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Abstract We review the most recent data generated by
studies in animal models and clinical trials on the role of
probiotics in preventing colorectal cancer and the mecha-
nisms proposed. Reduction of colonic carcinogenesis has
been attributed to controlling colorectal neoplastic progres-
sion via an increased proportion of bacteria with proinflam-
matory characteristics. Studies in humans have examined
the effect of oral administration of yogurt supplemented
with probiotics on intestinal microbiota associated with
colorectal cancer. A significant decrease in these cells was
reported in the probiotic treatment group but not in the milk
control group, implying the potential of probiotics for elim-
inating microbiota associated with colorectal cancer. An
intervention study undertaken in the pouches of patients
with familial adenomatous polyposis showed decreased cell
proliferation and increased detoxification capacity after
treatment with probiotics and sulindac/inulin. This mecha-
nism and others were demonstrated experimentally in ani-
mals using a rat colon cancer model to examine colorectal
tumorigenesis and DNA damage. In the future, with grow-
ing understanding of the human microbiome, probiotics
may serve as chemoprotective agents for the prevention of
colorectal cancer. However, more clinical trials in humans
are needed to assess their protective effect.
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Introduction

Colorectal cancer (CRC) is the third commonest cancer in
men and the second commonest in women worldwide.
There are estimated to be about 608,000 deaths from CRC
annually, accounting for 8 % of all cancer deaths, making
CRC the fourth commonest cause of death from cancer [1,
2]. However its cause is still uncertain. CRC has been
shown to be strongly associated with certain hereditary gene
mutations, but only 3-5 % of CRCs are due to these muta-
tions alone [3, 4]. CRC is a major cause of morbidity and
mortality in Western countries, resulting in a substantial
economic burden to the population due to surgery, chemo-
therapy, and terminal care costs [5]. Intestinal bacteria may
play a significant role in the disease process by producing
possible carcinogens and/or promoters of CRC [6]. Howev-
er, not all intestinal bacteria are deleterious; some are capa-
ble of competitive inhibition of carcinogen and mutagen
formation, alteration of overall metabolism, or absorption
and removal of toxic/mutagenic metabolites [7].

Probiotics are live microorganisms used as dietary sup-
plements that can alter the balance of intestinal microbiota
[8]. Among the colonic bacteria, bifidobacteria and lactoba-
cilli are thought to generate beneficial effects on the human
host [9]. The precise mechanisms by which probiotics in-
hibit CRC may involve multiple pathways, including anti-
inflammatory and immune modulation properties, reduction
of initial cancer cell growth, and a decrease in expression of
toxic enzymes, apoptosis, and modification of the composi-
tion of the intestinal microbiota. In animals, probiotic inges-
tion was shown to prevent carcinogen-induced colonic
cancer models [10]. In humans, a very recent intervention
study [11¢] among patients with familial adenomatous poly-
posis (FAP) with high risk of CRC found that ingestion of
the commercially available probiotic formulation known as
VSL#3 with inulin or with sulindac/inulin decreased (albeit
with no statistical significance) cell proliferation and that
detoxification capacity was increased after treatment with
sulindac or VSL#3/inulin. However, combining both regi-
mens did not generate an additive effect.
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It has been reported that enterotoxigenic Bacteroides
fragilis (ETBF) colonization in humans is associated with
CRC [12-17]. In a recent open, randomized, parallel-group
human study, subjects were requested to ingest yogurt sup-
plemented with a probiotic strain, Bifidobacterium longum
BB536. Milk was given to the control group [18e]. The cell
numbers of ETBF were measured by a quantitative PCR
method. Compared with baseline values, a significant de-
crease in the cell numbers of ETBF was reported in the
probiotic group but not in the milk group. These results
indicate the potential effect of probiotic yogurt in eliminat-
ing ETBF colonization found to be associated with CRC.

Hitherto, the hypothesis that probiotics may prevent CRC
in humans is based mainly on experimental data. Within this
context, it is postulated that the protective effects of pro-
biotics may be due to the mechanisms described in this
review and shown in Table 1.

Inflammatory and Immune Modulatory Mechanisms

Inflammatory bowel diseases, including ulcerative colitis
and Crohn’s disease, have been linked to CRC pathogen-
esis [19]. Marnett [20] suggested that chronic inflamma-
tion is a key predisposing factor of CRC in inflammatory
bowel diseases. A commercially available probiotic for-
mulation known as VSL#3 is composed of four strains of
lactobacilli (Lactobacillus casei, L. plantarum, L. bulgar-
icus, and L. acidophilus), three strains of bifidobacteria
(B. longum, B. breve, and B. infantis), and Streptococcus
thermophilus [21]. The anti-inflammatory properties at-
tributed to VSL#3 have been linked to changes in the
microflora and local immune responses in both humans
and animals [22, 23]. Several animal studies and the use
of CRC cell lines have demonstrated the potential

effectiveness of administering probiotics to prevent neo-
plastic changes [24].

Recently, Appleyard et al. [25] investigated the protective
efficacy of probiotic VSL#3 in a colitis-associated CRC
model. Chronic colitis was induced in rats by administering
trinitrobenzene sulfonic acid. One group received VSL#3 in
their drinking water from 1 week prior to colitis induction
until they were killed. The colons were examined for dam-
age and the presence of dysplasia or cancer. None of the
probiotic-treated rats developed carcinoma and no high-
grade dysplasia was found in either the proximal or the
mid colon. In contrast, 29 % of the rats in the control group
developed carcinoma in one or more regions of the colon. In
this study, Appleyard et al. showed that pretreatment with
probiotic VSL#3 can attenuate various inflammatory-
associated parameters, thus delaying transition to dysplasia
and cancer, and offering support for its potential therapeutic
use in patients with long-standing colitis [26].

Probiotic bacteria produce immunoregulatory metabo-
lites in vitro, such as conjugated linoleic acid (CLA), a
polyunsaturated fatty acid with potent anticarcinogenic
effects. CLA-producing bacterial strains can be found in
VSL#3 [27]. In a very recent study, Bassaganya-Riera et
al. [28¢] investigated the ability of VSL#3 bacteria to mod-
ulate mucosal immune responses and thereby ameliorate
colonic carcinogenesis in mouse models of inflammation-
driven CRC. In mice treated with CLA or VSL#3, adenoma
and adenocarcinoma formation was diminished by both
treatments. VSL#3 increased the messenger RNA (mRNA)
expression of TNF-«, angiostatin, and peroxisome-
proliferator-activated receptor 'y, whereas CLA decreased
cyclooxygenase 2 levels. VSL#3-treated mice had increased
IL-17 expression in mesenteric lymph node (MLN) CD4" T
cells, accumulation of lamina propria regulatory T cells and
CD4" memory T cells. Both CLA and VSL#3 suppressed

Table 1 Suggested mechanisms of probiotics in the prevention of carcinogenesis

Probiotic administered

Mechanism

References

VSL#3*

Lactobacillus acidophilus KFR1342

Inflammatory-associated parameters
attenuated

Intestinal ratio of aberrant crypts to aberrant

Appleyard et al. [25],
Bassaganya-Riera et al. [28¢]

Chang et al. [35]

crypt foci decreased

Bifidobacterium longum and Lactobacillus gasseri
Lactobacillus casei

Lactobacillus acidophilus NCFM
Bifidobacterium longum BB536 in yogurt

Bifidobacterium infantis DSM 15159, Lactobacillus
gasseri DSM 16737, Lactobacillus plantarum DSM
15313, and blueberry husks

Intestinal aberrant crypt foci formation
inhibited

Activity of procarcinogenic liver enzymes
decreased

Apoptosis of tumor cells enhanced

Carcinogenic intestinal microflora modified

Foo et al. [37¢°]
Matuskova et al. [42]

Chen et al. [45]
Odamaki et al. [18e¢]
Hakansson et al. [51e¢]

* A commercially available probiotic formulation composed of four strains of lactobacilli (Lactobacillus casei, L. plantarum, L. bulgaricus, and L.
acidophilus), three strains of bifidobacteria (Bifidobacterium longum, B. breve, and B. infantis), and Streptococcus thermophilus
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colon carcinogenesis, although VSL#3 showed greater anti-
carcinogenic and antiinflammatory activities than CLA.
Mechanistically, CLA modulated expression of cyclooxyge-
nase 2 levels in the colonic mucosa, whereas VSL#3 tar-
geted mucosal CD4" regulatory T cell responses [29].

Familial adenomatous polyposis (FAP) is an inherited
autosomal dominant disease characterized by the progres-
sive development of hundreds to thousands of adenomatous
polyps in the colon, usually appearing during the second or
third decade of life [30]. The treatment of choice to elimi-
nate the risk of CRC in patients with FAP is a surgical
prophylactic (procto) colectomy with an ileorectal anasto-
mosis or ileal pouch anal anastomosis [31].

An intervention study in humans in which both probiotics
and prebiotics were used was recently performed among 17
patients with FAP [11¢]. In this single-center human study on
patients with FAP, a 4-week intervention with (1) sulindac, (2)
inulin/VSL#3, and (3) sulindac/inulin/VSL#3 was performed
in order to define future chemoprevention strategies for treat-
ment of colon adenomas or carcinomas with VSL#3. Prebi-
otics such as inulin are nondigestible carbohydrate
compounds that induce beneficial changes, both in the com-
position and in the activity in the gastrointestinal microflora
[32]. Primary end points were risk parameter cell proliferation
and glutathione S-transferase (GST) detoxification capacity in
the pouch mucosa; secondary end points were the short-chain
fatty acid contents, pH, and cytotoxicity of fecal water. Cell
proliferation was lower after treatment with sulindac or
VSL#3/inulin; the combination of sulindac/inulin/VSL#3
showed the opposite effect. Glutathione S-transferase activity
increased after treatment with sulindac or VSL#3/inulin; the
combination treatment showed the opposite effect.

Nonsignificant decreased cell proliferation and increased
detoxification capacity after treatment with sulindac or
VSL#3/inulin was demonstrated, however, combining both
regimens did not generate an additive effect, even in our
center, which is specialized in hereditary CRC [11¢]. Since
FAP is a rare disorder, the main weakness of this study is the
small number of patients included in a single-center fashion.
More, multicenter studies are needed to confirm these results.

Reduction of Initial Colon Cancer Cell Growth

1,2-Dimethylhydrazine (DMH) [33] induces CRC in rats
and is a valuable tool in investigating the relationship be-
tween aberrant crypt foci and CRC. It is also used to eval-
uate agents with potential chemopreventive properties prior
to preclinical studies [34].

Recently, experimental approaches have employed these
biomarkers to test the effect of probiotics on the early
development of colon cancer. Chang et al. [35] orally ad-
ministered L. acidophilus KFRI342 to F344 rats over a 10-

week period to determine its effect on the growth of patho-
genic bacteria and blood biochemical parameters. In addi-
tion, the effect of this L. acidophilus strain on the early
development of cancer was examined by studying the for-
mation of aberrant crypt foci in rats into which DMH had
been injected. Oral administration of L. acidophilus
KFRI342 inhibited the development of preneoplastic lesions
and lowered the microbiota populations of both Escherichia
coli and aerobic bacteria, which have been associated with
carcinogenesis [36]. Treatment with L. acidophilus
KFRI342 significantly decreased the number of E. coli
bacteria in fecal samples and also decreased the ratio of
the incidence of aberrant crypts to the incidence of aberrant
crypt foci and the number of aberrant crypts in rats that
received a high-fat diet containing the carcinogen and L.
acidophilus KFRI342. The authors found that L. acidophi-
lus demonstrated potential probiotic activity as an inhibitor
of DMH-induced symptoms in live rats. In vivo studies have
also indicated that L. acidophilus from kimchi may be a
suitable probiotic for humans [35].

Foo et al. [37¢¢] recently investigated the possibility of
probiotics modulating immunity and the inhibition of colon
carcinogenesis by evaluating the effect of B. longum and
Lactobacillus gasseri on the development of DMH-induced
colonic precancerous lesions and tumors in 70 male mice.
Their results suggest that dietary consumption of B. longum
and L. gasseri significantly inhibits DMH-induced aberrant
crypt foci formation. Long-term (24-week) dietary con-
sumption of probiotics resulted in a reduction of colon
tumor multiplicity and the size of the tumors. This study
showed that administration of B. longum and L. gasseri
suppressed the rate of colonic mucosa cellular proliferation
by correlating the inhibition of tumor induction with DMH
[37¢¢]. These findings correspond to the earlier model in-
vestigated in 1996 by Pool-Zobel et al. [38], who found that
L. gasseri could inhibit the genotoxic effect of DMH.

Decreasing Expression of Cytochromes P450

Several studies have shown that the intake of probiotics can
influence enzyme activities and can be linked with the risk of
colon carcinogenesis. CYPIAI and CYP2EI are liver
enzymes suspected as CRC risk factors [39, 40], whereas
CYP3A49 is responsible for metabolizing toxins such as pyrro-
lizidine alkaloids [41]. Matuskova et al. [42] dissected sec-
tions of the duodenum, jejunum, ileum, cecum, and colon of
45 male Wistar rats and were able to monitor the expression of
selected cytochromes P450 (CYP) determined by Western
blotting and mRNA level using the real-time PCR method.
In this recent study, the application of L. casei decreased the
expression of the CYP1A1 enzyme in the proximal section of
the jejunum and colon. CYP1Al mRNA levels were
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decreased in the distal section of the jejunum, ileum, and
cecum. Similarly, after L. casei treatment, decreased expres-
sion of cecal CYP2EI mRNA and duodenal CYP3A mRNA
was found. These results show that the L. casei probiotic
might contribute to preventing CRC by decreasing levels of
certain forms of xenobiotic-metabolizing enzymes. In general,
there is a possibility of interactions with concomitantly taken
pharmacotherapeutic agents.

Similar results have also been reported by Matuskova et al.
[43], who employed the live probiotic E. coli Nissle 1917 O6:
K5:H1 (EcN) to test the expression of CYP in rat intestines
daily for 7 days. The rat control group was stressed by oral
application of a saline solution daily for 7 days as well.
Sections of the duodenum, jejunum, ileum, cecum, and colon
were removed from each experimental rat. Changes in the
expression of CYP enzymes along the intestine were found.
CYP1AL1, CYP2B1/2 and CYP2E1 were present mainly in the
duodenum and jejunum, CYP2C6 was expressed mainly in
the cecum and colon, whereas CYP3 A was found throughout
the rat intestine. The results of this in vivo study showed a
significant increase in the expression of CYP3A after the rats
had been treated with E. coli Nissle 1917 06:K5:H1. Howev-
er, human studies are needed to test its effect on the colon.

Enhancing Apoptosis in Colon Tumor Cells

Probiotics may retard colon carcinogenesis by stimulating
tumor cell apoptosis. Apoptosis is an active cellular process
in which individual cells are triggered for self-destruction. It
has been well documented that tumor cell apoptosis blocks
tumor progression [44]. To determine whether probiotics
influence colon carcinogenesis, Chen et al. [45] used a CT-
26 colon carcinoma animal model. The CT-26 cells were N-
nitroso-N-methylurethane-induced murine colon adenocar-
cinoma cells derived from BALB/cByJ mice. CT-26 cells
are ideal for a colon cancer model both in vivo and in vitro
[46, 47]. In this study, mice were preinoculated with the
probiotic L. acidophilus NCFM for 14 days. Subcutaneous
dorsal-flank tumors and segmental orthotopic colon cancers
were implanted into mice using CT-26 murine colon adeno-
carcinoma cells. On day 28 after tumor initiation, the lamina
propria of the colon, MLNSs, and spleen were harvested and
purified for flow cytometry and mRNA analyses. L. acid-
ophilus NCFM preinoculation reduced tumor volume
growth by more than half compared with untreated mice
28 days after tumor implants [45]. Inoculation with L. acid-
ophilus NCFM reduced the severity of colonic carcinogen-
esis caused by CT-26 cells, such as the level of colonic
involvement and structural abnormality of epithelial/crypt
damage. L. acidophilus NCFM enhanced apoptosis of CT-26
cells both in dorsal-flank tumors and in segmental orthotopic
CRC compared with untreated mice [45]. L. acidophilus
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NCFM preinoculation significantly downregulated the
CXCR4 mRNA expressions in the colon, MLNs, and extra-
intestinal tissue compared with untreated mice. These findings
suggest that the probiotic L. acidophilus NCFM may play a
role in attenuating tumor growth during CT-26 cell carcino-
genesis. The downregulated expression of CXCR4 mRNA
and MHC class I, as well as increasing apoptosis in tumor
tissue, indicates that L. acidophilus NCFM may be associated
with modulating the cellular response triggered by colon
carcinogenesis [45].

Modification of Carcinogenic Intestinal Microflora

One of the most important pathways for controlling colo-
rectal neoplastic progression is altered composition of co-
lonic microbiota, with an increased proportion of bacteria
with proinflammatory characteristics. Probiotics are recog-
nized modifiers of the numbers and types of intestinal
microbes and have been reported to reduce CRC experimen-
tally. It has been suggested that ETBF colonization is asso-
ciated with CRC. Toprak et al. [12] isolated fecal ETBF
from 38 % of 56 Turkish patients with CRC and from only
12 % of 40 sex- and age-matched concurrent controls.
Studies at Johns Hopkins University demonstrated that
ETBF secretes a 20-kDa zinc-dependent metalloprotease
toxin (B. fragilis toxin, BFT) that stimulates the prolifera-
tion and migration of human colon cancer cells in vitro [13]
and greatly induces colonic tumors in multiple intestinal
neoplasia mice [14]. BFT is known to bind to colonic
epithelial cells and stimulate E-cadherin cleavage, thus in-
creasing intestinal barrier permeability. BFT has been
reported to induce colon IL-17 via pathways dependent on
STAT3 and T helper type 17 cells in inflammation-induced
cancer. Three isomers of BFT have been identified—BFT-1,
BFT-2, and BFT-3 [15-17]—which differ in their ability to
induce colon IL-17 and promote colon tumors.

Odamaki et al. [18e¢] very recently studied the efficacy of
a probiotic bifidobacterial strain, B. longum BB536, in
yogurt on the cell numbers of ETBF. In this study, fecal
samples from 420 adult volunteers (151 men, 269 women)
were analyzed for ETBF. Thirty-eight subjects were found
to be ETBF carriers (prevalence of approximately 9 %).
Among them, 32 were enrolled in an open, randomized,
parallel-group study for 8 weeks to ingest yogurt supple-
mented with the probiotic strain B. longum BB536 [18e¢].
Milk was given to the control group (milk group). The cell
numbers of ETBF and the dominant species of the B. fragilis
group were measured by a quantitative PCR method. Com-
pared with the baseline values, a significant decrease in the
cell numbers of ETBF at week 8 in the group that received
yogurt supplemented with B. longum BB536 was observed.
However, in the milk group, no decrease was noted [18ee].
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Linear mixed model analysis for longitudinal data revealed a
significant difference in the changes of ETBF cell numbers
between the two groups during the intervention phase.
These results imply that the potential of probiotic yogurt in
eliminating ETBF colonization associated with CRC [18ee].

Recently, Vannucci et al. [48], implied that chronic inflam-
mation in response to adverse bacterial flora promotes a
neoplastic progression, thus causing CRC. It was found that
during inflammation in ulcerative colitis patients, the amount
of different members of the family Enterobacteriaceae and
different Clostridium species increased in parallel with a de-
crease in the amount of bifidobacteria and lactobacilli [49, 50].
This change leads to an imbalance between potentially bene-
ficial and adverse bacteria and can possibly contribute to the
pathogenesis of CRC.

Recently, Hakansson et al. [S1e¢] evaluated the influence
of probiotics on colorectal carcinogenesis and subsequent
liver damage by combining blueberry husks with the pro-
biotics. Colorectal tumors were induced in rats by a cyclic
treatment of dextran sulfate sodium. A mixture of three
probiotic strains (B. infantis DSM 15159, L. gasseri, DSM
16737, and Lactobacillus plantarum DSM 15313) and blue-
berry husks supplemented a basic diet fortified with oats.
Blueberries are rich in phenolics, which have been shown to
inhibit CRC and cell proliferation and induce apoptosis in
vitro [52]. The probiotic mixture decreased the fecal viable
count of Enterobacteriaceae, increased that of lactobacilli,
and mitigated hepatic injuries by decreasing parenchyma
infiltration and the incidence of stasis and translocation.
These results demonstrate a dietary option of combining a
probiotic mixture with blueberry husks in order to delay
colonic carcinogenesis and hepatic injuries in a rat model.

Conclusion

Probiotics have been shown to deactivate genotoxic carci-
nogens, thus preventing DNA damage. Chemopreventive
systems may be stimulated in vivo in colon tissues. Pro-
biotics can inhibit the inflammatory process by enhancing
host immune responses, modifying the intestinal microflora
in the colon, and impacting the gut metabolome. Probiotics
may have antitumor properties through direct antiprolifera-
tive activity on tumor cells. Further experimental studies in
animal models and clinical trials in humans are needed to
quantify the effect and elucidate the mode of action of pro-
biotics in prophylaxis and treatment of CRC.
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