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Purpose: In rodents, dextran sulfate sodium (DSS)-induced diarrhea and colonic inflamma-

tion have similar symptoms to those of ulcerative colitis in humans. We examined the effects

of exposure to mild hyperbaric oxygen (MHO) at an atmospheric pressure of 1317 hPa with

40% oxygen on DSS-induced diarrhea and colonic inflammation in rats.

Methods: Five-week-old male Kyoto Apc Delta (KAD) rats (n = 12) were administered 2%

DSS through drinking water for 1 week. Subsequently, DSS-treated male rats were not

subjected to any further treatment (n = 6) or exposed to MHO (n = 6) for 2 weeks. Age-

matched KAD rats not subjected to DSS treatment or exposed to MHO were used as the

control group (n = 6).

Results: Control rats did not exhibit diarrhea and colonic inflammation. However, DSS-treated

rats exhibited diarrhea and colonic inflammation, regardless of exposure to MHO. Exposure to

MHO for 2 weeks led to decreased incidence of diarrhea in DSS-treated rats (p < 0.05). Exposure

to MHO had no effect on colonic inflammation in DSS-treated rats (p = 0.12).

Conclusion: Exposure to MHO for 2 weeks can improve diarrhea but cannot attenuate

colonic inflammation, possibly due to the short exposure duration (2 weeks) used in this

study.

Keywords: colonic inflammation, dextran sulfate sodium, Kyoto Apc Delta rats, mild

hyperbaric oxygen, oxidative metabolism

Introduction
Globally, at least three million people have from inflammatory bowel disease (IBD),

which is roughly divided into two main types, namely, Crohn’s disease and ulcerative

colitis (UC).1 Dextran sulfate sodium (DSS) is the most commonly used agent for the

development of animal models of IBD; other chemical agents include acetic acid,

oxazolone, 2,4,6-trinitrobenzene sulfonic acid, indomethacin, and peptidoglycan

polysaccharide.2–5 DSS-treated mice exhibit colonic inflammation accompanied by

body weight loss, bloody diarrhea, ulceration, and crypt loss.6,7 In rodents, DSS-

induced colonic inflammation exhibits similar morphological and pathophysiological

features as UC in humans including, mucosal damage, weakened epithelial barrier

function, and ulceration.8–10 DSS treatment mainly induces colonic inflammation in

the distal colon,7 and continued treatment for 9 days gradually increases the colonic

inflammation grade and mucosal damage through intestinal barrier defects.11 Kyoto

adenomatous polyposis coli (Apc) Delta (KAD) rats, a novel homozygous Apc

mutant rat strain, have been established by N-ethyl-N-nitrosourea-induced
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mutagenesis of an inbred F344/NSlc rat strain.12,13 DSS

treatment increased the incidence of diarrhea and colon

carcinogenesis in KAD rats compared with that in F344

rats.13,14

Chronic exercise can prevent and/or improve inflamma-

tory conditions in several chronic diseases.15 DSS-induced

colonic inflammation reduced mitochondrial biogenesis in

the intestinal epithelium in mice.16 Exercise increases the

oxidative capacity of skeletal muscles due to enhanced

mitochondrial biogenesis. Previous studies have demon-

strated that exercise activates mitochondrial biogenesis not

only in skeletal muscles but also in the intestinal epithelium,

and thereby rescues the reduced mitochondrial biogenesis

capacity of the intestinal epithelium in DSS-induced colo-

nic inflammation.16–18

High atmospheric pressure and oxygen concentration

increase the partial pressure of oxygen and particularly

enhance the dissolved oxygen content in blood plasma.19,20

Exposure to mild hyperbaric oxygen (MHO) at an atmo-

spheric pressure of 1266 hPa with 36% oxygen for 50 mins

increased the dissolved oxygen content in blood plasma

without occurrence of barotrauma and oxidative stress.21

Elevated oxygen levels in blood plasma increase oxidative

metabolism in cells and tissues mainly due to enhanced

mitochondrial oxidative capacity.22 Previously, we demon-

strated that exposure to MHO inhibits and/or improves life-

style-related diseases, including type 2 diabetes,22,23

diabetes-induced cataract,24 and hypertension,25 in rodents.

Furthermore, in a previous study,26 we showed that exposure

to MHO improves the mitochondrial oxidative capacity of

skeletal muscles in rats with metabolic syndrome and also

inhibits hyperglycemia and hyperlipidemia.

We hypothesized that exposure to MHO at an atmo-

spheric pressure of 1317 hPa with 40% oxygen can

increase the oxidative capacity of the colonic mucosa as

well as skeletal muscles. Therefore, we examined the

effects of exposure to MHO on the incidence of diarrhea

and colonic inflammation in DSS-treated KAD rats.

Materials and Methods
Animals
Five-week-old male KAD rats (F344-Apcm1Kyo) were ran-

domly divided into control and two experimental groups,

DSS and DSS + MHO. Rats in the experimental groups

were administered 2% DSS (MW: 36,000–50,000; MP

Biochemicals, Burlingame, CA, USA) through drinking

water for 7 days. Rats in the DSS + MHO group (n = 6)

were exposed to MHO for 2 weeks after DSS treatment. At 8

weeks of age, rats in the DSS and DSS +MHO groups (n = 6

for each group) were sacrificed 2 weeks after DSS treatment.

Rats in the CON group (n = 6), not subjected to DSS treat-

ment or exposed to MHO, were sacrificed at 8 weeks of age.

Rats in the DSS + MHO group were placed under

normobaric conditions at an atmospheric pressure of

1013 hPa with 20.9% oxygen for 21 hrs (daily from

13:00 to 10:00) and exposed to an atmospheric pressure

of 1317 hPa with 40% oxygen for 3 hrs (daily from 10:00

to 13:00) using a MHO chamber. Rats in the CON and

DSS groups were placed under normobaric conditions at

an atmospheric pressure of 1013 hPa with 20.9% oxygen

for 24 hrs a day. All rats were fed a standard diet and water

ad libitum and maintained under conditions of 12 hrs light/

dark cycle (light period from 08:00 to 20:00) at 24°C ±

2°C with 50% ± 10% relative humidity. The body weight

and incidence of diarrhea in each rat were monitored

weekly for the clinical assessment of colonic

inflammation.6,10 The incidence of diarrhea and fecal

blood was scored as follows: grade 0, normal pellets;

grade 1, low level of diarrhea; grade 2, high level of

diarrhea; and grade 3, bloody diarrhea. Two independent

investigators performed clinical assessment in a blinded

fashion at two time points weekly and the scores at both

time points were averaged. The Institutional Animal Care

and Experiment Committee of Kyoto University (Kyoto,

Japan) approved the experiment all experiments. All

experimental and animal care procedures were performed

according to the “Guidelines for the Care and Use of

Laboratory Animals” published by the Institutional

Animal Care and Experiment Committee of Kyoto

University.

Colorectal Preparation
At 8 weeks of age, rats were deeply anesthetized by

administering sodium pentobarbital (35 mg/kg of body

weight). The colorectum was excised, washed with phy-

siological saline, cut longitudinally along the main axis,

and fixed in 10% buffered formalin for histological exam-

ination. The fixed colorectum was embedded in paraffin.

Furthermore, 4 μm-thick serial sections were cut with a

microtome, mounted on slides, and processed for hema-

toxylin-eosin staining. Colorectal inflammation was scored

on the basis of stained hematoxylin-eosin sections accord-

ing to the morphological criteria described in a previous

study:27 grade 0, normal colonic mucosa with no inflam-

mation; grade 1, shortening and loss of the basal one-third
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of the actual crypts with mild inflammation and edema in

the mucosa: grade 2, loss of the basal two-thirds of the

crypts with moderate inflammation of the mucosa; grade 3,

loss of the entire crypts with severe inflammation in the

mucosa, but with retention of the surface epithelium; and

grade 4, loss of the entire crypts and surface epithelium

with severe inflammation in the mucosa, muscularis pro-

pria, and submucosa.

mRNA Levels in The Colonic Mucosa
Total RNA was isolated from the mucosa of the distal colon

(3 cm from the anus) and extracted using RNeasy Plus Mini

Kit (Qiagen, Hilden, Germany) according to the manufac-

turer’s protocol. cDNA was synthesized from 1000 ng of

total RNA using PrimeScript RT Master Mix (Takara Bio,

Kusatsu, Japan). Gene expression was analyzed using RT-

qPCR performed on an Applied Biosystems StepOne plat-

form (Applied Biosystems, Foster City, CA, USA) with TB

Green Premix Ex Taq II (Takara Bio). PCR thermal cycling

was performed as follows: initial denaturation at 95°C for

30 s followed by 40 cycles at 95°C for 5 s and at 60°C for

30 s. PCR primers for amplification of rat genes were as

follows: Interleukin 10 (Il10), 5ʹ-CAGACCCACATGCTCC

GAGA-3ʹ (forward) and 5ʹ- CAAGGCTTGGCAACCCAA

GTA-3ʹ (reverse); Interleukin 1β (Il1β), 5ʹ-GCTGTGGCA

GCTACCTATGTCTTG-3ʹ (forward) and 5ʹ-AGGTCGTC

ATCATCCCACGAG-3ʹ (reverse); Tumor Necrosis Factor

(Tnfa), 5ʹ-AACTCGAGTGACAAGCCCGTAG-3ʹ (forward)

and 5ʹ-GTACCACCAGTTGGTTGTCTTTGA- 3ʹ (reverse);

and Wingless-type inhibitory factor 1 (Wif1), 5ʹ-AGCCATT

CCCGTCAATATCCA-3ʹ (forward) and 5ʹ-TCTGCCATGAT

GCCTTTATCCA-3ʹ (reverse). β-actin was used as an endo-

genous housekeeping control; β-actin, 5ʹ-ACGTTGACATC
CGTAAAGAC-3ʹ (forward) and 5ʹ-GAAGGTGGACAGT

GAGGC-3ʹ (reverse). The mRNA levels were normalized

to those of the age-matched control group. A comparative

CT method was used for comparative quantification of

mRNA species.

Statistical Analysis
Data were expressed as mean and standard deviation of

values from six rats. One-way analysis of variance was

used to evaluate the overall differences in body weight and

mRNA levels among the study groups. When differences

were found to be significant, individual group comparisons

were made by Scheffé’s post hoc test. Student’s t-test was

used to evaluate differences in the incidence of diarrhea

and colonic inflammation score between the DSS and DSS

+ MHO groups. Statistical significance was set at p < 0.05.

Results
The bodyweight of rats in the DSS andDSS +MHOgroups at

7 weeks of age was significantly lower than that in the age-

matched CON group (p < 0.05, Figure 1). In contrast, no

difference was observed in the body weight at 5, 6, and 8

weeks of age among the CON, DSS, and DSS +MHO groups.

At 6, 7, and 8 weeks of age, the CON group did not show

any incidence of diarrhea. No differences were observed in

the incidence of diarrhea between the DSS and DSS +MHO

Figure 1 Body weights of KAD rats in the CON, DSS, and DSS + MHO groups

from 5 to 8 weeks of age. Values are expressed as mean ± standard deviation (n =

6). ap < 0.05 compared with the age-matched CON group.

Abbreviations: CON, control; DSS, dextran sulfate sodium; MHO, mild hyperba-

ric oxygen.

Figure 2 Incidences of diarrhea in DSS-induced KAD rats in the DSS and DSS +

MHO groups from 6 to 8 weeks of age. Values are expressed as mean ± standard

deviation (n = 6). bp < 0.05 compared with the age-matched DSS group.

Abbreviations: DSS, dextran sulfate sodium; MHO, mild hyperbaric oxygen.
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groups at 6 and 7 weeks of age (Figure 2). In contrast, the

incidence of diarrhea in the DSS + MHO group at 8 weeks

of age was significantly lower than that in the age-matched

DSS group (p < 0.05).

Macroscopically, edematous, reddish, and erosive color-

ectalmucosawere observed inDSS-treated rats (Figure 3). The

colonic inflammation score was 0 for the distal colon of the

CON group at 8 weeks of age (Figure 4A). The DSS and

DSS + MHO groups showed colonic inflammation at

8 weeks of age (Figure 4B); however, no differences were

observed in the inflammation score in these groups (p = 0.12).

No differences were observed in the mRNA levels

(fold-change) of Il10 (Figure 5A), Il1β (Figure 5B), Tnfα

(Figure 5C), and Wif1 (Figure 5D) among the CON, DSS,

and DSS + MHO groups at 8 weeks of age.

Discussion
In this study, we examined the effects of exposure to MHO

on DSS-induced diarrhea and colonic inflammation in

KAD rats. Exposure to MHO improved (ie, reduced) the

incidence of diarrhea (Figure 2). However, exposure to

MHO did not improve colonic inflammation, ie, mucosal

damage (Figure 4B).

In the rat models of colonic inflammation used in this study,

67% of rats exhibited bloody diarrhea at 6 weeks of age imme-

diately after 1-week DSS treatment (Figure 2). Furthermore,

mucosal damage was observed after 1-week DSS treatment (Figure 4B).Mucosal damage,weakened epithelial barrier func-

tion, and acute inflammationwere observed in theDSS-induced

colonic inflammation model due to macrophage activation,

altered microbiota, and increased intestinal permeability.8,10,28

At the molecular level, the inflammatory cytokines TNFα and

IL1β and the anti-inflammatory cytokine IL10 play key roles in

immune response during innate and adaptive periods of colonic

inflammation.29,30 The up-regulation of inflammatory cytokines

such as TNFα and IL1β accelerates colon carcinogenesis and

tumor formation.28,31 The Wnt signaling pathway plays a cen-

tral role in the development of colorectal cancer.32,33 The Wnt

inhibitory factor 1 is secreted as an antagonist that directly binds

toWnt proteins and inhibits theWnt signaling pathway.34 UC is

known to increase the risk of the development of colorectal

cancer.35 Previous studies28,31–35 have also suggested that the

simultaneous elevation of Il1β and reduction of Wif1 mRNA

levels is accompaniedby a high incidence of colorectal cancer in

rats with colonic inflammation. We measured mRNA levels of

these cytokines to understand the underlyingmechanisms of the

improvement of DSS-induced diarrhea after exposure toMHO.

In the present study, contrast with histological results deter-

mined using the colonic inflammation scoring system

Figure 3 Macroscopic view of the distal colon in KAD rats in the CON (A), DSS

(B), and DSS + MHO (C) groups at 8 weeks of age. The distal colon was cut

longitudinally along the main axis. Scale bar indicates 1 cm.

Abbreviations: CON, control; DSS, dextran sulfate sodium; MHO, mild hyperba-

ric oxygen.

Figure 4 (A) Histology of the distal colon in KAD rats of the CON (a), DSS (b), and
DSS +MHO (c) groups at 8 weeks of age. Hematoxylin-eosin staining was used. Scale bar
on c indicates 100 μm. (B) Colonic inflammation scores in the DSS and DSS + MHO

groups at 8 weeks of age. Values are expressed as mean ± standard deviation (n = 6).

Abbreviations: CON, control; DSS, dextran sulfate sodium; MHO, mild hyperbaric

oxygen.

Takemura et al Dovepress

submit your manuscript | www.dovepress.com

DovePress
Journal of Inflammation Research 2019:12296

http://www.dovepress.com
http://www.dovepress.com


(Figure 4B), no differences were observed in mRNA levels

among the CON, DSS, and DSS +MHO groups. These results

were induced possibly due to returned inflammation levels at

molecular level during the 2 weeks in this study.

]In mice, DSS-induced colonic inflammation showed

a reduction in mitochondrial biogenesis in the intestinal

epithelium.16 Exercise protected against DSS-induced

colonic inflammation,17,18 possibly by rescuing the

decreased mitochondrial biogenesis in the intestinal

epithelium. Exposure to MHO enhances and improves

mitochondrial oxidative capacity of skeletal muscle

fibers.22,26 Based on this finding, we hypothesized that

exposure to MHO may improve DSS-induced colonic

inflammation via enhanced oxidative capacity of the

colonic mucosa. Contrary to our hypothesis, we

observed no changes in the colonic inflammation grade

between rats with DSS-induced colonic inflammation

accompanied with or without exposure to MHO.

However, DSS-induced diarrhea was improved by expo-

sure to MHO. Together these results suggested that

exposure to MHO for a period of 2 weeks may be too

short to enhance the oxidative metabolism of the colonic

mucosa and to improve colonic inflammation. However,

enhancement of the oxidative capacity and improvement

of colonic inflammation may be possible by exposure to

MHO for longer durations than 2 weeks, which was

used in this study. In summary, our study suggests that

exposure to MHO at 1317 hPa with 40% oxygen for 2

weeks improves DSS-induced diarrhea but not colonic

inflammation in KAD rats.

Figure 5 mRNA levels of Il10 (A), Il1β (B), Tnfα (C), and Wif1 (D) in the colonic mucosa of the distal colon in KAD rats in the CON, DSS, and DSS + MHO groups at 8

weeks of age. Values are expressed as mean ± standard deviation (n = 6).

Abbreviations: CON, control; DSS, dextran sulfate sodium; MHO, mild hyperbaric oxygen.
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