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Abstract The administration of probiotics is a promising ap-
proach to reduce the prevalence of colon cancer, a multifacto-
rial disease, with hereditary factors, as well as environmental
lifestyle-related risk factors. Biogenic polyamines, putrescine,
spermidine, and spermine are small cationic molecules with
great roles in cell proliferation and differentiation as well as
regulation of gene expression. Ornithine decarboxylase is the
first rate-limiting enzyme for polyamine synthesis, and upreg-
ulation of ornithine decarboxylase activity and polyamine me-
tabolism has been associated with abnormal cell proliferation.
This paper is focused on studying the protective role of
Lactobacillus casei ATCC 393 in a chemically induced mouse
model of colon carcinogenesis, directing our attention on ab-
errant crypt foci as preneoplastic markers, and on polyamine
metabolism as a possible key player in carcinogenesis.
BALB/c mice were administered 1,2-dimethylhydrazine
dihydrochloride (DMH) to induce colon cancer (20 mg/kg
body weight, subcutaneous, twice a week for 24 weeks).
L. casei ATCC 393 was given orally (106 CFU, twice a week),
2 weeks before DMH administration. Hematoxylin and eosin
staining, high-performance liquid chromatography, and
Western blotting were used to evaluate aberrant crypt foci,
urinary polyamines, and ornithine decarboxylase expression
in the colon. The experimental data showed that the
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preventive administration of L. casei ATCC 393 may delay
the onset of cancer as it significantly reduced the number of
DMH-induced aberrant crypt foci, the levels of putrescine,
and the expression of ornithine decarboxylase. Hence, this
probiotic strain has a prospective role in protection against
colon carcinogenesis, and its antimutagenic activity may be
associated with the maintenance of polyamine metabolism.
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Introduction

Worldwide, colon cancer (CC) is the third most commonly
diagnosed cancer and one of the most common causes of
cancer-related death in western societies. CC is a multi-step
process, multifactorial disease, with hereditary, diet, and life-
style risk factors [1-3]. A number of therapies are available to
CC patients; however, they present relatively low success rate,
low survival rate, and high level of recurrence [4]. Aberrant
crypt foci (ACF) are the earliest precancerous lesions that
appear during colon carcinogenesis and a relevant biomarker
of the disease [5]; however, CC is often diagnosed in its later
stage, when clinical symptoms become apparent and the suc-
cess rates fall dramatically. Hence, there is an urgent need for
fully efficient therapeutic schemes and prevention therapies of
this disease.

Probiotics are health promoters with great prospective ap-
plications in CC remediation as a prophylactic food additive
or as adjuvant to conventional therapies [3, 6]. The potential
roles and mechanisms of action of probiotics, especially for
CC prevention and treatment, have received considerable at-
tention and have been extensively reviewed [3, 6—13].
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Updated experimental and clinical evidence of the health ben-
efit and therapeutic effectiveness of different species of the
genus Lactobacillus are available [14, 15]; in particular,
Lactobacillus casei is a nonpathogenic probiotic strain com-
mercially available as a health food supplement in several
countries. L. casei Shirota has been largely studied in clinical
trials and experimental models and has demonstrated benefi-
cial effects on the gastro intestinal tract health and the immune
system [16].

L. casei ATCC 393 strain is a key microorganism present in
fermented dairy product and food. It belongs to the generally
recognized as safe (GRAS) list and might be applicable as
potent antitumor agent. It has been shown that this strain ex-
erts antiproliferative effects on several cancer cell lines, in-
cluding the human (HT-29) and mouse (CT26) colon carcino-
ma cell lines [17, 18], and that this effect is related with apo-
ptotic cell death in colon cancer cells [18]. Furthermore, it was
shown that the oral administration of live L. casei 393 inhibits
growth of colon carcinoma in BALB/c mice inoculated sub-
cutaneously with CT26 colon cancer cells. In addition, it has
also been reported that this specific strain is able to adhere to
CT26 and HT29 cells [18] to survive passage through the
digestive system of Wistar rats and reach the colon to which
it transiently adheres [18, 19]. This transient adhesion is im-
portant to influence macrobiotic balance and achieve physio-
logical effects of the probiotic. However, there is too little
experimental evidence of the effect of this strain in vivo, es-
pecially in chemically induced murine model of sporadic CC.

Among the several biochemical alterations in cancer cells,
one of the most consistent is the change in intracellular poly-
amines (PA) content [20-24]. These molecules are small
short-chain aliphatic amines ubiquitously present and with
great functions in many cellular processes, such as cell
growth, cell proliferation, and apoptosis. PA levels are rigor-
ously controlled by complex regulatory mechanisms of syn-
thesis, catabolism, and transport which warranty PA homeo-
stasis in healthy cells; however, PA and their metabolizing
enzymes are also tightly linked to neoplastic proliferation.
PA biosynthesis is controlled by ornithine decarboxylase
(ODC), the first rate-limiting enzyme of PA biosynthetic path-
way. ODC converts ornithine to putrescine which is the pre-
cursor of the higher PA spermidine and spermine. ODC ex-
pression is upregulated in most hyperproliferative cells, thus
rapidly growing cancerous tissues usually contain large
amounts of PA. The central enzyme in the catabolism of PA
is the spermidine-spermine-N-acetyl transferase (SSAT)
which catalyzes the acetylation of SPD and SPM to mono or
diacetylated derivatives. Acetylated PA are in turn substrate
for the polyamine oxidase and degraded to lower PA, recycled
within the cell, or exported to blood and urine where they have
been proposed as diagnostic markers in initial stages of carci-
nogenesis [25, 26]. The cellular levels of SSAT are low in
normal cells but rapidly rise when intracellular PA levels
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increase, thus the catabolic pathway helps in controlling PA
homeostasis. As a consequence of the correlation between
cancer progression and PA content, these molecules are target
in carcinogenesis research and have implications in cancer
prevention and treatment [27].

Several mechanisms could explain the effect of L. casei
against colon carcinogenesis onset. In the present study, we
evaluated the anticarcinogenic effect of L. casei 393 in a
chemically induced mouse model of colon carcinogenesis
and attempted to demonstrate whether such positive effect
was related with PA metabolism. For this purpose, histopath-
ological (ACF count), biochemical (PA levels), and molecular
(ODC protein expression) studies were conducted.

Materials and Methods

Preparation of the Bacterial Strain and Administration
to Mice

Lactobacillus casei 393 was purchased from the American
Type Culture Collection (L. casei ATCC® 393™, USA) and
grown to exponential phase in Lactobacillus Mann-Rogosa-
Sharp (MRS) broth (Becton, Dickinson and Company, USA)
under aerobic conditions at 37 °C [28]. Just before adminis-
tration, bacteria were harvested and suspended for oral admin-
istration in 100 puL of sterile phosphate-buffered saline (PBS),
at 10° CFU per mouse.

Animals

Inbred, female BALB/c mice were used. At the beginning of
the experiment, all animals were 14 to 16 weeks old and
weighed 25 + 2 g. Animal origin, housing, and handling have
been described before [29]. The experimental protocol was
conducted in accordance with the experimental animal local
guidelines of our institution and the government guidelines for
animal studies [30].

Determination of the Lethal Dose 50 of DMH in BALB/c
Mice

1,2-Dimethylhydrazine hydrochloride (DMH, CH3-NH-NH-
CH3) (Sigma-Aldrich, USA) was used as a pre-carcinogen
agent [31]. The lethal dose 50 (LDs() assays consisted of the
subcutaneous administration of mice (n = 5 per concentration)
to increasing concentrations (5070 mg/kg of body weight) of
DMH dissolved in saline solution. Mortality was observed for
96 h. Data were recorded and analyzed using EPA Probit
Software, version 1.5 [32].
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Experimental Groups

The mice were randomly assigned to four experimental
groups (10 mice per group). The healthy control group (HC)
did not receive any treatment throughout the experimental
course. A second control group (LC) received L. casei probi-
otic bacteria only, twice a week (on days 1 and 5), over the
course of 31 weeks. The DMH experimental group was only
treated with DMH (on day 3) for 24 weekly injections, adjust-
ed to the sublethal dose of 20 mg/kg of body weight. The
L. casei preventive group (LCP) was injected with DMH to
induce carcinogenesis as was done for the DMH group, but
also received L. casei bacteria for 31 weeks, starting 2 weeks
before the onset of the DMH treatment.

Identification and Quantification of ACF

After 31 weeks, mice were anesthetized with a lethal dose of
sodium pentobarbital (65 mg/mL), sacrificed and dissected in
order to obtain a segment of the distal colon. The segment was
washed with physiological saline solution and fixed in 10%
buffered formalin (Caledon Laboratories Ltd., Canada) for at
least 24 h and later embedded in a paraffin block (McCormick
Scientific Paraplast, USA). Five-micron thick paraffin slices
were cut in transverse sections and stained according to a
classic hematoxylin-eosin (H&E) protocol [33]. For each co-
lon sample, 1 cm? of H&E-stained colonic mucosa was scored
for ACF under the light microscope. The total number of ACF
is reported.

Determination of Urinary Polyamines

The recollection of urine to determine the dynamic of PA
levels during the full experimental period presents the advan-
tage that it is non-invasive and harmless for the experimental
animal. Urine was collected in sterile conditions at weeks 6,
13, 16, 25, and 31 and stored at —20 °C until analysis. The
sample was deproteinized with a solution containing 5% tri-
chloroacetic acid (TCA, Merck, Germany) and 0.05 N HCl
(Mallinckrodt Baker, Mexico) in a 1:2 v/v proportion,
vortexed, and allowed to stand at room temperature for
20 min. The mix was centrifuged at 9,200xg for 20 min, and
the supernatant was filtered using syringe-driven 0.20-pum fil-
ters (Millex-LG, Millipore Corporation, USA). For high-
performance liquid chromatography (HPLC) analysis of the
main free biogenic PAs, putrescine, spermidine, and spermine,
the ion exchange principle was applied, and post-column de-
rivatization using o-phthalaldehyde (Sigma-Aldrich, USA)
was used. HPLC conditions have been previously described
[34]. A reverse phase C18 column (150 mm x 4.6 mm, Inertsil
ODS-2, with 5 um of particle diameter, Varian GL Sciences
Inc., USA) and a Galaxie Chromatography Data Acquisition

System were used (version 1.9 SP2b, Varian GL Sciences Inc.,
USA). Each sample was analyzed in duplicate.

Western Blot Analysis of ODC Protein

ODC was quantified at week 31 at the end of the experiment.
Colon tissues were homogenized and lysed in RIPA buffer
and a cocktail of proteases and phosphatases inhibitors
(Santa Cruz Biotechnology, USA). Then, protein extracts
were quantified by the micro method of Bradford (Bio-Rad
Laboratories, USA) and used for Western blot analysis.
Twenty micrograms of protein were separated by SDS-
PAGE and transferred onto PVDF membrane (Millipore
Corporation, USA) as described previously [35]. Membranes
were exposed to primary mouse monoclonal anti-ODC anti-
body (diluted 1:30,000) or the primary mouse anti-(3-actin
antibody (diluted 1:16,000) as a control. Horseradish
peroxidase-labeled goat anti-mouse IgG was used as a second-
ary antibody (1:50,000). All antibodies were purchased from
Sigma-Aldrich (St. Louis, MO, USA). For chemilumines-
cence detection, the ECL Prime Western Blotting Detection
Reagents were used (Amersham GE healthcare, UK). In ad-
dition, the X-ray films (Kodak) were scanned and proteins
quantified using the 1D Image Analysis Software 3.5 package
(Eastman Kodak Company, USA). Finally, ODC protein ex-
pression values were normalized to that of (3-actin.

Statistical Analysis

Differences between groups were analyzed by ANOVA with
Bonferroni post-hoc test (two tailed) for parametric data
(ACF, putrescine, ODC), and Kruskal-Wallis and Mann-
Whitney U tests for non-parametric data (spermidine), using
SPSS version 17 software.

Results
Lethal Dose 50 of DMH in BALB/c Mice

The Probit analysis of mortality of female BALB/c mice after
96 h of exposure to different concentrations of DMH revealed
a LDs, of 55 mg/kg of body weight (bw). This data allowed
proceeding with the carcinogenesis induction in these mouse
strain using the sublethal dosage of 20 mg/kg bw/week.

Effect of L. casei ATCC 393 on Aberrant Crypt Foci

Figure 1 shows representative histopathological micropho-
tographs of colonic sections and Fig. 2 presents the ACF
data. A significantly lower number of ACF was found in
the LCP group (23 + 2.5 ACF) compared to the DMH
group which developed abundant ACF (72 + 6.5 ACF)

@ Springer



166

Probiotics & Antimicro. Prot. (2017) 9:163—-171

Fig. 1 Representative views of the histopathology of distal colon tissue
of BALB/c mice at week 31 of experimentation. a Normal architecture of
colonic crypts (A) of healthy control (HC) mice (x40). b Intact
architecture of L. casei ATCC 393 control (LC) mice (x40). ¢ Abundant

(p < 0.01). Moreover, the histopathological microphoto-
graphs of the colonic sections of the DMH group showed
severe inflammatory infiltrates, compared to the other
groups, even though this characteristic was not scored.
As expected, no ACF were found in the HC and LC
groups.

aberrant crypt foci (ACF, 6), which correspond to multiple hyperplasic
lesions, in DMH mice (x40). d and e Combination of normal and
damaged structures in colon tissue of mice from the L. casei ATCC 393
preventive group (LCP) (x40 and x10, respectively)

Effect of L. casei ATCC 393 on Urinary Polyamine Levels

Figure 3a presents the putrescine data at week 6.
Putrescine concentration was significantly higher in the
DMH group (0.3844 nmol/ul) (p < 0.05) compared to
the other groups. Interestingly, the LCP group maintained
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Fig. 2 Effect of L. casei ATCC 393 on the formation of aberrant crypt
foci (number of ACF) in the distal colon tissue of BALB/c mice treated
with DMH and control groups, at week 31 of experimentation. Healthy
control (HC), L. casei ATCC 393 control (LC), DMH (DMH), and
L. casei ATCC 393 preventive (LCP) groups are shown. Data are
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DMH

LCP

presented as means + SE. One-way ANOVA and Bonferroni post hoc
tests were applied to the experimental data. **Indicates statistical
significance (p < 0.01) between experimental groups. NF' indicates that
ACF were not found. For each colon sample, 1 cm? of H&E-stained
colonic mucosa was scored for ACF under a light microscope
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putrescine levels (0.1784 nmol/ul) similar at the healthy
control group (0.1758 nmol/ul). No statistical differences
were found between the HC, LCP, and LC group
(0.1658 nmol/ul).

Remarkably similar results were found at week 31 (Fig. 3b)
as the LCP mice presented significantly lower levels of pu-
trescine (0.1291 nmol/pl) than the DMH group (0.2893 nmol/
ul) (p < 0.05) and maintained no statistical differences in the
level of this PA when compared to the HC (0.1397 nmol/ul),
and LC (0.1314 nmol/ul) groups.

The dynamic of putrescine concentration in urine of
BALB/c mice over the full course of the study is presented
in Fig. 3c. Interestingly, putrescine levels transiently de-
creased in the DMH group at weeks 13, 16, and 25, compared
to weeks 6 and 31, reaching similar values to the HC, LC, and
LCP groups.
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The comparison of urinary spermidine levels (pmol/ul) be-
tween the different groups at varying time is presented in
Table 1. The dynamics of spermidine and putrescine in urine
of DMH mice followed similar patterns. Spermidine concen-
tration significantly increased (p < 0.05) at weeks 6 and 31 in
the DMH group (40.57 + 32.2 and 25.1 + 2.0, respectively)
compared with the HC group (5.49 + 5.48 and 7.83 + 4.35,
respectively) and transiently decreased in the DMH group at
week 16 (11.9 + 1.15) reaching, at this sampling date, similar
values to the other groups (HC, LC, and LCP). The
spermidine levels decreased in the LCP group at weeks 6
and 31 (12.60 + 8.5 and 14.03 + 3.3, respectively) compared
to the DMH group, even though the differences did not reach
significance.

Urinary spermine was not detected in any of our experi-
mental conditions (data not shown).
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Fig. 3 Effect of L. casei ATCC 393 on putrescine urinary levels. a
Putrescine urinary levels at week 6. b Putrescine urinary levels at week
31. ¢ Time-course evaluation of putrescine (nmol/ul) in the urine of
BALB/c mice. Data (nmol/pl) are presented as means + SE (n = 5).
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One-way ANOVA and Bonferroni post hoc test were applied to the

experimental data. *Indicates statistically significant differences
(p < 0.05) between experimental groups

Putrescine nmol/pl
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Effect of L. casei ATCC 393 on ODC Expression

The expression of ODC in colon was evaluated by Western
blotting at the end of the experiment (week 31). Results indi-
cate that the expression of ODC was significantly lower in the
LCP group (1.861 =0.557) (p < 0.05) than in the DMH group
(3.076 = 0.208) which coincides with the dynamic of urinary
putrescine in this same week. No statistical differences were
observed in the expression of ODC between the HC
(1.602£0.344), LC (2.070 £ 0.311), and LCP groups (Fig. 4).

Discussion

In view of the essential role of food in colon carcinogenesis,
the prospect of dietary bacteria to delay its onset is a matter of
great interest. Recent in vitro studies of L. casei 393 have
focused on its antiproliferative and pro-apoptotic effects on
several cancer cell lines [17, 18, 36-38] and on colonic tumor
size reduction [18]. The present research used a DMH-
induced mouse model for the study of the protective effect
of L. casei 393 against carcinogenesis and focused attention
on PA metabolism as a possible key player and on ACF as
preneoplastic markers.

In the liver of mice, DMH is metabolized to azoxymethane
and then to methylazoxymethanol, which leads to methyl car-
bonium ion, believed to be the ultimate carcinogen which
binds stem cells DNA in the epithelium of the distal colon
of murine models [39]. ACF are precursor lesions of colon
cancer both in rodents and in humans. These preneoplastic
lesions may progress to early adenoma, advanced adenoma
and, finally, malignant neoplastic injuries [5, 31, 39]. In later
stages adenomas can appear in the rectal area as observed in
our laboratory in a preliminary experiment that lasted 40
weeks.

ACEF counts have been used as biomarkers of carcinogen-
esis in animal studies aimed at the identification of colon
carcinogens and putative chemopreventive or anticancer

agents. In this context, we showed here for the first time that
the preventive ingestion of L. casei 393 was efficient in de-
creasing the number of ACF in BALB/c mice at week 31 of
experimentation even in the continuous presence of DMH
and, hence, significantly delay the initial stages of colon car-
cinogenesis. This experimental data complements previous
findings reporting that other probiotic strains have beneficial
effects, reducing precancerous lesions against chemically in-
duced models of carcinogenesis [23, 40, 41].

Several mechanisms by which probiotics may act in a pos-
itive fashion against neoplastic transformation have been de-
scribed. In particular, the transient adherence of L. casei 393 to
the colonic epithelial cells may preserve the epithelial barrier
and thereby reduce the binding and contact time of epithelial
cells with the carcinogen and its metabolites; otherwise, the
probiotic may bind to the mutagen, favor its early degradation,
avoid its entrance to the cell, DNA damage and succeeding
mutations [19, 42—44]. Moreover, as described for other
probiotics, L. casei may increase the production of short-
chain fatty acids such as butyrate, found to play an important
role in decreasing proliferation and inducing apoptosis of
damaged cells [3, 44, 45].

Some of the abovementioned mechanisms may also in-
volve PA synthetic and catabolic pathways. Mutations of
genes involved in the regulation of cell cycle identified in
CC epithelial cells, include the deactivation of the tumor sup-
pressor gene Apc (adenomatous polyposis coli) and the muta-
tional activation in the oncogen K-ras [46]. Several notable
genetic mutations in Apc and K-Ras have been described with-
in the colonic crypts of CC patients [5]. Apc and K-Ras gen
products are important factors for cell cycle, involved in can-
cer progression and growth through PA metabolism. The in-
hibition of Apc is related with an increase in ODC activity and
PA biosynthesis, meanwhile the activation of K-Ras down-
regulates the expression of SSAT [47-50].

Our experimental data showed that the exposure to DMH
exacerbated putrescine and spermidine synthesis but the pre-
ventive administration of L. casei 393 was able to maintain PA

Table 1 Comparison of

spermidine levels (pmol/pl) in the Sampling week HC LC DMH LCP

urine of BALB/c mice from the

different groups at weeks 6, 16, 6 5.49 +5.48 13.36 £ 2.35 40.57 + 32.2* 12.60 + 8.5

and 31 of experimentation 16 1535 £ 9.47 1833 £ 6.8 119 +1.15 939+19
31 7.83 £4.35 16.36 = 3.6 25.1 £ 2.0% 14.03 £ 3.3

Experimental data are given as median + SE (n=5)
HC healthy control, LC Lactobacillus casei control, DMH DMH-only control group, LCP L. casei preventive

group

*Indicates statistical differences p < 0.05 compared with HC group according to Mann-Whitney U test
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Fig. 4 Effect of L. casei ATCC 393 on ODC expression in distal colon
tissue of BALB/c mice. a Representative blots of each study group. The
specific bands for ODC (53 KDa) and f3-actin (43 KDa) can be observed.
[3-actin was used as a constitutive protein. b Graphic representation of
ODC expression normalized against (3-actin. Healthy control (HC),

metabolism at levels of the control group even in presence of
DMH. These data match a previous report that the consump-
tion of Bifidobacterium longum decreases ODC activity and
PAs content in colon tumors [51] and provide further experi-
mental evidence that probiotics can actually modulate PA con-
tent in colon cells. In view of the time-course evaluation of
putrescine in the group of mice exposed to DMH for 24 weeks,
we hypothesize that colonic epithelial cells exposed to DMH
may have suffered early mutations in the Apc gene which lead
to the upregulation of Odc gene expression and exacerbated
synthesis of putrescine. These mutated cells would still be able
to recuperate PA homeostasis through upregulation of SSAT
as observed during intermediate weeks of experimentation.
However, the constant exposure to the carcinogen may have
induced an activating mutation in K-Ras and the consequent
loss of the PA catabolic pathway, as indicated by the high
levels of putrescine and ODC in the DMH group at the end
of the experimental period. This would explain the increased
number of ACF in colon of DMH-treated mice. By opposite,
our results from mice that received L. casei in a preventive
way indicate that the protective effect of L. casei against car-
cinogenesis may result, at least in part, from the prevention of
mutations in Apc and K-Ras, among other important cell cycle
genes, which hence allowed the maintenance of PA homeo-
stasis and the control of cell proliferation within the colonic
crypts.

Among the several mechanisms by which probiotics may
act in a positive fashion against neoplastic transformation, we

ODC protein relative expression
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L. casei ATCC 393 control (LC), DMH (DMH), and L. casei ATCC
393 preventive (LCP) groups are shown. One-way ANOVA and
Bonferroni multiple range tests were applied to the experimental data,
which are expressed as means + SE. *Indicates statistically significant
differences (p < 0.05) between experimental groups

cannot rule out that probiotic strains, modulate the intestinal
microbiota as antagonist of pathogens, participate in epigenet-
ic changes, and also affect the innate and acquired immune
systems of the host. Further studies of the role of L. casei 393
on BALB/c mice immune response are being undertaken.

Conclusion

In conclusion, the preventive ingestion of L. casei ATCC 393
could have a protective role against colon carcinogenesis, as it
decreased the formation of precancerous lesions. The results
of the evaluation of colonic ODC and urinary putrescine and
spermidine provide us with evidence that the anticarcinogenic
property of this probiotic strain involves the maintenance of
PA homeostasis within colon epithelial cells, probably
through antimutagenic activity.
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