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Appleyard CB, Cruz ML, Isidro AA, Arthur JC, Jobin C, De
Simone C. Pretreatment with the probiotic VSL#3 delays transition from
inflammation to dysplasia in a rat model of colitis-associated cancer. Am
J Physiol Gastrointest Liver Physiol 301: G1004–G1013, 2011. First
published September 8, 2011; doi:10.1152/ajpgi.00167.2011.—Evidence
supports involvement of microflora in the transition of chronic in-
flammation to neoplasia. We investigated the protective efficacy of the
probiotic VSL#3 in a model of colitis-associated colorectal cancer.
Chronic colitis was induced in Sprague-Dawley rats by administration
of trinitrobenzene sulfonic acid (TNBS), followed 6 wk later by
systemic reactivation. To induce colitis-associated dysplasia and can-
cer, the animals received TNBS (intravenously) twice a week for 10
wk. One group received VSL#3 in drinking water from 1 wk before
colitis induction until death. The colons were examined for damage
and presence of dysplasia or cancer. Samples were analyzed for cell
proliferation and apoptosis, vitamin D receptor (VDR) expression,
angiogenic factors, and presence of alkaline sphingomyelinase or
phosphatase. Microbial community composition was evaluated by
terminal restriction fragment-length polymorphism analysis of the
bacterial 16S rRNA gene. None of the probiotic-treated animals
developed carcinoma, and no high-grade dysplasia was found in either
the proximal or mid colon. In contrast, 29% of the animals in the
control group developed carcinoma in one or more regions of the
colon. VSL#3-treated animals had significantly less damage than
the vehicle treated-controls in all areas of the colon, and this corre-
lated with decreased richness and diversity of the mucosally adherent
microbiota. Treatment with the probiotic increased the antiangiogenic
factor angiostatin, VDR expression, and alkaline sphingomyelinase.
We concluded that pretreatment with the probiotic VSL#3 can atten-
uate various inflammatory-associated parameters, delaying transition
to dysplasia and cancer, thus offering its potential therapeutic use in
patients with long-standing colitis.

animal model; colon cancer

COLORECTAL CANCER (CRC) is the third most common type of
cancer in the United States, causing thousands of deaths each
year. Inflammatory bowel diseases (IBD) including ulcerative
colitis (UC) and Crohn’s disease have been linked to the
pathogenesis of CRC (29). The incidence of IBD has risen
significantly during the past several decades, possibly linked to
nutrition and environmental factors (25). Several lines of
evidence suggest that chronic inflammation is a key predispos-
ing factor to CRC in IBD (23). The risk for developing CRC
increases with both the duration and extent of the disease (4).
Patients with UC are up to 30 times more likely to develop

CRC than the general population, and are three times more
likely to die from it (50).

Effective prevention of colitis-associated cancer is still far
from being successfully achieved. Prophylactic colectomy is a
nonattractive, efficacious method to prevent colon cancer in
patients with dysplasia. Surveillance colonoscopy is burdened
by the lack of understanding, even by gastrointestinal special-
ists, of the meaning of dysplasia (not preneoplasia, but neo-
plasia at the epithelial level) and by the need for a large number
of biopsies to be taken from a single patient (as many as 65) to
reduce the error linked to sampling (13, 47). Until now, reliable
molecular markers predictive of early stages of cancer progres-
sion have not been available; therefore, to recommend patients
with IBD a lifetime of annual colonoscopies may not be
justified.

On these grounds, there is a definite need for safe agents
that, by controlling the chronic inflammation affecting the
colon of patients with IBD, may also reduce the risk of
neoplasia. The role of 5-aminosalicylate (5-ASA) to prevent
the progression from dysplasia to colon cancer has been sup-
ported by retrospective analysis. If patients with UC have an
associated primary sclerosing cholangitis, then ursodeoxy-
cholic acid has been suggested to be an effective prevention
tool for colon cancer (1, 55).

In the past few years, multiple double-blind randomized
placebo-controlled clinical trials have shown that the multi-
strain, high-potency probiotic preparation VSL#3 can control
inflammation, and hence the clinical conditions of UC and
pouchitis in adults and children (17, 21, 39). The anti-inflam-
matory properties associated with VSL#3 administration have
been linked to changes in the microflora and local immune
responses in both humans and animals (30, 53). Several animal
studies and the use of CRC cell lines have demonstrated the
potential effectiveness of administering probiotics alone, or, in
combination with prebiotics, the potential to prevent neoplastic
changes (35); however, knowledge of their effects and mech-
anisms of action in colitis-associated dysplasia is still sorely
needed.

We have extended these findings by evaluating the potential
efficacy of VSL#3 in our model of chronic inflammation that
progresses to dysplasia and colon cancer. Our results suggest
that treatment with VSL#3 can delay the transition to dysplasia
and hence the development of cancer, offering a potential
therapeutic use in patients with long-standing colitis.

MATERIALS AND METHODS

Animals. Male Sprague-Dawley rats (�6 wk of age) were singly
housed in restricted-access rooms with controlled temperature (23°C)
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and 12-h:12-h light/dark cycle (Southern Veterinary Service, Ponce,
Puerto Rico). Standard laboratory chow was provided ad libitum, and
rats were weighed daily. Protocols were approved by the IACUC at
Ponce School of Medicine.

Induction of colitis and development of dysplasia. Chronic colitis
was induced via prolonged reactivation as described previously (3).
Trinitrobenzene sulfonic acid (TNBS; 0.5 ml of 60 mg/ml in 50%
ethanol; Sigma Aldrich; St. Louis, MO) was administered intracoloni-
cally. Six weeks later, rats were reactivated by intravenous adminis-
tration of 5 mg/kg TNBS in 0.9% saline via a tail vein every 24 h for
3 consecutive days. Colitis-associated dysplasia was induced by
repeating the TNBS twice a week for 10 wk (38). Euthanasia was by
intraperitoneal pentobarbital (�1.5 ml of 65 mg/kg for rats �500 g).
The experiments followed the Guide for the Care and Use of Labo-
ratory Animals [publication no. DHHS (NIH) 86-23].

Probiotic treatment. Animals were randomly assigned to one of
two treatment groups: VSL#3 (n � 23) or control (water, n � 22).
VSL#3 (VSL Pharmaceuticals, Gaithersburg, MD) contains 333 bil-
lion colony-forming units (cfu) of lyophilized bacteria/g, including
eight different strains (Bifidobacterium breve, Bifidobacterium infan-
tis, Bifidobacterium longum, Lactobacillus acidophilus, Lactobacillus
bulgaricus, Lactobacillus casei, Lactobacillus planatarum, and Strep-

tococcus salivarus subspecies thermophilus). VSL#3 was adminis-
tered in drinking water from 1 wk before the initial colitis induction
until death (Fig. 1A) at a dose adjusted to ensure consumption of 5
billion cfu bacteria per 100 g of body weight, based on a daily intake
of 3,600 billion bacteria for an adult human with a mean weight of 70
kg (5).

Assessment of macroscopic injury. Each colon was scored for
macroscopic damage based on a well-defined, four-criteria scoring
system: presence of adhesions (0, 1, or 2 for none, minor or major,
respectively), diarrhea (0 or 1 for absence or presence), colon thick-
ness (in mm), and ulceration (0 for no damage, with increasing scores
up to 10, depending on the extent of ulceration) (38). These variables
were added to give a total macroscopic damage score.

Sample collection. Equal thirds (proximal, mid, and distal) of the
colon were sectioned, and segments were cut longitudinally; �100 mg
from each segment was frozen in liquid nitrogen and stored at �80°C.
The other half from each segment was fixed (10% buffered formalin)
for histology. The Swiss-roll technique was used to assess the entire
colonic tissue (38).

Microscopic damage and pathological assessment. Two blinded
observers scored tissues for microscopic damage including loss of
mucosal architecture (0–3, absent, mild to severe), cellular infiltration

Fig. 1. Pretreatment with VSL#3 decreases
macroscopic damage in colitis-associated
dysplasia. A: experimental design and treat-
ment protocol. B: effect of VSL#3 adminis-
tration on weight change. C: weight change
during first 13 days of treatment. D: macro-
scopic damage (*P � 0.05, n � 22–23/
group � SE). TNBS, trinitrobenzene sul-
fonic acid.
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(0, none; 1, in muscularis mucosae; 2, in lamina propria/villi; 3, in
serosa), muscle thickening (0, muscle �1/2 of mucosal thickness; 1,
muscle � 1/2–3/4 of mucosal thickness; 2, muscle � mucosal
thickness; 3, muscle � mucosal thickness; 4, all muscle), goblet cell
depletion (0, absent; 1; present), and crypt abscess formation (0,
absent; 1, present) (2). The score of each variable was added to give
a total microscopic damage score (maximum of 12), and the average
of the two assessments was calculated. A blinded pathologist classi-
fied tissues as dysplasia negative, dysplasia positive, or carcinoma
(38). Tissues negative for dysplasia were subcategorized as normal
(small nucleus, normal architecture), nonspecific inflammation, or
active colitis/IBD (cryptitis, glandular invasion by neutrophils, crypt
abscesses, microabscesses). Positive dysplasia was characterized by
low-grade dysplasia, including hyperchromasia, increased nuclear/
cytoplasmic ratio, irregular nuclear outline, and increased number of
normal mitosis. High-grade dysplasia also included loss of mucosal
architecture in the crypts. High-grade dysplasia with an increased
number of atypical mitosis were classified as carcinoma (14, 6).

Assessment of cell proliferation. A random subset of animals (6 per
treatment) received bromodeoxyuridine (BrdU; 50 mg ip/kg body wt)
1 h before euthanasia. The distal colon was analyzed by immunohis-
tochemistry for BrdU. Representative crypts extending from the
lumen to the muscularis mucosae were randomly analyzed. Two
blinded observers counted a minimum 1,000 total crypt cells per slide.
The average percentage of crypt cells expressing BrdU per slide was
calculated.

Immunohistochemistry. Formalin-fixed 4-�m tissue sections were
deparaffinized with xylene and then hydrated through descending
grades of ethanol to distilled water. Endogenous peroxidase was
blocked with 3% aqueous hydrogen peroxide for 15 min. Following
antigen retrieval on a hot plate with the appropriate buffer (0.01 M
citrate buffer, pH 6.0, 95–99°C for 40 min), slides were cooled at
room temperature for 20 min, rinsed with distilled water (2 changes,
2 min each), and placed in PBS for 5 min. Slides were dried and
blocked with normal serum for 15 min, followed by overnight incu-
bation with the primary antibody, BrdU (1:50 dilution; Santa Cruz
Biotechnology, Santa Cruz, CA) or vitamin D receptor (VDR; 1:2,000
dilution; Abcam, Cambridge, UK). Super-sensitive link-label immu-
nohistochemistry detection system and liquid diaminobenzidine (Bio-
Genex, Freemont, CA) were used.

TUNEL staining. Fragmented nuclear DNA (apoptosis) was de-
tected by the terminal deoxynucleotidyl transferase dUTP nick-end
labeling (TUNEL) method using a kit (GenScript, Piscataway, NJ) in
4-�m paraffin-embedded sections; 4=,6-diamidino-2-phenylindole
(DAPI) was used as a nuclear counterstain. Fluorescent images were
captured on an Olympus BX51 microscope and analyzed with Image
J software (NIH, Bethesda, MD). TUNEL (�) cells were quantified,
and the percentage of positive cells was calculated from 	10 magni-
fication photomicrographs of proximal colon.

Quantification of VEGF, endostatin, and angiostatin. Proteins were
extracted using lysis buffer and analyzed by Western blots (9).
Lysates (100 �g) were separated (15% SDS-PAGE) and blotted to
polyvinylidene difluoride. Membranes were blocked (Tris/NaCl, 5%
nonfat dry milk) before overnight incubation with primary antibodies:
vascular endothelial growth factor (VEGF, Santa Cruz Biotechnol-
ogy), angiostatin (Abcam), or endostatin (R&D Systems, Minneapo-
lis, MN). Membranes were washed with Tris/NaCl and incubated with
horseradish peroxidase-labeled secondary antibodies. Bands were
detected using ECL-Plus reagent kit (GE Amersham, Piscataway, NJ)
and densitometrically quantified.

Expression of the angiogenic factor, VEGF, was assessed in rat
serum by a Quantikine Rat VEGF solid-phase ELISA (R&D Sys-
tems). The VEGF concentration in the serum samples was extrapo-
lated from a standard curve (R2 � 0.9997). A rat VEGF control
(measured at 220.96 pg/ml) fell within the range specified (184–307
pg/ml).

Quantification of alkaline sphingomyelinase. The levels of alkaline
sphingomyelinase (Alk-SMase) were assessed in rat serum or colon
using a commercially available ELISA (E90801Ra; USCN; Life
Science, Wuhan, China; sensitivity of 0.043 ng/ml). Tissue samples
were homogenized in ice-cold PBS (pH 7.2) and then centrifuged at
5,000 g for 5 min. Duplicate samples were averaged, and Alk-SMase
concentration was extrapolated using standard curves (R2 � 0.9935
and R2 � 0.9998 for serum and tissue, respectively).

Quantification of alkaline phosphatase. Levels of alkaline phos-
phatase were measured in fecal samples (43). In brief, fecal pellets
were collected at euthanasia, frozen in liquid nitrogen, and stored at
�80°C until assay. Fecal samples were homogenized in water (�1
g/ml) and centrifuged. Supernatants were diluted 125, 250, and 500
times in 0.05 M ammediol buffer containing 2 mM MgCl2. Dilutions
were analyzed in duplicate on 96-well plates. Fifty microliters of 10
mg/ml 4-nitrophenyl phosphate disodium salt were added to each
well, and the plate was incubated at 37°C for 30 min. The reaction was
stopped by adding 105 �l 1 N NaOH, and optical densities were
measured at 405 nm. After a blank from each sample was subtracted,
the average activity was calculated from the three dilutions.

T-RFLP analysis and quantification of S. thermophilus and micro-
biota analysis. DNA was extracted from 100 mg of proximal colon
tissue for terminal restriction fragment-length polymorphism (T-
RFLP) analysis (48). The relationships between dysplasia and luminal
(fecal) and proximal colon tissue microbial community structure,
species richness (number of species), and diversity (relative abun-
dance) were investigated using a grading system where normal � 0,
nonspecific inflammation � 1, IBD � 2, low-grade dysplasia � 3,
high-grade dysplasia � 4, and cancer � 5. T-RFLP abundance was
compiled into a Bray Curtis similarity matrix using PRIMER version
6 (Primer-e, Ivybridge, UK), and ANOSIM was used to test for
differences in global microbial community composition between
groups. Quantitative real-time PCR (using the 

Ct method) was
performed on total DNA from fecal and colon samples to quantify the
number of S. thermophilus (48).

Statistical analysis. Values are means � SE, where n represents
one sample from one animal for a single experimental replicate; � �
0.05. Biodiversity was measured by Margalef’s test for richness and
Shannon-Weiner diversity index. Differences in richness or diversity
between groups were assessed by Student’s t-test. Data sets were
tested for normality using D’Agonstino and Pearson omnibus normal-
ity test. Pearson correlation was used to assess linear relationships
between dysplasia score and species richness or diversity. Statistical
analyses were by GraphPad Instat v3.0 and GraphPad Prism v3.0
(GraphPad Software, San Diego, CA).

RESULTS

Probiotic treatment attenuates macroscopic damage. All
animals were observed daily throughout the study for general
appearance and behavior. There were no significant differences
in weight of the animals between the two treatment groups
before induction of colitis (average body wt � 243.27 �
5.08 g).

During the study (�18 wk), all rats gained weight overall
(Fig. 1B). After colitis was initially induced (on day 7), the
water-treated animals lost a significant amount of weight until
recovery by day 13 (P � 0.05; Fig. 1C). Interestingly, the
VSL#3-treated animals did not lose a significant amount of
weight during this time period. In addition, after TNBS was
administered for colitis reactivation, the VSL#3-treated ani-
mals did not show a decrease in weight and gained more
weight during the remainder of the study. All probiotic-treated
animals tolerated the dosing regimen, with no notable differ-
ences observed in the general appearance of the animals or
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occurrence of diarrhea between the two groups. There was no
significant difference in absolute weight of the animals be-
tween the two groups at the time of euthanasia (459.81 � 10.65
vs. 443.00 � 6.67 g for VSL#3 and water, respectively). There
were no differences in the volume of fluid consumed per day
between the groups, and all VSL#3-treated animals consumed
5 billion cfu of bacteria per 100 g of body weight. Successful
administration of the probiotic was confirmed by measuring S.
thermophilus levels in stool and colon mucosal tissue samples
by real-time PCR. S. thermophilus levels in the feces and
colonic mucosa were 64 � 3.63 and 36 � 2.88 times higher,
respectively, in animals that received VSL#3.

Treatment with VSL#3 had no effect on the mortality rate
following the induction of colitis [7 out of 23 (30.4%) animals
who received VSL#3 treatment died vs. 5 out of 22 (22.7%)
animals receiving water]. In both groups, this usually occurred
�1 wk after colitis induction (6.6 � 1.0 days in water-treated
vs. 7.7 � 1.8 days in VSL#3-treated). This is consistent with
the effect of intracolonic TNBS in the acute model of colitis,
where, in some animals, the initial inflammation (characterized
by massive granulocyte infiltration, epithelial destruction, and
transmural necrosis) does not resolve over time, either leading
to intestinal perforation or obstruction of the intestine resulting
in a “mega-colon” appearance with eventual death.

Treatment with VSL#3 significantly decreased the total
macroscopic damage score compared with results in control
animals (P � 0.05; Fig. 1D). Although each individual param-
eter was reduced by VSL#3 treatment, the most significant
change was regarding the presence of adhesions (P � 0.05;
Table 1).

VSL#3 administration decreases microscopic damage. In the
water-treated animals, the amount of microscopic damage
increased going down the colon, with significantly more dam-
age found in the distal than in the proximal region (P � 0.01;
Fig. 2, A, B, and D). A similar pattern was observed in
VSL#3-treated animals, where both the mid and distal regions
had significantly more damage than the proximal region (P �
0.05; Fig. 2, A, C, and E). The total microscopic damage was
significantly lower in all regions of the colon in VSL#3-treated
animals compared with the control group (P � 0.05).

VSL#3 administration prevents development of carcinoma.
Pathological analysis was carried out to identify normal tissue,
inflammation (IBD and nonspecific inflammation), dysplasia,
and carcinoma. On analysis of any region of the colons, neither
group received a normal diagnosis. In VSL#3-treated animals,
81.2% had dysplasia in some region of the colon compared
with 76.5% of vehicle-treated animals. Notably, none of the
VSL#3-treated animals developed cancer in any region of the
colon; however, 29.4% (5/17) of control animals developed
carcinoma (Fig. 3A; Table 2). The most severe pathology found
in any of the VSL#3-treated animals was high-grade dysplasia.
In general, VSL#3 treatment caused a shift toward a less severe
diagnosis in the animals with less IBD but a more nonspecific

inflammation (Table 2). Development of high-grade dysplasia
in VSL#3-treated animals was also limited to the distal region
of the colon.

Species richness and diversity correlate with pathology in
VSL#3-treated animals. In VSL#3-treated animals, there was a
positive correlation between proximal colon dysplasia score
and proximal colon tissue microbial richness (Fig. 4A) or
diversity (Fig. 4B). In these animals, a lower dysplasia score
correlated with lower species richness and diversity in the
tissue microbial community. This correlation was not found in
control animals. Colons were considered neoplastic if they
exhibited low-grade dysplasia, high-grade dysplasia, or cancer
(scores 3–5). We found that colon tissue species richness and
diversity did not differ between rats with neoplastic colons.

Administration of VSL#3 increases VDR expression. Be-
cause low levels of vitamin D and the VDR have been noted in
CRC, VDR expression was examined and was found to be
significantly higher in the proximal and distal colons of
VSL#3-treated animals than in water-treated animals (Fig. 5A).
Regardless of treatment, VDR expression was highest in areas
with a normal diagnosis and lowest in those areas with carci-
noma (P � 0.05) (Fig. 5, B and C).

Probiotic treatment decreased alkaline phosphatase levels.
Proliferation of colon cells was examined by analyzing the
incorporation of BrdU in the distal colon. BrdU incorporation
in water-treated animals was 6.97 � 0.85% (Fig. 6, A and B).
Treatment with VSL#3 reduced crypt cell proliferation by
22%, but this did not reach significance (Fig. 6, A and C).

To assess cell apoptosis, DAPI was used to stain all nuclei
followed by TUNEL-specific staining with merge to calculate
the percentage of apoptotic cells (Fig. 6D). No significant
differences were found in the percentage of apoptotic cells in
the colon mucosa between the treatment groups (3.11 � 0.46%
in water-treated vs. 3.01 � 0.61% in VSL#3-treated animals).

The concentration of Alk-SMase found in the rat serum of
animals treated with VSL#3 was twice that found in the
water-treated animals (0.12 � 0.65 vs. 0.06 � 0.05 ng/ml) but
did not reach significance. Alk-SMase levels in the colon tissue
were similar between the two groups (4.29 � 0.78 for water-
treated vs. 3.67 � 0.65 ng/ml for VSL#3-treated animals).
Fecal alkaline phosphatase levels in VSL#3-treated rats were
�50% of controls (P � 0.057).

VSL#3 increases expression of angiostatin in the colon.
Expression levels of the angiogenic factor, VEGF, and antian-
giogenic factors (angiostatin and endostatin) were measured in
tissue samples taken from the proximal colon of animals with
colitis-associated cancer treated with or without VSL#3. An-
giostatin expression levels were significantly increased in the
VSL#3-treated animals (Fig. 7, P � 0.05; n � 10/group). No
differences were found in the expression of endostatin between
the two treatment groups (1.09 � 0.09 for water-treated vs.
1.03 � 0.13 units for VSL#3-treated animals; n � 14–15).

Table 1. Effect of VSL#3 on macroscopic damage (individual parameters)

Treatment Adhesions Diarrhea Ulceration Thickness Total Score

Water 1.29 � 0.19 0.18 � 0.09 3.53 � 0.46 1.34 � 0.08 6.31 � 0.57
VSL#3 0.56 � 0.16* 0.06 � 0.06 2.88 � 0.34 1.31 � 0.09 4.82 � 0.44*

Values are means � SE. *P � 0.05 vs. water treatment for same parameter.
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VEGF levels in tissue could not be measured because bands
were too faint, even after optimization, regardless of treatment
group. These results were corroborated by measurement of
VEGF in rat serum, which was also minimal, with no differ-
ence between the treatment groups (3.09 � 1.04 in water-
treated vs. 3.18 � 1.33 pg/ml in VSL#3-treated animals; n �
16–17).

DISCUSSION

It is apparent that a link exists between chronic inflammation
and cancer throughout the gastrointestinal system, but it is not
yet clear how the presence of chronic inflammation results in
neoplastic transformation and progression. As outlined earlier,
several lines of evidence support the theory that the use of
probiotics could potentially modify the transition of inflamma-
tion to dysplasia. Proposed mechanisms may include suppres-
sion of the growth of bacteria, which may convert procarcino-
gens to carcinogens, binding to mutagenic compounds, and
modification of gut microflora (reviewed by Rafter 35). It has
recently been demonstrated that administration of VSL#3, a
probiotic preparation with eight different strains of bacteria,

can modify both species richness and the microbial diversity
found within the luminal microbial community (48). Moreover,
damage scores in the TNBS model of chronic inflammation
correlated with changes in species richness and diversity (48).
Our results extend this finding, demonstrating that, in VSL#3-
treated animals, tissue microbial species richness and diversity
correlate with severity of dysplasia. It is possible that reduced
richness and diversity in VSL#3-treated mice are the conse-
quence of either selective expansion of cancer-protective or
reduction of cancer-promoting, mucosal-associated bacteria.
Identification of these mucosal-associated microorganisms will
require 16S deep-sequencing analysis combined with various
bacterial culture techniques. Alternatively, VSL#3 could di-
rectly modulate cancer development through intrinsic biologi-
cal activities associated with these probiotic bacteria.

The VSL#3 probiotic preparation has already been demon-
strated to attenuate intestinal inflammation in various animal
models, including the IL-10 knockout mouse model (27, 36,
41), the DSS-induced colitis model (15), and the SAMP1/YitFc
mouse model of ileitis (31). Two studies conducted on pouch
biopsy samples obtained from patients with pouchitis before

Fig. 2. Effect of VSL#3 on microscopic dam-
age in colitis-associated dysplasia. A: total
microscopic damage score was lower in the
probiotic-treated group within each region of
the colon (*P � 0.05, n � 16–17/group �
SE). Representative histologies from proxi-
mal and distal regions of colon from water-
treated (B and D) and VSL#3-treated (C and
E) animals, respectively; 	40.
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and after VSL#3 treatment showed increased levels of IL-10
and CD4�CD25high and CD4�LAP-positive cells (34, 45).
In subjects with UC, treatment with VSL#3 resulted in a
decreased expression of Toll-like receptor-2 on dendritic cells,
accompanied by an augmented production of IL-10 (30). In
addition, recent multicenter clinical trials on patients with UC
have confirmed previous data about the efficacy of VSL#3 in
pouchitis, demonstrating that this probiotic can successfully
induce remission in both adult and pediatric patients (20, 21,
28, 42, 44).

Our study demonstrates for the first time that pretreatment
with this probiotic preparation not only reduces colonic inflam-
mation but is also able to attenuate the transition from chronic
inflammation to colon cancer in a model of colitis-associated
dysplasia. None of the animals receiving VSL#3 developed
carcinoma, which is in contrast to 30% of water-treated ani-
mals developing carcinoma. Treatment with the probiotic ap-
peared to cause a shift to a less severe diagnosis, with no

high-grade dysplasia found in either the proximal or mid colon
of treated animals.

Some genera of bacteria, such as Clostridium, H. pylori,
and Bacteroides, have been found in association with a
higher incidence of neoplasia, whereas bifidobacteria and
lactobacilli are usually considered to be “protective” against
inflammation and damage. Although results from studies
aimed at assessing the relationship between microbiota and
colon cancer reduction have been difficult to interpret, the
potential role of certain species in protecting the host from
chronic inflammatory processes has been highlighted. In this
context, regarding the observed protective effects of VSL#3
in our model, we can extrapolate several possible hypothetic
mechanisms of action.

One possible mechanism is linked to the presence of a
sphingomyelinase working at an alkaline pH (Alk-SMase) in
the bacterial mix of VSL#3. Alk-SMase is an enzyme present
in the gastrointestinal tract of mammals that catabolizes sph-

Fig. 3. Probiotic-treated animals did not
progress to carcinoma. A: effect of VSL#3
on pathological analysis (*P � 0.05, n �
16–17/group � SE). NSI, nonspecific in-
flammation; IBD, inflammatory bowel dis-
ease; LGD, low-grade dysplasia; HGD, high-
grade dysplasia. B: LGD. C: HGD with car-
cinoma in situ. Atypical mitosis, no goblet
cells, and irregular nuclei are shown; 	40.

Table 2. Effect of VSL#3 on percentage of animals with all pathology diagnosis per region

Treatment Normal NSI IBD LGD HGD Carcinoma

Proximal region
Water 0 5.88 � 5.88 82.35 � 9.53 70.59 � 11.39 23.53 � 10.60 29.41 � 11.39
VSL#3 0 31.25 � 11.97 62.50 � 12.50 50.00 � 12.91 0* 0*

Mid region
Water 0 11.76 � 8.05 82.35 � 9.53 58.82 � 12.30 29.41 � 11.39 0
VSL#3 0 25.00 � 11.18 68.75 � 11.97 31.25 � 11.97 0* 0

Distal region
Water 0 5.88 � 5.88 94.12 � 5.88 52.94 � 12.48 35.29 � 11.95 0
VSL#3 0 18.75 � 10.08 81.25 � 10.08 62.50 � 12.50 37.50 � 12.50 0

Applicable values are means � SE. *P � 0.05 vs. water treatment for same diagnosis within same region of the colon. NSI, nonspecific inflammation; IBD,
inflammatory bowel disease; LGD, low-grade dysplasia; HGD, high-grade dysplasia.
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ingomyelin (11). Its activity can be decreased by 75% in colon
carcinoma tissue compared with adjacent normal mucosa (18,
19). Until now, reduced levels of Alk-SMase have been re-
ported in patients with IBD, colorectal adenomas, familiar
adenomatous polyposis, and colon dysplasia (40). Recently,
Alk-SMase activity in human stool has been proposed as a

prognostic and diagnostic marker of colorectal neoplasia (10).
Our results corroborate previous findings demonstrating that
VSL#3 administration in a mouse model of colitis or in patients
with UC upregulated the mucosal Alk-SMase activity and
significantly ameliorated the histological injury score (41).
Interestingly, substances such as 5-ASA, ursodeoxycholic acid,
and psyllium, which are now generally considered to be can-
didates for colon cancer prophylaxis, are all able to upregulate
the mucosal Alk-SMase activity.

Upregulation of alkaline phosphatase activity has previously
been found in the inflamed intestine (37). Fecal levels of
alkaline phosphatase, an enzyme found in the apical membrane
of enterocytes, were lower in our probiotic-treated animals
than in controls. Damage to the epithelial cell membrane
releases alkaline phosphatase into the fecal material; thus
our results suggest that those animals not receiving the
probiotic may be shedding more alkaline phosphatase,
which is being produced in higher amounts in an attempt to
protect the colon (26).

Interestingly, low levels of vitamin D have been associated
with an elevated risk of CRC. Vitamin D may reduce cell
proliferation while stimulating apoptosis and cell differentia-
tion, suggesting a significant, protective effect (22). The im-
portance of vitamin D and VDR in regulating intestinal muco-
sal barrier integrity has previously been demonstrated (24).
Expression of VDR has recently been shown to be decreased in
patients with dysplasia and colitis-associated CRC, in line with
the results presented here (51). The increased expression of
VDR in our animals receiving VSL#3 suggests the ability of
the bacteria to modulate this receptor, also supporting the
notion that some autoimmune diseases may result from bacte-
ria-induced VDR dysfunction (54).

Another possible mechanism is related to the hypothesis that
VSL#3, by modifying the composition of the gut microflora,
changes the balance between the enzymes of the microbiome,
producing carcinogens and the enzymes converting the prec-
arcinogens into inactive metabolites. Of interest could be the
production of conjugated linoleic acids, a group of isomers of

Fig. 4. Extent of proximal colon dysplasia in VSL#3-fed rats correlates with
proximal colon tissue microbial species richness and diversity. A: colon tissue
Margalef’s richness vs. proximal colon dysplasia score. Pearson’s correlation
for water group, P � 0.992; for VSL#3 group, *P � 0.045. B: colon tissue
Shannon diversity vs. proximal colon dysplasia score. Pearson’s correlation for
water group, P � 0.944; for VSL#3 group, *P � 0.050.

Fig. 5. Administration of the probiotic
VSL#3 increases vitamin D receptor (VDR)
expression. A: VDR expression was higher
in VSL#3-treated animals in all regions of
the colon (*P � 0.05, **P � 0.01, n �
16–17/group � SE). Representative histolo-
gies from mid colon in a water-treated (B)
and a VSL#3-treated (C) animal; 	40. IHC,
immunohistochemistry.
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linoleic acid-possessing anti-inflammatory and anticarcino-
genic properties, as well as a positive influence on the host’s
lipid profile and insulin resistance (52). All strains of VSL#3
have been shown to produce cis-9, trans-11, trans-10, and
cis-12 isomers of conjugated linoleic acids from linoleic acid,
inducing the upregulation of PPAR� in HT-29 cells and re-
ducing cancer cell viability in vitro (12). Such properties of

VSL#3 have been suggested to have roles in attenuating
inflammation and for preventing colon cancer.

Additional information stemming from our study is the role
of this specific preparation when administered in an animal
model of chronic inflammation on angiogenesis. Angiogenesis,
the formation of new blood vessels, contributes to the neoplas-
tic process and plays a role in the pathology of IBD (33).
5-ASA (mesalamine), a drug often used to treat IBD, in
addition to effects of cyclooxygenase and lipoxygenase path-
ways, can alter the balance between angiogenic and antiangio-
genic factors (32, 43). In this study we examined the impact of
modulation of the microflora on levels of the angiogenic factor
VEGF and the antiangiogenic factors endostatin and angiosta-
tin. Angiostatin is an endogenous inhibitor of angiogenesis and
is undergoing clinical trials in anticancer protocols. VEGF is a
substance produced by the cells to stimulate the growth of new
blood cells, and cancers that express VEGF are metastasizing
ones. Interestingly, we found that angiostatin levels in VSL#3-
treated animals were almost fivefold higher than those in the
water-treated group, whereas VEGF levels were comparable
between the different animal groups before and after treatment.
The possibility that this mediator may help limit the further
development of tumor growth in colitis-associated CRC re-
quires further investigation.

In conclusion, the relationship between microbes and CRC,
including colitis-associated CRC, has been increasingly scru-
tinized (16, 49) and the protective role for probiotics debated
(7, 8). The results of the present study demonstrate that
pretreatment with the probiotic VSL#3 can attenuate the de-
velopment of colonic damage and delay the transition to

Fig. 6. Effect of probiotic treatment on crypt
cell proliferation and apoptosis in colitis-
associated cancer model. A: bromodeoxyuri-
dine (BrdU) incorporation in distal colon of
animals treated with water or VSL#3 (n �
6/group). Representative photos from distal
colons of water-treated (B) and VSL#3-
treated (C) animals. D: 4=,6-diamidino-2-
phenylindole (DAPI) and terminal deoxynu-
cleotidyl transferase dUTP nick-end labeling
(TUNEL) staining to assess the percentage
of apoptotic cells showing no difference be-
tween treatment groups.

Fig. 7. Effect of probiotic treatment on expression of angiostatin (50 kDa) in
an animal model of colitis-associated colon cancer. Tissues from proximal
colons of treated animals were ground, and equal amounts of protein (100 �g)
were separated by 15% SDS-PAGE before Western blot analysis. Gels show
representative samples from 4 rats/group. Western blot bands were quantified
by densitometry (*P � 0.05 vs. water, n � 10 rats/group � SE).
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dysplasia and cancer. The minor effects induced by VSL#3
may also be more evident in chronic models of colonic inflam-
mation, and such future studies should be performed. Regard-
less, our outcomes further support the theory that, if chronic
inflammation is the main risk factor for developing CRC in
patients with IBD, suppression of inflammation will decrease
this risk (46). Moreover, our results open the debate about the
role of probiotics in angiogenesis and cancer metastasis and
hint at their potential therapeutic use in patients with long-
standing colitis.
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