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The intestinal microbiota dysbhiosis
and Clostridium difficile infection: is
there a relationship with inflammatory

bowel disease?
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Abstract: Gut microbiota is a compilation of microorganisms dwelling in the entire
mammalian gastrointestinal tract. They display a symbiotic relationship with the host
contributing to its intestinal health and disease. Even a slight fluctuation in this equipoise may
be deleterious to the host, leading to many pathological conditions like Clostridium difficile
infection or inflammatory bowel disease (IBD). In this review, we focus on the role of microbial
dysbiosis in initiation of C. difficile infection and IBD, and we also touch upon the role of specific
pathogens, particularly C. difficile, as causative agents of IBD. We also discuss the molecular
mechanisms activated by C. difficile that contribute to the development and exacerbation of

gastrointestinal disorders.
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Introduction

Microbial communities colonize all surfaces of
the human body, but in the gut, bacterial species
are colonized in greater densities known as the
microbiota or commensal microflora [Eckburg
et al. 2005; Marchesi and Shanahan, 2007]. It is
estimated that the adult human gut contains
around 10!* bacterial cells and more than 1000
different bacterial species [Eckburg ez al. 2005;
Savage, 1977]. However, these proportions can
vary greatly among individuals, and major shifts
in the gut microbiota are based on the host organ-
ism’s age, diet, and health status [Hooper ez al.
2002]. It is known that these bacterial cells in the
intestinal lumen have a continuous communication
with the host cells and form long-lasting, interac-
tive associations with their host. These associations
play a critical role in conservation of mucosal
immune function, epithelial barrier integrity, motil-
ity, and nutrient absorption [Ley er al. 2008;
Zoetendal et al. 2008; Bickhed er al. 2005;
Mazmanian et al. 2005]. Under normal condi-
tions, commensal microbes and their hosts enjoy
a symbiotic relationship. However, even a slight
disturbance in normal microbiota of the gut can
lead to an imbalance of host-microbe relation-
ships. This state of condition where microbial

imbalance exerts adverse effects on the host is
known as dysbiosis [Hawrelak and Myers, 2004].
It is known that intestinal microenvironment as a
unit provides an important protective, mucosal
defense mechanism, but there are ample lines of
evidence stating that change in the composition
of the commensal microbiota alters the intestinal
microenvironment making this niche vulnerable
to pathogenic insult [Manichanh er al. 2006;
Darfeuille-Michaud ez al. 2004; Swidsinski ez al.
2002]. Dysbiosis may be detrimental to the host,
leading to inflammation and mucosal tissue
damage that predisposes them to pathological
conditions like Clostridium difficile infection or
inflammatory bowel disease (IBD) [Lepage et al.
2008; Tamboli ez al. 2004; McFarland, 1998;
Jacobs, 1994].

C. difficile is an infectious Gram-positive spore-
forming bacillus microorganism of the gastroin-
testinal tract, and its toxin expression causes
gastrointestinal illness with a wide spectrum of
severity, ranging from mild diarrhea to pseu-
domembranous colitis, toxic megacolon, sepsis-
like picture and death [Dobson er al. 2003;
Mylonakis et al. 2001]. C. difficile is considered a
member of the normal gut microflora, however
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its growth is suppressed by the more dominant
anaerobes. Thus, the rate of colonization in
human gut for C. difficile is different for different
age groups — it is highest in early infancy and
decreases with age [Rolfe er al. 1981;Taylor ez al.
1981; Testore et al. 1986; Tullus ez al. 1989].

Host susceptibility to C. difficile infection and
recurrences result partly from inability of the
intestinal microbiota to resist C. difficile coloni-
zation. Colonization of gut cells by C. difficile is
a critical step in their pathogenic process which
depends on C. difficile colonization factors,
and on the microbiota colonization resistance
(barrier effect) [Pechine ez al. 2007]. Loss of
the commensal microbiota barrier effect and the
release of niches previously unavailable follow-
ing, for example, antimicrobial therapies allow
C. difficile to colonize the intestine [Wilson,
1993; Chang et al. 2008; De LLa Cochetiére ez al.
2008]. Direct interaction of C. difficile with the
intestinal epithelial cells begins a cascade of
inflammatory processes that contribute to intes-
tinal diseases such as diarrhea and pseudomem-
branous colitis.

Thus, on one hand, the composition of the intes-
tinal microbiota could play an important role as a
predisposing factor in the onset of the disease,
and on the other hand, under specific conditions
which alter the intestinal microbiota composition
and disrupt barrier effects, allow C. difficile to
multiply and colonize the gut.

It is marked from various studies that the micro-
biota plays an essential role in the pathogenesis of
IBD. Moreover, accumulating evidence suggests
that composition and function of gut microbiota
are abnormal in patients with IBD [Frank ez al.
2007]. Crohn’s disease (CD) and ulcerative colitis
(UQC) are the two major forms of IBD that closely
mimic intestinal infections. They occur in areas
with the highest luminal bacterial concentrations
and many microbial pathogens have been
suggested as causes [Lidar er al. 2009; Garcia
Rodriguez er al. 2006; Farrell and La Mont, 2002].
Despite the fact that there has been an increasing
incidence of C. difficile infection in people with
IBD during the past decade, it is still debated
whether C. difficile plays a role in the initial onset of
IBD [Bossuyt ez al. 2009; Ananthakrishnan ez al.
2008; Issa ez al. 2007; Rodemann ez al. 2007].

It is known that C. difficile plays an important
role in initiation and perpetuation of intestinal

inflammation. However, there are certain questions
to be answered: Are gastrointestinal disorders
such as IBD associated with C. difficile? What is
their reservoir? Are these bacteria sufficient to
drive IBD pathogenesis? This article is an over-
view of the scientific findings about the causal
relationship between intestinal microbiota dys-
biosis and gastrointestinal diseases, including
C. difficile infection and IBD. It also focuses on
the role of C. difficile in initiation of the proin-
flammatory response in human gut. This event
is thought to be an early step in the development
of mucosal inflammatory responses which char-
acterizes gastrointestinal diseases, such as IBD.
Finally we describe the possible relationship
between C. difficile and IBD.

Importance of the human intestinal

microbiota

The healthy gut microbiota is involved in a
dynamic interaction with the host and promotes
its health and wellbeing. The combined consor-
tium of the human body and its gut microbiota is
known as the ‘superorganism’, which is embraced
with human and bacterial genes [Ley ez al. 2006].
The totality of microbes and their genetic ele-
ments together are signified as the ‘microbiome’.
It has been estimated that the microbiome has
100 times more genes than that of human genes
present in our body. The microflora of the intes-
tinal microenvironment as an entity provides
important protective, immune regulatory and
metabolic functions. Intestinal microflora serve
a central line of resistance to colonization by
exogenous microbes, and thus play a vital role in
constraining potential incursion by succeeding
pathogens. This defensive mechanism against
pathogenic bacteria is known as the barrier effect
or colonization resistance. Accruing evidence
reveals that the gut microbiota plays a significant
role in immune function and energy metabolism
of the host. The immune regulatory function
consists of priming the mucosal immune system
and maintenance of intestinal epithelial homeo-
stasis [Cash ez al. 2006; Bry ez al. 1996]. The
intestinal microflora also makes an important
metabolic contribution through breaking down
the complex indigestible dietary carbohydrates
and proteins, with subsequent generation of
fermentation end products like short-chain fatty
acids. They also play a major role in production
of vitamins, ion absorption and conversion of
dietary polyphenolic compounds into their active
form [Falony ez al. 2006].
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Composition of the human gut microbiota

The intestine is an open ecological system that is
colonized immediately after birth by a microbial
population. It is estimated that the human
microbiota contain 104 bacterial cells. The com-
position of the intestinal flora changes with age
and the gradual changes are observed in early
childhood, with a general reduction in the num-
ber of aerobes and facultative anaerobes and
an increase in the obligate anaerobic species
[Hopkins ez al. 2005]. A study by Palmer and
colleagues showed that, between 1 and 2 years of
age, the human gut microbiota starts to resemble
that of an adult [Palmer ez al. 2007]. In contrast,
work by Agans and colleagues showed that the
intestinal microbiota of adolescents varied sig-
nificantly from that of adults [Agans er al.
2011]. However, studies using nucleic-acid-based
approaches (targeting 16S rRNA) have shown
that normal intestinal flora is conquered by sev-
eral major bacterial divisions, that is, Firmicutes,
Bacteroidetes, Actinobacteria, Proteobacteria,
Fusobacteria, Verrucomicrobia, Cyanobacteria and
Spirochaeates [Rajilic-Stojanovi¢ et al. 2007;
Eckburg ez al. 2005;Wang ez al. 2005]. The same
studies described the vast diversity of bacterial
species and identified the dominant bacterial
groups as Bacteroidetes and Firmicutes. Notably,
proportions and compositions of Bacteroidetes were
consistently stable within individuals whereas
the Firmicutes showed large variation. The gut
microbial species composition varies greatly
among individuals. Each individual represents a
unique collection of bacterial species, which is
highly stable over time [Zoetendal er al. 1998].
Moreover, it should be noted that genetic factors
play an important role in human gut microbiota
development, although the environment also
drives species acquisition.

It is known that the adult human intestinal micro-
biota is dominated by the phylum Firmicutes.
Clostridium is a genus of Gram-positive bacteria,
belonging to the family of Firmicutes. Clostridium
is well known as a gut colonizer, which is found
significantly in infants and adults [Eckburg ez al
2005; Wang ez al. 2005; Tullus ez al. 1989; Bolton
et al. 1984].

Clostridium is genetically a very heterogeneous
group, and is the largest among the anaerobic
spore-forming genera. Currently it has more than
120 species which are divided into 19 clusters
[Briggemann and Gottschalk, 2008]. It includes

both beneficial species which are involved in meta-
bolic pathways and pathogenic bacteria, responsi-
ble for a wide spectrum of diseases. For instance,
cluster XIVa (C. coccoides group) dominates the
colon of adults, and Roseburia and Eubacterium rec-
tale-C. coccoides group are involved in the produc-
tion of short-chain fatty acids like butyrate used as
fuel for the host’s colonocytes. In addition, butyrate
has anti-inflammatory effects that result from inhi-
bition of transcription factor nuclear factor «B
(NFkB), leading to a decreased secretion of proin-
flammatory cytokines [Pryde er al. 2002; Segain et
al. 2000]. Cluster IV (C. leptum group) is the sec-
ond group in the adult colon, and Faecalibacterium
prausnitzii is an important member of this cluster
[Eckburg ez al. 2005; Hold ez al. 2002]. Cluster I is
the largest of the clostridial groups. Species belong-
ing to this group include pathogens such as C. retan:
and C. botulinum, opportunistic pathogens such as
C. perfringens, and more harmless members, such as
C. buryricum [Collins et al. 1994]. C. perfringens is
common in the normal intestinal microbiota and is
the most frequently isolated clostridia from clinical
specimens.

C. difficile is one of the pathogens belonging to
cluster XI. The rate of colonization for C. difficile
is different in different age groups; it is highest in
infants and decreases with age [Rolfe er al. 1981;
Tullus er al. 1989]. During infancy, asympto-
matic carriage of C. difficile in the gastrointestinal
tract is very common. Many infants are colo-
nized by C. difficile strains during the first 2 years
of life but this colonization is rarely associated
with C. difficile infection [Collignon ez al. 1993],
even though high levels of toxins A and B might
be present [Tullus ez al. 1989; Bolton ez al. 1984].
According to previous studies, the prevalence
rate of C. difficile in the gut microbiota of healthy
human adults was estimated to be 0-17%
[Nakamura er al. 1981; Kobayashi er al. 1983;
George, 1986]. However, lizuka and colleagues
suggested that toxigenic C. difficile might be
present in the gut microbiota of healthy human
adults more frequently (53.3%) than previously
assumed [lizuka er al. 2004].

C. difficile does not cause any significant disease
when it is present in small numbers. However, dis-
turbance of the normal intestinal flora (dysbiosis)
by several potential causative factors may result
in unlimited expansion of C. difficile in the micro-
biota, leading to inflammation and damage of
the gut mucosa [Wilson, 1993].
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Summarizing, the human gastrointestinal tract is
an ecosystem rich in microbial species where the
Clostridium genus plays an important role.

Dysbiosis

The gastrointestinal tract is known to be a com-
plex and finely balanced ecosystem. It is one of
the largest interfaces between the outside world
and the human internal environment. The gut
microbiota is highly vulnerable to changes in
the gut microenvironment. Under normal condi-
tions, commensal microbes and their hosts enjoy
a symbiotic realationship. However, any imbalance
in this equilibrium via qualitative and quantita-
tive changes in the intestinal flora itself, changes
in their metabolic activities, and changes in their
local distribution leads to a condition where
microbial imbalance exerts adverse effects on the
host known as dysbiosis [Hawrelak and Myers,
2004]. Dysbiosis might have serious health con-
sequences, leading to many chronic and degen-
erative diseases [Hawrelak and Myers, 2004;
Holzapfel ez al. 1998]. Many factors like antibiotics,
psychological stress, physical stress, modern diet
and hygiene can harm the microbial stability, and
thus, contribute to intestinal dysbiosis [Hawrelak
and Myers, 2004; Bernstein and Shanahan, 2008].
Dysregulation of adaptive and innate immunity
and genetic factors might also play a role in con-
tributing to intestinal dysbiosis. Compelling evi-
dence shows a pivotal role of intestinal microbiota
dysbiosis in the development of gastrointestinal
diseases, such as C. difficile infection and IBD,
small intestinal bacterial overgrowth, functional
gastrointestinal disorders including irritable bowel
syndrome, and colorectal cancer [Lepage et al
2008; Tamboli et al. 2004; McFarland, 1998;
Jacobs, 1994].

Thus, ample evidence in the literature confirmed
that dysbiosis is an important clinical entity, and
knowledge about the factors which play a causa-
tive role in this condition is important.

Dysbiosis and expansion of Clostridium

difficile

Composition of the individual’s flora can fluctuate
under some circumstances, for example, acute
diarrhea, antibiotic treatment, or to lesser extent,
dietary intrusions. Any of these factors can influ-
ence the composition of the commensal microbi-
ota, which can alter the intestinal environment
making the niche susceptible to pathogenic agents.

The use of antibiotics is most common and
important cause for major change in normal gut
microbiota. These antimicrobial agents potentially
influence the microbiota by shifting the relative
proportion of community members, allowing
them the opportunity to establish. Antibiotic ther-
apies eliminate members of the community by
destroying them directly or indirectly by breaking
necessary mutualistic interactions [Jernberg et al.
2007; Sullivan ez al. 2001].Thus, the loss of micro-
bial equilibrium creates an intestinal environment
susceptible to pathogenic agents like C. difficile and
subsequent C. difficile-associated disease [Kelly
and LaMont, 1998].

Barc and colleagues showed that amoxicillin
clavulanic acid treatment did not enumeratively
modify the total microbiota; however, the
Bacteroidetes and the Enterobacteriaceae groups
increased and simultaneously the C. coccoides-
Eubacterium rectale group decreased dramatically
under the treatment [Barc er al. 2004]. This dise-
quilibrium induced by antibiotics may be respon-
sible for diarrhea and may also facilitate intestinal
colonization by C. difficile. But these finding are
contrary to the work done by Manges and
colleagues, who illustrated that the low levels of
Bacteroidetes is significantly associated with devel-
opment of C. difficile-associated disease (CDAD)
[Manges er al. 2010]. In addition, Tvade and
Rask-Madsen found that absence of Bacterioides
may result in chronic relapsing C. difficile diarrhea
[Tvade and Rask-Madsen, 1989]. A study by
Rousseau and colleagues showed that in infants
a low Firmicutes and Bacteroides ratio and an
increase in facultative anaerobes might facilitate
colonization by C. difficile without any antibiotic
treatment [Rousseau er al. 2011]. Presence of a
Firmicutes species such as Ruminococcus gnavus
and C. nexile in significant quantities is also asso-
ciated with C. difficile colonization of the epithelial
cells. These two species have been shown to pro-
duce a trypsin-dependent antimicrobial substance
against C. perfringens but with less activity against
C. difficile [Marcille ez al. 2002].

Based on epidemiological evidence, the other fac-
tors responsible for development of C. difficile
pathogenesis are notably H2-receptor antagonists
and proton-pump inhibitors (PPIs). PPIs and
H2-receptor antagonists are associated with sup-
pression of gastric acid which increases intragas-
tric bacterial counts and small bowel colonization
[Dial ez al. 2005, 2006; Aldeyab ez al. 2009]. These
effects may occur by antimicrobial-independent
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or antimicrobial-dependent mechanisms. PPIs
enhance the survival of C. difficile through the
stomach [Thomson ez al. 2010]. However, a study
done by Nerandzic and colleagues presented con-
flicting evidence about PPIs, stating that their
effects in the stomach do not contribute to the
pathogenesis of C. difficile infection [Nerandzic
et al. 2009].

Another common but less recognized etiological
factor which leads to expansion/colonization of
the human gut by C. difficile is the prolonged use
of elemental diets in critically ill patients with an
impaired upper gastrointestinal tract [O’Keefe,
2010; Iizuka er al. 2004]. Experimental studies
showed that such diets are absorbed within the
small intestine and therefore deprive the colonic
microbiota of their source of nutrition, namely
dietary fiber, fructose oligosaccharides, and resist-
ant starch [lizuka er al. 2004]. The absence of
fiber and resistant starches not only disturbs
microbiotal balance but also deprives the colonic
epithelium of its chief energy sources [O’Keefe,
2008]. As a result colonic fermentation is sup-
pressed which leads to a decline in beneficial bac-
teria, creating a niche for C. difficile expansion/
colonization. Once the C. Difficile colonizes the
host it results in mucosal inflammation induced
by the cytotoxic factors, disrupting the epithelial
barrier [Starr, 2005; Pothoulakis and LaMont,
2001]. Toxins A and B enter the colonic cells and
kill the cells by multiple mechanisms [O’Keefe,
2010].

Thus, these findings indicate that the intestinal
dysbiosis should be considered as a mechanism
leading to C. difficile expansion and subsequent
infection.

Disbiosis in inflammatory bowel disease

Intestinal balance is sustained by a constant cross-
talk between the intestinal microbiota and the
host. The coevolution of these two partners leads
to an establishment of a mutual beneficial rela-
tionship. However, an alteration in the bowel
flora composition and its activities leads to many
chronic and degenerative diseases. Major modifi-
cations of the intestinal microbiota were observed
in patients with severe gastrointestinal problems.
Despite the fact that the dysbiosis of the gut
microbiota is a common feature in patients with
IBD, in most cases, it cannot be determined
whether these changes are casual or merely con-
sequences of the activated immune and

inflammatory response [Peterson er al. 2008].
However, dysbiosis in IBD is considered a symp-
tom when there is an overall decrease in biodi-
versity, especially a decrease in Firmicutes, in
particular clostridia groups IV and XIVa and
Bacteroides, with an increase in the number of
Enterobacteriaceae and the presence of unusual
bacteria [Frank er al. 2007; Manichanh er al.
2006; Swidsinski ez al. 2002]. Some characteris-
tics of dysbiosis are not only specific for IBD type
(CD and UQC) but also for other gastrointestinal
inflammatory conditions such as acute self-
limited colitis [Sokol ez al. 2009]. Any changes
associated with the composition of gut microbiota
leads to colonization of intestinal epithelial cells by
endogenous or exogenous pathogens. The fun-
damental question of whether specific microor-
ganisms could initiate the onset of IBD was studied
by Schumacher and colleagues [Schumacher ez al.
1993]. As a result of the microbiological evaluation,
13 out of 61 patients with IBD showed microbial
agents, specifically, Yersinia enterocolitica, Salmonella
typhi, Campylobacter jejuni, Aeromonas hydrophila,
Listeria monocytogenes, Escherichia coli, Myco-
bacterium avium paratuberculosis, Chlamydia and
C. difficile were suggested as etiologic agents
responsible for IBD [Lidar ez al. 2009; Darfeuille-
Michaud er al. 2004; Schumacher et al. 1993;
Burnham er al. 1978]. However, there is no
conclusive evidence that a specific pathogen is
responsible for onset or relapses of IBD [Frank
et al. 2007].

In summary, it is more likely that microbial
dysbiosis and lack of beneficial bacteria may
lead to the inflammatory response characteristic
of IBD.

Evidence for role of Clostridium difficile

in inflammatory bowel disease

It is stated in the literature that C. difficile infec-
tion should be included in the diagnosis of
patients with IBD symptoms as it is well known to
induce or mimic a flare of IBD [Issa er al. 2007;
Rodemann ez al. 2007]. The similarity in symp-
toms (diarrhea, abdominal pain, low-grade fever)
between C. difficile infection and IBD makes it dif-
ficult to distinguish between them. However, the
past decade has seen an alarming increase in the
burden of disease associated with C. difficile and
its role in IBD [Musa et al. 2010; Ananthakrishnan
et al. 2008; Jarvis et al. 2009; Issa et al. 2007;
Rodemann ez al. 2007; Kuijper ez al. 2006; Pepin
et al. 2004]. The association between IBD and

http://tag.sagepub.com

57



Therapeutic Advances in Gastroenterology 6 (1)

C. difficile may be due to a variety of factors,
including drugs used in medical treatment, which
might alter the intestinal flora and promote
colonization, altered immune status possibly
related to therapeutic agents, nutritional status
and frequent hospitalizations [Freeman, 2008;
McFarland ez al. 2007].

The role of C. difficile infection in IBD has been
noted; however, the fundamental question of
whether C. difficile infection is a cause of IBD or a
consequence of the inflammatory state of the
intestinal environment still needs to be answered.
C. difficile may cause an infectious colitis superim-
posed on IBD, or in some patients, may precipi-
tate an IBD flare leading to two separate but
simultaneous inflammatory processes. The other
possibility is that C. difficile may be just a colonizer
and that IBD flare probably occurs independently.
Given the uncertainty in the pathogenesis of
IBD and its multifactorial character [Danese and
Fiocchi, 2006] we can conclude that disturbance
of the intestinal flora by a broad spectrum of caus-
ative factors gives C. difficile the chance to expand
and produce toxins that cause inflammation and
damage to gut epithelial cells. The adhesion of
bacteria and the increased permeability of intesti-
nal mucosa in gastroenteritis are held to be impor-
tant in the pathogenesis of IBD. In this context,
C. difficile is known to have a vital role in the etiology
of IBD [Stallmach and Carstens, 2002]. Moreover,
it appears that the events during C. difficile infection
are responsible for initiation of the cascade of
inflammatory processes which could play an impor-
tant role in the clinical initiation of IBD.

Several epidemiological studies have documented
more cases of C. difficile infection in patients with
UC and CD (adult and pediatric patients) than
controls and the worse outcome in was found in
patients with IBD [Musa er al. 2010; Wultanska
et al. 2010; Bossuyt ez al. 2009; Ananthakrishnan
et al. 2008; Issa et al. 2007; Rodemann er al.
2007]. Patients with IBD and colonic involvement
exhibited a significant association with develop-
ment of C. difficile infection, both those with CD
and UC. More recent data from a retrospective
observational study by Issa and colleagues found
that the rate of C. difficile infection in patients
with IBD increased from 1.8% in 2004 to 4.6%
in 2005. The majority of cases reported in 2005
were colonic IBD (91%) and outpatient-acquired
infections (76%) [Issa et al. 2007]. The study by
Powell and colleagues suggested that the relative
increase in C. difficile infection in UC compared

with CD was due to the extent of colonic involve-
ment in UC rather than the difference in nature
of the two diseases [Powell ez al. 2008].

However, there is an ongoing debate as to whether
C. difficile infection represents a risk factor for
the development of IBD, or whether inflammation
present during the course of IBD predisposes
people to C. difficile infection.

Role of Clostridium difficile toxin in
inflammatory bowel disease

Almost three decades ago, LaMont and Trnka
postulated that C. difficile toxin complicates
chronic IBD and contributes to relapse in some
patients [LaMont and Trnka, 1980]. C. difficile
toxin was found in the stool of patients with IBD,
suggesting that C. difficile can cause worsening of
disease activity in patients with IBD [Trnka
and LaMont, 1981]. C. difficile toxin was also
suggested as a contributory factor to mucosal
injury in IBD by Meyers and colleagues [Meyers
et al. 1981]. However, the authors showed that
C. difficile toxin appeared only in patients exposed
to antimicrobials and was unlikely to be a signifi-
cant contributory factor in IBD, and the presence
of toxin was not correlated with disease severity.
Keighley and colleagues concluded that C. difficile
cytotoxin was rare in patients with IBD, unless
the patient had been exposed to antibiotics, and
the isolation of this organism (without toxin)
was therefore of doubtful pathological signifi-
cance [Keighley er al. 1982]. The authors showed
that the absence of toxin detection might have
been due to insufficient numbers of clostridia to
produce a measurable level of cytotoxin or pro-
duction of only small amounts of toxin by the
clostridia. However, some studies showed that
C. difficile and its toxins have been implicated as
risk factors for exacerbation of the inflamma-
tory process in up to 5% of patients with UC
or CD. A severe clinical course may result from
C. difficile infection superimposed on IBD, includ-
ing toxic megacolon and toxic colitis [Bolton and
Read, 1982].

C. difficile infection can cause acute enteritis in
patients with IBD and ileostomies, while colitis in
the rectal stump of a patient with ileostomy and
colectomy for UC has been reported [Tsironi ez al.
2006]. Moreover, C. difficile toxin was detected in
ileostomy fluid with symptomatically increased
ileostomy output [LaMont and Trnka, 1980]. This
finding suggested that C. difficile, under special
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circumstances, might be able to cause small bowel
and colonic disease.

Typical evidence of colonic changes with C. difficile
infection, including pseudomembranous exudate,
are often not present in patients with underlying
CD or UC [Nomura er al. 2009; Skaros ez al.
2007]. However, a severe clinical course may
result, including precipitation of toxic colitis and
toxic megacolon. Why pseudomembranes are
infrequently seen in IBD is unclear. One possible
explanation is that the weakened intestinal epi-
thelial environment of a patient with chronically
active IBD 1is unable to mount an adequate
inflammatory response to form a pseudomem-
brane. The absence of pseudomembranes can be
associated with immunosuppression as studies
suggest that patients with bone marrow or stem
cell transplants on immunosuppression, and those
with UC on steroids, did not develop pseu-
domembranes with C. difficile infection [Nomura
et al. 2009].

In summary, at present there is no clear epidemio-
logical evidence that C. difficile infection precedes
IBD. In the next section we describe the mecha-
nisms by which C. difficile activates the proin-
flammatory response that contribute to intestinal
diseases such as diarrhea and pseudomembranous
colitis. We hypothesize that these responses may
contribute towards the development or exacerba-
tion of IBD.

Pathogenesis of Clostridium difficile

The clinical appearance of C. difficile infection
is highly variable, ranging from mild self-limited
diarrhea to severe pseudomembraneous colitis.

Epithelial expansion/colonization by bacteria and
toxins, and the induction of cytokines enhance
mucosal permeability. If the mucosal barrier is
broken, an influx of luminal antigens may result
in the perpetuation of intestinal inflammation
by chronically stimulating resident and recruited
immune cells of the lamina propria [Stallmach
and Carstens, 2002].

The first step in C. difficile pathogenesis is that ini-
tially it must be entrenched in the gut and attach
to epithelial cells. Well known virulence factors
which play a role in adherence and intestinal colo-
nization of C. difficile have been identified and
these include proteolytic enzymes (i.e. cysteine
protease) and adhesins (cell-wall protein Cwp66, the

GroEL heat-shock protein, a 68 kDa fibronectin-
binding protein), and the flagella components
FliC (flagellin) and FliD (flagellar cap protein)
[Hennequin ez al. 2001, 2003;Waligora ez al. 2001;
Tasteyre ez al. 2001].

The second phase of the pathogenic process is
the production of toxins. C. difficile toxins (toxins
A and B) target the colonic epithelium directly.
This is one of the most important events as it
disrupts tight junctions to breach the intestinal
epithelial barrier. As a result of toxin-induced
changes, filamentous actin comprising the peri-
junctional actomyosin ring, known to be important
in regulating tight junction permeability, is con-
densed into discrete plaques, resulting in a loss of
electrical resistance and increased paracellular
permeability from the luminal domain [Moore ez al.
1990; Hecht er al. 1992]

The loss of tight junctions and enhanced mucosal
permeability leads to an array of consequences,
including penetration, translocation of bacteria
and their products between epithelial cells, and
also promotes access of neutrophils to the intesti-
nal lumen. An intense inflammatory response and
neutrophil infiltration are essential for the patho-
physiology of CDAD. Neutrophilic infiltration can
be pronounced in patients with CDAD in that the
neutrophils, together with fibrin, form plaques
known as pseudomembranes on the colonic wall
[Gerding ez al. 1995]. Release of reactive oxygen
species and enzymes from activated neutrophils is
likely to act synergetically with both toxins to pro-
duce tissue destruction. The mechanism by which
neutrophils are recruited to sites of inflammation
is complex and involves the expression of leuko-
cyte and endothelial cell adhesion molecules,
followed by neutrophil attachment and adhesion
to the endothelium, and finally transmigration of
neutrophils into the intestine mucosa [Springer,
1994]. These events are driven by production of a
wide range of chemoattractants, and by activating
cytokines that establish a chemotactic gradient
and induce the expression of adhesion molecules
in both endothelial cells and neutrophils. IL-8 is the
principle cytokine involved in migration and acti-
vation of neutrophils. Release of IL-8 from immune
cells and epithelial cells appears to be a critical
event in inflammatory cascade after C. difficile infec-
tion. The molecular mechanism by which C. difficile
induces the inflammatory process involves activa-
tion of NFkB, which appears to be required for
transcription of the IL-8 gene [Kim ez al. 2006;
Jefferson ez al. 1999].
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NF«kB was originally identified as the transcrip-
tion factor that activates the promoter of the
region of the immunoglobulin light chain locus in
B lymphocytes [Barnes, 1997]. Since its initial
discovery, investigators have demonstrated that
NF«B is a key transcriptional factor controlling
the expression of genes mediating the inflamma-
tory response. Moreover, it is clear from various
studies that NF«B is very likely to play a key role
and it seems that by analyzing transcriptional
regulatory mechanisms in intestinal inflammation
we can gain fundamental insights into the patho-
genesis, prognosis and treatment of intestinal
diseases, including C. difficile infection and IBD.

The excessive immune reaction in the mucosa in
response to C. difficile could be responsible for the
persisting and destructive nature of the inflamma-
tion that is a common feature in gastrointestinal
disorders, such as IBD.

Clostridium difficile toxicity

C. difficile plays a crucial role in the pathogenesis
of pseudomembranous colitis and diarrhea by
releasing two toxins, A and B, with potent cyto-
toxic and proinflammatory properties [Savidge
et al. 2003; Pothoulakis and LaMont, 2001].
These toxins are glucosyltransferases, which cata-
lyze the inactivation of Rho proteins that control
cellular functions, including the organization of
the actin cytoskeleton and epithelial barrier func-
tion [Jank er al. 2007; Voth and Ballard, 2005;
Schirmer and Aktories, 2004]. Both toxins act via
translocation into target cells, and do their
damage through autocatalytic processes by inac-
tivating guanosine triphosphate (GTP)-binding
proteins of the Rho GTPase family, such as Rho,
Rac, Cdc42, involved in cellular signaling [Jank
etal. 2007; Henriques ez al. 1987; Just ez al. 1995].
Thus, glucosylation of Rho GTPases leads to actin
cytoskeleton disaggregation, increased membrane
permeability, loss of barrier function, cell round-
ing, cytotoxicity, and ultimately cell death [Voth
and Ballard, 2005]. In addition, the C. difficile tox-
ins are involved in tissue-damaging inflammatory
processes by initiating massive cellular immune
responses; that is, neutrophilic infiltration with
upregulation and release of cytokines, such as
IL-8, IL-6, IL-1B, leukotrienes B4 and interferon
v [Voth and Ballard, 2005].

C. difficile toxins also induce both apoptosis and
necrosis of epithelial cells. Moreover, the apopto-
genic properties of toxin A and B are well known,

and they may contribute to the inflammatory pro-
cess induced by these toxins [Mahida ez al. 1996;
Fiorentini ez al. 1998; Brito er al. 2002].

Binding of C. difficile toxins to specific surface
receptors appears to be an important step in the
expression of the biological actions of C. difficile
toxins. It was previously shown that toxin A
binds to trisaccharide a-Gal-(1,3)-B-Gal-(1,4)-
B-GlcNac [Krivan et al. 1986]. However, because
of a lack of the functional a-galactosyltransferase
required for assembly of this trisaccharide in
humans, this structure cannot be part of intesti-
nal receptors in humans [Jank ez al. 2007; Koike
et al. 2000]. This implies that toxin A binds to
human enterocytes via different oligosaccharides
or possibly by protein—protein interaction. Thus,
the disaccharide GalB1-4GIcNAc, which is
present in humans, has been suggested to be part
of a possible receptor. Our understanding of the
toxin B receptor is even more limited.

Toxin A and proinflammatory signaling

The mechanism of toxin A-mediated inflamma-
tion involves activation of immune and inflamma-
tory cells,leading to the release of proinflammatory
mediators, acute neutrophil infiltration, and
intestinal mucosal injury [Warny ez al. 2000;
Jefferson er al. 1999; Linevsky et al. 1997]. NF«xB
appears to be the most important transcription
factor of various inflammatory mediators and the
main regulator of inducible expression of the IL-8
gene in cells exposed to C. difficile toxin A. In
addition to NFkB, expression of the IL.-8 gene in
response to toxin A is dependent on activation of
a second transcription factor, activator protein 1
(AP-1). Toxin A induced IL-8 expression at
the level of gene transcription and this effect
occurs through a mechanism requiring intracel-
lular Ca2+, calmodulin and calcium/calmodulin-
dependent kinase (CaMK) [Kim er al. 2006;
Jefferson er al. 1999]. Generally, transcriptional
activation of cytokine genes occurs when the
stimulus interacts with the cell in such a way that
its message is relayed to the transcription factor
directly responsible for transcriptional activation
of the gene. This signal transduction pathway
involves activation of a cascade of intracellular
protein kinases. Although phosphatidylinositol 3
kinase (PI3 kinase) plays an important role in a
variety of intracellular signaling pathways, Jefferson
and colleagues showed that the PI3 kinase inhibi-
tor wortmannin did not block the upregulation of
IL-8 by toxin A [Jefferson er al. 1999]. However,
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toxin A-induced release of IL.-8 decreased in the
presence of protein tyrosine kinase (PTK) inhibitor,
indicating a presence of PTK-dependent pathways
implicated in upregulation of IL-8. Internalization
of toxin A through an endosome-like pathway is
required to effectively induce IL.-8 secretion from
monocytes, while cell surface binding is not suf-
ficient to induce IL-8 secretion. In summary,
toxin A-induced secretion of IL-8 from human
monocytes results from an activation pathway
that involves Ca2+/calmodulin, CaMK, PTK,
NF«xB, and AP-1 activation (Figure 1(a)) [Kim
et al. 2006; Jefferson ez al. 1999]. NF«xB may also
be involved in the transcriptional activity of other
cytokines known to be induced by C. difficile toxin
A, including IL-1, IL-6, and tumor necrosis
factor oo (TNFa) [Flegel ez al. 1991].

A study by Warny and colleagues showed that, in
human monocytic cells, p38 mitogen-activated
protein (MAP) kinase and extracellular signal-
regulated kinase (ERK) are activated by C. difficile
toxin A and are responsible for I1.-8 gene expres-
sion (Figure 1(a)). Interestingly, toxin A interac-
tion with cell-surface receptors may trigger p38
MAP kinase and ERK activation before Rho
protein glucosylation, indicating the presence of a
Rho-independent pathway. Rho glucosylation is
detected later because this event is required for
toxin internalization and translocation into the
cytoplasm. MAP kinase activation in a Rho-
independent manner gave rise to the hypothesis
that toxin A-induced IL-8 production might be
independent of enzymatic activity of toxin A. This
hypothesis could be supported by the fact that the
active forms of the GTP-binding proteins have
been implicated in the activation of inflammatory
cytokine gene transcription. The Rho family
GTPases, including Cdc42 and Rac, have been
shown to regulate p38 MAP kinase and c-Jun
N-terminal kinase (JNK), whereas Rho, Cdc42,
and Rac have been associated with NFkB activa-
tion. However, Rho inactivation by C. difficile tox-
ins blocked the activation of p38 and JNK kinases
as well as activation of transcriptional factors,
NF«kB,and AP-1 [Montaner ez al. 1998; Naumann
et al. 1998; Pan et al. 1998; Wesselborg er al
1998; Perona er al. 1997]. Because Rho proteins
appear to coordinate cytokine gene transcription
in response to inflammatory stimuli, their inacti-
vation by toxin A would not be expected to trigger
an inflammatory response. Activation of p38 MAP
kinase has been reported to be a glucosyltransferase-
independent effect of toxin A, possibly mediated

by reactive oxygen species [Kim er al. 2005].
However, a role for Rho glucosylation in IL-8
gene expression cannot be excluded. A study by
Beltman and colleagues showed that inactivation
of RhoA protein by C. botulinum C3 toxin might
induce MAP kinase activation [Beltman ez al
1999].

Toxin B and proinflammatory signaling

In human intestinal cells, toxin B, like toxin A, has
been shown to induce intestinal epithelial dam-
age, increase mucosal permeability, stimulate
IL-8 synthesis, and elicit an acute inflammatory
response characterized by neutrophil recruitment
[Lyras er al. 2009; Na er al. 2005; Savidge et al.
2003]. C. difficile toxin B mediates the inflamma-
tory response, which is linked to increased IL-8
gene expression by activation of epidermal growth
factor receptor (EGFR) and ERK-MAP kinase
activation [Na er al. 2005]. Activation of EGFR
has been shown to mediate ERK-MAP phos-
phorylation in response to extracellular stimuli,
including bacteria, bacterial products, and ligands
for G protein-coupled receptors [Daub ez al
1996]. Although both toxins of C. difficile are able
to phosphorylate ERK1/2 in human colonic epi-
thelial cells, only toxin B has been shown to acti-
vate EGFR. Toxin A-mediated ERK1/2 activation
could not be blocked by EGFR inhibitor, sug-
gesting that these toxins probably bind to sepa-
rate cell surface receptors and trigger the different
signaling cascade to activate MAP kinase signaling.
Toxin B activates ERK-MAP kinase by binding
to an as yet undefined colonocyte membrane
receptor, and via a pathway dependent on EGFR
phosphorylation induced by metalloproteinase
(MMP)-dependent transforming growth factor
o (TGFa) secretion (Figure 1(b)). Release of
TGFa from colonocytes was detected within 5 min
of toxin B exposure, but Rho glucosylation during
30-60 min because this process needs toxin
internalization and translocation. Rapid release of
TGFa suggested that toxin B-induced EGFR-
MAP kinase activation and secretion of IL-8
are independent of Rho glucosylation [Na et al
2005]. IL-8 gene expression is often linked to
the NFxB pathway, but showed that the toxin
B-mediated NF«xB signaling response, that is,
IxB phosphorylation, degradation, and NF«xB
phosphorylation, was not detected, indicating
that EGRF-ERK activation but not NFkB are
important for toxin B-mediated IL-8 expression
[Na ez al. 2005].
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Figure 1. (a) Mechanism of Clostridium difficile toxin A-mediated inflammation. After receptor binding, toxin
Ais internalized into target cells (Rho-dependent signaling) and induced interleukin (IL]-8 expression at the
level of gene transcription; this effect occurred through a mechanism requiring intracellular Ca2+, calmodulin,
calcium/calmodulin-dependent kinase (CaMK)], protein tyrosine kinase (PTK], and nuclear factor kB (NFkBJ,
and activator protein 1 (AP-1) activation. The Rho-independent signaling pathway induced by toxin A in human
monocytic cells occurred through a mechanism requiring interaction with surface receptor, p38 mitogen-
activated protein (MAP) kinase and extracellular signal-regulated kinase (ERK) activation. Kinase activation
leads to NFxB translocation and IL-8 gene expression in target cells. (b). Mechanism of C. difficile toxin
B-mediated inflammation. Toxin B through an unidentified membrane receptor activates the ERK-MAP kinase
pathway via signaling dependent on epidermal growth factor receptor (EGFR]. Metalloproteinase (MMP)-
mediated transforming growth factor a. (TGFa] is needed for phosphorylation of EGFR. Toxin B-mediated
EGFR and ERK-MAP kinase activation and IL-8 gene expression are independent of Rho glucosylation. NFkB
activation is not linked to toxin B-mediated IL-8 expression gene, but other unidentified signaling pathways
may be involved in this process. EGFR activation of the MAP kinase-associated pathway has also been
associated with cell proliferation and tissue repair. This process recruits the RAS-RAF-MAP kinase pathway,
resulting in increased cellular proliferation. EFGR signaling also activates the phosphatidylinositol 3 kinase
(PI3K]-serine threonine kinase Akt [AKT)-mammalian target of rapamycin (mTOR) pathway, which activates
the major cellular survival and antiapoptosis signals via activating NFxB. Color legend: bacterial cell (gray);

epithelial cell (green/violet); immune cells (red).

Although, the ERK-MAP-EGEFR signaling path-
way is critical in toxin B-mediated IL-8 expres-
sion, inhibitors of ERK and EGFR only decreased
but did not abolish the effect of toxin B on IL-8
activity. Thus, it is possible that other unidentified
signaling pathways dependent on NF«B and
AP-1 may be involved in IL.-8 gene expression.

Toxin B may also be involved in induction of
other cytokines, including IL-1B, TNFa, and
IL-6 [Flegel et al. 1991].

EGFR activation of the MAP kinase-associated
pathway is usually linked to cell proliferation
and tissue repair. This process recruits the
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RAS-RAF-MAP kinase pathway, resulting in
increased cellular proliferation. RAS-RAF-MAP
are all serine/threonine-selective protein kinases.
Moreover, EGFR signaling also activates PI3
kinase, resulting in activation of the downstream
effector molecules, such as serine-threonine kinase
Akt (AKT) and mammalian target of rapamycin
(mTOR) kinase. These molecules induce prolif-
eration and block apoptosis, resulting in cell sur-
vival via activating nuclear transcription factors
such as NFkB [Suzuki ez al. 2010]. However in
C. difficile infection activation of the EGFR path-
way may have dual roles in both tissue repair and
proinflammatory response.

Conclusion

Alterations in the bowel flora and its activities are
now believed to be contributing factors to many
chronic and degenerative diseases, and any change
in the composition of the microbiota alters the
intestinal environment making this niche vulner-
able to pathogenic bacteria. Thus, disturbance of
the intestinal microbiota equilibrium may pro-
mote inflammation and mucosal tissue damage
that predisposes people to pathological conditions
of the gastrointestinal tract, such as C. difficile
infection and IBD. Current data do not convinc-
ingly support a persistent, specific pathogen as a
cause of IBDj; however, specific microbiological
virulence factors could initiate intestinal inflam-
mation and injury. Whether C. difficile belongs to
the group of pathogens that have a role in the ini-
tial onset of IBD is subject to debate. C. difficile
infection has a broad spectrum of manifestations,
including microscopic and gross lesions, diarrhea,
and intestinal inflammation. Most of these distin-
guishing symptoms may be attributed to inflam-
matory events mediated by two large clostridial
toxins, A and B. Both toxins induce intestinal
injury and inflammation through disruption of the
intestinal epithelial barrier, induction of proin-
flammatory mediators and causing cell apoptosis
or necrosis. Moreover, toxins A and B are gluco-
syltransferases that irreversibly inactivate small
Rho GTPases, leading to disruption of cytoskele-
ton and tight junctions and subsequent cell round-
ing, detachment, and cell death. The mechanisms
of toxin A- and B-mediated inflammation, involv-
ing activation of MAP kinase, NFxB and AP-1,
and stimulation of IL-8, occurred via two differ-
ent Rho-dependent and -independent pathways.

At present there is no clear evidence that C. difficile
infection precedes IBD, however the mechanisms

by which C. difficile activate the proinflammatory
response and which contribute to intestinal dis-
eases such as diarrhea and pseudomembranous
colitis may also be responsible for the develop-
ment or exacerbation of IBD. A better under-
standing of all events associated with development
of gastrointestinal disorders will hopefully provide
new insights into the mechanism of intestinal
responses to microorganisms.
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