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ABSTRACT

Radon inhalation activates antioxidative functions in mouse organs, thereby contributing to inhibition of oxidative
stress-induced damage. However, the specific redox state of each organ after radon inhalation has not been reported.
Therefore, in this study, we evaluated the redox state of various organs in mice following radon inhalation at concentra-
tions of 2 or 20 kBq/m? for 1, 3 or 10 days. Scatter plots were used to evaluate the relationship between antioxidative
function and oxidative stress by principal component analysis (PCA) of data from control mice subjected to sham
inhalation. The results of principal component (PC) 1 showed that the liver and kidney had high antioxidant capacity;
the results of PC2 showed that the brain, pancreas and stomach had low antioxidant capacities and low lipid peroxide
(LPO) content, whereas the lungs, heart, small intestine and large intestine had high LPO content but low antioxidant
capacities. Furthermore, using the PCA of each obtained cluster, we observed altered correlation coeflicients related to
glutathione, hydrogen peroxide and LPO for all groups following radon inhalation. Correlation coeflicients related to
superoxide dismutase in organs with alow antioxidant capacity were also changed. These findings suggested that radon
inhalation could alter the redox state in organs; however, its characteristics were dependent on the total antioxidant
capacity of the organs as well as the radon concentration and inhalation time. The insights obtained from this study
could be useful for developing therapeutic strategies targeting individual organs.
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INTRODUCTION

Epidemiological studies in Europe [1] and North America [2] have
indicated that indoor radon exposure causes lung cancer. The adverse
health effects of radon progeny have also been reported [3]. More-
over, analysis of immune function by detecting lymphocyte subsets
in the peripheral blood of residents living in the vicinity of radon-
rich hot springs showed that radon-rich hot springs could alter the
proportions of lymphocyte subsets and possibly affect immunologic
functions [4]. However, the total amount of inhaled radon was much
lower in residents living near radon-rich hot springs than in the former
indoor radon exposure studies. Thus, the health effects of radon can
vary depending on the total amount of inhaled radon.

Radon therapy was shown to alleviate the symptoms of osteoarthri-
tis [S] and bronchial asthma [6] through the activation of antioxidative
functions. A meta-analysis of controlled clinical trials of radon therapy
revealed positive effects of radon therapy in patients with pain due to
rheumatic diseases [7]. However, the radon concentration used by a
study conducted in Montana was about 20 times higher than that used
by a study in Misasa (~2000 Bq/m?) [8].

Furthermore, doctors make decisions regarding treatment methods
based on their experiences because the mechanisms through which
radon exerts its beneficial effects are still unclear. In addition, exami-
nation of antioxidative functions in organs can reveal new indications

for radon therapy. To this end, our previous study showed that radon
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inhalation increases superoxide dismutase (SOD) in mouse organs [9].
This activation induced by radon inhibits several types of oxidative
damage, including oxidative damage to the liver [10, 11], kidneys [12],
brain [13] and colon [14], in mice. Moreover, we previously found
that manganese SOD was induced in the brain by oxidative stress
following radon inhalation [15]. These studies indicated that radon
inhalation may alleviate oxidative stress-induced diseases by activat-
ing antioxidative function in organs induced by moderate oxidative
stress.

Therefore, in this study, we aimed to evaluate the effects of inhala-
tion time, radon concentrations and the redox state in different organs
of mice following radon inhalation. Our findings revealed the potential
of radon inhalation to alter the redox state of the organs and suggested
that the therapeutic effects of radon inhalation were likely related to
alterations in the antioxidative functions of organs.

MATERIALS AND METHODS
Animals
Male BALB/c mice (8 weeks old) were obtained from CLEA Japan Inc.
(Tokyo, Japan). Animals were housed under standard environmental
conditions, i.e. temperature 24 & 2 °C and a preset light—dark cycle of
12:12 h. Ethics approval was obtained from the Animal Care and Use
Committee of Okayama University.

Experimental procedures

Experimental mice were randomly categorized into seven groups of
seven animals each. The control group received a sham inhalation only,
whereas the radon group was treated with radon inhalation at concen-
trations of 2 or 20 kBq/m’ for 1, 3 or 10 days. Mice were euthanatized
using CO,. After euthanasia, blood was drawn from the heart, and
the brains, lungs, hearts, livers, stomachs, pancreases, kidneys, small
intestines and large intestines were removed quickly. Samples were
stored at —80°C until analysis. Tissue samples were used to assess lev-
els of SOD, catalase (CAT), total glutathione (t-GSH), lipid peroxide
(LPO) and hydrogen peroxide (H,0,).

Biochemical assays
For SOD, CAT, t-GSH, H,0, and LPO assays, samples were
homogenized in 10 mM phosphate-buffered saline (PBS; pH 7.4), and
homogenates were used for analyses. The SOD activity and t-GSH
and LPO levels were measured following the method described in our
previous study [16].

CAT activity was measured using a Catalase Assay Kit (Cayman
Chemical, MI, USA), which uses a method based on the reaction of
the enzyme with methanol in the presence of an optimal concentration
of H,0,. The formaldehyde produced was measured colorimetrically
with 4-amino-3-hydrazino-S-mercapto-1,2,4-triazole (Purpald) as the
chromogen; Purpald specifically forms a bicyclic heterocycle with alde-
hydes, which changes from colorless to a purple color upon oxidation
[17, 18]. Then, the absorbance was read at 540 nm using a plate
reader.

H, 0, levels were measured using an Oxiselect Hydrogen Perox-
ide/Peroxidase Assay Kit (Cell Biolabos, Inc., San Diego, CA, USA).
Briefly, in the presence of peroxidase, the probe reacted with H,O, in
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a 1:1 stoichiometry to produce a bright pink-colored product, which
could be measured at 540 nm and was directly proportional to the
H,0; levels in the sample.

Statistical analyses

Data are presented as means =+ standard errors of the means. The
statistical significance of biochemical assays was determined using one-
way analysis of variance following Tukey’s test for multiple compar-
isons. Differences with P values < 0.05 were considered statistically
significant. Principal component analysis (PCA) was performed using
R software. The first principal component (PC1) is required to have
the largest possible variance, whereas the second component (PC2) is
computed under the constraint of being orthogonal to the first com-
ponent and has the largest possible inertia [19]. The cumulative con-
tribution and the contribution ratio of each indicator to each axis
(PC1, PC2) were estimated for each PCA. Correlation coefficients
were determined using Excel. Pearson’s tests were performed to deter-
mine the differences among groups.

RESULTS
Evaluation of the redox state of organs using PCA

To evaluate the characteristics of the redox state in each organ, PCA
was performed. A scatter plot representing antioxidative functions as
PCI1 and oxidative stress as PC2 was obtained from the PCA of sham-
inhaled mice (Fig. 1A). The contribution of SOD and CAT to PC1
and that of LPO to PC2 were substantial (Fig. 1B). The results of
PC1 showed that the liver and kidney had high antioxidant capacities
(Group 1). In contrast, the results of PC2 showed that LPO levels in
the brain, pancreas and stomach were relatively low (Group 2 ), whereas
LPO levels in the lungs, heart, small intestines and large intestines were
relatively high (Group 3; Fig. 1A).

Changes in SOD activity, CAT activity, t-GSH content,

LPO levels and H, O, levels in organs
As shown in Figs2,3, and 4, the SOD activities in the kidney
(20 kBq/m’ for 10 days), small intestine (2 kBq/m® for 3 days) and
large intestine (2 or 20 kBq/m® for 3 days) of radon-inhaled mice
were significantly higher than those of the sham-inhaled mice. The
CAT activities were higher in the heart (2 kBq/m® for 3 or 10 days,
20 kBq/m® for 1, 3 or 10 days), liver (2 kBq/m® for 3 days) and
pancreas (20 kBq/m® for 1, 3 or 10 days) of the former than in that
of the latter. However, CAT activities were lower in the brain of radon-
inhaled mice (20 kBq/m® for 1, 3 or 10 days) than in the brain of sham-
inhaled mice.

Furthermore, radon inhalation increased the t-GSH contents in the
brain (20 kBq/m? for 10 days); H, O, levels in the brain (20 kBq/m?
for 10 days), lung (2 kBq/m® for 10 days) and pancreas (2 kBq/m?® for
1 day); and LPO levels in the kidney (20 kBq/m® for 1 or 10 days). In
contrast, radon inhalation decreased the t-GSH contents in the lung
(2 kBq/m® for 1 or 3 days) and stomach (20 kBq/m® for 1 day),
H,0, levels in the liver (2 kBq/m® for 3 and 10 days) and LPO
levels in the pancreas (2 kBq/m® for 10 days, 20 kBq/m® for 1 or
3 days).
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Fig. 1. Evaluation of the redox state of different organs in sham-inhaled mice. (A) PCA plot representing the redox state data and
(B) results of PCA. The contribution ratio of each indicator to each axis (PC1, PC2) is shown for each plot. Cumulative
contribution (Cum. contribut.) is the ratio of the contribution of each component to the total contribution. White square, brain;
black square, lung; white circle, heart; cross, liver; white inverted triangle, stomach; black circle, pancreas; white triangle, kidney;
black triangle, small intestine; plus, large intestine.



liver kidney
800 300
[ Sham [J 2 kBa/m’ I 20 kBa/m” "
— 600 F - *
B2 3 e
2 B400 | iz
Qg Qg
S0 | S-hlli i I
0 0
Sham 1d 3d 10d Sham 1d 3d 10d
Rn Inhalation Time Rn Inhalation Time
10000 3000
5, F8000 [ %5 &
£2 £ £2000 [
o £6000 | 3 g
e g = g
< Ey L < £
S 5400 © 21000
2000 f
0 0
Sham 1d 3d 10d Sham 1d 3d 10d
Rn Inhalation Time Rn Inhalation Time
300 r 40
) =30 |
52200 | #i 5 2
g & g &
O o O %20 f
= E z £
B30 | 8
b I I I N
0 0
Sham 1d 3d 10d Sham 1d 3d 10d
Rn Inhalation Time Rn Inhalation Time
4000 ¢ 4000 ¢
3 3000 ) 3000 f
L
is o S5
& 22000 F ) o & 22000 f
=y oy
1000 F I 1000 f
0 0
Sham 1d 3d 10d Sham 1d 3d 10d
Rn Inhalation Time Rn Inhalation Time
02 r 0.2
++
= = #
o5 | § 015 sk
T g 2% ,
ch 35 ol -
Sp 0l 5t 4
53 %
Eoos | I Eoos | I I I I
0

Sham  1d 3d 10d Sham  1d 3d 10d

Rn Inhalation Time Rn Inhalation Time

Fig. 2. Changes in SOD activity, CAT activity, t-GSH contents,
H, 0, levels and LPO levels in the liver and kidneys following
radon (Rn) inhalation. The number of mice per experimental
point was 6-7.*P < 0.0S, **P < 0.01, ***P < 0.001 vs sham;
‘P < 0.05,“P < 0.01,"P < 0.001 vs 1 day; " P < 0.001 vs

3 days.

Evaluation of the redox state of organs following radon
inhalation

Comparative correlation analyses between radon- and sham-inhaled

mice were performed to evaluate the effects of radon inhalation on

the redox state of different organs in the three groups indicated in the
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previous section. The correlation coefficients related to GSH, H, 0,
and LPO in most organ groups were changed following radon inhala-
tion. The correlation coefficients related to LPO and H,O, in the
liver and kidney were changed following radon inhalation at a con-
centration of 2 kBq/m? for 3 or 10 days, respectively. In addition,
the correlation coefficients related to SOD in the brain, pancreas and
stomach were changed following radon inhalation at a concentration
0f20kBq/m? for 10 days, and those related to SOD in the lungs, heart,
small intestines and large intestines were changed following radon
inhalation at a concentration of 2 kBq/m? for 1 day (Tables 1-3).

DISCUSSION

Several studies showing the effects of radon therapy have reported the
activation of SOD activities in different organs [9-14, 20]. Moreover,
radiation has been shown to induce reactive oxygen species (ROS),
with the yield of ROS varying depending on the linear energy transfer
[21]. The antioxidant system in the body can also produce ROS. For
example, the scavenging activity of SOD involves the conversion of the
superoxide anion radical (O, ) into H,O, [22]. However, H, 0O, is
detoxified by CAT and GSH peroxidase (GPx), which are the two most
important enzymes that regulate intracellular H, O, levels in biological
systems [23]. The former is thought to play a major role in the excessive
production of H,0, [24, 25]. GSH directly reacts with ROS, and GPx
catalyzes the destruction of H,O, and hydroperoxide [26]. Because
undecomposed excessive H, O, can lead to the production of hydroxyl
radicals by the Fenton reaction, CAT and GSH play important roles in
protection against ROS. Therefore, evaluation of the redox state and
the balance among antioxidant-associated substances, such as SOD,
CAT, t-GSH, LPO and H,0,, is more important than evaluating indi-
vidual indicators.

In the current study, the above antioxidants were considered when
determining the effects of radon inhalation on different organs. In
sham-inhaled mice, the organs were classified into three groups based
on their redox state. Furthermore, estimation of the correlation coeffi-
cients in each group revealed that compared to those of the sham group,
the correlation coefficients related to GSH, H,O, and LPO for most
groups were changed following radon inhalation. This result suggested
that radon inhalation altered oxidative stress-related indicators and
that t-GSH played an important role in maintaining the redox state of
organs. In addition, correlation coefficients related to SOD in Groups 2
and 3 were also changed, indicating that SOD may have critical roles in
complementing low antioxidant capacity. The response to radon varied
depending on the redox state in organs. In addition, the SOD-related
correlations changed in organs with low antioxidant capacity but not
in those with high antioxidant capacity. Furthermore, the absorbed
doses for different organs were almost identical (data not shown) and
within the same range, as reported earlier [27]. Therefore, the organs
evaluated in this study likely produced almost the same amount of
ROS following radon inhalation, and the observed differences in the
effects of radon inhalation on different organs could be attributed
to differences in their total antioxidant capacities. Specifically, organs
having lower antioxidant capacity showed an altered redox state, which
may have induced oxidative stress in organs following radon inhalation.

Moderate oxidative stress induced by radon results in Mn-SOD
production [15], whereas excessive stress induced by high-dose
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Fig. 3. Changes in SOD activity, CAT activity, t-GSH contents, H, O levels and LPO levels in the brain, stomach and pancreas
following radon (Rn) inhalation. The number of mice per experimental point was 4-7. *P < 0.05, **P < 0.01 vs sham; ‘P < 0.05,
“P < 0.01vs 1day; *P < 0.05; **P < 0.01 vs 3 days.
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Fig. 4. Changes in SOD activity, CAT activity, t-GSH contents, H; O, levels and LPO levels in the lungs and heart, small intestines
and large intestines following radon (Rn) inhalation. The number of mice per experimental point was 7. *P < 0.05, **P < 0.01,
***P < 0.001 vs sham; P < 0.01, **P < 0.001 vs 1 day; "P < 0.05, "+ P < 0.001 vs 3 days.

irradiation decreases antioxidative functions [28]. Thus, to promote
the beneficial therapeutic effects of radon therapy, elucidation of the
appropriate dose and duration is essential. In this study, a comparison
of the effects of low and high radon concentrations revealed significant
negative correlations between antioxidant and H,O, levels in the
organs of Group 1 subjected to alow-dose radon inhalation (2 kBq/m’

for 10 days) but no significant changes in the high-dose group

(20 kBq/m® for 10 days). These findings demonstrating a dose-

dependent effect could be used to develop therapeutic strategies target-

ing individual organs. For example, an inhalation dose of 2 kBq/m? for

10 days could be the optimum conditions to prevent oxidative stress in

the liver because this dose reduced H, O, levels in the liver.
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Furthermore, the changes observed in SOD-related correlations of
Group 2 organs exposed to 20 kBq/m?® for 10 days indicated the effects
of radon therapy duration. Consistent with this finding, an earlier study
reported similar temporal effects of low-dose X-irradiation on SOD
activity [29]. Although the underlying mechanisms of these effects
have not been explored, the delayed production of ROS in response
to X-irradiation could be an important factor [30]; further studies are
needed to confirm this notion.

Antioxidants, such as SOD, have critical roles in inhibiting
ischemia-reperfusion injuries in the liver [31]. Therefore, we speculate
that radon therapy could also inhibit ischemia—reperfusion injuries
in the liver. However, the long duration required for effective radon
therapy could be alimitation forits clinical application. As shown in our
previous study, the combination of radon inhalation with antioxidants,
such as vitamin C and vitamin E, could be an ideal therapeutic strategy
for ischemia-reperfusion injuries in the liver [32].

To date, only a few reports have revealed that radon inhalation
increases antioxidative functions in the heart. In the current study,
radon inhalation significantly increased CAT activities in the heart.
These findings suggest that cardiac diseases induced by oxidative stress
may be inhibited by radon inhalation. However, further studies are
needed to clarify the positive effects of radon inhalation.

CONCLUSIONS

In conclusion, we found that radon inhalation altered the correlation
coefficients of oxidative stress-related indicators and t-GSH. In addi-
tion, we showed that SOD played an important role in determin-
ing the redox state of tissues with low antioxidant capacities. These
findings suggest that radon inhalation can change the redox state in
organs; however, this characteristic can vary depending on the redox
state. The findings of this study can be extended to investigate the
differences between the therapeutic radon concentration used in the
Misasa and Montana studies. The insights obtained from this study
on the dose and duration dependency of the redox state may help
develop therapeutic strategies targeting individual organs. However,
the results obtained here are based on correlations; therefore, further
studies are needed to clarify the causal relationships and underlying
mechanisms.
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