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The enhanced release of reactive oxygen species from activated neutrophils plays important role in the pathogenesis of
inflammatory bowel disease. We previously reported that radon inhalation activates antioxidative functions in various organs
of mice. In this study, we examined the protective effects of radon inhalation on dextran sulfate sodium- (DSS) induced colitis in
mice which were subjected to DSS for 7 days. Mice were continuously treated with air only (sham) or radon at a concentration
of 2000 Bq/m3 from a day before DSS administration to the end of colitis induction. In the results, radon inhalation suppressed
the elevation of the disease activity index score and histological damage score induced by DSS. Based on the changes in tumor
necrosis factor-alpha in plasma and myeloperoxidase activity in the colon, it was shown that radon inhalation suppressed DSS-
induced colonic inflammation. Moreover, radon inhalation suppressed lipid peroxidation of the colon induced by DSS. The
antioxidant level (superoxide dismutase and total glutathione) in the colon after DSS administration was significantly higher in
mice treated with radon than with the sham. These results suggested that radon inhalation suppressed DSS-induced colitis through
the enhancement of antioxidative functions in the colon.

1. Introduction

Crohn’s disease (CD) and ulcerative colitis (UC) are the
two main types of inflammatory bowel disease (IBD),
which is chronic inflammatory disease occurring in the
intestine. Although their etiologies are still unknown, IBD
is now a substantial health problem in many countries. The
prevalence of IBD in Japan has been rapidly increasing since
the 1980s; in particular, the number of UC patients is much
higher than that of CD [1]. In western countries, 1 in 1000
people suffers from IBD [2]. At present, steroidal drugs are
commonly used for the treatment of IBD; however, use of
these agents is limited due to their adverse effects [3].

UC is a recurrent inflammatory disorder primarily
involving the mucosa and submucosa of the colon. Neu-
trophil accumulation within epithelial crypts and in the
intestinal mucosa directly correlates with clinical disease
activity and epithelial injury in UC [4]. Once large num-
bers of neutrophils and macrophages are activated, these

cells enter the injured mucosa of the colon, leading to
overproduction of reactive oxygen species (ROS) such as
superoxide radical (O2

•−), hydrogen peroxide (H2O2), and
hydroxyl radical (•OH) [4]. ROS are highly reactive with
cell membranes. When they are generated close to cell
membranes, they induce oxidative stress and oxidized mem-
brane phospholipids (lipid peroxidation) and DNA, which
could contribute to gene mutation and inflammation, finally
causing cancer [5].

It has been reported that low-dose irradiation induces
activation of the biological defense system. For example,
low-dose X- or γ-irradiation attenuates collagen-induced
arthritis through suppression of proinflammatory cytokines
and autoantibody production, suggesting the enhancement
of anti-inflammatory function [6]. In addition, we previ-
ously reported that low-dose (0.5 Gy) X- or γ-irradiation
increases antioxidant substances (e.g., superoxide dismutase
(SOD), catalase (CAT), and glutathione (GSH)) and inhibits
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oxidative damage such as cold-induced brain edema in mice
[7]. It is highly possible that low-dose irradiation contributes
to the inhibition or treatment of oxidative stress-related
diseases such as diabetes [8].

Therapy using radon (222Rn), which is volatilized from
radon-enriched water and mainly emits α-rays, is performed
for ROS-related diseases such as osteoarthritis [9] and
bronchial asthma [10] in Misasa, Japan and Badgastein,
Austria. To clarify the mechanism of the therapy, we
investigated the effects of radon inhalation on mice. We pre-
viously reported that radon inhalation induced antioxidant
substances in many organs, such as the brain, heart, lung,
liver, pancreas, kidney, and small intestine of mice [11].
Moreover, we recently demonstrated that radon inhalation
inhibited alcohol-induced hepatopathy [12], streptozotocin-
induced type-1 diabetes [13], and carrageenan-induced
inflammatory paw edema in mice [14]. These findings
suggested that radon inhalation has antioxidative and anti-
inflammatory effects similar to low-dose X- or γ-irradiation;
however, there has been no report of the effects of radon
inhalation on antioxidative function in the colon. If radon
inhalation activates antioxidative functions in the colon, its
use is highly likely to be beneficial against colitis; however,
there has been no report of the protective effects of radon
inhalation against colitis.

The dextran sulfate sodium (DSS) model of colitis is
widely perceived as a good model of experimental colitis
because it has similarities to human UC. In this study,
we examined the following biochemical and histological
parameters to assess the effects of radon inhalation on
DSS-induced colitis: myeloperoxidase (MPO), nitric oxide
(NO), tumor necrosis factor-alpha (TNF-α), SOD, CAT,
total glutathione (tGSH), lipid peroxide (LPO) level, and
histology.

2. Materials and Methods

2.1. Animals. Male BALB/c mice (7 weeks of age, approx-
imately 23 g of body weight) were purchased from CLEA
Japan Inc. (Tokyo, Japan). They were housed in mice
cages (4 mice in each) with wood chip bedding, controlled
temperature (20 ± 1◦C), and a preset light-dark cycle
(12:12 h). They were fed Oriental MF diet (Oriental Yeast
Co., Ltd., Tokyo, Japan) and normal drinking water ad
libitum during all experimental periods. Ethics approval
for the experimental design was obtained from the animal
experimental committee of Okayama University.

2.2. Radon Exposure System. Radon inhalation was carried
out using a radon exposure system developed by the authors
[14]. Although the system is a kind of whole-body exposure,
it allows the evaluation of the in vivo behavior of radon
and its physiological effects. Concentration of radon progeny
in the exposure box is quite low compared with the
concentration of the coexisting radon. The contribution of
radon progeny to the experimental animal study results is
negligible [15].

Although low-dose irradiation activates antioxidative
functions in the early stage, these functions gradually come

close to the normal level within a few days [16]; however,
continuous low-dose irradiation also activates antioxidative
functions [17]. In this study, mice continuously inhaled
radon at a concentration of 2000 Bq/m3 for 8 days except
for 1 h during animal care every morning. The radon con-
centration in the mouse cages was determined by reference
to our previous studies. We previously reported that radon
inhalation at the concentration of 1000 and 2000 Bq/m3 have
anti-inflammatory effects and it is better at 2000 Bq/m3 than
1000 Bq/m3 [18]. The concentration was measured using a
radon monitor (CMR-510; Femto-Tech Inc., Carlisle, OH,
USA).

2.3. Experimental Procedure. After 7 days of acclimatization,
mice were weighed and divided into four groups: sham
inhalation only (Control), radon inhalation only (Rn),
sham inhalation with DSS administration (Sham+DSS), and
radon inhalation with DSS administration (Rn+DSS). Each
experimental group consisted of 8 mice. Mice in each group
were treated with air only (sham) or radon for 8 days. Mice
in Sham+DSS and Rn+DSS groups were induced colitis
by replacing normal drinking water with distilled water
containing 3% DSS (molecular weight, 4000; Wako Pure
Chemical Industry, Co., Ltd., Osaka, Japan) for last 7 days.

All mice were killed on 7 days after DSS administration
by deep ether anesthesia and blood was collected from
the heart for NO and TNF-α assay in plasma. Plasma was
obtained by centrifugation at 3000×g for 5 min at 4◦C.
The colon (from the ileocecal junction to the anal verge)
was quickly excised and the length was measured using a
vernier caliper. It was then washed with 10 mM phosphate
buffer solution (PBS). DSS administration at low molecular
weight causes severe mucosal injury in proximal colon [19];
therefore, the proximal colon from the middle was used to
assay biochemical activity and histology. These samples were
stored at −80◦C until use in the biochemical assays or fixed
in 10% formalin for histological examination.

2.4. Assessment of DAI Score and Weight Gain. To assess
the severity of colitis, disease activity index (DAI) score
and weight gain were monitored daily. The DAI score was
determined based on the methods of Tanaka et al. [20].
Briefly, the DAI score was calculated as the sum of the
diarrheal score and the bloody stool score (Table 1). The
rate of body weight gain in each mouse was defined by the
following formula:

Weight gain (%)

=
{(

weight each day
)− (weight at day 0

)
weight at day 0

}
× 100

(1)

2.5. Histology. Tissue samples fixed in 10% formalin were
embedded in paraffin. Six micrometer-thick tissue sections
were prepared and stained with hematoxylin and eosin (HE)
to evaluate mucosal damage. The damage was calculated
based on the methods of Araki et al. [21]. Briefly, the damage
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Table 1: Disease activity index (DAI) scoring system.

Score Diarrheal stool score Bloody stool score

0 Normal stool Normal colored stool

1 Mildly soft stool Brown stool

2 Very soft stool Reddish stool

3 Watery stool Bloody stool

The sum of the scores of two parameters was defined as the DAI score.

Table 2: Histological damage scoring system.

Parameters Score Histological features

(i) Surface epithelial loss 0 No change

(ii) Crypt destruction
1 Localized and mild

2 Localized and moderate

(iii) Inflammatory cell
infiltration into the mucosa

3 Extensive and moderate

4 Extensive and severe

The sum of the scores of three parameters was defined as the mucosal
damage score.

score was calculated as the sum of three parameters: surface
epithelial loss, crypt destruction, and inflammatory cell
infiltration into the mucosa (Table 2).

The sections were also stained with alcian blue to evaluate
the presence of goblet cells. We calculated the number
of alcian blue-positive goblet cells per unit using ImageJ
software (National Institutes of Health, Bethesda, MD, USA).

2.6. Biochemical Assays. Mouse colon was homogenized in
1 M Tris-HCl buffer containing 5 mM ethylendiaminete-
traacetic acid (EDTA) (pH 7.4) on ice. The homogenate
was centrifuged at 12000×g for 45 min at 4◦C and the
supernatant was used to assay the activity of SOD and CAT.
SOD activity was measured by the nitroblue tetrazolium
(NBT) reduction method [22] using the Wako-SOD test
(Wako Pure Chemical Industry, Co., Ltd., Osaka, Japan).
Briefly, the extent of inhibition of the reduction in 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 H2O2 reduction rate at
37◦C and was assayed at 240 nm using a spectrophotometer
[23]. The assay mixture consisted of 50 μL of 1 M Tris-HCl
buffer containing 5 mM EDTA (pH 7.4), 900 μL of 10 mM
H2O2, 30 μL distillated water, and 20 μL colon supernatant.
Activity was calculated using a molar extinction coefficient
of 7.1 × 10−3 M−1 cm−1. CAT activity was measured by the
amount of H2O2 split by CAT at 37◦C. The reactions were
started by addition of the supernatant.

The tGSH content was measured using the Bioxytech
GSH-420 assay kit (OXIS Health Products, Inc., Portland,
OR, USA). Briefly, the colon was suspended in 10 mM PBS
(pH 7.4), mixed with ice-cold 7.5% trichloroacetic acid
solution, and then homogenized on ice. The homogenates
were centrifuged at 3000×g for 10 min. The supernatant
was used for the assay. The tGSH content was measured at
420 nm using a spectrophotometer. This assay is based on

the formation of a chromophoric thione, the absorbance of
which, measured at 420 nm, is directly proportional to the
tGSH concentration.

LPO (malondialdehyde (MDA)) levels were assayed using
the Bioxytech LPO-586 assay kit (OXIS Health Products, Inc.,
Portland, OR, USA). Briefly, the colon was homogenized
in 20 mM PBS (pH 7.4) on ice. Before homogenization,
10 μL of 0.5 M butylated hydroxytoluene in acetonitrile was
added per 1 mL tissue homogenate. After homogenization,
the homogenate was centrifuged at 15000×g for 10 min at
4◦C and the supernatant was used for the assay. The MDA
assay is based on the reaction of a chromogenic reagent,
N-methyl-2-phenylidole, with MDA at 45◦C. The optical
density of the colored products was read at 586 nm using a
spectrophotometer.

MPO activity was measured using the Myeloperoxidase
(MPO) Colorimetric Activity Assay Kit (BioVision, Inc.,
Milpitas, CA, USA). Briefly, the colon was homogenized in
MPO assay buffer and the homogenate was centrifuged at
13000×g for 30 min at 4◦C. Supernatants were collected,
mixed with MPO assay buffer and MPO substrate, incubated
at room temperature for 1 h, and then mixed with tetram-
ethylbenzidine probe. Absorbance was read at 412 nm using
a spectrophotometer.

The protein content was measured by the Brad-
ford method [24] using Protein Quantification Kit-Rapid
(Dojindo Molecular Technologies, Inc., Kumamoto, Japan).

NO was measured using the Nitrate/Nitrite Colorimetric
Assay Kit (Oxford Biomedical Research, Inc., Oxford, MI,
USA) according to the manufacturer’s recommendations.

TNF-α was measured by the enzyme linked immunosor-
bent assay (ELISA) using the Mouse TNF-α ELISA KIT
(Shibayagi Co., Ltd., Gunma, Japan) according to the
manufacturer’s recommendations.

2.7. Statistical Analyses. Data are presented as the mean ±
standard error of the mean (SEM). The statistical significance
of differences between four groups were determined by
Tukey’s tests. P < 0.05 was considered significant.

3. Results

3.1. General Observation of Colitis. There were no significant
differences in the water consumption in each group during
colitis induction (data not shown). The DAI score, an
indicator of the severity of colitis, was almost 0 in the Control
group and Rn group. In Sham+DSS group, the DAI score
significantly elevated within 1 day from the beginning of
colitis induction. Similarly, in Rn+DSS group, the DAI score
significantly elevated within 2 days; however, the DAI scores
on day 3 to 7 were significantly lower in Rn+DSS group than
in Sham+DSS group (Figure 1(a)).

The rate of body weight gain in Sham+DSS group
significantly began to decrease on day 3 of colitis induction
compared with Control group. Similarly, the rate in Rn+DSS
group significantly began to decrease on day 7 of colitis
induction compared with Control group. However, the rate
on day 3 to 7 was significantly higher in Rn+DSS group than
in Sham+DSS group (Figure 1(b)).
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Figure 1: General observation of colitis. (a) Disease activity index score, (b) weight change, and (c) colon length. Each value is the mean ±
SEM. The number of mice per experimental point was 8. ∗P < 0.05, ∗∗P < 0.01, and ∗∗∗P < 0.001 versus control. #P < 0.05, ##P < 0.01, and
###P < 0.001 versus sham inhalation with DSS administration.
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At the end of the experiment, there were no significant
differences in colon length between Rn group and Con-
trol group. The colon length in Sham+DSS and Rn+DSS
groups was significantly shortened by DSS administration
compared with Control group; however, the length was
significantly longer in Rn+DSS group than in Sham+DSS
group (Figure 1(c)).

3.2. Histological Examination. In HE-stained sections, mor-
phological changes of the colon were not observed in
Rn group compared with Control group. The histological
damage score in Sham+DSS and Rn+DSS groups was
significantly increased by DSS administration compared with
Control group; however, the score was significantly lower in
Rn+DSS group than in Sham+DSS group (Figure 2).

In alcian blue-stained section, there were no significant
differences in the number of goblet cells per unit between
Rn group and Control group. The number in Sham+DSS
group was significantly decreased by DSS administration
compared with Control group; however, the number was
significantly larger in Rn+DSS group than in Sham+DSS
group (Figure 3).

3.3. Effects of Radon Inhalation on Inflammation-Associated
Substances and Those after Colitis Induction. To assess
the effect of radon inhalation on the anti-inflammatory
response, TNF-α and MPO were assayed following radon
inhalation. There were no significant differences in the TNF-
α level in plasma and the MPO activity in the colon between
Rn group and Control group (Figure 4).

Next, we assessed whether radon inhalation suppresses
inflammation induced by DSS administration. TNF-α level
in plasma and MPO activity in the colon in Sham+DSS
group were significantly increased by DSS administration
compared with Control group; however, they were signif-
icantly lower in Rn+DSS group than in Sham+DSS group
(Figure 4).

3.4. Effects of Radon Inhalation on Antioxidant-Associated
Substances and Those after Colitis Induction. To assess the
effect of radon inhalation on antioxidative functions, SOD,
CAT, tGSH, LPO, and NO were assayed following radon
inhalation. First, we assessed whether radon inhalation
activates antioxidative functions. SOD activity and tGSH
content in the colon were significantly higher in Rn group
than in Control group (Figures 5(a) and 5(c)). There were
no significant differences in CAT activity in the colon and
NO level in plasma between Rn group and Control group
(Figures 5(b) and 5(e)). LPO level, an indicator of oxidative
damage, in the colon was significantly lower in Rn group
than in Control group (Figure 5(d)).

Next, we assessed whether radon inhalation suppresses
oxidative damage induced by DSS administration. SOD
activity and tGSH content in the colon in Sham+DSS group
were significantly decreased by DSS administration com-
pared with Control group; however, they were significantly
higher in Rn+DSS group than in Sham+DSS group (Figures
5(a) and 5(c)). LPO level in the colon and NO level in
plasma in Sham+DSS group were significantly increased by

DSS administration compared with Control group; however,
they were significantly lower in Rn+DSS group than in
Sham+DSS group (Figures 5(d) and 5(e)).

4. Discussion

Radon dissolved in blood entering the gas exchange compart-
ment is transported to many tissues by the blood stream and
has stimulus effects [25]. We have demonstrated that radon
inhalation activates some biological defense systems such as
antioxidative functions and anti-inflammatory functions in
various organs in mice; however, the physiological effects of
radon inhalation on the colon have never been examined.
Therefore, we examined for the first time the effects of radon
inhalation on inflammation- and antioxidant-associated
substances in the colon. Our results showed that radon
inhalation significantly increased antioxidants such as SOD
in the colon, indicating the enhancement of antioxidative
functions. These findings suggested that radon inhalation
may contribute to preventing oxidative stress-related disease
in the colon.

DSS administration induces certain typical symptoms
of colitis such as DAI elevation, body weight loss, and a
shortened colon [26, 27]. In this study, DSS administration
induced the symptoms described above; however, they
were clearly suppressed by radon inhalation. These findings
indicated that radon inhalation suppressed DSS induced
colitis.

DSS administration causes histological damage such as
surface epithelial loss and inflammatory cell filtration into
the mucosa [27]. Loss of goblet cells is also one of the
pathological features of DSS-induced colitis [27]. In this
study, DSS administration induced severe injury to the colon,
represented by the elevated histological damage score and
decreased goblet cells; however, they were clearly suppressed
by radon inhalation. These findings further substantiated
the claim that radon inhalation has protective effects on the
colon.

Infiltration of neutrophils into colonic tissue causes
mucosal damage induced by ROS that are released from
activated neutrophils, and this damage further stimulates
the infiltration of neutrophils through the induction of
proinflammatory cytokines, especially TNF-α [4, 28]. TNF-
α is a primary mediator of the inflammatory response and
closely linked to colonic inflammation of UC [29]. MPO is
an enzyme found in neutrophils; thus, it is a good marker of
inflammation in addition to TNF-α. Our results showed that
DSS administration induced higher TNF-α in plasma and
MPO activity in the colon; however, they were significantly
decreased by radon inhalation. These findings indicated that
radon inhalation suppressed colonic inflammation induced
by DSS administration. These findings suggested that radon
inhalation reduced mucosal damage and suppressed the
further infiltration of neutrophils into the mucosa through
the reduction of ROS toxicity.

To further clarify the mechanisms that suppressed colitis,
antioxidant-associated substances in the colon and plasma
were investigated. Activated neutrophils induced by DSS
administration produce ROS, which can cause peroxidation
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Figure 2: Effects of radon inhalation on mucosal damage after colitis induction. (a) Control, (b) radon inhalation only, (c) sham inhalation
with DSS administration, and (d) radon inhalation with DSS administration. All samples were stained with hematoxylin and eosin (HE).
Scale bar is 100 μm (×100). (e) Lower histological damage score of mucosa in mice treated with radon inhalation than in mice treated with
sham inhalation. Each value is the mean ± SEM. The number of mice for each experiment and significance are the same as in Figure 1.
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Figure 3: Loss of goblet cells in the colon after colitis induction. (a) Control, (b) radon inhalation only, (c) sham inhalation with DSS
administration, and (d) radon inhalation with DSS administration. All samples were stained with alcian blue. Arrow indicates alcian blue-
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Figure 4: Effects of radon inhalation on inflammation-associated substances after colitis induction. (a) TNF-α in plasma and (b) MPO
activity in the colon. Each value is the mean ± SEM. The number of mice for each experiment was 7-8. The significance is the same as in
Figure 1.

of the cell membrane phospholipids (lipid peroxidation)
[4]. In addition, the relation between the severity of colitis
and elevated NO synthesis in UC patients and colitis model
animals has received much attention [30]. It was reported
that TNF-α induces the expression of inducible nitric oxide
synthetase (iNOS), leading to a steep rise of NO synthesis
[31]. In the case of SOD deficiency or increased O2

•− pro-
duction, O2

•− reacts with NO to produce reactive nitrogen
species (RNS) such as peroxynitrite (ONOO−), which is a
highly toxic agent that can cause oxidative/nitrosative stress
and functional disorders in the cellular membranes and
intracellular proteins [30]. On the other hand, SOD plays an
important role in protecting cells from oxidative damage by
converting O2

•− into H2O2. CAT transforms produced H2O2

into H2O as well as GSH. Many studies have demonstrated
that antioxidant agents are beneficial against chemically-
induced colitis. For example, SOD administration suppresses
DSS-induced colitis by decreasing ROS level in the colon
[32], and a similar result was reported in trinitrobenzene
sulfonic acid- (TNBS) induced colitis model rats [33].
Another report demonstrated that ROS scavenger edaravone
suppresses DSS-induced colitis [21]. Our results in this
study were similar to these cases. Antioxidative functions
in colon were significantly higher in Rn+DSS group than
in Sham+DSS group. These findings suggested that radon
inhalation suppressed DSS-induced colitis through the
enhancement of antioxidative functions in the colon.

IBD is a chronic and recurrent inflammatory disease.
In this study, radon inhalation suppressed acute phase of
DSS-induced colitis; however, it is not clear whether radon
inhalation is beneficial against chronic inflammation of the
colon in IBD. Several studies demonstrated that low-dose
irradiation is beneficial against chronic inflammation dis-
ease. For example, low-dose X-irradiation inhibits diabetes

induced cardiac inflammation in a type-1 diabetes model
mouse [34]. In the clinical practices, the therapeutic effects
of radon therapy on chronic inflammatory disease such as
bronchial asthma have been reported [10]. Radon inhalation
has similar effects to low-dose irradiation; therefore, it may
contribute to the treatment of chronic inflammation in IBD.
Further study is required in this point.

Immune factor also plays important role in the pathogen-
esis of colitis. Anezaki et al. reported that interleukin-8 (IL-
8) level is closely correlated to MPO levels in the inflamed
mucosa of UC [35]. In UC patients, IL-8 mRNA was found
mainly in macrophages, and also in neutrophils and colonic
epithelial cells [36]. Moreover, increased production of IL-
8 peptides and expression of IL-8 mRNA are observed in the
inflamed mucosa of UC [37]. These findings may suggest that
IL-8 is a neutrophil-activating substance to release ROS from
neutrophil. In this study, the effects of radon inhalation on
the intestinal immunity were not examined. It was not clear
whether radon inhalation suppressed DSS induced colitis
through the direct inhibition of neutrophil activation. More
detailed studies from the viewpoint of immune factor in
intestinal mucosa will be necessary for further clarification
of the mechanism that radon inhalation suppressed DSS-
induced colitis.

Radon has been recognized as a cause of lung cancer [38];
however, most of the doses to the lung come from its short-
lived progeny and not from radon itself. Moreover, lifestyle
influences such as smoking is larger than radon exposure
[39]. In this study, the influence of radon progeny to mice
is negligible [15]. Absorbed dose into the lungs and colon
of mice under our experimental condition were estimated
both to be within the range of 0.67−1.2 μGy according to
our previous report [25]. The International Commission on
Radiological Protection (ICRP) expresses an opinion that
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Figure 5: Effects of radon inhalation on antioxidant-associated substances after colitis induction. (a) SOD activity, (b) CAT activity, (c)
tGSH content, and (d) LPO level in the colon and (e) NO level in plasma. Each value is the mean ± SEM. The number of mice for each
experiment and significance are the same as in Figure 4.
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a significant cancer risk associated with exposure under
100 mSv has not been demonstrated [40]. Based on the
recommendations of the ICRP, the risks associated with
exposure to radon under our experimental condition are low.
In fact, adverse or negative effects of radon therapy have not
been reported in the past.

5. Conclusion

In conclusion, radon inhalation activated antioxidative func-
tions and suppressed oxidative damage and inflammation in
the colon induced by DSS administration. Beneficial effects
of radon inhalation in the treatment of IBD patients are
strongly expected. At present, steroidal drugs which have
adverse effects are commonly used for the treatment of IBD.
The introduction of radon inhalation for the treatment of
IBD may contribute to reduce the drug dosage and its adverse
effects. The data presented in this study provide a substantial
basis for future studies aimed at assessing new radon-based
therapies for the treatment of IBD in humans.

In this study, we demonstrated that continuous radon
inhalation suppressed DSS-induced colitis; however, such
long term inhalation is unsuitable for medical treatment.
We aim to research the optimum condition for achieving
the maximal effect under short time inhalation. In the
future, more detailed studies of the following points will be
necessary for further application of radon therapy to medical
treatment: further clarification of the mechanisms of the
health effects, research into new indications, determination
of the optimum condition for achieving the maximal effect,
and assessment of concomitant effects with drugs.

Abbreviations

CAT: Catalase
CD: Crohn’s disease
DAI: Disease activity index
DNA: Deoxyribonucleic acid
DSS: Dextran sulfate sodium
EDTA: Ethylendiaminetetraacetic acid
ELISA: Enzyme linked immunosorbent assay
GSH: Glutathione
HE: Hematoxylin-eosin
H2O2: Hydrogen peroxide
IBD: Inflammatory bowel disease
ICRP: International Commission on Radiological

Protection
IL-8: Interleukin-8
iNOS: Inducible nitric oxide synthetase
LPO: Lipid peroxide
MDA: Malondialdehyde
MPO: Myeloperoxidase
mRNA: Messenger ribonucleic acid
NBT: Nitroblue tetrazolium
NO: Nitric oxide
O2

•−: Superoxide anion radical
•OH: Hydroxyl radical
ONOO−: Peroxynitrite
PBS: Phosphate buffer saline

RNS: Reactive nitrogen species
ROS: Reactive oxygen species
SEM: Standard error of mean
SOD: Superoxide dismutase
tGSH: Total glutathione
TNBS: Trinitrobenzene sulfonic acid
TNF-α: Tumor necrosis factor-alpha
UC: Ulcerative colitis.

Disclaimer

The authors alone are responsible for the content and writing
of the paper.

Conflict of Interests

The authors report no conflict of interests.

References

[1] K. Asakura, Y. Nishiwaki, N. Inoue, T. Hibi, M. Watanabe, and
T. Takebayashi, “Prevalence of ulcerative colitis and Crohn’s
disease in Japan,” Journal of Gastroenterology, vol. 44, no. 7,
pp. 659–665, 2009.

[2] C. Fiocchi, “Inflammatory bowel disease: etiology and patho-
genesis,” Gastroenterology, vol. 115, no. 1, pp. 182–205, 1998.

[3] M. J. Carter, A. J. Lobo, and S. P. L. Travis, “Guidelines for the
management of inflammatory bowel disease in adults,” Gut,
vol. 53, no. 5, pp. v1–v16, 2004.

[4] Y. Naito, T. Takagi, and T. Yoshikawa, “Neutrophil-dependent
oxidative stress in ulcerative colitis,” Journal of Clinical Bio-
chemistry and Nutrition, vol. 41, no. 1, pp. 18–26, 2007.

[5] O. I. Aruoma, “Free radicals, oxidative stress, and antioxidants
in human health and disease,” Journal of the American Oil
Chemists’ Society, vol. 75, no. 2, pp. 199–212, 1998.

[6] H. Nakatsukasa, M. Tsukimoto, Y. Ohshima, F. Tago, A.
Masada, and S. Kojima, “Suppressing effect of low-dose
gamma-ray irradiation on collagen-induced arthritis,” Journal
of Radiation Research, vol. 49, no. 4, pp. 381–389, 2008.

[7] M. Yoshimoto, T. Kataoka, T. Toyota, T. Taguchi, and K.
Yamaoka, “Inhibitory effects of prior low-dose X-irradiation
on cold-induced brain injury in mouse,” Inflammation, vol.
35, no. 1, pp. 89–97, 2012.

[8] K. Yamaoka, “Activation of antioxidant system by low dose
radiation and its applicable possibility for treatment of
reactive oxygen species-related diseases,” Journal of Clinical
Biochemistry and Nutrition, vol. 39, no. 3, pp. 114–133, 2006.

[9] K. Yamaoka, F. Mitsunobu, K. Hanamoto, S. Mori, Y. Tanizaki,
and K. Sugita, “Study on biologic effects of radon and thermal
therapy on osteoarthritis,” Journal of Pain, vol. 5, no. 1, pp.
20–25, 2004.

[10] F. Mitsunobu, K. Yamaoka, K. Hanamoto et al., “Elevation
of antioxidant enzymes in the clinical effects of radon and
thermal therapy for bronchial asthma,” Journal of Radiation
Research, vol. 44, no. 2, pp. 95–99, 2003.

[11] T. Kataoka, A. Sakoda, Y. Ishimori et al., “Study of the response
of superoxide dismutase in mouse organs to radon using a
new large-scale facility for exposing small animals to radon,”
Journal of Radiation Research, vol. 52, no. 6, pp. 775–781, 2011.

[12] T. Toyota, T. Kataoka, Y. Nishiyama, T. Taguchi, and K.
Yamaoka, “Inhibitory effects of pretreatment with radon on



Mediators of Inflammation 11

acute alcohol-induced hepatopathy in mice,” Mediators of
Inflammation, vol. 2012, Article ID 382801, 10 pages, 2012.

[13] Y. Nishiyama, T. Kataoka, J. Teraoka et al., “Suppression
of streptozotocin-induced type-1 diabetes in mice by radon
inhalation,” Physiological Research. In press.

[14] T. Kataoka, J. Teraoka, A. Sakoda et al., “Protective effects of
radon inhalation on carrageenan-induced inflammatory paw
edema in mice,” Inflammation, vol. 35, no. 2, pp. 713–722,
2012.

[15] Y. Ishimori, F. Mitsunobu, K. Yamaoka, H. Tanaka, T. Kataoka,
and A. Sakoda, “Performance of the first Japanese large-scale
facility for radon inhalation experiments with small animals,”
Radiation Protection Dosimetry, vol. 146, no. 1–3, Article ID
ncr100, pp. 31–33, 2011.

[16] K. Yamaoka, R. Edamatsu, and A. Mori, “Increased SOD
activities and decreased lipid peroxide levels induced by low
dose X irradiation in rat organs,” Free Radical Biology and
Medicine, vol. 11, no. 3, pp. 299–306, 1991.

[17] T. Nomura, X. H. Li, K. Sakai et al., “Suppressive effects of con-
tinuous low-dose-rate γ irradiation on diabetic nephropathy
in type II diabetes mellitus model mice,” Radiation Research,
vol. 176, no. 3, pp. 356–365, 2011.

[18] K. Yamato, T. Kataoka, Y. Nishiyama, T. Taguchi, and K.
Yamaoka, “Antinociceptive effects of radon inhalationon
formalin-induced inflammatory pain in mice,” Inflammation.
In press.

[19] S. Kitajima, S. Takuma, and M. Morimoto, “Histological
analysis of murine colitis induced by dextran sulfate sodium
of different molecular weights,” Experimental Animals, vol. 49,
no. 1, pp. 9–15, 2000.

[20] K. I. Tanaka, T. Namba, Y. Arai et al., “Genetic evidence for a
protective role for heat shock factor 1 and heat shock protein
70 against colitis,” Journal of Biological Chemistry, vol. 282, no.
32, pp. 23240–23252, 2007.

[21] Y. Araki, H. Sugihara, and T. Hattori, “The free radical scav-
engers edaravone and tempol suppress experimental dextran
sulfate sodium-induced colitis in mice,” International Journal
of Molecular Medicine, vol. 17, no. 2, pp. 331–334, 2006.

[22] R. L. Baehner, S. K. Murrmann, J. Davis, and R. B. Johnston
Jr, “The role of superoxide anion and hydrogen peroxide
in phagocytosis associated oxidative metabolic reactions,”
Journal of Clinical Investigation, vol. 56, no. 3, pp. 571–576,
1975.

[23] H. Aebi, S. R. Wyss, B. Scherz, and J. Gross, “Properties of
erythrocyte catalase from homozygotes and heterozygotes for
Swiss type acatalasemia,” Biochemical Genetics, vol. 14, no. 9-
10, pp. 791–807, 1976.

[24] M. M. Bradford, “A rapid and sensitive method for the
quantitation of microgram quantities of protein utilizing the
principle of protein dye binding,” Analytical Biochemistry, vol.
72, no. 1-2, pp. 248–254, 1976.

[25] A. Sakoda, Y. Ishimori, A. Kawabe, T. Kataoka, K. Hanamoto,
and K. Yamaoka, “Physiologically based pharmacokinetic
modeling of inhaled radon to calculate absorbed doses in
mice, rats, and humans,” Journal of Nuclear Science and
Technology, vol. 47, no. 8, pp. 731–738, 2010.

[26] S. N. S. Murthy, H. S. Cooper, H. Shim, R. S. Shah, S. A.
Ibrahim, and D. J. Sedergran, “Treatment of dextran sulfate
sodium-induced murine colitis by intracolonic cyclosporin,”
Digestive Diseases and Sciences, vol. 38, no. 9, pp. 1722–1734,
1993.

[27] L. Solomon, S. Mansor, P. Mallon et al., “The dextran sulphate
sodium (DSS) model of colitis: an overview,” Comparative
Clinical Pathology, vol. 19, no. 3, pp. 235–239, 2010.

[28] D. K. Podolsky, “Inflammatory bowel disease,” New England
Journal of Medicine, vol. 347, no. 6, pp. 417–429, 2002.

[29] A. P. M. van Dijk, Z. J. Keuskamp, J. H. P. Wilson, and F. J.
Zijlstra, “Sequential release of cytokines, lipid mediators and
nitric oxide in experimental colitis,” Mediators of Inflamma-
tion, vol. 4, no. 3, pp. 186–190, 1995.

[30] D. N. Seril, J. Liao, G. Y. Yang, and C. S. Yang, “Oxidative
stress and ulcerative colitis-associated carcinogenesis: studies
in humans and animal models,” Carcinogenesis, vol. 24, no. 3,
pp. 353–362, 2003.

[31] A. L. Colón, L. A. Menchén, O. Hurtado et al., “Implication of
TNF-α convertase (TACE/ADAM17) in inducible nitric oxide
synthase expression and inflammation in an experimental
model of colitis,” Cytokine, vol. 16, no. 6, pp. 220–226, 2001.

[32] T. Ishihara, K. I. Tanaka, Y. Tasaka et al., “Therapeutic effect
of lecithinized superoxide dismutase Against colitis,” Journal
of Pharmacology and Experimental Therapeutics, vol. 328, no.
1, pp. 152–164, 2009.

[33] J. Seguı́, M. Gironella, M. Sans et al., “Superoxide dismutase
ameliorates TNBS-induced colitis by reducing oxidative stress,
adhesion molecule expression, and leukocyte recruitment into
the inflamed intestine,” Journal of Leukocyte Biology, vol. 76,
no. 3, pp. 537–544, 2004.

[34] C. Zhang, S. Jin, W. Guo et al., “Attenuation of diabetes-
induced cardiac inflammation and pathological remodeling by
low-dose radiation,” Radiation Research, vol. 175, no. 3, pp.
307–321, 2011.

[35] K. Anezaki, H. Asakura, T. Honma et al., “Correlations
between Interleukin-8, and Myeloperoxidase or Luminol-
Dependent Chemiluminescence in Inflamed Mucosa of Ulcer-
ative Colitis,” Internal Medicine, vol. 37, no. 3, pp. 253–258,
1998.

[36] L. Mazzucchelli, C. Hauser, K. Zgraggen et al., “Expression of
interleukin-8 gene in inflammatory bowel disease is related
to the histological grade of active inflammation,” American
Journal of Pathology, vol. 144, no. 5, pp. 997–1007, 1994.

[37] K. L. Isaacs, R. B. Sartor, and S. Haskill, “Cytokine messenger
RNA profiles in inflammatory bowel disease mucosa detected
by polymerase chain reaction amplification,” Gastroenterology,
vol. 103, no. 5, pp. 1587–1595, 1992.

[38] J. H. Lubin, J. D. Boice Jr, C. Edling et al., “Lung cancer in
radon-exposed miners and estimation of risk from indoor
exposure,” Journal of the National Cancer Institute, vol. 87, no.
11, pp. 817–827, 1995.

[39] T. K. Sethi, M. N. EI-Ghamry, and G. H. Kloecker, “Radon and
lung cancer,” Clinical Advances in Hematology & Oncology, vol.
10, no. 3, pp. 157–164, 2012.

[40] International Commission on Radiological Protection
(ICRP), “The 2007 Recommendations of the international
commission on radiological protection, Publication 103,”
Annals of the ICRP, vol. 37, no. 2–4, pp. 1–332, 2007.



Submit your manuscripts at
http://www.hindawi.com

Stem Cells
International

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

MEDIATORS
INFLAMMATION

of

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Behavioural 
Neurology

Endocrinology
International Journal of

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Disease Markers

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

BioMed 
Research International

Oncology
Journal of

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Oxidative Medicine and 
Cellular Longevity

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

PPAR Research

The Scientific 
World Journal
Hindawi Publishing Corporation 
http://www.hindawi.com Volume 2014

Immunology Research
Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Journal of

Obesity
Journal of

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

 Computational and  
Mathematical Methods 
in Medicine

Ophthalmology
Journal of

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Diabetes Research
Journal of

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Research and Treatment
AIDS

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Gastroenterology 
Research and Practice

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Parkinson’s 
Disease

Evidence-Based 
Complementary and 
Alternative Medicine

Volume 2014
Hindawi Publishing Corporation
http://www.hindawi.com


