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We examined the in vitro and in vivo effects of a probiotic, Escherichia coli strain M-17 (EC-M17), on NF-kB signalling, cytokine secretion and

efficacy in dextran sulfate sodium (DSS)-induced murine colitis. NF-kB signalling was assessed using an NF-kB luciferase reporter cell line that

was stimulated with TNF-a (100 ng/ml). p65 Nuclear binding and cytokine secretion (TNF-a, IL-1b and IL-6) were evaluated using a RAW 264·7

macrophage cell line that was exposed to lipopolysaccharide (LPS; 5mg/ml). Mice were administered vehicle, EC-M17, metronidazole, or

EC-M17 plus metronidazole for 13 d. During the final 6 d, mice also received 2% DSS. Parameters evaluated included disease activity index

(DAI), histology, myeloperoxidase and NF-kB p65. EC-M17 dose dependently inhibited TNF-a-induced NF-kB signalling. At 5 £ 109 colony-

forming units/ml, EC-M17 inhibited NF-kB by .95%. LPS-induced nuclear p65 binding was significantly inhibited (78%; P,0·05) in RAW

264·7 macrophages at 1 £ 108 colony-forming units/ml. EC-M17 also inhibited (by .90%) the LPS-induced secretion of TNF-a, IL-1b and

IL-6. In mice with DSS-induced colitis, EC-M17, metronidazole, and EC-M17 plus metronidazole significantly reduced DAI and colonic histology

scores. Both EC-M17 and metronidazole reduced colonic IL-12, IL-6, IL-1b and interferon-g. The combination of EC-M17 plus metronidazole

resulted in more substantial cytokine reductions than were found with either treatment alone, and combination therapy significantly (P,0·05 in

both cases) reduced IL-1b compared with EC-M17 and colonic histology scores compared with metronidazole. Alone, and in combination with

metronidazole, EC-M17 improved murine colitis, probably due to an inhibitory effect on NF-kB signalling.

Probiotics: Escherichia coli strain M-17: Cytokines: Nuclear factor-kB: p65

The pathogenesis of inflammatory bowel disease (IBD) is
clearly associated with microflora–host interactions that
produce inflammatory mediators(1,2). It has been demonstrated
that some non-invasive organisms are capable of inducing
epithelial cells to produce chemotactic cytokines (for example,
IL-8) with resultant neutrophil migration(3). Further, experi-
mental evidence suggests that the presence of human com-
mensal bacteria in genetically susceptible individuals is
essential in the pathogenesis of IBD(1). Not surprisingly, there-
fore, therapies have been sought to modify the intestinal flora;
one of these is the administration of probiotics.
Probiotics are live micro-organisms which, when ingested,

can confer health benefits(4). Various probiotics are now
moving into the mainstream of medical therapy for pouchi-
tis(1,2). Moreover, some evidence of probiotic efficacy has
been reported in the treatment of IBD(1,2). Typically, probio-
tics are various strains of Lactobacillus or Bifidobacteria
species. They exist as either single entities or as combination
products(1,2).

Immunomodulatory actions, such as the reduction of
pro-inflammatory cytokines (for example, TNF-a, interferon
(IFN)-g), and the increased secretion of regulatory cytokines
(for example, IL-10), have been suggested as one of the mech-
anisms of action for probiotics(1). The transcription factor
NF-kB, once separated from its inhibitory protein (IkB), trans-
locates into the nucleus where it activates genes encoding
immunologically relevant proteins (for example, TNF-a,
IL-1b and IL-6)(5–7). NF-kB is thought to play a key role in
the pathogenesis of intestinal inflammation. Evidence support-
ing the pro-inflammatory role of NF-kB comes from both
animal models of enteric inflammation and from patients
with IBD. It is not surprising, therefore, that the inhibition
of NF-kB has been proposed as an important therapeutic
target for IBD(8–11). Recently, it was reported that probiotics
could inhibit the NF-kB signal transduction system(4,12).

Several different probiotic agents have demonstrated evi-
dence of efficacy in the dextran sulfate sodium (DSS)-induced
colitis model(13,14). The pathogenesis of DSS-induced colitis

*Corresponding author: Associate Professor Leo R. Fitzpatrick, fax þ1 717 531 5013, email lfitzpatrick@psu.edu

Abbreviations: cfu, colony-forming unit; DAI, disease activity index; DSS, dextran sulfate sodium; EC-M17, Escherichia coli strain M-17; IBD, inflammatory bowel

disease; IFN, interferon; LPS, lipopolysaccharide; MPO, myeloperoxidase.

British Journal of Nutrition (2008), 100, 530–541 doi:10.1017/S0007114508930373
q The Authors 2008

B
ri
ti
sh

Jo
u
rn
al

o
f
N
u
tr
it
io
n

https://doi.org/10.1017/S0007114508930373  Published online by Cam
bridge U

niversity Press

https://doi.org/10.1017/S0007114508930373


involves a defect in epithelial barrier function, as related to the
direct cytotoxic effect of DSS(15,16). Changes in epithelial
barrier function, as measured by the permeability to Evan’s
blue dye, can be found early during the time course of
DSS-induced colitis(17). This alteration in the colonic mucosal
barrier subsequently leads to the influx of various inflammatory
cells, macrophage activation and pro-inflammatory cytokine
production(15,16). Additionally, the nuclear expression of the
p65 subunit of NF-kB has previously been shown to be up-
regulated during DSS-induced colitis and is thought to play a
critical role in promoting intestinal inflammation(18,19).

Escherichia coli strain M-17 (EC-M17) is a novel probiotic
agent with beneficial effects on the gastrointestinal tract(20).
EC-M17 is believed to be a direct descendant of the M17
strain first identified by the Russian bacteriologist L. G.
Peretz in 1933. The original strain was maintained by the
Tarasevich Institute of the Russian Ministry of Health and
has been used extensively in humans as a therapy for gastro-
intestinal diseases and infections. The Russian literature docu-
ments the use of EC-M17 in thousands of individuals, mostly
for the treatment of dysentery(21,22).

The first goal of the present study was to examine the
in vitro effects of EC-M17 on the NF-kB signalling system
and on the secretion of pro-inflammatory cytokines (IL-1b,
IL-6, TNF-a). A second goal of the present study was to
evaluate the effects of EC-M17 on relevant clinical, histologi-
cal and biochemical parameters in the murine DSS colitis
model. In conjunction with the DSS colitis model, the effects
of EC-M17 on nuclear p65 expression and relevant pro-
inflammatory cytokines were also evaluated in vivo. A third
goal was to compare the effects of EC-M17 with those pro-
duced by a known therapy for intestinal inflammation
(i.e. pouchitis, IBD), metronidazole. Finally, a fourth goal of
the present study was to evaluate the effects of EC-M17
plus metronidazole in DSS-induced colitis.

Experimental methods

Escherichia coli strain M-17 information

EC-M17 is a non-pathogenic bacterium of the family Entero-
bacteriaciae. It is a non-spore-forming gram-negative rod of
the serotype O2 with flagellar antigen H type 41. EC-M17 is
a facultative anaerobic bacillus that converts nitrates to
nitrites, and is oxidase-negative and catalase-positive. Except
for the presence of type 1 fimbriae, samples of EC-M17 are
negative for all other virulence factors. American Type
Culture Collection (ATCC) 202226 is the designation given
to the parental seed stock of EC-M17 that was deposited
with the American Type Culture Collection. EC-M17 is
produced for research use, using a standard microbiological
fermentation process.

Whole genome shotgun sequencing of a naturally occurring
naladixic acid-resistant substrain of the parental EC-M17
strain has been successfully completed by the Pathogenomics
Sequence Analysis Facility of the University of Minnesota to
approximately an 8-fold coverage of the genome (V Kapur,
unpublished results). To date, no direct comparison has been
done to compare the sequence of EC-M17 with that of
E. coli Nissle 1917. However, according to a published report,

the Nissle strain differs from M17 in both serotype (O6 v. O2
for M17) and flagellar H antigen (H1 v. H41)(23).

Reagents

DSS of molecular weight 36 000 to 50 000Da was obtained
from MP Biomedicals (Aurora, OH, USA). Key reagents for
the myeloperoxidase (MPO) assay, which include 3, 30, 5, 50

tetramethylbenzidine, N, N dimethylformamide, H2O2 and
hexadecyl-trimethyl-ammonium bromide, were obtained
from Sigma Chemical Company (Saint Louis, MO, USA).
Metronidazole was also obtained from Sigma. An NF-kB
p65 antibody (sc-109) was obtained from Santa Cruz Biotech-
nology Inc. (Santa Cruz, CA, USA). Mouse cytokine ELISA
kits (IL-1b, IL-6, IL-10, IL-4) were obtained via Pierce Endo-
gen Inc. (Rockford, IL, USA). The IL-12 mouse ELISA kit
was purchased from Biosource International (Camarillo, CA,
USA). The TransAMe NF-kB p65 assay kit was obtained
from Active Motif (Carlsbad, CA, USA). The BioBalance
Corporation (New York, NY, USA) provided the EC-M17
as a 5 £ 1011 colony-forming units (cfu)/ml stock suspension
in 0·6% saline.

Effects of Escherichia coli strain M-17 in an nuclear factor-kB
reporter gene cell line

A NF-kB reporter stable cell line, derived from human 293T
embryonic kidney cells, was obtained from Panomics (Red-
wood City, CA, USA). Integrated into the cell line is a lucife-
rase reporter construct that is regulated by six copies of the
NF-kB response element. For these studies, the cells were
plated into twenty-four-well culture plates and grown to con-
fluence. The medium was then removed and replaced with
serum-free medium for 16 h. Cells were treated with vehicle
(0·6% saline) or EC-M17 (1 £ 108 cfu/ml), immediately
before activating the NF-kB signalling pathway with the
addition of TNF-a (100 ng/ml). All treatments were performed
in triplicate. After 6 h, the cells were washed and lysed before
the luciferase activity was quantified as relative light intensity.
Light intensity was measured using an assay kit from Promega
Corporation (Madison, WI, USA) and a Perkin Elmer HTS
7000 þ Bioassay plate reader in the luminescence mode.

Effects of Escherichia coli strain M-17 in a RAW 264·7
macrophage cell line

The RAW 264·7 mouse macrophage cell line was obtained
from the American Type Culture Collection (ATCC, Rock-
ville, MD, USA). RAW 264·7 cells were grown in Dulbecco’s
modified Eagle’s medium containing 10% fetal bovine serum.
The lipopolysaccharide (LPS) stimulation studies were con-
ducted at a cell density of 2 £ 106/ml. EC-M17 was added
to the macrophage cell culture system, at a concentration of
1 £ 108 cfu/ml, just before LPS (5mg/ml). For the NF-kB
p65 measurement, nuclear extracts were obtained from cells
either immediately (0 h) or 3 h after LPS-stimulation. A pro-
tein determination of the nuclear extracts was done with the
Bio-Rad protein assay (Bio-Rad Laboratories, Hercules, CA,
USA). For the p65 analysis, 10mg protein was utilised per
sample. The nuclear binding of p65 was measured with the
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TransAMe NF-kB p65 assay kit, according to the manufac-
turer’s instructions.
For the cytokine secretion experiments, after 0 or 4 h of LPS

exposure, the culture medium was collected for the measure-
ment of cytokines (TNF-a, IL-1b and IL-6) by ELISA
(Pierce-Endogen), according to the manufacturer’s directions.
Probiotic-conditioned culture media (CM) was prepared by
adding EC-M17 to the macrophage culture media for 5min
or 2 h. The media was then collected and centrifuged at
10 000 rpm for 10min. Next, the CM was passed through a
0·22mm filter before use in cytokine secretion experiments.
In order to heat kill EC-M17 (HK), the probiotic was boiled
at 1008C for 20min. Then, the heat-killed EC-M17 was centri-
fuged at 10 000 rpm. The cellular pellet was washed in PBS
and re-centrifuged. The pellet was then re-suspended in a suf-
ficient quantity of saline to achieve a final concentration of
1 £ 108 cfu/ml. HK and CM were used in cytokine secretion
studies with the RAW 264·7 cell line, as described above.
CM was used at a final concentration of 10% (v/v). In some
experiments, we also evaluated whether metronidazole
(50mg/ml) could inhibit cytokine secretion.

Mice

Male C57 BL/6 mice were obtained from The Jackson Labora-
tory (Bar Harbor, ME, USA). Three separate DSS-induced
colitis studies were conducted, all using 9–11-week-old
mice. The initial study compared the effects of three different
dosages of EC-M17. The subsequent study compared the
effects of EC-M17 alone, metronidazole alone, and the combi-
nation of EC-M17 and metronidazole. An additional study was
conducted to analyse the NF-kB p65 subunit in murine colonic
samples.

Preparation of Escherichia coli strain M-17
and metronidazole

A 0·6% saline solution (vehicle) was prepared by diluting
sterile 0·9% saline (Hospira Inc., Lake Forest, IL, USA)
with sterile water (Abbot Laboratories, North Chicago, IL,
USA). Subsequently, the 1 £ 1011 cfu/ml stock suspension of
EC-M17 was diluted with 0·6% saline so as to yield the final
EC-M17 concentrations used (5 £ 107 cfu/ml, 1 £ 108 cfu/ml,
5 £ 108 cfu/ml, and 5 £ 109 cfu/ml). The 0·6% saline solution
was used as the vehicle treatment solution in the colitis
studies. Metronidazole was suspended in 0·6% saline
and then heated with hot water for approximately 2min.
Using this method, metronidazole became completely soluble
in the vehicle. Based on the relevant literature, a 40mg/kg
dose of metronidazole was used(24).

Escherichia coli strain M-17 dosage assessment in dextran
sulfate sodium-induced colitis in mice

During the first 7 d of the study, mice were given Millipore-
filtered drinking water. Throughout this initial 7 d period,
mice were dosed once daily with vehicle (at a dose volume
of 5ml/kg; n 8), with EC-M17 (5ml/kg) at a 5 £ 107 cfu/ml
concentration (n 8), with EC-M17 (5ml/kg) at a 5 £ 108

cfu/ml concentration (n 8) or with EC-M17 (5ml/kg) at a
5 £ 109 cfu/ml concentration (n 8). The dosing was by

orogastric administration. EC-M17 or vehicle dosing contin-
ued for the next 6 d while 2% DSS was administered in the
drinking water. One group of animals received water without
DSS. The severity of colitis was assessed by disease activity
index (DAI) measurements during the 13 d study period.

Disease activity index

A DAI was determined with a 0 to 4 point severity scale,
based on stool consistency and evidence of intestinal bleeding.
The method used (Table 1) was that of Murthy et al. (25) with
slight modifications(26). DAI were determined on days 0, 2, 4,
6, 8, 10, 12 and 13. The DAI was calculated as the sum of the
scores for stool consistency and evidence of gastrointestinal
bleeding divided by 2(25). The presence of occult blood was
determined on faecal smears by a hemoccult fecal occult
blood kit (Beckman-Coulter Inc., Brea, CA, USA).

The comparative effects of Escherichia coli strain M-17,
metronidazole, and Escherichia coli strain M-17 plus
metronidazole in dextran sulfate sodium-induced colitis
in mice

During the first 7 d of the study, mice were given Millipore-
filtered drinking water. The water consumption by mice was
determined during this period. During this initial 7 d
period, mice were dosed once daily with vehicle (two
groups n 6 and n 9; at a dose volume of 5ml/kg), with
EC-M17 (5ml/kg) at a 5 £ 109 cfu/ml concentration (n 10),
with metronidazole (40mg/kg; n 10) or with both EC-M17
(5ml/kg) at a 5 £ 109 cfu/ml concentration and metronidazole
(40mg/kg; n 10). The dosing was by orogastric administration.
EC-M17, metronidazole, EC-M17 plus metronidazole, or
vehicle dosing continued for the next 6 d, while 2% DSS
was administered in drinking water. One group of animals
received water without DSS. Water consumption data were
also collected during this phase of the study. DAI were deter-
mined on days 0, 2, 4, 6, 8, 10, 12 and 13.

Colonic histological evaluation

On day 13, these mice were euthanised with carbon dioxide.
The colon was rapidly excised, and the colon length was
measured. Subsequently, the colon was opened and faecal
material removed by thorough rinsing in 0·9% saline.
A 2·5 cm segment of distal colon was immediately fixed in
10% buffered formalin, and the tissue was processed for a
histological evaluation.

Histological damage was determined on a forty-point seve-
rity scale (Table 2). The percentage area of involvement was

Table 1. Disease activity index scoring system

Score Stool consistency
Occult blood (negative or
positive) or gross bleeding

0 Normal Negative
1 Loose stool Negative
2 Loose stool Positive
3 Diarrhoea Positive
4 Diarrhoea Gross bleeding

L. R. Fitzpatrick et al.532
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determined with a 25mm ocular grid that was attached to an
Olympus CH light microscope (Olympus, Center Valley, PA,
USA). All histological evaluations were done at 400 £ magni-
fication and the calculation of histology scores involved the
extent of inflammation, infiltration and crypt damage. For
example, if there was a dense infiltrate of inflammatory cells
that covered 90% of the grid area, the inflammation severity
score would be 12. This reflects the product of the severity of
inflammation (sub-score ¼ 3) and the percentage involvement
(sub-score ¼ 4). If the inflammation extended into the submu-
cosa and was found in 80% of the grid area, the inflammation
extent score would be 8. This reflects the product of the inflam-
mation extent (sub-score ¼ 2) and the percentage involvement
(sub-score ¼ 4). If the crypts were entirely lost in 100% of the
area being evaluated, the crypt damage score would be 16. This
reflects the product of the crypt damage (sub-score ¼ 4) and the
percentage involvement (sub-score ¼ 4). Therefore, the total
histology score for this area of the slide would be 36; 12 (inflam-
mation severity) þ 8 (inflammation extent) þ 16 (crypt
damage). Six areas on each histology slide were evaluated
and a mean histology score was determined for each slide.
The evaluation was done on coded slides so that the investi-
gator (L. R. F.) was unaware of the treatment group. Other
investigators have used this scoring system in conjunction
with the DSS-induced colitis model(27,28).

Measurement of myeloperoxidase and cytokines

A 2·5 cm segment of colon, adjacent to that obtained for histo-
logical evaluation, was used to measure MPO and various
cytokines from colonic homogenates, as described previously
by the principal investigator(26,29). Briefly, the homogenates
were centrifuged at 10 000 rpm for 15min. The pellet was
retained for measurement of MPO by the 3, 30, 5, 50 tetramethyl-
benzidine method. The supernatant fraction was sampled and
frozen at 2708C for the subsequent determination of colonic
cytokine levels. The following cytokines were measured in
these colonic samples: IL-12, IFN-g, IL-1b, IL-6, IL-10 and
IL-4, using mouse cytokine ELISA kits.

Western blot analysis of the nuclear factor-kB p65 subunit
in murine colonic samples

In a separate study, fourteen mice were treated, as described
here: (1) vehicle for 13 d while given filtered drinking water
for the entire time period (n 2), (2) EC-M17 (5ml/kg of a
5 £ 109 cfu/ml concentration) for 13 d while maintained on
filtered water for the entire time period (n 3), (3) vehicle for
13 d while given 2% DSS in drinking water for the final 6 d
(n 5) or (4) EC-M17 (5ml/kg of a 5 £ 109 cfu/ml concentration)
for 13 d, while maintained on 2% DSS for the final 6 d (n 4).
Mice were euthanised on study day 13 and colon samples were
snap-frozen in liquid N2 before the collection of nuclear extracts
from colonic homogenates. Briefly, for the preparation of
nuclear extracts, the colonic tissue samples were cut into tiny
pieces and washed with 500ml cold PBS. The sample was cen-
trifuged at 7000 rpm (i.e. for 6min at 48C). Then, lysis buffer
(10mM-HEPES, 10mM-KCl, 1mM-dithiothreitol, 0·1mM-
EDTA, 0·5mM-PMSF (phenylmethanesulfonyl fluoride), 1%
IGEPALw ((octylphenoxy)polyethoxyethanol, octylphenyl-
polyethylene glycol), 1X Completew protease inhibitor tablets
(Roche Diagnostics, Manheim, Germany), aprotinin (2mg/ml),
leupeptin (2mg/ml) and benzamidine (0·5mg/ml)) was added
to the tissue pellets. The samples were then incubated on ice
for 30min. The tissue pellets were then homogenised with a
tissue miser (Thermo Fisher Scientific Inc., Waltham, MA,
USA). These samples were further homogenised with a pestle
tissue homogeniser (ThermoFisher Scientific Inc.) and then cen-
trifuged at 14 000 rpm (i.e. for 10min at 48C). The pellets were
gently washed with lysis buffer without 1% IGEPAL. The
washeswere discarded and the pellets re-suspendedwith nuclear
lysis buffer (20mM-HEPES, 0·4 M-NaCl, 1·5mM-MgCl2, 25%
glycerol, 0·2mM-dithiothreitol, 0·2mM-EDTA, 0·5mM-PMSF,
1% IGEPAL, aprotinin (2mg/ml), leupeptin (2mg/ml) and ben-
zamidine (0·5mg/ml)). The samples were periodically vortexed
throughout a 30min period and then centrifuged at 14 000 rpm
(15min at 48C). These supernatant fractions, which are the
nuclear extracts, were retained for use in Western blot studies.
A protein determination of these colonic extracts was done
with the Bio-Rad protein assay (Bio-Rad Laboratories).

Western blots were performed using a standard technique that
utilised 30mg protein per colonic sample. Briefly, 4–15%
2-amino-2-(hydroxymethyl)propane-1,3-diol-HCl ready gels
(Bio-Rad Laboratories) were run at 100V for about 1 h. Gels
were then transferred onto PROTRANw nitrocellulose mem-
branes (Schleicher & Schuell Bioscience Inc., Keene, NH,
USA) and the blots were blocked with PBS–Tween containing
5%blotto (non-fat driedmilk). Next, the blots were incubated in
primary antibody (rabbit polyclonal antibody to p65), washed
in PBS–Tween, and then exposed to an appropriate secondary
antibody (goat-anti-rabbit). After another series of washes,
equal amounts of an oxidising agent and a luminol reagent
(Western Lightning; Perkin-Elmer Life Sciences Inc.,Waltham,
MA, USA) was applied for 1min. Subsequently, the blots were
dried and exposed to Kodak Scientific Imaging XB-1 film.
NF-kB p65 was expressed as a 65 kDa protein as determined
by internal molecular-weight standards (Bio-Rad Laboratories).
For evaluating the levels of colonic p65 expression, a densito-
metry analysis was performed with a QuantiScan software
program (Biosoft, Great Shelford, Cambs, UK). The p65 data
were standardised to the actin levels in the nuclear samples,

Table 2. Histological scoring system

Feature scored Score Description

Inflammation severity 0 None
1 Mild
2 Moderate
3 Severe

Inflammation extent 0 None
1 Mucosa
2 Mucosa and submucosa
3 Transmural

Crypt damage 1 1/3 of crypt damaged
2 2/3 of crypt damaged
3 Crypts lost, surface

epithelium present
4 Crypts and surface

epithelium lost
Percentage involvement 0 0

1 1–25
2 26–50
3 51–75
4 76–100
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in order to account for any possible differences in the overall
protein levels of the samples. The nuclear p65 expression data
were normalised to the mean level found in vehicle- and
water-treated mice, and it is reported as the fold increase
compared with these data.

Statistical analyses

Statistical analyses were performed with GraphPad Prism com-
puter software (GraphPad Software Inc., San Diego, CA, USA).
Data are presented as means with their standard errors. Multiple
treatment groups were analysed by one-way ANOVA, and then
individual group comparisons were made by the Newman–
Keuls multiple comparison test. To determine differences
between two treatment groups, the Student’s t test was utilised.
For DAI, data were compared using the Mann–Whitney test.
A P value ,0·05 was considered statistically significant.

Ethical considerations

The relevant mouse colitis studies were approved by the Insti-
tutional Animal Care and Use Committee at the Penn State
College of Medicine.

Results

Effects of Escherichia coli strain M-17 on the nuclear
factor-kB reporter gene cell line

An initial in vitro dose–response study demonstrated that the
EC-M17 probiotic could dose dependently attenuate TNF-a-
induced activation of a NF-kB-driven luciferase reporter gene
system (Fig. 1 (a)). At 5 £ 107 cfu/ml, some inhibition (29%;
P,0·05) of NF-kB signalling was evident in human 293T
embryonic kidney cells. However, more profound inhibition
was seen in cells exposed to the 5 £ 108 cfu/ml and
5 £ 109 cfu/ml concentrations of EC-M17 (89 and 96% inhi-
bition, respectively; P,0·001 in both cases). A 1 £ 108 cfu/ml
concentration of EC-M17 was selected for use in a follow-up

study that included an untreated control group (vehicle). Even
at this concentration, which was 50-fold less than the concen-
tration of the solution used in the in vivometronidazole compara-
tive study in DSS-induced colitis (see below), TNF-a-induced
activation of NF-kB was significantly reduced (65%;
P,0·001) by the probiotic (Fig. 1 (b)). This reduction in NF-
kB activation occurred without affecting cell viability, as deter-
mined by an MTS mitochondrial metabolism assay (Promega).

Effects of Escherichia coli strain M-17 on the RAW 264·7
cell line

After 3 h of exposure, EC-M17 alone (without LPS) only
mildly increased the nuclear binding of p65 compared with
vehicle. However, the LPS-induced increase in p65 binding
was significantly inhibited (78%; P,0·05) by EC-M17 at
1 £ 108 cfu/ml (Fig. 2 (a)). A confirmation of assay specificity
was demonstrated by complete inhibition of p65 binding by a
wild-type oligonucleotide control.

Cytokine secretion in this macrophage cell line was essen-
tially near zero at baseline. After 4 h, EC-M17 only mildly
stimulated secretion (data not shown). By comparison,
treatment with LPS resulted in substantial increases in the
secretion of pro-inflammatory cytokines (Fig. 2 (b), (c) and
(d)). Live EC-M17 significantly inhibited (.90%; P,0·05)
the LPS-induced secretion of TNF-a, IL-1b and IL-6, when
compared with LPS-treated cells exposed only to vehicle.
Metronidazole (50mg/ml), however, when exposed to RAW
264·7 cell cultures, did not reduce LPS-stimulated cytokine
secretion (data not shown). Neither heat-killed EC-M17, nor
EC-M17 conditioned media, effectively reduced cytokine
secretion in LPS-treated macrophages (Fig. 2 (b), (c) and
(d)). In these studies (Fig. 2), at 1 £ 108 cfu/ml, EC-M17 did
not affect macrophage viability as determined by the trypan
blue exclusion method.

The effects of different doses of Escherichia coli strain M-17
in dextran sulfate sodium-induced colitis

The effects of three different dosages of EC-M17 on mean
DAI scores were compared on the final day of the study
(day 13). It was observed that 5ml/kg of both 5 £ 108 cfu/ml
and 5 £ 109 cfu/ml of EC-M17 significantly reduced mean
DAI scores when compared with vehicle in DSS-treated
mice (34·8% (P,0·05) and 43·5% (P,0·05), respectively).
The lowest concentration of EC-M17 (5 £ 107 cfu/ml) did
not significantly reduce the mean DAI. Therefore, the
5 £ 109 cfu/ml concentration of EC-M17 was selected for
use in the comparative study with metronidazole.

Comparative effects of Escherichia coli strain M-17,
metronidazole, and Escherichia coli strain M-17 plus
metronidazole in dextran sulfate sodium-induced colitis

Before the administration of DSS (study day 7), there were no
significant differences in the DAI scores among the treatment
groups (Table 3). Also, during the pre-DSS phase of the study,
only slight differences in water consumption were observed
among all the treatment groups. Therefore, through this phase
of the study, all mice tolerated the antibiotic and probiotic

Fig. 1. The effects of Escherichia coli strain M-17 (EC-M17) on a NF-kB

reporter gene assay in human 293T embryonic kidney cells that were acti-

vated by the addition of TNF-a (100 ng/ml). EC-M17 was added to the assay

immediately before TNF-a treatment. After a 6 h incubation, the luciferase

activity was measured as relative light intensity, using a plate reader in the

luminescence mode. (a) Cells were treated with vehicle (0·6 % saline; A) or

three different concentrations of EC-M17 (5 £ 107 colony-forming units

(cfu)/ml ( ), 5 £ 108 cfu/ml ( ), 5 £ 109 cfu/ml ( )). Mean value was signifi-

cantly different from that of the vehicle-treated control group: *P,0·05,

***P,0·001. (b) EC-M17 was used at 1 £ 108 cfu/ml ( ) and two vehicle con-

trols (A), one of which was a non-TNF-a control, were also included.

*** Mean value was significantly different from that of the vehicle-treated,

TNF-a-treated control group (P,0·001). Values are means from three exper-

iments with their standard errors represented by vertical bars.
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treatment regimens relatively well and no major overt effects
were evident.

The administration of 2% DSS to otherwise untreated
(vehicle/DSS) C57 BL/6 mice resulted in significant increases
in DAI scores on days 12 and 13 when compared with vehicle-
treated mice that did not receive DSS (vehicle/water; Table 3).
However, the increased DAI that was found in vehicle-treated
mice was less prominent in mice treated with EC-M17, metro-
nidazole, and EC-M17 plus metronidazole. On day 13, the
DSS-treated group that also received EC-M17 (EC-M17/
DSS) had a mean DAI score 68·4% less, when compared
with DSS-treated mice that also received vehicle (P,0·01).
DSS-treated mice that received metronidazole (metronida-
zole/DSS) also had significantly reduced DAI (P,0·01), but
the reduction was not as large (47·4%). DSS-treated mice
that received both EC-M17 and metronidazole (EC-M17
plus metronidazole/DSS) had significantly reduced DAI
which was reflected in a more profound reduction in the
mean DAI score (78·9%; P,0·01). As on day 13, treatment
with EC-M17, metronidazole, and EC-M17 plus metronida-
zole significantly reduced (P,0·01) the DAI as compared
with vehicle/DSS treatment on day 12 (Table 3).

Water consumption values were generally similar in all of
the treatment groups from days 7 to 12. Water consumption
ranged between 3·5 (SEM 3) and 4·5 (SEM 0·3) ml/d. However,

on study day 13, water consumption in the vehicle/DSS treat-
ment group (2·0 (SEM 0·2) ml/d) was significantly less
(P,0·05) than in all the other treatment groups.

Treatment of mice with EC-M17 (alone, or in combination
with metronidazole) resulted in less shortening in colon
length, as compared with that found in the vehicle/DSS-treated
mice. On day 13, the colon length values (cm) were: 7·1 (SEM
0·2) for vehicle/water, 6·4 (SEM 0·1) for vehicle/DSS, 7·2 (SEM
0·1) for EC-M17/DSS, 6·8 (SEM 0·2) for metronidazole/DSS
and 7·3 (SEM 0·1) for EC-M17 plus metronidazole/DSS. All
of the colon length values in the probiotic and metronidazole
treatment groups were significantly (P,0·05) longer than the
value found in the vehicle/DSS treatment group.

Effects of Escherichia coli strain M-17 on colonic cytokine
levels in dextran sulfate sodium-induced colitis

The administration of 2% DSS to C57 BL/6 mice led to a
2·6-fold increase in the mean colonic IL-12 level (Fig. 3
(a)). On study day 13, mice treated with EC-M17, metroni-
dazole, or a combination of these agents, had significantly
lower levels of colonic IL-12 as compared with vehicle-trea-
ted mice. In mice treated with both EC-M17 and metronida-
zole, there was a 52% reduction in the colonic IL-12
content. In a similar fashion, following DSS administration,

Fig. 2. (a) The effects of Escherichia coli strain M-17 (EC-M17) on NF-kB p65 in a RAW 264·7 cell line. The NF-kB signalling pathway was activated by treating

the cells with lipopolysaccharide (LPS; 5mg/ml). Cells were treated with vehicle (0·6 % saline; A) or EC-M17 at 1 £ 108 colony-forming units (cfu)/ml ( ). EC-M17

was added immediately before LPS treatment and cells were collected for assay 3 h after LPS treatment. Exposure of the nuclear extract to a wild-type oligonu-

cleotide, which competitively blocks p65 nuclear binding, constituted a positive control (B). * Mean value was significantly different from that of the vehicle-treated,

LPS-treated control group (P,0·05). Values are means from two experiments with their standard errors represented by vertical bars. (b–d) The effects of

EC-M17, EC-M17-conditioned media (CM) and heat-killed EC-M17 on cytokine secretion in a RAW 264·7 cell line. The CM was prepared by adding EC-M17 to

the macrophage culture medium for 5 min ( ) or for 2 h ( ). The cells were treated with vehicle (0·6 % saline; ), EC-M17 at 1 £ 108 cfu/ml ( ), heat-killed EC-M17

( ) prepared from a 1 £ 108 cfu/ml concentration, or EC-M17 CM prepared from a 1 £ 108 cfu/ml concentration. Except where indicated, macrophages were stimu-

lated with the addition of LPS (5mg/ml). Heat-killed EC-M17 and EC-M17 CM were added to the assay immediately before LPS treatment and culture media was

collected for assay 4 h after LPS treatment. (b) TNF-a secretion in cells treated with and without LPS. * Mean value was significantly different from that of the

vehicle-treated, LPS-treated control group (P,0·05). (c) IL-1b secretion in cells treated with and without LPS. * Mean value was significantly different from that of

the vehicle-treated, LPS-treated control group (P,0·05). (d) IL-6 secretion in cells treated with and without LPS. The leftmost bar corresponds to vehicle-treated

cells that were not exposed to LPS. Values are means from two or three experiments with their standard errors represented by vertical bars.
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there was a 3·5-fold increase in the colonic IFN-g content
(Fig. 3 (b)). Animals treated with EC-M17, metronidazole,
or both of these agents, had significantly lower levels of
colonic IFN-g (P,0·05 v. vehicle/DSS). In mice treated
with both the probiotic and the antibiotic, the level of colo-
nic IFN-g was virtually the same as in vehicle- and water-
treated animals.

The ingestion of DSS resulted in a 52-fold increase in the
mean colonic IL-1b level (Fig. 3 (c)). Lower mean IL-1b con-
tents were observed in mice treated with EC-M17 (18·5%;
NS), metronidazole (46·6%; P,0·05), or a combination of
these agents (66·7%; P,0·05) when compared with vehicle-
treated mice. Additionally, DSS-treated mice that received
EC-M17 plus metronidazole had a significantly reduced

Table 3. Disease activity index (DAI) in C57 BL/6 mice over the 13 d course of the study*

(Mean values with their standard errors)

Vehicle/water
(n 6)†

Vehicle/DSS
(n 9)†

EC-M17/DSS
(n 10)†

Metronidazo-
le/DSS (n 10)†

EC-M17
plus metronidazo-

le/DSS (n 10)†

Study day Mean SEM Mean SEM Mean SEM Mean SEM Mean SEM

0 0 0 0 0 0 0 0 0 0 0
2 0 0 0·1 0·1 0·4 0·2 0 0 0 0
4 0 0 0·2 0·2 0·1 0·1 0·3 0·2 0·1 0·1
6 0·2 0·2 0·3 0·2 0·1 0·1 0·2 0·1 0 0
8 0·3 0·2 0·3 0·2 0 0 0·1 0·1 0 0
10 0·2 0·2 0·6 0·2 0·7 0·3 0·7 0·2 0·8 0·2
12 0·2 0·2 1·6‡ 0·2 0·3§ 0·2 0·6§ 0·2 0·3§ 0·2
13 0 0 1·9‡ 0·1 0·6§ 0·2 1·0§ 0·2 0·4§ 0·2

DSS, dextran sulfate sodium; EC-M17, Escherichia coli strain M-17.
* The DAI (0 to 40) was calculated as the sum of the scores for stool consistency and occult blood/gross bleeding divided by 2 (see Table 1).
† Excluding ‘Study day,’ column headers correspond to intervention/colitis induction. Colitis induction did not begin until day 7.
‡ Mean value was significantly different from that of vehicle-treated, water-treated control group (P,0·01).
§ Mean value was significantly different from that of vehicle-treated, DSS-treated control group (P,0·01).

Fig. 3. The effects of oral administration of Escherichia coli strain M-17 (EC-M17) (5 mg/kg per d of a 5 £ 109 concentration; n 10; ), metronidazole (40 mg/kg per

d; n 10; ) and EC-M17 plus metronidazole (5 ml/kg per d of a 5 £ 109 concentration and 40 mg/kg per d, respectively; n 10; B) on colonic levels of pro-inflamma-

tory cytokines in C57 BL/6 mice. Also, there were six vehicle-treated animals (A) that did not undergo colitis induction with dextran sulfate sodium (DSS) and nine

vehicle-treated ( ) animals that underwent DSS colitis induction. (a) IL-12 content in DSS-treated and water-treated animals. Mean value was significantly different

from that of the vehicle-treated, DSS-treated control group: *P,0·05, ***P,0·001. (b) Interferon (IFN)-g level in DSS-treated and water-treated animals. Mean

value was significantly different from that of the vehicle-treated, DSS-treated control group: *P,0·05, ***P,0·001. (c) IL-1b content in DSS-treated and water-

treated animals. Mean value was significantly different from that of the vehicle-treated, DSS-treated control group: *P,0·05, ***P,0·001. † Mean value was sig-

nificantly different from that of the EC-M17-treated, DSS-treated control group (P,0·05). (d) IL-6 level in DSS-treated and water-treated animals. The leftmost bar

corresponds to the vehicle-treated group. Mean value was significantly different from that of vehicle-treated, DSS-treated control group: *P,0·05, ***P,0·001.

Values are means with their standard errors represented by vertical bars.
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colonic IL-1b (P,0·05) when compared with DSS-treated
mice that received EC-M17 only.

There was a very large increase (.200-fold) in colonic IL-6
with DSS treatment (Fig. 3 (d)). An overall reduction in IL-6
was noted in animals treated with EC-M17; however, a high
IL-6 content in the colon of one of the probiotic-treated
mice was responsible for the large standard error value and
the failure to achieve statistical significance (compared with
vehicle). Animals treated with metronidazole, or EC-M17
plus metronidazole, had significantly lower (P,0·05) levels
of colonic IL-6, as compared with vehicle-treated mice. In
animals treated with both EC-M17 and metronidazole, there
was a 78% reduction in the colonic IL-6 content.

The colonic IL-10 content was attenuated in vehicle-treated
mice that received DSS (114 (SEM 10) pg/2·5 cm) as compared
with vehicle-treated mice that did not receive DSS (179
(SEM 20) pg/2·5 cm). However, there was no evidence that
the probiotic and antibiotic treatment regimens increased the
IL-10 level beyond that found in vehicle/DSS-treated mice.
In a similar fashion to IL-10, the colonic IL-4 content was
attenuated in vehicle/DSS-treated mice. Again, there was no
evidence that the probiotic and antibiotic treatment regimens
significantly increased the IL-4 level beyond that found in
vehicle/DSS-treated mice (data not shown).

Effects of Escherichia coli strain M-17 on colonic
myeloperoxidase and histology in dextran sulfate
sodium-induced colitis

As shown in Fig. 4 (a), DSS-treated mice that received vehicle
had a significant increase in the colonic MPO activity. These
data indicate increased colonic neutrophil influx in these
animals(26,29). Mice treated with EC-M17, metronidazole, or
a combination of these two agents had reduced levels of
MPO (Fig. 4 (a)). The combined treatment regimen signifi-
cantly reduced colonic MPO by 55·3% (P,0·05) compared
with vehicle. Interestingly, the combined treatment regimen
also significantly reduced colonic MPO by 38·2% (P,0·05)
compared with EC-M17 treatment alone.

The vehicle/DSS-treated mice had evidence of more
histological damage than their vehicle-treated counterparts that
received water throughout the study. The mean colonic histology

scores were significantly (P,0·05) reduced in EC-M17-treated
mice, in metronidazole-treated mice, and in EC-M17 plus
metronidazole-treated mice (Fig. 4 (b)). The combination of
EC-M17 plus metronidazole reduced mean histology scores to
a greater extent than metronidazole alone (25·0%; P,0·05).

A normal colonic architecture is evident in a representative
photograph of a histology specimen obtained from an animal
that did not receive DSS (Fig. 5 (a)). By comparison, the
administration of DSS resulted in crypt damage (black
arrows), significant numbers of leucocytes in the lamina pro-
pria (white arrow), as well as evidence of leucocytes in the
submucosa (grey arrow; Fig. 5 (b)). In this vehicle/DSS-trea-
ted mouse there was also evidence of leucocytes (i.e. appar-
ently macrophages) at the luminal surface. In the histology
specimen of an EC-M17-treated mouse shown in Fig. 5 (c),
there is evidence of some surface epithelial cell damage
(black arrow), as well as mild inflammatory cell influx in
the lamina propria (white arrow) and submucosa (grey
arrow). In the animal treated with EC-M17 plus metronidazole
(Fig. 5 (d)) the crypt architecture was preserved. There was
only mild leucocyte infiltration in the lamina propria (white
arrow). The pattern of colonic histology in this animal gener-
ally resembled that found in the vehicle/water-treated mouse.

Effects of Escherichia coli strain M-17 on colonic nuclear
factor-kB p65 in dextran sulfate sodium-induced colitis

As found in the previous DSS-induced colitis study (see above),
the mean DAI was significantly reduced (P,0·05 v. vehicle/
DSS) by EC-M17 treatment. Specifically, mean DAI scores on
day 13 were: 0 (SEM 0) for vehicle/water, 0 (SEM 0) for
EC-M17/water, 2·2 (SEM 0·2) for vehicle/DSS and 0·8 (SEM
0·3) for EC-M17/DSS. In conjunction with the acute DSS colitis
model paradigm, expression of the NF-kB p65 subunit was
examined. Representative Western blots from mouse colonic
nuclear extracts are shown in Fig. 6. The actin data confirmed
equal protein loading in the Western blot experiments. Overall,
relatively little expression of p65 was found in the colons of ani-
mals that received water over a 13 d period (vehicle/water or
EC-M17/water; Fig. 6 (a)). Specifically, relative densitometry
values in these colonic samples were 0·04 (lane 1), 1·96
(lane 2), 0·78 (lane 3), 1·54 (lane 4) and 0·39 (lane 5). In contrast,

Fig. 4. The effects of oral administration of Escherichia coli strain M-17 (EC-M17) (5 mg/kg per d of a 5 £ 109 concentration; n 10; ), metronidazole (40 mg/kg per

d; n 10; ) and EC-M17 plus metronidazole (5 ml/kg per d of a 5 £ 109 concentration and 40 mg/kg per d, respectively; n 10; B) on colonic levels of myeloperoxi-

dase (MPO) and on histology scores in C57 BL/6 mice. Also, there were six vehicle-treated (A) animals that did not undergo colitis induction with dextran sulfate

sodium (DSS) and nine vehicle-treated ( ) animals that underwent DSS colitis induction. (a) MPO content in DSS-treated and water-treated animals. Mean value

was significantly different from that of the vehicle-treated, DSS-treated control group: *P,0·05, ***P,0·001. † Mean value was significantly different from that of

the EC-M17-treated, DSS-treated control group (P,0·05). (b) Histology scores in DSS-treated and water-treated animals. Mean value was significantly different

from that of the vehicle-treated, DSS-treated control group: *P,0·05, ***P,0·001. † Mean value was significantly different from that of the metronidazole-treated,

DSS-treated control group (P,0·05). Values are means with their standard errors represented by vertical bars.
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more prominent p65 expression was observed in animals
that received 2% DSS in drinking water (vehicle/DSS group;
Fig. 6 (b)). Relative densitometry values were 6·05 (lane 1),
1·02 (lane 2) and 4·75 (lane 3). However, the expression of
p65 was less evident in DSS-treated mice that received the
probiotic (EC-M17/DSS; Fig. 6 (b)). These densitometry
values were 1·56 (lane 4), 0·05 (lane 5) and 1·09 (lane 6).
Relative densitometry analyses compared all the p65 data to
vehicle/water-treated mice (normalised value ¼ 1·0). These
analyses yielded the following fold changes in mean densitome-
try values: 0·91 for EC-M17/water, 2·52 for vehicle/DSS and
1·37 for EC-M17/DSS. These data suggest that p65 expression
was enhanced in vehicle/DSS-treated animals and reduced in
mice treated with EC-M17.

Discussion

IBD is a chronic inflammatory condition involving the intes-
tine. IBD appears to involve the complex interactions between

the immune system, endogenous intestinal epithelial cells and
the local luminal environment that contains high concen-
trations of commensal bacteria. These interactions lead to an
unrestrained, exaggerated immune response resulting in intes-
tinal inflammation(30).

This immune response is characterised by activation of the
NF-kB signalling system as well as secretion of relevant pro-
inflammatory cytokines, such as TNF-a, IL-1b and IL-6(8,11).
In this regard, NF-kB is clearly up-regulated in the intestines
of IBD patients(31–33). For example, the p65 component of the
NF-kB heterodimer was reported to be highly activated in epi-
thelial cells and in lamina propria macrophages obtained from
patients with active Crohn’s disease and ulcerative colitis(31).
Long-standing therapies, such as corticosteroids and 5-aminosa-
licylic acid,maywork, in part, by inhibitingNF-kB(33–35).More
specific approaches to inhibit NF-kB (for example, p65 NF-kB
antisense therapy) have also demonstrated efficacy in animal
models of IBD(18,19,26,29). Recently, it was demonstrated that
various bacteria strains (including probiotics) are also capable
of inhibiting NF-kB and pro-inflammatory cytokines in various
types of cells, including macrophages(4,12,36,37).

Our in vitro results showed that the novel probiotic agent,
EC-M17, at a relatively low concentration (1 £ 108 cfu/ml),
could significantly attenuate the activation of NF-kB in two

Fig. 5. Representative histology photographs of colonic specimens obtained

on study day 13 following the oral administration of vehicle (0·6 % saline),

Escherichia coli strain M-17 (EC-M17) (5 ml/kg per d of a 5 £ 109 concen-

tration), metronidazole (40 mg/kg per d) and EC-M17 plus metronidazole

(5 ml/kg per d of a 5 £ 109 concentration and 40 mg/kg per d, respectively) in

C57 BL/6 mice that did (EC-M17, metronidazole, and EC-M17 plus metroni-

dazole) or did not (vehicle) undergo dextran sulfate sodium (DSS) colitis

induction. (a) Colonic histology of a vehicle-treated animal that did not

receive DSS. (b) Colonic histology of a vehicle-treated animal that underwent

DSS colitis induction. DSS caused crypt damage ( ! ), significant numbers

of leucocytes in the lamina propria ( ), as well as evidence of inflammatory

cells in the submucosa ( ). (c) Colonic histology of an EC-M17-treated ani-

mal that underwent DSS colitis induction. There was evidence of surface epi-

thelial cell damage ( ! ), as well as mild leucocyte influx in the lamina

propria ( ) and submucosa ( ). (d) Colonic histology of an EC-M17 plus

metronidazole-treated animal that received DSS. Notice that the crypt archi-

tecture was well preserved and only mild inflammatory cell influx is evident in

the lamina propria ( ). This relatively normal colonic histology resembled

that found in the vehicle-treated mouse that did not undergo DSS colitis

induction. All images are at 200 £ magnification.

Fig. 6. The effects of vehicle (0·6 % saline) in mice that did not consume dex-

tran sulfate sodium (DSS) (n 2), Escherichia coli strain M-17 (EC-M17)

(5 ml/kg per d of a 5 £ 109 concentration) in mice that did not consume DSS

(n 3), vehicle in mice that underwent DSS colitis induction (n 5) and EC-M17

(5 ml/kg per d of a 5 £ 109 concentration) in mice that underwent DSS colitis

induction (n 4) on colonic p65 expression. Nuclear extracts were obtained

from colonic homogenates. The Western blot analysis of NF-kB p65 was per-

formed using 30mg protein per sample. The actin bands confirmed equal pro-

tein loading in these experiments. (a) Representative colonic p65 expression

results in mice that did not receive DSS colitis. Lanes 1 and 2, vehicle; lanes

3 to 5, EC-M17. Relative densitometry values for these colonic extracts, as

calculated in the Methods section, were: 0·04 (lane 1), 1·96 (lane 2), 0·78

(lane 3), 1·54 (lane 4) and 0·39 (lane 5). (b) Representative colonic p65

expression in mice that were given 2 % DSS in the drinking water. Lanes 1 to

3, vehicle; lanes 4 to 6, EC-M17. Relative densitometry values for these colo-

nic samples were: 6·05 (lane 1), 1·02 (lane 2), 4·75 (lane 3), 1·56 (lane 4),

0·05 (lane 5) and 1·09 (lane 6).
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cell lines. Moreover, EC-M17 attenuated NF-kB in response
to different inducing agents (TNF-a or LPS), thereby
suggesting that this inhibition occurred at the post-receptor
level. In concordance with the inhibition of LPS-induced
p65 nuclear binding in a murine macrophage cell line, the
secretion of NF-kB-dependent cytokines (TNF-a, IL-1b
and IL-6) was dramatically inhibited by treatment with live
EC-M17.

Interestingly, probiotic bacteria have shown varying effects
on NF-kB in studies conducted in different cell lines. For
example, Bifidobacterium infantis and Lactobacillus salivarius
inhibited NF-kB to some degree in the HT-29 epithelial cell
line(38). In a clinically relevant study, using a tissue culture
system with intestinal mucosal biopsies from IBD patients,
B. longum clearly inhibited NF-kB activation in lamina pro-
pria mononuclear cells(39). By comparison, a commonly used
probiotic (E. coli Nissle 1917) was found to activate the
NF-kB pathway in intestinal epithelial cells, as well as in
isolated murine lymphocytes(40,41). Similarly, B. lactis acti-
vated NF-kB in intestinal epithelial cell lines(42). Therefore,
bacterial strain and species differences apparently exist with
respect to the effects of probiotics on NF-kB. Based on our
in vitro results (Figs. 1 and 2), EC-M17 and E. coli Nissle
1917 may have distinct effects on the NF-kB signal transduc-
tion system(40,41). It would be interesting in future studies to
directly compare the effects of these two E. coli probiotics
on the NF-kB pathway by conducting parallel studies in the
same cell lines.

In our studies, only live EC-M17 were effective in inhibiting
NF-kB signalling in murine macrophages; therefore, it is poss-
ible that EC-M17 delivers effector proteins directly into host
cells, as has been suggested for other strains of E. coli (36,43).
This possibility is reinforced by our data from the RAW
264·7 cell line, which showed that heat-killed EC-M17, as
well as EC-M17 conditioned media, was not effective in redu-
cing cytokine secretion by macrophages. These results suggest
that the robust inhibitory effects of EC-M17 on these NF-kB-
dependent cytokines required live bacteria, and not a secreted
metabolite or a degradation product. Our findings are not in
agreement with those of some other investigators. For example,
Menard et al. (44) found that secreted metabolites from two pro-
biotics (B. breve and Streptococcus thermophilus) inhibited
NF-kB signalling and TNF-a secretion by monocytes.

Metronidazole has been used to treat IBD patients for dec-
ades(45,46). This antibiotic was selected as one of the pharma-
cological interventions in the present study because of its
historical use as an IBD therapy, as well as to test for possible
additive effects when given together with EC-M17. While
metronidazole may have some intrinsic anti-inflammatory
properties, its efficacy, as well as the efficacy of other anti-
biotics similarly employed, is probably related to a reduced
burden of pro-inflammatory mucosal bacteria(47,48). In this
regard, we found no evidence that metronidazole inhibited
LPS-induced cytokine secretion by murine macrophages.

The aetiology of DSS-induced colitis is thought to be multi-
factorial in nature, involving both direct toxic effects on the
mucosa, as well as the influx of inflammatory cells(15–17).
As with IBD, bacteria probably play a role in the pathogenesis
of DSS-induced colitis, because it has been reported that anti-
biotics improve this colitis(16,24,49). Moreover, various probio-
tics also improve DSS-induced colitis in rodents(13,14).

An increased DAI, a reduction in colon length, enhanced
colonic levels of pro-inflammatory cytokines, increased colo-
nic MPO activity, and more severe colonic histological
damage are consistent findings in DSS-treated animals.
These parameters are often used as markers of colonic
injury(12,26,50,51). Our findings indicate that both symptomatic
(DAI) and gross morphological (colon length) parameters of
colitis were significantly improved in the antibiotic and pro-
biotic treatment groups, individually and also when adminis-
tered in combination. In this regard, there was only a 40%
incidence of colonic symptoms (loose and bloody stools) in
mice treated with the probiotic plus antibiotic, while this inci-
dence was 100% in vehicle-treated controls. Our data are also
consistent with the findings of other investigators who found
that probiotics can inhibit the production of pro-inflammatory
cytokines(12,51). Interestingly, our data suggest that more pro-
minent reductions of some pro-inflammatory cytokines were
obtained with combined EC-M17 and metronidazole treatment
(Fig. 3 (b) and (c)). Consistent with this cytokine data,
the overall magnitude of the inhibitory effects on MPO and
colonic histology were also more profound in probiotic plus
antibiotic-treated animals (Fig. 4).

Since production of these pro-inflammatory cytokines
(TNF-a, IL-1b and IL-6) is dependent on activation of NF-
kB, the effects of EC-M17 on the NF-kB signalling system
were also examined in the DSS-induced colitis model(8–11).
Interestingly, the administration of EC-M17 to DSS-treated
mice resulted in attenuated nuclear expression of the NF-kB
p65 subunit (Fig. 6 (b)). The nuclear expression of the p65
subunit has previously been shown to be up-regulated during
DSS-induced colitis, and is thought to play a critical role in
promoting intestinal inflammation(18,19). Taken as a whole,
these results suggest that reductions in the parameters of
DSS-induced colitis, including pro-inflammatory cytokine
levels, may have resulted from the inhibition of NF-kB signal-
ling by EC-M17. This statement is supported by our in vitro
data showing that EC-M17 inhibited the nuclear binding of
NF-kB in murine macrophages (Fig. 2).

In the present study, the colonic level of IL-10 was
decreased in vehicle-treated mice given DSS. It is possible
that this attenuation of IL-10 contributed to the development
of colitis, since IL-10 is a well-known immunomodulatory
cytokine(16,52). Previously, other investigators reported that
the administration of probiotics to mice could induce the pro-
duction of IL-10 and transforming growth factor-b-bearing
regulatory cells, and that these cells contributed to the attenu-
ation of murine colitis(52). EC-M17 treatment (alone or in
combination) did not induce colonic levels of the regulatory
cytokine, IL-10. These differences in IL-10 induction most
probably relate to species differences between EC-M17 and
VSL#3 (a probiotic food supplement), which contains a com-
bination of Bifidobacterium, Lactobacillus and Streptococcus
bacteria(4,12).

Our data support the contention that the major anti-colitis
action of EC-M17 is by modulation of immune processes(1).
Further, the additive effects of EC-M17 and metronidazole
in DSS-induced colitis suggest that the predominant mechan-
isms for the antibiotic and probiotic are distinct. Immunomo-
dulation, as a mechanism of action for EC-M17, is
consistent with the results reported herein on the modulation
of NF-kB p65 and pro-inflammatory cytokine levels in mice
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administered EC-M17. Our theory is reinforced by the fact
that metronidazole did not directly inhibit the secretion of
pro-inflammatory cytokines by RAW 264·7 macrophages,
while EC-M17 clearly showed an anti-cytokine profile.
Changes in the intestinal environment due to antibiotic treat-
ment may have eliminated pro-inflammatory bacteria in the
murine colonic milieu. In this regard, metronidazole is
known to reduce anaerobic bacteria (for example, Bacteroides
species) that appear to contribute to the aetiology of DSS-
induced colitis(24). A similar metronidazole-mediated mechan-
ism may have been operative in the present study. However, it
also remains possible that other mechanisms may have con-
tributed to the anti-colitis activity observed in the present
study. For example, metronidazole treatment could also have
better enabled EC-M17 to become a more dominant bacterial
species in the intestinal environment. Thereby, EC-M17 would
persist in greater amounts within the host organism relative to
other commensal bacteria, by a competitive exclusion type of
mechanism(1). This possibility remains to be determined in
future studies with EC-M17.
In summary, in vitro treatment of two cell lines with live

EC-M17 resulted in inhibition of the NF-kB signalling path-
way and p65 nuclear binding. Moreover, the probiotic attenu-
ated the secretion of pro-inflammatory cytokines by
macrophages. In vivo, EC-M17 effectively improved various
histological, biochemical, morphological and symptomatic
parameters of DSS-induced colitis in mice. Combined treat-
ment with EC-M17 plus metronidazole proved to be generally
more effective in DSS-induced colitis in mice than either
alone. The data from this study suggest that EC-M17 could
prove to be clinically useful for the treatment of intestinal
inflammatory diseases. Moreover, further research with the
probiotic is warranted. Finally, the combination of EC-M17
plus an antibiotic may afford therapeutic advantages that
should also be investigated in future studies.
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