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Summary

One of the promising approaches in the therapy of ulcerative colitis is admin-
istration of butyrate, an energy source for colonocytes, into the lumen of the
colon. This study investigates the effect of butyrate producing bacterium
Clostridium tyrobutyricum on dextran sodium sulphate (DSS)-induced colitis
in mice. Immunocompetent BALB/c and immunodeficient severe combined
immunodeficiency (SCID) mice reared in specific-pathogen-free (SPF) con-
ditions were treated intrarectally with C. tyrobutyricum 1 week prior to the
induction of DSS colitis and during oral DSS treatment. Administration of
DSS without C. tyrobutyricum treatment led to an appearance of clinical
symptoms – bleeding, rectal prolapses and colitis-induced increase in the
antigen CD11b, a marker of infiltrating inflammatory cells in the lamina
propria. The severity of colitis was similar in BALB/c and SCID mice as judged
by the histological damage score and colon shortening after 7 days of DSS
treatment. Both strains of mice also showed a similar reduction in tight
junction (TJ) protein zonula occludens (ZO)-1 expression and of MUC-2
mucin depression. Highly elevated levels of cytokine tumour necrosis factor
(TNF)-a in the colon of SCID mice and of interleukin (IL)-18 in BALB/c mice
were observed. Intrarectal administration of C. tyrobutyricum prevented
appearance of clinical symptoms of DSS-colitis, restored normal MUC-2 pro-
duction, unaltered expression of TJ protein ZO-1 and decreased levels of
TNF-a and IL-18 in the descending colon of SCID and BALB/c mice,
respectively. Some of these features can be ascribed to the increased produc-
tion of butyrate in the lumen of the colon and its role in protection of barrier
functions and regulation of IL-18 expression.
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Introduction

The enteric mucosa of ulcerative colitis (UC) patients is
aberrant due to the abnormal interaction between micro-
biota and the intestinal mucosal immune system, which
leads to mucosal inflammation [1,2]. In experimental
dextran sodium sulphate (DSS) models of colitis, interaction
of components from both pathogenic and commensal
microorganisms with the host mucosal immune system can
trigger inflammatory responses and alter the colonic func-
tion [3–5]. Under germ-free conditions mice develop mark-
edly limited incidence of colitis [6]. One of the widely used
experimental mouse models of UC involves addition of DSS
to the drinking water, which causes rapid alterations in the

inner colon mucus layer, making it permeable to bacteria
[7,8]. Protection of colonic mucosa requires normal produc-
tion of mucins, such as secretory MUC-2, synthesized by
goblet cells in healthy colon of humans, rats and mice [9].
However, in experimental ulcerative colitis the mucus
production is impaired [10]. Butyrate ameliorates inflam-
mation in experimental ulcerative colitis by up-regulating
the expression of mucin genes [11,12] and by protecting
mucosal surfaces against increased mucosal permeability
[13]. Several probiotics have been reported to enhance epi-
thelial permeability and/or protect against barrier disruption
by pathogens in vitro (reviewed recently [14]). Recently
a study was performed in human volunteers which
showed that perfusion of Lactobacillus plantarum into the
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duodenum increased the localization (immunofluorescent
staining) of occludin and zonula occludens (ZO)-1 in the
epithelial tight junctions (TJs) of tissue biopsies [15]. Pro-
tection of mice against DSS induced colitis by probiotic
E. coli Nissle 1917 has been associated with increased expres-
sion of TJ protein zonula occludens (ZO-2) expression in
epithelial cells [16].

Ulcerative colitis is associated with an elevated production
of inflammatory cytokines such as tumour necrosis factor
(TNF)-a and interleukin (IL)-1b, leading to increased intes-
tinal permeability and activation of nuclear factor (NF)-kB
and c-Jun N-terminal kinase (JNK)/p38 mitogen-activated
protein kinase (MAPK) pathways [17]. Decreased produc-
tion of proinflammatory cytokines constitutes an impor-
tant mechanism for the partial amelioration of colitis by
probiotics [18,19].

Butyrate enemas have been reported to be effective in
therapy of UC. Microbially produced butyrate is considered
important for colonic health and in the prevention of
colorectal cancer, owing to its use as an energy source
for colonocytes and as a modulator of oxidative stress
and inflammation [20]. Oral administration of Clostridium
butyricum M 588, characterized by high production of
butyrate during fermentative growth, has been shown to
protect against DSS colitis in the mouse [21]. Our candidate
probiotic Clostridium tyrobutyricum (DSM 2637) was iso-
lated from raw cow’s milk and is a Gram-positive, rod-
shaped, spore-forming obligate anaerobe that can ferment a
wide variety of carbohydrates to butyric acid. In a survey of
35 Clostridium species and 243 strains, C. tyrobutyricum was
shown not to produce cytotoxins [22]. To verify further the
safety of C. tyrobutyricum strain DSM 2637 we assessed its
potential to translocate from the gut into the blood and
organs of germ-free severe combined immunodeficiency
(SCID) mice that were monocolonized for 30 days in a gno-
tobiotic isolator. All animals colonized with C. tyrobutyricum
strain DSM 2637 remained healthy and lacked any signs of
pathology. As expected, C. tyrobutyricum was found in the
lumen of the jejunum, ileum, colon ascendens and colon
descendens, but could not be detected in the blood, mesen-
teric lymph nodes (MLNs), liver or spleen.

We have shown previously that immunodeficient SCID (T
and B cell-independent) and immunocompetent BALB/c
mouse strains reared under specific-pathogen-free (SPF)
conditions, but not as germ-free mice, develop colitis after 1
week of DSS treatment [6]. The BALB/c mice survive two
rounds of DSS treatment, albeit with clear evidence of
colonic damage and T and B cell infiltration in the mucus,
whereas SCID mice survive only one round of DSS treat-
ment [6]. The main objectives of this study were to investi-
gate the role of the immune response in regulating colitis in
SCID and BALB/c mice and to evaluate the potential protec-
tive effect of C. tyrobutyricum (DSM 2637) on DSS colitis
development. Changes in intestinal mucins, barrier function
of TJ and production of the inflammatory cytokines IL-18

and TNF-a were measured during colitis induction. As
butyrate enemas and colonic application of faecal bacteria
[23] have been shown to be beneficial in clinical studies we
also evaluated the therapeutic potential of intrarectal admin-
istration of C. tyrobutyricum in the DSS colitis model.

Materials and methods

Animals

BALB/c and SCID (background BALB/cJHanHsd-SCID)
mice were reared in SPF conditions. The absence of T lym-
phocytes in SCID mice was proved with fluorescein isothio-
cyanate (FITC)-labelled monoclonal anti-CD3 antibody
(Serotec, Oxford, UK) using fluorescence activated cell sorter
(FACS)Calibur flow cytometer (Becton Dickinson, Franklin
Lakes, NJ, USA). Two-month-old mice were used for these
studies and their body weights were measured before and
after each experiment.

Bacterial strain and culture conditions

C. tyrobutyricum (DSM 2637) isolated from raw cow’s
milk was provided from the Food Research Institute, Prague,
Czech Republic and cultured in sterile Bryant Burkey
bouillon with resazurin and lactate (Merck KGaA, Darms-
tadt, Germany) at 37°C under anaerobic conditions. Prior to
administration to mice a fresh overnight culture of bacteria
was adjusted to 109 colony-forming units (CFU)/ml in saline.

Intrarectal administration of C. tyrobutyricum and
induction of acute ulcerative colitis by DSS

The experimental groups of five to 10 mice and their respec-
tive treatments are shown in Table 1. Groups 1, 2, 4 and 5
(Table 1) received 2·5% DSS (molecular weight 40 kDa; ICN
Biomedicals, Cleveland, OH, USA) in drinking water ad
libitum for 1 week. The untreated control groups 3 and 6
received only drinking water. The C. tyrobutyricum-treated
groups 1 and 4 received intrarectally (via tubing) a daily dose
of 2 ¥ 108 CFU of strain DSM 2637 in 0·2 ml saline for 7 days
prior to DSS exposure and also during the 7 days exposure to
DSS in the drinking water. Control groups 3 and 6 received
0·2 ml saline [phosphate-buffered saline (PBS)]. The follow-
ing clinical symptoms were measured or assessed: firmness
of faeces, rectal prolapses, rectal bleeding and colon length
after the mice were killed. The colon descendens was divided
into two pieces, one being used for TNF-a determination
after 48 h culture and the other for histological assessment.
Animal experiments were approved by the Ethical Commit-
tee of the Institute of Microbiology, Academy of Sciences of
the Czech Republic, v.v.i.

Histological evaluation of inflammation

The tissue was fixed in Carnoy’s fluid for 30 min, transferred
into 96% ethanol and embedded in paraffin. Five-mm
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paraffin-embedded sections were cut and stained with hae-
matoxylin and eosin (H&E) and Alcian Blue and post-stained
with Nuclear Fast Red (all fromVector,Burlingame,CA,USA)
for mucin production. The samples were viewed under an
Olympus BX 40 microscope equipped with an Olympus
Camedia DP 70 digital camera, and the images were analysed
using Olympus DP-Soft. The degree of damage to the surface
epithelium, crypt distortion and mucin production in indi-
vidual colon segments were evaluated according to Cooper
et al. [3].

Expression of CD 11b, ZO-1 and MUC-2

Segments of the colon descendens were frozen in liquid
nitrogen. Cryosections (5 mm thick) of acetone-fixed colon
were used for immunocytochemistry. The membrane marker
CD11b was detected directly by fluorescein-labelled mono-
clonal antibody anti-CD11b FITC (Serotec, Kidlington, UK).
The antigen CD11b is known to be expressed on the surface
of polymorphonuclear leucocytes, monocytes and natural
killer (NK) cells. Expression of ZO-1 was detected by rabbit
anti-mouse polyclonal antibody (Zymed Laboratories, Carls-
bad, CA, USA) and secondary antibody Cy3 goat anti-rabbit
IgG (Biomeda, Burlingame, CA, USA). Production of
MUC-2 was detected by primary, polyclonal rabbit anti-
mouse IgG, specific for MUC-2, and secondary antibody Cy3
goat anti-rabbit IgG (all from Biomeda).

Measurement of colonic TNF-a production

Pre-weighed colonic fragments were cultured in RPMI-1640
medium enriched with 10% bovine serum albumin in 5%

CO2 and 95% air at 37°C, in 24-well flat-bottomed plates
(Nunc, Roskilde, Denmark) for 48 h. Quantification of
TNF-a level was performed by enzyme-linked immunosor-
bent assay (ELISA) (R&D Systems, Minneapolis, MN, USA)
according to the manufacturer’s protocols using Infinite 200
apparatus (Tecan Group Ltd, Grödig, Austria).

Measurment of IL-18 in tissues by confocal fluorimetry

Expression of IL-18 in acetone-fixed sections of colon
descendens was detected by polyclonal rabbit antibody to
mouse IL-18 (Acris Antibodies, Hiddenhausen, Germany)
and Cy3-labelled goat anti-rabbit IgG (Biomeda). Relative
confocal fluorimetry of IL-18 visualized by Cy3 staining
was performed by laser scanning confocal microscopy using
Leica SPE and Leica SP-2 microscopes with oil immersion
objectives ¥20, ¥40 and ¥63 and an excitation line of
532 nm and emission detection at 550–700 nm; a multiple
accumulation of weaker signal was used. Fluorescence
intensity of Cy3 in epithelial colonocytes was evaluated
(expressed in units on a scale of 0–255) using different
regions and sections of at least three mice per group. It
was possible to distinguish regions with lower and higher
amounts of IL-18 (Table 2) and evaluate them separately,
using correct statistical methods.

Measurement of short-chain fatty acids (SCFA)

SCFAs were measured in bacterial cultures and in faecal
samples of SCID mice. Concentrations of acetic acid, pro-
pionic acid, n-butyric acid, iso-butyric acid, valeric acid,
iso-valeric acid and 2-methylbutyric acid were measured
using gas chromatography on a HP 5890 GC with flame

Table 1. Development of DSS-colitis with association of Clostridium tyrobutyricum in conventional BALB/c and severe combined immunodeficiency

(SCID) mice: clinical and histological gradings and detection of tumour necrosis factor (TNF)-a.

Strain Treatment 2·5% DSS Mortality/n

Body weight Damage score Mucin secretion Length of colon TNF-a

(g) (0–4) (4–0) (cm) (pg/10 mg tissue)

1 BALB/c C. tyrobutyricum (i.r.) + 0/5 18·8 � 1·2 1·6 � 0·5DDD 2·7 � 0·4DDD 7·6 � 0·5# 27·9 � 12·7##

2 BALB/c saline (i.r.) + 0/5 17·6 � 1·9 3·9 � 0·2DDD 0·1 � 0·2DDD 6·9 � 0·6# 29·3 � 15·3##

3 BALB/c saline (i.r.) – 0/5 19·6 � 0·5 0 4 9·8 � 0·7 7·8 � 5·0

4 SCID C. tyrobutyricum (i.r.) + 1/10 21·0 � 2·1 0·5 � 0·4DDD 3·5 � 0·5DDD 10·0 � 1·9* 25·2 � 5·2**,##

5 SCID saline (i.r.) + 2/10 20·0 � 2·4 3·9 � 0·1DDD 0·1 � 0·2DDD 7·8 � 0·8# 79·3 � 8·0##

6 SCID saline (i.r.) – 0/8 21·5 � 1·2 0 4 10·9 � 0·3 11·0 � 2·2

Values are means � standard deviation, *P < 0·05, **P < 0·01, significant difference of group 4 versus group 5; DDDP < 0·0001, significant difference

of group 1 versus group 2 and group 4 versus group 5 of mice; #P < 0·05, ##P < 0·01, significant difference of groups 1 and 2 versus control group 3 of

BALB/c mice and group 4 and 5 versus control group 6 of SCID mice; i.r.: intrarectal administration. DSS: dextran sodium sulphate.

Table 2. Evaluation of fluorescence for interleukin (IL)-18 in the colon of mice.

Mouse strain SCID BALB/c

DSS – + + – + +
C. tyrobutyricum – – + – – +
IL-18 (lower intensity) 29·1 � 7·2 19·2 � 9·0 77·9 � 15·8 34·8 � 11·7 82·7 � 6·6 50·7 � 6·3

IL-18 (higher intensity) 76·5 � 4·8 151 � 25·4 161·9 � 32·3 72·2 � 11·1 146·4 � 15·0 98·2 � 11·8

Values are expressed as means � standard deviation (s.d.) in units of fluorescence intensity on scale 0–255. SCID: severe combined immunodefi-

ciency; DSS: dextran sodium sulphate.
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ionization detector (FID) and nitrogen as carrier gas at
1·2 ml/min column flow. The samples were analysed on an
Equity-1 column (30 m ¥ 0·32 mm i.d., 1 mm film thickness;
Supelco, Prague, Czech Republic). A 1-ml sample was
injected into the gas chromatograph. The split ratio was 1:1.
The oven temperature was held at 40°C for 1 min, then
raised to 230°C at a rate of 10°C/min, and held at 230°C for
15 min; both injector and detector temperatures were 250°C.
Peak identification was confirmed by retention times of
commercially obtained standards from Sigma-Aldrich.

Statistical analysis

Statistical analyses were performed using Student’s t-test.
Values of *P � 0·05 were considered significantly different.
Levels of Cy3 in colonocytes, expressed in units of fluores-
cence intensity on a scale of 0–255, were compared in
unpaired Student’s t-test using statistical significance level
*P = 0·001.

Results

Clinical evaluation of BALB/c and SCID mice under
the influence of DSS and C. tyrobutyricum

Control BALB/c and SCID mice not exposed to DSS
remained healthy during the experiment. In contrast the
DSS-treated mice developed clinical signs of colitis, includ-
ing diarrhoea, rectal prolapses and bleeding. The SCID mice
(group 5, Table 1) were more susceptible to DSS than
BALB/c mice (group 2, Table 1), resulting in 20% mortality.
No significant changes in body weight were observed in
BALB/c and SCID mice as a consequence of exposure to

DSS. One of the characteristic signs of DSS-induced colitis is
shortening of the colon, which was observed in both saline–
DSS-treated BALB/c and SCID mice (groups 2 and 5,
Table 1) but not in the control mice (groups 3 and 6,
Table 1). In SCID mice, treatment with C. tyrobutyricum
prevented shortening of the colon (group 4, Table 1), while
no significant protection was observed in C. tyrobutyricum-
treated BALB/c mice (group 1, Table 1).

Histological colon damage score in DSS-treated
BALB/c and SCID mice

The histological colon damage score after DSS treatment
assessed according to the scale (0–4) of Cooper et al. [3] is
presented in Table 1. The damage score was of grade 0
in control BALB/c and SCID mice (groups 3 and 6). The
damage score was of grade 3·9 � 0·2 in BALB/c and 3·9 � 0·1
in SCID saline–DSS-treated mice (groups 2 and 5; Fig. 1a). In
C. tyrobutyricum-treated BALB/c and SCID mice the damage
due to DSS exposure was significantly less, grade 1·6 � 0·5
(group 1) and grade 0·5 � 0·4 (group 4, Fig. 1b), respectively.

Goblet cell mucins and specific MUC-2 production in
the colon

In healthy control mice (groups 3 and 6, Table 1), colonic
mucin production (Alcian Blue staining) was grade 4
according to the scale (4–0) of Cooper et al. [3]. In both
saline–DSS–treated BALB/c and SCID mice (groups 2 and
5, Table 1, Fig. 1c) it was decreased drastically to grade
0·1 � 0·2. Treatment with C. tyrobutyricum attenuated the
loss of mucin due to DSS exposure in both BALB/c mice
(group 1 grade 2·7 � 0·4) and SCID mice (group 4 grade

Fig. 1. Histological cross-sectional views

of colon descendens of severe combined

immunodeficiency (SCID) mice in

experimental model of acute ulcerative

colitis: (a) saline–dextran sodium sulphate

(DSS)-treated mice (damage grade 4);

(b) C. tyrobutyricum–DSS-treated mice

(damage grade 0–1) (haematoxylin and eosin

staining); (c) saline–DSS-treated mice, mucin

production was decreased to grade 0;

(d) C. tyrobutyricum–DSS-treated mice,

grades 3–4, mucin production was preserved

(Alcian blue staining).

(a) (b)

(c)

200 μm

(d)

200 μm

200 μm 200 μm
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3·5 � 0·5, Table 1, Fig. 1d), with protection being more
evident in the SCID mice.

Moreover, changes in the production of the major secreted
mucin MUC-2 was verified in SCID mice using immu-
nocytochemistry (Fig. 2). In the saline-treated SCID mice
(Fig. 2a) and BALB/c mice (Fig. 2d), the production of
MUC-2 was intact. In the saline–DSS-treated SCID (Fig. 2b)
and BALB/c mice (Fig. 2e) the production of colonic
MUC-2 was depressed, whereas in C. tyrobutyricum–DSS-
treated SCID (Fig. 2c) and BALB/c mice (Fig. 2f) MUC-2
secretion was preserved.

Expression of TJ protein ZO-1

Expression of TJ protein ZO-1 is presented in Fig. 2. In the
saline-treated SCID (Fig. 2g) and BALB/c mice (Fig. 2j)
ZO-1 production was intact. In saline–DSS-treated SCID
(Fig. 2h) and BALB/c mice (Fig. 2k) the production of ZO-1
was markedly reduced, whereas in C. tyrobutyricum–DSS-
treated SCID (Fig. 2i) and BALB/c mice (Fig. 2l) the produc-
tion of ZO-1 was preserved.

Mucosal infiltration of CD11b-positive immune cells

Monoclonal antibody to CD11b, a membrane marker of
polymorphonuclear leucocytes, monocytes and natural killer
cells, was used (Fig. 3). Saline-treated SCID (Fig. 3a) and
BALB/c mice (Fig. 3d) were without infiltration of immune
cells. Massive infiltration of inflammatory cells in lamina
propria occurred in saline–DSS-treated SCID (Fig. 3b) and
BALB/c mice (Fig. 3e), while the colon of C. tyrobutyricum–
DSS-treated SCID mice (Fig. 3c) and BALB/c mice (Fig. 3f)
did not exhibit infiltration of these cells.

Release of proinflammtory cytokine TNF-a in colon
organ cultures

Spontaneous release of TNF-a into the medium of cultured
sections from colon descendens of control mice was very
low (groups 3 and 6, Table 1) after 48 h. Colon segments
from saline–DSS-treated mice, and especially the SCID mice,
released markedly higher amounts of TNF-a (groups 2 and
5, Table 1) than the controls. Compared to the saline–DSS-
treated SCID mice (group 5, Table 1), a significantly lower
level of TNF-a was detected in the cultured colon segments
from C. tyrobutyricum–DSS-treated SCID mice (group 4,
Table 1). However, the level of TNF-a released from the
colon segments from C. tyrobutyricum–DSS-treated BALB/c
mice (group 1, Table 1) did not differ from that of saline–
DSS-treated BALB/c mice (group 2, Table 1).

Visualization and quantification of proinflammatory
IL-18 in the descending colon

Table 2 shows that DSS-induced colitis in BALB/c mice is
associated with increased level of cytokine IL-18 in colon

epithelium. C. tyrobutyricum treatment reduced intraco-
lonic IL-18 content significantly, although not to the level
in non-inflamed mucosa. In SCID mice the severity of DSS
colitis was not associated with IL-18 production. C. tyrobu-
tyricum enhanced significantly the expression of IL-18 in
colon epithelium of SCID mice. This might be an effect of
butyrate on gene and protein production of IL-18.

C. tyrobutyricum-increased levels of propionic and
butyric acids in SCID mice

More than 95% of the SCFA are absorbed and metabolized
rapidly by the host [24]. To see any effect of C. tyrobutyricum
on SCFA production, we determined the percentage of main
short-chain fatty acids (acetic, propionic, isobutyric,
n-butyric, isovaleric, 2-methylbutyric and valeric) in
bacterial culture and in faecal samples obtained from
C.tyrobutyricum–DSS-treated SCID mice and saline–DSS-
treated SCID mice at the end of the experiment using gas
chromatography (Table 3). Threefold higher percentage of
n-butyric acid and twofold higher percentages of propionic
acid were measured in C. tyrobutyricum–DSS-treated SCID
mice than in the saline–DSS-treated mice. Conversely, a lower
percentage of acetic acid was found in the C. tyrobutyricum–
DSS-treated than in the saline–DSS-treated mice.

Discussion

In the present study, intrarectal administration of
C. tyrobutyricum prior to the onset of experimental colitis
protected both immunocompetent BALB/c and immunode-
ficient SCID mice from histological damage, shortening of
the colon and decreased mucin production.

Both BALB/c and SCID mice display comparable symp-
toms of DSS-induced colitis as judged by the histological
damage score, colon shortening and weight loss. However,
20% mortality occurred in the DSS-treated SCID mice sug-
gesting that parameters such as loss of body weight cannot
be used as a measure of the severity of inflammation in these
two mouse strains. This conclusion is supported by several
previous studies [25–27] not showing an apparent body
weight loss before day 6 of acute DSS colitis in BALB/c mice.
On the basis of the symptoms, the reduction of TJ protein
ZO-1 production, depression of MUC-2 mucin production
and infiltration of macrophages during inflammation, it
appeared that the two mouse strains behave similarly on the
qualitative level.

Decreased numbers of goblet cells and reduced levels of
MUC-2 protein were measured in the inflamed colonic
mucosa of DSS-treated BALB/c and SCID mice, a result
similar to that observed in humans with active UC [28].
This is in agreement with other experimental models of
inflammatory bowel diseases that demonstrate the critical
role of MUC-2 in colonic protection [29]. Changes in
mucins, particularly in MUC-2 mRNA, in experimental
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(a) (b) (c)

(d) (e) (f)

(g) (h) (i)

(j) (k) (l)

Fig. 2. Immunohistochemical evaluation of mucin (MUC)-2 detected with monoclonal antibody MUC-2/CY3 in colon descendens of severe

combined immunodeficiency (SCID) and BALB/c mice in experimental model of acute ulcerative colitis: (a) saline-treated SCID mice with

intact production of MUC-2; (b) saline–dextran sodium sulphate (DSS)-treated SCID mice with depressed production of MUC-2;

(c) C. tyrobutyricum–DSS-treated SCID mice where MUC-2 secretion was preserved; (d) saline-treated BALB/c mice with intact production of

MUC-2; (e) saline–DSS-treated BALB/c mice with depressed production of MUC-2; (f) C. tyrobutyricum–DSS-treated BALB/c mice MUC-2

secretion was preserved. Immunohistochemical evaluation of tight junction protein zonula occludens (ZO)-1 detected using monoclonal antibody

ZO-1/CY3; (g) saline-treated SCID mice with intact production of ZO-1; (h) saline–DSS-treated SCID mice with markedly reduced ZO–1

production; (i) C. tyrobutyricum–DSS-treated SCID mice with preserved production of ZO-1; (j) saline-treated BALB/c mice with intact production

of ZO-1, (k) saline–DSS-treated BALB/c mice with markedly reduced ZO-1 production; (l) C. tyrobutyricum–DSS-treated BALB/c mice with

preserved production of ZO-1.
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models are considered to contribute to the development
of ulcerative colitis [10,30,31]. Recently it has been
observed that DSS in drinking water rapidly affects the
biophysical structure of the inner mucus layer, making it
permeable to bacteria within 12 h [7]. Thus the increased
contact of bacteria with the epithelium is probably the
trigger for the inflammatory reactions observed in colitis
and would explain why DSS does not induce colitis
in germ-free mice. Similarly, loss of TJ protein ZO-1 in
the intestinal epithelium, as observed in this study, was
interpreted as an early event in DSS-induced colitis and
is associated with increased permeability and intestinal
inflammation [32].

Crucially important in DSS-colitis is an activation of T
lymphocytes via macrophages that have been activated
directly by DSS [8]. Indeed, direct evidence for the involve-
ment of CD4+ T cells and their proliferation in pathogenesis
of DSS-induced colitis has been described previously [33].
Moreover, the introduction of bacterial flagellin-specific
CD4+ T cells into naive SCID mice (T and B cell-
independent) results in severe colitis [34]. Similarly, transfer
of CD4+CD45RBhigh T cell subpopulation from conventional
mice into SCID mice also induces severe inflammation [5].

A major difference between BALB/c and SCID mice in
development of DSS-colitis relates to the expression of the
proinflammatory cytokine IL-18. In agreement with other

(a) (b) (c)

(d) (e) (f)

20 μm 20 μm

Fig. 3. Immunohistochemical detection of infiltrated proinflammatory cells using fluorescein isothiocyanate (FITC)-labelled monoclonal antibody

to CD11b in colon-descendens mucosa of mice: (a) saline-treated severe combined immunodeficiency (SCID) mice without infiltration of

immune cells; (b) saline–dextran sodium sulphate (DSS)-treated SCID mice with massive infiltration of proinflammatory cells; (c)

C. tyrobutyricum–DSS-treated SCID mice, where infiltration of immune cells was not observed; (d) saline-treated BALB/c mice without

infiltration of immune cells; (e) saline–DSS-treated BALB/c mice with massive infiltration of proinflammatory cells; (f) C. tyrobutyricum–DSS-treated

BALB/c mice, where infiltration of immune cells was not observed.

Table 3. Production of short-chain fatty acids determined as relative concentrations (%) in the bacterial broth of C. tyrobutyricum and in the faeces

(taken at the end of the experiments). Clostridium tyrobutyricum dextran sodium sulphate (DSS)-treated and saline DSS-treated severe combined

immunodeficiency (SCID) mice.

Acids

C. tyrobutyricum C. tyrobutyricum (i.r.) Saline (i.r.)

(bacterial culture) (DSS-treated) (DSS-treated)

Acetic 62·5 59·2 81·4

Propionic 17·9 18·0 7·8

Isobutyric 10·6 9·2 4·8

n-Butyric 9·0 13·6 2·8

Isovaleric n.d. n.d. 2·1

2-Methylbutyric n.d. n.d. 0·6

Valeric n.d. n.d. 0·5

i.r.: intrarectal administration; n.d.: not detected.
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published studies [35], we showed significantly increased
IL-18 colon content in DSS-induced colitis in BALB/c mice.
In BALB/c and C57BL/6 mice DSS-induced colitis induces
increased expression of IL-18 in the colonic mucosa, where it
polarizes CD4+ T cells toward T helper cell type 1 (Th1)-
mediated immune response [35] and thus increased produc-
tion of the proinflammatory cytokine interferon (IFN)-g.
IFN-g stimulated secretion of IL-18 from enterocyte-like
IEC-6 cells has been correlated with IFN-g-increased expres-
sion of caspase-1 activity [36], an enzyme required for cleav-
age of the precursor form of IL-18 into mature biologically
active IL-18. Indeed, inhibition of caspase-1 by the specific
inhibitor pralnacasan [26] attenuated DSS-induced colitis,
this effect being mediated by suppression of proinflamatory
IL-18 and IFN-g.

Recent observations highlight the role of Nod-like recep-
tors (NLRs) when stimulated by inflammatory mediators to
form inflammasomes, multi-protein complexes that serve
for activation of caspase-1 essential for maturation and
secretion of IL-18. The highest levels of IL-18 were localized
in intestinal epithelial cells, then macrophages and dendritic
cells of the lamina propria. Interestingly, deletion of
macrophages or use of neutralizing antibodies to IL-18 or
inhibition of caspase-1 [37] result in prevention of the
inflammatory cascade leading to sustained infiltration of
macrophages, neutrophils and activation of lamina propria
effector T cells. Thus, it seems that inflammasome activa-
tion [38] would have a proinflammatory effect, with IL-18
inducing inflammation in lamina propria mononuclear
cells. Conversely, in intestinal epithelial cells the inflamma-
some would have a compensatory proliferative response,
the secreted IL-18 mediating protection, proliferation and
cell integrity [27,39,40]. This study shows for the first time
that in SCID mice (a T and B cell-independent model) the
severity of colitis was associated with limited production of
biologically active form of IL-18. It seems that only consti-
tutively expressed precursor form of IL-18 is associated
with normal and inflamed SCID mouse colon. This find-
ing led us to the assumption that SCID mice lack some
components of inflammasome, pro-IL-18 could not be
activated, and display an increased susceptibility to DSS-
induced colitis associated with increased lethality, especially
in the chronic phase of inflammation [6]. In SCID mouse
colon we detected increased surface antigen CD11b, associ-
ated with an increased number of infiltrating immune cells,
possibly macrophages [4]. Lack of IL-18 secretion is com-
pensated by increased secretion of inflammatory TNF-a
from the colon found in organ cultures. In comparison with
UC patients it was suggested that macrophages migrating
into the inflamed mucosa [41,42] secrete high levels of
TNF-a. We observed only moderate expression of TNF-a in
BALB/c mice with induced inflammation which was not
commensurate with the marked infiltration of CD11b-
positive polymorphonuclear leucocytes and monocytes into
the mucosa. These mice represent a model of Th1-mediated

immune response that contributes to the production of
IL-18 and IFN-g.

Studies of UC in humans have shown a lower availability
and diminished capacity to oxidize butyrate [12,43], an
energy source for colonocytes and end-product of the fer-
mentation of undigested fibre and complex carbohydrates by
the luminal microbiota. Similarly, a decrease in butyrate oxi-
dation was found in the colonocytes of mice with DSS-
induced colitis. Recent studies on faecal microflora of UC
and IBS (irritable bowel syndrome) patients showed deple-
tion of members of Bacteroidetes and Firmicutes (comprising
some Clostridium groups) [44]. In healthy mice synergistic
interactions between specific members of these phyla are
linked to butyrate formation [45]. Thus, increased produc-
tion of butyrate in the lumen of the colon was proposed as a
treatment to ameliorate the symptoms of UC [46]. However,
butyrate enemas in UC patients in remission were shown
recently to have only mild effects on inflammation and
anti-oxidant status in the colonic mucosa [47]. In our study
we expected a higher faecal concentration of butyrate after
intrarectal administration of C. tyrobutyricum and protec-
tion from DSS-induced colitis. In both BALB/c and SCID
mice, intrarectal administration of C. tyrobutyricum pre-
vented the reduction of MUC-2 protein observed in DSS-
induced colitis and led to an almost normal level of MUC-2
secretion, most probably to the reported stimulation of
MUC-2 gene expression in mouse colon [12]. We further
showed that C. tyrobutyricum protects against impairment
of the TJs in the colon of BALB/c and SCID mice by pre-
venting dissolution of ZO-1 from the TJ in DSS-treated
mice. Bacterial Toll-like receptor (TLR)-2 ligands have also
been reported to increase ZO-1 expression and its localiza-
tion in the TJs [15,48], and cannot be ruled out as a mecha-
nism for the effects of C. tyrobutyricum on ZO-1.

Several in vitro and ex vivo studies reviewed by Hamer
et al. [20] assessed the effect of butyrate which, at low con-
centrations, induces a decrease in permeability associated
with increased expression of TJ proteins. However, overpro-
duction of butyrate might be toxic for maturation of the
intestine in premature infants and also in newborn rats [49].

TNF-a at concentrations found in inflamed mucosa may
reduce oxidation of butyrate and decrease energy supply to
colonocytes, as shown in vitro in the mucosa of human
colonic biopsies [50]. As intrarectal administration of
C. tyrobutyricum increased production of butyrate in the
colon lumen it could overcome any insufficiencies resulting
from the increased production of TNF-a. C. tyrobutyricum
can be considered as a candidate human probiotic due to its
beneficial effects in mouse colitis model. In BALB/c mice the
expression of TNF-a in inflamed colon was lower in com-
parison with TNF-a production in the inflamed colon of
SCID mice. Additionally, we found that treatment with C.
tyrobutyricum had no effect on regulation of TNF-a produc-
tion in BALB/c, but a strongly attenuating effect on TNF-a
production in SCID mice.

C. tyrobutyricum protects against DSS colitis
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Our work on IL-18 expression in DSS-induced colitis and
its regulation by C. tyrobutyricum helped to differentiate
between distinct responsiveness of BALB/c and SCID
mice. Remarkably, C. tyrobutyricum treatment significantly
reduced intracolonic IL-18 protein content in the inflamed
mucosa of BALB/c mice, although not down to the level
in non-inflamed mucosa. In contrast to BALB/c mice,
C. tyrobutyricum enhanced significantly the expression of
IL-18 in colon epithelium of SCID mice which lacked
inflammation-associated expression of IL-18. This could be
due to the fact that butyrate enhances gene expression and
protein production of IL-18 in epithelial cells (HT-29 and
Caco-2) in vitro, and in vivo in butyrate-treated mice [51].
This enhanced effect of butyrate at the transcription level
seems to be hidden in BALB/c mice expressing increased
IL-18 production in DSS-treatment.

This study demonstrates that in the DSS model, the severity
of inflammatory symptoms depends largely but not exclu-
sively on host immune functions. Thus, C. tyrobutyricum
protection against destruction of mucosal barrier is equally
effective in immunodeficient SCID mice and immunocom-
petent BALB/c mice. Manifestation of cytokines IL-18 and
TNF-a in acute DSS-colitis depends largely on immune cell
repertoire of the host mouse. As a typical product of mac-
rophages, TNF-a expression increased significantly in the
colon epithelium in SCID mice, while mature IL-18, a Th1
cytokine, important for systemic balance between Th1 and
Th2 signalling [52], played a key role in immunocompetent
BALB/c mice. The combined effect of C. tyrobutyricum in
suppressing high levels of both cytokines appears promising
in treatment of acute experimental colitis.
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