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Studies of inflammatory bowel disease (IBD) over many
decades have spanned a wide range of topics from clinical
epidemiology and diagnosis, through dietary and pharma-
cologic therapy and immunologic and biologic etiology, to
pathophysiologic links to malignancy. In this special issue
devoted to IBD, the Guest Editors and one of the authors
have selected a series of seven papers from seven countries
that reflect this entire spectrum.

Leading off with clinical epidemiology, Y. Correa et al.
from the University of Puerto Rico call our attention to the
increasing prevalence of both ulcerative colitis (UC) and
Crohn’s disease (CD) among Hispanics. Particularly note-
worthy is their observation that no particular phenotypic
features consistently distinguish this Puerto Rican cohort
from other white, non-Hispanic populations. Could we take
these findings to infer that environmental factors are playing
a role in the presentation of IBD that trumps or at least
balances the role of genetics?

From clinical epidemiology in Puerto Rico, we move to
clinical diagnosis in Italy. E. Calabrese et al. at the University
of Rome offer us a review of the utility of contrast-enhanced
ultrasound of the small bowel in the evaluation of patients
with CD. With or without radiation, both CT and magnetic
resonance (MR) enterography are relatively expensive and
labor-intensive, so a lower-cost, more convenient alternative
could be a welcome addition to the armamentarium. Will
contrast-enhanced ultrasound fill this role?

No survey of IBD could be complete without at least
some attention to therapy. G. M. Fung and A. Szilagyi from
McGill University in Montreal caution us against too readily
embracing the fad of carbohydrate withdrawal as dietary

treatment for the symptoms of IBD. They remind us of
the potential importance of carbohydrates as a substrate for
bacterial production of short-chain fatty acids, which are
possibly critical in maintaining anti-inflammatory home-
ostasis in the intestinal tract.

Another paper in this special issue shifts from dietary
to pharmacologic therapy. While anti-TNF and anti-integrin
molecules have been occupying most of the spotlight for
IBD treatment in the past decade, novel approaches targeting
other pathways will undoubtedly yet emerge. L. R. Fitzpatrick
from Penn State College of Medicine calls attention to one of
the key alternative pathways in his review of the IL-23/IL-
17 axis. Certainly, it has been a seminal discovery that these
two closely intertwined pathways can both be neutralized
by targeting the common p40 subunit of IL-12 and IL-
23. L. R. Fitzpatrick’s review shows us that several different
approaches to targeting this central inflammatory pathway,
already usefully exploited in treating psoriasis, might well
prove beneficial in IBD as well.

The paper by T. L. Holm et al. from Denmark moves
from the bedside to the bench by employing a murine
model of CD. Using the severe combined immunodeficiency
disease (SCID) adoptive T-cell transfer model of colitis, these
authors provide an intriguing link to L. R. Fitzpatrick’s
review. It turns out that, among an array of eight different
agents tested for prevention or treatment of this form of
experimental colitis, only anti-IL-12p40 and abatacept (cyto-
toxic T-lymphocyte antigen 4 immunoglobulin) induced
remission of established disease. To be sure, this murine
system is far from a perfect model of human IBD, but the
Danish study is certainly a confirmation of the theoretical
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anti-inflammatory potential of targeting the IL-12/23 path-
way.

The penultimate paper concentrates on the newest candi-
date etiology of IBD, namely, intestinal dysbiosis. G. De Her-
tog et al. from Leuven, Belgium, used laser microdissection
of intestinal tissues from four CD patients, six inflammatory
disease controls, and three noninflamed controls to demon-
strate “significant changes of the composition, abundance
and location of the gut microbiome in [Crohn’s] disease.”
This avenue of research is clearly going to be a major focus
over at least the next decade.

Finally, our special issue presents a review of several
inflammation-associated colorectal cancer model developed
by T. Tanaka from Japan. He expresses the hope “that use
of these models will advance elucidation of the mechanisms
(methylation and microRNA) of inflammation-associated
colorectal carcinogenesis, exploration of its suppression and
mechanisms, and clarification of the mechanisms of tumor-
promotion activity of DSS [dextran sodium sulfate].”

We readily acknowledge that the seven articles selected by
the three indefatigable Guest Editors and me from the many
manuscripts submitted will not provide definitive answers to
the mysteries of IBD. Nonetheless, this special issue makes
a creditable effort to identify some of the most important
questions.

David B. Sachar
Derek Jewell

Christoph Gasche
Jonathan Braun
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This review identifies possible pharmacological targets for inflammatory bowel disease (IBD) within the IL-23/IL-17 axis.
Specifically, there are several targets within the IL-23/IL-17 pathways for potential pharmacological intervention with antibodies
or small molecule inhibitors. These targets include TL1A (tumor necrosis factor-like molecule), DR3 (death receptor 3), IL-23,
IL-17 and the receptors for IL-23 and IL-17. As related to IBD, there are also other novel pharmacological targets. These targets
include inhibiting specific immunoproteasome subunits, blocking a key enzyme in sphingolipid metabolism (sphingosine kinase),
and modulating NF-κB/STAT3 interactions. Several good approaches exist for pharmacological inhibition of key components
in the IL-23 and IL-17 pathways. These approaches include specific monoclonal antibodies to TL1A, IL-17 receptor, Fc fusion
proteins, specific antibodies to IL-17F, and small molecule inhibitors of IL-17 like Vidofludimus. Also, other potential approaches
for targeted drug development in IBD include specific chemical inhibitors of SK, specific small molecule inhibitors directed against
catalytic subunits of the immunoproteasome, and dual inhibitors of the STAT3 and NF-κB signal transduction systems. In the
future, well-designed preclinical studies are still needed to determine which of these pharmacological approaches will provide
drugs with the best efficacy and safety profiles for entrance into clinical trials.

1. Introduction

During the past decade, there has been an expansion in
new scientific knowledge related to the pathogenesis of
inflammatory bowel disease (IBD). This knowledge has
been summarized rather recently in published reviews,
which provided key insights into IBD pathogenesis [1, 2].
Briefly, IBD consists of two distinct diseases, Crohn’s disease
(CD) and ulcerative colitis (UC). CD and UC are thought
to arise due to a combination of genetic variations and
alterations in the bacterial flora, which can subsequently
drive a dysregulated immune response that results in chronic
intestinal inflammation [1, 2].

Recent information related to the pathogenesis of IBD
has provided the rationale for new pharmacological ap-
proaches to better treat the intestinal inflammation and
related symptoms in patients. Another scientific review
has succinctly summarized current therapies for IBD:

mesalazine-based drugs, corticosteroids, immunosuppres-
sive drugs (azathioprine/6-mercaptopurine, methotrexate,
cyclosporin, anti-TNF agents), as well as emerging biologic
agents such as antiadhesion and antiintegrin molecules [3].

This review will primarily focus on possible pharma-
cological targets within the IL-23/IL-17 proinflammatory
pathway (i.e., IL-23/IL-17 Axis), including some work from
our laboratory [4]. Secondarily, this review will provide
insights into some other novel pharmacological targets, such
as inhibiting specific immunoproteasome subunits, blocking
a key enzyme in sphingolipid metabolism (sphingosine
kinase), and modulating NF-B/κSTAT3 interactions. Scien-
tific data supporting these pharmacological targets will be
provided from the published literature [5–12].

There are several targets within the IL-23/IL-17 pathways
for potential pharmacological intervention with antibodies
or small molecule inhibitors. These targets include TL1A,
DR3, IL-23, IL-23R, IL-17, and IL-17R (Figure 1).
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Figure 1: This figure shows relevant cell types, mediators, and potential pharmacological targets associated with IL-23 and IL-17 pathways
(IL-23/IL-17 Axis), which are operative within the context of inflammatory bowel disease (IBD). Bacterial ligands (lipopolysaccharide [LPS]
and peptidoglycan [PGN]) bind to their respective toll-like receptors (TLR4 and TLR2) and induce IL-23 release from antigen-presenting
cells (APC’s). IL-23 binds to the IL-23 receptor (IL-23R) to stimulate expansion of Th-17-producing cells, which release IL-17. In addition,
interactions between TL1A (tumor necrosis factor-like molecule) on APC’s and DR3 (death receptor 3) on T lymphocytes induces the
secretion of IL-17. These pathways also promote the secretion other proinflammatory cytokines like IL-6 and TNF-α. IL-17 stimulates the
expression of adhesion molecules (e.g., ICAM-1) on endothelial cells, as well as the release of IL-6 and IL-8 from myofibroblasts and epithelial
cells. IL-8 acts as a chemotactic factor for neutrophil influx into the intestine. Infiltrating neutrophils release inflammatory mediators like
matrix metalloproteinases (MMP’s) and inducible nitric oxide synthase (iNOS). This sequelae of pathogenic events leads to the chronic
inflammation and epithelial cell damage associated with IBD.

2. TL1A/DR3

As shown in Figure 1, upstream binding of bacterial derived
ligands such as lipopolysaccharide (LPS) and peptidoglycan
(PGN) to their specific toll-like receptors (TLR4 and TLR2,
respectively) can induce TL1A (tumor necrosis factor-
like molecule) expression in antigen presenting cells (like
dendritic cells) [13]. Downstream, the interaction of TL1A
with DR3 (death receptor 3) results in the production of IL-
17 from Th17 T lymphocytes [14].

The interaction between this TNF-family member
(TL1A) and its receptor DR3 plays an important role in
autoimmune diseases such as experimental autoimmune
encephalomyelitis (EAE) [15]. More recently, other investi-
gators have published an informative review on the role of
the TL1A-DR3 pathway in the pathogenesis of IBD [14]. Of
note, TL1A expression is increased in the inflamed intestinal
tissue of patients with CD [1].

In 2008, Takedatsu and colleagues showed that TL1A
and DR3 expression was upregulated in the gut-associated

lymphoid tissue (GALT) of mice with chronic dextran sulfate
sodium (DSS)-induced colitis [16]. Importantly, from a
pharmacological standpoint, a monoclonal antibody (mAb)
to TL1A effectively attenuated chronic DSS-induced colitis,
as well as T-cell transfer colitis in mice [16]. This antibody
also improved established chronic colitis. The anticolitis
effects were associated with decreases in IFN-γ, IL-17, and
IL-6 production from GALT [16]. These results clearly
established targeting of TL1A, as a rational pharmacological
approach for IBD. More recently, two other research groups
have generated transgenic mice with enhanced expression
of TL1A in T-cells or dendritic cells [17, 18]. These mice
developed predominantly small intestinal pathology, which
was dependent upon DR3, IL-13, and IL-17 [17, 18].
Important studies were then carried out in mice with acute
trinitrobenzenesulfonic acid (TNBS)-induced colitis. These
mice were treated with an antagonistic mAb to TL1A, a
DR3-Fc fusion protein, or an antagonistic mAb to DR3 [17].
Mice treated with anti-TL1A showed a marked improvement
in indices of TNBS-induced colitis. Also, partial protection
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against this murine colitis was found with the anti-DR3
pharmacological approaches [17]. Taken as a whole, these
results further suggest that targeting of the TL1A-DR3
pathway could be a good pharmacological approach for both
types of human IBD (CD and UC) [17–19].

3. IL-23

As shown in Figure 1, upon stimulation by appropriate
ligands, IL-23 is produced by antigen-presenting cells. After
binding to the appropriate receptor (IL-23R), this cytokine
can stimulate the production of IL-17, TNF-α, and IL-6 from
T-cells. Therefore, IL-23 was proposed to play an integral
role in the pathogenesis of IBD [20]. From a potential
therapeutic standpoint, Elson and colleagues created T-cell
transfer colitis in SCID mice recipients with bacterial reactive
Th17 CD4+ T-cells [21]. Treatment of these mice with an
antibody to the p19 subunit of IL-23 both prevented T-cell
transfer colitis and effectively treated established colitis [21].
This is a rather specific therapeutic approach for treating
IBD, because only the p19 subunit is targeted. This subunit
is endogenous only to IL-23 but is not shared by IL-12, like
the common p40 subunit [21]. An antibody targeting the
common p40 subunit (Ustekinumab) has shown some evi-
dence of efficacy in patients with CD (phase II a trial) and is
undergoing further clinical trials [22, 23]. Ustekinumab was
generally well tolerated in these IBD patients [22, 23]. In the
long term, it remains to be determined whether an antibody
targeting solely IL-23 p19 will have a better efficacy/safety
ratio than Ustekinumab in IBD patients [21–23].

In order to investigate a downstream component of the
IL-23 pathway, Takedatsu et al. determined whether a mAb
to the IL-23 receptor (IL-23R) attenuated indices of acute or
chronic-DSS-induced colitis in mice [16]. Interestingly, the
chronic phase of colitis was attenuated by treatment with the
IL-23 mAb to a greater degree than the acute phase of colonic
inflammation [16]. Furthermore, the anticolitis effects with
the IL-23 mAb seemed to be less dramatic than the effects
with the mAb to TLA1 [16]. As suggested by the authors, it is
possible that neutralizing TL1A could induce more compre-
hensive effects than just blocking downstream components
of the IL-23/IL-17 axis (Figure 1) [14–16]. Therefore, in
addition to affecting IL-17 production (Figure 1), blocking
the IL-12/IFN-γ pathway by TL1A neutralization may also
be needed to effectively treat the colonic inflammation
associated with human IBD [16]. Interestingly, it has recently
been reported that, in CD patients, there is a population of
CD 161(+) CD4 T-cells which produce both IL-17 and IFN-
γ [24]. As a whole, these results emphasize the complexity
in the pathogenesis of IBD, involving multiple inflammatory
mediators. This complexity must be recognized within the
context of developing novel pharmacological approaches for
UC and CD.

4. IL-17

Elevated expression of IL-17 has been reported in the in-
flamed intestine of patients with UC and CD [2, 24]. IL-
17, which is the prototypical cytokine produced by Th17

cells, plays a potential role in the amplification of intestinal
inflammation. Specifically, IL-17 stimulates various cell types
(endothelial cells, myofibroblasts, and epithelial cells) to
produce proinflammatory mediators that amplify intestinal
inflammation (Figure 1) [25, 26]. Therefore, it is interesting
that variable and somewhat contrasting results have been
obtained with approaches that inhibit the function of IL-17
in animal models of IBD [25–28]. These contrasting results
could be related to different functions of IL-17A and IL-17F,
within the specific context of intestinal inflammation [25–
27]. In this regard, Yang and colleagues showed that murine
DSS-induced colitis was worsened in IL-17A knockout (KO)
mice but significantly improved in IL-17F KO mice [27].
Furthermore, a protective role was also proposed for IL-17A
in a T-cell transfer model of colitis [26, 28]. In contrast,
Zhang and colleagues showed that acute TNBS-induced
colitis was attenuated in IL-17 receptor (IL-17R) KO mice, as
well as in animals treated with an IL-17 R:Fc fusion protein
[25]. It is probable that the IL-17 R KO mice would not
respond to either IL-17A or IL-17F, suggesting that inhibition
of both forms of IL-17 is needed for attenuation of colitis
[25].

Vidofludimus (4SC-101) is a novel small molecule
inhibitor of dihydroorotate dehydrogenase (DHODH),
which is a key enzyme involved in pyrimidine (i.e., uridine
biosynthesis) in activated lymphocytes [4]. However, our
research group showed that Vidofludimus inhibited IL-17
production in activated lymphocytes, even in the presence
of exogenous uridine. Our results suggested a pharmaco-
logical effect that was independent of inhibiting DHODH
and T-cell proliferation [4]. Subsequently, we showed that
Vidofludimus could inhibit IL-17 secretion in activated
splenocytes by inhibiting STAT3 and NF-κB-signaling path-
ways [29]. Importantly, Vidofludimus attenuated various
parameters of acute TNBS-induced colitis in mice, including
IL-17 production [4]. Specifically, this anticolitis profile was
associated with a reduction in the colonic expression of both
IL-17 A/A homodimers, as well as IL-17 F/A heterodimers
[4]. These results suggested that Vidofludimus would be
an appropriate drug for use in patients with IBD. Indeed,
in a recent Phase II European clinical trial, Vidofludimus
demonstrated a good efficacy and safety profile in patients
with IBD [30]. Because this small molecule compound
has the potential for inhibiting T-lymphocyte proliferation,
as well as inhibiting relevant IL-17A and IL-17F signal
transduction pathways, it is an interesting candidate for
future clinical studies.

Finally, with regard to IL-17 inhibition, AIN457 (Secuk-
inumab) is a human anti-IL-17A antibody that has been
developed by Novartis Healthcare [26]. Based on an oral
presentation at the 2011 Digestive Disease Week meeting,
it seems that recent clinical results in CD patients treated
with AIN457 have been negative. Specifically, Secukinumab-
treated patients did not show improvement in parameters of
disease [31]. At first glance, these results seem to be coun-
terintuitive to the schematic pathways in Figure 1. However,
plasma levels of IL-17F, as well as IL-17F production by
stimulated splenocytes, are elevated in IL-17A-deficient mice
[32]. In this regard, the preclinical literature suggests that
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Novel intracellular signaling-pathway drug targets for IBD
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Figure 2: This figure shows three novel intracellular signaling pathways involved in the pathogenesis of IBD. Pathway 1: TNF-α
induces adhesion molecule expression in endothelial cells, as well as proinflammatory cytokine (IL-1β, IL-6) production by monocytes,
through a sphingosine kinase (SK), sphingosine-1-phosphate (S1P), nuclear factor-kappa B (NF-κB)-dependent pathway. Pathway 2: upon
stimulation of cells with proinflammatory cytokines (IFN-γ, TNF-α, and IL-1β), constitutive proteasome subunits are converted to the
immunoproteasome subunits β1i (LMP2), β2i (LMP10, MECL-1), and β5i (LMP7) [38–40]. Functionally, immunoproteasome subunits play
a role in NF-κB signaling. Pathway 3: dual activation of NF-κB and STAT3 pathways controls the expression of IL-17. As shown in this figure,
crosstalk between these three pathways occurs, thereby promoting intestinal inflammation. Specific components of these pathways such
as sphingosine kinase (SK), immunoproteasome subunits (LMP2, LMP7, and LMP10), and interactions between NF-κB/STAT3 represent
possible pharmacological targets for IBD. In the figure: LMP is low molecular mass polypeptide (2, 5, or 10); JAK2 is Janus Kinase 2; PI3K is
phosphoinositide-3 kinase; AKT1 is Alpha serine/threonine-protein kinase.

specifically inhibiting IL-17F, and/or inhibiting both IL-17
A and IL-17F, may be necessary to achieve good anticolitis
actions [4, 25, 27].

5. Novel Intracellular Signaling Targets for IBD

Figure 2 shows three intracellular signaling pathways that are
potentially involved in the pathogenesis of IBD: (1) altered
sphingolipid metabolism, whereby the enzyme sphingosine
kinase (SK) appears to play a critical role in signaling
by TNF-α [9–11], (2) upregulation of immunoproteasome
subunits by proinflammatory cytokines, which downstream
is connected to activation of the NF-κB signal transduction
system [5–8, 33–35], and (3) dual activation of NF-κB
and STAT3 signal pathways by cytokines, which results in
enhanced IL-17 production by leukocytes [29, 36, 37]. These
pathways are summarized in Figure 2. Interestingly, as shown
in this figure, crosstalk between inflammatory pathways
occurs, which likely promotes intestinal inflammation.

Based on the pathways outlined in Figure 2, this section
of the review will specifically focus on three pharmacological
targets for IBD: (1) inhibition of SK, (2) inhibiting specific
catalytic subunits of the immunoproteasome, and (3) mod-
ulating NF-κB/STAT3 interactions.

6. SK Inhibition

SK is involved in the conversion of sphingosine to sphingo-
sine-1-phosphate (S1P) [9–11]. Importantly, SK exists
as two isoforms (SK1 and SK2), with diverse biological
functions, which have been reviewed elsewhere [41, 42]. A
critical step in the mechanism of action for TNF-α includes
the activation of SK [9–11, 41, 42]. Of critical relevance
to this review, SK signals downstream through activation
of the transcription factor NF-κB (Figure 2, pathway 1).
Specifically, in vitro studies have shown that TNF-α induces
adhesion molecule expression in endothelial cells, as well
as proinflammatory cytokine (IL-1β, IL-6) production by
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monocytes, through an SK-SIP-NF-κB-dependent pathway
(Figure 2) [9, 43, 44]. Recent results have shown that SK1
expression was increased in colonic tissue samples from
patients with UC [11]. The potential role that SK plays in
the generation of proinflammatory molecules relevant to the
pathogenesis of IBD has prompted investigators to evaluate
whether SK inhibition can effectively attenuate intestinal
inflammation.

Snider et al. showed that DSS-induced colitis was less
severe in SK-1-deficient (SK1−/−) mice compared to wild-
type control mice [11]. From a pharmacodynamic stand-
point, intestinal SK1 mRNA expression, as well as SK
activity (generation of S1P) were both attenuated in SK1-
deficient mice. These results suggest that specific inhibition
of SK1 may represent a valid pharmacological approach for
IBD [11]. Maines and colleagues showed that treatment of
mice with ABC249640 (a selective small molecule inhibitor
of SK2) effectively attenuated parameters of murine DSS-
induced colitis, as well as TNBS-induced colitis in mice and
rats [9, 10]. Treatment of mice with ABC294640 resulted
in reduced colonic S1P levels, as well as decreased levels of
proinflammatory cytokines (IL-1β, IL-6, TNF-α, and IFN-γ)
[9, 10]. Interestingly, these investigators found that this small
molecule inhibitor also potently inhibited TNF-α-induced
NF-κB activation in vitro [9]. As a whole, these results suggest
that inhibiting SK2 may also represent a good therapeutic
approach for IBD [9, 10]. Since SK1 and SK2 are reported
to have different biological actions on cellular proliferation
and apoptosis [42, 43], it remains to be determined as to
which SK isoform represents the best pharmacological tar-
get for IBD [9–11]. Nevertheless, targeting the SK pathway
(Figure 2) seems to be a rational therapeutic approach for
IBD.

7. Inhibition of Immunoproteasome Subunits

The constitutive 20S proteasome has a cylindrical structure
consisting of three catalytic subunits (β1, β2, and β5). Upon
stimulation of cells with proinflammatory cytokines (IFN-γ
and TNF-α), these constitutive subunits are converted to the
immunoproteasome subunits β1i (LMP2), β2i (LMP10 or
MECL-1), and β5i (LMP7) [38–40]. Functionally, immuno-
proteasome subunits play a role in MHC class I antigen
presentation, as well as NF-κB signaling [40, 45–47].

Over the past five years, several research groups (includ-
ing our own) have suggested a potential role for the immuno-
proteasome subunits in the pathogenesis of both murine
colitis and human IBD [5–8, 33–35]. We showed enhanced
expression of the LMP2 (low molecular mass polypeptide
2) subunit in patients with active IBD, particularly in CD
patients. Interestingly, LMP2 was also upregulated in areas
of the intestine devoid of macroscopic disease [5]. Generally,
our results were confirmed by other investigators, who
showed significantly enhanced levels of LMP2, LMP7, and
LMP10 in CD patients [33–35, 48]. Importantly, in patients
with CD, upregulation of the NF-κB signal transduction
system was observed in the inflamed intestinal mucosa
[33].

Using LMP2 knockout mice, we showed that various
parameters of DSS-induced colitis (including colonic IL-
1β) were improved compared to WT control mice [6].
Schmidt and colleagues found that parameters of DSS-
induced colitis were also attenuated in LMP7-deficient-mice
[8]. In these mice, there was diminished activation of the NF-
κB signal transduction system, resulting in less expansion
of Th1 and Th17 T-cells [8]. Basler et al. extended these
findings. They showed that mice deficient in any of the
immunoproteasome subunits (LMP2, LMP7, and MECL-1)
had significant improvements in multiple indices of DSS-
induced colitis [7]. Interestingly, significantly reduced levels
of Th1 and Th17 cytokines were found in the LMP-deficient
mice [7]. As a whole, these data suggest that targeting
specific LMP subunits may represent a novel and effective
pharmacological strategy for IBD (Figure 2, pathway 2).

From a practical standpoint, targeting specific LMP
subunits might best be done by novel chemical inhibitors.
Importantly, it has already been shown that treatment with
a selective inhibitor of LMP7 (PR-957) strongly suppressed
murine DSS-induced colitis [8]. A drug development strat-
egy, using specific LMP proteasome inhibitors (like PR-957),
may provide good efficacy in IBD without the side effects of
nonselective inhibitors like bortezomib, which also inhibits
the constitutive subunits of the proteasome [5–8]. A specific
chemical inhibitor of LMP2, designated as UK-101, has also
been developed by a research group at the University of
Kentucky [49]. This compound should also be tested in
animal models of IBD. Finally, selective immunoproteasome
inhibitors need to be tested in other colitis models, beyond
the testing that has already been completed in the DSS model
[8]. Results from these preclinical studies should allow the
identification of optimal compound(s) to be progressed into
clinical trials for IBD.

8. Inhibition of NF-κB/STAT3-Signaling
Pathways

It has been well documented in the literature that the NF-
κB pathway, as well as the STAT3 pathway, could be critically
involved in the pathogenesis of IBD. Importantly, these
papers delineate the roles of these pathways in mediating
intestinal inflammation. This literature also points out
potential drawbacks of inhibiting NF-κB in epithelial cells, as
well as blocking STAT3 in epithelial cells and innate immune
cells [50–56].

Recently, intriguing information has also been published
regarding dual activation of NF-κβ and STAT3 pathways
in pathological conditions such as hepatic inflammation
and cancer [12, 57, 58]. It is evident from Figure 2 that
NF-κB and STAT3 dually control the expression of some
target genes (e.g., IL-17), thereby facilitating inflammation
[12, 55, 57, 58]. Specifically, it was shown that the canonical
NF-κB pathway (involving IκB-α degradation) and the
STAT3 pathway (involving JAK2, PI3K, and AKT1 activation)
are both activated by splenic-derived T-cell populations,
following dual stimulation with IL-1β plus IL-23 (Figure 2)
[36, 37]. Sutton and colleagues demonstrated that STAT3
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and NF-κB pathways mediated IL-17 production from γδ T-
cells [37, 59]. Subsequently, these investigators reported that
both γδ and CD4+ T-cells (via IL-17 production) promoted
experimental autoimmune encephalomyelitis (EAE) in mice
[59].

It is probable that interactions between the NF-κB and
STAT3 pathways could also contribute to the pathogenesis
of intestinal inflammation/IBD (Figure 2, pathway 3) [12].
Indeed, activation of these pathways was described in
conjunction with DSS-induced colitis in mice, as well as
in murine TNBS-induced colitis [29, 60]. From a phar-
macological development standpoint, there are two key
questions that remain to be answered. (1) Are there any
small molecule inhibitors that would be good candidates to
inhibit interactions between NF-κB and STAT3? (2) Would
inhibition of these pathways be beneficial?

Indeed, Youn et al. showed that treatment of mice with
two plant-derived polyphenols (resveratrol and piceatannol)
resulted in the attenuation of DSS-induced colonic inflam-
mation, as well as downregulation of activated NF-κB and
STAT3 [60]. More recently, we have found that treatment
with Vidofludimus attenuated the activation of STAT3 and
NF-κB pathways, as well as IL-17 production, in murine
splenocytes and TNBS-induced colitis [5, 29]. The anticolitis
effects that were observed with these chemical compounds
are encouraging. However, resveratrol and piceatannol have
antioxidant properties, while Vidofludimus can inhibit T-
cell proliferation [5, 29, 60]. Therefore, further preclinical
colitis studies need to be performed with more specific
dual inhibitors of NF-κB and STAT3, in order to gauge the
clinical potential of this pharmacological approach for IBD.
In this regard, a triterpenoid C28 methyl ester derivative
(CDDO methyl ester) is an inhibitor of STAT3 (by preventing
STAT3 phosphorylation), as well as an inhibitor of NF-κB
(by inhibiting IκB kinase and downstream components of
this signal transduction pathway) [61, 62]. Moreover, triter-
penoids were effective in preclinical models of pancreatic
cancer and cystic fibrosis lung disease [63, 64]. Therefore,
CDDO methyl ester, or similar compounds, would be good
candidates for testing in preclinical models of IBD.

In summary, all of the potential pharmacological targets
(Figures 1 and 2) discussed in this review are upregulated in
patients with IBD. Therefore, based on the preponderance of
current data, several good opportunities exist for pharmaco-
logical inhibition of key components in the IL-23 and IL-17
pathways (Figure 1). These approaches include (1) specific
mAb’s to TL1A, (2) IL-17 R:Fc fusion proteins, (3) specific
antibodies to IL-17F, and (4) small molecule inhibitors
like Vidofludimus. Also, other potential opportunities for
targeted drug development in IBD include specific chemical
inhibitors of SK, specific small molecule inhibitors directed
against catalytic subunits of the immunoproteasome, and
dual inhibitors of the STAT3 and NF-κB signal transduction
systems (Figure 2).

In the near future, critically designed preclinical studies
are still needed to determine which of these pharmacological
approaches will provide drugs with the best efficacy and
safety profiles for entrance into clinical trials. Subsequently,
well-designed clinical trials are needed to determine the

specific pharmacological approaches that will prove to be
most successful in patients with IBD.
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Therapeutic use of carbohydrates in inflammatory bowel diseases (IBDs) is discussed from two theoretical, apparent diametrically
opposite perspectives: regular ingestion of prebiotics or withdrawal of virtually all carbohydrate components. Pathogenesis of IBD
is discussed connecting microbial flora, host immunity, and genetic interactions. The best studied genetic example, NOD2 in
Crohn’s disease, is highlighted as a model which encompasses these interactions and has been shown to depend on butyrate for
normal function. The role of these opposing concepts in management of irritable bowel syndrome (IBS) is contrasted with what
is known in IBD. The conclusion reached is that, while both approaches may alleviate symptoms in both IBS and IBD, there is
insufficient data yet to determine whether both approaches lead to equivalent bacterial effects in mollifying the immune system.
This is particularly relevant in IBD. As such, caution is urged to use long-term carbohydrate withdrawal in IBD in remission to
control IBS-like symptoms.

1. Introduction

A conundrum is defined by the American Heritage Dic-
tionary of the English language [1] as “a riddle, especially
one whose answer makes a play on words or as a puzzling
question or problem.” In 1995, Gibson and Roberfroid pub-
lished their treatise on the potential benefits of maldigested
carbohydrates on host health through manipulation of
microflora [2]. The concept of prebiotics (nondigestible,
highly fermentable, dietary substances that exhibit beneficial
functions in the host by facilitating the growth and metabolic
activity of either one or a selective number of health-
promoting colonic species) coincided with the emergence of
potential human benefits found in probiotics (live bacteria
bypassing the acid environment of the stomach and confer-
ring health benefits to the host. A combination of pre- and
probiotics is referred to as a synbiotic). A deluge of basic and
clinical studies ensued as well, on the effects of prebiotics on
an array of diseases. In particular, Crohn’s disease (CD) and

idiopathic ulcerative colitis (UC) (the two clinical subtypes of
IBD) were targeted to capitalize on the potential therapeutic
effects of either pro- or prebiotics [3–5]. While CD and
idiopathic UC both share somewhat similar epidemiology
and are thought to have originated from common genetic
and environmental etiogenesis, they are in fact considered as
two different entities. CD is unrestricted to any part of the
gastrointestinal tract, in which the terminal ileum with or
without the proximal colon remains the most common site
affected. In UC, pathology tends to begin in the distal rectum
and then it may proceed to involve the rest of the colon in a
uniform fashion.

Similarly a benign but lifestyle-altering condition of
irritable bowel syndrome (IBS—a chronic functional bowel
disorder encompassed by frequent recurrences of abdominal
pain is associated with altered bowel movements: diarrhea,
constipation, or alternating form) also fell into the category
potentially ameliorated by probiotics and perhaps prebiotics.
In both of these conditions, however, it was postulated
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Figure 1: This Venn diagram shows the relationship between
FODMAP, comprises of fructose, oligosaccharides, disaccharides,
monosaccharides, and polyols. The central diet includes the major-
ity of carbohydrates which are hypothesized to be malfermented by
lower intestinal bacteria and therefore leading to excess production
of gas and short-chain fatty acids with induction of symptoms.
Thus, FODMAP includes all prebiotics in which lactose is included
also as a restricted probiotic in lactose maldigesters. It is the
hypothetical benefits of either withdrawal from diet or adapting
to the prebiotic components of this diet that potentially forms a
scientific conundrum in application.

that bacterial interactions, abnormal fermentation, and host
handling of fermentative products as well as an immune
response rather contributed to aggravation of symptoms
[6, 7]. In 2005, Gibson and Shepherd hypothesized such
mechanisms in causation of gastrointestinal symptoms in
these disorders and suggested that carbohydrates be with-
drawn from diets of symptomatic IBS or IBD patients.
This FODMAP diet suggests the withdrawal of fermentable
oligo-, di-, monosaccharides, and polyols from the diet
[8]. As such, the FODMAP diet includes lactose and most
other prebiotics (refer to Figure 1 and Table 1). Some of
these recommendations, of careful carbohydrate selection for
diet in patients with IBD, were also suggested earlier in a
book by Gottschall [9]. There was less emphasis on small
molecules except for sweeteners and more on large complex
carbohydrates.

The presentation of these two hypotheses, then, for-
mulates a conundrum. In the first instance, carbohydrates
bypassing absorption in the small intestine can specifically
manipulate metabolism and benefit the commensal bacteria,
which in turn help reduce inflammation. It is important
to note that there are specific recognized prebiotics, but all
carbohydrates interact with the microbiome. In the second
scenario, a wide array of carbohydrates, including prebiotics,
are withdrawn. Are the end results equivalent, that is,
has a stimulated immune system been placated? A similar
paradigm applies to use of probiotics [10] or antibiotics
which have received some success both in IBD [11] and
IBS [12–14] as well as to other dietetic interventions. These
include enteral/polymeric diets and nonspecific exclusion
diets that have previously been implicated for their therapeu-
tic roles which are beyond the scope of this review [15].

Herein we will focus on discussing the rationales behind
the usage or nonusage of FODMAP diet in IBD. Effects in IBS

will be discussed overall, but the concept will be discussed
in detail as it might apply to IBD based on current concepts
of pathogenesis. The objectives are to review carbohydrate
pathogenic interactions with intestinal immunity and to
conceive an effective intervention that convenes the apparent
hypothetical contradictions inherent in the two approaches
to carbohydrate use.

2. Microbial Diversity in the Gut

2.1. Normal Development. The gastrointestinal microbiota
(or microflora) differs among individuals and its dominant
bacterial phylotypes are acquired from the moment of birth.
Although intestinal microbial composition will remain fairly
constant from early infancy throughout adulthood once
bacterial colonization is established [16], these microorgan-
isms respond adaptively to better accommodate and protect
at an individual level. As such, fecal samples adequately
reflect the colonic bacterial environment and indicate the
individual’s intestinal status in response to developmental
changes, environmental factors, antibiotic usage, or illness.
The recent advancement in molecular profiling methods,
such as high-throughput sequencing of microbial 16S ribo-
somal RNA genes [17] and metagenomics [18], provides
a comprehensive insight into the 100 trillion bacteria that
currently comprise the microbiota in the distal gastroin-
testinal tract alone. Representing the two predominant
phylotypes found in mucosal and luminal microbiota are
Gram-positive Firmicutes (species including Clostridia and
Lactobacillaceae) and Gram-negative Bacteroidetes (species
including Bacteroides), all of which are obligatory anaerobic
bacteria.

2.2. Functions of the Microbiome. Sharing a symbiotic rela-
tionship with a dynamic bacterial community also means
acquiring a diverse metabolic profile essential for intestinal
development [19]. The resident microflora promotes the
differentiation and proliferation of enteric epithelial cells
by harvesting essential minerals (e.g., iron, calcium, and
magnesium) as well as mediating the synthesis of vitamins
(e.g., cobalamin, vitamin K, biotin, pyridoxal phosphate,
and tetrahydrofolate). In addition, the bacterial genome
(also known as the microbiome) encodes a large repertoire
of saccharolytic enzymes, including glycoside hydrolases
and polysaccharide lyases, needed to further metabolize
nondigestible carbohydrates such as plant polysaccharides
(dietary fibers), oligosaccharides, lactose (especially in lac-
tose maldigesters), and sugar alcohols in the proximal colon
through a process called saccharolytic fermentation [18].
This colonic fermentation of macronutrients yields various
end products like gaseous compounds (e.g., hydrogen gas,
methane, and carbon dioxide) and short-chain fatty acids
(SCFAs), with the latter being mostly comprised of acetate,
propionate, and butyrate. These are utilized as the primary
energy source for the colonic mucosa. Colonic concentration
of SCFA substrates is determined not only by the consump-
tion of dietary fiber but also by the bacterial species present
in the microbiota. For example, the two prominent bacterial
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Table 1: List of poorly digested carbohydrates comprised of FODMAP and select prebiotics (∗), as well as their respective sources. This is
not a complete list, and other complex carbohydrates which have effects on bacteria are also included in FODMAP.

Molecular form Common sources

Inulin (∗) Onions, leeks, chicory, artichoke, wheat, banana

Oligofructose (∗) Hydrolysis product of inulin

Short-chain fructo-oligosaccharide (∗) Hydrolysis product of inulin

Trans galacto-oligosaccharides (∗) Manufactured from lactose

Lactulose (∗) Manufactured from lactose

Fructo-oligosaccharides (∗) May be present in breast milk, formed from lactose

Isomalto-oligosaccharides (∗) Present in foods, potential prebiotic

Lactose (∗) Present in dairy products made from animal sources, prebiotic mostly in lactose maldigesters

Polyols Sugar alcohols (sorbitol, mannitol, xylitol, maltitol, and isomalt), cauliflower, avocado, mushrooms

phylotypes each differs in the types of SCFAs produced, with
Firmicutes selectively producing butyrate and Bacteroidetes
controlling the levels of acetate and propionate production
[20, 21]. Small carbohydrates like lactose may also lead to
production of butyrate through the stimulation of second
tier bacteria (butyrogens) by initial breakdown products
[22, 23]. The presence of these organic acids helps induce
an acidic environment unfavourable for the proliferation
of strict anaerobic species [24, 25]. Once carbohydrates are
no longer available for fermentation, bacteria will proceed
to proteolytic fermentation (less favourable) in the distal
colon where proteins derived from diet, endogenous cellular
proteins, and bacterial cells are catalyzed to toxic, car-
cinogenic metabolites (e.g., bacteriocins, ammonia, indoles,
and phenols) [26]. These substances inhibit the growth
or kill potentially pathogenic constituents. Another way
the microbiota maintains resistance against colonization
by pathogenic organisms is to compete for nutrients and
attachment sites to the mucosal surface in the colon [27, 28].
Minor perturbations in the intricate microbial diversity can
have significant impact on the gut homeostatic balance [29–
32]. These changes have been implicated to predispose or
contribute to conditions such as sepsis, IBS symptoms [6,
33], and even obesity in some populations [34, 35].

3. The Interaction of the Microbiome with
Intestinal Mucosal Immunity

3.1. Mucosal Immune System. Intestinal mucosal immunity
is associated with the integrity of the intracellular junctions
in the gut epithelium constituting what is called a physical
barrier. The mucosal integrity is further strengthened by
what is called a chemical barrier thanks to a specialized group
of differentiated epithelial cells residing in the paracellular
space. Goblet cells, for instance, are responsible for secreting
an overlying glycocalyx layer composed of mucin glycopro-
teins [36]; production of defensins, immunoglobulins, and
other substances by enterocytes, lymphocytes, and Paneth
cells (the last being generally restricted to the crypts of
Lieberkuhn in the distal small bowel) can also be found
within this mucus layer [37, 38]. This dual barrier provides
enhanced protection against unwarranted entry of luminal
contents (including self- and non-self-antigens) into the

systemic immune system, but this is also where innate
immune recognition takes place. Many of the cells in
this mucosal barrier respond to pathogens by expressing
two functionally important subsets of pattern-recognition
receptors (PRRs)—extracellular Toll-like receptors (TLRs)
and intracellular nuclear oligomerization domain-(NOD-)
like receptors. These assist in the detection of pathogen-
associated molecular patterns (PAMPs) through the leucine-
rich repetitive (LRR) domain. Lipopolysaccharides (LPSs)
and peptidoglycan (PGN) components (i.e., muramyl dipep-
tide) of bacterial cell wall are two examples of PAMPs.
Each subset can either individually or convergently activate
nuclear factor κB (NF-κB) effector in the defense against
foreign pathogens by producing inflammatory cytokines
(e.g., TNF-α and IL-1β) and antimicrobial peptides [39].
Chronic stimulation of PRRs by PGN can also produce
inhibitory cytokines (e.g., TGF-β and IL-10) via the NOD2-
dependent pathways to minimize excessive tissue injury
induced by intestinal antigen-presenting cells [40]. Intestinal
mucosal immunity is reinforced further by continuous
interaction between epithelial cells and adaptive immune
cells, including effector T-helper cells (Th1, Th2, and Th17),
regulatory T cells (Foxp3+ Treg), and other immune cells
(i.e., dendritic cell, macrophage, and natural killer cell) at
the follicle-associated epithelium junction overlying the gut-
associated lymphoid tissue [41].

Central to the discussion in conferring protection to
the host is the influences of microbiota community on the
normal development and homeostasis of mucosal immunity
[52–54]. The symbiotic nature of the host-microbiota rela-
tionship is fundamental to the shaping of immunological
function, balance, and tolerance in the gut. Paradoxically,
the key for preserving such symbiotic coexistence in return
depends on the robustness of the intestinal immune network,
particularly in its ability to differentiate between symbi-
otic and pathogenic colonization. The maintenance of gut
homeostatic balance, therefore, depends on the cooperation
between mucosal immunity and microbial community, that
is, if the right microbiota composition is present. Alteration
to the microbial ecology, commonly referred to as dysbiosis,
can distort intestinal immune responses by shifting the
equilibrium between pro- and anti-inflammatory T-helper
cells differentiation, as characterized by IBD pathogenesis
(Box 1) [55–57].



4 International Journal of Inflammation

Classically, IBD (especially in CD) is associated with a hyperactive innate immune response
producing unrestrained levels of proinflammatory cytokines and chemokines (e.g., IL-12, IFN-
γ, and TNF-α), resulting in a marked expansion of lamina propria. This propagates further
inflammation by recruiting T-helper 1 (CD4+ Th1) cells. Alternatively, the opposite scenario can
occur in which resident tissue macrophages fail in their attempt to initiate an innate immune
response against foreign antigens and are defective in the secretion of proinflammatory
cytokines [42, 43]. Reduced concentrations of these mediators mean neutrophil recruitment
cannot be adequately enforced at the lamina propria, resulting in impaired clearance of antigenic
contents [44]. The following overcompensatory immune responses lead to either a polarization
toward an atypical humoral phenotype driven by T-helper 2 (CD4+ Th2) cells along with
mediators such as IL-4 and IL-13 (especially in UC [45]) or recruitment of CD4+ Th1 cells
[36]. The amplification of inflammatory response as an attempt to remove foreign material only
incites further epithelial injury which coincides with a decreased production of defensins [46, 47].
It is quite possible that both paradigms may be true given the genetic heterogeneity among
IBD populations. A newly discovered subset of inflammatory T cells, known as T-helper 17
(Th17) cells, produces the proinflammatory cytokine IL-17 and requires IL-23 for proper
maintenance and function. Indirectly, Th17 cells relate CD and UC etiologies due to IL-23
sharing similar subunits with another major cytokine found in the Th1 phenotype, namely, IL-12
[48, 49]. Also, responsiveness to anti-TNF-α treatment suggests common pathogenic pathways
are shared by both IBD subtypes [50, 51].

Box 1: IBD pathogenesis.

3.2. Concept of Dysbiosis and IBD. Analyses in the gastroin-
testinal microbial populations showed significant differences
between healthy individuals and patients with IBD, an
indication that dysbiosis may be a contributing factor to IBD
[58, 59]. Specifically, an increased propensity of obligatory
aerobic bacteria is seen displacing the anaerobic species, with
Bifidobacteria (in CD) [60] and Lactobacilli (in UC) [20]
both being deficient in the microbiota. Reduced diversity
of mucosa-associated phyla Firmicutes and Bacteroidetes
is commonly observed as well in IBD controls [59, 61].
Depletion of Faecalibacterium prausnitzii is related to an
activated immune response, which specifically suppresses
and eradicates selective groups of bacteria resulting in an
imbalance of intestinal flora [62]. This is relevant due
to F. prausnitzii belonging to the genus Firmicutes in
the Clostridia 14 cluster, which in fact is an important
butyragenic-stimulated bacterium capable of exerting anti-
inflammatory effects [63].

Swidsinski et al. has shown that a person afflicted
with IBD displays an intestinal mucosa heavily populated
with adherent organisms which are virtually nonexistent in
a healthy individual [64]. For instance, adherent-invasive
E. coli are isolated and found to adhere to the brush
border of primary ileal enterocytes of CD patients but
none in healthy controls [65–67]. Most recently, however,
Willing et al. demonstrated that specific bacterial changes
were associated with different anatomical sites in CD but
UC patients in remission shared a similar microflora as
to healthy controls [68]. This correlates with the data
gathered from a comparative microbiota analysis of mice
where they found closely related phylotypes displayed higher
abundances (cooccurrence) and are conducive to intestinal
colonization irrespective of the microbial origin (external
or internal) [69]. Highly abundant subsets of commensal
microorganisms, such as Helicobacter, Clostridium, and

Enterococcus species, are hence more susceptible to transform
the symbiotic nature of the host-microbiota relationship into
a pathogenic one under certain environmental conditions
[54]. Mucosal antibodies recovered from IBD subjects are
found to be directed against intestinal commensal bacteria,
as such, they may be more responsive to antibiotic treatment
and faecal diversion than non-IBD controls [70, 71].

4. The Relationship of Bacterial Metabolites
of Carbohydrates and Mucosal Immunity

4.1. Immunoregulatory Functions of Short-Chain Fatty Acids.
Given that environmental-induced changes can alter the
intestinal microbiota, leading to dysregulatory inflamma-
tory responses, increasing evidence indicates that microbial
fermentative by-products (e.g., acetate, propionate, and
butyrate) demonstrate anti-inflammatory properties that
may be clinically relevant to the treatment of IBD [14, 77, 90–
93]. One study attributed the interaction between acetate and
the chemoattractant receptor, G-protein-coupled receptor
43 (GPR43; also referred to as FFAR2) [94], critical in
the regulation as well as the resolution of inflammatory
responses [95]. By analyzing the transcription profiles of
cellular receptor genes found in human leukocytes, the
investigators had identified high degree of GPR43 expression
in neutrophils and eosinophils; its expression was also
closely governed by Toll-like receptors (TLR2 and TLR4),
formyl peptide receptors (FPR1 and FPR2), and C5aR
suggesting that GPR43 is important for innate immune and
chemoattractant-induced responses. To examine the anti-
inflammatory protection conferred by the acetate-GPR43
signalling pathway, they induced acute colitis by adding
dextran sulphate sodium (DSS) to the drinking water of
GPR43-deficient (Gpr43−/−) and wild-type mice for one
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Table 2: Some immunoregulatory functions of butyrate.

(i) Increases choline acetyltransferase immunoreactive (ChAT-IR) enteric neurons in vivo and in
vitro
(ii) Increases cholinergic-mediated colonic motility and contractile response ex vivo

[72]

(i) Modulates oxidative stress in healthy colonic mucosa
(ii) Promotes glutathione (GSH) and lower uric acid concentrations compared

[73]

(i) Promotes the differential expression of 500 genes in human colonic mucosa
(ii) Increases gene expression of transcriptional regulation pathways: fatty acid oxidation,
electron transport chain, and oxidative stress
(iii) Increases gene expression related to epithelial integrity and apoptosis

[74]

(i) Influences colonic function, mainly by histone deacetylase inhibition [75, 76]

(i) Reduces inflammatory responses in vitro, mainly by inhibition of NF-κB activation [77]

(i) Mediates NOD2-dependent mucosal immune responses against PGN [78]

(i) Modulates an intracellular JAK/STAT1 signaling cascade which inhibits NO production [79]

(i) Enhances upregulation/detection of PRRs on intestinal epithelial cells [80–83]

(i) Anticarcinogenic/angiogenic by modulating the activity of several key regulators involved in
apoptosis and cell differentiation

[84–86]

(i) Enhances colonic defense barrier [87–89]

week. Compared to the wild-type, Gpr43−/− mice exhibited
exacerbated inflammatory response based on histological
analysis, daily activity index (DAI; a combined measure
of weight loss, rectal bleeding, and stool consistency), and
increased levels of myeloperoxidase activity (MPO; inflam-
matory mediator) in the colon. A significant improvement to
those inflammatory parameters soon followed after 200 mM
acetate was introduced in their drinking water in a GPR43-
dependent manner (Gpr43−/− mice lacked the receptor to
respond to acetate but not in wild-type ones). Similar
development of unresolved inflammation occurred in other
mice models such as DSS-induced colitis in germ-free wild-
type, K/BxN serum-induced model of inflammatory arthritis
and ovalbumin-induced model of allergic airway inflam-
mation. Host protection against enteropathogen Escherichia
coli (0157:H7) infection was recently linked to acetate
production by Bifidobacteria [96]. They proposed that
acetate prevented the pathogen from entering the systemic
circulation by enhancing mucosal barrier defense.

Although acetate and propionate have long been shown
to exert immunologic modification [14], it is butyrate
which generates the majority of interest in research. The
immunoregulatory activities exerted by butyrate are listed in
Table 2. Butyrate is able to regulate multiple gene expressions
in the colonic epithelial cells [74, 75]. Inhibition of histone
deacetylase by butyrate has been identified to orchestrate a
series of downstream effectors responsible for its attributive
anti-inflammatory profile [76, 97]. Most notably is the
direct suppression of the NF-κB transcription factor via
histone acetylation, which in turn alters the transcriptional
patterns of many genes encoding cytokines, chemokines,
adhesion molecules, and other proinflammatory mediators
[77, 98–101].

Other anti-inflammatory properties of butyrate high-
lighted as possible therapeutic targets in IBD include its
ability to modulate an intracellular JAK/STAT1 signalling
cascade which reduces NO production in macrophages

and in intestinal myofibroblasts [79]; enhance the upreg-
ulation/detection of PRRs on intestinal epithelial cells
(e.g., TLR1, TLR4, TLR6, peroxisome proliferator-activated
receptor-γ (PPARγ)) [80–83], hence facilitating the migra-
tion of neutrophil [102]; mitigate the extent of DNA damage
in colonocytes induced by neutrophilic oxidizing species
during carcinogenesis [103, 104]; potentiate the expression
of heat shock proteins, especially HSP70 and HSP25, in
enterocyte-like Caco-2 cells and DSS-induced colitis which
further enhances cellular protection during an inflammatory
response [105, 106].

In some cultured cell lines, butyrate improved the status
of intestinal defense mechanisms commonly impaired in
IBD by restoring mucosal barrier integrity and promoting
epithelial migration in a dose-dependent manner [87–89].
Specifically, its administration has been demonstrated to
stimulate MUC2 mucin gene expression in which its protein
product is often altered in IBD [107–109]. An increased
mucin secretion has also been reported in the isolated
vascularly perfused rat colon [110]. Butyrate was also
demonstrated to modulate the expression of antimicrobial
peptide, cathelicidin (LL-37), in isolated colon epithelial cell
lines [111]. A reinforced mucus layer and epithelial tight
junctions mean decreasing mucosal permeability, making
foreign substances impossible to pass through the defense
barrier.

To date potential therapeutic effects of butyrate have been
limited to UC. Interestingly, in vivo studies have shown that
butyrate oxidation in the colon mucosa of patients with
quiescent UC remain normal, whereas those with an actively
inflamed mucosa do not [112]. It was reported that TNF-
α, an inflammatory mediator, may be responsible for the
reduced colonic uptake of butyrate [113]. The deprivation of
butyrate or any other SCFAs, in conjunction with the toxic
metabolites derived from proteolytic fermentation when
saccharolytic fermentation is not possible, has long been
proposed for the pathogenesis of gastrointestinal disorders
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(or even cancer) identified to originate in the distal colon
[114]. Similar proposal concerning their therapeutic role in
the regulation of inflammatory immune responses and the
defense of mucosal immunity with respect to cellular func-
tions in the colon is also made [26, 115–117]. The therapeutic
effects of either butyrate alone or combination of SCFAs on
patients with moderate-to-active colonic inflammation were
confirmed. Many of the UC patients showed responsiveness
toward rectal enema treatment of butyrate (amid method-
ological and procedural differences), whereby symptomatic
improvement was reported afterward and coincided with a
reduction in the inflammatory parameters [93, 118, 119].
Despite the fact that clinical data have not established an
efficacious dietary quantity/frequency of butyrate [120–122],
current in vitro and ex vivo studies do implicate a regulatory
role in intestinal mucosal immunity.

5. Genes and IBD

Disease expression observed in individuals with IBD are a
result of genetic predisposition to mounting an inappro-
priate inflammatory response toward commensal microflora
(i.e., anergy is breached) [123, 124]. Some view immun-
odeficiency phenotype as the principle drive behind IBD
pathogenesis [125, 126], but external variables including
degree of bacterial load, malnutrition, surgery, and/or use
of immunosuppressant therapy must be present in order to
facilitate the disruption of the mucus layer and/or epithelial
tight junctions. As a result, rendering the submucosal com-
partments to become increasingly susceptible to bacterial
exposure, penetration, and adherence [36, 127–130]. Most
importantly, these variables predispose to abnormal inter-
actions with the microbiota. Whether observed dysbiosis,
particularly in CD, is a result of the host reaction and/or
therapy or a precursor to disease development is unclear yet.

Early progress was centered on characterizing genetic
variations in association with IBD susceptibility as supported
by familial aggregation studies and population-based cohort
surveys. It was suggested that geographic location, ethnic
background, socioeconomic class, and positive familial IBD
history (e.g., first-degree relatives and monozygotic twin) are
all variables dictating the risk in an individual for developing
IBD [131, 132]. Out of the 71 CD candidate genes and 47
for UC that have been identified to date [133], only about
30 of them are clearly delineated [50]. Genetic studies are
providing more concrete evidence for earlier epidemiological
studies, but at the same time pose additional questions that
further highlight the complex etiologies associated with IBD.
Despite some similar phenotypic traits, IBD subtypes do
not share all susceptibility loci. Another key finding reveals
that allelic variants to date confer to only a small fraction
of disease heritability in the IBD populations. This suggests
that as yet unidentified genes or other environmental factors
are attributable to IBD pathophysiological development.
Indeed in CD genetic predisposition to bacterial infections is
generally not enough to bring forth the clinical symptoms. A
number of additional environmental factors have now been
delineated, and these include smoking (promotes CD and

protects against UC) [134], appendectomy (may promote
CD and protects against UC) [135], nonsteroidal anti-
inflammatory drugs (promote CD) [134], bacterial or viral
infections (disrupt mucosal permeability of the intestine)
[134], and early exposure to antibiotics (promote CD) [136].

5.1. Mechanistic Model of Genetic, Nutrient, Microbial Inter-
action: Function of NOD2. The first and most consistent
mutations associated with increased susceptibility of CD
(but not UC) are in the nucleotide-binding oligomerization
domain containing 2 (NOD2) gene located on chromosome
16q12. Formerly it was known as caspase activated recruit-
ment domain protein 15 (CARD15) gene [39]. Considerable
research has revealed a complex of interactive components
necessary for the normal function of disposing the host
of bacterial invaders. This section reviews the components,
genetic and dietary, needed for such function. It is used
primarily here as an example of the mechanistic interactive
effects outlined above and how dysfunctions in different
components could lead to disease.

Nod2 protein (product of the NOD2 gene) belongs to
the family of PRRs. Upon recognition of bacterial-associated
PGN patterns, it mediates the activation of two pathways—
NF-κB and mitogen-activated protein (MAP) kinase. This
intracellular receptor located predominantly in Paneth and
other cells situated in the distal ileum plays a key part in the
innate immune defense by eliminating intracellular bacteria
or bacterial debris [137]. Its genetic mutations confer suscep-
tibility in CD mice models [138]. Three major NOD2 muta-
tions associated with the LRR domain have been confirmed:
two missense SNPs (Arg702Trp and Gly908Arg) and one
frameshift variant (Leu1007fsinsC), respectively [139–141].
All three mutations share similar restricted activation of the
NF-κB pathway in response to LPS and PGN treatments
[140, 142, 143]. Despite the prevalence of NOD2 mutations
present among the Caucasian populations (approximately
30% of patients of European ancestry have at least one of the
three polymorphisms), the genetic penetrance corresponds
to less than 10% of CD manifestation found in the carriers
[144, 145].

5.2. Genetic Components for Normal NOD2 Function. A
number of genes interact to promote normal NOD2 func-
tion. These include genes controlling Toll-like receptors,
autophagy genes (ATG16L1 and IRGM), and most recently,
products of Transducin-like enhancer of split 1 (TLE1)
also demonstrate major effects. Even though loss of func-
tion/regulation in NOD2 may not compromise NF-κB
signalling completely, an imbalance of immune activity
among mucosal cells is often the case due to oversecretion
of proinflammatory cytokines as an attempt to dispose
bacterial components [146]. A recent paper reported that
TNF receptor 4 (TRAF4) is responsible for downregulating
the activation of NF-κB, hence limiting the innate response.
This indicates that mutations in this downregulator may be
key in correcting the acute innate response similar to how
bacterial inoculation could do for NOD2 polymorphisms
[147].
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Autophagy is a highly conserved cellular process rec-
ognized for its role during starvation and in intracellular
pathogen clearance. In the former, intracellular components
are degraded indiscriminately to ensure cell viability. In the
latter case, the process involves the precise rearrangement
of intracellular constituents (e.g., bacteria, mitochondria,
intracellular membranes, and proteins) to form a macroau-
tophagy structure in order to isolate the foreign pathogen
for digestion. It is then sequestered in a double-membrane
cytosolic vacuole called an autophagosome which later fuses
with lysosomes for further processing [148, 149]. Genome-
wide association (GWA) studies have identified two sequence
variants involved in the autophagy pathway, ATG16L1 and
IRGM1, which confer to the genetic susceptibility of CD
[150–153]. Although the functional consequences as to
how ATG16L1 and IRGM1 mutations contribute to the
pathogenesis of CD are not fully understood, accumulating
human genetic data suggest that the location of ATG16L1 risk
allele on chromosome 2q37 might be linked to autophagy
mutations found in macrophage and Paneth cell.

Most recently a number of proteins have been identified
in vitro to interact with NOD2 [154]. Using a yeast 2-hybrid
screen some have been connected to a gene TLE1 which
affects mucin biosynthesis and apoptosis. These epistatic
interactions are putatively regulatory, and mutations in one
of the alleles of TLE1 appear to be necessary for CD risk in
the presence of classical NOD2 mutations. This allele may
also increase the risk for UC which is independent of NOD2
mutations.

5.3. Nutrient Components for Normal NOD2 Function. In
addition to the genetically mediated controls outlined for
NOD2, two environmental variables have been shown as
requirements for normal execution of intracellular bacterial
elimination. One study by Wang et al. linked in vitro 1,25-
dihydroxyvitamin D (or vitamin D) requirement for normal
NOD2 function which was measured through the release
of stimulated NF-κB products and defensin β2 [155]. The
presence of mutations of NOD2 could not be corrected
by increasing media levels of vitamin D. The other paper
by Leung et al. reported that, in response to the selective
modulation of histone acetylation in the NOD2 promoter
region by butyrate, an upregulation of Nod2 was observed.
The result is a dramatic enhancement in the production of
two chemokines, IL-8 and GRO-α, in the presence of PGN.
However, in its absence, butyrate only had a slight effect
on IL-8 concentration without altering the NF-κB associated
IL-8 promoter region concentration levels. Their results are
in agreement with the observation made by Fusunyan and
colleagues, such that NF-κB suppression by butyrate is an
indication that the upregulation of IL-8 must be independent
of NF-κB-mediated mechanism [78, 100]. Butyrate addition
to the in vitro Caco-2 cell line enhanced PGN-mediated IL-
8 and GRO-α production. These products also depended
on the induction of NF-κB as well as PGN [78]. Taken
together these two reports outline a molecular model for the
interactions between the NOD2 genetic consortium and 2
important environmental variables which impact on normal

function. To date there is no information to our knowledge
whether these 2 variables, vitamin D and butyrate, serve
redundant or synergistic (additive) functions. Until that time
the role of butyrate may be essential for appropriate clearance
of intracellular bacterial products and innate immunity.

6. Dietary Carbohydrates,
Symptoms, Pathogenesis

The impact of dietary interventions for the management
of IBD has kept abreast of the scientific research outcome
in the last two to three decades, albeit that results are
less compelling than theory would suggest. Rationales for
specific interventions in particular are more defined. For
example, the use of anti-inflammatory omega-3 fatty acids
seems rational, although outcomes are not satisfactory
[172, 173]. In the case of carbohydrates, Gibson and
Shepherd argue that distribution and subsequent rapid
fermentation of FODMAP molecules predispose the distal
small intestinal and colonic lumen to increased intestinal
permeability, an underlying factor to the development of
CD in genetically susceptible individuals [8]. They have
advocated the pathophysiological involvement of FODMAPs
in CD as a direct consequence of widespread consumption
in Western societies. Excessive exposure of high fructose
corn syrups and caloric sweeteners, commonly present in
soft drinks and various manufactured food products [174],
also appear to correlate with an increase in functional GI
symptoms. As well, lactose sensitivity, independent of known
genetic lactase status, has now been confirmed in patients
with CD [160].

Consumption of FODMAPs exerts osmotic effects by
increasing luminal fluid, inducing intestinal distension,
altering intestinal contractile patterns, and accelerating tran-
sit time [175]. Development of these symptoms leads to
the concept of global restriction of all poorly absorbed,
rapidly fermentable short-chain carbohydrates as opposed to
selectively limiting a few food items [176–178]. FODMAPs
aggravate symptoms possibly further by inducing abnormal
motility patterns as a consequence of colonic microfloral
modification to accommodate the high volume of such
consumption [163] or the incompletely evaluated role of
intestinally released gut hormones as described with the
prebiotic lactulose [179, 180].

6.1. Effects of Carbohydrate Withdrawal on Microbial Flora.
Early etiological studies of IBD (especially CD) have con-
sistently suggested that high consumption of refined sugar
may be an independent risk factor [181–185]. More recent
publications, however, have questioned this effect [186–188].
Nevertheless, a possible explanation for this observation has
been provided by the proposed prebiotic concept [2]. There
are, however, little data on microbial effects of complex
carbohydrate withdrawal. Rats restrictive of food for 20
weeks resulted in nonsignificant changes in reduction of total
anaerobic microbes and no significant shifts in population
species [189]. When rats were fed sucrose or starch in eq-
uicaloric amounts for 9 months, no weight changes occurred,
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Table 3: Comparison of putative pathogenic mechanisms in inflammatory bowel disease (IBD) and irritable bowel syndrome (IBS).

IBD

(i) Genetic predisposition (extensive) [39, 131, 140, 150, 152, 156, 157]

(ii) Intestinal microflora alterations [55–57, 59–61, 65, 124, 158, 159]

(iii) Altered immunity (extensive) [42–44, 123, 125, 126]

(iv) Altered carbohydrate sensitivity [160]

(v) Tissue destruction and complications [50, 124]

IBS

(i) Genetic predisposition (exists but not yet worked out) [161, 162]

(ii) Microflora alterations especially after gastroenteritis [6, 33, 163–165]

(iii) Altered immune response (variable and mild) [166]

(iv) Altered carbohydrate sensitivity [167–170]

(v) No evidence for tissue destruction [171]

but the aerobic population increased and ratio of anaerobes
to aerobes decreased [190]. Most importantly the total SCFAs
production was significantly higher in starch than sucrose-
fed rats, although the ratios remained the same.

6.2. Effects of Carbohydrate Feeding on Microbial Flora. On
the contrary there are abundant data on the effects of
poorly digested carbohydrates on microflora. Maldigested
carbohydrates in general alter numbers [191] and type of
intestinal cells [192], SCFAs production, colonic pH [191,
193], and microbial numbers as well as diversity [194]. As
for prebiotics (those maldigested carbohydrates which fit
more to the definitions as proposed by Gibson et al. [195]),
short-chain (oligofructose) as well as long-chain fructose
(inulin) polymers, all of which promoted the production of
SCFAs [196], Bifidobacteria and Lactobacilli species in stool
[197, 198], and other mucosal-associated microbial species
[199].

In the case of IBD, the introduction of fructooligosac-
charides or lactulose in healthy rats has demonstrated a
combined effect of increased bacterial translocation, epithe-
lial cell proliferation, colonic epithelial injury, and mucin
production despite prebiotic consumption [200]. Among
rats fed a FODMAP-like diet in conjunction with Salmonella
species infection, severe colitis developed while only mild
colonic inflammation was observed in controls [200].

Furthermore, a number of other published studies
have demonstrated the protective role of both traditional
prebiotics as well as other maldigested carbohydrates against
experimentally-induced colitis (reviewed in [5]). The animal
models employed in those experiments include the IL-10-
deficient and trinitrobenzene sulfonic acid (TNBS) mouse
model of CD and the DSS mouse model of UC. In these
cases lactulose, fructo-oligosaccharide, and trans-galacto-
oligosaccharide prebiotics as well as germinated barley
foodstuffs (derived from beer production) alter colonic
physiology via pH, SCFAs production, microbial species, and
outcome of induced colitis.

Probiotics and prebiotics have generally been associated
with improvement in clinical IBD [201]. It is postulated that
pro- and prebiotics modulate the extent of inflammation
during the progressive stage of the condition. In this context
probiotics may have an advantage in UC [202], despite

benefit of any specific probiotic in CD to date has not been
substantiated [203]. Prebiotics in CD have generally shown
some effect but again not substantiated (see the following).

6.3. Irritable Bowel Syndrome and Inflammatory Bowel
Disease. An example where dietary intervention takes into
consideration both outlined concepts of carbohydrate effects
is IBS. Neurological disturbances [204–207], abnormalities
in the brain-gut axis [208, 209], hyperreactivity to stress
[210], and impaired gut motility or transit [211, 212] are
etiological factors previously proposed to drive symptom
profiles of IBS. However, until recently etiological explana-
tions have begun to resemble those of IBD. Genetic factors
[161], altered enteric microbiota [164], with a variation of
additional bacterial overgrowth in the small intestine [33],
and the role of host-microbial communications are gaining
importance [6, 7, 162, 165, 213]. High production of acetate
and propionate have been observed in correlation with more
severe IBS symptoms in patients as reported by Tana et al.
[214]. Response to selective probiotics in IBS has also been
reported albeit with variable success [10]. While there may be
some increased inflammatory cells found on histopathology
[166, 215], in cases of postinfection, there is no tissue
destruction as seen in IBD. Table 3 outlines some of these
similarities.

In general, symptoms in active IBD are attributed to
inflammatory processes. However, a fraction of patients
defined by clinical criteria to be in remission, nevertheless
suffer symptoms which are reminiscent of IBS and satisfy
Rome II or III criteria [216]. The use of classical anti-
inflammatory medication (e.g., corticosteroids, immunomo-
dulators, etc.) does not seem to alleviate these symptoms
and may affect up to a third of patients [216]. Nonetheless,
evaluation of fecal calprotectin (a protein marker of true
inflammation) in such patients shows elevated levels sup-
porting the notion that these IBS-like symptoms may also be
mediated by inflammation. Generally, calprotectin levels are
expected to be normal in classical IBS [217].

At present, therapeutic developments targeting those
factors remain a complicated task due to the heterogeneity
within and among individuals. Unlike IBD, which has a
defined immunological pathology, IBS is a highly subjective
disorder where hypersensitivity to foodstuffs is mistakenly
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perceived by patients as the primary symptomatic factor
(the common ill-perceived food constituents are ones orig-
inating from dairy products, fructose and wheat products)
[167, 168, 208]. Carbohydrate ingestion, in particular, are
often avoided. There are thus two approaches to reduce the
symptoms as a result of carbohydrate ingestion. Both will be
discussed in the following.

7. Concepts of Carbohydrates and Therapy:
FODMAP Withdrawal Approach

7.1. Irritable Bowel Syndrome. After having incorporated
FODMAPs as part of their daily diet, subjects (those
with preexisting IBS, quiescent IBD condition, or free of
intestinal diseases) across several studies had all experienced
an increase in effluent load, diarrhea secondary to altered
bowel/motility movements, and an overall exacerbation of
abdominal symptoms (i.e., flatulence, pain, and bloating)
[169, 178]. Contrarily, results derived from other studies
involving the restriction of one or more FODMAP food items
all showed an improvement of abdominal symptoms in IBS
patients [170, 218].

Twelve participants who had previously undergone
ileostomy were subjected to either a high or low FODMAP
diet for a 4-day period [178]. A 20% increase in the ileal
effluent was observed after the participants consumed a high
FODMAP diet compared to low, taken into account water
content and dry weight also. The effluent consistency was
reportedly thicker for the low FODMAP diet as opposed
to the high FODMAP diet. Such changes to the nature of
ileostomy output are likely influenced by the osmotically
active FODMAP components.

Isolated fructose restriction for IBS patients with fructose
malabsorption also demonstrated a sustained improvement
of functional gut symptoms [218]. In a randomized placebo-
controlled crossover trial, fructose, fructans (these are linear
or branched polymers of fructose) and a mixture of the two
substrates were randomly reintroduced to the original low
FODMAP test diet given to a group of fructose malabsorbers
with some form of known IBS condition [169]. Despite
responding well to the low FODMAP diet for the 10-day
duration, 70% of these patients reported symptom recur-
rence (i.e., diarrhea, abdominal pain, wind, bloating, etc.)
upon having their daily meal challenged with fructose and/or
fructans in a dose-dependent manner compared to only 14%
who received glucose (control). In addition, fructose and
fructan combined promoted the greatest symptom severity
than either substance alone. This study further supports the
dietary principles of FODMAP withdrawal and demonstrates
how eliminating the right dietary component is critical to
correct IBS symptoms.

It is postulated that the many symptoms (especially
diarrhea) felt by IBS patients may be more related to
abnormal colonic fermentation rather than osmotic effects,
possibly a result of antibiotic- or gastroenteritis-induced
dysbiosis [163]. One experiment assessed such correlation
by measuring the total body excretion of hydrogen and

methane gas in a 24-hour calorimetric test [219]. A com-
parison between healthy and symptomatic IBS subjects, each
consuming two types of diet—a standard fiber-rich and
fiber-free diet—found that a significant improvement in
abdominal symptoms is in fact associated with the reduction
of gaseous products from fiber-free consumption.

Ong and colleagues conducted a randomized, single-
blinded, crossover trial to evaluate the impact FODMAP
consumption has on the extent and spectrum of intraluminal
gas production in 15 healthy volunteers compared to 15
IBS patients by Rome III criteria [220]. Breath hydrogen
excretion levels remained fairly high in both groups after a 2-
day high FODMAP diet. They observed that those subjected
to a high FODMAP diet have a significantly higher incidence
of symptoms associated with luminal extension. Interest-
ingly, those without IBS criteria also reported increase in gas
production when subjected to a high FODMAP diet, but it
did not translate to IBS-related symptoms [220]. Thus, these
results indicate that FODMAPs do not cause IBS but that
symptoms are triggered by the exaggerated bowel response
to gaseous distension [169, 220]. Another study from the UK
confirmed the benefit of a low FODMAP diet in IBS patients
[221]. Staudacher et al. conducted a diet questionnaire in 82
patients with IBS where they were roughly divided into equal
proportions to consume either a standard or a low FODMAP
diet. Both groups showed significant improvements in the
overall and specific symptoms (e.g., bloating).

7.2. Inflammatory Bowel Disease. In the case of IBD, little
information is available concerning the specific trials involv-
ing carbohydrate restriction. The use of elemental/enteral
diets particularly in children to induce CD remission has
been explored, but it involves the restriction of most elements
from reaching the lower intestine [222, 223]. A randomized
controlled trial of carbohydrate restriction was reported by
Lorenz-Meyer et al. after 15 years of study [224]. They found
some benefit to prevention of relapse in patients with CD, but
intention to treat analysis failed to reach significance. More
recently, FODMAP withdrawal was reported in a pilot study
of 72 patients (52 CD, 20 UC) over a 3-month period [225].
Out of about 70% diet-adherent patients, 50% responded
favourably with reductions in abdominal symptoms.

8. Concepts of Carbohydrates and Therapy:
Emphasis on Prebiotics

8.1. Irritable Bowel Syndrome. In contradistinction to
FODMAP withdrawal diet, regular consumption of single
or mixtures of prebiotics has also been explored for IBS in
a few studies. The concept that symptoms of carbohydrate
intolerance in healthy persons can be overcome by regular
short-term ingestion was observed in populations with
lactose intolerance [246]. A formal randomized crossover
study of lactose feeding in lactose maldigesters demonstrated
both symptomatic and fecal microfloral adaptation [247].
Although symptomatic improvement of lactose intolerance
may be due to a placebo effect [248], changes in hydrogen
and fecal bacteria are physiological [249–251].
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Table 4: (a) Human studies published on the use of prebiotics or nondigestible carbohydrates for inflammatory disorders. IBD: inflamma-
tory bowel disease, UC: ulcerative colitis, CD: Crohn’s disease, and P: postoperative ileoanal anastomotic pouch inflammation, represents a
spectrum of IBD recurrences. (b) Studies using combination of prebiotics and probiotics (synbiotics) for IBD.

(a)

Disorder N = patients Study type Active agent Outcome Reference

UC1 29 RCT Ispaghula husk Improved [226]∗

UC1 102 RCT, OL Plantago Ovata Nonsuperior [227]

UC2 10 OL GBF Improved [228]

UC2 18 OL GBF Improved [91]

UC2 21 OL GBF Improved [229]

UC2 40 RCT GBF Cytokine decreased [230]

UC1 59 RCT, OL GBF Lower recurrence [231]

UC2 19 OL OFS + IN + Bif Improved clinical endoscopy [232]

UC and CD1 20 (10 controls) OL Lactulose Adaptation in UC, but not in CD [233]

UC and CD1 31 OL Lactulose No effect, but improved quality of life in UC [234]

CD2 10 OL FOS, IN Improved score [235]

CD2 10 OL FOS, IN Improved [236]

CD2 103 DBRCT FOS No clinical benefit, despite impacting on DC function [237]

P2 20 DBRCT IN Improved inflammation [238]∗

P2 21 OL Lactose Decreased bacterial sulfomucins [239]

(b)

Disorder N = patients Study type Active agent Outcome Reference

UC2 16 OL OFS + IN + Bif Improved clinical endoscopy [240]

UC1 120 RCT Bif/Psy/Bif + Psy Improved quality of life with Bif + Psy [241]

CD3 30 OL Mixed fiber + IN + 4 Lacto Failed to prevent relapse [242]

CD2 10 OL Psy + Bif + Lacto Clinical improvement [243]

CD2 35 DBRCT OFS + IN + Bif Clinical improvement [244]

P2 10 OL OFS, Lacto Improved and remit [245]

RCT: randomized controlled trial; DBRCT: double-blind randomized controlled trial; OL: open labeled; GBF: germinated barley foodstuffs; FOS: fructo-
oligosaccharides (<5 degrees of polymerization); OFS: oligofructose (5–10 degrees of polymerization); IN: inulin (<200 degrees of polymerization); Psy:
psyllium; Bif: Bifidobacteria species; Lacto: Lactobacillus species.
∗Crossover design,
1Disease in remission,
2Active disease,
3Maintenance after surgery.

While it is well recognized that prebiotics induce symp-
toms in patients, there are now two controlled trials in
patients with IBS which demonstrated symptomatic “adapta-
tion” to prolonged feeding. Paineau et al. published a double-
blind randomized controlled trial using short-chain fructo-
oligosaccharides in 105 patients and reported a global, yet
highly specific, symptomatic improvement by the end of the
6-week trial [252]. Similarly, trans-galacto-oligosaccharides
employed by Silk et al. in a crossover trial of 44 patients over
12 weeks also reported global and specific improvements
[253]. These two studies demonstrate that it is possible to
improve symptoms in IBS simply by providing prebiotics
on a continual basis. It is not, however, clear whether
such improvements were due to “psychological adaption” or
bacterial adaptation to carbohydrates.

8.2. Inflammatory Bowel Disease. Several studies examining
the possible benefits of classical prebiotics (fructose or galac-
tosyl polymers) and poorly digested fibers (e.g., Ispaghula

husk, germinated barley foodstuffs) to IBD have been
published. The rationale as outlined rests on their ability to
modulate the intestinal microflora and their beneficial conse-
quences associated with SCFAs production [91, 206]. These
studies comprised of 744 patients with UC, CD, or P (post-
operative ileoanal anastomotic pouch inflammation). The
variety of indications is described in Tables 4(a) and 4(b),
and includes maintenance of remission [226, 227, 231, 234],
mild to moderately active disease [91, 228–230, 232,
236–240, 244], prevention of postsurgical CD recurrence
[226, 242], and physiological assessment of adaptation capa-
bility [233]. The studies include 8 randomized controlled
trials of which 3 were double blinded [237, 238, 244] and
two were crossover design [226, 238]. The studies extended
from 2 weeks to 24 months (mean 4.8 ± 6.1 months, with a
median of 1.6 months). A total of 510 patients were treated
with active agent and 234 were controls. Of the controls
31 patients received probiotics without prebiotics [241].
Forty-nine treated patients were crossed over to placebo
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[226, 238]. While endpoints varied, only two studies failed
to show benefit. Six of the randomized studies (4 for UC
in remission [226, 227, 241], one active CD [244], and one
active P [238]) showed better or nonsuperior remission rates
for UC, also improvement in clinical score for CD or P. A
small study showed reduction of proinflammatory cytokines
in UC [230]. However, the studies failing to show benefit
included the largest and most carefully conducted DBRCT
(double-blind randomized controlled trial) of patients with
active CD [237]. Importantly, it also included the only study
albeit observational, evaluating the role of synbiotics in
CD postsurgery recurrence [242]. Additional well-conducted
trials are needed to lend clinical credence to effective use of
prebiotics in IBD.

9. Summary and Conclusions

The basic premise of this paper is a conceptual contrast
of the rationale of either using a select group of prebiotic
molecules to alter microflora and microbial metabolism or to
withhold a wide array of carbohydrates which includes those
prebiotics. The emphasis of these interventions is on use in
IBD, but IBS is used as a clinical model to outline available
but to date limited number of trials to show symptomatic
efficacy. The two principles pose a scientific conundrum
particularly in IBD, while there is evidence that bacterial
immune interactions play a significant role in IBS abnormal
immune response in IBD lead to tissue destruction.

There is limited evidence that both approaches (withhold
FODMAP entirely or use selective parts of FODMAP) in
IBS result in symptomatic improvement in a significant
percentage of patients within a certain time frame. The use
of prebiotics in IBD is not settled in either active or remitting
disease. Information on the use of FODMAP or general
carbohydrate withdrawal, to our knowledge, has been limited
with IBD. The IBS-like symptoms in IBD may be related to
intestinal inflammation making its pathogenesis similar but
different from that in true IBS. As such the role of beneficial
bacteria and SCFAs may be more important in the former.

The real “conundrum,” then, is whether the additive
or withdrawal approach can induce microbial changes
which subsequently lead to amelioration of symptoms (as
in IBS or IBS-like symptoms in IBD), but also modula-
tion of the immune response especially inflammation. If
both approaches affect the microflora, what organisms are
(equally?) modulated by a reduction in specific nutrition as
well as kept in check by other organisms like lactic acid-
producing bacteria? There is limited research on effects of
withdrawal (whether total nutrient or specific nutrients like
carbohydrates). There are many publications on effects of
addition of prebiotics or complex fibers. The example of
NOD2 suggests that certain dietary components may be
necessary for normal function, but redundant functions are
likely. Nevertheless, until more information is available, a
judicious use of the discussed approaches and time of use
should be considered for symptom control, with withdrawal
(the less tried approach) for IBD.
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[69] B. Stecher, S. Chaffron, R. Käppeli et al., “Like will to like:
abundances of closely related species can predict susceptibil-
ity to intestinal colonization by pathogenic and commensal
bacteria,” PLoS Pathogens, vol. 6, no. 1, Article ID e1000711,
2010.

[70] A. Macpherson, U. Y. Khoo, I. Forgacs, J. Philpott-Howard,
and I. Bjarnason, “Mucosal antibodies in inflammatory
bowel disease are directed against intestinal bacteria,” Gut,
vol. 38, no. 3, pp. 365–375, 1996.

[71] C. O. Elson, “Commensal bacteria as targets in Crohn’s
disease,” Gastroenterology, vol. 119, no. 1, pp. 254–257, 2000.

[72] R. Soret, J. Chevalier, P. De Coppet et al., “Short-chain fatty
acids regulate the enteric neurons and control gastrointesti-
nal motility in rats,” Gastroenterology, vol. 138, no. 5, pp.
1772–1782.e4, 2010.

[73] H. M. Hamer, D. M. A. E. Jonkers, A. Bast et al., “Butyrate
modulates oxidative stress in the colonic mucosa of healthy
humans,” Clinical Nutrition, vol. 28, no. 1, pp. 88–93, 2009.

[74] S. A. L. W. Vanhoutvin, F. J. Troost, H. M. Hamer et al.,
“Butyrate-induced transcriptional changes in human colonic
mucosa,” PLoS One, vol. 4, no. 8, Article ID e6759, 2009.

[75] K. Daly and S. P. Shirazi-Beechey, “Microarray analysis of
butyrate regulated genes in colonic epithelial cells,” DNA and
Cell Biology, vol. 25, no. 1, pp. 49–62, 2006.

[76] J. R. Davie, “Inhibition of histone deacetylase activity by
butyrate,” Journal of Nutrition, vol. 133, no. 7, pp. 2485S–
2493S, 2003.

[77] J. P. Segain, J. P. Galmiche, D. Raingeard De La Blétière et
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[83] U. Böcker, O. Yezerskyy, P. Feick et al., “Responsiveness
of intestinal epithelial cell lines to lipopolysaccharide is
correlated with Toll-like receptor 4 but not Toll-like receptor
2 or CD14 expression,” International Journal of Colorectal
Disease, vol. 18, no. 1, pp. 25–32, 2003.



14 International Journal of Inflammation

[84] H. Chirakkal, S. H. Leech, K. E. Brookes, A. L. Prais, J. S.
Waby, and B. M. Corfe, “Upregulation of BAK by butyrate
in the colon is associated with increased Sp3 binding,”
Oncogene, vol. 25, no. 54, pp. 7192–7200, 2006.

[85] D. Zgouras, A. Wächtershäuser, D. Frings, and J. Stein,
“Butyrate impairs intestinal tumor cell-induced angiogenesis
by inhibiting HIF- 1α nuclear translocation,” Biochemical and
Biophysical Research Communications, vol. 300, no. 4, pp.
832–838, 2003.

[86] J. Rodrı́guez-Salvador, C. Armas-Pineda, M. Perezpeña-
Diazconti et al., “Effect of sodium butyrate on pro-matrix
metalloproteinase-9 and -2 differential secretion in pediatric
tumors and cell lines,” Journal of Experimental and Clinical
Cancer Research, vol. 24, no. 3, pp. 463–473, 2005.

[87] J. M. Mariadason, D. H. Barkla, and P. R. Gibson, “Effect
of short-chain fatty acids on paracellular permeability in
Caco- 2 intestinal epithelium model,” American Journal of
Physiology, vol. 272, no. 4, pp. G705–G712, 1997.

[88] L. Peng, Z. He, W. Chen, I. R. Holzman, and J. Lin, “Effects
of butyrate on intestinal barrier function in a caco-2 cell
monolayer model of intestinal barrier,” Pediatric Research,
vol. 61, no. 1, pp. 37–41, 2007.

[89] A. J. Wilson and P. R. Gibson, “Short-chain fatty acids
promote the migration of colonic epithelial cells in vitro,”
Gastroenterology, vol. 113, no. 2, pp. 487–496, 1997.

[90] S. K. Mazmanian, J. L. Round, and D. L. Kasper, “A microbial
symbiosis factor prevents intestinal inflammatory disease,”
Nature, vol. 453, no. 7195, pp. 620–625, 2008.

[91] O. Kanauchi, T. Suga, M. Tochihara et al., “Treatment of
ulcerative colitis by feeding with germinated barley foodstuff:
first report of a multicenter open control trial,” Journal of
Gastroenterology, vol. 37, supplement 14, pp. 67–72, 2002.

[92] J. M. Harig, K. H. Soergel, R. A. Komorowski, and C. M.
Wood, “Treatment of diversion colitis with short-chain-fatty
acid irrigation,” New England Journal of Medicine, vol. 320,
no. 1, pp. 23–28, 1989.

[93] H. Lührs, T. Gerke, J. G. Müller et al., “Butyrate inhibits NF-
κB activation in lamina propria macrophages of patients with
ulcerative colitis,” Scandinavian Journal of Gastroenterology,
vol. 37, no. 4, pp. 458–466, 2002.

[94] E. Le Poul, C. Loison, S. Struyf et al., “Functional character-
ization of human receptors for short chain fatty acids and
their role in polymorphonuclear cell activation,” Journal of
Biological Chemistry, vol. 278, no. 28, pp. 25481–25489, 2003.

[95] K. M. Maslowski, A. T. Vieira, A. Ng et al., “Regulation of
inflammatory responses by gut microbiota and chemoattrac-
tant receptor GPR43,” Nature, vol. 461, no. 7268, pp. 1282–
1286, 2009.

[96] S. Fukuda, H. Toh, K. Hase et al., “Bifidobacteria can
protect from enteropathogenic infection through production
of acetate,” Nature, vol. 469, no. 7331, pp. 543–549, 2011.

[97] P. R. Gibson, “The intracellular target of butyrate’s actions:
HDAC or HDON’T?” Gut, vol. 46, no. 4, pp. 447–448, 2000.

[98] M. S. Inan, R. J. Rasoulpour, L. Yin, A. K. Hubbard, D. W.
Rosenberg, and C. Giardina, “The luminal short-chain fatty
acid butyrate modulates NF-κB activity in a human colonic
epithelial cell line,” Gastroenterology, vol. 118, no. 4, pp. 724–
734, 2000.

[99] R. F. Place, E. J. Noonan, and C. Giardina, “HDAC inhibi-
tion prevents NF-κB activation by suppressing proteasome
activity: down-regulation of proteasome subunit expression
stabilizes IκBα,” Biochemical Pharmacology, vol. 70, no. 3, pp.
394–406, 2005.

[100] R. D. Fusunyan, J. J. Quinn, M. Fujimoto, R. P. MacDermott,
and I. R. Sanderson, “Butyrate switches the pattern of
chemokine secretion by intestinal epithelial cells through
histone acetylation,” Molecular Medicine, vol. 5, no. 9, pp.
631–640, 1999.

[101] M. Weng, W. A. Walker, and I. R. Sanderson, “Butyrate regu-
lates the expression of pathogen-triggered IL-8 in intestinal
epithelia,” Pediatric Research, vol. 62, no. 5, pp. 542–546,
2007.
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and P. Plaisancié, “Mucin secretion is modulated by luminal
factors in the isolated vascularly perfused rat colon,” Gut, vol.
46, no. 2, pp. 218–224, 2000.

[111] J. Schauber, C. Svanholm, S. Termén et al., “Expression of the
cathelicidin LL-37 is modulated by short chain fatty acids in
colonocytes: relevance of signalling pathways,” Gut, vol. 52,
no. 5, pp. 735–741, 2003.

[112] K. Kato, Y. Ishii, S. Mizuno et al., “Usefulness of rectally
administering [1-13C]-butyrate for breath test in patients
with active and quiescent ulcerative colitis,” Scandinavian
Journal of Gastroenterology, vol. 42, no. 2, pp. 207–214, 2007.

[113] S. Nancey, D. Moussata, I. Graber, S. Claudel, J. C. Saurin,
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Chronic inflammation is a well-recognized risk factor for development of human cancer in several tissues, including large
bowel. Inflammatory bowel disease, including ulcerative colitis and Crohn’s disease, is a longstanding inflammatory disease of
intestine with increased risk for colorectal cancer development. Several molecular events involved in chronic inflammatory process
may contribute to multistep carcinogenesis of human colorectal cancer in the inflamed colon. They include overproduction
of reactive oxygen and nitrogen species, overproduction and upregulation of productions and enzymes of arachidonic acid
biosynthesis pathway and cytokines, and intestinal immune system dysfunction. In this paper, I will describe several methods
to induce colorectal neoplasm in the inflamed colon. First, I will introduce a protocol of a novel inflammation-associated colon
carcinogenesis in mice. In addition, powerful tumor-promotion/progression activity of dextran sodium sulfate in the large bowel
of ApcMin/+ mice will be described. Finally, chemoprevention of inflammation-associated colon carcinogenesis will be mentioned.

1. Introduction

Relationship between inflammation and cancer has been
suggested for a long time [1]. Since Marshall and Warren [2],
who discovered Helicobacter pylori and reported its infection
closely associated with gastric cancer development, won the
Nobel Prize in Physiology or Medicine in 2005, there have
been an increasing number of reports on PubMed as to the
relationship between inflammation and carcinogenesis in a
variety of tissues (Table 1) and it has been featured in major
journals.

In terms of the large bowel, it has been found
that the risk of colorectal cancer increases in relation
to the degrees of inflammation and the disease dura-
tion (duration/risk = 10 years/1.6%, 20 years/8.3%, and 30
years/18.4%) in inflammatory bowl diseases (IBDs) such as

ulcerative colitis (UC) and Crohn’s disease (CD) (Figure 1)
[3]. I have been interested in inflammation-associated col-
orectal carcinogenesis for a long time, since even younger
patients with UC have high risk of colorectal cancer [4].

Patients with UC as well as those with colorectal cancer
have been increasing in Asian countries including Japan,
similarly to Western countries (Figure 2) [5]. Therefore,
it is necessary to investigate the mechanisms of colorectal
cancer development with the background of inflammation
for establishing the countermeasure strategy such as chemo-
prevention [6–8]. To this end, a novel animal model is
required but there have been few useful animal models. In
this paper, I would like to introduce details of my short-term
mouse and rat colorectal cancer models with the background
of colitis mimicking human UC and our exploration of
chemopreventive agents using these models [6–8].
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Figure 1: UC patients are high-risk groups of colorectal cancer (CRC) development.

Table 1: Inflammation and cancer in various tissues.

Chronic inflammation Site and associated cancer

Chewing tobacco, Oral irritation Oral squamous cell carcinoma

Smoking, Chronic bronchitis, Chronic
Lung cancer

obstructive pulmonary disease

Asbestosis Mesothelioma

Reflux esophagitis, Barrett’s esophagus Esophageal adenocarcinoma

H. pylori-induced gastritis Gastric cancer, Mucosa-associated lymphoid tissue lymphoma

Chronic pancreatitis Pancreatic adenocarcinoma

Viral (Hepatitis B and C virus) hepatitis Hepatocellular carcinoma

Opisthorchis sinensis infection (liver fluke) Cholangio carcinoma

Inflammatory bowel disease (IBD) Colorectal adenocarcinoma

Pelvic inflammatory disease Ovarian cancer

Human papilloma virus (HPV) infection Anogenital carcinoma

Schistosomiasis Bladder cancer

Chronic scar tissue Scar cancer arising in pre-existing scars in the lung, skin, and other tissues

Human herpes simplex virus type 8 Kaposi sarcoma

Chronic oesteomyelitis Osteosarcoma

2. Process of Human Colorectal Carcinogenesis

There are at least four types of human colorectal car-
cinogenesis (adenoma-carcinoma sequence type, hereditary
nonpolyposis colorectal cancer (HNPCC) type, de novo type,
and colitic cancer type) (Figure 3) [9]. Of them, the colitic
(colitis-associated) cancer type arises from the background
of colitis and DNA injury is induced by production of
free radicals by the inducible nitric oxide synthase (iNOS)
system in the colonic mucosa with persistent inflammation,

followed by p53 mutation and development of dysplasia,
a precancerous lesion. Furthermore, dysplasia is advanced
by cyclooxygenase- (COX-) 2, iNOS, and several cytokines
produced in the infiltrated inflammatory cells and accumu-
lation of genetic abnormality, such as a loss of the DCC gene,
leads to invasive colorectal cancer. Unlike common colorectal
cancer (adenoma-carcinoma sequence type), it has been
thought that the APC and K-ras genes and microsatellite
instability (MSI) are hardly involved in this type, but there
remains to be further discussed [9].
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3. Development of an Inflammation-Associated
Colorectal Cancer Model

Rats have mostly been employed for an animal colorectal
carcinogenesis model, and azoxymethane (AOM), methyla-
zoxymethanol (MAM) acetate, and 1,2-dimethylhydrazine
(DMH) have been widely used as colorectal carcinogenic
substances (Table 2) [10]. About 30 weeks are required for
development of colorectal cancer in about half of rats that are
initiated with the colonic carcinogens. On the other hand,
in experiments and studies using mice, multiple adminis-
trations of similar colorectal carcinogens are required and it
takes a long term of 40 weeks or longer to develop colorectal
cancer [11]. Therefore, I tried to develop a novel mouse
model that would develop colorectal cancer in a short term in
the inflamed colon [12]. To settle the issue of the influence of
peroxisome proliferator-activated receptor (PPAR) agonists
on colorectal carcinogenesis, which has been a topic on the

journal Nat Med since 1998 [13–15], we confirmed that
colitis inducing dextran sodium sulfate (DSS), employed in
an experiment using rats with aberrant crypt foci (ACF) as a
biological marker (Figure 4) [9, 16–18], had tumor promoter
activity to accelerate development of ACF and hypothesized
that a combination of DSS and AOM would induce colorectal
cancer in a short-term period in mice as well [19].

Since DSS is a nongenotoxic carcinogen [20], male ICR
mice were divided into three groups that received different
administration patterns: DSS→AOM, AOM during DSS
administration, and AOM→DSS (Figure 5). In the groups
of DSS→AOM and AOM→DSS, there was a one-week
interval between the treatments [12]. DSS was given at the
concentration of 2% in drinking water (distilled water) for
one week and AOM was administered intraperitoneally once
at a low dose of 10 mg/kg body weight, which could not
induce colorectal tumors, namely, the low-dose initiation.
Interestingly, many colorectal tumors (tubular adenomas
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The tumorigenicityof DSS is non-genotoxic effects [20]. Cycle treatment with 3% DSS (MW 54,000, 7 days) and distilled water (14 days)
produces colonic tumors [45]. DSS increases the number of ACF induced by AOM [19].

and tubular adenocarcinomas) developed in the distal colon,
where DSS could induce severe colitis, of mice in the group
of AOM→DSS. On the other hand, mice of other groups
(the DSS→AOM and the AOM during DSS administration
groups) did not develop colorectal tumors. The findings

confirm potent tumor-promotion activity of DSS (Figure 6).
At the same time, the results reconfirmed importance of
inflammation in colorectal carcinogenesis [12]. In addition,
accumulation of β-catenin in the nuclei of colorectal adeno-
carcinoma cells was observed.
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Dose dependence of tumor-promotion activity of DSS
after a single intraperitoneal administration of AOM
(10 mg/kg body weight) was subsequently examined at five
doses (0.1%, 0.25%, 0.5%, 1%, and 2%) of DSS (Figure 7)
[21]. The findings indicated that tumor-promotion activity
DSS was not observed at the concentration 0.25% or lower
and only one tubular adenoma developed in a mouse
that received AOM and 0.5% DSS. Colorectal tumors were

developed in all mice by the treatment with 1% DSS and
2% DSS after AOM initiation and the number of colorectal
adenocarcinoma was much greater in the group of mice
treated with 2% DSS (Figure 8). The severity of colonic
inflammation was determined by the histological inflamma-
tion score and immunohistochemical nitrotyrosine-positive
reactivity. Both the inflammation score and nitrotyrosine-
positive score in inflammatory cells that infiltrated colonic
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mucosa were higher in mice that received higher doses of DSS
after AOM, suggesting that inflammation and nitrosation
were involved in the tumor-promotion activity of DSS
(Figure 9).

Time-course observation during AOM/DSS-induced
mouse colorectal carcinogenesis was conducted to determine
when colonic tumors occur in the inflamed colon of
mice that received 2% DSS after the AOM initiation [22].
Male ICR mice were initiated with a single intraperitoneal
injection of AOM (10 mg/kg body weight) and followed
by one week administration with 2% DSS in drinking
water. Our time-course observation revealed that colorectal
adenoma and adenocarcinoma developed three and four
weeks after AOM administration, respectively, and the
numbers increased in a time-dependent manner during the
follow-up period up to 14 weeks (Figure 10). Interesting
finding of this study was that the high inflammation score
and high nitrotyrosine-positive score lasted until five to six
weeks after the cessation of DSS administration (Figure 11).
Since mucosal ulcer caused by DSS administration was
microscopically repaired at this point, persistence of the high
nitrotyrosine-positive score, rather than the high inflamma-
tory score, is intriguing as well as strong iNOS expression and
weak PPARγ expression in the colonic mucosa at five and 10
weeks after the AOM administration (Figure 12).

Instead of AOM, experiments with DMH [23] or a het-
erocyclic amine, 2-amino-1-methyl-6-phenylimidazo[4,5-
b]pyridine (PhIP) [24] as an initiator (colonic carcinogene)
and followed by DSS treatment showed similar results
described previously (Figure 13). Histopathologically, ade-
nocarcinoma induced by DMH/DSS showed severer atypia
and more aggressive biological natures than that induced by
AOM/DSS. As noticed in the cancers induced by AOM/DSS,
the adenocarcinoma cells developed in the inflamed colon of
mice that received DMH and DSS were positive for COX-
2, iNOS, and β-catenin (Figure 14). Mutation patterns of
the β-catenin gene were slightly among the adenocarcinomas
that were induced by the different treatment regimens:
AOM/DSS, codon 32–34, 37, and 41; DMH/DSS, codon 32,
34, 37, and 41; and PhIP/DSS, codon 32 and 34 (Figure 15).
However, these mutations were restricted in the codon region
(32–34, 37, 41, and 45) that played an important role in
degradation of β-catenin protein.

There was a report of a difference in sensitivity of
DSS-induced colitis among the species of mice [25].
To investigate whether the species differences influence
inflammation-associated colorectal carcinogenesis, the sen-
sitivity for different species of mice (Balb/c, C57BL/6N,
C3H/HeN, and DBA/2N) were subjected to AOM/DSS-
induced colorectal carcinogenesis [26]. The sensitivity to
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Table 2: Animal models of colorectal carcinogenesis and inflammatory bowel disease. HCAs: heterocyclic amines.

(1) Animal models of colorectal carcinogenesis

(i) Carcinogen-induced animal models

Azoxymethane (AOM)

1,2-Dimethyl-hydrazine (DMH)

HCAs: 2-Amino-1-methyl-6-phenylimidazo[4,5-b]pyridine (PhIP)

2-Amino-3,8-dimethylimidazo[4,5-f ] quinoxaline (MeIQx)

(ii) Mutant, transgenic, knockout animal models

Min mouse and APCΔ474 knockout mouse

(2) Animal models of inflammatory bowel disease

(i) Chemically and polymer-induced models

Trinitrobenzene sulfonic acid (TNBS): rat, mouse, rabbit

Dextran sulfate sodium (DSS): rat, mouse, hamster

Carrageenan: mouse, guinea pig, rabbit

(ii) Microbial-induced models

Cotton-top tamarins (Saguinus oedipus)

(iii) Mutant mice

IL-2−/−, IL-10−/−, TCR-α−/−, TCR-β−/−
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the AOM/DSS-induced colorectal carcinogenesis was as
follows: Balb/c > C57BL/6N� C3H/HeN = DBA/2N (Fig-
ure 16). The sensitivity was in relation to the nitrotyrosine-
positive score estimated by immunohistochemical analysis,
suggesting the importance of nitrotyrosine in the AOM/DSS-
induced colorectal carcinogenesis [26].

In ApcMin/+ mice, known as an animal model for familial
adenomatous polyposis (FAP), multiple tumors (tubular
adenomas) develop in the small intestine, instead of the large
intestine in human FAP, and markedly few tumors develop
in the large bowel. However, dysplastic crypts are observed
in the colonic mucosa of ApcMin/+ mice (Figure 17) [27, 28].
Therefore, DSS possibly enhances the growth of dysplastic
crypts, and finally the lesions progress to adenocarcinomas.
To investigate whether DSS-induced inflammation in the
colonic mucosa would accelerate the growth of dysplastic
crypts, ApcMin/+ mice were given drinking water containing
2% DSS for one week without the initiation (carcinogen)
treatment [29]. Surprisingly, multiple colorectal tumors,
which were histopathologically tubular adenomas and ade-
nocarcinomas, developed four weeks after the end of DSS
treatment (Figure 18). Immunohistochemistry showed that
the developed colorectal adenocarcinomas were positive

against β-catenin, COX-2, iNOS, and p53 antibodies (Fig-
ure 19), suggesting that these factors were involved in the
development of colorectal neoplasms in the ApcMin/+ mice
by the DSS treatment, in addition to oxidative stress and
nitrosative stress. The findings suggested that DSS-induced
inflammation in the large bowel of ApcMin/+ mice exerts
powerful tumor-promotion and/or progression effects on the
growth of dysplastic crypts, which had already existed after
the birth [27, 28].

Taken together, development of a mouse inflammation-
associated colorectal carcinogenesis model was briefly
described here, and the model was named as the TANAKA
model. This model was possible to induce colorectal tumors
in a short-term period in rats as well by similar treatment
regimens (AOM/DSS and DMH/DSS) [30, 31]. It is antici-
pated that use of the TANAKA model will help advance the
research on elucidation of the mechanisms of inflammation-
associated colorectal carcinogenesis, inhibition of such car-
cinogenesis, and clarification of the mechanisms of the
tumor-promotion ability of DSS. In particular, development
of challenging research using Kyoto Apc Delta (KAD) rats in
Kyoto University will give new insight in the pathogenesis of
colorectal cancer development in the inflamed coon [32].
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Figure 13: DSS is a powerful promoter in colon carcinogenesis in mice initiated with various colonic carcinogens, azoxymethane (AOM),
1,2-dimethylhydrazine (DMH), and 2-amino-1-methyl-6-phenylimidazo[4,5-b]pyridine (PhIP) [12, 21–24, 26].
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4. Exploration of Chemopreventive Agents
Using an Inflammation-Associated Colorectal
Carcinogenic Model and Elucidation of
the Mechanisms

Studies on chemoprevention of inflammation-associated
colorectal carcinogenesis by several natural and synthetic
compounds against have been reported using the AOM/DSS-
induced mouse and rat colorectal carcinogenesis mod-
els. Several are promising compounds and their clinical
application is expected. Representative compounds are
auraptene and nobiletin from citrus fruits [33], collinin
[33], β-cyclodextrin inclusion compounds of auraptene
and 4′-geranyloxyferulic acid [34], tricin [35], melatonin
[30], ursodeoxycholic acid [36], COX-2 selective inhibitor

nimesulide [37], iNOS selective inhibitors [38], PPAR lig-
ands (troglitazone and bezafibrate) [37], and a lipophilic
statin pitavastatin [39]. All these compounds have anti-
inflammatory activity and are able to suppress the expression
of COX-2, iNOS, and inflammatory cytokines.

5. Conclusions

Animal colorectal carcinogenesis models of our own making
with the background of colitis mimicking human UC
are introduced, and the exploration of chemopreventive
compounds using these animal models is described. In
addition, we confirmed upregulation of Wif1, Plat, Myc, and
Plscr2 and downregulation of Pparbp, Tgfb3, and PPARγ
by comprehensive gene expression analysis in the colonic
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Figure 16: Macroscopic view of large bowel of four strains (Balb/c, C57BL/6N, C3H/HeN, and DBA/2N) of mice that received AOM and
DSS.
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Figure 17: Colonic polyps in a familial adenomatous polyposis (FAP) patient and small intestinal polyps in an APCMin/+ mouse (a).
Experimental protocol for determining whether DSS promotes the growth of colonic dysplastic crypts in APCMin/+ mice (b) [29].
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mucosa of mice that received AOM and DSS [40]. Moreover,
proteomics analysis demonstrated that beta-tropomyosin,
tropomyosin 1 alpha isoform b, and S100 calcium binding
protein A9 were upregulated, while Car1, selenium-binding
protein 1, HMG-CoA synthase, thioredoxin 1, 1 Cys per-
oxiredoxin protein 2, Fcgbp protein, Cytochrome c oxidase
subunit Va, and ETHE1 protein were downregulated [41].
Significance of expression of these genes and proteins in
inflammation-associated colorectal carcinogenesis remains
poorly understood and further detailed analysis is required.
Since our recent study demonstrated that NF-κB and Nrf2
were expressed in not only inflammatory cells but also
cancer cells in the TANAKA (AOM/DSS) model [34], these

molecules may be the targets for cancer chemoprevention
against colorectal cancer in the inflamed colon. Moreover,
modification of the protocol of the TANAKA model may
help us to detect environmental carcinogens [42] and tumor-
promoters [43] for the large bowel. Fortunately, the animal
models introduced here have attracted attention of young
researchers that are doing research on colorectal carcinogen-
esis, IBD, inflammation, and cancer. It is anticipated that use
of these models will advance elucidation of the mechanisms
(methylation and microRNA) of inflammation-associated
colorectal carcinogenesis, exploration of its suppression and
mechanisms, and clarification of the mechanisms of tumor-
promotion activity of DSS.
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Several radiological and endoscopic techniques are now available for the study of inflammatory bowel diseases. In everyday
practice, the choice of the technique to be used depends upon its availability and a careful evaluation of diagnostic accuracy,
clinical usefulness, safety, and cost. The recent development of innovative and noninvasive imaging techniques has led to a new
and exciting area in the exploration of the gastrointestinal tract, especially in Crohn’s disease patients by using ultrasound with
oral or intravenous contrast.

1. Introduction

The diagnosis of Crohn’s disease (CD) is based on clinical,
endoscopic, radiological, and histological criteria. The main
innovations in diagnostic technologies include the devel-
opment of more sophisticated endoscopic and noninvasive
imaging techniques with the aim of improving the identifi-
cation of complications. Noninvasive tests for the diagnosis
and followup of CD have gained increasing attention. Rapid
and inexpensive noninvasive tests that are sensitive, specific,
and simple to perform are necessary to prevent patient
discomfort, delay in diagnosis, and unnecessary costs.

The use of transabdominal ultrasound (US) to evaluate
gastrointestinal (GI) tract disorders is used primarily in the
assessment of acute and chronic inflammatory conditions
such as appendicitis, diverticulitis, ulcerative colitis, and CD
[1]. Over the past few years, the technical evolution of
ultrasound equipment, combined with the use of oral and
intravenous contrast agents and the increased expertise of
the operators, has led to a great enthusiasm for ultrasound
assessment of the GI tract [2]. In chronic inflammatory
conditions, mainly CD, these properties have not only been
employed for diagnostic purposes but also been proposed for
management and followup of the disease and its complica-
tions [3–7].

Bowel US has been largely promoted in continental
Europe, where ultrasonography is carried out by a physician
and is an integral part of the training curriculum for internal

medicine, gastroenterology, surgery, and other fields. This
technique is available in most European centers due to this
training curriculum, whereas its use is less widespread in the
United States.

2. CD Diagnosis

Bowel U.S. is now becoming the first-line imaging procedure
in patients with suspected CD for early diagnosis of the
disease [8]. Several studies have evaluated the significance of
the U.S. detection of bowel wall thickness in the diagnosis
of CD. Prospective studies, performed in unselected groups
of patients, have shown that bowel U.S. may diagnose CD
with a sensitivity ranging from 67–96% and specificity
ranging from 79–100% [9–18]. Most of the results were
obtained from studies that included patients with a previous
diagnosis of CD but lacked of a control population; thus, it is
difficult to achieve a comprehensive evaluation of sensitivity
and specificity of the U.S. technique. These methodological
problems were evaluated by Fraquelli and Conte [19]. In
their meta-analysis, in which only five case-control and two
cohort studies were ultimately considered from an initial
44 full-text studies identified, the impact of different cut-
off values of bowel wall thickening (3 mm versus 4 mm) in
determining the presence of CD was evaluated. The authors
concluded that, using a cutoff level of 3 mm as normal,
sensitivity and specificity were 88% and 93%, respectively.
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Figure 1: Small intestine contrast ultrasonography in a 20-year-old female with Crohn’s disease. In each panel ((a)–(d)) white arrows
indicate disease extent of the terminal ileum. The cumulative extent of the sonographic Crohn’s disease lesion was 26 cm. In (a), on the left
side, red arrow indicates bowel wall thickness (5.3 mm) of the terminal ileum and in (b) (on the left side) and (d) green (both right and left
sides) arrows indicate lumen diameter (raging from 8 to 22 mm) at level of the terminal ileum.

In contrast, when a cutoff level of ≥4 mm was used, the
sensitivity was 75% and specificity 97%. The meta-analysis
conducted by Horsthuis et al. evaluated the relevance of
US in the detection of IBD in comparison with other
techniques [20]. No significant differences in diagnostic
accuracy among the imaging techniques were observed. The
authors concluded that because patients with IBD often
needed frequent reevaluation of disease status, use of a
diagnostic modality that does not involve the use of ionizing
radiation is preferable [20]. However, the results also show
that bowel US may, even in expert hands, be compounded
by false-positive and false-negative findings. Thickening of
the bowel walls is not specific for CD, also being present in
infectious, neoplastic, and other inflammatory diseases [21].
Bowel US may also provide false-negative results, even in
the hands of experienced ultrasonographers, for example,
in obese patients or those with anorectal lesions only, or
when the bowel disease is characterized by only superficial
lesions, such as rare aphthous ulcers or mucosal erosions
[22]. Interobserver agreement between sonographers with
variable experience in bowel ultrasound has been reported
in a few preliminary studies showing satisfactory results, but
a learning curve for this technique is still lacking [14, 23].
This is probably one of the main reasons why bowel US is,
in clinical practice, still regarded with skepticism by many
clinicians and radiologists [6, 23].

The use of oral contrast agents such as iso-osmolar
polyethylene glycol solution (PEG; at a volume ranging
from 375–800 mL) during ultrasound assessment has been
proposed to define CD lesions with improved accuracy
[24–26] (Figure 1). Because of the small amount of fluid
ingested (usually no more than 500 mL) and its palatability,
this procedure has been reported to be wellaccepted and
safe. None of the studies have reported significant side
effects or major complaints during or immediately after PEG
ingestion. The use of PEG appears to reduce intraobserver
variability between sonographers and to increase sensitivity
in defining disease extent, lesion site, and bowel complica-
tions of CD; thus, it has value in the early diagnosis and in the
followup of CD [26, 27]. These findings suggest that small
intestine contrast ultrasonography (SICUS) may be used as
an alternative technique to invasive procedures to assess ileal
lesions and monitor their progression over time.

3. Stenosis

Bowel US currently detects stenosis in 70–79% of unselected
CD patients and in >90% of those with severe bowel stenoses
needing surgery, with false-positive diagnoses limited to 7%
[3, 4, 27, 28]. The use of PEG leads to a significantly greater
accuracy of bowel ultrasound in detecting the presence and
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Figure 2: A 30-year-old male with stricturing Crohn’s disease assessed by bowel ultrasound (without oral contrast) (a) and small intestine
contrast ultrasonography (b). (a) shows Crohn’s disease stenosis and prestenotic dilation, well defined in (b). Red arrowheads indicate bowel
wall thickness in both panels, white arrows indicate prestenotic dilation in (b).
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Figure 3: Bowel ultrasound in a 22-year-old female with ileocolonic Crohn’s disease. In (a) red arrow indicates enteroenteric fistula (defined
as a hypoechoic track with a hyperechoic content) between diseased ileal loops with bowel wall thickness (red arrowheads). In (b) a small
abscess (white arrowheads identify a roundish anechoic lesions with irregular walls, presenting internal echoes) with fistula (white arrow)
was identified in the same patient.

the number of stenoses. Bowel US with oral contrast detected
at least one stenosis and at least two stenoses in >10% and
>20% more patients, respectively, in comparison with bowel
US without oral contrast agents, resulting in a sensitivity
of approximately 90% for detection of a single stenosis and
>75% for detection of multiple stenoses (Figures 2(a) and
2(b)) [26, 27].

4. Fistula

Two prospective studies have evaluated the role of US
(without oral contrast) in determining the presence of
internal fistulae (Figure 3(a)) using surgical and surgical-
pathological findings as the reference standard. In one
study, Gasche et al. reported a sensitivity of 87% and a
specificity of 90% for bowel US in the detection of internal
fistulae [4]. In the other prospective study, Maconi et al.

determined the accuracy of bowel US and X-ray studies for
detecting internal fistulae to be comparable with a sensitivity
of 71.4% for US and 69.6% for X-ray, and specificity
of 95.8% for both techniques. Maconi et al. showed also
that the combination of these two techniques significantly
improved preoperative diagnostic performance (sensitivity
97.4% and specificity 90%), with US being more accurate in
detecting enteromesenteric fistulae while X-ray studies were
superior in the diagnosis of enteroenteric fistulae [29]. In
a recent study by Pallotta et al., SICUS identified fistulae
in 27/28 patients and excluded it in 19/21 patients (96%
sensitivity, 90.5% specificity) using surgery as gold standard
[30]. In a recent systematic review, Panes and colleagues
evaluated diagnostic accuracy of cross-sectional imaging
techniques (US, CT and MR) for diagnosis of fistulas. These
techniques showed higher accuracy than that of small bowel
follow through (SBFT) [31]. CT and MR enterography
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showed similar accuracy for the identification of extraenteric
complications (sensitivity for both) [32, 33].

5. Abscess

Computed tomography (CT) and magnetic resonance imag-
ing (MRI) are considered to be nonsurgical gold standard
for the diagnosis of CD-related abscesses [31]. However,
bowel US is also considered as a first-level procedure mainly
because it is simple to use (Figure 3(b)). Four studies have
prospectively assessed the accuracy of bowel US in the
detection of intraabdominal abscesses, showing a mean
sensitivity and specificity of 91.5% and 93%, respectively [3,
4, 29, 34]. In these studies, US showed a higher sensitivity in
the detection of superficial intraperitoneal abscesses, whereas
the diagnosis of deep pelvic or retroperitoneal abscesses was
more difficult due to the presence of overlying bowel gas.
Pallotta et al. showed that intraabdominal abscesses were
correctly detected in 10/10 patients and excluded in 37/39
patients (100% sensitivity, 95% specificity, k = 0.89) by
SICUS [30].

Contrast-enhanced ultrasound (CEUS) can be used to
distinguish abscesses from inflammatory infiltrates [35].

6. Postoperative Recurrence

The sensitivity of bowel US in identifying the endoscopic
recurrence after ileocolonic resection has been investigated
in two studies showing 82% sensitivity [6, 36]. The use
of PEG solution increased the sensitivity of ultrasound for
assessing CD recurrence in patients under regular followup
after ileocolonic resection. In our series, SICUS showed a
high sensitivity (92.5%), positive predictive value (94%), and
accuracy (87.5%) for detecting CD recurrence lesions using
ileocolonoscopy as the gold standard [7].

7. CD Activity

The role of bowel US in the assessment of CD activity
remains controversial. The degree of bowel wall thickening
and extent of the thickened bowel wall on US (as an
index of activity in CD) showed a significant but weak
direct correlation between these features and clinical and
biochemical parameters [22]. However, a statistically signif-
icant correlation was found between maximum bowel wall
thickness and disease activity score in children and young
adults [37].

Several studies have focused on the vascularity within
the diseased bowel walls, assessed by power-Doppler US, as
a quantitative method for determining CD activity. Three
studies used Doppler US for detection of active disease,
showing that wall thickness and vascularization pattern are
useful for detection of active disease [38–40]. A recent study
evaluating flow of the superior mesenteric artery confirmed
previous observations regarding the correlation between
disease activity and Doppler parameters [41–43].

The effectiveness of intravenous contrast agents in
detection and assessing of bowel US activity of CD, despite

some positive findings, remains controversial [40, 44–47].
The introduction of the microbubble contrast agents has
enabled US to obtain information regarding the perfusion
behavior of the organs and their diffuse or focal diseases.
Enhancement in different wall layers can be evaluated
and quantified in CD and correlates to clinical activity
indices [35]. Migaleddu et al. reported in a prospective
study that contrast-enhanced ultrasound (CEUS) showed
93.5% sensitivity, 93.7% specificity, and 93.6 overall accuracy
in detecting inflammatory activity, calculated using the
endoscopy/biopsy as gold standard. The linear correlation
coefficient for CEUS versus Crohn’s disease activity index
(CDAI) was 0.74 (P < 0.0001) [40]. Ripolles et al. reported
in a prospective study sensitivity and specificity of 96% and
73%, respectively, in the prediction of moderate or severe
grade for inflammation at CEUS using endoscopy as gold
standard [45]. More studies are needed to establish the exact
role of CEUS in the imaging of GI pathology [35].

8. Conclusion

In recent years, several radiological and endoscopic tech-
niques have been developed for the study of the small
bowel. Bowel US has now become the first-line imaging
procedure in patients with suspected CD for its early
diagnosis. However, since the procedure is easy to use and
offers good repeatability and accuracy, the most important
indication of bowel US is currently in the followup of
patients known to have CD. CEUS has been introduced
as effective method in the quantitative and qualitative
evaluation of CD inflammatory activity. In this context, these
techniques may play a pivotal role in the early detection
of intraabdominal complications, such as strictures, fistulae,
and abscesses, and may be useful in the assessment of activity
and in monitoring the course of disease during medical and
postoperative followup, as a prognostic index of recurrence.

Disclosures

The authors have no relevant financial interests to disclose.

References

[1] P. J. Valette, M. Rioux, F. Pilleul, J. C. Saurin, P. Fouque, and
L. Henry, “Ultrasonography of chronic inflammatory bowel
diseases,” European Radiology, vol. 11, no. 10, pp. 1859–1866,
2001.

[2] K. Schlottmann, W. Kratzer, and J. Scholmerich, “Doppler
ultrasound and intravenous contrast agents in gastrointestinal
tract disorders: current role and future implications,” Euro-
pean Journal of Gastroenterology and Hepatology, vol. 17, no.
3, pp. 263–275, 2005.

[3] G. Maconi, S. Bollani, and G. B. Porro, “Ultrasonographic
detection of intestinal complications in Crohn’s disease,”
Digestive Diseases and Sciences, vol. 41, no. 8, pp. 1643–1648,
1996.

[4] C. Gasche, G. Moser, K. Turetschek, E. Schober, P. Moeschl,
and G. Oberhuber, “Transabdominal bowel sonography for
the detection of intestinal complications in Crohn’s disease,”
Gut, vol. 44, no. 1, pp. 112–117, 1999.



International Journal of Inflammation 5

[5] G. Maconi, L. Carsana, P. Fociani et al., “Small bowel stenosis
in Crohn’s disease: clinical, biochemical and ultrasonographic
evaluation of histological features,” Alimentary Pharmacology
and Therapeutics, vol. 18, no. 7, pp. 749–756, 2003.

[6] A. Andreoli, P. Cerro, G. Falasco, L. A. Giglio, and C. Prantera,
“Role of ultrasonography in the diagnosis of postsurgical
recurrence of Crohn’s disease,” American Journal of Gastroen-
terology, vol. 93, no. 7, pp. 1117–1121, 1998.

[7] E. Calabrese, C. Petruzziello, S. Onali et al., “Severity of post-
operative recurrence in Crohn’s disease: correlation between
endoscopic and sonographic findings,” Inflammatory Bowel
Diseases, vol. 15, no. 11, pp. 1635–1642, 2009.

[8] F. Parente, S. Greco, M. Molteni, A. Aderloni, G. Maconi, and
G. B. Porro, “Modern imaging off Crohn’s disease using bowel
ultrasound,” Inflammatory Bowel Diseases, vol. 10, no. 4, pp.
452–461, 2004.

[9] A. Sonnenberg, J. Erckenbrecht, P. Peter, and C. Niederau,
“Detection of Crohn’s disease by ultrasound,” Gastroenterol-
ogy, vol. 83, no. 2, pp. 430–434, 1982.

[10] A. Pera, T. Cammarota, E. Comino et al., “Ultrasonography
in the detection of Crohn’s disease and in the differential
diagnosis of inflammatory bowel disease,” Digestion, vol. 41,
no. 3, pp. 180–184, 1988.

[11] J. Hata, K. Haruma, K. Suenaga et al., “Ultrasonographic
assessment of inflammatory bowel disease,” American Journal
of Gastroenterology, vol. 87, no. 4, pp. 443–447, 1992.

[12] M. B. Sheridan, D. A. Nicholson, and D. F. Martin, “Trans-
abdominal ultrasonography as the primary investigation in
patients with suspected Crohn’s disease or recurrence: a
prospective study,” Clinical Radiology, vol. 48, no. 6, pp. 402–
404, 1993.

[13] T. Bozkurt, F. Richter, and G. Lux, “Ultrasonography as a
primary diagnostic tool in patients with inflammatory disease
and tumors of the small intestine and large bowel,” Journal of
Clinical Ultrasound, vol. 22, no. 2, pp. 85–91, 1994.

[14] J. Solvig, O. Ekberg, S. Lindgren, C. H. Floren, and P. Nilsson,
“Ultrasound examination of the small bowel: comparison
with enteroclysis in patients with Crohn disease,” Abdominal
Imaging, vol. 20, no. 4, pp. 323–326, 1995.

[15] S. Hollerbach, A. Geissler, H. Schiegl et al., “The accuracy of
abdominal ultrasound in the assessment of bowel disorders,”
Scandinavian Journal of Gastroenterology, vol. 33, no. 11, pp.
1201–1208, 1998.

[16] M. Astegiano, F. Bresso, T. Cammarota et al., “Abdominal
pain and bowel dysfunction: diagnostic role of intestinal ultra-
sound,” European Journal of Gastroenterology and Hepatology,
vol. 13, no. 8, pp. 927–931, 2001.

[17] F. Parente, S. Greco, M. Molteni et al., “Role of early
ultrasound in detecting inflammatory intestinal disorders
and identifying their anatomical location within the bowel,”
Alimentary Pharmacology and Therapeutics, vol. 18, no. 10, pp.
1009–1016, 2003.

[18] A. Rispo, M. Imbriaco, L. Celentano et al., “Noninvasive
diagnosis of small bowel Crohn’s disease: combined use of
bowel sonography and Tc-99m-HMPAO leukocyte scintigra-
phy,” Inflammatory Bowel Diseases, vol. 11, no. 4, pp. 376–382,
2005.

[19] M. Fraquelli and D. Conte, “The role of CT in coeliac disease.
Methodology of the studies assessing diagnostic accuracy,”
Digestive and Liver Disease, vol. 37, no. 6, pp. 389–390, 2005.

[20] K. Horsthuis, S. Bipat, R. J. Bennink, and J. Stoker, “Inflamma-
tory bowel disease diagnosed with US, MR, scintigraphy, and
CT: meta-analysis of prospective studies,” Radiology, vol. 247,
no. 1, pp. 64–79, 2008.

[21] M. Truong, M. Atri, P. M. Bret et al., “Sonographic appearance
of benign and malignant conditions of the colon,” American
Journal of Roentgenology, vol. 170, no. 6, pp. 1451–1455, 1998.

[22] G. Maconi, F. Parente, S. Bollani, B. Cesana, and G. Bianchi
Porro, “Abdominal ultrasound in the assessment of extent
and activity of Crohn’s disease: clinical significance and
implication of bowel wall thickening,” American Journal of
Gastroenterology, vol. 91, no. 8, pp. 1604–1609, 1996.

[23] M. Fraquelli, A. Sarno, C. Girelli et al., “Reproducibility of
bowel ultrasonography in the evaluation of Crohn’s disease,”
Digestive and Liver Disease, vol. 40, no. 11, pp. 860–866, 2008.

[24] F. Parente, G. Maconi, S. Bollani et al., “Bowel ultrasound in
assessment of Crohn’s disease and detection of related small
bowel strictures: a prospective comparative study versus x ray
and intraoperative findings,” Gut, vol. 50, no. 4, pp. 490–495,
2002.

[25] N. Pallotta, E. Tomei, A. Viscido et al., “Small intestine
contrast ultrasonography: an alternative to radiology in the
assessment of small bowel disease,” Inflammatory Bowel
Diseases, vol. 11, no. 2, pp. 146–153, 2005.

[26] E. Calabrese, F. La Seta, A. Buccellato et al., “Crohn’s disease: a
comparative prospective study of transabdominal ultrasonog-
raphy, small intestine contrast ultrasonography, and small
bowel enema,” Inflammatory Bowel Diseases, vol. 11, no. 2, pp.
139–145, 2005.

[27] F. Parente, S. Greco, M. Molteni et al., “Oral contrast enhanced
bowel ultrasonography in the assessment of small intestine
Crohn’s disease. A prospective comparison with conventional
ultrasound, x ray studies, and ileocolonoscopy,” Gut, vol. 53,
no. 11, pp. 1652–1657, 2004.

[28] A. Kohn, P. Cerro, G. Milite, E. De Angelis, and C. Prantera,
“Prospective evaluation of transabdominal bowel sonography
in the diagnosis of intestinal obstruction in Crohn’s disease:
comparison with plain abdominal film and small bowel
enteroclysis,” Inflammatory Bowel Diseases, vol. 5, no. 3, pp.
153–157, 1999.

[29] G. Maconi, G. M. Sampietro, F. Parente et al., “Contrast
radiology, computed tomography and ultrasonography in
detecting internal fistulas and intra-abdominal abscesses in
Crohn’s disease: a prospective comparative study,” American
Journal of Gastroenterology, vol. 98, no. 7, pp. 1545–1555, 2003.

[30] N. Pallotta, G. Vincoli, C. Montesani et al., “Small intestine
contrast ultrasonography (SICUS) for the detection of small
bowel complications in crohn’s disease: a prospective com-
parative study versus intraoperative findings,” Inflammatory
Bowel Diseases, vol. 18, no. 1, pp. 74–84, 2012.

[31] J. Panes, R. Bouzas, M. Chaparro et al., “Systematic review: the
use of ultrasonography, computed tomography and magnetic
resonance imaging for the diagnosis, assessment of activity
and abdominal complications of Crohn’s disease,” Alimentary
Pharmacology & Therapeutics, vol. 34, no. 2, pp. 125–145,
2011.

[32] S. S. Lee, A. Y. Kim, S. K. Yang et al., “Crohn disease
of the small bowel: comparison of CT enterography, MR
enterography, and small-bowel follow-through as diagnostic
techniques,” Radiology, vol. 251, no. 3, pp. 751–761, 2009.

[33] G. Fiorino, C. Bonifacio, L. Peyrin-Biroulet et al., “Prospective
comparison of computed tomography enterography and
magnetic resonance enterography for assessment of disease
activity and complications in ileocolonic Crohn’s disease,”
Inflammatory Bowel Diseases, vol. 17, no. 5, pp. 1073–1080,
2011.

[34] H. Neye, D. Ensberg, P. Rauh et al., “Impact of high-resolution
transabdominal ultrasound in the diagnosis of complications



6 International Journal of Inflammation

of Crohn’s disease,” Scandinavian Journal of Gastroenterology,
vol. 45, no. 6, pp. 690–695, 2010.

[35] F. Piscaglia, C. Nolsoe, and C. F. Dietrich, “The EFSUMB
guidelines and recommendations on the clinical practice of
contrast enhanced ultrasound (CEUS): update 2011 on non-
hepatic applications,” Ultraschall in Medicin, vol. 33, no. 1, pp.
33–59, 2012.

[36] G. DiCandio, F. Mosca, and A. Campatelli, “Sonographic
detection of postsurgical recurrence of Crohn disease,” Amer-
ican Journal of Roentgenology, vol. 146, no. 3, pp. 523–526,
1986.

[37] H. P. Haber, A. Busch, R. Ziebach, and M. Stern, “Bowel
wall thickness measured by ultrasound as a marker of Crohn’s
disease activity in children,” The Lancet, vol. 355, no. 9211, pp.
1239–1240, 2000.

[38] H. Neye, W. Voderholzer, S. Rickes, J. Weber, W. Wermke, and
H. Lochs, “Evaluation of criteria for the activity of Crohn’s
disease by power Doppler sonography,” Digestive Diseases, vol.
22, no. 1, pp. 67–72, 2004.

[39] M. J. Martı́nez, T. Ripollés, J. M. Paredes, E. Blanc, and
L. Martı́-Bonmatı́, “Assessment of the extension and the
inflammatory activity in Crohn’s disease: comparison of
ultrasound and MRI,” Abdominal Imaging, vol. 34, no. 2, pp.
141–148, 2009.

[40] V. Migaleddu, A. M. Scanu, E. Quaia et al., “Contrast-
enhanced ultrasonographic evaluation of inflammatory activ-
ity in Crohn’s disease,” Gastroenterology, vol. 137, no. 1, pp.
43–52, 2009.

[41] S. Karoui, K. Nouira, M. Serghini et al., “Assessment of
activity of Crohn’s disease by Doppler sonography of superior
mesenteric artery flow,” Journal of Crohn’s and Colitis, vol. 4,
no. 3, pp. 334–340, 2010.

[42] J. A. van Oostayen, M. N. Wasser, G. Griffioen, R. A. Van
Hogezand, C. B. H. W. Lamers, and A. De Roos, “Diagnosis
of Crohn’s ileitis and monitoring of disease activity: value
of Doppler ultrasound of superior mesenteric artery flow,”
American Journal of Gastroenterology, vol. 93, no. 1, pp. 88–91,
1998.

[43] G. Maconi, V. Imbesi, and G. Bianchi Porro, “Doppler ultra-
sound measurement of intestinal blood flow in inflammatory
bowel disease,” Scandinavian Journal of Gastroenterology, vol.
31, no. 6, pp. 590–593, 1996.

[44] C. Serra, G. Menozzi, A. M. Labate et al., “Ultrasound
assessment of vascularization of the thickened terminal ileum
wall in Crohn’s disease patients using a low-mechanical
index real-time scanning technique with a second generation
ultrasound contrast agent,” European Journal of Radiology, vol.
62, no. 1, pp. 114–121, 2007.

[45] T. Ripolles, M. J. Martı́nez, J. M. Paredes, E. Blanc, L. Flors, and
F. Delgado, “Crohn disease: correlation of findings at contrast-
enhanced US with severity at endoscopy,” Radiology, vol. 253,
no. 1, pp. 241–248, 2009.

[46] C. Girlich, E. M. Jung, E. Huber et al., “Comparison between
preoperative quantitative assessment of bowel wall vascu-
larization by contrast-enhanced ultrasound and operative
macroscopic findings and results of histopathological scoring
in crohn’s disease,” Ultraschall in der Medizin, vol. 32, no. 2,
pp. 154–159, 2011.

[47] I. Sjekavica, V. Barbarić-Babić, Ž. Krznaric, M. Molnar,
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Animal models are important tools in the development of new drug candidates against the inflammatory bowel diseases (IBDs)
Crohn’s disease and ulcerative colitis. In order to increase the translational value of these models, it is important to increase
knowledge relating to standard drugs. Using the SCID adoptive transfer colitis model, we have evaluated the effect of currently
used IBD drugs and IBD drug candidates, that is, anti-TNF-α, TNFR-Fc, anti-IL-12p40, anti-IL-6, CTLA4-Ig, anti-α4β7 integrin,
enrofloxacin/metronidazole, and cyclosporine. We found that anti-TNF-α, antibiotics, anti-IL-12p40, anti-α4β7 integrin, CTLA4-
Ig, and anti-IL-6 effectively prevented onset of colitis, whereas TNFR-Fc and cyclosporine did not. In intervention studies,
antibiotics, anti-IL-12p40, and CTLA4-Ig induced remission, whereas the other compounds did not. The data suggest that the
adoptive transfer model and the inflammatory bowel diseases have some main inflammatory pathways in common. The finding
that some well-established IBD therapeutics do not have any effect in the model highlights important differences between the
experimental model and the human disease.

1. Introduction

The two inflammatory bowel diseases (IBDs) ulcerative co-
litis (UC) and Crohn’s disease (CD) affect more than 3.6
million people in the Western world, resulting in a marked
decrease in the patients’ quality of life [1, 2]. The aetiology
is poorly understood, but it has become clear that genetic,
microbial, and environmental factors all play a role [3]. A
massive effort is taking place to develop new and better
therapeutics, and the development of tumor necrosis factor-
α (TNF-α) antagonists has ameliorated the disease in a large
proportion of especially CD patients [4]. However, about one
third of the CD patients do not respond to anti-TNF-α treat-
ment and among the primary responders, about one third
loose response or become intolerant to the treatment [5],
thus leaving many IBD patients with inadequate therapeutic
options.

New IBD drugs and drug candidates include anti-
interleukin (IL)-12/-23 (e.g., ustekinumab, briakinumab),
cytotoxic T-lymphocyte antigen 4 immunoglobulin
(CTLA4-Ig, abatacept), anti-IL-6R (tocilizumab), anti-
interferon γ ((IFN-γ), fontolizumab), anti-α4β7 (vedol-
izumab), anti-α4 integrin (natalizumab), anti-IL-2-Rα
(daclizumab, basiliximab), antigranulocyte macrophage
colony-stimulating factor (anti-GM-CSF, sagramostim),
anti-intercellular adhesion molecule 1 (anti-ICAM-1,
alicaforsen), rIL-18 binding protein (tadekinig-α), IP-
10/CXCL10 (MDX-1100), anti-CD3 (visilizumab), and
anti-CD40L (TNX 100) [6, 7]. These compounds aim at
targeting specific immunological mechanisms like cellular
adhesion (anti-α4β7, anti-ICAM-1) and costimulation
(CTLA4-Ig, anti-CD40L), key cytokines (anti-IL-12/-23,
anti-IL-6R, anti-IFN-γ) or cells (anti-IL-2Rα/CD25, anti-
CD3), or have specific immuno-stimulatory (GM-CSF) or
-inhibitory (rIL-10) effects.
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Animal models are essential for dissecting the role of
the pathological mechanisms in IBD as well as for assessing
the therapeutic effect of intervening with these pathways
[8]. To what extent the data from animal models can be
translated into the clinic differs among the various models
depending, for example, on the model’s etiopathogenesis
and main drivers of disease. There is no single model
which adequately mimics either UC or CD, and to be able
to translate findings from a model to the human disease,
it is important to know the model’s central pathological
mechanisms and immunological pathways.

Adoptive transfer of a subset of CD4+ T cells to syngeneic
SCID or Rag-knock-out mice, results in the development
of a chronic, progressive colitis and wasting disease as first
described by Morrissey et al. and Powrie et al. [9, 10].
The colitis symptoms share several features with both CD
and UC (e.g., chronic, progressive disease with diarrhoea
and weight loss, heavily inflamed colon—occasionally trans-
mural damage, loss of mucus from goblet cells, Th1/Th17
dominated cytokine profile as found in CD (IFN-γ, TNF-α,
and IL-23). The model has been extensively used for studying
the immunologic background for the disease as well as
testing new IBD drug candidates [11–14]. We have previously
described in detail the development of colitis following
adoptive transfer of CD4+CD25− T cells [15]. Briefly, in
our hands, the adoptively transferred cells expand rapidly
and the mice begin to develop colitis within the first two
weeks. At week three, the disease is normally fully developed
with weight loss, loose stools, increased white blood cell
(WBC) count, and a both thickened and shortened colon.
The disease progresses rapidly and by week 5 most mice
have developed severe colitis requiring a termination of the
study. This synchronized and predictable development of
colitis makes it possible to conduct both prevention and in-
tervention studies.

The aim of this study was to analyze the model with
respect to its usefulness in efficacy studies of new IBD drug
candidates by evaluating the effect of known and potential
IBD therapeutics in the model. We have decided to study a
number of compounds, which each has a specific inhibitory
effect on a central proinflammatory pathway. In addition, we
have included some established IBD therapies, suggested to
ameliorate IBD by a broad spectrum of mechanisms.

2. Materials and Methods

2.1. Materials. Human CTLA4-Ig (abatacept, Orencia, Bris-
tol-Myers Squibb), human tumor necrosis factor receptor
Fc (TNFR-Fc) (etanercept, Enbrel, Wyeth), enrofloxacin
(Baytril, Bayer, equivalent to ciprofloxacin), metronidazole
(Flagyl, Sanofi-Aventis), cyclosporine (Sandimmun, Novar-
tis). All surrogate antibodies, that is, anti-TNF-α (clone
XT3.11, rat IgG1), anti-IL-12p40 (clone C17.8, rat IgG2a),
anti-IL-6 (MP5-20F3, rat IgG1), anti-α4β7 (clone DATK32,
rat IgG2a), and isotype controls (cIg) (rat IgG2a clone 2A, rat
IgG1 clone HRPN and human IgG1-Fc) were from BioXCell,
West Lebanon, New Hampshire, USA.

Dynabeads, Mouse CD4 (L3T4), and DETACHaBEAD
Mouse were from Dynal, Oslo, Norway, and CD25

MicroBead kit from Miltenyi Biotech, Bergisch Gladbach,
Germany. The antibodies used for FACS analysis were PerCP-
conjugated anti-CD4 (L3T4) from BD Pharmingen and
FITC-conjugated anti-CD45.2 (104) from eBiosciences, CA,
USA.

2.2. Mice. C.B-Igh-1b/IcrTac-Prkdcscid (C.B-17 SCID) and
BALB/cAnNTac female mice (8–10 weeks) bred under SPF
conditions (M&B Taconic, Denmark) were housed at Novo
Nordisk A/S. Pathology screening was conducted according
to FELASA guidelines. The animal studies were approved by
the Danish Animal Experimentation Inspectorate.

2.3. Induction of Colitis. For induction of colitis, CD4+

CD25− T cells were adoptively transferred from MHC-
compatible Balb/c mice to C.B-17 SCID recipients as
described previously in [15]. In brief, Balb/c splenocytes
were positively selected for CD4+ T cells using Dynabeads
and DETACHaBEAD and depleted of CD4+CD25+ cells
using the CD25 MicroBead kit. The purity of the cells was
always analyzed by flow cytometry before reconstitution
(>98% of the CD4+ cells were CD25−). The recipients were
reconstituted with 300,000 cells by i.p. injection. Peripheral
blood from all mice was subjected to flow cytometric analysis
2 or 3 weeks after transfer, and only mice with CD4+ T cells
(indicating successful transplantation of cells) were included
in the study.

2.4. Experimental Setup. The drugs tested, as well as the
doses and dosing regimens are described in Table 1. For
prevention studies, the mice were treated from the day they
were adoptively transferred with CD4+CD25− T cells and
until sacrifice when the disease was fully developed (three
or four weeks after transfer, Figure 1). For the intervention
studies, the treatment was initiated at week three after
adoptive transfer, when the CD4+ T cells had expanded and
caused colitis in the recipients. The treatment was continued
for two weeks until sacrifice at week five. The control groups
for the biologics (except for TNFR-Fc) were treated with the
relevant control immunoglobulin (cIg), that is, rat IgG1 for
anti-TNF-α and anti-IL-6, rat IgG2a for anti-IL-12p40 and
anti-α4β7, and human IgG1-Fc for CTLA4-Ig. The vehicle
groups for cyclosporine and antibiotics received sterile H2O
(Table 1). In the study with antibiotics, we also included a
group, which was not reconstituted but received treatment,
since we suspected that disturbance of the gut microflora
in itself could have a marked effect on the measured
disease parameters. We used the same doses and dosing
frequencies for the various compounds in the prevention
and intervention studies (Table 1). The selection of doses and
dosing frequencies were based on either literature describing
efficacious treatment in various colitis models or based on
our experience with efficacious treatment in the collagen
induced arthritis model [16–23].

2.5. Monitoring of Disease. Body weight was determined
three times weekly, and mice were sacrificed if they lost more
than 20% of their initial body weight. Fecal consistency was
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Table 1: Study design—administration of compounds.

Compound Dose (mg/kg) cIg/Vehicle Mice per group1 Dose/wk Route

Rat anti-mouse TNF-α 25 rat IgG1 15P/10I,2 2 i.p.

Human TNFR-Fc (IgG1) 5–50 NaCl 10P+I 3 i.p.

Rat anti-mouse IL-12p40 25 rat IgG2a 10P+I 3 i.p.

Rat anti-mouse-IL-6 25 rat IgG1 10p+I 3 i.p.

Human CTLA4-Ig (IgG1) 10 hIgG1-Fc3 10P+I 3 i.p.

Rat anti-mouse-α4β7 25 rat IgG2a 10P+I 3 i.p.

Enro/metro4 350/875 H2O 9P/10I daily p.o.

Cyclosporine 25 H2O 10p daily p.o.
1
Five to ten unreconstituted mice were included in addition to the compound and the control group.

2P: prevention, I: intervention.
3human IgG1-Fc.
4Treatment with enrofloxacin and metronidazole in the drinking water was initiated one week prior to transfer to let the mice adjust to the taste. Although we
in pilot studies had identified a useful sugar mixture to mask the taste of metronidazole, the mice refused to drink and lost weight prior to adoptive transfer
in the prevention study. Metronidazole was subsequently given orally by gavage once daily (this method was then also used for the intervention study).

evaluated before the start of treatment and at the termination
of the study using a semiquantitative score (normal stool =
0; slightly soft = 1; soft but formed = 2; not formed = 3;
liquid stools or no feces in colon at sacrifice = 4) as previously
described [15]. The number of WBC per liter was analyzed
in samples (20 μL) of EDTA-stabilized peripheral whole
blood, using a Medonic CA 620 (Boule Nordic, Denmark)
blood analysis apparatus according to the manufacturer’s
instructions.

2.6. Postmortem Analysis. Prior to sacrifice, the mice were
anesthetized and blood from the periorbital venous plexus
was collected in EDTA-containing tubes. After sacrifice, the
colon was excised, rinsed gently with saline, and the weight
and length recorded. The colonic weight-to-length ratio
(W : L) was previously shown to correlate strongly with the
clinical and histological severity of disease [15]. The colon
was opened longitudinally, mounted on a plastic plate, and
fixed overnight in 4% paraformaldehyde.

2.7. Histology. Longitudinal segments of tissue representing
essentially the entire length of the transverse and distal colon
(where the inflammation is mainly located) were embedded
in paraffin. A section (7 μm) of the transverse and the distal
colon from each animal was stained with hematoxylin and
eosin/periodic acid Schiff (H&E/PAS) and analyzed by light
microscopy. A total histological score was calculated for each
animal as described previously [24] and shown in Figure 2.
Briefly, the samples were assigned a score (0–3 or 0–4)
according to the severity (none, mild, moderate, severe)
and extent (none, mucosal, submucosal, transmural) of
inflammation, degree of crypt damage (basal 1/3 damaged,
basal 2/3 damaged, crypts lost—epithelium intact, crypts
lost—epithelium lost), and percentage of tissue affected (0,
1–25%, 26–50%, 51–75%, 76–100%).

The histological analyses were performed in a blinded
fashion with respect to the treatment groups.

Healthy Mild colitis

Week after transfer

Severe colitis

Intervention

Prevention

0 1 2 3 4 5

Figure 1: The adoptive transfer colitis model and treatment design.
For prevention studies, the mice were treated from the day they were
adoptively transferred with CD4+CD25− T cells and until sacrificed
when the disease is fully developed (three or four weeks after
transfer). For the intervention studies, the treatment was initiated
at week three after adoptive transfer. The treatment was continued
for two weeks until sacrificed at week five.

2.8. Statistical Analysis. Fecal consistency score and histo-
logical score are shown as median (range) and analyzed
using the Mann-Whitney U-test. WBC count, body weight
at postmortem, and colonic weight : length ratio are shown
as mean ± standard error of the mean (SEM) and analyzed
by Student’s t-test using Welch’s correction for unequal
variances. Differences were considered statistically significant
when P < 0.05.

3. Results

In the following, the disease modifying effect of each of
the investigated compounds in the adoptive transfer colitis
model is presented. A schematic representation of the drug
targets is shown in Figure 3. First, experimental data with
the biologicals (i.e., monoclonal antibodies (mAb) and
receptor fusion proteins (R-Fc)) are presented, followed
by data from a number of compounds currently used to
treat CD or UC. Although broad-spectrum antibiotics and
metronidazole are mainly used for subgroups of IBD patients
or for complications like pouchitis, we have included this
treatment regimen, since the influence of the microflora



4 International Journal of Inflammation

(a) (b)

(c) (d)

(e) (f)

Figure 2: Histological changes in colon after adoptive transfer. Representative photomicrographs of histological changes leading to a
progressively higher score from (a) to (f): (a) normal, (b) mild inflammation restricted to the mucosa, (c) moderate mucosal inflammation,
(d) severe inflammation extending to submucosa, moderate to severe crypt degeneration, (e) severe transmural inflammation, moderate to
severe crypt degeneration, (f) as (e) but with ulceration. Original magnification ×25 for (a-b) and ×10 for (c–f).

in the pathogenesis of IBD is a central topic. Due to the
large data material, readers are referred to the supplementary
material for a complete presentation of data (Figure SF1 and
Tables ST1–ST10 available at doi: 10.1155/2012/412178).

3.1. Rat Anti-Mouse TNF-α mAb Treatment. In the 28 day
prevention study, mice treated with the isotype control began

to loose weight after two weeks, while the weight curve for the
rat anti-mouse TNF-α mAb-treated mice was comparable
to that of healthy controls. At the end of the study, the
anti-TNF-α-treated group had lost significantly less weight
than the control group (P < 0.001, Figure 4, Tables 2 and
ST1). Two mice in the control group were sacrificed due
to extensive weight loss before the end of the study. The
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Figure 3: Inhibition of disease pathways in the adoptive transfer model. Schematic representation of drug targets.

Table 2: Statistics for all compounds. Clear lines represent prevention studies and bold represent intervention studies.

Compound Weight change Fecal score WBC count
Colonic

weight:length
Histological score

Anti-TNFα <0.001 <0.001 <0.001 <0.001 <0.0001

<0.05 ns ns ns ns

TNFR-Fc† <0.01 ns ns ns —

ns ns ns ns —

Anti-IL-12p40 <0.001 ns <0.05 <0.001 <0.001

<0.0001 ns 0.001 <0.01 <0.05

Anti-IL-6 <0.01 <0.01 ns <0.05 <0.05

ns ns ns ns ns

CTLA4-Ig <0.01 <0.01 <0.01 <0.001 <0.05∗

<0.01 <0.01 <0.001 <0.001 <0.001

Anti-α4β7 <0.0001 <0.01 ns <0.01 <0.01

ns ns ns ns ns

Enro + Metro ns <0.001 <0.05 <0.001 <0.001

<0.01 <0.001 <0.001 <0.0001 <0.001

Cyclosporine ns ns <0.05∗∗ ns ns

— — — — —
†

Prevention = 50 mg/kg, intervention = 5 mg/kg.
∗Used Wilcoxon signed rank test and compared with a hypothetical value of 0.0 since all scores were 0 in the CTLA4-Ig group.
∗∗WBC count higher in treatment group—not analyzed.

fecal score was increased in both groups but was significantly
lower in the anti-TNF-α group (P < 0.001, Tables 2 and ST2).
The WBC count in the anti-TNF-α group was almost as low
as in the unreconstituted controls, while it was significantly
higher in the isotype control group (P = 0.001, Table 2
and ST3). Similarly, the colonic W : L ratio (P < 0.001)
and histological score (P < 0.0001) were significantly lower
in the anti-TNF-α group compared to the isotype controls
(Tables 2, SF1, ST4-5). In contrast to the prevention studies,
intervention therapy with anti-TNF-α did not consistently
ameliorate colitis in this model. Although the anti-TNF-α-
treated group lost less weight than the control group (P <

0.05), none of the other clinical parameters were significantly
affected by the treatment (Table 2 and ST6–10). Both for the
fecal score, colonic W : L ratio and histological score (SF1),
the group seemed equally divided into responders and non
responders, that is, having high or low scores and values,
respectively, rather than being equally distributed around the
mean or median.

3.2. TNF-α Receptor Fc Treatment. We first tested the human
TNFR-Fc fusion protein etanercept at a dose of 5 mg/kg in
a 21 days prevention study and found no significant effect
of the compound on any of the parameters analyzed (data
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Figure 4: Changes in key disease parameters following treatment. Key disease parameters (weight loss, WBC counts, and colon W : L ratio)
are depicted for preventive treatment (a–c) and interventive treatment (d–f). Disease parameters are shown as ((post mortem weight−start
weight)/Start weight)∗100, (WBC count of drug/WBC count of control)∗100, (W : L ratio of drug/W : L ratio of control)∗100. (a and
d) White bars represent vehicle control groups, grey bars represent treatment groups, and black bars represent mice which were not
reconstituted but received treatment. (b, c, e, and f) Grey bars represent relative WBC counts and W : L ratios.

not shown). In the subsequent 28 days prevention study with
a dose of 50 mg/kg, this group had significantly less weight
loss than the vehicle control group (P < 0.01), while the
fecal score was slightly but not significantly lower (Figure 4,
Tables 2 and ST1-2). One mouse in the vehicle control
group was sacrificed before week four, due to extensive

weight loss. There was no difference in the mean WBC count
or colonic W : L ratio between the two groups. Since we
found no effects of the compound (except from decreased
weight loss) and since the colonic W : L ratio is highly
predictable for the histological score (as described in [15]),
no histological scoring was made. In the intervention study,
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TNFR-Fc (5 mg/kg) did not affect any of the measured
parameters (Table 2 and ST6–10). Since the prevention study
using 50 mg/kg did not have any effect either, this dose was
not tested in intervention studies.

3.3. Rat Anti-Mouse IL-12p40 mAb Treatment. In the 28-day
prevention study, mice treated with the isotype control began
to loose weight after two weeks, while the weight curve for the
rat anti-mouse IL-12p40 mAb-treated mice was comparable
to that of healthy controls. At the termination of the study,
mice treated with anti-IL-12p40 mAb had lost significantly
less weight than the isotype control group (P < 0.001)
(Table 2 and ST1). Similarly, anti-IL-12p40 mAb treatment
resulted in significantly lower WBC count (P < 0.05), colonic
W : L ratio and histological score (SF1) (P < 0.001 for both
parameters), while it did not significantly improve fecal score
(Tables 2 and ST2-S5). Intervention with anti-IL-12p40 mAb
from day 21 reversed the progressive weight loss. At the end
of the study, this group had lost significantly less weight
than the control group (P < 0.0001) (Table 2 and ST6).
The fecal score tended to be lower in the anti-IL-12p40 mAb
group, and the colonic W : L ratio and histological score were
significantly reduced compared to the isotype control (P <
0.01 and P < 0.05, resp., Tables 2, SF1, and ST7-10).

3.4. Rat Anti-Mouse IL-6 mAb Treatment. Preventive treat-
ment with a rat anti-mouse IL-6 mAb reduced weight loss
(P < 0.01) and fecal score (P < 0.01) but failed to
significantly reduce WBC counts compared to the isotype
control group (Table 2 and ST1–3). The colonic W : L ratio
of the anti-IL-6 mAb treated group was significantly lower
than that of the isotype treated group and was comparable
to the unreconstituted healthy control group (Table 2 and
ST4). Similarly, the histological score was significantly less
in the anti-IL-6 mAb-treated group compared to the isotype
control (P < 0.01, Tables 2, SF1, and ST5). Intervention with
anti-IL-6 mAb from day 21 did not significantly affect any of
the measured parameters (Tables 2, SF1, and S6-10).

3.5. Human CTLA4-Ig Treatment. Preventive treatment with
human CTLA4-Ig effectively inhibited development of col-
itis. The weight curves for CTLA4-Ig-treated mice were
comparable to the weight curves for the unreconstituted
healthy control mice. The fecal score at the termination of
the study (P < 0.01), the WBC count (P < 0.01), and
colonic W : L ratio (P < 0.001) were significantly lower in
the CTLA4-Ig groups compared to the isotype control group
(Table 2 and ST1–4). Remarkably, no signs of inflammation
were found in any of the animals, suggesting a very potent
effect of the compound (Tables 2, SF1, and ST5).

A profound effect of CTLA4-Ig treatment on all the mea-
sured parameters was likewise identified in the intervention
study. Shortly after initiation of treatment, the weight loss
was reversed and the animals gained weight comparable to
the unreconstituted. Likewise, the fecal score (P < 0.01),
WBC count (P < 0.001), colonic W : L ratio (P < 0.001), and
histological score (P < 0.001) were significantly lower than

for the isotype control group at the end of the study (Tables
2, SF1, and ST6-10).

3.6. Rat Anti-Mouse α4β7 Integrin mAb Treatment. Preven-
tive treatment with a rat anti-mouse α4β7 mAb diminished
weight loss (P < 0.001) and fecal score (P < 0.05, Table 2).
However, the number of WBC was not significantly changed
(Tables 2 and ST2-3). Inhibition of T-cell homing to the
gut by anti-α4β7 mAb treatment reduced colonic disease as
indicated by the significantly lower colonic W : L ratio and
histological score compared to the isotype control group
(P < 0.01 for both parameters, Tables 2, SF1, and ST4-
5). Intervention with anti-α4β7 mAb at day 21 did not
significantly affect any of the measured parameters (Figure 4,
Tables 2, SF1, and ST6–10).

3.7. Antibiotic (Enrofloxacin and Metronidazole) Treatment.
Mice treated with antibiotics (unreconstituted and reconsti-
tuted) did not develop weight loss in a preventive setting.
In contrast, reconstituted vehicle treated mice progressively
lost weight (Figure 4). The fecal score was slightly increased
by the treatment itself but was significantly lower in the
reconstituted mice treated with antibiotics compared to the
reconstituted vehicle group (P < 0.001) as was the WBC
count (P < 0.05), the colonic W : L ratio (P < 0.001), and
the histological score (P < 0.001, Tables 2, SF1, and ST2-5).

Intervention with antibiotics immediately reversed
weight loss (Figure 4). At the termination of the study, the
mice treated with antibiotics had lost significantly less weight
than the vehicle control group (P < 0.01). Likewise, fecal
score (P < 0.0001), WBC count (P < 0.001), colonic W : L
ratio (P < 0.0001), and histological score (P < 0.001)
were significantly lower than for the vehicle control group
(Figure 4, Tables 2, SF1, and S7–10).

3.8. Cyclosporine Treatment. Cyclosporine had no effect on
the degree of weight loss, fecal score, colonic W : L ratio
or histological score, while the WBC count at necropsy
was actually significantly higher in the cyclosporine group
compared to the vehicle group (Table 2, SF1, and ST1-5).
Since there were no effects of cyclosporine in the prevention
study, the compound was not tested in intervention studies.

3.9. Summary of Experimental Data. Collectively, we found
that CTLA4-Ig, anti-IL-12p40 mAb, and antibiotics pre-
vented onset of colitis and cured established disease, while
anti-TNF-α mAb, anti-IL-6 mAb, and anti-α4β7 mAb pre-
vented onset of colitis but did not reverse established disease.
Neither TNFR-Fc nor cyclosporine had any preventive or
therapeutic effect in the current setup.

4. Discussion

The search for improved treatment opportunities against
IBD is heavily dependent upon good animal models, both for
efficacy studies and for understanding the underlying cause
of the disease. To have any predictive value, the models must
share central drivers of disease with the human disease they
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are representing. Intervention with some of the known main
mechanisms in autoimmune disease (i.e., costimulation, T-
cell homing, effect of cytokines, etc.) can teach us more
about which pathways are central for the model. This allows
one to select a model appropriate for the inflammatory
pathway, the test compound is supposed to act on. The aim
of our study was to estimate the preventive and therapeutic
effect of a number of established or potential IBD drugs,
using the SCID adoptive transfer colitis model. By using
multiple drugs inhibiting potential or known pathogenic
drivers in IBD, we sought after an increased understanding
of the central drivers, in this specific model. Several of these
compounds or their surrogate antibodies have previously
been tested in colitis models, but never in the same
study with essentially similar experimental setup and with
compounds which are all commercially available. This allows
a more precise comparison of the different compounds and
thereby a better assessment of the model’s predictive value.
We chose the adoptive transfer colitis model not only because
of its similarities with IBD (mainly CD), but also because
the model has several practical advantages compared to other
chronic colitis models in relation to pharmacological testing
(e.g., the synchronized onset of disease, no generation of
anti-drug antibodies and commercial availability of mice).

TNF-α is a key proinflammatory cytokine in IBD. The
cytokine exerts its effects via activation of NFκB and MAPK
pathways, and subsequently induction of IL-6 and IL-1b,
inhibition of T-cell apoptosis, chemoattraction, and so forth
[25]. We found a significant preventive treatment effect of
anti-TNF-α mAb, as has been previously described in the
CD45RBHigh model [11]. Our model setup suggests that
TNF-α is most important in the beginning of disease since
anti-TNF-α was largely effective in the prevention study. It is
possible that the redundancy of the inflammatory cascades
makes TNF-α less important when the inflammation is
already established and CD4+ T cells have differentiated
into a pathogenic effector phenotype. However, the human
anti-TNF-α mAb’s (adalimumab and infliximab) can induce
remission in the majority of CD patients. These mAbs’ have
been reported to neutralize TNF-α as well as to induce
apoptosis in T cells [26]. Whether the surrogate rat anti-
mouse TNF-α mAb also has this dual function is unknown.
As opposed to anti-TNF-α mAb treatment, there was no
effect of TNFR-Fc in our studies, which is in accordance to
the findings in CD [27].

IL-12p40 is predominantly produced by dendritic cells
and phagocytes in response to microbial stimulation. It has
a critical role in promoting the differentiation of naı̈ve CD4+

T cells into mature T-helper effector cells. It is currently
believed that IL-12 (p23/p40) and IL-23 (p19/p40) are
central for the Th1 and the Th17 pathways, respectively,
and both cytokines are inhibited by the anti-IL-12p40 mAb
[16, 28]. We found that the anti-IL-12p40 mAb treatment
was effective in our prevention as well as intervention setup,
suggesting the importance of these pathways in the transfer
model. Our observation is in agreement with previous results
[20, 29, 30]. Significant clinical responses following treat-
ment with an anti-IL-12p40 mAb have also been reported in
CD patients [5, 31], and the drug is currently recruiting for a

phase III trial in CD. Thus, our results suggest that the SCID
adoptive transfer model is suitable for studying compounds
targeting the IL-12p40 pathways.

IL-6 is a pleiotropic cytokine with a central role in
immune regulation. Increased serum concentrations of IL-
6 were reported to correlate with clinical activity of CD, and
antibodies targeting IL-6 or IL-6R were efficacious in several
animal models [16, 32, 33]. In accord, a humanized mAb
against IL-6R showed promising results in a phase II study
in active CD [6]. We found a significant therapeutic effect of
anti-IL-6 in a preventive setting but not in the intervention
study. As for the anti-TNF-α mAb treatment, this suggests
that IL-6 is most important in the beginning, while the
redundancy of the inflammatory cascades may make IL-6 less
important when the inflammation is already established.

CTLA4-Ig binds to CD80/86 thereby preventing cos-
timulation of T cells via CD28 [34]. CTLA4-Ig has shown
therapeutic efficacy in several autoimmune diseases includ-
ing rheumatoid arthritis, and in experimental models of
autoimmune diseases [34, 35]. We found that CTLA4-
Ig completely prevented colitis and very efficiently cured
established disease, indicating a central role of T-cell cos-
timulation in the model. However, shortly after completion
of our experimental studies, clinical trials with CTLA4-Ig in
UC and CD were terminated due to lack of efficacy [36].
The lack of negative regulation through CTLA-4 on, for
example, Tregs may yield a therapeutic window which is
not present in humans. Thus, the lack of important self-
regulatory mechanisms must be taken into account when
evaluating drugs targeting this specific pathway.

Neutralization of the integrin α4β7 on lymphocytes
and monocytes inhibits homing of the cells to the gut via
mucosal addressin cell adhesion molecule-1 (MAdCAM-
1) on endothelial cells. We found that this could prevent
the onset of disease in the transfer model as demonstrated
previously [37]. However, once the colitis was already
established, recruitment of leucocytes to the colon via this
mechanism seemed no longer essential for maintenance of
disease in our experimental setup. In contrast, resolution of
established disease has been demonstrated in the cotton-top
tamarin (spontaneous colitis) [38].

In phase II studies, Vedolizumab (targeting human α4β7)
failed to meet the primary endpoint in CD patients with
active disease, while there was a significant therapeutic effect
in patients with UC [39, 40]. Natalizumab, which neutralizes
α4 in conjunction with β7 as well as with β1, was effective for
CD and is approved by the FDA to use in patients refractory
to treatment with anti-TNF-α [41].

Thus, in IBD as well as in the models, there is not a
clear-cut effect of inhibiting leukocyte homing via anti-α4β7,
although it seems more effective in man than in the SCID
transfer model. This could be due to the slower progression
of the human disease, that is, there is a larger “window open
for treatment” where recruitment of cells to the gut is still
important. An alternative explanation is the involvement of
α4β7 in homing to the small bowel and Payer’s patches in
Crohn’s disease compared to α4β7 involvement in colonic
CD4+ T cell infiltration in the SCID adoptive transfer model.
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Although anti-α4β7 could not reverse established colitis
in the model, the marked effect of the antibody in prevention
studies suggests that the model is useful in studies of
leukocyte homing to the colon via integrins and adhesion
molecules.

Cyclosporine inhibits calcineurin, thereby inhibiting T-
cell activation and proliferation. The compound is effective
in patients with severe steroid-refractory UC [7, 42], while
no controlled studies have shown effect of cyclosporine
in CD [43]. We did not find any effect of preventive
treatment with cyclosporine in accord with previous studies
in transfer models [35, 44]. In contrast, cyclosporine sig-
nificantly ameliorated acute DSS-induced colitis [19, 45].
Considering that the DSS model is mainly UC-like and
the transfer model mainly CD-like (at least in terms of
Th1/TH17 immunopathogenesis), data from experimental
models are translational to the human disease. It is not
clear why cyclosporine lacks effect in CD and in our model,
but it has previously been shown that T cells are able to
proliferate and exert effector functions via cyclosporine-
resistant mechanisms [46–48]. In addition to its effect on T
cells, cyclosporine has been shown to inhibit the effect of sev-
eral other immune cells and proinflammatory mechanisms,
which may account for its therapeutic effects in the acute
DSS model, where T cells are not required for development
of disease [49].

The normal intestinal microbial flora (microbiota) con-
tributes significantly to the etiopathogenesis of IBD [3, 50],
and antibiotics have in some studies been shown to induce
and maintain remission in IBD patients [50]. However, the
side-effects and the risk of developing microbial resistance
associated with long-term treatment with antibiotics prevent
the use of this treatment strategy. Instead, there is focus
on developing microbial cultures, which can help bringing
back the balance between the microbiota and the immune
system [50]. We found that the combination of enrofloxacin
and metronidazole completely prevented onset of colitis
and cured established colitis in the adoptive transfer model,
emphasizing the significance of the microbiota in this model.
Thus, the experimental model and the human disease share
this central factor in the immunopathogenesis, suggesting
that the model may be useful in studies of the microflora’s
impact on disease. Combined treatment with metronidazole,
which kills anaerobes and influences cell trafficking [51], was
essential since enrofloxacin alone did not affect the disease
(data not shown).

5. Concluding Remarks

We have evaluated the therapeutic effect of a number of IBD
drugs and drug candidates in the SCID adoptive transfer
colitis model and compared this to the therapeutic effect
in IBD patients, when this information was available. The
study shows that certain drivers of inflammation are shared
between the model and the human diseases, that is, the
cytokines IL-12p40, TNF-α and IL-6, the homing molecule
α4β7, and the microbial flora. With regards to these drivers,
the model seems to have a good predictive value.

However, our studies indeed also show limitations of the
adoptive transfer model in this respect, since not all drugs
effective against IBD are effective in the model. Following
adoptive transfer, the development of disease is driven by
the extreme expansion of the CD4+ cells in a lymphopenic
host, and neither B cells nor CD8+ cells are present. Thus,
some treatment effects in the preventive studies might be
due to interfering with homeostatic expansion, which is not
relevant in IBD and conversely, a test compound’s effect on B
and CD8+ T cells will have no effect in the model, although
it might be effective in IBD. Moreover, compared to clinical
trials where efficacy is evaluated, for example, 4–18 weeks
post-initiation of treatment for some test compounds, an
intervention period of two weeks may be too short to obtain
a therapeutic effect in the model. This could be addressed
with a model where the disease is progressing more slowly.
This stresses the need of critically choosing for which types
of experiments and compounds to use animal models and
which of the models to use. It should be noted that there is
a great variability in the disease pattern in IBD patients, and
that patients respond differently to medication. The various
experimental colitis models may represent different types
and stages of severity of UC or CD [13] and altogether this
makes the translation of data from experimental models to
humans even more challenging.
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[2] F. Casellas, J. López-Vivancos, X. Badia, J. Vilaseca, and J. R.
Malagelada, “Influence of inflammatory bowel disease on
different dimensions of quality of life,” European Journal of
Gastroenterology and Hepatology, vol. 13, no. 5, pp. 567–572,
2001.

[3] G. Bouma and W. Strober, “The immunological and ge-
netic basis of inflammatory bowel disease,” Nature Reviews
Immunology, vol. 3, no. 7, pp. 521–533, 2003.

[4] G. W. Dryden, “Overview of biologic therapy for Crohn’s
disease,” Expert Opinion on Biological Therapy, vol. 9, no. 8,
pp. 967–974, 2009.



10 International Journal of Inflammation

[5] W. J. Sandborn, B. G. Feagan, R. N. Fedorak et al., “A
randomized trial of Ustekinumab, a human interleukin-12/23
monoclonal antibody, in patients with moderate-to-severe
Crohn’s disease,” Gastroenterology, vol. 135, no. 4, pp. 1130–
1141, 2008.

[6] J. Bilsborough and J. L. Viney, “From model to mechanism:
lessons of mice and men in the discovery of protein biologicals
for the treatment of inflammatory bowel disease,” Expert
Opinion on Drug Discovery, vol. 1, no. 1, pp. 69–83, 2006.

[7] D. C. Baumgart and W. J. Sandborn, “Inflammatory bowel dis-
ease: clinical aspects and established and evolving therapies,”
Lancet, vol. 369, no. 9573, pp. 1641–1657, 2007.

[8] W. Strober, I. J. Fuss, and R. S. Blumberg, “The immunology
of mucosal models of inflammation,” Annual Review of
Immunology, vol. 20, pp. 495–549, 2002.

[9] P. J. Morrissey, K. Charrier, S. Braddy, D. Liggitt, and J. D.
Watson, “CD4+ T cells that express high levels of CD45RB
induce wasting disease when transferred into congenic severe
combined immunodeficient mice. Disease development is
prevented by cotransfer of purified CD4+ T cells,” Journal of
Experimental Medicine, vol. 178, no. 1, pp. 237–244, 1993.

[10] F. Powrie, M. W. Leach, S. Mauze, L. B. Caddle, and R. L.
Coffman, “Phenotypically distinct subsets of CD4+ T cells
induce or protect from chronic intestinal inflammation in C.
B-17 scid mice,” International Immunology, vol. 5, no. 11, pp.
1461–1471, 1993.

[11] F. Powrie, M. W. Leach, S. Mauze, S. Menon, L. B. Caddle,
and R. L. Coffman, “Inhibition of Th1 responses prevents
inflammatory bowel disease in scid mice reconstituted with
CD45RBhi CD4+ T cells,” Immunity, vol. 1, no. 7, pp. 553–562,
1994.

[12] S. Hue, K. J. Maloy, B. McKensie, D. Cua, and F. Powrie, “IL-
23 and not IL-12 is essential for the development of IBD,”
Inflammatory Bowel Diseases, vol. 12, supplement 2, S25 pages,
2006.

[13] H. H. Uhlig and F. Powrie, “Mouse models of intestinal
inflammation as tools to understand the pathogenesis of
inflammatory bowel disease,” European Journal of Immunol-
ogy, vol. 39, no. 8, pp. 2021–2026, 2009.

[14] J. L. Coombes, N. J. Robinson, K. J. Maloy, H. H. Uhlig,
and F. Powrie, “Regulatory T cells and intestinal homeostasis,”
Immunological Reviews, vol. 204, pp. 184–194, 2005.

[15] S. Kjellev, D. Lundsgaard, S. S. Poulsen, and H. Markholst,
“Reconstitution of Scid mice with CD4+CD25− T cells leads to
rapid colitis: an improved model for pharmacologic testing,”
International Immunopharmacology, vol. 6, no. 8, pp. 1341–
1354, 2006.

[16] D. Yen, J. Cheung, H. Scheerens et al., “IL-23 is essential for
T cell-mediated colitis and promotes inflammation via IL-17
and IL-6,” Journal of Clinical Investigation, vol. 116, no. 5, pp.
1310–1316, 2006.

[17] D. Teoh, L. A. Johnson, T. Hanke, A. J. McMichael, and
D. G. Jackson, “Blocking development of a CD8+ T cell
response by targeting lymphatic recruitment of APC,” Journal
of Immunology, vol. 182, no. 4, pp. 2425–2431, 2009.
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A registry of patients with inflammatory bowel diseases, ulcerative colitis (UC) and Crohn’s disease (CD), was created at the
University of Puerto Rico in 1995. Subjects with a documented diagnosis of IBD by clinical, radiologic, endoscopic, and/or
pathologic criteria were recruited from the IBD clinics, support groups, and community practices, and demographic and medical
data was collected. All entries from 1995 to 2009 were analyzed for demographics, family history, disease extent, extraintestinal
manifestations, surgery, and smoking history. Results were described using summary statistics. 635 Hispanics living in Puerto Rico,
299 with UC and 336 with CD, were included. Mean ages were 40.3 for UC and 30.9 for CD. Over half (56%) of UC and 41% of
CD were females. Family history was present in 19.3% of UC and 17.5% of CD. Surgery for IBD had been performed in 31.9%
of UC and 51.2% of the CD patients. Over one-fourth of the patients reported extraintestinal manifestations, most frequently
arthropathies. Our findings contribute to the limited epidemiologic and clinical data on Hispanics with IBD.

1. Introduction

The study of Crohn’s (CD) and ulcerative colitis (UC) has
been focused on Caucasians, as the incidence and diagnosis
of inflammatory bowel disease (IBD) have been more evident
in this population. The rates of UC and CD are highest in
northern climates, in urban regions, and in well-developed
areas of the world such as North America and Europe and
lowest in southern climates and underdeveloped areas [1–4].
The reported prevalence of IBD in adults in the United States
(US) has ranged from 37 to 238 per 100,000 for UC and 26
to 201 per 100,000 for CD [4, 5].

The epidemiology of IBD seems to be changing. Inci-
dence in North America, Northern and Western Europe has
stabilized, and low incidence areas are showing an increase
[4]. The racial and ethnic differences also seem to be nar-
rowing. Reports of IBD from Barbados and the French West
Indies in the Caribbean illustrate these changes [6, 7].

There is an increasing recognition of IBD in the minority
populations of the United States [7–16], and several studies

have described the epidemiology of IBD in these populations.
Many of these studies have centered on blacks with IBD,
while IBD in Hispanics is less well defined. The incidence
and prevalence of IBD in Puerto Rico has been rising over
the past decades [17–19]. With the aim of further examin-
ing Hispanics with IBD, we describe the demographic and
clinical characteristics of a large university-based registry of
IBD in Hispanics living in Puerto Rico.

2. Materials and Methods

The University of Puerto Rico IBD Registry was created in
1995 [17]. The Registry is a database of patients with UC
and CD that collects demographic and medical information
at the time of interview. Subjects with documented diagnosis
of IBD by clinical, radiologic, endoscopic, and/or pathologic
criteria are recruited from the IBD clinics, support group,
and community practices and represent diverse areas of
Puerto Rico. After informed consent, data is collected
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through an interview by trained investigators and medical
records review. Information collected includes age, gender,
diagnosis, age at onset of symptoms, age at diagnosis, urban
or rural living, place of birth and parentage, family history of
IBD, smoking history, extraintestinal manifestations, extent
of disease, medications, and surgery. Method of diagnosis,
including endoscopic procedures, imaging, pathologic spec-
imens, and surgical findings, is obtained from the treating
physician’s and/or clinic medical record. The diagnosis has
to be established or confirmed by a gastroenterologist. No
followup is provided for updating data in the study. The
database is entered into an Excel spreadsheet. The Registry
has continuing Institutional Review Board approval from
the University of Puerto Rico Medical Sciences Campus
(protocol no. 1250195).

This report includes only Hispanics living in Puerto
Rico. Hispanic subjects were identified by having both
parents of Puerto Rican, Dominican, Venezuelan, or Cuban
origin. Place of birth and childhood home are recorded in
the Registry. Five subjects were excluded because of non-
Hispanic origins (two from the United States, one from
Nevis, one from Israel, and one with a German mother). The
vast majority of subjects (585) were born in Puerto Rico of
Puerto Rican parents. Forty-four were born in the United
States, three in the Dominican Republic, three in Cuba, and
one in Venezuela.

All entries from 1995 until 2009 were analyzed for dem-
ographics, family history, smoking history, disease extent,
extraintestinal manifestations, and surgery. Disease duration
at the time of inclusion in the Registry was calculated from
the time of symptom onset and from the time of diagnosis.
Medications used have been reported in a separate study
[20]. Summary measures were used to describe the study
group.

3. Results

Six hundred thirty-five Hispanic patients, 299 (47.1%) with
UC and 336 (52.9%) with CD, were included in the Registry
during the study period. The ages ranged from 10 to 85
years old, with the youngest recording age of diagnosis at 7
years old. Table 1 shows the demographics, family history,
and smoking history of the population included in this study.
Patients with UC were older, predominantly female, and
smoked less at the time of diagnosis, when compared to
patients with CD. Mean age for UC patients was 40.3 ± 15.6
with mean ages at onset of 31 ± 14.4 and at diagnosis of
32.6 ± 14.4. Mean age for CD patients was 30.9 ± 12.2,
with a mean age at onset of 24.7 ± 11.7 and at diagnosis of
26.8± 12.6. For ulcerative colitis, interval from onset was 9.3
years and interval from diagnosis was 7.7 years. For Crohn’s
disease, interval from onset was 6.2 years and interval from
diagnosis was 4.1 years. More than half (56%) of UC patients
were females, whereas 59% of CD patients were males. Nearly
12% of IBD patients were smokers at the time of diagnosis.

Family history of IBD was present in 19.3% of UC and
17.5% of CD patients. In the cohort with UC, there were 28
firstdegree relatives with UC and 4 with CD. An additional 27
other relatives had UC and 4 had CD. For patients with CD,

Table 1: General characteristics of the Registry patients.

UC CD

n 299 336

Male : female (%) 44 : 56 59 : 41

Mean age 40.3± 15.6 30.9± 12.2

Mean age onset 31± 14.4 24.7± 11.7

Mean age dx 32.6± 14.4 26.8± 12.6

Family history IBD n (%) 58 (19.3%) 59 (17.5%)

Smoking at dx (%) 10% 13.7%

CD: Crohn’s disease; UC: ulcerative colitis; IBD: inflammatory bowel
disease.

Table 2: Extraintestinal manifestations.

UC (%) CD (%)
Total IBD

(%)

EIM 78 (26) 93 (27.6) 171 (26.9)

All arthropathies 58 (19.4) 76 (22.8) 134 (21.1)

Peripheral arthropathy 48 (16.1) 62 (18.4) 110 (17.3)

Ankylosing spondylitis 2 (0.7) 1 (0.3) 3 (0.5)

Sacroiliitis 8 (2.6) 13 (3.8) 21 (3.3)

Erythema nodosum∗ 5 (1.6) 23 (6.8) 28 (4.4)

Pyoderma gangrenosum 6 (2) 3 (0.9) 9 (1.4)

Uveitis and/or episcleritis 5 (1.7) 10 (3) 15 (2.4)

Primary sclerosing
cholangitis

3 (1.0) 2 (0.6) 5 (0.8)

Osteoporosis 6 (2.0) 14 (4.1) 20 (3.1)
∗
P < 0.002.

17 first-degree relatives (parents, siblings, or offspring) were
affected with CD and 28 with UC. Twenty-six more remote
relatives (including grandparents, aunts/uncles, cousins and
nephews/nieces) had CD and 27 had UC.

At the time of inclusion in the UPR IBD Registry, the
disease extent in subjects with UC was as follows: 13%
proctitis, 16.2% proctosigmoiditis, 21% left side colitis, and
49.6% pancolitis. In subjects with CD, 54.4% had ileal
disease, 47% had colon involvement, 15.6% had perianal
disease, 6.7% had jejunal disease, and 1.1% had upper
gastrointestinal tract involvement. 31.9% of UC and over half
(51.2%) of CD patients reported having surgery for IBD at
the time of the interview.

Extraintestinal manifestations, reported in 171 patients,
are shown in Table 2. The most common were the various
arthropathies, similar in both UC and CD, followed by
erythema nodosum, which was more frequent in CD (1.6%
in UC versus 6.8% in CD, P < 0.002). Osteoporosis
was found more frequently in CD, though not statistically
significant (14 of 20 cases). Ophthalmologic manifestations
were grouped together, as they were infrequent.

4. Discussion

Incidence and prevalence studies for Puerto Rico have shown
an increase in both ulcerative colitis and Crohn’s disease since
the late 1990s [17–19].



International Journal of Inflammation 3

Table 3: Crohn’s disease: comparison with other Hispanic populations.

UPR Registry
PR (NIDDK-

IBDGR)
[7]

Spain [21] Portugal [22]
Huelva, Spain

[23]

n 336 106 635 1692 30

Male : female (%) 59 : 41 48 : 52 44 : 56 57 : 43

Mean age 30.9 33 31

EIM (%) 27.6 36.7

Fam hx IBD (%) 17.5 16.6 15 5.8 33.3

Table 4: UC: comparison with other Hispanic populations.

UPR Registry
PR (NIDDK

IBDGRC) [7]
Mexico [24] Panama [25] Argentina [25] F

Huelva, Spain
[23]

n 299 62 848 15 38 40

Male : female (%) 44 : 56 45 : 55 60 : 40 39 : 61 45 : 55

Mean age 40.3 31.3 38 45

EIM (%) 26 41.5 12.5

Fam hx IBD (%) 19.3 14.5 6.7 12.5

The clinical presentation of IBD in Hispanics has not
been well studied. Most of the published studies focus
on incidence and prevalence with limited descriptions of
clinical characteristics. Studies in which Hispanics with IBD
are compared with Caucasians and other ethnic or racial
populations are limited by the small number of Hispanics
included. A study of 148 patients with IBD seen from 1999
to 2003 compared 58 Whites, 54 African Americans, and
30 Mexican Americans. Family history was present in only
10% of Mexican Americans as compared to 33% of Whites.
In those with ulcerative colitis, no differences in treatment
and surgery were found [13]. In another study comparing
the same three groups (H, AA, W), there was no difference
between African Americans and Mexican Americans when
separately compared to Whites in terms of intestinal mani-
festations of CD and UC, respectively. Among UC patients,
Whites had significantly higher incidence than Mexican
Americans of joint symptoms (P < 0.0001) and osteoporosis
(P = 0.001). Whites had a stronger family history of IBD
and colorectal carcinoma. All the Mexican Americans with
UC who were tested had positive p-ANCA compared to only
40% of Whites (P = 0.033). Proctitis alone occurred in 32%
of Whites, but only in 9% of Mexican Americans with UC
(P = 0.022). In general, there were no significant differences
in medical treatment, surgeries, or hospitalizations in the UC
and in the CD groups. In summary, Mexican Americans with
IBD differed significantly from other ethnic groups in the
distribution of IBD subtypes, family history, and serological
markers [10].

A recent large study from the United States involv-
ing 1,126 subjects with IBD, of which 830 were White,
169 were Puerto Rican Hispanics, and 127 were African
Americans, reported that Hispanics were at higher risk of
developing perianal disease and erythema nodosum. Among

UC patients, Hispanics had more proximal disease extent.
Hispanics with CD, but not UC, had lower prevalence of
family history of IBD than Whites. Hispanics were more
likely to have undergone bowel diversion for CD (22.4%
versus 7.4%, P = 0.001) but had fewer total surgeries
for abdominal CD than Whites. The number of surgeries
for perianal CD was similar among all racial groups. At 5
years, the proportion of surgery-free CD patients was 68%
for Whites and 60% for Hispanics. The median survival
time free from surgery was 9.8 yr for Whites and 6.6 yr
for Hispanics, with no significant increased risk of CD-
related surgery for Hispanics compared to white subjects.
Hispanics had a higher prevalence of surgery indicated for
chronic refractory UC (85.7% versus 40.7%, P < 0.001).
Furthermore, Hispanics had a considerably higher rate of
colectomy for any indication (chronic disease, dysplasia, or
fulminant colitis) than white subjects (32.3% versus 15.8%,
P < 0.01) [7].

A comparison between our UPR IBD Registry and other
Hispanic populations including Puerto Rico [7], Spain [21],
Portugal [22], Huelva, Spain [23], Mexico [24], Panamá [25],
and Argentina [25] is shown in Tables 3 (CD) and 4 (UC).
It includes gender distribution, mean age, family history
of IBD, and percent with extraintestinal manifestations.
The comparison is limited by a number of small studies,
the data reported for each population, and the period
included in the study. As IBD incidence is considered to be
increasing in Hispanics, earlier studies such as the one from
Argentina and Panamá may not be representative of actual
population characteristics. A systematic review of IBD in
Asians, Hispanics, and African Americans published in 2009
concludes that, although the incidence is rising in Hispanics,
the literature regarding IBD manifestations is very limited
[26].
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5. Conclusions

Variation in findings between different Hispanic groups may
be a result of a changing epidemiology accompanying a
rising incidence of IBD, with earlier studies being unable to
detect an increase in family history or the true prevalence
of extraintestinal manifestations, as well as an evolution in
disease phenotype over time. Differences between whites and
Hispanics reported in various studies are not consistent.
These may be related to study design, small numbers of
Hispanics in the studies, true genetic variation, and envi-
ronmental influences. The limited inclusion of minorities in
research studies, partly due to the low incidence of IBD at the
time, but also possibly secondary to underrecruitment, poor
interest in participation and referral bias, may also affect the
results.

More studies are needed for a better characterization and
comparison of epidemiology and clinical presentation of IBD
in Hispanics. This knowledge may impact the therapeutic
approach to these patients as well as the development of
health care strategies to improve access and outcomes.
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The microbiota of the gastrointestinal tract is frequently mentioned as one of the key players in the etiopathogenesis of Crohn’s
disease (CD). Four hypotheses have been suggested: the single, still unknown bacterial pathogen, an abnormal overall composition
of the bowel microbiota (“dysbiosis”), an abnormal immunological reaction to an essentially normally composed microbiota,
and increased bacterial translocation. We propose that laser capture microdissection of selected microscopic structures, followed
by broad-range 16S rRNA gene sequencing, is an excellent method to assess spatiotemporal alterations in the composition of
the bowel microbiota in CD. Using this approach, we demonstrated significant changes of the composition, abundance, and
location of the gut microbiome in this disease. Some of these abnormal findings persisted even after macroscopic mucosal healing.
Further investigations along these lines may lead to a better understanding of the possible involvement of the bowel bacteria in the
development of clinical Crohn’s disease.

1. Introduction

Crohn’s disease (CD) is characterized by chronic, segmental,
transmural inflammation of the entire gastrointestinal tract.
Although the exact etiology of the disease is still unclear,
it is generally assumed to originate from immunologic
changes induced by environmental influences in a genetically
suspectible host. The first discovered CD susceptibility
gene was the Caspase Recruitment Domain 15 (CARD15)
on chromosome 16q [1, 2]. The protein product of this
gene is present in monocytes, dentritic cells, Paneth cells,
and intestinal epithelial cells. It recognizes a breakdown
product of the bacterial cell wall, muramyl dipeptide, via
its carboxyterminal leucine rich repeat region (LRR). Sub-
sequently, it activates NFκB. Three single nucleotide poly-
morphisms (SNPs) of the CARD15 gene (Arg702Trp-SNP8,
Gly908Arg-SNP12 and Leu1007fsinsC-SNP13) are associ-

ated with CD in the Caucasian population [3–7]. These 3
SNPs may interfere with the function of the LRR, potentially
leading to a disturbance of the normal relationship between
the human host and their bowel microbiota. Bacteria have
indeed been suggested as one of the most important envi-
ronmental factors in the pathogenesis of CD. Currently, four
hypotheses are proposed. First, the disease may be caused by
a single, still unidentified bacterial pathogen (Mycobacterium
avium subsp. paratuberculosis (MAP) and adherent-invasive
Escherichia coli are possible candidates) [8–11]. Second, the
normal balance between beneficial and harmful bacterial
species in the mucosa-associated microbiota may be dis-
turbed, so-called “dysbiosis” [12–14]. Third, the mucosa
may be abnormally permeable to bacteria or their products
(increased bacterial translocation) [12]. Finally, the immune
system may react excessively to a normally composed bowel
microbiota [15]. If any of these four assumptions are true,
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Table 1: Patient characteristics.

Patient Sex Age Diagnosis CARD15-SNP8 CARD15-SNP12 CARD15-SNP13 Procedure

1 (∗) ♂ 32 CD WT WT WT Right hemicolectomy

2 (∗) ♀ 36 CD HE WT WT Right hemicolectomy

3 (∗) ♂ 22 CD HE HE WT Right hemicolectomy

4 (∗) ♂ 18 CD HO WT WT Right hemicolectomy

5 ♂ 38 ASLC ND ND ND Colonoscopy

6 (∗∗) ♂ 70 ASLC ND ND ND Colonoscopy

7 ♀ 17 PMC ND ND ND Colonoscopy

8 (§) ♂ 64 PMC ND ND ND Colonoscopy

9 ♀ 75 DIV ND ND ND Colonoscopy

10 (§§) ♂ 48 DIV ND ND ND Colonoscopy

11 (∗) ♀ 65 AC WT WT WT Right hemicolectomy

12 (∗) ♀ 55 AC WT WT WT Total colectomy

13 (∗) ♀ 65 AC HE WT WT Total colectomy

ASLC: acute self-limited colitis, PMC: pseudomembranous colitis, DIV: diverticulitis, AC: adenocarcinoma.
WT: wild type, HE: heterozygous, HO: homozygous, ND: Not determined.
SNP8: Arg702Trp, SNP12: Gly908Arg, SNP13: Leu1007fsinsC.
(∗) Treated with preoperative antibiotic coverage (cefazoline 2 g IV + metronidazole 1.5 g IV at induction).
(∗∗) Treated with amoxicillin for 2 weeks prior to colonoscopy.
(§) Clostridium difficile toxin assay positive.
(§§) Treated with amoxicillin + clavulanic acid and levoflaxacin for 10 days prior to colonoscopy.

bowel biopsies from carriers of the 3 CD-associated CARD15
SNPs may contain unexpected bacteria or an abnormally
composed microbiota in unusual locations.

Testing this hypothesis is complicated by the fact that 70
to 80% of the intestinal bacteria are currently unculturable
because of fastidious or even unknown growth requirements.
Culture-independent, molecular detection, and identifica-
tion techniques are therefore recommended [16]. One
commonly used approach is based on the structure of the 16S
ribosomal RNA (rRNA) gene. This 1550 base pair long gene
is found exclusively in bacteria. Its presence on the bacterial
chromosome in one or more copies is necessary for normal
growth and metabolism. The 16S rDNA contains both
highly conserved and hypervariable (V) regions, allowing the
construction of universal primers and facilitating bacterial
identification up to the (sub)species level, respectively [17].
This technique has been commonly applied to faecal samples
and mucosal biopsies [18]. However, a combination with
laser-capture microdissection (LCM) would allow to allocate
individual bacterial sequences to specific tissue compart-
ments (e.g., the muscular layer of the bowel wall) or even
microscopic lesions of interest, such as ulcers, dilated lymph
vessels with surrounding inflammatory infiltrate, and gran-
ulomas. We have applied this combined approach to surgical
biopsies obtained from CD patients, and we have compared
our results with those obtained in (non)microdissected tissue
samples from disease and healthy controls.

2. Materials and Methods

2.1. Patients. Four CD patients, 6 disease controls (acute
nonchronic gastrointestinal tract inflammation), and 3
healthy controls (normal mucosa at a large distance from

a nonstenosing colorectal adenocarcinoma) were included
(Table 1). Genotypes for the 3 CD-associated CARD15 SNPs
were determined for the CD patients and the healthy controls
using a salting out procedure starting from venous blood
[19]. One to six transmural biopsies were obtained from
(ileo)colectomy specimens of these patients after longitudi-
nal opening of the bowel wall and flushing with tap water
to remove residual bowel contents. For the disease controls,
mucosal biopsies were obtained during colonoscopy. All
biopsies were snap-frozen and stored at −80◦C. One 5 μm-
thick slide from each biopsy was haematoxylin-eosin stained
and evaluated microscopically to confirm the diagnosis and,
if applicable, to select areas suitable for LCM (Tables 2 and 3,
Figure 1).

2.2. Laser-Capture Microdissection and DNA Extraction. For
LCM, two to four 14 μm-thick tissue sections were prepared
using presterilized microtome blades and UV-irradiated
PALM MembraneSlides (PALM Microlaser Technologies AG,
Bernried, Germany). Sections were fixed for 1 minute in
100% ethanol, dried for 15 min at 37◦C, and hydrated in a
decreasing concentration range of ethanol. After hydration,
the slides were stained with Mayer’s haematoxylin for 1 min,
dehydrated in an increasing concentration range of ethanol,
and air-dried under a fume hood for 5 min. The PALM
Robot-MicroBeam System was used for microdissection and
dissected tissue was captured in inverted Eppendorf tube
caps filled with 50 μL TE buffer (10 mM Tris-HCl pH 8.0,
1 mM EDTA). Endoscopic biopsies and lymph node tissues
harvested from surgical specimens were submitted to DNA
extraction directly.

Tissue was digested overnight with 50 μL 2x digestion
buffer (SDS 2%, 50 mM EDTA, 0.12% proteinase K) at 55◦C
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Table 2: Histological structures and lesions selected for LCM.

Patient Normal mucosa (∗∗) Pathological mucosa (∗) (∗∗) Ulcer base (∗) Myenteric plexus (∗)

1 IL (sample 1) Il + COL (sample 5) Il + COL (sample 9) Il + COL (sample 12)

2 IL (sample 2) Il + COL (sample 6) NA Il + COL (sample 13)

3 IL (sample 3) Il + COL (sample 7) Il + COL (sample 10) Il + COL (sample 14)

4 IL (sample 4) Il + COL (sample 8) Il + COL (sample 11) Il + COL (sample 15)

11 IL (sample 26) NA NA IL (sample 30)

11 COL (sample 27) NA NA COL (sample 31)

12 COL (sample 28) NA NA COL (sample 32)

13 COL (sample 29) NA NA COL (sample 33)

IL: ileum; COL: colon; NA: Not applicable.
(∗) IL + COL pooled per patient.
(∗∗) The superficial half of the mucosa, the surface epithelium, and the adherent mucus were microdissected.

200µm

(a)

200µm

(b)

Figure 1: Myenteric plexus before and after microdissection (Cresyl violet, ×50).

Table 3: Tissue samples which were not microdissected.

Patient Lymph node Mucosal biopsy

1 IL + COL (sample 16) NA

2 IL + COL (sample 17) NA

3 IL + COL (sample 18) NA

4 IL + COL (sample 19) NA

5 NA COL (sample 20)

6 NA COL (sample 21)

7 NA COL (sample 22)

8 NA COL (sample 23)

9 NA COL (sample 24)

10 NA COL (sample 25)

IL: ileum; COL: colon; NA: Not applicable.

followed by heat inactivation of proteinase K at 90◦C
(25 min). DNA was extracted using phenol : chloroform :
isoamylacohol (25 : 24 : 1) in Heavy Phase Lock Gel tubes
(Eppendorf AG, Hamburg, Germany) and dissolved in
40 μL autoclaved TE buffer for storage at −20◦C. D3S3332,
a human genomic DNA marker with a length of 215 base
pairs (GenBank: Z38904; forward primer: 5′-GCATTT-
AATGCACTAGATGCTCT-3′; reverse primer: 5′-CTTTAA-
ATGCCAATTACAGTGCA-3′), was amplified from all speci-

Table 4: PCR primers.

Primer Primer sequence (5′ → 3′)

342f CTACGGGRSGCAGCAG

515f GTGCCAGCMGCCGCGGTAATWC

1512r TACGGYTACCTTGTTACGACTT

M = A : C, W = A : T, R = A : G, S = C : G, Y = C : T (all 1 : 1).

mens guaranteeing DNA extraction efficiency and excluding
the presence of PCR inhibitors (data not shown).

2.3. PCR Amplification of 16S rDNA. A 998 base pair DNA
fragment including the V3 to V9 regions of the 16S rRNA
gene was amplified from all samples using a two rounds,
heminested PCR and universal primers (1st round, primer
pair: 342f/1512r; 2nd round: 515f/1512r) (Table 4). For
the first round, 4 μL template DNA solution was added
to 26 μL PCR mixture, obtaining final concentrations of
1x PCR buffer, 5.5 mM MgCl2, 0.2 mM dNTPs, 0.25 μM
of each primer and 0.75 U AmpliTaq Gold DNA poly-
merase (Applied Biosystems, Nieuwerkerk a/d Ijssel, The
Netherlands). DNA was first denatured at 95◦C for 10
minutes. Then a first PCR round of 30 cycles (denaturation
95◦C, 30 sec/annealing 55◦C, 30 sec/extension 72◦C, 2 min)
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was performed on a Tetrad-2 Thermal Cycler (Bio-Rad
laboratories Inc, Calif, USA). Four μL of unpurified product
of this round was used as template for the second PCR round,
which also consisted of 30 cycles. Positive and negative
controls (4 μL of a 1/100 diluted solution of Escherichia coli in
LB-medium with an optical density of 0.058, and 4 μL of TE
buffer, resp.) were processed simultaneously in every round.
All solvents and plastic consumables were sterilized before
use.

2.4. PCR Product Analysis. The products of the 2nd PCR
round were analysed by standard agarose gel electrophoresis.
Amplified DNA of the predicted size was excised and
purified using the QIAquick Gel Extraction Kit (QIAGEN
Benelux BV, Venlo, The Netherlands). Purified PCR products
were ligated into pCR 2.1-TOPO plasmid vector using
the TOPO TA Cloning Kit. Plasmids were then amplified
in TOP10 One Shot Electrocompetent Cells (Invitrogen
NV, Merelbeke, Belgium). Transformed cells were cultured,
and amplified plasmids obtained from 8 to 48 randomly
selected colonies per sample were isolated and purified
using the QIAprep Turbo BioRobot Kit on a Biorobot 8000
Workstation (QIAGEN GmbH, Hilden, Germany). 16rDNA
sequences were then determined by cycle sequencing using
BigDye Terminator (Applied Biosystems Inc, Calif, USA)
with M13F (5′-GTAAAACGACGGCCAG-3′) and M13R (5′-
CAGGAAACAGCTATGAC-3′) as primers. The sequences
were analysed on an ABI PRISM 3730 sequencer (Applied
Biosystems) and trimmed to remove vector sequence. All
sequences longer than 100 nucleotides and having a greater
than 98% similarity were clustered into singular opera-
tional taxonomic units (OTUs) using the ClustalW program
(version 1.83, European Bioinformatics Institute), whereby
OTUs are defined as groups of sequences sharing at least
98% similarity [20]. For every OTU, the sequence with the
lowest number of ambiguous nucleotides was analysed with
the Basic Local Alignment Search Tool (BLAST 2.2.24 release,
National Center for Biotechnology Information) against
the GenBank database (release 182.0). Human and vector
sequences were excluded from further analysis. Possible
chimeras were likewise excluded after detection using the
Chimera Check program (version 2.7) of the Ribosomal
Database Project-II (RDP-II, release 9.46). An OTU was
identified as a particular species when it showed at least
98% similarity with a cultured, phenotypically identified
bacterial species in the databank [21]. Sequences not achiev-
ing the 98% limit were assigned to the family level of
the taxonomical hierarchy proposed in Bergey’s Manual of
Systematic Bacteriology [22] using the classifier tool of the
Ribosomal Database Project-II with a confidence threshold
of 80%. To estimate the diversity within each sample, the
cumulative number of noncontaminant bacterial families
was plotted against the cumulative number of analysed
bacterial sequences.

2.5. Statistics. Samples were compared for the abundance of
various bacterial taxa using the Fisher’s Exact test. P values
<0.05 were considered statistically significant.

3. Results

3.1. PCR Yield and Comparison of Microdissected and Non-
Microdissected Tissues. Amplified DNA with the predicted
length of 1 kb was obtained after 2 PCR rounds in all 33 tissue
samples from the 13 patients. The external positive control
yielded the expected product and the negative controls
remained blank after 30 cycles each. Sequencing of plasmid
inserts after cloning resulted in 1161 sequences longer than
100 base pairs. Overall, 410 of these (35%) originated from
genuinely present bacteria belonging to 4 phyla: Proteobac-
teria (51%), Firmicutes (28%), Actinobacteria (12%), and
Bacteroidetes (9%). These 410 sequences could be further
classified into 20 different families, and 147 sequences
(36%) were identified unambiguously at the species level:
Escherichia coli (17.5%), Kocuria rosea (6.6%), Propionibac-
terium acnes (2.9%), Enterococcus faecalis (2.2%), Lactobacil-
lus rhamnosus (1.7%), Streptococcus mitis (1.7%), Eubac-
terium rectale (1.5%), Bacteroides fragilis (0.7%), Clostridium
nexile (0.2%), Bacteroides eggerthii (0.2%), and Bacteroides
uniformis (0.2%) (Table 5). No Faecalibacterium prausnitzii
was identified on species level in the CD cases. Of the 751
remaining sequences, 55 were due to primer misalignment,
3 were likely chimeric, 187 originated from human DNA,
and 506 were derived from probable contaminants belonging
to the classes of the Alpha- and Betaproteobacteria and the
families Pseudomonadaceae and Staphylococcaceae. Ampli-
fied contaminating DNA was significantly more commonly
encountered in PCR products from microdissected versus
non-microdissected tissues (71.0% and 1.4% of all bacterial
sequences, resp.). The same applied to the proportion of
sample-derived sequences of human instead of bacterial
origin (47.0% and 2.4% in microdissected versus non-
microdissected tissues, resp.) (Fisher’s Exact test: P < 0.001
in both occasions). The cumulative numbers of detected
genuinely present bacterial families plotted against the total
numbers of analysed bacterial sequences revealed increas-
ing slopes for most microdissected samples, while reach-
ing asymptotic values for the non-microdissected tissues
(Figure 2).

3.2. Comparison of the Microbiota in Crohn’s Disease and
Controls. Microdissected normal ileal mucosa from a healthy
control yielded only 1 sequence, which was derived from
the family of the Enterobacteriaceae. Normal colon mucosa
yielded more sequences, pointing to a more abundant
adherent microbiota which also contained strictly anaerobic
bacteria (Bacteroidetes). Microbiota diversity was higher in
the disease controls, with variation even between cases with
an identical diagnosis. For example, one case of acute self-
limited colitis showed a preponderance of sequences derived
from Enterobacteriaceae while no potential pathogens were
detected in the other patient’s sample. Similarly, in 1 case
of pseudomembranous colitis (PMC) all sequences were
derived with certainty from Lactobacillus rhamnosus, while
in the second case the microbiota was diverse but did not
contain Clostridium difficile. One diverticulitis sample was
completely colonized by Enterobacteriaceae, while the other
showed a predominantly anaerobic adherent microbiota.
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Table 5: Distribution of bacterial taxa over the 33 tissue samples (∗) (∗∗).

Identification
CD Disease controls Healthy controls
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Total number of sequences
(domain bacteria)

18 22 52 45 79 15 14 12 7 40 38 1 24 35 8

Phylum XII. Proteobacteria

Class III. Gammaproteobacteria

Order III. Xanthomonadales

Family I. Xanthomonadaceae 11

Order VI. Legionellales

Family I. Legionellaceae 51

Order IX. Pseudomonadales

Family II. Moraxellaceae 18

Order XII. Aeromonadales

Family II. Succinivibrionaceae 1

Order XIII. Enterobacteriales

Family I. Enterobacteriaceae 56 68 67 15 53 5 32 100

Escherichia coli 43 95

Order XIV. Pasteurellales

Family I. Pasteurellaceae 1 8

Class V. Epsilonproteobacteria

Order I. Campylobacterales

Family I. Campylobacteraceae 8

Phylum XIII. Firmicutes

Class I. Clostridia

Order I. Clostridiales

Family I. Clostridiaceae 28 13 8 8

Clostridium nexile 1

Family II. Lachnospiraceae 11 5 5 18

Family IV. Eubacteriaceae 1 8

Eubacterium rectale 16

Family VII. Acidaminococcaceae 33 3

Class III. Bacilli

Order I. Bacillales

Family I. Bacillaceae 7 100

Order II. Lactobacillales

Family I. Lactobacillaceae 7 8

Lactobacillus rhamnosus 100

Family IV. Enterococcaceae 21

Enterococcus faecalis 64
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Table 5: Continued.

Identification
CD Disease controls Healthy controls
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18 22 52 45 79 15 14 12 7 40 38 1 24 35 8

Family VI. Streptococcaceae 4 8 3 50

Streptococcus mitis 58

Phylum XIV. Actinobacteria

Class I. Actinobacteria

Order I. Actinomycetales

Family I. Micrococcaceae 9

Kocuria rosea 2 74

Family I. Propionibacteriaceae 13 3

Propionibacterium acnes 6 27 14

Phylum XX. Bacteroidetes

Class I. Bacteroidetes

Order I. Bacteroidales

Family I. Bacteroidaceae 14 7 3 50

Bacteroides fragilis 4

Bacteroides eggerthii 8

Bacteroides uniformis 3

Family III. Porphyromonadaceae 1

Family IV. Prevotellaceae 40

(∗) Numbers indicated per taxon are percentages of the total number of sequences indicated in the first row.
(∗∗) Empty cells indicate value of 0%.

Overall however, sequence analysis of the PCR products
indicated that there might be a shift towards a nonstrictly
anaerobic microbiota in disease controls versus healthy
controls (Fisher’s Exact test: P = 0.0243).

Histological normal microdissected ileal mucosa in
Crohn’s disease contained a fairly abundant, mixed aerobic—
anaerobic microbiota. With ulceration, there was an increase
in both the number of detectable bacterial sequences and
the fraction of nonstrictly anaerobes (67% versus 62% in
normal mucosa). This underrepresentation of anaerobes in
ulcers was retained and seemed even more accentuated in
so-called pathological mucosa, which shows macroscopic
healing but is histologically still abnormal (Fisher’s Exact
test: P = 0.0138). An interesting feature of the myenteric
plexus in Crohn’s disease samples was the detection of
DNA from a single bacterial species belonging to the family

Legionellaceae. In this study, this biological signal was picked
up exclusively in CD patients carrying at least 1 copy of
either SNP8 or SNP12 of the CARD15 gene (Table 1). No
Legionellaceae were detected in controls or in the CD patient
without CD-associated CARD15 mutations. Tissue samples
from ileocolonic lymph nodes in CD patients contained
bacterial DNA, compatible with bacterial translocation.
The translocating microbiota was mixed, with a higher
proportion of strict anaerobes than in the bowel wall proper
(39% versus 18%, Fisher’s Exact test: P = 0.0007).

4. Discussion

The role of the gut microbiota in the etiopathogenesis
of Crohn’s disease is a hotly debated topic, and many
experimental protocols have been devised to investigate this
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Figure 2: Plots of the cumulative numbers of detected genuinely present bacterial families versus the total number of bacterial sequences
analysed for CD patients (a), disease controls (b), and healthy controls (c). ASLC: acute self-limited colitis, PMC: pseudomembranous colitis,
DIV: diverticulitis, AC: adenocarcinoma. IL: ileum, COL: colon.

problem. In this study, we applied broad-range 16S rDNA
PCR using universal primers, followed by sequencing of PCR
products and bacterial identification based on the obtained
sequences, an approach which has been used previously for
faecal samples and mucosal biopsies [18]. The novelty of our
approach is its application to microdissected normal tissue
structures or CD-associated lesions such as ulcerations and
architecturally abnormal, chronically inflamed mucosa. The-
oretically, this combination would allow the identification of
single bacterial species in well-defined locations, which may
facilitate the detection of those microorganisms which are
most likely involved in CD pathogenesis. To this end, results

from CD cases were also compared with those obtained in
microdissected and non-microdissected disease and healthy
controls.

Laser capture microdissection was performed on fresh-
frozen transmural bowel biopsies obtained from surgical
samples. As part of the standard protocol, patients under-
went gut lavage prior to surgery, and broad-spectrum pre-
operative antibiotics were administered to diminish the risk
of sepsis. Also, the surgical specimens were flushed with tap
water to remove residual bowel contents before transmural
biopsies were obtained. These interventions will certainly
lower the overall amount of mucosa-adherent bacteria, but
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will not necessarily eliminate them or significantly distort the
original composition of the microbiota [23].

In this study, we microdissected 4 different bowel wall
regions which were chosen based upon their expected infor-
mative value with regard to disease pathogenesis. The first
area is the mucosa, which was selected since the highest num-
ber of bacteria is expected in this location [24]. Additionally,
in CD a distinction can be made between structurally normal
and pathological mucosa, which may be macroscopically
intact but histologically abnormal. Ulcer beds are another
lesion of interest, given their observable histological progres-
sion, frequency, and severity in this disease. The myenteric
plexus is a well-recognizable histological landmark in bowel
resections and may thus serve as a tissue sample suitable for
the study of bacteria or bacterial products in passage through
the bowel wall. Another important though not universal or
entirely specific feature of CD is epithelioid granulomas. Two
previous studies applying LCM and molecular bacteriologi-
cal detection methods have demonstrated that these lesions
can contain DNA from MAP and Escherichia coli [25, 26].
Another study from our group, using LCM and a universal
bacterial PCR, suggested that the microbiota contained in
granulomas may be even more diverse [27]. Based on these
data, we now hypothesize that granulomas in Crohn’s disease
may act as areas of containment for all kinds of translocating
bacteria. Testing this hypothesis would require a large-scale
investigation of granuloma tissue obtained from surgical
samples of patients with various genetic backgrounds, dis-
ease locations, and phenotypes. This is obviously beyond
the scope of the current study. As an alternative, we chose
to examine mesenteric lymph nodes, which also serve as a
collector and filter for all the drained lymphatic fluid from
both normal and pathological bowel segments.

Almost half of the sequences which we obtained in this
study were derived from Alpha- and Betaproteobacteria,
Pseudomonadaceae, and Staphylococcaceae. According to
most previous descriptions, these taxa are distinctly uncom-
mon in both the normal faecal and mucosa-associated bowel
microbiota. We therefore assume that they are contaminants,
which may have been present in the intact form or only as
residual DNA either in the tap water used to flush the speci-
mens on the surface of presterilized gloves and consumables
or even in ultrapure water used for molecular tests [28].

We first investigated the normal mucosa-adherent micro-
biota in the ileum and colon of “healthy” controls, which
we defined as tissue samples taken from macroscopically
normal bowel at a large distance from the tumor in patients
operated upon for colorectal adenocarcinoma. Since these
tumors were nonstricturing and since preoperative gut lavage
was possible in each patient, we assume that the presence of
a tumor did not influence the composition of the mucosal
microbiota in our samples. Results were as expected with
regard to both the quantitative and qualitative aspect: the
ileum was scarcely populated while colon mucosa contained
a more abundant microbiota with a high fraction of strictly
anaerobic bacteria.

Bacterial infections are characterized by microbial pop-
ulation dynamics changing over time, which may more-
over be dependent on extraneous variables such as the

administration of anti- and possibly probiotics. Therefore
we investigated 3 types of disease controls, that is, cases
of acute self-limited colitis (a pathological entity which in
some cases has an infectious origin), pseudomembranous
colitis, and diverticulitis (which has also been associated with
changes in the composition of the faecal microbiota) [29–
31]. Our results illustrate the disturbance of the normal
mucosal population patterns in these conditions. We did
not specifically identify Clostridium difficile in the cases of
PMC. However, it should be noted that the standard toxin
assays are performed on faecal samples, and that neither the
classic assay nor the PCR for the tcdB toxin gene is entirely
specific when compared with the gold standard of sensitive
bacterial culture [32, 33]. It can thus be expected that in
some toxin-positive cases, C. difficile cannot be isolated from
stool samples even with the best available culture methods. A
fortiori this would apply to mucosal biopsies which provide
a much smaller amount of starting material. Moreover it
is not known whether C. difficile in pseudomembranous
colitis is mucosa-associated or dwells in the bowel lumen
or in the pseudomembranes. It is indeed difficult to pin-
point the presence of specific bacterial pathogens, for which
the spatial and temporal distribution during the course of
the infectious disease is a priori unknown. Our results may
also have been influenced by the previous administration
of various courses of antibiotics or possibly even probiotics
(Lactobacillus rhamnosus) in some patients. Investigators of
the microbiota in Crohn’s disease should therefore always
take into account a history of prior antibiotic therapy or
administration of probiotics in their study subjects.

The only objective difference between histological nor-
mal ileal mucosa in Crohn’s disease cases and the healthy
control patient was the greater ease with which DNA from
genuinely present bacteria was detected in the former. We
can thus speculate that the absolute number of mucosa-
adherent bacteria is larger in CD patients compared to
controls, which fits with previous reports in the literature
[34, 35]. We may further assume that the composition of the
mucosal microbiota will show additional changes with the
development of ulcerations. There are at least 2 possibilities:
some bacterial variants may induce ulcers (e.g., the adherent-
invasive subtype of Escherichia coli), or the presence of an
ulcer slough and underlying granulation tissue may confer
a selective growth advantage to particular bacterial taxa. In
this study, no specific pathogen was detected in microdis-
sected ulcer beds in Crohn’s disease. There were however
indications that these lesions may show localized bacterial
overgrowth, with shifts in the composition of the microbiota
possibly associated with an altered physicochemical milieu.

Previous studies on faecal samples have demonstrated
an abnormally high biodiversity of the microbiota in CD
patients in remission. Some harmful bacteria are increased
(e.g., Bacteroides fragilis, an opportunistic pathogen) and the
amount of protective, butyrate producing Firmicutes (e.g.,
Faecalibacterium prausnitzii) is often diminished in these
patients [16, 24, 36, 37]. This dysbiosis is apparently inde-
pendent of disease location, presence of anatomical abnor-
malities secondary to inflammation or scarring, treatment
with sulphasalazine or corticosteroids and even surgery.
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Ileocolonoscopy in these patients often shows mucosal
healing, with residual signs of inactive chronic inflammation
on biopsy. Similar histological features can be seen in some
macroscopically normal bowel segments in surgical spec-
imens of patients operated upon for complicated Crohn’s
disease. We therefore investigated whether the mucosa-
associated microbiota is also persistently altered in such areas
of microscopically “pathological mucosa.” Our results show
that this is indeed the case, with a significant increase in
nonstrictly anaerobic taxa when compared with structurally
normal mucosa.

It has been previously proposed that viable bacteria may
be capable of crossing the intestinal mucosal barrier and
of trafficking to extraintestinal sites such as the mesenteric
lymph nodes, the systemic circulation, the liver and the
spleen [38, 39]. This “bacterial translocation” may be a
phenomenon that occurs in healthy individuals without
deleterious consequences. Translocation of endotoxins from
viable or dead bacteria in very small amounts probably
constitutes a physiologically important boost to the reticulo-
endothelial system, especially to the Kupffer cell in the liver.
The baseline rate of translocation in human studies is 5–10%
[39, 40]. Previous studies also indicate that Enterobacteri-
aceae translocate much more efficiently than other bacteria
(especially obligate anaerobes) [39]. Bacterial translocation
would be further promoted by 3 major conditions: intestinal
bacterial overgrowth, deficiencies in host immune defenses,
and increased mucosal permeability or major structural
damage to the intestinal mucosal barrier [38]. Under these
conditions, which may all be present in active Crohn’s dis-
ease, one may expect a significant increase in the abundance
of potentially pathogenic bacteria or bacterial products in
the deeper layers of the bowel wall or in the surrounding
lymph nodes. We tested this hypothesis for 2 anatomical
compartments: the myenteric plexus as a surrogate for
bacterial trafficking within the bowel wall and mesenteric
lymph node tissue as the ideal locus to detect an even more
advanced and potentially more dangerous form of bacterial
translocation.

The main difference between the myenteric plexus
samples of CD patients and healthy controls was the presence
of a particular Legionella species in some of the former, more
specifically only in our CD patients carrying at least one copy
of either SNP8 or SNP12 of the CARD15 gene. The relevant
PCR product could not be identified at the species level,
but the closest relative was Legionella lytica. Legionellaceae
are gram-negative bacteria, which are able to reproduce at
temperatures between 25◦C and 43◦C and survive in tem-
peratures of up to 55–60◦C. They are therefore ubiquitous
in natural and artificial aquatic environments [41]. Since
this sequence was only detected in CD patients and not
in controls, the corresponding Legionella species may fit in
the hypothesis of the persistent, still-unknown, pathogen. It
could then be placed next to Mycobacterium avium subsp.
paratuberculosis and adherent-invasive Escherichia coli which
were also initially detected in very few CD patients [8–11].
The second reason why this finding may be relevant to the
study of the etiopathogenesis of Crohn’s disease is the known
association of myenteric plexitis in the proximal margin of

surgical specimens with early clinical and histological disease
recurrence in the neoterminal ileum [42, 43].

Finally, our results on mesenteric lymph node tissues
confirm the occurrence and the potential extent of bacterial
translocation in Crohn’s disease. The biological diversity
of the translocating microbiota was large, with sequences
from 8 different families being detected. Escherichia coli
was the single most frequently detected species. Since the
ratio of facultative over strict anaerobic bacteria was 1.47,
facultative anaerobes may translocate more efficiently at
larger distances.

5. Conclusion

In this study, we investigated alterations in the mucosa-
associated and translocating bowel microbiota in Crohn’s
disease patients, disease controls, and healthy controls. We
used a new approach consisting of laser capture microdissec-
tion of selected microscopic structures, followed by broad-
range 16S rDNA PCR with universal primers. Our findings
in healthy and disease controls are compatible with previous
culture-based and molecular studies. They underline the sig-
nificance of biopsy location and prior or concurrent antimi-
crobial therapy for a correct interpretation of the composi-
tion of the mucosa-associated bowel microbiota. Our results
in Crohn’s disease point to important spatiotemporal alter-
ations of the gut microbiome in this condition. The compo-
sition and abundance of the mucosa-associated microbiota
changes with the presence of mucosal defects and seems to
remain abnormal upon macroscopic healing. There are also
indications of increased bacterial translocation, possibly by
uncommon bacterial species which may find a new ecological
niche in the inflamed bowel wall. Further investigations
using the combination of LCM and universal 16S rDNA PCR
may lead to a better understanding of the role of the bowel
microbiota in the etiopathogenesis of Crohn’s disease.
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