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ABSTRACT

Radon therapy using radon (**Rn) gas is classified into two types of treatment: inhalation of radon gas and drinking
water containing radon. Although short- or long-term intake of spa water is effective in increasing gastric mucosal
blood flow, and spa water therapy is useful for treating chronic gastritis and gastric ulcer, the underlying mechanisms
for and precise effects of radon protection against mucosal injury are unclear. In the present study, we examined the
protective effects of hot spring water drinking and radon inhalation on ethanol-induced gastric mucosal injury in
mice. Mice inhaled radon at a concentration of 2000 Bq/m> for 24 h or were provided with hot spring water for
2 weeks. The activity density of *2Rn ranged from 663 Bq/I (start point of supplying) to 100 Bq/1 (end point of
supplying). Mice were then orally administered ethanol at three concentrations. The ulcer index (UI), an indicator
of mucosal injury, increased in response to the administration of ethanol; however, treatment with either radon
inhalation or hot spring water inhibited the elevation in the UI due to ethanol. Although no significant differences in
antioxidative enzymes were observed between the radon-treated groups and the non-treated control groups, lipid
peroxide levels were significantly lower in the stomachs of mice pre-treated with radon or hot spring water. These
results suggest that hot spring water drinking and radon inhalation inhibit ethanol-induced gastric mucosal injury.

KEYWORDS: gastric mucosal injury, radon inhalation, hot spring water drinking, anti-oxidative functions, lipid
peroxide level, histological assessment, mouse

INTRODUCTION

mucosal trauma, are balanced by defensive factors, such as mucosal

Acute gastric mucosal lesion (AGML) is commonly understood as
an acute stomach lesion, which is characterized by sudden gastro-
intestinal bleeding, ischemic injury, acute gastric ulcer (GU), and
abdominal pain [1]. The pathogenesis of AGML is multifactorial.
Physical stress, psychological stress, tobacco (smoking and chew-
ing), alcohol, drugs and Helicobacter pylori may increase the risk of
inflammation and ulcers in the stomach [2-4]. According to Shay
and Sun’s Balance Theory, in the healthy stomach, mucosal aggres-
sive factors, such as stomach acid (HCl), pepsin secretion, and

resistance, mucus, local mucosal blood flow, and duodenal brake;
however, a disruption in the balance, i.e. aggressive agent enhance-
ment or decline in defense agents via changes in the risk factors,
can lead to peptic ulcer [5, 6]. In addition, it has recently been
reported that free radicals and reactive oxygen species (ROS), such
as superoxide radicals (O,"”), hydrogen peroxide (H,0O,) and
hydroxyl radicals ("OH), play an important role in the pathogenesis
of gastric mucosal injury in the stomach [7-9], and a new balance
theory, which considers free radicals and ROS in addition to the
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aggressive factors, and antioxidants in addition to the defensive fac-
tors, has also been proposed [10]. The balance between the gener-
ation and loss of radicals maintains homeostasis in the stomach, and
gastric mucosal injury occurs when the balance is lost. In other
words, drugs and alternative therapies that regulate or eliminate
ROS may have defensive effects against gastric mucosa. For
example, AGMLs are inhibited by the administration of active oxy-
gen scavengers, such as superoxide dismutase (SOD) and catalase
(CAT) [8, 9]. Recent studies have suggested that glutathione
(GSH) [11-15] and antioxidants, such as a-tocopherol [16], have
roles in gastric protection.

Generally, alcohol (~20% or greater) is a direct cause of gastric
mucosa defects, which are more remarkable with high alcohol concen-
trations. Clinically, alcohol intake induces AGMLs. It has been reported
that ethanol has direct effects in terms of destruction of the gastric
mucosa, as well as secondary effects such as decreased gastric mucosal
blood flow [17]. These effects contribute to the formation of AGMLs.
In an ethanol-induced gastric injury model, ulcer formation is not
suppressed by gastric acid secretion inhibitors, but it is suppressed
by agents that enhance mucosal defensive factors [18]. Therefore, this
model is suitable for evaluating gastric mucosa protective effects and
anti-ulcer effects.

Therapy using radon hot springs (**’Rn) is performed for pain- or
respiratory-related diseases such as osteoarthritis [19] and bronchial
asthma [20], and gastrointestinal diseases, such as gastroenteritis, at
the Misasa Medical Center, Okayama University Hospital, Japan. To
clarify the mechanism of the therapeutic effects, we conducted several
studies on the effects of radon inhalation in mice. Recently, we
reported that radon inhalation induces antioxidant substances in
many organs (such as the brain, heart, lung, liver, pancreas, kidney
and small intestine) of mice [21], and inhibits carbon tetrachloride
(CCly)-induced hepatopathy [22] and dextran sulfate sodium-induced
colitis in mice [23]. These findings suggest that antioxidative functions
induced by radon inhalation contribute to the mitigation of ROS-
and free radical-related diseases. In addition, we recently reported
that radon inhalation and hot spring water drinking inhibit potas-
sium oxonate-induced hyperuricemia in mice [24]. However, sig-
nificant activation of anti-oxidation mechanisms in response to drinking
treatments was not observed, and the mechanisms of action of these
treatments, particularly with respect to radon drinking treatments,
remain unclear.

If radon treatment activates antioxidative functions in the stomach, it
is highly likely to be beneficial against gastric mucosal injury. Tanaka et al.
indicated that short- or long-term intake of spa water is effective in
increasing gastric mucosal blood flow, and spa water therapy is useful for
treating chronic gastritis and gastric ulcer [25, 26]. However, it is not clear
whether antioxidative substances are involved in the beneficial effects.
The aim of the present study was to investigate the inhibitory effects of
radon inhalation and hot spring water treatments in the development of
ethanol-induced gastric mucosal injury. We focused on oxidative stress by
ethanol-induced gastric mucosal injury because, as described above, ROS
and free radicals play important roles in the pathogenesis of mucosal
injury in the stomach. We examined the following biochemical para-
meters and histological changes in the mucosa to assess the effects of
radon treatment: SOD activity, CAT activity, lipid peroxide (LPO) levels,
and total glutathione content (t-GSH) in the stomach.
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MATERIALS AND METHODS
Animals

Male BALB/c mice (8 weeks of age, body weight 25-28 g) were
purchased from CLEA Japan Inc. (Tokyo, Japan) for the analyses of
radon inhalation and water treatments. They were maintained in
plastic cages under controlled temperature (22 + 2°C), humidity
(55 + 10%) and light conditions (12h of light, 12h of dark), and
were given free access to food and water. Ethics approval for all pro-
tocols and experiments was obtained from the Animal Experimental
Committee of Okayama University.

Experimental procedure

Induction of gastric mucosal injury
Gastric mucosal injury was produced by oral administration of
ethanol in mice according to the methods of Swarnakar et al., with
slight modifications [27]. Briefly, mice were orally administered
ethanol after radon inhalation or hot spring water drinking. The
mice were fasted overnight (food, but not water) prior to treat-
ment. Ethanol was adjusted with saline solution to obtain concen-
trations of 30%, 60% or 100% (anhydrous alcohol), and solutions
were freshly prepared before administration. Each experimental
mouse was given 0.2 ml ethanol by oral gavage. Control mice were
manipulated in parallel by oral administration of saline (0.9%
NaCl solution).

Hot spring water drinking treatment

A total of 96 male mice were randomly divided into 12 groups of
eight each: (1) distilled water (DW) with saline (DW), (2) radon-
containing spring water with saline (spring water with Rn), (3)
radon-deaerated spring water with saline (spring water without Rn),
(4) DW with 30% ethanol (DW + 30% EtOH), (5) radon-
containing spring water with 30% ethanol (spring water with
Rn + 30% EtOH), (6) radon-deaerated spring water with 30% etha-
nol (spring water without Rn + 30% EtOH), (7) DW with 60%
ethanol (DW + 60% EtOH), (8) radon-containing spring water
with 60% ethanol (spring water with Rn + 60% EtOH), (9) radon-
deaerated spring water with 60% ethanol (spring water without
Rn + 60% EtOH), (10) DW with 100% ethanol (DW + 100%
EtOH), (11) radon-containing spring water with 100% ethanol
(spring water with Rn + 100% EtOH), and (12) radon-deaerated
spring water with 100% ethanol (spring water without Rn + 100%
EtOH). Mice had continuous access to distilled water, hot spring
water containing radon, or radon-deaeration hot spring water (from
which radon was removed) for 2 weeks. Radon-containing hot
spring water was obtained from the Misasa Medical Center,
Okayama University Hospital, with attention to water foaming and
the dissipation of radon. Radon-deaeration hot spring water was
obtained by bubbling Rn-containing hot spring water using an air
pump for 20 min to dissipate the radon. In order to align the condi-
tions of supply, Rn-containing and Radon-deaeration hot spring
water was supplied to mice after 2-3 days storage. The drinking
water for all animal groups was supplied at room temperature.
Drinking water was replaced three times per week.

The pH of hot spring water was 7.0-7.3, and various chemicals
were dissolved in the hot spring water for the drinking treatment [24].
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The radon concentration in water was measured using a liquid scin-
tillation counter (LSC-LBS, Aloka, Tokyo, Japan). The radon con-
centration, water intake volume, and body weight were monitored
continuously at 2- or 3-day intervals. The mean radon concentra-
tions in Rn-containing hot spring water were 663 + 36 Bq/I at the
initiation of the treatments (Table 1). One hour after each of the
drinking treatments, gastric mucosal injury was induced in mice by
oral administration of either 100% ethanol to induce the maximum
level of gastric ulcer, 60% ethanol to induce moderate ulcers, or
30% ethanol to induce minimal ulcers. Mice were sacrificed by an
overdose of ether anesthesia at 1 h after oral ethanol administration.
Blood was drawn from the heart, and the stomach was immediately
excised. The stomachs were cut along the greater curvature and
rinsed in 10 mM phosphate-buffered saline (PBS; pH 7.4) (Nacalai
Tesque, Kyoto, Japan) to examine mucosal lesions and to analyze
SOD and CAT activity, t-GSH content, and the levels of LPO and
proteins. Samples were preserved at —80°C for subsequent biochem-
ical analyses.

Radon inhalation treatment

A total of 48 male mice were randomly divided into six groups of
eight each: (1) sham inhalation with saline (control), (2) Rn
inhalation with saline (Rn), (3) sham inhalation with 30% ethanol
(30% EtOH), (4) Rn inhalation with 30% ethanol (Rn + 30%
EtOH), (5) sham inhalation with 60% ethanol (60% EtOH) and
(6) Rn inhalation with 60% ethanol (Rn + 60% EtOH). Mice
were exposed to air only (sham) or radon for 24h (using the
radon exposure system we previously developed) and fed normal
drinking water. Briefly, radon at a concentration of 2000 Bq/m>
was blown into a mouse cage [28]. The radon concentration in
the cages was determined relative to radon levels used in radon
therapy at the Misasa Medical Center, Okayama University
Hospital [19, 20]. Radon concentrations were measured using a
radon monitor (CMR-510; Femto-Tech Inc., Carlisle, OH, USA).
Radon concentrations in the mouse cages are summarized in
Fig. 1. The mean radon concentrations for the inhalation treat-
ments were ~2000 Bq/m?® (Fig. 1).

After sham or radon inhalation, gastric mucosal injury was
induced in mice by oral administration of 30% or 60% ethanol

(each 0.2 ml/animal). In this experiment, the 100% EtOH group
was eliminated to minimize the number of animals because we pre-
viously observed that low-dose irradiation does not inhibit severe
oxidative stress [29]. Blood was drawn from the heart at 1h after
ethanol administration and the stomach was immediately excised.
Specimens were treated using similar procedures to those described
for the drinking treatment experiment. Samples were preserved at
-80°C for subsequent biochemical analyses.

Assessment of ulcer index scores

To assess the severity of mucosal injury, the ulcer index (UI) was
calculated macroscopically. To measure gross gastric mucosal
lesions, freshly excised stomachs were laid flat and the mucosal
lesions were traced on cork board based on the methods of Birdane
et al. [30]. Briefly, gross mucosal lesions were classified as hemor-
rhages or linear tears (erosions) with damage to the mucosal sur-
face. The area of stomach tissue and gross mucosal lesions were
calculated by planimetry using image editing software. The ratio of
the total ulcer area to the total gastric area was estimated to deter-
mine the UI (%).

Histological assessment of index of histologic injury scores
Tissue samples were fixed in 10% formalin and embedded in paraf-
fin. Five-micrometer-thick tissue sections were prepared and stained
with hematoxylin and eosin (HE) to evaluate mucosal damage. To
assess the mucosal injury, histological damage was summarized by a
mean damage score, the index of histologic injury (IHI), which
represents the average depth of damage in each tissue, based on the
methods of Yasue and Whittle et al. [31, 32]. Briefly, photomicro-
graphs of gastric mucosae with a certain width were taken randomly
from tissue sections, and cellular damage type and length were
determined for each specimen. The relative mucosal length for each
grade of damage was then calculated. The IHI was calculated as the
sum of the scores multiplied by the fraction of the section for each
score, defined as follows: THI = (% type 1 X 1 + % type 2 X 2 + %
type 3 X 3 + % type 4 X 4)/100]. The depth of damage to the
mucosa was defined as follows: 0 = all gastric mucosal cells
appeared intact and no damage was detected, 1 = luminal surface
cells had damage, 2 = luminal surface and gastric pit cells had

Table 1. Radon concentrations in hot spring water, body weight, and intake volume

Parameters

Rn-containing hot spring water

Rn-deaeration hot spring water Distilled water

Concentrations of water (Bq/1)

(at the start point of supplying) 663 + 36

(at the end point of supplying) 100 + 4.8
Body weight (g)

(at the treatment start) 268 + 1.1

(at the time just before fasting) 284 + 1.0
Drinking voume (ml/day/capita) 3.03 +0.13

Not measured Not measured

Not measured Not measured

268 + 12 26.6 + 1.0
287 £ 12 28.6 + 1.1
3.10 £ 0.19 3.09 £ 0.10




2500
& 2000 f
o
2
£ 1500}
8
-]
=
51
2 1000 f
(=
(¥
=
[=]
=
S soot
0 . . . . ,
0 5 10 15 20 25

Time (h)

Fig. 1. Changes in the radon concentration in the mouse
cage over the period of radon inhalation using a radon
inhalation system.

damage, 3 = damage extended beyond the gastric pits, but involved
>50% of the thickness of the gastric mucosa, and 4 = extensive gas-
tric mucosal damage involved <50% of the thickness of the gastric
mucosa.

Biochemical assays
The stomachs were homogenized in 10mM PBS using a vortex-
type homogenizer (Shakeman; BioMedical Science Co. Ltd, Tokyo,
Japan). The homogenates were centrifuged at 12 000 X g at 4°C for
45 min and the supernatants were used to measure SOD and CAT
activities.

SOD activity was measured by the nitroblue tetrazolium
(NBT) reduction method [33] using the Wako-SOD test (Wako
Pure Chemical Industry Co. Ltd, Osaka, Japan) according to the
manufacturer’s recommendations. Briefly, inhibition of the reduc-
tion of NBT was measured at 560 nm using a spectrophotometer.
One unit of enzyme activity was defined as 50% inhibition of NBT
reduction.

CAT activity was measured as the rate of H,0O, reduction at
37°C at 240 nm using a spectrophotometer [34]. The assay mixture
consisted of S0 pl of 1 M Tris (tris-hydroxymethyl-aminomethane)-
HCI buffer containing SmM ethylenediaminetetraacetic acid (pH
7.4), 900 pl of 10 mM H,0,, 30 pl of deionized water, and 20 pl of
the supernatant. CAT activity was calculated using a molar extinc-
tion coefficient of 7.1 X 10> M ' em ™.

The t-GSH content was measured using the Bioxytech GSH-420
Assay Kit (Oxis Health Products Inc., Portland, OR, USA) accord-
ing to the manufacturer’s recommendations. Briefly, stomach sam-
ples were suspended in 10 mM PBS, mixed with an ice-cold 7.5%
trichloroacetic acid solution, and homogenized. The homogenates
were centrifuged at 3000 X g for 10 min. The supernatants were
then used in the assay.

These parameters were expressed as units per milligram of pro-
tein. Protein concentrations were measured using the Bradford
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method [35] with the Protein Quantification Kit-Rapid (Dojindo
Molecular Technologies Inc., Kumamoto, Japan).

LPO levels were assayed by a colorimetric assay (675nm)
using the K-Assay LPO-CC (lipid peroxides) Kit (K-ASSAY LPO-
CC; Kamiya Biomedical Company CC-004, Seattle, WA, USA),
following the manufacturer’s instructions [36]. Briefly, the stom-
ach was homogenized and 0.1% Triton X-100 and 0.05% sodium
deoxycholate (deoxycholic acid) in saline solution was added to
the tissue homogenate with shaking for 15min on ice in dark
conditions. After extraction, the homogenate was centrifuged at
3000 X g for 10 min at 4°C, and the supernatant was used for the
assay. The LPO assay is based on the formation of methylene blue
in an equal molar reaction with reduced LPO and chromogenic
reagent in the presence of hemoglobin. The optical density of the
products was read at 675 nm using a spectrophotometer. The data
are expressed as units per milligram of protein. The protein con-
centrations were estimated by a detergent-compatible assay using
the DC Protein Assay Kit (Bio-Rad Laboratories, Inc., Tokyo,

Japan).

Statistical analysis

Data are presented as means =+ standard error of the mean (SEM).
Each experimental group consisted of eight samples. The signifi-
cance of differences in UI score (total area of gastric mucosal
lesions), activities of SOD and CAT, t-GSH contents and LPO
levels were determined by Tukey’s test for multiple comparisons.
Index of histologic injury score was evaluated by the Steel-Dwass
test and the Mann-Whitney U-test.

RESULTS
Intake volume and body weight
No significant differences were observed between treatment groups
in fluid intake volumes throughout the experimental period
(Table 1).

Body weight increased slightly, reflecting normal mouse growth.
On the last day (Day 14), body weight was reduced owing to fast-
ing. However, no significant differences in the increase in body
weight were observed between groups (Fig. 2).

Effects of hot spring water on gastric lesions and ulcer
index scores
To assess the gross severity of mucosal injury, the UI was
determined.

Mucosal injury was induced by ethanol administration. As shown
in Fig. 3A, the spring water with/without Rn + EtOH groups
showed extensively reduced gastric mucosal injury compared with
that of the DW + EtOH group. No macroscopic changes were
observed in the DW group or the spring water with/without Rn
groups.

The Ul an indicator of the severity of macroscopic mucosal
injury, increased in an ethanol concentration-dependent manner.
Regardless of the ethanol concentration, the UI was lower in the
spring water with Rn + EtOH and spring water without
Rn + EtOH groups than the DW + EtOH group. Specifically, for
groups administered a 30% concentration of ethanol, the UI was
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Fig. 2. Changes in mouse body weight. Each value
represents a mean + SEM. Eight mice were included for
each experimental point.

significantly lower in the spring water with Rn + EtOH group than
in the DW + EtOH group (Fig. 3B). The UI values of all mice trea-
ted with DW and spring water with/without Rn were 0%, as shown
in Fig. 3A (a, e and i).

Effects of hot spring water drinking on histopathological
changes and index of histologic injury scores
Histopathological alterations in stomach specimens for each group
are shown in Fig. 4A. No severe histological changes were observed
in stomach specimens taken from the DW group or the spring water
with/without Rn groups, in which the gastric mucosa, luminal sur-
face, and gastric pit cells were intact [Fig. 4A (a, e and i)]. In con-
trast, ethanol administration to mice caused gastric mucosal injury
characterized by luminal surface and gastric pit cell damages
[Fig. 4A (b-d)]. Pre-treatment with spring water with/without Rn
[Fig. 4A (f-h, j-1)] improved these alterations, and resulted in less
mucosal damage compared with that of the DW + EtOH groups. In
a histological assessment of gastric ulcers, the THI, an indicator of
ulcer severity (ie. ulcer depth), increased in an ethanol concentration-
dependent manner. The THI was significantly lower (P < 0.05) in the
spring water with Rn + EtOH group than in the EtOH group for
100% ethanol. The IHI was lower in the spring water without
Rn + EtOH groups than in the DW + EtOH group, whereas, no sig-
nificant differences were noted between the DW + EtOH group and

the spring water without Rn + EtOH group (Fig. 4B).

Effects of hot spring water drinking on antioxidant-
associated substances in the stomachs of mice with
ethanol-induced gastric mucosal injury
To assess the biological effect of radon inhalation on the gastric
mucosa, antioxidant substances in the stomach were assayed. SOD
activity was significantly lower (P < 0.01) in the spring water with
Rn group than in the DW group. For groups administered 30%
ethanol, SOD activity was lower in the DW + EtOH group than in
the DW group, but higher in the spring water with/without
Rn + EtOH groups than in the DW + EtOH group. However,
these differences were not significant (Fig. 5). No statistically signifi-
cant differences were found between groups with respect to CAT
activity. However, regardless of ethanol concentration, CAT activity
was higher in all groups pre-treated with Rn-containing hot spring
water than in mice pre-treated with distilled water (Fig. 5). The t-
GSH content was significantly higher (P < 0.05) in the spring water
with Rn + EtOH group than in the DW + EtOH group for a 30%
concentration of ethanol. LPO levels were significantly lower
(P < 0.01) in the spring water without Rn + EtOH group than in
the DW + EtOH group for 60% ethanol (Fig. S). In addition,
among groups administered 30% or 60% of ethanol, LPO levels
were lower in the Water with/without Rn + EtOH group than in

the DW + EtOH group.

Effects of radon inhalation on gastric lesions and ulcer
index scores
As shown in Fig. 6A, the Rn + 60% EtOH group showed exten-
sively reduced gastric mucosal injury compared with that of the 60%
EtOH group. However, no macroscopic changes were observed in
the groups administered 30% ethanol. Similar to the drinking treat-
ment, the severity of mucosal injury was assessed based on the UL
The Uls of all mice in the control group and Rn group were 0, as
shown in Fig. 6A (a and d). The UI was significantly lower



L !

A
DW
——— g
NG

spring water with Rn

spring water without Rn

saline

Effects of radon on gastric mucosal injury in mice « 619

30%EtOH

100%EtOH

60%EtOH

B
80 ~ODW
B spring water with Rn
e L spring water without Rn
=
s
B 40 |
8
2 20
#
0 1
30% EtOH

60% EtOH

100% EtOH

Fig. 3. Effects of drinking hot spring water on macroscopic properties and Ul in the stomachs of mice with ethanol-
induced gastric mucosal injury. (A) Macroscopic appearances of the gastric mucosa in different groups: (a) DW
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ethanol.

(P < 0.05) in the Rn + 60% EtOH group than in the 60% EtOH
group (Fig. 6B).

Effects of radon inhalation on histopathological changes
and index of histologic injury scores

As shown in Fig. 7A, no severe histological alterations were

observed in mouse stomach specimens from the control group and

the Rn group [Fig. 7A (a and d)]. In contrast, ethanol

administration to mice caused gastric mucosal injury [Fig. 7A (b
and c)]; however, Rn + EtOH groups [Fig. 7A (e and f)] exhibited
improvements in these alterations, and showed less mucosal damage
compared with the EtOH groups.

After ethanol administration, the THI scores were higher in all
groups; however, the THI score was significantly lower (P < 0.05)
in the Rn + 60% EtOH group than in the 60% EtOH group
(Fig. 7B).
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Effects of radon inhalation on antioxidant-associated
substances in the stomach of mice with ethanol-induced
gastric mucosal injury
Although SOD activity in the stomach was significantly lower
(P < 0.01) in the 60% EtOH group than in the control group, SOD
activity was higher in the Rn + EtOH group than in the EtOH
group; however, this difference was not significant (Fig. 8). CAT
activity in the stomach was significantly higher (P < 0.01) in the
EtOH group after the administration of 60% ethanol than in the con-
trol group (Fig. 8). However, regardless of whether ethanol was admi-
nistered, CAT activity showed a tendency to increase in all groups

pre-treated with Rn inhalation than in groups pre-treated with sham
inhalation; no significant difference was indicated. The t-GSH content
was significantly lower in the EtOH group (30%, P < 0.05; 60%,
P < 0.01) than in the control group (Fig. 8). Regardless of ethanol
administration, LPO was significantly lower (Saline P < 0.01, 30%
ethanol P < 0.0S, 60% ethanol P < 0.001) in all groups pre-treated
with Rn inhalation compared with in sham inhalation groups (Fig. 8).

DISCUSSION
The mechanism of action of radon therapy is thought to involve the
entrance of radon dissolved in the blood into the gas exchange
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associated substances in the stomachs of mice with ethanol-
induced gastric mucosal injury. Each value represents a

mean + SEM. The number of mice per experimental point is
eight. “P < 0.05, P < 0.01, Rn-containing hot spring water
(spring water with Rn) or Rn-deaeration hot spring water (spring
water without Rn) vs DW with saline or DW with ethanol.

compartment and its subsequent transport to many tissues through
the systemic circulation, resulting in stimulatory effects in these tis-
sues [37]. In fact, we previously demonstrated that radon inhalation
protects a number of tissue types from chemically induced oxidative
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Fig. 6. Effects of radon inhalation on the macroscopic
properties and Ul in the stomachs of mice with ethanol-
induced gastric mucosal injury. (A) Macroscopic
appearances of the gastric mucosa in different groups: (a)
control group; (b) 30% EtOH group; (c) 60% EtOH group;
(d) Rn group; (e) Rn + 30% EtOH group; (f) and

Rn + 60% EtOH group. The black arrow in (c) indicates
typical ulcer areas. (B) UI score. Each value represents a
mean + SEM. The number of mice per experimental point
was eight. “P < 0.05, Rn inhalation with ethanol vs sham
inhalation with ethanol.

damage [21, 38]. Although several studies have reported effects of
hot spring water intake on the stomach, it is not clear whether anti-
oxidative substances are involved in the beneficial effects.

In this study, mice were orally administered ethanol at three
concentrations (30%, 60% and 100%) to examine the mechanisms
of pathogenesis. Ischemia following the administration of a low
concentration of ethanol does not play an important role in
ethanol-induced gastric mucosal injury. ROS are involved in the
pathogenesis following the administration of a medium concentra-
tion of ethanol, but lipid peroxidation is not affected. ROS and lipid
peroxidation both play important roles in the pathogenesis follow-
ing the administration of a high concentration of ethanol [15, 39—
42]. Our results showed that all concentrations of ethanol elevated
the U, indicating that the gastric mucosa was damaged. For the
drinking treatment, a lower UI was observed in the spring water
with/without Rn + EtOH groups than in the DW + EtOH group,
and a significantly lower UI was observed in the spring water with
Rn + EtOH group than in the DW + EtOH group for the 30%
ethanol groups. Furthermore, THI values obtained by pathological
observation of the gastric mucosa suggest protective effects of hot
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bar = 100 pm. All samples were stained with HE. The black arrow in (c) indicates typical injury area. (B) IHI scores. The
number of mice for each experiment and significance are the same as those for Fig. 6.

spring water drinking on the gastric mucosa. The IHI was lower in
the spring water with/without Rn + EtOH groups than in the
DW + EtOH group. These findings suggested that hot spring water
drinking inhibits ethanol-induced gastric ulcers in mice. In addition,
no significant differences were observed between the spring water
with Rn 4+ EtOH group and the spring water without Rn + EtOH
group. There are several reports on the in vivo effects of radon
ingestion via drinking water [43, 44]. The radioactivity ingested by
drinking radon-treated spring water per mouse was estimated to be
a maximum of ~2 Bq in one day, excluding the half life of radio-
activity from consideration. This calculation gives a whole-body
dose of 5.5nGy, assuming that the absorbed dose in the mouse is
same as the 2.70 pGy/Bq of ingested radon in humans [45]. It is
believed that the stomach takes up most of the effective dose when
ingesting radon with drinking water [46]. However, there is no data
available on the biokinetics of radon ingested via drinking water in
small animals such as mice, and it is difficult to estimate the actual
stomach-absorbed dose. In this study, the total intake of radon by

drinking is estimated to be extremely small because it seems difficult
to induce radiobiological reactions. These findings indicate that
radon in water does not influence the inhibitory effects, but prob-
ably reflects that the pharmacological effects are due to other chemi-
cals dissolved in the hot spring water, rather than radon.

On the other hand, for the inhalation treatments, a significantly
lower UI was observed in the Rn + 60% EtOH group than in the
60% EtOH group. Moreover, the IHI was significantly lower in the
Rn + EtOH group than in the EtOH group at 60% concentrations
of ethanol. These findings substantiated the protective effects of
radon inhalation on the gastric mucosa, as for the hot spring water
drinking treatment. The absorbed dose level of the mouse stomach
during the inhalation treatment was estimated as 0.1 pGy by using the
absorbed dose rate of radon inhalation reported by Sakoda et al. [37].
They showed that the absorbed dose of the stomach in radon inhal-
ation is almost the same level as that of other major organs. Our
previous report also showed that SOD activity was increased in
major organs other than the stomach by the same inhalation



50 r Osham inhalation

40 L BRn inhalation

30

20

SOD activity [U/mg protein]

30% 60%
EtOH concentration

Saline

CAT activity [U/mg protein]
L
=)

20 b
10 F
0 1
Saline 30% 60%
EtOH concentration
60
=
2 50}
=4
_‘é_" 40t _—
3
E o0t
g
= 20 ¢
3
ToI0f
<
I, .
Saline 30% 60%
EtOH concentration
20

LPO level [nmol/mg protein]
=

30% 60%
EtOH concentration

Saline

Fig. 8. Effects of radon inhalation on antioxidant-associated
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conditions [21]. Also in this study, the dose level was enough to
induce radiobiological reactions in the stomach, because the
absorbed dose was similar to that of other organs. These findings
suggest that the mechanisms responsible for the inhibitory effects of
drinking water and radon inhalation on ethanol-induced gastric
ulcer differ.

ROS are involved in ethanol-induced gastric mucosal injury [47].
In addition, ethanol-induced gastric mucosal injury is suppressed by
the prior administration of SOD, O,"” removal enzymes, and scaven-
gers of "OH [39]. Thus, O,"~ and "OH are involved in gastric muco-
sal injury induced by ethanol. Additionally, lipid peroxidation
following the generation of ROS plays an important role in ROS-
induced cellular damage. Although the degree of injury differs, gastric
mucosal injury is induced by alcohol administration. Regardless of the
concentration of ethanol, ROS are involved in the induction of gastric
mucosal injury. On the other hand, SOD plays an important role in
protecting cells from oxidative damage by converting O,” into
H,0,. CAT transforms H,O, into H,O as well as GSH. Many stud-
ies have demonstrated that antioxidant substances are beneficial
against gastric mucosal injury [1S, 16, 46]. Therefore, to clarify the
roles of antioxidative substances that suppress mucosal injury, SOD
and CAT activity, t-GSH content, and LPO levels in the stomach
were investigated.

In the case of drinking treatments, our results showed that anti-
oxidative functions, as indicated by SOD (30% EtOH), CAT (100%
EtOH) and t-GSH (30% EtOH) levels, in the stomach were higher,
but not significantly different, in the water with/without
Rn + EtOH group than in the DW + EtOH group. In addition, for
groups administered a 30% or 60% EtOH, CAT activity was higher
only in the water with Rn + EtOH group compared with the
DW + EtOH group. LPO levels (30%, 60% EtOH) were lower in
the water with/without Rn 4+ EtOH group than in the
DW + EtOH group.

In the case of inhalation treatments, antioxidative functions, as
evidenced by CAT (30%, 60% EtOH) and SOD activity (60%
EtOH), in the stomach were higher in the Rn + EtOH group than
in the EtOH group, but these differences were not significant. LPO
levels were lower in the Rn + EtOH group than in the EtOH
group. Higher CAT activity in the drinking treatment groups was
similar to that observed in the inhalation groups. These findings
suggest that CAT plays an important role in the inhibition of
ethanol-induced gastric ulcer. Since many of these differences were
not significant, the activation of antioxidative functions in the stom-
ach is less effective than in other tissues, as reported in our previous
study [21]. However, LPO levels in the stomach were clearly sup-
pressed. Other antioxidants such as glutathione peroxidase that
were not measured in this study may be involved in inhibiting gas-
tric mucosal injury.

We focused on changes in antioxidative substances to clarify the
inhibitory effects of ethanol-induced gastric mucosal injury. In con-
clusion, there is a possibility that hot spring water drinking and
radon inhalation suppress ethanol-induced gastric mucosal injury,
via the activation of antioxidative enzymes, specifically CAT.
Although the activation of antioxidative mechanisms after hot spring
water intake and radon inhalation was less effective in the stomach
than in other tissues (based on our previous study), oxidative stress
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induced by ethanol was clearly suppressed. In this study, the effects
of radon inhalation and drinking on the blood flow in the stomach
were not examined. It is highly possible that activation of antioxi-
dant function is one of the mechanisms of radon therapy; however,
more detailed studies are necessary to further clarify the mechanism
by which radon affects the stomach.

Generally, the gastrointestinal epithelium is sensitive to radi-
ation; however, in the present study, morphological changes in the
gastric mucosa were not observed in the Water with/without Rn
group and the Rn group. Radon therapy is performed for various
diseases at the Misasa Medical Center, Okayama University
Hospital, Japan. However, the mechanisms underlying the health
effects have not been investigated. Our results suggest the potential
of radon therapy for the prevention of gastric mucosal injury.
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