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Abstract
AIM: To investigate the effect of Clostridium difficile  (C. 
difficile ) infection in an interleukin 10-deficient (IL-10-/-) 
mouse model of inflammatory bowel disease. 

METHODS: Bone marrow-derived dendritic cells iso-
lated from wild type (WT) and IL-10-/-mice were stimu-
lated for 4 h with C. difficile  toxin A (200 µg/mL), and 
gene expression of interferon (IFN)-γ, IL-12 and IL-23 
was determined by real-time reverse transcription poly-
merase chain reaction. WT and IL-10-/- mice (n  = 20 
each) were exposed to an antibiotic cocktail for three 
days and then were injected with clindamycin (i.p.). 
Mice (n  = 10 WT, 10 IL-10-/-) were then challenged with 
oral administration of C. difficile  (1 × 105 colony form-

ing units of strain VPI 10463). Animals were monitored 
daily for 7 d for signs of colitis. Colonic tissue samples 
were evaluated for cytokine gene expression and histo-
pathologic analysis. 

RESULTS: C. difficile  toxin A treatment induced IFN-γ 
gene expression to a level that was significantly higher 
in BDMCs from IL-10-/- compared to those from WT 
mice (P  < 0.05). However, expression of IL-12 and 
IL-23 was not different among the groups. Following 
C. difficile  administration, mice developed diarrhea and 
lost weight within 2-3 d. Weight loss was significantly 
greater in IL-10-/- compared to WT mice (P  < 0.05). 
C. difficile  infection induced histopathologic features 
typical of colitis in both IL-10-/- and WT mice. The histo-
pathologic severity score was significantly higher in the 
IL-10-/- than in WT mice (mean ± standard error; 5.50 
± 0.53 vs  2.44 ± 0.46; P < 0.05). This was accompa-
nied by a significantly greater increase in IFN-γ gene 
expression in colonic tissues from IL-10-/- than from WT 
mice challenged with C. difficile  (P  < 0.05).

CONCLUSION: These results indicate that colitis is 
more severe after C. difficile  infection in IL-10-/-mice, 
and that IFN-γ expression is involved in this process.

© 2014 Baishideng Publishing Group Inc. All rights reserved.
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Core tip: The results of this study indicate that Clostrid-
ium difficile  (C. difficile ) infection induces more severe 
colitis in the interleukin 10-deficient (IL-10-/-) mouse 
model of inflammatory bowel disease (IBD). Moreover, 
induction of interferon-γ gene expression was greater 
in the IL-10-/- mice and their bone marrow-derived 
dendritic cells compared to wild type mice following C. 
difficile  infection and exposure to C. difficile  toxin A, re-
spectively. This study demonstrates the establishment 
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of C. difficile -aggravated colitis in an IBD animal model, 
which provides a useful tool for studying the relation-
ship between C. difficile  and host immune response of 
the gut in IBD.
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difficile infection aggravates colitis in interleukin 10-deficient 
mice. World J Gastroenterol 2014; 20(45): 17084-17091  Avail-
able from: URL: http://www.wjgnet.com/1007-9327/full/v20/
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INTRODUCTION
Inflammatory bowel disease (IBD), which includes Cro-
hn’s disease and ulcerative colitis, is a complex chronic 
inflammatory gastrointestinal disorder of  unknown cause 
in genetically predisposed hosts[1]. There is accumulat-
ing evidence concerning the importance of  intestinal 
microbiota in the pathogenesis of  IBD, including recent 
culture-dependent and -independent analyses showing 
that patients with IBD have dysbiosis characterized by a 
less complex profile of  commensal bacteria and a higher 
number of  pathogenic bacteria[2].

Clostridium difficile (C. difficile) is a gram-positive, an-
aerobic, spore-forming bacillus. C. difficile infection (CDI) 
is the most common cause of  nosocomial antibiotic-
associated diarrhea and pseudomembranous colitis[3,4]. 
Disease-causing toxins released by the bacteria, toxins A 
and B, act directly on intestinal epithelial cells, leading to 
chemokine release, cell rounding and apoptosis or necro-
sis, resulting in inflammation and intestinal damage[5,6]. 
These toxins are glucosyltransferases that irreversibly in-
activate Rho proteins, leading to the disruption of  the cy-
toskeleton and tight junctions and subsequent cell death, 
and concurrently induce the release of  interleukin (IL)-8 
and intracellular adhesion molecule-1 from intestinal epi-
thelial cells, which further leads to neutrophil adhesion, 
infiltration, and mucosal inflammation. Moreover, the 
toxins may activate immune cells and neurons once the 
intestinal epithelial barrier is disrupted[7].

IBD is recognized as a risk factor for CDI, and a high 
prevalence of  CDI is observed in pediatric patients with 
both active and inactive Crohn’s disease and ulcerative 
colitis[8]. C. difficile affects the course of  IBD in several 
ways, including triggering disease flares, sustaining activ-
ity, and in some cases, acting as a ‘‘silent partner”. More-
over, CDI is associated with a longer hospital stay and a 
higher morbidity and mortality in patients with IBD[9,10]. 
Because C. difficile colitis can both mimic and precipitate 
an IBD flare, it is essential that clinicians are vigilant in 
identifying and addressing this infection[11].

C. difficile-associated disease has been studied in many 
animal species, including hamsters, guinea pigs, rabbits, 
and germ-free mice and rats. Although hamsters have 
been used to investigate the pathogenesis and treatment 
of  C. difficile colitis, they have limitations in developing 
fulminant and lethal cecitis[12]. In recent years, mouse 

models of  intestinal inflammation based on bacterial in-
fections have been used to study the roles of  individual 
bacterial species and specific bacterial components in the 
pathogenesis of  IBD[13]. Although a recently established 
mouse model of  C. difficile-associated disease closely re-
sembles the human disease[14], there are no established 
models to study the mechanism of  CDI-induced intes-
tinal inflammation in IBD or the pathogenic role of  C. 
difficile in mucosal immune dysregulation. In the present 
study, control and IL-10-deficient (IL-10-/-) mice were 
used to examine C. difficile toxin A-activated bone mar-
row-derived dendritic cells (BMDCs) and the effect of  
CDI on intestinal inflammation. 

MATERIALS AND METHODS
Mice
Seven-week-old specific pathogen-free male C57BL/6 
wild type (WT) and IL-10-/- mice used for the experiments 
were supplied by the Center for Animal Resource and De-
velopment (Seoul, South Korea). Mice were maintained in 
a controlled laboratory environment at 24 ℃ ± 2 ℃ and 
50% ± 5% humidity under a 12/12 h (light/dark) cycle. 
Mice were given ad libitum access to irradiated mouse feed 
(Purina Korea, Seoul, South Korea) and 2 ppm chloride-
supplemented reverse osmosis water. To prevent mice 
from eating their feces, a grid floor through which fecal 
matter could pass was installed during the rearing period. 
All procedures were approved by the Institutional Animal 
Care and Use Committee at Seoul National University 
(IACUC No.SNU-100318). The experiments were con-
ducted in accordance with the August 2010 revision of  
The Guiding Principles for the Care and Use of  Labora-
tory Animals (American Physiological Society). 

Generation and culture of BMDCs
BMDCs were generated from the femurs of  WT and 
IL-10-/- mice as previously described[15]. Bone marrow 
cells were cultured in complete media (RPMI-1640) 
supplemented with 10 ng/mL of  murine recombinant 
granulocyte-macrophage colony-stimulating factor and 10 
ng/mL of  murine recombinant IL-4 (Peprotech, Rocky 
Hill, NJ, United States). The culture medium was changed 
after three days, and again after five days, of  culture. On 
the seventh day of  culture, non-adherent cells were col-
lected as BMDCs. Flow cytometric analysis indicated that 
> 93% of  the collected cells were CD11c+ and CD11b+ 
(BD Pharmingen, San Diego, CA, United States)[16].

Real time reverse transcription-polymerase chain 
reaction
After stimulating BMDCs for 4 h with 200 μg/mL of  
C. difficile toxin A (Sigma-Aldrich, St. Louis, MO, United 
States), total RNA was extracted with Trizol (Invitrogen 
of  Thermo Fisher Scientific Inc., Waltham, MA, United 
States) and reverse transcribed. Amplification was per-
formed with SYBR Green PCR Master Mix on an ABI 
Prism 7000 Sequence Detection System (Applied Biosys-
tems of  Thermo Fisher Scientific Inc.) using primers for 
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interferon (IFN)-γ, IL-12p40, and IL-23p19 (Table 1). 
Reactions were performed in triplicate, and the data were 
normalized to β-actin. 

C. difficile culture
C. difficile strain VPI 10463 (ATCC 43255; American Type 
Tissue Culture Collection, Manassas, VA, United States) 
was used in the present study. Before oral administra-
tion to mice, the frozen strain was thawed and cultured 
in brain heart infusion-supplemented media at 37 ℃ for 
three days under anaerobic conditions.

Establishment of a C. difficile colitis model in IL-10-/- 
mice and experimental grouping 
WT and IL-10-/- mice were randomly assigned to either a 
control group (n = 10 each) or a C. difficile group (n = 10 
each) and fed irradiated mouse feed mixed with an antibi-
otic cocktail (40 mg/kg kanamycin, 3.5 mg/kg gentami-
cin, 4.2 mg/kg colistin, 21.5 mg/kg metronidazole, and 
4.5 mg/kg vancomycin) for three days. One day after the 

last antibiotic cocktail, the mice were injected with clinda-
mycin (10 mg/kg, i.p.), and WT and IL-10-/- mice in the 
C. difficile groups received oral administration of  1 × 105 

colony forming units of  C. difficile the next day (Figure 1). 
All mice were monitored daily for signs of  colitis (e.g., di-
arrhea, hunched posture, wet tail, and weight loss[14]) and 
euthanized seven days later.

Histopathologic assessment of colonic tissue
Colonic tissues were extracted from euthanized mice 
and either fixed in 10% buffered formalin, embedded in 
paraffin and stained with hematoxylin-eosin or frozen in 
liquid nitrogen to quantify biochemical parameters. His-
topathologic examination was performed on the proxi-
mal and distal colon of  each animal by an independent 
pathologist who was blinded to the study methods, using 
previously reported classification standards[17]. Briefly, 
each of  three factors was scored on a scale of  0 to 3 (none, 
mild, moderate, or severe, respectively), including neutro-
phil influx into tissues, colonic mucosal edema, and epi-
thelial cell injury. The overall score was the sum of  each 
component score. The severity of  colitis was quantified 
by the total score.

Statistical analysis
Statistical analysis was performed using the SPSS version 
19.0 statistical software (IBM, Armonk, NY, United States). 
Groups were compared using the Mann-Whitney U-test. 
All data are expressed as the mean ± standard error. P < 0.05 
was considered to indicate statistical significance.

RESULTS
Cytokine gene expression in BMDCs after stimulation 
with C. difficile toxin A
Treatment with C. difficile toxin A significantly increased 
the expression of  IFN-γ in BDMCs extracted from 
IL-10-/- mice (P < 0.05 vs WT) (Figure 2). In contrast, 
treatment did not affect the expression of  IL-12 or IL-23 
in BDMCs from WT or IL-10-/- mice.
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Table 1  Primer sequences 

RNA species Oligonucleotides, 5'->3'

IFN-g Sense TGCATCTTGGCTTTGCAGCTCTTC
Antisense GGGTTGTTGACCTCAAACTTGGCA

IL-12p40 Sense GGAAGCACGGCAGCAGAATA
Antisense AACTTGAGGGAGAAGTAGGAATGG

IL-23p19 Sense AGCGGGACATATGAATCTACTAAGAGA
Antisense GTCCTAGTAGGGAGGTGTGAAGTTG

IFN: Interferon; IL: Interleukin.

Figure 1  Clostridium difficile-induced colitis mouse model. A: Wild type 
(WT) and interleukin 10-deficient (IL-10-/-) mice were pre-treated with an antibi-
otic cocktail for three days followed by an i.p. injection of clindamycin two days 
later, before being challenged with an oral administration of Clostridium difficile 
(C. difficile) (cfu, colony forming units); B: The mice were divided into four 
groups (n = 10 each): a control and C. difficile challenge group each for WT and 
IL-10-/- mice. The control groups underwent all pretreatment processes in paral-
lel with the C. difficile challenge groups, but were not administered C. difficile. 
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Figure 2  Cytokine expression in bone marrow-derived dendritic cells after 
Clostridium difficile toxin A stimulation. The expression levels of interferon 
(IFN)-g, interleukin (IL)-12 and IL-23 mRNAs were examined in BMDCs ob-
tained from wild type (WT) and IL-10-deficient (IL-10-/-) mice. Error bars indicate 
standard error of the mean; aP < 0.05 vs WT.
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demonstrated that they are necessary for the develop-
ment of  intestinal inflammation[19,20]. Mouse models of  
gut inflammation induced by bacteria such as Citrobacter 
rodentium, Salmonella enterica, Bacteroides fragilis and Campylo-
bacter sp. have been reported, which provide mechanisms 
for bacteria-associated gastroenteritis[13]. Although ani-
mal models of  Clostridium-associated disease have been 
reported, there are no established models to study the 
mechanism of  Clostridium-aggravated intestinal inflam-
mation in IBD. The results of  the present study confirm 
that CDI causes acute colitis within three days, and 
demonstrate that this was significantly more severe in a 
mouse model of  IBD.

Various mouse models have been used to investigate 
IBD, the majority of  which are based either on chemical 
induction (with dextran sodium sulfate or 2,4,6-trini-
trobenzenesulfonic acid), immune cell transfer, or gene 
targeting. Mice deficient in IL-10 spontaneously develop 
IBD that progresses over several months, characterized 
by increased inflammatory cytokine production[21,22]. 
These mice rapidly develop severe, chronic IBD after 
treatment with piroxicam, a non-steroidal anti-inflamma-
tory drug, as endogenous prostaglandins are important 
inhibitors of  the development of  intestinal inflamma-
tion[23]. We therefore hypothesized that CDI would have a 
similar effect on these mice. We observed a development 
of  acute colitis from CDI that was amplified in IL-10-/- 

mice. Moreover, CDI resulted in histopathologic features 
typical of  C. difficile colitis in humans, such as epithelial 
cell damage, inflammatory cells infiltration, and submuco-
sal edema. To the best of  our knowledge, this is the first 
animal model of  established C. difficile-aggravated colitis 
in IBD, which provides a useful tool for studying the re-
lationship between C. difficile and host immune responses 
of  the gut in IBD. As CDI has emerged as a significant 
clinical challenge for IBD patients, the establishment of  
a novel relevant model will enhance our understanding 
of  the mechanisms involved, and precipitate the develop-
ment of  future therapies.

Cytokines play a central role in the development and 
control of  intestinal inflammation, particularly IL-12 and 
IL-23, which share the p40 subunit[24]. A pathogenic role 
for IL-23 signaling in CDI has been recently reported in 
both human and murine models[25]. Both IL-23 and IL-12 
have been demonstrated as more important than IFN-γ 
for inducing chronic inflammation in IL-10-/- mice[26,27]. 
However, in the present study, we observed a more 
dramatic increase in IFN-γ expression in the colonic tis-
sues of  IL-10-/- mice infected with C. difficile. Nonethe-
less, these results are consistent with a previous report 
in which IFN-γ played a decisive role in C. difficile toxin 
A-mediated enteritis through acute inflammatory reac-
tion with neutrophil infiltration[28]. Indeed, results from 
the in vitro analysis in the present study confirmed that 
C. difficile toxin A induces IFN-γ expression in BMDCs. 
IFN-γ triggers the secretion of  pro-inflammatory media-
tors by activated macrophages, and regulates the expres-
sion of  adhesion molecules[29,30]. IFN-γ also increases the 
permeability of  intestinal epithelial cells[31-33], which can 

C. difficile-induced weight loss
There was no difference in baseline body weights be-
tween the WT and IL-10-/- mice. C. difficile exposure 
resulted in weight loss within 2-3 d after administration 
(Figure 3). Weight loss was greater in the IL-10-/- than 
in the WT mice (P = 0.01), with 15% weight loss in the 
IL-10-/- mice by the fourth day compared to 7% loss in 
WT mice infected with C. difficile by the third day. The 
mice recovered their weight loss by the seventh day after 
C. difficile administration. 

Histopathologic features of C. difficile-induced colitis
On gross examination, mice with C. difficile-induced colitis 
exhibited shortened colons and colonic mucosal edema. 
Microscopic observation confirmed the presence of  des-
quamate or necrotic epithelial cells as well as extensive 
mucosal and submucosal edema, and an influx of  inflam-
matory cells (Figure 4). Histopathologic severity scores 
for the controls were 0.37 ± 0.1 and 0.45 ± 0.21 for the 
WT and IL10-/- groups, respectively. Challenge with C. 
difficile significantly increased the scores in both groups 
(Ps < 0.05). Moreover, the severity of  C. difficile-induced 
colitis was significantly greater in IL10-/- mice compared 
with WT (5.50 ± 0.53 vs 2.44 ± 0.46; P < 0.05).

Cytokine gene expression in mice with C. difficile colitis
C. difficile challenge induced an increase in IFN-γ mRNA 
that was ten-fold in WT mice, and significantly higher 
(> 100-fold) in IL-10-/- mice (P < 0.05 vs WT) (Figure 
5). In addition, there was a ten-fold increase in IL-12 
expression for both WT and IL-10-/- mice with C. difficile 
challenge, but not significant compared to non-challenge 
group. In contrast, there were no strain or treatment ef-
fects observed for the IL-23 mRNA expression.

DISCUSSION
Recent studies provide convincing evidence that intesti-
nal microbiota play a critical role in the pathogenesis of  
IBD[2,18], and germ-free and gnotobiotic techniques have 

WT + C. difficile  
IL-10-/- + C. difficile  

125

115

105

95

85

75
0             1             2             3             4             5             6

M
ea

n 
re

la
tiv

e 
w

ei
gh

t 
(%

)

Days post infection

WT
IL-10-/-

Figure 3  Body weight changes following Clostridium difficile challenge. 
Clostridium difficile (C. difficile) challenge induced a reduction in body weight 
that was greater in interleukin 10-deficient (IL-10-/-) compared to wild type (WT) 
mice. Error bars indicate standard error of the mean. 

Kim MN et al . C. difficile  infection aggravates colitis



17088 December 7, 2014|Volume 20|Issue 45|WJG|www.wjgnet.com

occur via widening of  the tight junctions, without trigger-
ing necrosis[34]. IFN-γ activation may be associated with 
the aggravation of  colitis in IL-10-/- mice infected with 
C. difficile, as a greater increase in IFN-γ expression was 
observed in these mice. It is plausible that an acute in-
flammatory reaction such as heavy neutrophil infiltration 
was induced by CDI infection in the IL-10-/- mice that is 
distinct from the chronic inflammatory reaction in colitis.

Dendritic cells play a critical role in the pathogenesis 
of  IBD due to the link between innate and adaptive im-
munity[35,36]. A recent paper demonstrated that surface 
layer proteins from C. difficile induce inflammatory and 
regulatory cytokines (IL-1β and IL-6) in human mono-
cytes and dendritic cells[37]. In addition, it has been re-
ported that C. difficile toxin A promotes dendritic cell 
maturation through p38 mitogen-activated protein kinase, 
an inhibitor of  IκB, and the NF-κB signaling pathway[38]. 

In the present study, we show that toxin A increased the 
expression of  IFN-γ in BMDCs. However, further stud-
ies are needed to explore the specific mechanisms of  
IFN-γ activation in dendritic cells by C. difficile toxin A.

The present study presents a model of  CDI-aggra-
vated colitis, which provides an additional platform for 
evaluation of  other substances that can exacerbate colitis. 
For example, some pre- and probiotics, advocated for 
their potential benefits in IBD, pouchitis and diarrhea, 
do not alleviate all symptoms. Intestinal inflammation 
was not reduced with Lactobacillus fermentum BR11 and 
fructo-oligosaccharide in an experimental model of  
colitis[39]. However, administration of  a cocktail consist-
ing of  six bacterial strains, including Anaerostipes sp., has 
been shown to relieve chronic CDI in mice[40]. In another 
study, Lactobacillus acidophilus was shown to modulate the 
virulence of  C. difficile[41].
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In conclusion, the results of  this study indicate that 
CDI induces more severe acute colitis in the IL-10-/- 
model of  chronic IBD. Moreover, this exacerbation likely 
involves IFN-γ, as expression of  this cytokine was dra-
matically enhanced. Use of  this novel mouse model will 
allow further investigation into mechanisms associated 
with CDI-induced aggravation of  intestinal inflammation 
in IBD and the pathogenic role of  C. difficile in mucosal 
immune dysregulation.
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Background
Inflammatory bowel disease (IBD), including Crohn’s disease and ulcerative coli-

tis, is a complex chronic inflammatory gastrointestinal disorder of unknown cause 
in a genetically predisposed host. There is accumulating evidence concerning 
the importance of microbiota in the pathogenesis of IBD, and infection with Clos-
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IBD patients. However, the pathogenic role of C. difficile is still unknown. 
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infection in a model of spontaneous, chronic IBD, for the purpose of exploring 
mechanisms of intestinal inflammation.
Innovations and breakthroughs
Although previous mouse models of C. difficile-associated disease closely 
resemble the human disease, there are no animal models of C. difficile-
aggravated IBD-like colitis. The present study utilizes interleukin 10-deficient 
(IL-10-/-) mice, which express a spontaneous, chronic form of IBD, and inves-
tigates the effect and mechanism of C. difficile-induced colitis. In vitro and in 
vivo experiments implicate the involvement of interferon (IFN)-γ in this process. 
Furthermore, the results establish a model of C. difficile-aggravated intestinal 
inflammation in IBD.
Applications
This study establishes an animal model of C. difficile-aggravated colitis in IBD, 
which provides a useful tool for studying the relationship between C. difficile 
infection and host immune response within IBD-affected intestinal mucosa.
Terminology
IL-10 is a cytokine with potent anti-inflammatory activity. IL-10-/- mice develop 
a spontaneous, chronic IBD-like colitis that can take months to develop. IFN-γ 
is a cytokine important for innate and adaptive immune response to infection. 
IL-12 and IL-23 are inflammatory cytokines important for the differentiation of 
T-cells.
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The authors examined the effect of C. difficile toxin A on cytokine expression in 
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induced IFN-γ gene expression in BMDCs and colonic tissues of the IL-10-/- 

mice. In addition, the IL-10-/- mice developed more severe colitis following C. 
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Figure 5 Cytokine expression in Clostridium difficile colitis. The expression of 
interferon (IFN)-g, interleukin (IL)-12, and IL-23 mRNAs in colonic tissues from A: 
Wild type (WT) control and Clostridium difficile (C. difficile)-challenged mice; B: IL-
10-deficient (IL-10-/-) control and C. difficile-challenged mice; C: Cytokine expression 
in the colonic tissues of WT and IL-10-/- mice after induction of C. difficile colitis. Error 
bars indicate standard error of the mean; aP < 0.05 vs untreated; cP < 0.05 vs WT.
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