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Lessons from probiotic-host interaction studies

in murine models of experimental colitis

Ingmar J. J. Claes, Sigrid C. J. De Keersmaecker, Jos Vanderleyden and Sarah Lebeer

Centre of Microbial and Plant Genetics, K.U. Leuven, Leuven, Belgium

In inflammatory bowel diseases (IBD), it is known that besides genetic and environmental
factors (e.g. diet, drugs, stress), the microbiota play an important role in the pathogenesis.
Patients with IBD have an altered microbiota (dysbiosis) and therefore, probiotics, defined as
‘live micro-organisms that when administered in adequate amounts can confer a health
benefit on the host’, have been suggested as nutritional supplements to restore these
imbalances. The best response on probiotics among the different types of IBD appears to be
in the case of ulcerative colitis. Although probiotics show promise in IBD in both clinical and
animal studies, further mechanistic studies are necessary to optimize the use of probiotics as
supporting therapy in IBD. Murine models of experimental colitis have been used for decades
to study this pathology, and these models have been proven useful to search for new ther-
apeutic approaches. The purpose of this review is to summarize probiotic-host interaction
studies in murine models of experimental colitis and to evaluate how these models can
further help in understanding these complex interactions. Unraveling the molecular
mechanisms behind the beneficial effects will assist in better and possibly more efficient
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probiotic formulations.
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1 Introduction

Probiotics are defined as ‘live micro-organisms that when
administered in adequate amounts can confer a health
benefit on the host’ [1]. During the last decades, several
clinical and experimental studies are published on the
health-promoting capacities of probiotics, which are often
applied as functional food products. An important challenge
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in probiotic research is defining assays to determine the
health-promoting capacities of probiotics, especially in
healthy subjects, as the effects are generally subtle as
compared with pharmaceutical drugs or only observed in
preventive set-ups. This complicates the set-up of appro-
priate clinical trials. In specific diseases, like acute diarrhea
in children and antibiotic-associated diarrhea, the beneficial
effects of probiotics are often more easy to recognize.
Another interesting area for the application of probiotics is
the group of inflammatory bowel diseases (IBD). IBD
diseases such as Crohn’s disease (CD) and ulcerative colitis
(UC) are chronic idiopathic diseases that involve inflam-
mation of the intestinal tract [2]. An increased prevalence of
these diseases has been documented in developed countries.
The pathogenesis of these diseases is not fully understood,
but besides genetic, environmental and immunoregulatory
factors, the microbiota plays a role as well. It is thought that
the inflammation results from an aberrant mucosal
immune response against the indigenous microbiota in
genetically susceptible hosts [3]. Given the various side
effects of the current IBD therapies, clinicians and patients
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have increased interest in probiotics as supporting ther-
apeutic agents that can be taken as nutritional supplements
or implemented in the daily diet (e.g. as fermented
products) [4, 5]. It is thought that probiotics can exert
beneficial effects by (i) restoring microbial imbalances, (ii)
enhancing the epithelial barrier function andjor (iii)
modulating the immune responses [6]. A crucial factor is the
choice of the probiotic strain. To better guide the selection of
the most appropriate probiotic strains for IBD patients,
molecular knowledge on the probiotic bacterial strains used
and on their evoked health benefits is needed. As the
outcomes of clinical studies of IBD with probiotics are not
always unambiguously positive [5, 7] and are limited in the
amount of insights they can generate in relation to the
mechanisms of probiotic action, the use of animal model
systems with defined pathophysiology is crucial. In addition,
studies with animal models need to be complemented with
studies in in vitro cell models and molecular studies on the
probiotic bacteria. This will facilitate our understanding on
how probiotic bacteria interact with affected intestinal tissue
and will help us define strategies on how probiotics can be
optimized for maximal benefit. To be able to give a critical
appraisal of probiotic research in murine experimental
colitis, the focus of this review, we start this review by giving
an overview of the work that has been performed in the
most commonly used murine models for experimental
colitis. However, it is not our purpose to give an extensive
overview of all available murine colitis models reported in
literature. For this, we refer to the review of Jurjus et al. [8].

2 Colitis models used to study
probiotic-host interactions

Throughout the last years, several models of experimental
colitis have been described to understand and find new ther-
apeutic treatments for gastro-intestinal disorders [9]. These
models were demonstrated to have various pathophysiological
aspects of IBD, but no model completely mimics the human
disease. Consequently, the obtained results need to be inter-
preted with caution [10, 11]. To date, the most widely applied
colitis models in studies with probiotic bacteria are two
chemically induced models, with dextran sulfate sodium
(DSS) and trinitrobenzene sulfonic acid (TNBS), respectively,
mainly because of their feasibility. A third model that is often
used is the interleukin-10 (IL-10) knockout model. In addition,
adoptive transfer models and Citrobacter rodentium induced
colitis are also used in studies with probiotics.

2.1 DSS colitis

In this model, originally reported by Okayasu et al. [12], the
epithelial layer is disrupted by administering DSS to mice,
resulting in increased permeability and translocation of

luminal bacteria and antigens. After this induction, mice
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start to develop an inflammation that is predominantly
situated in the colon. The severity of this inflammation can
vary depending on the concentration, the type of DSS and
the amount of cycles administered to the mice [12]. The
choice of the murine strain is another important factor that
influences the final outcome of the induced inflammation,
with remarkable differences between the two most common
used strains BALB/c and C57/BL6 [13]. Although the
mechanisms behind the colitis induction are not completely
understood, it is known that B and T cells are not required
for the initiation of the inflammation, as severe combined
immunodeficient mice also develop colitis [14]. The acute
DSS colitis model is therefore especially relevant to study
probiotic effects on epithelial barrier function. In addition,
Okayasu et al. [12] and Cooper et al. [15] showed that it is
possible to induce chronic colitis by multiple cycles of DSS,
which can be used to study the effect of probiotics on more
chronic aspects of IBD. For an overview of probiotics tested
in DSS colitis, see Table 1.

The probiotic strain Escherichia coli Nissle 1917 (EcN) has
been demonstrated to maintain remission in patients with
UC and to be equivalent to the standard treatment with
mesalazine [16, 17]. Several researchers have therefore been
applying EcN in experimental colitis models to find out more
about its mode of action. In a study by Schultz et al. [18],
administration of EcN ameliorated acute DSS colitis. A clear
reduction was observed in the secretion of proinflammatory
cytokines interferon-y (IFN-y) and IL-6. In another study, it
was shown that not only live but also heat-killed EcN could
relieve colitis symptoms [19]. Three other independent
studies observed similar improvements on acute DSS colitis
after the administration of EcN [20-22]. Interestingly, the
study of Grabig et al. [20], using also Toll-like receptor (TLR)-2
and TLR-4 knockout mice, indicates that these TLRs are
important in mediating the effects of the probiotic EcN.

The probiotic mixture VSL#3 has also shown clinical
potential in IBD (reviewed by [23]). This probiotic prepara-
tion contains eight bacterial species including four strains of
lactobacilli (Lactobacillus casei, Lactobacillus plantarum,
Lactobacillus acidophilus and Lactobacillus delbrueckii subsp.
bulgaricus), three strains of bifidobacteria (Bifidobacterium
longum, Bifidobacterium breve and Bifidobacterium infantis)
and Streptococcus salivarius subsp. thermophilus. In an
extensive study by Rachmilewitz et al. [24], VSL#3 was
administered to colitic mice as viable, y-irradiated, or heat
killed probiotic bacteria or purified DNA. Viable, y-irradiated
bacteria and purified DNA all ameliorated acute and chronic
DSS colitis in a preventive and a therapeutic set-up.
Although there has been much debate on whether probio-
tics should be ‘viable’ [25], this study seems to suggest a role
for DNA as an immunostimulatory agent mediated through
TLR-9. A reduction was seen in the disease activity index,
the myeloperoxidase expression — a marker for neutrophil
infiltration — and the histological score. VSL#3 also seems to
help protecting the epithelial barrier by maintaining
the tight junction protein expression and by preventing

www.mnf-journal.com



Mol. Nutr. Food Res. 2011, 55, 1441-1453

Table 1. Overview of experimental studies with probiotics in DSS-induced colitis
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Probiotic strain Outcome Treatment® Mouse strain Ref.
E. coli Nissle 1917 Significant improvement S C57/Bl6 [20]
Significant improvement S C57/BI6 [19]
Significant improvement P BALB/c [21]
Significant improvement P+S BALB/c [18]
Significant improvement S BALB/c [22]
VSL#3 Significant improvement P+S and Po BALB;C57/BL6;129XB6F, [24]
Significant improvement S BALB/c [26]
No difference Po BALB/c [27]
L. casei Shirota Significant improvement S BALB/c [87]
Significant improvement P+S BALB/c [88]
L. casei DN-114 001 Significant improvement P+S BALB/c (WT and TLR-47") [86]
L. casei BL23 Significant improvement P+S BALB/c [101]
L. crispatus M247 Significant improvement P BALB/c [94]
Enterococcus faecalis Significant improvement S BALB/c [102]
L. rhamnosus GG Deterioration P+S C57/BL6 [301]
Deterioration P C57/BL6 [31]
No difference P+S BALB/c [88]
L. plantarum NCIMB8826 Deterioration P C57/BL6 [31]
L. acidophilus NCFM No difference P C57/BL6 [32]
L. paracasei Significant improvement P C57/BL6 [31]
L. salivarius 433118 No difference P+S C57/BL6 [29]
E. coli M-17 Significant improvement P+S C57/BL6 [103]
L. brevis HY7401, L. sp. HY7801 and Significant improvement Po ICR [104]
B. longum HY8004
Bacillus polyfermenticus Significant improvement S CD-1 [43]
L. plantarum HY115 Significant improvement S ICR [105]
L. brevis HY7401 Significant improvement S ICR [105]
L. rhamnosus OLL2838 Improved barrier function S BALB/c [96]
Four Lactobacillus and four Significant improvement P+S Swiss albino [28]
Bifidobacterium species
Lactococcus lactis subsp. cremoris FC Significant improvement P+S C57/BL6 [106]
Butyrivibrio fibrisolvens MDT-1 Significant improvement P ICR [107]
L. delbrueckii No difference S BALB/c [108]
Enterococcus durans Significant improvement S BALB/c [108]
L. reuteri Significant improvement P+S BALB/c [109]
B. infantis Significant improvement P+S BALB/c [109]

a) Treatment protocol: P, preventive treatment, i.e. starting 1-14 days before colitis induction; S, simultaneous treatment, i.e. together
with DSS administration and till the end of the experiment or Po, post-induction, i.e. after DSS administration.
b) L. rhamnosus GG, L. plantarum CIP102021, L. casei CIP107868 and L. delbrueckii subsp. lactis CIP101028; and B. bifidum CIP56.7T,

B. infantis CIP64.67T, B. lactis CIP105265T, B. adolescentis CIP64.59T.

apoptosis of epithelial cells [26]. Of interest, in one study, no
beneficial effect of VSL#3 could be seen in a mild chronic
DSS model [27]. However, in this study VSL#3 was admi-
nistered after the onset of colitis in contrast with the other
studies where probiotic administration was started prior [24]
or at the same time as the colitis induction [26].

Another probiotic mixture of four Lactobacillus and four
Bifidobacterium species also reduced mucosal inflammation
and damage in DSS colitis in mice [28]. In contrast, Lacto-
bacillus salivarius subsp. salivarius 433118 (UCC118) did not
have a beneficial effect on DSS colitis or on pathological or
physiological parameters [29]. Other strains like L. acid-
ophilus NCFM, L. plantarum NCIMB8826 and L. rhamnosus
GG also did not attenuate colitis symptoms [30-32]. In the
case of L. rhamnosus GG and L. plantarum NCIMB8826, the
probiotic strains even seemed to deteriorate some disease

© 2011 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

symptoms. We have recently shown that while the wild-type
L. rhamnosus GG strain seemed to aggravate the severity of
the colitic parameters, a mutant lacking p-alanine on lipo-
teichoic acid (LTA), a key cell surface molecule, evoked a
clear anti-inflammatory response [30]. Similarly, a LTA-
deficient mutant of L. acidophilus NCFM also proved to be
better in treating DSS colitis as compared with the wild-type
strain [32]. This indicates that the presence and structure of
LTA plays an important role in the anti-inflammatory
capacity of lactobacilli (See Section 4.5).

2.2 TNBS colitis

In this hapten-induced colitis model, TNBS in ethanol is
administered intrarectally. The inflammation is presumed
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to be induced by a two-step process: first the ethanol disrupts
the epithelial barrier function. Subsequently, TNBS hapte-
nizes intestinal antigens and microbial proteins and thereby
triggers the host immune system [33, 34]. In contrast with
the DSS model, this model is useful to study T helper cell-
dependent mucosal immune responses, which can vary
depending on the mouse strain used [34]. An overview of
probiotic studies in TNBS colitis is given in Table 2.

Oral administration of VSL#3 to mice during a remission
period between a first and second course of colitis induced
by TNBS resulted in a milder form of colitis by inducing the
production of IL-10 and thereby increasing the number of
TGF-B bearing regulatory CD4™ T cells [35]. Two other non-
commercial probiotic mixtures (L. acidophilus and B. longum
or L. plantarum, S. thermophilus and B. animalis subsp. lactis)
also induced regulatory T cells, resulting in a protective
effect against TNBS colitis [36]. A mixture of B. lactis LA 303,
L. acidophilus LA 201, L. plantarum LA 301 and L. salivarius
LA 302 was similarly demonstrated to reduce colitis symp-
toms [37].

Lactobacillus salivarius Ls33 had a significant protective
effect when used in TNBS colitic mice, while L. plantarum
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Lp115 and L. acidophilus NCFM did not [38]. This protective
effect of L. salivarius Ls33 was also seen in a study by Foligne
et al. [39]. In this study, ten probiotic strains were analyzed
for their potential protective effect in TNBS colitis in mice.
Besides L. salivarius Ls33, several other strains (see Table 2)
were shown to have protective effects. All these strains
showed a high in vitro IL-10/IL-12 ratio, in cytokine-induc-
tion experiments with peripheral blood mononuclear cells
(PBMCs). This IL-10/IL-12 ratio is indicative for strains with
anti (IL-10) versus proinflammatory (IL-12) capacity. In
contrast, L. acidophilus NCFM, a strain with a low IL-10/IL-
12 ratio in PBMCs, did not alleviate TNBS colitis, also
indicating a correlation between the in vitro IL-10/IL-12 and
in vivo efficacy in TNBS colitis. Others also found this
correlation. L. fermentum strain ACA-DC 179 reduced colitis
symptoms possibly by induction of the anti-inflammatory
cytokine IL-10, whereas S. macedonicus ACA-DC 198, caus-
ing a lower IL-10/IL-12 ratio in vitro, was not able to reduce
disease symptoms [40]. Another strain with a low IL10/IL12
ratio, L. plantarum NCIMB8826, also did not show a
significant protective effect in TNBS colitis [41]. This is in
agreement with the studies in the DSS model (see above).

Table 2. Overview of experimental studies with probiotics in TNBS-induced colitis

Probiotic strain Outcome Treatment® Mouse strain Ref.
VSL#3 Significant improvement Po SJLAJ [35]
L. salivarius Ls33 Significant improvement P BALB/c [38]
Significant improvement P+S BALB/c; C57/BL6 [39]
L. plantarum Lp115 Significant improvement P+S BALB/c; C57/BL6 [39]
No difference P BALB/c [38]
L. acidophilus NCFM No difference P BALB/c [38]
No difference P+S BALB/c; C57/BL6 [39]
B. lactis LA 303, L. acidophilus LA 201, Significant improvement P+S BALB/c [371
L. plantarum LA 301 and salivarius LA 302
L. plantarum NCIMB 8826 Significant improvement P+S BALB/c; C57/BL6 [39, 110]
Significant improvement P BALB/c [42]
No difference P+S BALB/c [41]
L. plantarum AK8-4 Significant improvement P+S ICR [44]
B. longum HY8004 Significant improvement P+S ICR [44]
B. bifidum S17 Significant improvement P+S C57/BL6 [45]
L. rhamnosus LR32 Significant improvement P+S BALB/c; C57/BL6 [39]
L. casei BL23 Significant improvement P+S BALB/c; C57/BL6 [39]
B. animalis subsp. lactis BL04 Significant improvement P+S BALB/c; C57/BL6 [39]
B. animalis subsp. lactis BI07 Significant improvement P+S BALB/c; C57/BL6 [39]
L. acidophilus IPL908 Significant improvement P+S BALB/c; C57/BL6 [39]
Oenococcus oeni IOEB9115 Significant improvement P+S BALB/c [111]
Saccharomyces boulardii Significant improvement P+S BALB/c [112]
Bacillus polyfermenticus Significant improvement S CD-1 [43]
L. fermentum CECT5716 Significant improvement P BALB/c [46]
L. acidophilus and B. longum Significant improvement P+S BALB/c [36]
L. plantarum, S. thermophilus, and Significant improvement P+S BALB/c [36]
B. animalis subsp. lactis
Faecalibacterium prausnitzii Significant improvement P+S BALB/c [47]
L. fermentum ACA-DC 179 Significant improvement P BALB/c [40]
S. macedonicus ACA-DC 198 No difference P BALB/c [40]

a) P, preventive treatment, i.e. before TNBS induction; S, simultaneous treatment, i.e. during TNBS induction and till the end of the
experiment; Po, post-induction, i.e. after TNBS induction.

© 2011 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

www.mnf-journal.com



Mol. Nutr. Food Res. 2011, 55, 1441-1453

Intriguingly, also for L. plantarum NCIMB8826, a mutant
lacking p-alanine substitutions on its LTA was able to better
alleviate colitis symptoms compared with wild type. How-
ever, in a study by Pavan et al. [42], wild-type L. plantarum
NCIMB8826 seemed to alleviate some colitis symptoms.

Several other TNBS-based studies have shown benefits of
other probiotic strains with suggestions of possible modes of
actions. Bacillus polyfermenticus ameliorated TNBS colitis by
suppressing apoptosis and promoting epithelial cell prolif-
eration and migration [43]. B. longum HY8004 and L. plan-
tarum AK8-4 blocked the expression of the proinflammatory
cytokines IL-1, TNF and COX-2 in the colon, inhibited colon
shortening, myeloperoxidase production and intestinal
bacterial degradation of extracellular matrix glycosami-
noglycans [44]. B. bifidum S17, a strain with a good adher-
ence capacity, also caused an anti-inflammatory effect [45].
In a study of Mané et al. [46], L. fermentum CECT 5716 not
only seemed to protect against TNBS-induced colitis but also
to have a therapeutic effect and to accelerate colitis recovery.
The authors suggest that the effects seen are due to the
antioxidant abilities of the strain and that the accelerated
recovery is associated with enhanced TLR signaling induced
by the probiotic [20, 24]. In another study, oral administra-
tion of Faecalibacterium prausnitzii reduced the severity of
TNBS colitis [47]. Intriguingly, reduced prevalence of this
normal resident of the human intestinal tract was correlated
with a higher risk of post-operative recurrence of ileal CD
[48, 49], but the molecular details underlying the anti-
inflammatory capacity of this bacterium still need to be
determined. At this stage, it is already clear that most
studies report on the effects that can be observed mainly
downstream of what must initially happen when the
probiotic bacteria (or products thereof) come in contact with
the host intestinal mucosa (see also future directions).

2.3 IL-10-deficient mice

IL-10-deficient mice develop chronic colitis as they age. In
the absence of IL-10, a subset of antigen-specific regulatory
T cells is reduced [50]. In these mice, elevated Ty1 cytokine
responses are observed and the disease can be treated by
neutralizing antibodies against IL-12p40 or by the external
administration of recombinant IL-10 [51]. An intrinsic
disadvantage of this model is that probiotic effects that are
partially mediated by IL-10 cannot be observed. This could
implicate that probiotic strains with a favorable IL-10/IL-12
ratio may not be that effective. Nevertheless, this mouse
model is relevant for probiotic research, as mice develop
spontaneously colitis, i.e. a more natural genesis as
compared with the use of aggressive chemicals, and have
various symptoms similar to human IBD. Various probiotic
studies have indeed shown potential in the IL-107~ knock-
out model via several mechanisms (Table 3).

Like in the DSS and TNBS model, VSL#3 shows
promising results in IL-107~ knockout mice [52-54]. In
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another study, administration of L. plantarum CGMCC1258
to IL-107~ knockout mice alleviated colitis symptoms by
decreasing intestinal permeability [55], by downregulating
the expression of adhesion molecules (e.g. ICAM-1,
MAdCAM-1) [56] and by restoring normal amino acid
uptake by an oligopeptide cotransporter 1 [57, 58]. Another
L. plantarum strain, i.e. 299V, was also shown to improve
colitic symptoms in a IL-107~ knockout mice model, asso-
ciated with reduced levels of IL-12, IFN-y and immunoglo-
bulin Gy, levels [59]. L. salivarius 433118 also attenuated
colitis [4, 60-62]. For this strain, the anti-inflammatory effect
seems to be associated with a reduction in proinflammatory
Tyl cytokines, restoring the Ty1/Ty2 balance. It was also
shown that oral or subcutaneous administration did not
influence the beneficial effect [62]. Another probiotic action
seems to be neutralizing reactive oxygen species (ROS). In a
study with Lactobacillus gasseri as a vehicle to produce
manganese superoxide dismutase (MnSOD), an enhanced
anti-inflammatory effect could be observed, which was
associated with a reduction in neutrophil and macrophage
infiltration [63]. Finally, in IL-107~ knockout mice chal-
lenged with the pathogen Helicobacter hepaticus, a mixture of
L. paracasei and L. reuteri also downregulated the proin-
flammatory cytokines, TNF and IL-12 and thereby reducing
colitic inflammation [64].

2.4 Studies with other colitis models

The list of available colitis models is extending rapidly in the
last decades. Besides the DSS, TNBS and the IL-107~
knockout models, other models have also been used to study
the beneficial effects of probiotics, such as adoptive transfer
models. In these models, immunodeficient mouse strains,
such as Rag’™ and severe combined immune deficiency
(SCID) mice, develop colitis upon transfer with a subset of
T lymphocytes. These adoptive transfer models are therefore
useful to elucidate the role of pathogenic and regulatory
T cells in mucosal immunity and intestinal inflammation
[65]. As previously demonstrated in a TNBS colitis model,
B. bifidum S17 also showed anti-inflammatory capacities in a
CD4"CD45RB" transfer model in Rag™~ mice [45]. In a
recent paper, Veiga et al. [66] demonstrate that B. animalis
subsp. lactis improves T-bet’ Rag”/™ colitis in mice by
altering the microbiota and inhibiting colitogenic microbes.
In a transfer model in SCID mice, B. bifidum BGN4 showed
a beneficial effect by inhibiting CD4* lymphocyte infiltra-
tion and inflammatory cytokine production [67]. A mixture
of L. reuteri DSM-12246 and L. rhamnosus 19070-2 reduced
IL-4, a cytokine directing Ty2 differentiation, and had a
reduced colitis score [68].

Another model uses C. rodentium, a mouse bacterial
pathogen. When administered to mice, this strain
induces a predominant Tyl mucosal cytokine response
resulting in mucosal lesions similar to IBD [69]. In this
model, L. acidophilus NCFM was demonstrated to prevent
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Table 3. Overview of experimental studies with probiotics in IL-107~ knockout mice

Probiotic strain Outcome Treatment® Mouse strain Ref.

VSL#3 Significant improvement P 129/SvEv [62]
Significant improvement P NS [53]
Significant improvement Po 129/SvEv [54]

L. gasseri ATCC33323 Significant improvement P C57/BL6 [63]

L. plantarum CGMCC1258 Significant improvement P 129/SvEv [65-58]

L. salivarius 433118 Significant improvement P 129/Ola x C57/BL6 [60, 62]
Significant improvement P C57/BL6; C57/BL10 [61]
No difference P & Po C57/BL6 [29]

B. infantis 35624 Significant improvement P 129/Ola x C57/BL6 [60]

L. reuteri 6798 & L. paracasei 1602 Significant improvement P C57/BL6 [64]

L. plantarum 299V Significant improvement Po C57BL6 x 129/0la [59]

a) P, preventive treatment, i.e. starting probiotic treatment immediately after weaning; or Po, post-onset of colitis symptoms.

b) NS, not specified.

Citrobacter-induced colitis [70]. Preinoculation of L. acido-
philus NCEFM proved to be more effective than co-inoculation
of pathogen and probiotic.

3 Alternatives for in vivo studies

Although the understanding of the mechanisms of disease
and the initial development of new therapies for IBD is
largely dependent on animal studies, the use of alternative
in vitro cell culture studies should be considered to down-
size the number of animals tested. To investigate the
immunomodulatory potential of probiotics, epithelial cell
lines (like Caco-2 and HT-29), dendritic cells (DCs) and
PBMCs are often used. One of the main issues concerning
the use of these cells is to what extent results from in vitro
cell cultures can be extrapolated to the in vivo situation. In
this respect, working with ex vivo tissue material, which
better represents the in vivo situation, would possibly be a
Dbetter option, but this material is often difficult to maintain
in vitro [71]. For this reason, most work has been performed
with the use of cell lines or cells isolated from patients,
complementary to the validation of the data in an in vivo
model.

In this context, Foligne et al. [39] were able to find an
interesting correlation, as mentioned before, between the in
vitro IL-10/IL-12 ratio of different lactic acid bacteria in
PBMCs and their anti-inflammatory character in a murine
TNBS colitis model. Since then, this ratio has been
suggested to be useful for the screening of new probiotic
strains. In another study, Grangette et al. [41] show a clear
relationship between the results in vitro with PBMCs from
healthy donors and their in vivo TNBS colitis model. The
authors used both live bacteria and purified LTA from
wild-type L. plantarum NCIMB8826 and a mutant affected in
p-alanylation. This mutant was shown to induce a higher
expression of the anti-inflammatory cytokine IL-10 but lower
expression of proinflammatory cytokines IL-12, IFN-y and
TNEF. These results were also confirmed with the use of

© 2011 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

bone marrow cells isolated from mice. Moreover, it was
found that the proinflammatory effect of purified LTA was
dependent on TLR-2. Others like Mileti et al. [31] and Sokol
et al. [47] found a similar correlation to link their in vitro and
in vivo results. However, not for all strains a clear correlation
can be found [31]. This makes it still difficult to extrapolate
from the in vitro results indicating that in vivo studies still
prove to be important. Of interest, an alternative in vitro
model is proposed in a recent publication, in which the
authors make use of a three-dimensional coculture of
enterocytes, monocytes and DCs [72]. In this coculture
model, human epithelial cells are seeded on top of a
collagen-coated transwell. The monocytes and DCs are
embedded in the collagen and thereby physically separated
from direct contact with the immunomodulatory compo-
nents being tested. This and future developments along this
line hold great promise for the future.

4 Critical evaluation of the colitis models
for probiotic research

Although the results from animal models cannot be merely
extrapolated to humans, at this stage it is important to
critically evaluate the various studies mentioned above and
highlight the important issues for future research and
indicate features to consider for the application of probiotics
in relation to IBD and possibly other diseases as well.

4.1 Animal models versus clinical studies

Considering the various animal colitis studies with probio-
tics (Tables 1-3), it is clear that some probiotics have the
potential to confer significant health-promoting effects.
Remarkably, animal studies can be valid to gain more
insight into probiotic-host interactions, as there are clearly
some correlations between effects in humans and animal
models. For example, VSL#3 and EcN are by far the most
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used probiotics in IBD in clinical trials, with VSL#3 showing
efficacy in pouchitis and EcN in the prevention of recur-
rence of UC [73]. In line with the clinical trials, both VSL#3
and EcN were shown to be efficient in treating DSS-induced
colitis [18-22, 24, 26]. In addition, VSL#3 was also able to
reduce colitis symptoms in the TNBS and the IL-107/~
knockout model [35, 52-54]. L. rhamnosus GG, another well-
documented probiotic strain, seems to show promise in the
prevention of pouchitis and the recurrence of UC, but its
use is contraindicated in CD [74, 75]. Studies with
L. rhamnosus GG in the DSS model underline the fact that
caution should be taken when applying this strain in an
active disease state [30]. Interestingly, a rather negative effect
of L. rhamnosus GG was also observed in active colitis using
a DSS model in rats [76]. This indicates that, at least in this
case, clinical studies and animal studies in mice and rats
lead to the same conclusion, i.e. that a particular probiotic
strain may not be effective against all forms of IBD or
experimental colitis, and that its use should only be
considered in particular cases. The facts that the mice show
similarity with humans regarding cellular receptors,
including genes encoding TLRs and other immune recep-
tors that interact with gut microbes (further discussed
below) [77], and that the murine and human microbiota are
similar at the division (superkingdom) level, with Firmicutes
and Bacteroidetes dominating [78], further support the use of
mouse models. Evidently, there are of course important
differences among mice and humans in immune func-
tioning and microbiota at the species and strain level.
Therefore, further refinements, such as transplanting a
human microbiota to mice, are being implemented [79]. As
with all animal studies, the data can never be merely
extended to the human situation and well-designed clinical
trials will still prove to be important.

4.2 Importance of responsiveness of the host
(determined by its genotype and microbiota)

An important finding from the various animal experiments
is that the development of the disease itself depends to some
extent on the mouse strain. For example, in the DSS model,
different mouse strains have shown a differential suscept-
ibility against the toxic compound [80]. Similarly, in the
TNBS model, BALB/c and SJL/] mice are susceptible but
C57/BL6 mice are resistant [9]. This is probably due to the
different genetic backgrounds of these mouse strains. It is
well documented that human subjects show inter-individual
differences in terms of susceptibility for IBD [81]. For
example, the genetic susceptibility for CD is in part deter-
mined by polymorphisms in NOD2/CARD15, which is a
cytoplasmic receptor that recognizes muramyl dipeptide, a
component of peptidoglycan in bacterial cell walls [82, 83],
but various other susceptibility genes for IBD in humans are
also found [84]. It can be hypothesized that these inter-
individual differences at the genetic level will have a strong
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impact on the responsiveness of individual subjects to
probiotic treatment, but this remains to be further docu-
mented. In addition, the individual microbiota (and
dysbiosis) will also impact on the responsiveness of subjects
to probiotic treatment [84]. Veiga et al. [66] recently reported
data showing that the composition of the endogenous gut
microbiota plays a key role in shaping host responses to
probiotics by demonstrating a positive effect of B. lactis in a
T-bet™/~ Rag2™/~ murine colitis model, in which the mice are
normally deficient in bifidobacteria. Furthermore, the study
from Carroll et al. [63] indicates that even the gender of the
host can be of importance as they observed that male mice
responded better to the probiotic treatment than their
female counterparts.

4.3 Importance of epithelial barrier

As mentioned before, studies with the DSS-induced colitis
model are crucial to gain more insights into the importance
of the epithelial barrier in probiotic applications. The studies
of Grangette et al. [41] with L. plantarum, Mileti et al. [31]
and Claes et al. with L. rhamnosus [30] indicate that certain
probiotic strains should not be administered when the
epithelial barrier is severely impaired. It seems reasonable
that due to the increased epithelial permeability by, e.g. DSS
administration, luminal bacterial and antigen translocation
is promoted. We hypothesize that this will subsequently lead
to an inflammation cascade that cannot be overcome by
probiotic treatment depending on the severity of the
epithelial barrier disruption. In one study with the DSS
model, the protective effect of VSL#3 was not observed, in
contrast to other seemingly similar studies [27]. In this
particular study, administration of DSS was continued
throughout the experiment, which could possibly confer a
constant burden to the epithelial cells making it impossible
to repair the epithelial barrier. Interestingly, in SAMP mice,
i.e. mice that develop spontaneous ileitis on aging, VSL#3
could prevent the onset of the disease by restitution of the
epithelial barrier function but could not affect established
disease [85]. Taken together, various studies suggest that
probiotics are probably contraindicated when the epithelial
barrier is severely disturbed. For this reason, timing of
probiotic is of crucial importance.

4.4 Timing of probiotic treatment

As to when probiotics should be administered is being
debated for a long time. To address this question, it is
important to consider various factors, for example whether
the patient has UC, CD or pouchitis, in an active phase or in
remission. As mentioned before, almost all clinical trials
with probiotics in active UC and CD have been disappoint-
ing. This seems to indicate that most probiotic strains are
probably not able to downregulate active inflammation. In
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contrast, clinical trials with patients in remission, especially
in UC and pouchitis, have been more promising [7].
Therefore, it is the author’s opinion that probiotics are best
administered either in preventive set-ups or when patients
are in remission. From Tables 1-3, it can be observed that
most studies in murine colitis indeed also use a preventive
set-up. Nevertheless, there are studies that prove that in
some cases probiotics can be effective to threat experimental
colitis.

4.5 Importance of probiotic strain and its cell
surface

Apart from VSL#3 and EcN, other commercially available
strains, like L. casei Shirota (Yakult) and L. casei DN-114 001
(Actimel) with clinical benefits [7, 74], were also demon-
strated to have a beneficial effect in colitis models [86-88].
On the other hand, L. rhamnosus GG, another clinically well-
documented strain with proven beneficial effects in anti-
biotic-associated diarrhea and allergy [89], does not seem to
have protective effects in DSS-induced colitis [30, 31, 88].
These results seem to be in concordance with clinical trials
of IBD, as L. rhamnosus GG, like most other probiotics, has
not shown a beneficial effect in active CD [7] and active
pouchitis (see above). In this context, two other probiotic
strains, L. plantarum NCIMB8826 and L. acidophilus NCFM,
also seem to be contraindicated in IBD [31, 32, 38, 39, 41].
Interestingly, deleting or modifying LTA in these strains by
a single gene mutation seems to make the strains more anti-
inflammatory [30, 32, 41]. The current hypothesis is that
LTA can confound the anti-inflammatory effects of these
lactobacilli. LTA can be seen as the proinflammatory Gram-
positive counterpart of Gram-negative lipopolysaccharides
(LPS) [90, 91]. However, the exact role of LTA still needs to
be further defined, as billions of Gram-positive bacteria —
with LTA in their cell wall - live in the gastrointestinal tract
and apparently do not induce inflammation. Nevertheless,
the fact that a single gene mutation in LTA can change the
pro/anti-inflammatory aspect of a probiotic strain [30, 32,
41] indicates the importance of the molecular characteriza-
tion of probiotics, especially cell surface components. For
example, Matsumoto et al. [88] demonstrated that a specific
polysaccharide component of L. casei Shirota plays an
important role in probiotic efficacy. Bacterial cell surface
molecules such as LTA, polysaccharides and surface
proteins are potential microbe-associated molecular patterns
(MAMPs) that can interact with host pattern recognition
receptors (PRRs) in the gastro-intestinal mucosa and induce
a signaling cascade that mount in host responses such as
cytokine production [92]. Of these PRRs, TLRs are best
documented for their role in detecting probiotic strains. For
instance, as mentioned above, by using knockout mice, it
was shown that TLR2 and TLR4 are important in mediating
the effects of the probiotic EcN [20]. However, the exact
surface molecules and MAMPs of EcN and other probiotics
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that are involved remain to be determined (see below).
Moreover, it should be kept in mind that the mucosal
immune response to a probiotic is the well-choreographed
sum of the signals induced by the interaction of multiple
surface molecules and host receptors [92].

4.6 Importance of the formulation and the viability
of the probiotic strains

Different formulations of probiotics have been used in
mouse models for experimental colitis. Intragastric gavage
is by far the most commonly used method to administer
the probiotics as it insures a specific dose is taken up by the
mice. Alternatives for the administration include the
supplementation of the probiotics in the drinking water,
mixing them in the mouse chow, administering them
intrarectally, by intraperitoneal or subcutaneous injection.
Remarkably, even intraperitoneal and subcutaneous
administration resulted in a protective effect, implying a
systemic beneficial effect of the probiotic treatment [47, 62,
93]. According to Grabig et al. [20], intrarectal administra-
tion of EcN was even better than oral administration but so
far this has not been validated by other groups or for various
probiotic strains. Concerning the dose administered, it is
generally accepted that a minimum amount of bacteria is
necessary. Doses of as low as 2 x 10° CFUs have been shown
to have effects in mice [86], but in general 108 CFU/mouse/
day are used, which is equivalent to about 5 x 10° CFU /kg.
In a study by Castagliuolo et al. [94], administration of
10" CFU/mouse/day of L. crispatus caused weight loss and
the appearance of loose stools associated with a macro-
scopically enlarged cecum, while lower doses did not have
an effect on healthy mice, indicating that more is not always
better.

It has been proposed that live bacteria are not required
for the beneficial effect of probiotics [19, 24]. The use of
heat-killed probiotic bacteria has given different results.
Heat-killed L. crispatus M247, L. reuteri, L. rhamnosus
OLL2838 and VSL#3 lost their protective effect in experi-
mental colitis models [24, 94-96]. Remarkably, y-irradiated
but not heat-killed VSL#3 retained its probiotic effect and it
was demonstrated that DNA was responsible for the
observed attenuation of experimental colitis by signaling
through TLR-9 [24]. By the heat treatment, bacterial cell
surface molecules, like LTA, are released and could be more
exposed to the host immune system, thereby inducing an
increased proinflammatory response that masks the bene-
ficial effects seen with live probiotics where, e.g. LTA is
generally ‘safely’ embedded in the cell membrane. Never-
theless, the exact impact of heat treatment on the pro/anti-
inflammatory capacity of probiotic bacteria remains to be
further investigated. In addition to probiotic MAMPs that
engage host PRRs and in this way induce beneficial host
immune responses, other mechanisms can be involved in
mediating the beneficial effects of probiotic bacteria. For
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instance, Veiga et al. [66] have also shown that live and
metabolically active B. animalis subsp. lactis bacteria are
required for the optimal reduction of intestinal inflamma-
tion in the T-bet™/~RagZ™/~ mouse model of colitis. Their
results indicate that the lactic acid production of these
probiotics stimulates lactate-consuming and butyrate-
producing bacteria, resulting in an increase in SCFAs such
as butyrate. These SCFAs not only inhibit colitogenic
Enterobacteriaceae [66] but also have an anti-inflammatory
signaling by interaction with G-protein-coupled receptors
such as GPR43 [97]. Taken together, in accordance with the
WHO/FAO definition, probiotics should best be applied as
live bacteria.

5 Future directions

One important problem in unraveling the modes of
probiotic action in colitis is the fact that there are still no
specific biomarkers of intestinal inflammation available to
accurately quantify the host responses. Consequently, a
multitude of markers (cytokines, etc.) are used in different
animal trials, making comparisons between trials difficult.
In addition, the probiotic molecules that directly confer the
health benefits should be further characterized. Never-
theless, important progress has been made in recent years.
In L. acidophilus NCFM, the S-layer protein SlpA was
demonstrated to induce high levels of IL-10 and low levels of
IL-12 in DCs by binding to the PRR DC-SIGN and modu-
lating T-cell functions [98]. It remains, however, elusive to
what extent L. acidophilus NCFM-stimulated DCs, which
produce high levels of IL-10 and IL-6, are capable of skewing
T cells toward Th17 or Treg cells. Of interest, the induction
of IL-10-dependent, TGF-B-bearing regulatory cells has also
been suggested to be one of the mechanisms of probiotic
action of VSL#3 [35]. The VSL#3 molecules that are involved
remain to be characterized, but a link has been made to its
DNA [99]. In addition, two secreted proteins p40 and p75 of
L. rhamnosus GG were characterized as having epithelial
barrier enhancing effects [100]. Studying the potential of
these purified molecules compared with the action of live
whole cell probiotics seems to be appealing for the future.
However, before being able to point out the specific micro-
bial components of the different probiotic strains, more
details about the molecular mode of probiotic action are still
required.

6 Concluding remarks

The data from both clinical trials and animal models
demonstrate the potential of probiotics as supporting treat-
ments in some (milder) forms of IBD. In this review, listing
the recent probiotic studies in murine experimental colitis
emphasizes the vast amount of data already generated.
However, due to large differences in the experimental set-
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up, the models used and the criteria considered for analysis,
it is still difficult to draw general conclusions, not to say to
make specific recommendations on the use of probiotics as
a supplementary therapy in the case of IBD. To better guide
the selection of the most appropriate probiotic strains, more
molecular knowledge on the probiotic bacterial strains and
their interaction with the host is needed. It is clear that
animal colitis models complemented with well-designed
in vitro studies will remain important to further study
probiotic-host interactions. Ultimately, we hope that
disclosing the molecular factors supporting probiotic action
will contribute to delineating the optimal conditions driving
the best performance of probiotics and to the screening and
selection of novel probiotic strains on well-defined mole-
cular criteria.
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