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Oxidative stress exacerbates dextran sulfate sodium-induced
ulcerative colitis in ICR mice
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Abstract
Ulcerative colitis (UC) is a complex, multifactorial disorder which can be aggravated by oxidative stress. Dextran sulfate sodium
(DSS)-induced UC in inbred mice is the most commonly used animal-model. However, these populations lack genetic variability
therefore this study aimed to establish a DSS-induced UC model in outbred ICR mice and to assess its association with the
oxidant-antioxidant system. Male ICR mice were administered a 40 kDa-DSS solution (6 g/kg/day; 0.25 mL 21% DSS 4 times
per day) intragastrically for 4 and 7 consecutive days (n = 5). Disease activity index (DAI) was determined daily from body
weight and stool characteristics. At the end of the study, colons were collected to examine histology, myeloperoxidase activity,
and expression of superoxide dismutase 1 and 2 (Sod1 and Sod2) and catalase (Cat). DSS-treated mice demonstrated daily
increases in DAI score with significantly shortened colons, an indirect marker of inflammation in UC. Histological examination
of DSS-treated colons revealed goblet cell loss, crypt damage, and epithelial erosion, followed by infiltration of mast cells to the
mucosa with mucin depletion. Myeloperoxidase activity was elevated in the DSS-treated mice while Sod1, Sod2, and Cat were
suppressed compared to controls. A DSS-induced UC model was established in ICR mice with associated oxidative stress
triggering. This outbred-mouse model could prove useful for investigating the underlying pathophysiological mechanisms of
UC in terms of oxidant-antioxidant balance.
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Abbreviations
CAT catalase
DSS dextran sulfate sodium
DAI disease activity index
IBD inflammatory bowel disease
MPO myeloperoxidas
ROS reactive oxygen species
SOD superoxide dismutase
UC ulcerative colitis

Introduction

Ulcerative colitis (UC) is a subcategory of inflammatory bow-
el disease (IBD). It is a disorder in the gastrointestinal system
affecting the caecum, colon, and rectum usually in a continu-
ous pattern (Baumgart and Sandborn 2007) and characteristi-
cally affecting the mucosal surface of the colon. The lesion
initiates in the rectum and extends proximally through the
colon. Symptoms of UC are often insidious with gradual on-
set. Although the precise etiology of UC remains unclear, it is
generally hypothesized to be a multifactorial combination of
genetic, environmental, and gut microbiota effects which trig-
ger inflammatory and immune responses in the luminal mu-
cosa (Ordás et al. 2012). Several conditions such as viral and
bacterial infection, certain types of food, and stress can exac-
erbate UC (Singh et al. 2009).

Oxidative stress is one significant factor associated with the
pathophysiology of UC (Balmus et al. 2016) and the overpro-
duction of reactive oxygen species (ROS) has been reported to
provoke intestinal inflammation (Halliwell 1997). Imbalance
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of ROS production and antioxidant capacity leading to oxida-
tive stress is implicated in several human disorders including
UC (Halliwell 1997). Hence, the investigation of antioxidant
activity could illuminate our understanding of UC
mechanisms.

Over more than 20 years, a murine UC model has been
used to study the mechanisms of the disease. The animal
model has come to be recognized as an indispensable tool to
examine the underlying pathophysiological mechanisms and
to improve medical therapy. Among the various techniques of
UC induction, the chemical-induced UC model, particularly
dextran sulfate sodium (DSS)-induced UC model, is the most
widely employed and well established (Perše and Cerar 2012)
due to its simplicity and reproducibility and characteristic fea-
tures similar to UC in human patients (Cheon et al. 2006;
Hirata et al. 2007). Genetic background plays a significant
role in DSS-induced UC in mice (Perše and Cerar 2012) via
the regulation of inflammatory responses (Perše and Cerar
2012; Xavier and Podolsky 2007). While several studies have
shown inbred mouse strains are susceptible to DSS-induced
UC and develop severe lesions (Barone et al. 2018; Mahler
et al. 1998; Stevceva et al. 1999), studies of DSS-induced UC
in outbred mouse strains, particularly with regard to the
oxidant-antioxidant response, are limited (Kim et al. 2010).
Institute of Cancer Research (ICR) mice are an outbred strain
that has been extensively utilized in diverse medical research
fields such as pharmacology, oncology, and toxicology (Kim
et al. 2017). Therefore, since human populations have high
genetic variability (Frazer et al. 2009), the present study aimed
to establish and characterize a DSS-induced UCmodel in ICR
mice.

Materials and methods

Animals

Twenty male ICR mice (5-week-old) were supplied by the
Northeast Laboratory Animal Center, Khon Kaen
University, Khon Kaen, Thailand. All mice were housed in
stainless steel cages with corncob bedding and were main-
tained under a 12 h light/dark cycle with controlled humidity
(45 ± 2%) at 25 °C in the animal laboratory unit, Faculty of
Pharmaceutical Sciences, Khon Kaen University, under the
supervision of a certified laboratory veterinarian.
Commercial regular diet and water were supplied ad libitum.
All animals were acclimated for one week before the start of
treatment. The animal handling and treatment protocol was
approved by the Animal Ethic Committee of Khon Kaen
University (IACUC-KKU-26/61) following the Declaration
of Helsinki with the Guide for the Care and Use of
Laboratory Animals as adopted and promulgated by the
United States National Institutes of Health.

Induction of UC

The mice were divided into 4 groups (n = 5 each). An aqueous
solution of 21% (w/v) DSS (40 kDa; Sigma-Aldrich
Chemicals, St. Louis, Missouri, USA) was prepared. Themice
were administered a 0.25 mL-aliquot of the DSS solution by a
gastric lavage-tube 4 times per day (6 g/kg/day) for either 4 or
7 consecutive days. The control groups were given sterile
water.

Evaluation of disease activity index (DAI)

Each mouse was placed into a cage without bedding for
15 min to examine the stool characteristics (Chassaing et al.
2014). Body weight, stool consistency, and presence of blood
in stool were recorded daily. Changes in these factors were
scored to determine DAI. Scores were given for body weight
loss (0, no reduction in body weight; 1, 1–5%; 2, 6–10%; 3,
11–20%; and 4, > 20%), reduced stool consistency (0, normal;
1, slightly loose stools; 2, loose stools; 3, diarrhea; 4, watery
diarrhea), and bleeding in stools (0, normal; 2, slight bleeding;
4, gross bleeding) (Xiao et al. 2013). The total DAI scores
ranged from 0 to 12. On the last day of the experiment (day
4 or day 7), all mice were euthanized, and the colons were
collected to measure the length from the ileocecal junction to
the anal verge for evaluation of indirect inflammation (Xiao
et al. 2013) before further examination.

Histological examination

The proximal colon was placed in a tissue cassette after wash-
ing with phosphate buffer saline (1 × PBS). The tissue was
soaked in cold 10% neutral-buffered formaldehyde overnight,
followed by serial dehydration from 50 to 100% ethanol. After
that, the tissue was embedded in paraffin and cut into 5-µm
sections using a microtome (HM315R, Microm, South
Carolina, US) prior to placing onto a microscopic slide for
hematoxylin and eosin (H&E; Bio-Optica, Milano, Italy)
staining. Histological structures were assessed and scored as
previously described (Tamaki et al. 2006). Each colon was
scored according to: the severity of inflammation (0, none;
1, mild; 2, moderate; 3, severe), the extent of inflammation
(0, none; 1, mucosa; 2, mucosa and submucosa; 3,
transmural), and the amount of crypt damage (0, none; 1, 1/
3 damaged; 2, 2/3 damaged; 3, crypts lost but epithelial sur-
face present; 4, crypts and epithelial surface lost). The histo-
logical score was calculated by summing these three parame-
ters with a maximum total score of 10. Sections were also
stained with toluidine blue (Sigma-Aldrich Chemicals) and
alcian blue (Sigma-Aldrich Chemicals) to observe mast cell
infiltration and goblet cell loss, respectively. All slides were
examined using an inverted microscope (Motic® AE2000,

2064 Biologia (2020) 75:2063–2071



Kowloon, Hong Kong) coupled with the Motic® image plus
3.0 software.

Determination of myeloperoxidase (MPO) activity

Middle colon homogenate was centrifuged at 19,000× g at 4
°C for 15 min. A 7 µL-aliquot of supernatant was mixed with
200 µL of a mixture of 0.5 M hydrogen peroxide (Fisher
Scientific, Leicestershire, UK) and 0.167 mg/mL O-
dianisidine dihydrochloride (Sigma-Aldrich Chemicals)
(1:2,000) in a 96-well plate. The absorbance of the reaction
mixture was measured at a wavelength of 450 nm at 60 s-
intervals for 30 min. The MPO activity was calculated by
comparing to standard MPO and reported as unit/mg protein
(Kim et al. 2012). The protein content was determined by the
Bradford method using bovine serum albumin as the standard
(Bradford 1976).

Total RNA extraction and quantitative determination
of mRNA expression by RT/ real time PCR

Total RNA was extracted from the proximal colon using
the guanidine thiocyanate-phenol-chloroform method
(Jarukamjorn et al. 1999). The total RNA concentration
was determined using a UV-Vis spectrophotometer
(Nanodrop 2000C, Thermo Scientific, New York, US).
RNA integr i ty was examined by Novel ju ice®

(GeneDireX, Tai Chung, Taiwan) stained 1.25% agarose
gel electrophoresis prior to converting to cDNA using
ReverTraAce® (Toyobo, Osaka, Japan) under the thermal
program recommended by the supplier: 25 °C for 10 min,
42 °C for 60 min, and 95 °C for 5 min. The expression of
superoxide dismutase 1 and 2 (Sod1 and Sod2) and cata-
lase (Cat) mRNA was analyzed using a real time PCR
thermal cycler (CFX96, Bio-Rad®, California, USA) with
specific primers which were designed using Primer-
BLAST (https://www.ncbi.nlm.nih.gov/tools/primer-
blast/) and synthesized by Bio Basic, Inc. (Markham,
Ontario, Canada). The primers were as follows: Sod1,
forward 5′-AAG GCC GTG TGC GTG CTG AA-3′ and
reverse 5′-CAG GTC TCC AAC ATG CCT CT-3′
(Jarukamjorn et al. 2019); Sod2, forward 5′- GCA CAT
TAA CGC GCA GAT CA-3′ and reverse 5′-AGC CTC
CAG CAA CTC TCC TT-3′ (Jarukamjorn et al. 2019);
Cat, forward 5′-GCA GAT ACC TGT GAA CTG TC-3′
and reverse 5′-GTA GAA TGT CCG CAC CTG AG-3′
(Jarukamjorn et al. 2019); Gapdh, forward 5′-CCT CGT
CCC GTA GAC AAA A-3′and reverse 5′-TGA AGG
GGT CGT TGA TGG C-3′ (Tatiya-aphiradee et al.
2019). The mRNA level of each gene was normalized to
that of a reference Gapdh gene.

Statistical analysis

The DAI and histological scores are expressed as mean ±
SEM; other data are expressed as mean ± SD before analysis
by the Student’s t-test using the SPSS statistical program ver-
sion 22.00. p-value < 0.05 was considered significant.

Results

Effect of DSS on the disease activity index (DAI)

The severity of the disease was indicated by the DAI score
(Xiao et al. 2013). The DSS induced mice demonstrated a
daily increase in DAI score compared to the controls after both
4 (Fig. 1a) and 7 days (Fig. 1b). Furthermore, after 4 and 7
days of induction, the colons were significantly shortened
(Fig. 1c, d, e). This parameter was classified as an indirect
marker of inflammation. Severe diarrhea and hematochezia
were found after prolonged exposure to DSS for 7 days (Fig.
1e).

Effect of DSS on colon morphology

DSS induction resulted in damage to the colon. On day 4,
DSS-treated mice exhibited histological changes including
goblet cell (GC) depletion, damage to the crypt of
Lieberkühn (CL), and epithelial erosion (square) (Fig. 2a).
Moreover, DSS treatment promoted infiltration of inflamma-
tory cells (red arrows) to the mucosa layer. Controls presented
with undamaged crypts in the mucosal layer, no goblet cell
loss, and no inflammatory cell infiltration. Interestingly, on
day 7 of induction, the crypt structure was highly irregular
and goblet cells had disappeared (Fig. 2b). This was accom-
panied by increased inflammatory cell infiltration and follow-
ed by severe epithelial erosion and ulceration. The histological
scores of the DSS-treated mice were significantly higher than
those of the controls at both day 4 and day7 of induction (Fig.
2c). DSS triggered an infiltration of mast cells (black arrows)
in the mucosal layer of the colon at both day 4 (Fig. 3a) and
day 7 (Fig. 3b).While the cavities of crypts in the control mice
were filled with mucin (black arrows) secreted by goblet cells
(Fig. 4), the DSS-treated mice demonstrated mucin depletion
at 4 days (Fig. 4a) and disappearance at 7 days (Fig. 4b).

Effect of DSS onmyeloperoxidase activity in the colon

DSS resulted in a significant increase in MPO activity in the
colon after both 4 and 7 days of induction, although prolonged
induction for 7 days resulted in a more extensive decline in
MPO activity (Fig. 5).
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Effects of DSS on the expression of Sod1, Sod2, and
Cat mRNA in the colon

After both day 4 and day 7 of the induction, DSS significantly
down-regulated the mRNA expression of antioxidant en-
zymes Sod1 (Fig. 6a), Sod2 (Fig. 6b), and Cat (Fig. 6c).

Discussion

After DSS administration UC is characterized macroscop-
ically by colon shortening, edema, and bleeding, and mi-
croscopically by damage to the epithelial lining and mu-
cosa, inflammation, and ulceration (Millar et al. 1996;

Fig. 2 Effects of DSS on morphology and histological scores of the ICR
mouse colon with H&E staining. Representative images of H&E staining
of the ICRmouse colonic tissue sections after DSS induction for a 4 and b
7 days. GC, goblet cells; CL, crypts of Lieberkühn. Red arrows indicate
inflammatory cell infiltration; Squares indicate crypt erosion. (C)
Histological scores. The score was calculated based on the sum of;

inflammatory severity (0–3), the extent of inflammation (0–3), and the
crypt damage (0–4). A score of 0 indicated normal tissue and a score of 12
indicated the most extensive disease symptoms. Results are expressed as
mean ± SEM. *p < 0.001 VS Control of the same period of induction;
#p < 0.05

Fig. 1 Effects of DSS on disease
activity index (DAI), colon
length, and macroscopic changes
of the colon in ICR mice. a DAI
on day 4 and b DAI on day 7.
DAI 0 represents no symptoms of
the disease: no change in body
weight, stool consistency, or
presence of blood in stool and
DAI 10 represents themost severe
symptoms: body weight loss >
20%, watery diarrhea, and glossy
bleeding. Results are expressed as
mean ± SEM. *p < 0.05 VS
Control. c Colon length at
necropsy. Results are expressed
as mean ± SD. *p < 0.001 VS
Control of the same period of
induction. d and e Representative
images of the colon length and
macroscopic findings at day 4 and
day 7, respectively
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Wallace et al. 1989). Forty kDa DSS was chosen for this
study because it has previously been shown to induce
severe UC in mice (Perše and Cerar 2012). Lower molec-
ular weight DSS (5 kDa) can induce only mild UC in
mice and higher molecular weight DSS (500 kDa) fails
to induce UC at all (Perše and Cerar 2012) as it is unable
to penetrate the mucosal membrane of the colon (Kitajima
et al. 2000).

Most DSS-induced UC murine models have been
established in inbred strains such as C57BL/6JRj and
BALB/c with 4–7 day-induction-periods (Gutierrez-Orozco
et al. 2014; Kang et al. 2017; Mahler et al. 1998; Melgar
et al. 2005; Xiao et al. 2013) while DSS-induced UC models
in outbred mouse strains, which represent population genetic
diversity, are very limited (Perše and Cerar 2012) with
prolonged 7–12 day induction-periods (Fang et al. 2013;
Seo et al. 2017). DSS-induced UC models in ICR mice have
used variable DSS concentrations and induction-periods
(Perše and Cerar 2012). Our DSS-induced UC model in ICR
mice used a minimal amount of DSS and a short induction-
period (DSS 6 g/kg/day for 4 consecutive days).

In the study of Akiyama et al. (2012), UC was induced in
male ICR mice (5-week-old) by administration of 3% DSS in
drinking water for 2 weeks. Hong et al. (2019) and Kim et al.

Fig. 4 Histological changes of the DSS-induced ICR mouse colon by
alcian blue staining. Representative images of alcian blue staining of
the ICR mouse colonic tissue sections after DSS induction for a 4 and
b 7 days. Black arrows indicate mucin

Fig. 3 Histological changes of the DSS-induced ICR mouse colon by
toluidine blue staining. Representative images of toluidine blue staining
of the ICRmouse colonic tissue sections after DSS induction for a 4 and b
7 days. Black arrows indicate infiltration of mast cells

Fig. 5 Effects of DSS on myeloperoxidase (MPO) activity in the ICR
mouse colons. The ICR mice were induced by DSS for 4 or 7 days. After
the last treatment, MPO activity was examined in the colonic tissues.
Results are expressed as mean ± SD.*p < 0.05 VS Control; #p < 0.001
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(2020) induced UC in male ICR mice (5-week-old) with 4%
DSS in drinking water for 9 days. Kawabata et al. (2006)
induced UC in female ICR mice (5-week-old) with 3% DSS
in drinking water for 7 days and Seo et al. (2017) induced UC
in male ICR mice (weighing 28–30 g) with drinking water
containing 3% DSS for 12 days. Finally, Cho et al. (2011)
used 5% DSS in drinking water for 7 days to induce UC in
male ICR mice. A previous study reported that outbred mice
treated with DSS developed lesions in the middle colon
followed by the distal colon (Murthy and Flanigan 1999),
while inbred mice developed lesions in the proximal colon
followed by the distal colon. Interestingly, in our model, the
DSS-induced inflammation extended for the whole colon, in-
cluding cecum. In the present study, macroscopic and

histopathological findings indicate that DSS efficiently in-
duced UC in ICR mice within 4 days. In our model, after 4
days, increased DAI scores were achieved with associated
diarrhea, hematochezia, colon edema and shortening, follow-
ed by infiltration of inflammatory cells to the colon, accumu-
lation of mast cells in the mucosa, goblet cell loss, mucin
depletion, crypt damage, and epithelial erosion. Evaluation
of DSS-induced UC has utilized both histological and func-
tional scores to determine the disease severity (Mosli et al.
2017; Nishiyama et al. 2012). The results from our model
show a significant increase in histological scores in the DSS-
treated mice compared to the non-treated mice. We also dem-
onstrated a shorter optimal induction period of DSS-induced
UC in ICR mice by using a precise DSS dosage regimen. The
mice in our model were intergastrically administered 0.25 mL
of 21% DSS by gastric lavage-tube 4 times per day. We saw
UC symptoms in the mice and increased DAI and histological
scores after 4 days. Therefore, this model represents an acute
UC model that could be useful for searching or screening new
anti-inflammatory or antioxidant compounds to help protect
the colon in UC therapy.

Though the mechanism of DSS-induced UC has not been
clearly elucidated, there are reports that DSS-induced UC is
associated with inflammatory responses through oxidative
stress triggering (Bhattacharyya et al. 2009; Damiani et al.
2007). Oxidative stress is one of the significant factors in
UC pathogenesis. The overproduction of reactive oxygen spe-
cies (ROS) can trigger an immune response in the colon (Yao
et al. 2010) and cause tissue injury via activation and prolif-
eration of inflammatory and epithelial cells (Kruidenier and
Verspaget 2002). The present study reveals an oxidant-
antioxidant imbalance in DSS-induced UC in ICR mice via
a significant down-regulation of Sod1, Sod2 and Cat mRNA
with a concomitant increase in MPO activity. These findings
indicate that the enzymatic antioxidant system is likely to be
an indirect UC trigger.

In the oxidative stress pathway, antioxidant enzymes per-
form a critical function in neutralizing free radicals; however,
the enzymatic defense system might be overwhelmed during
inflammation (Pavlick et al. 2002). It has been noted that UC
patients exhibit impaired mucosal antioxidant defenses in in-
flamed tissues (Buffinton and Doe 1995) with lower levels of
SOD (Ishihara et al. 2009; Mulder et al. 1991). In rats, the
serum levels of SOD and CAT were drastically reduced after
administration of 3 and 5% DSS (5 kDa) for 7 days
(Pengkumsri et al. 2015). In addition, levels of SOD and
CAT enzymes in mouse colonic tissues decrease after receiv-
ing 2% DSS (35–50 kDa) for 6 days (Kim et al. 2010). In the
present study, the DSS impaired oxidant-antioxidant balance
in the colon was seen through the significant decline in the
expression of Sod1, Sod2, and Cat mRNA, three genes
encoding pivotal antioxidant enzymes. SOD is the first defen-
sive enzyme against free radicals, transforming superoxide

Fig. 6 Effects of DSS on the expression of Sod1, Sod2, andCatmRNA in
the ICR mouse colons. The ICR mice were induced by DSS for 4 or 7
days. After the last treatment, the expression of a Sod1, b Sod2, and c Cat
mRNA were quantitatively determined in the colonic tissues by RT/q-
PCR. Results are expressed as mean±SD. *p<0.05 and **p<0.001 VS
Control; #p<0.05 and ##p<0.001.
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anion into hydrogen peroxide, which is then turned to water
and oxygen by CAT (Pavlick et al. 2002). SODs are catego-
rized into copper-zinc SOD (Cu/Zn-SOD or SOD1), which is
abundant in the cytosol, and manganese SOD (Mn-SOD or
SOD2), which is commonly found in mitochondria and per-
oxisomes (Guan and Lan 2018). CAT primarily located in
peroxisomes plays a critical role in catalyzing the reduction
of hydrogen peroxide thereby preventing the harmful effects
of oxidative radicals (Guan and Lan 2018; Pervin et al. 2016).

Neutrophils play a crucial role in intestinal homeostasis and
the accumulation of neutrophils in the inflamed mucosal tis-
sues is a prominent feature of UC (Masoodi et al. 2011).
Infiltration of neutrophils in the intestinal mucosa and the
crypts is directly associated with the epithelial disruption seen
in UC (Naito et al. 2007). Neutrophils have granules that
contain numerous enzymes, including MPO, which is consid-
ered a biomarker of neutrophil accumulation in inflamed areas
(Ribeiro et al. 2011). In mice, neutrophils can have a very
short half-life (8–10 h) when labeled in vivo (Basu et al.
2002). However, neutrophils have also been shown to circu-
late in the blood of mixed C57BL/6 and 129/OLAmice for 96
h, with a 4-fold-drop in numbers after 120 h (Basu et al. 2002).
Thus, the calculated blood circulation times of neutrophils can
vary from 10 h to over 5 days (Bekkering and Torensma 2013)
and our observation of lower levels of MPO on day 7 than on
day 4 might be explained by the lifespan of the neutrophils in
our model. Therefore, the measurement of MPO activity at
day 4 might be a more accurate indication of the neutrophil
response in our DSS-induced UC model than at day 7.

Oxidative stress also plays a role in inflammation via acti-
vation of neutrophils to produce reactive nitrogen and oxygen
species, which aggravate epithelial injury and mucosal dam-
age (Ribeiro et al. 2011). Thus, DSS simultaneously sup-
pressed expression of Sod1, Sod2, and Cat antioxidant genes
and increased MPO activity in the inflamed colon via in-
creased infiltration of mast and other inflammatory cells to
the mucosal layer.

In the present study, DSS efficiently induced UC in ICR
mice within 4 days. There were significant increases in the
DAI and histological scores with associated colon shortening,
followed by infiltration of mast cells, depletion of goblet cells
and mucin, and crypt erosion. MPO activity was increased in
DSS-induced colon tissues and expression of Sod1, Sod2, and
Cat were all suppressed. Prolonged DSS induction for 7 days
increased the severity of UC features at macroscopic, histo-
logical, and anti-oxidant levels.

Conclusions

DSS-induced UC in an outbred ICR mouse model was
achieved. The model substantiates the pro-oxidant potential
of DSS to ultimately provoke UC via the down-regulation of

Sod1, Sod2, and Cat mRNA expression with a concomitant
increase in MPO activity. This model may prove useful for
investigating the underlying pathophysiological mechanisms
of UC in terms of oxidant-antioxidant balance and for evalu-
ating the efficacy of new therapeutics.
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