).

In SHR, SBP was lower in the hyperbaric group
than in the age-matched normobaric group after
3 weeks of hyperbaric oxygenation (Figure 1E). Fur-
thermore, DBP was lower in the hyperbaric group
than in the age-matched normobaric group after 7
weeks of hyperbaric oxygenation (Figure 1F).

Clinical and Experimental Hypertension
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FIGURE 1 Body weights and systolic and diastolic blood pressures of normotensive Wistar-Kyoto rats (WKY) and spontaneously
hypertensive rats (SHR) with and without hyperbaric oxygenation. Values are expressed as mean and standard deviation for
8 rats. (A, D), body weights of WKY and SHR; (B, E) SBP of WKY and SHR; (C, F) DBP of WKY and SHR: Abbreviation:
BP-blood pressure. *p < 0.05 compared to the value of the age-matched normobaric group of the same strain.

The levels of dROMs and BAPs

The normobaric group of SHR exhibited the highest
level of dROMs (Figure 2A). In both WKY and SHR,
the levels of dROMs were lower in the hyperbaric
group than in the respective normobaric group.

The level of BAPs was higher in the hyperbaric
group of WKY than in the normobaric group of SHR
(Figure 2B). In WKY, there were no differences in the
level of BAPs between the normobaric and hyperbaric
groups. In SHR, the level of BAPs was higher in the
hyperbaric group than in the normobaric group.
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DISCUSSION

Sympathetic Activation and ROS Production

It is widely accepted that sympathetic neuronal factors
are involved in the development and maintenance of
hypertension (7); sympathetic traffic to the cardiovas-
cular system is increased in certain hypertensive
animals. An enhanced sympathetic activation in
hypertensive rats is mediated by overproduction of the
highly reactive and toxic transient reactive oxygen
species (ROS) (12). Salt-induced hypertension results

us]
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FIGURE 2 Derivatives of reactive oxygen metabolites (A) and biological antioxidant potentials
(B) of normotensive Wistar-Kyoto rats (WKY) and spontaneously hypertensive rats (SHR) with
and without hyperbaric oxygenation. Values are expressed as mean and standard deviation for 8
rats. Abbreviations: dROMs-derivatives of reactive oxygen metabolites; U.CARR-unit of Carra-
telli, which is a conventional unit named after a biologist (Italy) who elaborated a scale based on
more than 5000 nonsmoking healthy subjects of ages ranging from 14 to 80 years (1 U.CARR =
0.08 mg of hydroperoxide/100 ml H,0,) (29); BAPs-biological antioxidant potentials. *p < 0.05
compared to the value of the normobaric group of the same strain. #p < 0.05 compared to the
values of the normobaric and hyperbaric groups of WKY. §p < 0.05 compared to the value of

the normobaric group of SHR.
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from enhanced central sympathetic activation. In mice
with a deficiency of adrenomedullin, which is an
intrinsic antioxidant, salt-loading induced overproduc-
tion of ROS and enhanced sympathetic activation in
the brain (13,14). Thus, an overproduction of ROS
induces sympathoexcitation, which results in hyper-
tension. The excessive production of ROS causes
accelerated damage to cellular elements, including
lipids, proteins, and nucleic acids, and can subse-
quently induce atherosclerosis and thrombosis (15).
There are many similar results indicating that overpro-
duction of ROS and high sympathetic activation lead
not only to hypertension but also to damage of cells
and tissues (16-20).

In this study, the level of dROMs, which are indices
of oxidative stress, was higher in normobaric SHR
than in normobaric WKY (Figure 2A), suggesting that
production of ROS was greater in SHR than in WKY.
These results correspond with our recent study using
SHR (21). Therefore, it is conceivable that inhibition
of ROS overproduction leads to a decrease in high BP
and prevents further complications.

Effect of Exercise on Hypertension

In general, prolonged aerobic exercise reduces BP and
prevents hypertension in animals (22,23) and humans
(24,25). Exercise reduces sympathetic activation in
hypertensive rats, thus reducing high BP and prevent-
ing the development of hypertension (8,26). A previ-
ous study (26) observed that not only sympathetic
tonus but also parasympathetic tonus were attenuated
after exercise in hypertensive rats. The effects of exer-
cise on BP levels in hypertensive rats were investigated
by assuming a mechanism which involves calcium-
dependent dopamine synthesis in the brain (8). An
exercise-induced enhancement in dopamine levels
inhibited sympathetic nerve activity via dopamine D,
receptors present in the brain, which ultimately
reduced high BP.

Effect of Hyperbaric Oxygenation
on Hypertension

An increase in atmospheric pressure accompanied by a
high concentration of oxygen enhances the partial
pressure of oxygen and causes more oxygen to dissolve
in the plasma; this leads to increased oxidative enzyme
activity in the mitochondria and consequently, an
enhanced rate of oxidative metabolism in cells and tis-
sues. In fact, the findings of our previous studies (1,2)
suggest that the beneficial effects of hyperbaric oxy-
genation were associated with increased oxidative
enzyme activities in skeletal muscle fibers and spinal
motoneurons in rats. In addition, possible beneficial

effects of hyperbaric oxygenation have been reported
in previous studies (3-5); the growth-related increase
in the blood glucose level in type 2 diabetic rats, which
had lower oxidative capacities in skeletal muscles
(27,28), has been reported to be inhibited by hyper-
baric oxygenation. These findings indicate that hyper-
baric oxygenation inhibits the decrease in the oxidative
metabolism of skeletal muscles in type 2 diabetic rats.

We hypothesized that overproduction of ROS
induces sympathoexcitation and thus, hypertension,
while hyperbaric oxygenation, which induces an
increased oxidative metabolism, eliminates ROS and
leads in the maintenance of normal BP. In this study,
SBP and DBP of SHR decreased following hyperbaric
oxygenation (Figures 1E and 1F). Furthermore, the
level of dROMs, which are indices of oxidative stress,
decreased (Figure 2A) and the level of BAPs, which are
indices of antioxidant capacity, increased (Figure 2B)
following hyperbaric oxygenation. This indicates that
hyperbaric oxygenation induced a minor but significant
decrease in production of ROS in hypertensive rats.

An enhancement of the oxidative metabolism in
cells and tissues increases the carbon dioxide concen-
tration in the surrounding region and this, in turn,
facilitates oxygen release from hemoglobin and causes
dilation of blood vessels. Therefore, it is suggested that
vascular enlargement by hyperbaric oxygenation is one
of the factors that effectively prevents high BP.

In this study, the effects of hyperbaric oxygen-
ation on BP levels differed between WKY and SHR;
SBP and DBP decreased in SHR (Figures 1E and 1F),
while SBP (Figure 1B), but not DBP (Figure 1C)
decreased in WKY. Furthermore, in SHR, the SBP
decreased after 3 weeks of hyperbaric oxygenation,
while in WKY, it decreased after 5 weeks of
hyperbaric oxygenation. This phenomenon, in
which the depressor effect of hyperbaric oxygen-
ation on BP was prominent in SHR, can be
explained by a higher prevailing sympathetic activa-
tion in SHR than in WKY. Therefore, hyperbaric
oxygenation effectively stabilized BP in SHR; how-
ever, the beneficial effect of hyperbaric oxygenation
was not apparent in WKY because normal BP had
been previously maintained.

CONCLUSION

Hyperbaric exposure with high oxygen concentration
used in this study decreased SBP and DBP in hyper-
tensive rats. Therefore, the conditions of hyperbaric
oxygenation are effective for preventing and improving
hypertension. However, clinical trials are needed to
evaluate the efficacy of hyperbaric oxygenation for
treatment of patients suffering from hypertension.

Clinical and Experimental Hypertension
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Background: The effects of exposure to hyperbaric oxygen on
ultraviolet B (UVB) irradiation-induced melanin pigmentations of
skins and on senile spot sizes of faces were investigated.
Methods: In the first experiment, male subjects were irra-
diated with UVB on their upper arms for inducing erythema
and the subsequent melanin pigmentation. They were ex-
posed to a hyperbaric environment at 1.25 atmospheres
absolute (ATA) with 32% oxygen for 1 h/day, three times per
week. In the second experiment, female subjects were
exposed to a hyperbaric environment at 1.25ATA with
32% oxygen for 1 h/day, two times per week.

Results: In the first experiment, melanin pigmentations
lightened after 4 weeks of exposure to hyperbaric oxygen.

In the second experiment, senile spot sizes became small
after 12 weeks of exposure to hyperbaric oxygen.
Conclusion: We concluded that exposure to hyperbaric
oxygen used in this study accelerates both the fading in
melanin pigmentation and the decrease in senile spot
size.

Key words: epidermis — erythema — hyperbaric oxygen —
melanin pigmentation — senile spot size — ultraviolet B
irradiation
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CELLS AND tissues need oxygen to produce
energy and maintain their metabolism and
function. The epidermis has direct access to oxy-
gen and obtains considerable oxygen from the
atmosphere; therefore, the epidermis can main-
tain a higher oxygen level than many internal
tissues (1). When UV is irradiated on the skin,
melanocytes are assumed to exhibit a series of
oxidative stresses (2), suggesting that consider-
able oxygen is needed to eliminate oxidative
stress and to damaged epidermis.

Cells and tissues receive oxygen in two ways:
one is from oxygen binding to hemoglobin in red
blood cells, which flow in blood vessels, and
another is from oxygen dissolved in the tissue
fluids including the plasma. Previous studies (3,
4) observed that exposure to hyperbaric oxygen
induces an increase in the amount of dissolved
oxygen in the plasma. Hyperbaric exposure at
2-3 atmospheres absolute (ATA) with 100% oxy-
gen is generally used for therapy of temporary
hypoxia (5), tissue repair after burn (6), intract-

332

able ulcer (7, 8), and open fractures and crush
injuries (9).

Hyperbaric exposure with moderate atmo-
spheric pressure and oxygen concentration has
been investigated (10); hyperbaric exposure at
1.25 ATA with 36% oxygen enhances the oxida-
tive enzyme activity of cells and tissues (10, 11),
therefore inducing inhibition in the growth-asso-
ciated increase in the blood glucose level of type-
2 diabetic Goto-Kakizaki rats (12-14) and in the
blood pressure level of spontaneously hyperten-
sive rats (15). These studies (12-15) concluded
that hyperbaric exposure with moderate atmo-
spheric pressure and oxygen concentration has a
beneficial effect on oxidative metabolism in cells
and tissues, although the amount of dissolved
oxygen is greater by hyperbaric exposure at 2—
3 ATA with 100% oxygen than that at 1.25 ATA
with 36% oxygen.

It is suggested that keratinocyte proliferation
and epidermal cell regeneration are activated by
an enhanced oxidative metabolism, which is
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induced by exposure to moderate hyperbaric
oxygen. In this study, we examined whether
hyperbaric exposure at 1.25 ATA with 32% oxy-
gen has an effect on ultraviolet B (UVB) irradia-
tion-induced melanin pigmentations of upper
arm skins and on senile spot sizes of faces.

Materials and Methods

This study was approved by the Experiment
Committee of Kao Corporation, Tokyo, Japan,
and was performed in accordance with the ethi-
cal standards laid down in the 1964 Declaration
of Helsinki and the Guiding Principles published
by the Physiological Society of Japan. Signed
informed consent was obtained from all subjects
before experiment.

The first experiment

Erythema and the subsequent melanin pigmenta-
tion of 14 healthy male subjects (31-44 years old)
were induced by a UVB irradiation device (FL20SE
UV light; Toshiba, Japan) (16). None of these sub-
jects had skin diseases or a history of photosensi-
tivity. In order to determine the minimal exposure
dose (MED) for recognizing erythema of individual
subjects, UVB with a peak radiation wavelength of
350nm was irradiated from 190.04 to 427.59m]/
cm?® with an increment of 25% on 1.5 cm” diameter
at six different sites of the ventral side of their right
upper arms. The MED was assessed 24 h after UVB
irradiation. Thereafter, the UVB, which corre-
sponded to the double dose of individual MEDs,
was irradiated on 1.5cm? diameter of the ventral
side of their left upper arms.

In this study, erythema was observed after 4
weeks of UVB irradiation. Therefore, we assigned
subjects into the control (CO; n=7) and hyper-
baric oxygen (HO; n=7) groups as these two
groups had a similar degree of erythema. Subjects
in the HO group were exposed to 1.25 ATA with
32% oxygen for 1h/day, three times per week for
4 weeks. The hyperbaric chamber was designed
to automatically maintain an increased level of
oxygen concentration and atmospheric pressure.
Subjects in the CO group were maintained under
a normobaric environment at 1ATA with 21%
oxygen.

The luminance value (L*), which is used as an
index for the level of melanin pigmentation, was
determined by an image-processing method
using a videomicroscope interfaced with a
computer 1, 2, 3, and 4 weeks after exposure to

hyperbaric oxygen. The L* is one of the three
indices of chromatically designated L*a*b*, which
matches the Commission International de I’Eclai-
rage standard observer response (17). The change
in L* of spot (AL*pig.), which was irradiated by
UVB, was measured every week by a colormeter
(CM2600D; Minolta, Tokyo, Japan). In order to
cancel the change in skin color during the test
period, we measured the change in skin color
on the control spot (AL*skin) next to the spot,
which was irradiated by UVB. The AAL* value
(AAL* = AL*pig. — AL*skin) was determined to
assess the change in melanin pigmentation on
the spot.

The second experiment
Seven healthy female subjects (3041 years old),
who had senile spots on their faces, were exposed
to 1.25ATA with 32% oxygen for 1h/day, two
times per week for 12 weeks. None of these subjects
had skin diseases or a history of photosensitivity.
A total of 13 senile spots (one or two spots per
subject) were selected. The images of senile spots
were taken using a digital microscope (Hi-Scope
Advanced KH-3000; HiROX, Tokyo, Japan) be-
fore exposure to hyperbaric oxygen as baseline
and after 3, 7, and 12 weeks of hyperbaric oxygen
(Fig. 1). The images were separated into melanin
and hemoglobin chromophores (18). The images
of melanin chromophores were converted to
binary pictures for making clear contours of
spots, and thereafter, their sizes were measured
by an image-processing soft (Photoshop CS4;
Adobe Systems, Tokyo, Japan).

Statistics

The data were presented as mean and SD. One-
way analysis of variance (ANOVA) was used to
evaluate the time-course changes in melatonin
pigmentation and senile spot size. When there
were overall significant differences based on the
ANOVA analyses, individual group comparisons
were made using Scheffé’s post hoc tests. A prob-
ability level of 0.05 was considered to be statisti-
cally significant.

Results

Effect of exposure to hyperbaric oxygen on UVB
irradiation-induced pigmentation

Figure 2 shows photographs of melanin pig-
mentations in the CO and HO groups before
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Fig.1. Image processing for the senile spot size measurement. The original image (a) was modified to the one including the noise-reduced component
(b). The image was converted to the binary picture (c) for making a clear contour of the spot, and thereafter, its size was measured by an image-

processing soft (d).

Fig.2. Photographs of ultraviolet B-induced pigmentations in the control (a, b) and hypebaric oxygen (c, d) groups. (a, c) control and hyperbaric
groups before exposure to hyperbaric oxygen, respectively; (b, d) control and hyperbaric groups after 4 weeks of exposure to hyperbaric oxygen,

respectively.

and 4 weeks after exposure to hyperbaric
oxygen. The melanin pigmentations turned
light following exposure to hyperbaric oxygen
(Fig. 3); the AAL* of the HO group was signi-
ficantly higher than that of the CO group after 4
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weeks of exposure to hyperbaric oxygen,
although there was no difference in the AAL*
between the CO- and age-matched HO groups
during 1-3 weeks of exposure to hyperbaric
oxygen.
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Effect of exposure to hyperbaric oxygen on senile spot
size

Figure 4 shows the photographs and images of
senile spots before and 12 weeks after exposure to
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Fig.3. Changes in pigmentation (AAL*) following exposure to hy-
perbaric oxygen. The data indicate the means and SD obtained from
seven subjects. Subjects in the HO group were subjected to exposure to
hyperbaric oxygen after 4 weeks of recovery from UVB irradiation
because erythema was observed at 4 weeks after UVB irradiation.
*P <0.05 compared with the age-matched CO group.

hyperbaric oxygen. Senile spot sizes gradually
decreased following exposure to hyperbaric oxy-
gen. The spot size after 12 weeks of exposure to
hyperbaric oxygen was significantly smaller than
that before exposure to hyperbaric oxygen; the
average senile spot size after 12 weeks of expo-
sure to hyperbaric oxygen was 82% compared

with that before exposure to hyperbaric oxygen
(Fig. 5).

Discussion

Exposure to hyperbaric oxygen

Hyperbaric exposure at a pressure >1ATA,
usually at 2-3 ATA, with 100% oxygen has been
used successfully as an adjunctive therapy for
many clinical disorders related both to ischemia
and/or hypoxia (5-9). In contrast, a previous
study (19) reported that cataracts, particularly
nuclear cataracts, which are major cause of loss

Fig.4. Images of the senile spots before (a, c, and e) and 12 weeks after exposure to hyperbaric oxygen (b, d, and e). (a, b) cross-polarized images; (c, d)

images including components of melanin pigmentation; (e, f) binary pictures.
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Fig.5. Changes in senile spot size (%) following exposure to hyper-
baric oxygen. The data indicate the means and SD obtained from 13
spots of 11 subjects. *P <0.05 compared with the value before exposure
to hyperbaric oxygen.

of lens transparency, in 17- to 18-month-old
guinea-pigs were induced by hyperbaric expo-
sure at 2.5 ATA with 100% oxygen for 2-2.5h,
three times per week for up to 100 times. Simi-
larly, myopia and cataract developed in human
lenses by prolonged hyperbaric exposure at 2—
2.5 ATA with 100% oxygen for 1.5h, one time per
day from 150 to 850 times (20), but have been
observed rarely after only 48 times (21).

Exposure to hyperbaric oxygen is considered to
cause excessive production of reactive oxygen
species (ROS) in several tissues and organs (22—
25) and ROS have the ability to act as important
signaling molecules (26). A standard procedure
of hyperbaric exposure at 2-3 ATA with 100%
oxygen has the potential to induce and accelerate
myopia and cataract. Furthermore, hyperbaric
oxygen-induced oxidative stress levels depend
not only on the pressure but also on the exposure
duration; the pressure from 2.5 to 3 ATA and the
duration from 90 to 120 min resulted in a pro-
nounced change in oxidative stress level (24, 25).

The formation of ROS (27) and lipid peroxides
(28) in rat brain increases after exposure to
hyperbaric oxygen at a more increased pressure
level. Furthermore, exposure to hyperbaric oxy-
gen causes elevation of blood pressure level and
lowering of both the heart rate and the blood
glucose level, which were augmented in the
presence of hypertension, diabetes, and both
hypertension and diabetes (29). Especially, dia-
betic patients cause a greater elevation in blood
pressure level after exposure to hyperbaric oxy-
gen compared with hypertensive patients and
healthy individuals.

In this study, we used hyperbaric exposure at
1.25 with 32% oxygen because these moderate
pressures and oxygen concentrations enhance the

336

oxidative enzymatic activity of cells and tissues
(10, 11). Previous studies observed that hyperba-
ric oxygen at 1.25 ATA with 36% oxygen induced
an inhibition in the growth-associated increase in
the blood glucose level of type-2 diabetic Goto-
Kakizaki rats (12-14) and in the blood pressure
level of spontaneously hypertensive rats (15).
Furthermore, overproduction of ROS in sponta-
neously hypertensive rats was inhibited after
exposure to moderate hyperbaric oxygen (15).
These studies (12-15) conclude that hyperbaric
exposure with moderate atmospheric pressure
and oxygen concentration has a beneficial effect
on enhancement and improvement in the oxida-
tive metabolism of cells and tissues.

Effect of exposure to hyperbaric oxygen on melanin
pigmentation

Many agents, which are mostly ointments, have
been investigated for improvement in damaged
skin by erythema, peeling, and stinging (30-32).
Erythema and the subsequent pigmentation were
suppressed and in a parallel manner by corticos-
teroids and indomethacin that were applied im-
mediately after UVB irradiation (16). Chemical
mediators, especially prostaglandins, released in
the inflammatory process have an important role
in the induction of erythema (33, 34). Histamine
is also involved in the erythema formation in
skins of animals and humans (35), probability by
enhancing prostaglandins synthesis in UVB-irra-
diated skin in the earlier phase of inflammation
(36). Furthermore, these mediators stimulate mel-
anocytes of skins in animals (37, 38) and humans
(39). It is suggested that the suppression of UVB
irradiation-induced pigmentation is due at least
to the reduction in prostaglandin synthesis
through the inhibition of cyclooxygenase by in-
domethacin and the induction of annexin of
lipocortin by corticosteroids (40).

Unlike many internal tissues, the epidermis
has direct access to atmospheric oxygen and
obtains considerable oxygen from the atmo-
sphere; therefore, the epidermis can maintain
higher oxygen levels than internal tissues (1).
However, chronic wounds of the skin in regions
of poor blood supply, e.g., chronic ulcers, have
been proposed to be refractory to healing owing
to insufficient blood supply and oxygen avail-
ability. Therefore, patients utilize dissolved oxy-
gen increased by hyperbaric oxygen or the
wound is treated topically with elevated oxygen
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concentrations. Furthermore, melanocytes are as-
sumed to exhibit a series of oxidative stresses
during UVB irradiation-induced melanogenesis
(2), suggesting that considerable oxygen is
needed for the repair and maintenance of epider-
mis after erythema formation. These views indi-
cate that the epidermis is exposed to local tissue
hypoxia, which was induced by limited supply of
oxygen under conditions of chronic wound and
melanogenesis.

We postulated that increased oxygen induced
by exposure to hyperbaric oxygen is effective for
repair from damage in the epidermis, which was
induced by UVB irradiation. In this study, mela-
nin pigmentation lightened after 4 weeks of
exposure to hyperbaric oxygen (Fig. 3). It is
suggested that the increase in blood volume
and dissolved oxygen into damaged epidermis
was induced by exposure to hyperbaric oxygen.
Although inhibition in the overproduction of
ROS under epidermis formation would be ex-
pected following exposure to hyperbaric oxygen,
we did not measure changes in the ROS level in
this study. Further studies including animal ex-
periments are needed to elucidate whether ex-
posure to hyperbaric oxygen has an effect on
inhibition in the overproduction of ROS, which
may be linked to epidermis formation.

Effect of exposure to hyperbaric oxygen on senile spot
size

A previous study (18) observed seasonal changes
in senile spot sizes of faces in 105 female subjects
(20-60 years old). A total of 115 senile spot sizes
were determined quantitatively in four different
seasons: March, June, September, and December.
The senile spot sizes became largest in June;
however, the change in senile spot size narrow:
within the 5% range during a year. Therefore, it is
concluded that there were no seasonal changes in
the senile spot size. In this study, the senile spot
size after 12 weeks of exposure to hyperbaric
oxygen was 82% compared with that before
exposure to hyperbaric oxygen (Fig. 5). We sug-
gest that decreased spot sizes after exposure to
hyperbaric oxygen are due to an increased oxi-
dative metabolism, which were considered in our
first experiment using UVB irradiation-induced
melatonin pigmentation and its inhibition by
exposure to hyperbaric oxygen.

Conclusion

Hyperbaric exposure at 1.25 ATA with 32% oxy-
gen used in this study accelerated both the fading
in melanin pigmentation and the decrease in
senile spot size because of increased oxidative
metabolism.
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Abstract

Background: The growth-associated increase in the blood glucose level of
animals with Type 2 diabetes is inhibited by moderate hyperbaric exposure
at 1.25 atmospheres absolute (ata) with 36% oxygen, presumably due to an
increase in oxidative metabolism. However, there are no data available
regarding the effect of moderate hyperbaric oxygen (HBO) on diabetes-
induced cataracts.

Methods: Four-week-old mice with Type 2 diabetes and cataracts were
exposed to 1.25 ata with 36% oxygen, 6 h daily, for 12 weeks, followed
by normal conditions at 1 ata with 21% oxygen for 16 weeks (cata-
ract + hyperbaric group). Levels of blood glucose and derivatives of reac-
tive oxygen metabolites (AROMs), used as an index of oxidative stress, and
the turbidities of the lenses from these mice at 4, 8, 12, 16, and 32 weeks of
age were compared with those of control and diabetic (cataract group)
mice not exposed to HBO.

Results: Non-fasting and fasting blood glucose levels were lower in the
cataract + hyperbaric group at 12, 16, and 32 weeks of age than in the
age-matched cataract group. The levels of dROMs were lower in the cata-
ract + hyperbaric group at 16 and 32 weeks of age than in the age-
matched cataract group. The turbidities of the peripheral and central
regions of the lenses were lower in the cataract + hyperbaric group at 12,
16, and 32 weeks of age than in the age-matched cataract group.
Conclusions: Hyperbaric exposure at 1.25 ata with 36% oxygen delays cata-
ract development and progression in mice with Type 2 diabetes.

Keywords: cataract, hyperbaric oxygen, lens turbidity, mouse, Type 2 diabetes.

Significant findings of the study: We found that hyperbaric exposure at 1.25 ata with 36% oxygen inhibits
and delays cataract formation in mice with Type 2 diabetes.

What this study adds: The findings provide significant insight into developing clinical trials for the preven-
tion of cataract formation in patients with Type 2 diabetes.

Introduction

concentration of dissolved oxygen in the plasma.'* We
have reported previously that moderate hyperbaric

An elevation in atmospheric pressure accompanied by exposure with a pressure of 1.25 atmospheres abso-
high oxygen concentration enhances the partial lute (ata) and an oxygen concentration of 36% is
pressure of oxygen and increases blood flow and the required for effective responses with regard to oxidative
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metabolism in the neuromuscular system (i.e. spinal
motoneurons and the skeletal muscle fibers they inner-
vate).>* In previous studies,”” we observed that the
development and progression of lifestyle-related dis-
eases were delayed and improved by moderate hyper-
baric exposure at 1.25 ata with 36% oxygen. The
growth-associated increase in the blood glucose level
of rats with Type 2 diabetes was attenuated by expo-
sure to moderate hyperbaric oxygen (HBO).”’ The
enhanced blood glucose level and decreased oxidative
enzyme activity observed in the skeletal muscles of rats
with Type 2 diabetes'™!" were restored to normal
values after exposure to moderate HBO.® In addition,
the growth-associated increase in the blood pressure of
spontaneously hypertensive rats was attenuated by
exposure to moderate HBO.”

It is widely known that the polyol pathway is the
main contributor to diabetes-induced cataract forma-
tion (i.e. excess blood glucose is reduced to sorbitol,
which is responsible for cataract formation).'? The
increased availability of oxygen following exposure to
moderate HBO inhibits the growth-associated increase
in the blood glucose level of rats with Type 2 diabetes
and, in turn, may delay the accumulation of sorbitol in
the lens, suggesting that exposure to moderate HBO
inhibits diabetes-induced cataract formation as well as
hyperglycemia.

In the present study, 4-week-old mice with Type 2
diabetes and cataracts were subjected to moderate
hyperbaric exposure at a pressure of 1.25 ata with
36% oxygen, 6 h daily, for 12 weeks. Thereafter, the
mice were subjected to normal conditions at 1 ata with
21% oxygen for 16 weeks. The levels of blood glu-
cose and derivatives of reactive oxygen metabolites
(dROMs), used as an index of oxidative stress, and the
turbidities of the peripheral and central regions of
the lenses were measured after 4, 8, 12, and 16 weeks
of exposure to moderate HBO and after 16 weeks
of resuming normal conditions. Data were compared
at each time point to age-matched control and Type 2
diabetic mice that were not exposed to HBO.

Methods

Experimental animals
All experimental and animal care procedures were con-
ducted in accordance with the Guidelines of the
National Institutes of Health for the Care and Use of
Laboratory Animals. This study was approved by the
Institutional Animal Experimentation Committee of
Kyoto University (Kyoto, Japan).

An animal model for Type 2 diabetes and cataracts
was developed by repeated inbreeding of normal ICR

F. NAGATOMO et al.

mice with glucose tolerance at the upper limit of the
normal range at the Research Center of Animal Mod-
els for Human Diseases, Fujita Health University
(Toyoake, Japan).

Four-week-old mice were randomly assigned to one
of three groups (n = 5 per group): (i) a control group,
ICR mice without Type 2 diabetes, cataracts, or expo-
sure to HBO; (ii) a cataract group, mice with Type 2
diabetes and cataracts, but no exposure to HBO;
and (iii) a cataract + HBO group, mice with Type 2
diabetes and cataracts and exposed to HBO. The mice
in the control and cataract groups were exposed to | ata
(760 mmHg) with 21% oxygen throughout the study.
The mice in the cataract + HBO group were exposed to
1.25 ata (950 mmHg) with 36% oxygen, automatically
maintained by a computer-assisted system in a hyper-
baric chamber for 6 h (1000-1600 hours) daily for
12 weeks. Thereafter, the mice in the cataract + HBO
group were subjected to normal conditions at 1 ata
(760 mmHg) with 21% oxygen for 16 weeks.

All mice were housed individually from 4 to
32 weeks of age in a room maintained under a con-
trolled light-dark cycle (lights on from 0700 to
1900 hours) at a temperature of 22 + 2°C and relative
humidity of 45-55%. Food and water were provided
ad libitum to all groups. Body weights were measured
when the mice were 4, 8, 12, 16, and 32 weeks of age.

Blood sampling and biochemical measurements

Blood samples were obtained from the tails of fully
conscious mice and analyzed using a blood glucose
meter (GT-1650; Arkray, Kyoto, Japan). Non-fasting
blood glucose (NFBG) levels were measured at 4, 8,
12, 16, and 32 weeks of age. Fasting blood glucose
(FBQG) levels also were measured after 12 h of fasting
at the same points. Blood samples were centrifuged at
6000 r.p.m. for 1 min and evaluated photometrically.
A free radical and antioxidant potential determination
device (Free Radical Analytical System 4; Health &
Diagnostics, Grosseto, Italy) was used to automatically
measure the level of dROMs. The dROMs were used
as an index of oxidative stress in the present study
because they measure the amount of organic hydroper-
oxide (ROOH) converted into radicals that oxidize
N,N-diethyl-para-phenylenediamine.'> ">

Analyses of lens turbidity

After blood sampling at 4, 8, 12, 16, and 32 weeks of
age, photographs of the lenses were acquired in
anesthetized mice (sodium pentobarbital, 5 mg/100 g,
i.p.). Images were stored using a computer-assisted
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image-processing  system (Neuroimaging System,
Kyoto, Japan). Images of the peripheral and central
regions of the lenses were digitized and converted to
gray scale density images. Each pixel in the images was
quantified as one 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 transmis-
sion. The optical density (OD), which was converted
using gray level values, was determined using a calibra-
tion photographic tablet with 21 steps of gradient-
density ranges and the corresponding diffused density val-
ues. Lower density values indicated cataracts; therefore,
lower OD values indicated higher levels of turbidity.'®!”

Statistical analyses

All data are presented as the mean = SD. Two-way
analysis of variance (ANOVA) was used to assess the
main effects of growth (4, 8, 12, 16, and 32 weeks of
age) and treatment (control, cataract, and cata-
ract + HBO groups) or the interactions between
growth and treatment on body weight, levels of
NFBG, FBG, and dROMs, and the digitized gray
scale densities of the peripheral and central regions of
the lenses. If overall significant differences were found
for the main or interaction effects, Scheffé’s post hoc
test was used to determine the specific source of the
difference. Statistical significance was set at P < 0.05.
All analyses were performed using SPSS Statistics 19
(IBM, Armonk, NY, USA).

Results

Body weight

There were significant main effects for growth
(F =193.05; P < 0.05) and HBO (F = 278.31;
P < 0.05) and their interaction (F = 14.07; P < 0.05)
on body weight. Body weight was greater in the con-
trol, cataract, and cataract + HBO groups at 8, 12,
16, and 32 weeks than in the same groups at 4 weeks
(Fig. 1). However, there was no growth-associated
change in the body weight of these three groups from
8 to 32 weeks.

There was no difference in body weight among the
control, cataract, and cataract + HBO groups at
4 weeks (Fig. 1). In contrast, body weight was lower in
the cataract and cataract + HBO groups at 8, 12, 16,
and 32 weeks than in the age-matched control group.

Blood glucose level

There were significant main effects for growth (F = 73.07;
P < 0.05) and HBO (F = 583.76; P < 0.05) and their

Effects of HBO on diabetic cataract
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Figure 1 Body weights of the control (CJ),diabetic cataract (E),
and diabetic cataract + hyperbaric oxygen (HBO)-treated (M) groups
of mice at 4, 8, 12, 16, and 32 weeks of age. Values are the
mean + SD (n =5 per group). *P < 0.05 compared with the same
group at 4 weeks of age; 'P< 0.05 compared with the age-
matched control group.
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Figure 2 Non-fasting blood glucose (NFBG) levels in the control
(), diabetic cataract (g), and diabetic cataract + hyperbaric oxygen
(HBO)-treated (M) groups of mice at 4, 8, 12, 16, and 32 weeks of
age. Values are the mean + SD (n =5 per group). *P < 0.05 com-
pared with the cataract group at 4 weeks of age; "P< 0.05
compared with the cataract group at 4, 8, and 12 weeks of age;
tP < 0.05 compared with the cataract + HBO group at 4 and
8 weeks of age; *P < 0.05 compared with the age-matched control
group; P < 0.05 compared with the age-matched control and cata-
ract groups.

interaction (F = 29.83; P < 0.05) on NFBG levels.
There was no growth-associated change in the NFBG
level of the control group from 4 to 32 weeks (Fig. 2).
In contrast, the NFBG level was higher in the cataract
group at 12 weeks than in the same group at 4 weeks.
Furthermore, the NFBG level was higher in the cata-
ract group at 16 and 32 weeks than in the same group
at 4, 8, and 12 weeks. The NFBG level was higher in
the cataract + HBO group at 16 and 32 weeks than in
the same group at 4 and 8 weeks.

The NFBG level was higher in the cataract and
cataract + HBO groups at 4, 8, 12, 16, and 32 weeks
than in the age-matched control group (Fig. 2). The
NFBG level was lower in the cataract + HBO group
at 12, 16, and 32 weeks than in the age-matched cata-
ract group.

There were significant main effects for growth
(F = 5851; P <0.05 and HBO (F = 236.33;
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il

Age ( weeks
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Figure 3 Fasting blood glucose (FBG) levels in the control (OJ), dia-
betic cataract (E), and diabetic cataract + hyperbaric oxygen (HBO)-
treated (W) groups of mice at 4, 8, 12, 16, and 32 weeks of age.
Values are the mean + SD (n =5 per group). *P < 0.05 compared
with the cataract group at 4 and 8 weeks of age; TP < 0.05 com-
pared with the cataract group at 4, 8, and 12 weeks of age;
*P < 0.05 compared with the cataract + HBO group at 4, 8, 12, and
16 weeks of age; *P < 0.05 compared with the age-matched con-
trol group; "P < 0.05 compared with the age-matched control and
cataract groups.

P < 0.05) and their interaction (F = 28.98; P < 0.05)
on FBG levels. There was no growth-associated change
in the FBG level of the control group from 4 to
32 weeks (Fig. 3). In contrast, the FBG level was
higher in the cataract group at 12 and 16 weeks than
in the same group at 4 and 8 weeks. Furthermore, the
FBG level was higher in the cataract group at
32 weeks than in the same group at 4, 8, and 12 weeks.
The FBG level was higher in the cataract + HBO
group at 32 weeks than in the same group at 4, 8, 12,
and 16 weeks.

The FBG level was higher in the cataract and cata-
ract + HBO groups at 8, 12, 16, and 32 weeks than
in the age-matched control group (Fig. 3). The FBG
level was lower in the cataract + HBO group at 12,
16, and 32 weeks than in the age-matched cataract

group.

Level of dROMs

There were significant main effects for growth (F =12.81;
P < 0.05) and HBO (F = 33.76; P < 0.05) and their
interaction (F = 5.80, P < 0.05) on the level of
dROMs. There was no growth-associated change in
the level of dROMs in the control and cataract +
HBO groups from 4 to 32 weeks (Fig. 4). There was
no growth-associated change in the level of dROMs in
the cataract group from 4 to 12 weeks. However, the
level of dROMs was higher in the cataract group at
16 weeks than in the same group at 4 and 8 weeks.
Furthermore, the level of dROMs was higher in the
cataract group at 32 weeks than in the same group at
4, 8, and 12 weeks.
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Figure 4 Levels of derivatives of reactive oxygen metabolites
(dROMs) in the control (OJ), diabetic cataract (g), and diabetic cata-
ract + hyperbaric oxygen (HBO)-treated (M) groups of mice at 4, 8,
12, 16, and 32 weeks of age. Values are the mean + SD (n = 5 per
group). 1 U.Carr = 0.08 mg hydroperoxide/100 mL H,O,. *P < 0.05
compared with the cataract group at 4 and 8 weeks of age;
TP < 0.05 compared with the cataract group at 4, 8, and 12 weeks of
age; P < 0.05 compared with the age-matched control group;
P < 0.05 compared with the age-matched cataract group.

The level of dROMs was higher in the cataract
group at 16 and 32 weeks than in the age-matched
control group (Fig. 4). The level of dROMs was lower
in the cataract + HBO group at 16 and 32 weeks than
in the age-matched cataract group.

Lens turbidity

There were significant main effects for growth
(F=4349; P <0.05) and HBO (F = 488.82;
P < 0.05) and their interaction (F = 31.33; P < 0.05)
on the turbidity of the peripheral region of the lens.
There was no growth-associated change in the turbidity
of the peripheral region of the lens in the control group
from 4 to 32 weeks (Figs 5,6). A growth-associated
increase in the turbidity was observed in the peripheral
region of the lens in the cataract group from 8 to
32 weeks. The turbidity in the peripheral region of the
lens was higher in the cataract group at 12 weeks than
in the same group at 4 and 8 weeks. The turbidity in
the peripheral region of the lens was higher in the cata-
ract group at 16 weeks than in the same group at 4, 8§,
and 12 weeks. Furthermore, the turbidity in the periph-
eral region of the lens was higher in the cataract group
at 32 weeks than in the same group at 4, 8, 12, and
16 weeks. The turbidity in the peripheral region of the
lens was higher in the cataract + HBO group at
32 weeks than in the same group at 4 weeks.

The turbidity in the peripheral region of the lens
was higher in the cataract and cataract + HBO
groups at 4, 8, 12, 16, and 32 weeks than in the age-
matched control group (Fig. 6). The turbidity in the
peripheral region of the lens was lower in the cata-
ract + HBO group at 12, 16, and 32 weeks than in
the age-matched cataract group.
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Cataract

Cataract + HBO

Control
4 weeks of age

8 weeks of age
(after 4 weeks of HBO)

12 weeks of age
(after 8 weeks of HBO)

16 weeks of age
(after 12 weeks of HBO)

32 weeks of age
(after 16 weeks of NC)

Figure 5 Photographs of lenses of mice in the control, cataract,
and cataract + hyperbaric oxygen (HBO)-treated groups. Mice in
the control and cataract groups were maintained under normal con-
ditions throughout the study, whereas mice in the cataract + HBO
group were exposed to HBO for 12 weeks from 4 to 16 weeks
of age and thereafter maintained under normal conditions for
16 weeks from 16 to 32 weeks of age. NC, normal condition.
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Figure 6 Digitized gray scale densities of the peripheral regions of
the lenses in the control (), diabetic cataract (E), and diabetic cat-
aract + hyperbaric oxygen (HBO)-treated (W) groups of mice at 4, 8,
12, 16, and 32 weeks of age. Insets, the white circles show the
areas of measurement in the peripheral regions of the lenses in
mice without (a) and with (b) cataracts. The digitized gray scale
density value shows the average optical density (OD) level within
the area; lower OD values indicate higher levels of turbidity. Values
are the mean + SD (n =5 per group). *P < 0.056 compared with
the cataract group at 4 and 8 weeks of age; "P < 0.05 compared
with the cataract group at 4, 8, and 12 weeks of age; P <0.05
compared with the cataract group at 4, 8, 12, and 16 weeks of
age; °P<0.05 compared with the cataract + HBO group at
4 weeks of age; P < 0.05 compared with the age-matched control
group; IP<0.05 compared with the age-matched control and cata-
ract groups.

There were significant main effects for growth
(F =417, P <0.05 and HBO (F = 1888.10;
P < 0.05) and their interaction (F = 8.84; P < 0.05)
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Figure 7 Digitized gray scale densities of the central regions of
the lenses in the control (), diabetic cataract (), and diabetic
cataract + hyperbaric oxygen (HBO)-treated (M groups of mice at
4,8, 12, 16, and 32 weeks of age. Insets, the white circles show
the areas of measurement in the central regions of the lenses in
mice without (a) and with (b) cataracts. The digitized gray scale
density value shows the average optical density (OD) within the
area; lower OD values indicate higher levels of turbidity. Values are
the mean + SD (n =5 per group). *P < 0.05 compared with the
cataract group at 4, 8, and 12 weeks of age; "P < 0.05 compared
with the cataract + HBO group at 4 weeks of age; *P < 0.05 com-
pared with the cataract group at 4 and 8 weeks of age; *P < 0.05
compared with the age-matched control group; ¥P < 0.05 compared
with the age-matched control and cataract groups.

on the turbidity of the central region of the lens. There
was no growth-associated change in the turbidity of
the central region of the lens in the control group from
4 to 32 weeks (Figs 5,7). The turbidity in the central
region of the lens was higher in the cataract group at
32 weeks than in the same group at 4, 8, and 12 weeks.
The turbidity in the central region of the lens was
lower in the cataract + HBO group at 12 weeks than
in the same group at 4 weeks. Furthermore, the turbid-
ity in the central region of the lens was lower in the
cataract + HBO group at 16 weeks than in the same
group at 4 and 8 weeks.

The turbidity in the central region of the lens was
higher in the cataract and cataract + HBO groups at
4, 8, 12, 16, and 32 weeks than in the age-matched
control group (Fig. 7). The turbidity in the central
region of the lens was lower in the cataract + HBO
group at 12, 16, and 32 weeks than in the age-matched
cataract group.

Discussion

Cataracts develop for a variety of reasons, including
aging, long-term exposure to ultraviolet light, exposure
to radiation, and secondary effects of metabolic dis-
eases, such as diabetes; they are usually a result of
denaturation of lens protein.'® The present study was
conducted to determine the effects of exposure to
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moderate HBO on the development and progression of
cataracts in mice with Type 2 diabetes. The diabetic
mice with cataracts used in the present study were
originally developed in Fujita Health University and
had a lower body weight than the control mice at
8-32 weeks (Fig. 1), indicating that these mice had
diabetes, but were not obese at adult stages.

The polyol pathway and oxidative stress

The polyol pathway in the lens is mediated by two
enzymes, namely aldose reductase, which catalyses the
reduction of glucose to sorbitol using NADPH as a
cofactor, and sorbitol dehydrogenase, which catalyses
the conversion of sorbitol to fructose using NAD ™" as
a cofactor.'? Transgenic mice that overexpress aldose
reductase do not show any morphological abnormali-
ties in the lens under normal conditions, thereby indi-
cating that overexpression of aldose reductase alone
does not induce changes in the lens.'” However, when
diabetes is induced by streptozotocin injection, the
transgenic mice exhibiting overexpression of aldose
reductase develop cataracts, and the rate of develop-
ment of the cataracts corresponds to the level of aldose
reductase expression in the lens. These results indicate
that both aldose reductase and blood glucose levels
are key factors in the pathogenesis of diabetes-induced
cataracts.

Cataracts are characterized by an accumulation of
sorbitol which, in turn, is mediated by aldose reductase
activity.?® The polyol pathway is the major contributor
to diabetes-induced cataracts because an increased flux
of glucose through this pathway leads to diabetic
lesions in the lens and large quantities of glucose are
reduced to sorbitol. This process is directly responsible
for cataract formation.

Diabetes causes increased oxidative stress in the
polyol pathway through hyperglycemia,?'*> which is
considered to play an important role in the pathogene-
sis of various diabetic complications, including cata-
racts.'>?*  Decreased antioxidant capacity also is
associated with diabetes-induced cataract formation. A
previous study reported that the lenses of mice lacking
the antioxidant enzyme copper-zinc superoxide dismu-
tase exhibited elevated levels of superoxide radicals
and were more prone to develop hyperglycemia-
induced cataracts in vitro than the lenses of wild-type
mice.>* It is expected that the increased availability of
oxygen with exposure to moderate HBO inhibits the
growth-associated increase in the blood glucose level
of mice with Type 2 diabetes, which, in turn, may inhi-
bit the accumulation of sorbitol and oxidative stress in
the lens and thus delay cataract formation.

F. NAGATOMO et al.

Hyperbaric oxygen therapy and exposure to moderate
HBO

Hyperbaric exposure at 2-3 ata with 100% oxygen has
been used as a therapy for many clinical disorders
related to ischemia, hypoxia, tissue repair after burn,
intractable ulcer, open fractures, and crush injuries.? 2’
Animals and humans are subjected to hyperbaric expo-
sure at 2-3 ata with 100% oxygen. A previous study
reported that cataracts in 17-18-month-old guinea pigs
were induced by hyperbaric exposure at 2.5 ata with
100% oxygen for 2-2.5 h, three times per week, up to
100 times.* Similarly, myopia and cataracts developed
in human lenses after prolonged hyperbaric exposure at
2-2.5 ata with 100% oxygen for 1.5 h, once daily, from
150 to 850 times,*' but were observed rarely after only
48 times.*> Thus, hyperbaric exposure at 2-3 ata with
100% oxygen has the potential to induce and accelerate
myopia and cataracts. Furthermore, hyperbaric expo-
sure at 2-3 ata with 100% oxygen is considered to
cause excessive production of reactive oxygen species in
several tissues and organs,>*** suggesting that overpro-
duction of oxidative stress induced by exposure to
HBO accelerates cataract formation. Oxidative stress
levels depend not only on the pressure, but also on the
duration of exposure; pressures from 2.5 to 3 ata and
durations from 90 to 120 min have been reported to
result in a pronounced increase in oxidative stress.>°
Furthermore, hyperbaric exposure at 2-3 ata with
100% oxygen increases blood pressure levels and lowers
both heart rate and blood glucose levels, which were
augmented in the presence of hypertension, diabetes,
and both hypertension and diabetes.?’

We have reported that moderate hyperbaric exposure
at 1.25 ata with 36% oxygen is required for effective
responses with regard to oxidative metabolism in the
neuromuscular system (i.e. motoneurons in the spinal
cord and their innervating fibers in the skeletal mus-
cle).>*3%3 The growth-associated increase in the blood
glucose level of rats with Type 2 diabetes was inhibited
by moderate hyperbaric exposure at 1.25 ata with 36%
oxygen.”’ Furthermore, the increased blood glucose
levels and the decreased oxidative enzyme activities of
the skeletal muscles in rats with Type 2 diabetes were
restored following exposure to moderate HBO.®

Effects of exposure to moderate HBO on diabetes-
induced cataracts

In the present study, the increase in the blood glucose
level of mice with Type 2 diabetes was inhibited by
moderate hyperbaric exposure at 1.25 ata with 36%
oxygen (Figs 2,3). These results are consistent with the
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findings of our previous studies,”® in which the
growth-associated increase in the blood glucose level
of rats with Type 2 diabetes was inhibited by exposure
to moderate HBO. In addition, the increase in the oxi-
dative stress level of mice with Type 2 diabetes was
inhibited by exposure to moderate HBO (Fig. 4). In
our previous study,’ the increase in the blood pressure
and overproduction of oxidative stress in rats with
hypertension were inhibited by exposure to moderate
HBO. In the present study, the cataract + HBO group
at 12-32 weeks of age exhibited lower turbidity in both
the peripheral (Fig. 6) and central (Fig. 7) regions of
the lenses compared with the age-matched cataract
group. These findings indicate that the HBO regimen
used in the present study delays diabetes-induced cata-
ract formation.

Conclusion

Hyperbaric exposure at 1.25 ata with 36% oxygen
inhibits the increase in blood glucose levels and delays
cataract development and progression in mice with
Type 2 diabetes. This effect most likely is related to
attenuation of the expected increase in the aldose
reductase activity and overproduction of sorbitol and
oxidative stress.
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Introduction. We determined derivatives of reactive oxygen metabolites (dROMs) as an index of oxidative stress level (oxidant
capacity) and biochemical antioxidant potential (BAP) as an index of antioxidant capacity in rats exposed to different oxygen
concentrations. Methods. Male Wistar rats were exposed to 14.4%, 20.9%), 35.5%, 39.8%, 62.5%, and 82.2% oxygen at 1 atmosphere
absolute for 24 h. Serum levels of dROMs and BAP were examined by using a free radical and antioxidant potential determination
device. The morphological characteristics of red blood cells were examined by phase contrast microscopy. Results. There were no
differences in the levels of dROMs in rats exposed to 14.4%, 20.9%, and 35.5% oxygen. However, the levels of dROM:s increased
in the rats exposed to 39.8% and 62.5% oxygen. The levels of dROMs were the highest in the rats exposed to 82.2% oxygen.
There were no differences in the levels of BAP with respect to the oxygen concentration. Morphological changes in the red blood
cells induced by oxidative attack from reactive oxygen species were observed in the rats exposed to 39.8%, 62.5%, and 82.2%
oxygen. Conclusion. Our results suggest that exposure to oxygen concentrations higher than 40% for 24 h induces excessive levels

of oxidative stress in rats.

1. Introduction

Supplemental oxygen is used in treatment and as a coun-
termeasure for acute and chronic diseases. When pilots of
unpressurized aircrafts fly to areas at high altitudes, when
climbers ascend high-altitude peaks and outpace their ability
to acclimatize, or when divers inhaling compressed air return
to the surface, the external pressure on the body decreases
and the dissolved inert gases come out of solution in the
form of bubbles in the body on depressurization [1, 2].
The resulting decompression sicknesses and air embolisms
are initially treated by inhalation of oxygen-enriched air or
exposure to mild hyperbaric oxygen at 1.25 atmospheres
absolute (ATA) until hyperbaric oxygen therapy (100% oxy-
gen delivered at 2-3 ATA) is administered [3-6]. Hypoxic or
breathless patients with chronically obstructive pulmonary
disease (COPD), who have low levels of oxygen in their
blood, require oxygen at concentrations greater than that in

room air to achieve arterial oxygen saturations between 88%
and 92% [7].

Oxygen therapy with or without pressure is associated
with the risk of oxygen toxicity and excessive oxidative
stress. Oxidative stress plays as key role in the pathogenesis
of many diseases and their complications; the generation
of free radicals and increased levels of oxidative stress
are associated with atherosclerosis, cataract, retinopathy,
myocardial infarction, hypertension, diabetes, renal failure,
and uremia [8-10]. However, there are no data available
on changes in the oxidative stress level and antioxidant
capacity after exposure to different concentrations of oxygen.
The analytical measurement of oxidative stress markers
has been difficult because of the short half-life and high
reactivity of the majority of reactive oxygen species and the
applicability of measurement methods [11]. Blood samples
are the appropriate biological materials for assessing the
status of oxidants and antioxidants. A unique system for the



evaluation of oxidative stress levels and antioxidant capacity
in the blood has been developed [12]. This evaluation
approach is based on the free radical analytical system that
mainly analyzes lipid hydroperoxides, which are relatively
stable in the blood. This system has been used for both
animal and human sera, which confirms its applicability
[13-15].

In this study, we examined the derivatives of reactive
oxygen metabolites (dAROMs) as an index of oxidative stress
levels (oxidant capacity) and the biochemical antioxidant
potential (BAP) as an index of antioxidant capacity in rats
exposed to different concentrations of oxygenat 1 ATA for
24h.

2. Materials and Methods

2.1. Experimental Animals. All experimental and animal
care procedures were performed in accordance with the
guidelines stated in the Guide for the Care and Use of
Laboratory Animals issued by the Institutional Animal
Experiment Committee of Kyoto University (Kyoto, Japan).

2.2. Exposure to Different Concentrations of Oxygen. Ten-
week-old male Wistar rats weighing between 200 g and 226 g
were divided into 6 groups (n = 5 for each group). The
individual groups were exposed to air containing low or high
concentration of oxygen in a chamber (75 X 130 X 85cm)
at 1 ATA for 24 h by using a low-oxygen inhaler (Terucom
Corp., Yokohama, Japan) or an oxygen concentrator (Ikiken
Corp., Sayama, Japan), respectively. When the air chamber
contained less or more than 20.9% oxygen, air with 2 differ-
ent concentrations of oxygen from 2 tubes was transported
to the aspirator: one tube contained normal air (20.9%
oxygen) and the other tube had air containing 13% or 84%
oxygen, which was procured from the low-oxygen inhaler
or the oxygen concentrator, respectively. Then, the aspirator
pumped mixed air into the chamber at the rate of 1 L/min.
The low or high oxygen concentration in the chamber was
adjusted by separately regulating the air flow from these 2
tubes. Normal air was transported by only 1 tube, while the
air containing 20.9% oxygen was retained in the chamber.
The oxygen concentration in the chamber was determined
by using an oxygen monitor (Max O,+AE; Maxtec Inc., UT,
USA) attached to the chamber. The rats were maintained in
individual, uniformly sized standard cages (30 x 40 X 20 cm)
in the chamber. The room was maintained at 22 + 2°C with
45%—55% relative humidity. Food and water were provided
ad libitum.

2.3. Measurements of AROMs and BAP. The levels of dROMs
and BAP were determined after the rats were exposed to
different concentrations of oxygen. Blood samples were
obtained from the tail of fully conscious rats and evaluated
photometrically. A free radical and antioxidant potential
determination device (Free Radical Analytical System 4;
Health & Diagnostics, Grosseto, Italy) was used to automati-
cally measure the levels of dROMs and BAP.
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The dROMs are used as an index to determine the
level of oxidative stress (oxidant capacity) by measuring
the amount of organic hydroperoxide (ROOH) converted
into radicals that oxidize N,N-diethyl-p-phenylenediamine
[12, 16]. The levels of dROMs were expressed in Carr units
(1U-Carr corresponds to 0.08 mg hydroperoxide/100 mL
H,0,). The BAP is used as an index to determine the
biological antioxidant capacity and is measured on the
basis of the capacity of the plasma sample to reduce ferric
ions to ferrous ions. After blood samples were obtained,
the rats were killed by intraperitoneal overdose of sodium
pentobarbital.

2.4. Red Blood Cell Morphology. Using blood samples, the
morphological profiles of red blood cells were observed
by phase contrast microscopy (Nikon 80iF-PH-15; Tokyo,
Japan).

2.5. Statistics. Means and standard deviations were calcu-
lated from the individual values by using standard proce-
dures. One-way analysis of variance (ANOVA) was used to
evaluate the mean differences among the 6 groups. When
ANOVA analyses revealed significant differences in mean
values, the groups were further compared using Scheffé’s
post hoc tests. A probability level of 0.05 was considered
significant.

3. Results

The levels of dROMs in rats exposed to 39.8% and 62.5%
oxygen were higher than those in the rats exposed to 14.4%,
20.9%, and 35.5% oxygen (Figure 1(a)). The level of dROMs
in the rats exposed to 82.2% oxygen was the highest among
the 6 groups. There were no differences in the levels of BAP
among the 6 groups (Figure 1(b)). Morphological changes in
red blood cells were observed in the rats exposed to 39.8%,
62.5%, and 82.2% oxygen (Figure 2).

4. Discussion

4.1. Exposure to Low Concentration of Oxygen. Acclimatiza-
tion at high altitude results in changes in the respiratory,
cardiovascular, and hematologic systems, which enhance
oxygen delivery to the cells and tissues [17]. Decompression
sickness occurs between initial hypoxic conditions and the
onset of acclimatization, and the incidence and severity
of the sickness depend on the rate of ascent, the alti-
tude attained, and physiological susceptibility of individuals
[5].

There is little data available regarding the oxidative stress
level under low concentrations of oxygen. In this study, we
examined the oxidative stress levels in rats exposed to low
concentrations of oxygen. In rats exposed to 14.4% oxygen
for 24 h, which is equivalent to the oxygen concentration at
3500 m/11500 feet altitude, no change was observed in the
oxidative stress level (Figure 1(a)). Therefore, we conclude
that low concentrations of oxygen do not induce excessive
oxidative stress.
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FIGURE 1: Levels of derivatives of reactive oxygen metabolites (a)
and biochemical antioxidant potential (b) of rats after exposure to
different concentrations of oxygen for 24 h. Values are expressed
as the mean and standard deviation (n = 5 for each group). Five
dots on the right side of the bar are the individual values of rats
in each group. dROMs: derivatives of reactive oxygen metabolites;
BAP: biochemical antioxidant potential. *P < 0.05 compared with
values of 14.4%, 20.9%, and 35.5% oxygen; **P < 0.05 compared
with values of 14.4%, 20.9%, 35.5%, 39.8%, and 62.5% oxygen.

4.2. Exposure to High Concentration of Oxygen. Hyperbaric
oxygen at 2-3 ATA with 100% oxygen induces acute changes,
such as increased blood pressure and further reduction in
heart rate [18], and causes chronic diseases like cataract
formation [19-22]; hyperbaric oxygen is generally safe when
pressures do not exceed 3 ATA and the length of treatment is
less than 120 min [23, 24]. However, hyperbaric oxygen has

been reported to increase the levels of reactive oxygen species
[25-27].

Patients with COPD inhale high concentrations of oxy-
gen, generally up to 50% oxygen (fraction of inspired oxygen,
FIO,) when the partial pressure of oxygen in the arterial
blood (Pa0,) is below 55 mmHg; these patients occasionally
exhibit voluntary respiration failure, consciousness distur-
bance, and atelectasis when inhaling high concentrations of
oxygen.

Oxygen therapy with or without pressure might induce
excessive levels of oxidative stress. Excessive levels of oxida-
tive stress are associated with many diseases, including
atherosclerosis, cataract, retinopathy, myocardial infarction,
hypertension, renal failure, and uremia [8-10]. In this study,
we examined the oxidative stress levels in rats exposed to high
concentrations of oxygen.

No change in the oxidative stress level was observed
at 35.5% oxygen for 24h (Figure 1(a)). We previously
examined the effects of mild hyperbaric oxygen at 1.25 ATA
with 36% oxygen on the neuromuscular system, including
spinal motoneurons and their innervating muscle fibers
(28, 29], type 2 diabetes [30-33], hypertension [34], type II
collagen-induced arthritis [35], age-related decline in muscle
oxidative capacity [36], and diabetes-induced cataracts [37]
in mice and rats. Therefore, the data observed in this study
suggest that mild hyperbaric oxygen at 1.25 ATA with 36%
oxygen is effective for the inhibition and improvement
of many metabolic diseases [28-37], without producing
excessive levels of oxidative stress.

In contrast, 39.8% and 62.5% oxygen for 24 h induced
excessive levels of oxidative stress, and the level of dROMs
was the highest at 82.2% oxygen (Figure 1(a)). Oxidative
stress level increases when the production of reactive oxygen
species is markedly greater than the intrinsic antioxidant
defenses. Patients with COPD inhale high concentrations of
oxygen, and the possibility of accumulating excessive levels
of oxidative stress will be greater when the inhaled oxygen
concentration (FIO;) is high. Therefore, we conclude that
exposure to 40% oxygen for 24 h is a threshold for inducing
an excessive level of oxidative stress.

In our previous study [15], we observed that obese rats
with metabolic syndrome accompanied by insulin resistance,
impaired glucose metabolism, and dyslipidemia had lower
levels of BAP than normal Wistar rats. In addition, we
observed that mild hyperbaric exposure at 1.25 ATA with
36% oxygen improves the levels of BAP in rats with hyperten-
sion [34]. These studies [15, 34] suggest that changes in the
levels of BAP are reflected as an index of antioxidant capacity.
In this study, we expected that exposure to higher concentra-
tions of oxygen would decrease the levels of BAP compared
with exposure to 20.9% oxygen because the levels of dROMs
were increased by exposure to 39.8%, 62.5%, and 82.2%
oxygen (Figure 1(a)). However, there was no difference in
the levels of BAP among different concentrations of oxygen
(Figure 1(b)). These results suggest that the antioxidant
capacity is not affected by both low and high concentrations
of oxygen, and thus, the antioxidant capacity did not change,
at least after 24 h. However, we did not examine antioxidant
enzyme levels of rats exposed to different concentrations
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FIGURE 2: Morphological features of red blood cells after 24 h of exposure to different concentrations of oxygen: (a) 14.4%, (b) 20.9%, (c)
35.5%, (d) 39.8%, (e) 62.5%, and (f) 82.2%. RBC: red blood cell; WBC: white blood cell. Scale bar is 10 gm.

of oxygen. In our subsequent study, we plan to examine
the levels of BAP and antioxidant enzymes, for example,
superoxide dismutase, catalase, and glutathione peroxidase,
in rats exposed to different concentrations of oxygen for
more than 24 h.

Transformed red blood cells, which were induced by
oxidative attack from reactive oxygen species, were observed
by exposure to 39.8%, 62.5%, and 82.2% oxygen (Figure 2);
these findings are consistent with the increased levels of
dROMs at these oxygen concentrations (Figure 1(a)). There-
fore, we conclude that morphological changes in the red
blood cells are linked to increased levels of oxidative stress.

5. Conclusion

Exposure to oxygen concentrations higher than 40% for 24 h
induces excessive levels of oxidative stress.
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