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Background and aim: Gut microbiota is considered as a complex organ of human body. The interaction
between the host and microbiota is dynamic and controlled by a huge number of factors, such as lifestyle,
geography, pharmaceuticals, diet, and stress. The breakdown of this relationship could change micro-
biota composition favoring the onset of several diseases, including cancer. Metabolites released by
microbiota bacterial strains have been reported to elicit protective effects on the mucosa that could
contrast cancer development and progression. Here, we tested the ability of specific probiotic strain
Lactiplantibacillus plantarum OC01-derived metabolites (NCIMB 30624) to contrast the malignant fea-
tures of colorectal cancer (CRC) cells.
Experimental procedure: The study was performed on two cell lines, HCT116 and HT29, cultured in 2D
and 3D, and focused on the hallmarks of cell proliferation and migration.
Results and conclusion: Probiotic metabolites reduced cell proliferation both in 2D and 3D-spheroid
cultures, the latter model mimicking the growth in vivo. The bacterial metabolites also contrasted the
pro-growth and pro-migratory activity of inteurleukin-6 (IL-6), an inflammatory cytokine abundantly
found in the tumor microenvironment of CRC. These effects were associated with inhibition of the ERK
and of the mTOR/p70S6k pathways and with the inhibition of the E�to N-Cadherin switch. In a parallel
study, we found that sodium butyrate (a representative of the main probiotic metabolites) induced
autophagy and b-Catenin degradation, which is consistent with the growth inhibitory activity. The
present data indicate that the metabolites of Lactiplantibacillus plantarum OC01 (NCIMB 30624) elicits
anti-tumor effect and support its possible inclusion as adjuvant therapy of CRC for limiting cancer growth
and progression.
© 2023 Center for Food and Biomolecules, National Taiwan University. Production and hosting by Elsevier
Taiwan LLC. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/

licenses/by-nc-nd/4.0/).
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1. Introduction

Intestinal microbes, represented by bacteria, virus, and fungi,
create a tight crosstalk with the host, regulating health, physiology,
metabolism, immune system, and preventing pathogens coloniza-
tion. The gut microbiota plays an essential role in maintaining in-
testinal function and homeostasis.1 As a result of fiber
fermentation, commensal bacteria, being Bacteroidetes and Firmi-
cutes the predominant phyla, produce short chain fatty acids
(SCFAs), with butyrate being the most relevant one, that are
exploited by intestinal colonocytes as energy source for gut cell
proliferation and differentiation.2,3
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Pathogenic changes in the function and composition of gut
microbiota, defined as dysbiosis, are associated with several dis-
eases, including chronic inflammation of the intestine and colo-
rectal cancer (CRC).4e6 CRC is one of the most prevalent and deadly
cancer worldwide. Protocol management of CRC patients at early
stages includes surgery resection followed by chemotherapy (e.g.,
5-fluorouracil and leucovorin in combination with oxaliplatin or
irinotecan), and target therapy with monoclonal antibodies or
peptides targeting VEGF or EGFR.7,8 Unfortunately, the effectiveness
of current anticancer treatment is limited because of the presence
of diffused metastases at diagnosis.9,10 Clinical and experimental
evidence underscores the role of the inflammatory tumor micro-
environment in the development and progression of CRC.11 In this
context, IL-6 released by cancer cells and stromal cells (mainly
cancer-associated fibroblasts) is considered the main culprit.
In vitro, IL-6 was shown to promote anchorage-independent
growth and migration of CRC cells.12 Consistently, the serum
levels of IL-6 were found much higher in CRC patients than in
healthy controls, and were associated with increased tumor growth
and aggressiveness, metastases, and bad clinical outcome.13e15

In this context, it has been shown that a reciprocal influence
exists between the intestinal inflammatory status and the micro-
biota that eventually impacts on CRC development and
progression.16

Probiotics and their metabolites positively affect the composi-
tion of gut microbiota (qualitatively and quantitatively), and also
modulate metabolic activity, by enhancing the integrity of intesti-
nal epithelial barrier, increasing the accumulation of antioxidants
and anti-carcinogenic metabolites against CRC, reducing intestinal
inflammation state (e.g., IL-6, IL-8, TNF-a), and protecting from
carcinogenesis.17e19

Here, we tested the efficacy of cell-free Lactiplantibacillus plan-
tarum OC01 (NCIMB 30624) supernatant in suppressing the growth
and migration of CRC cells induced by IL-6 in two human CRC cell
lines (namely HCT116 and HT-29) differing for their genetic back-
ground and propensity to grow and to migrate. We found that
probiotic metabolites contrast the growth of CRC cells cultured as
2D or 3D spheroids as well as their migration and invasion through
the transwell. In a parallel study conducted in HCT116 cells (which
bear a mutation in b-Catenin gene), we found that butyrate, a SCFA
released by probiotic strain, induced the autophagy-mediated
degradation of b-Catenin, thus preventing the transcription of
genes necessary for cell cycle progression. Of note, this probiotic
strain contrasted the pro-growth and pro-migratory effects of IL-6,
thus supporting the view that supplementation of certain gut
probiotic strains may represent a potential strategy as adjuvant
therapeutics to limit cancer malignancy.

2. Materials and methods

2.1. Cell culture

Human colorectal cancer cell lines HCT116 (CCL-247™) and
HT29 (HTB-38™) with different genetic background (Table 1) were
purchased from the American Type Culture Collection (ATCC)
(Manassas, Virginia, USA). The cell lines were cultured in Dulbecco's
Table 1
Mutational status of relevant oncogenes and tumor suppressor genes in colorectal c
affected adult male. HT29 was isolated from a primary tumor obtained from a white, f
CTNNB1, b-Catenin gene).

KRAS TP53

HCT116 G13D (Missense) Wild-type
HT29 Wild-type R273H
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Modified Eagle Medium (DMEM, cod. D5671; Sigma-Aldrich, St.
Louis, MO), supplemented with 10% heat-inactivated fetal bovine
serum (FBS, cod. ECS0180L; Euroclone, Milan, Italy), 1% glutamine
(cod. G7513; Sigma-Aldrich, St. Louis, MO, USA), and 1% penicillin/
streptomycin (PES, cod. P0781; Sigma-Aldrich, St. Louis, MO, USA).
Human fibroblasts were cultured in RPMI-1640 (cod. R8758;
Sigma-Aldrich, St. Louis, MO, USA) supplemented as described
above. All the cell lines were cultured under standard conditions
(37 �C, 95 v/v% air: 5 v/v% CO2).

2.2. Probiotic formulation and treatments

Lactiplantibacillus plantarum OC01 (NCIMB 30624) from the
Probiotical SpA collection has been used in the present study; the
probiotic strainwas stored in 20% glycerol at�80 �C. More than 90%
of the cells were alive upon thawing. Before use, microorganisms
were grown in anaerobic conditions with CO2-generating kits
(Anaerocult A; Merck, Darmstadt, Germany) overnight at 37 �C in
de Man-Rogosa-Sharpe (MRS) broth containing 0.05% cysteine
hydrochloride, and then sub-cultured over the mid-log phase. For
the enumeration of live bacteria, the BD Cell Viability Kit (BD Bio-
sciences, Milan, Italy) was used as instructed by the manufacturer.

For stimulation experiments, eukaryotic cell cultures were
exposed to the supernatants of overgrown probiotic strain of in-
terest. Cell-free supernatant of OC01 contained all the catabolic and
anabolic products released by 10 billion viable probiotic cells dur-
ing overnight overgrowth, and it was used after filtrationwith a 0.2
mm filter-syringe to remove all viable cells.

Cell cultures were supplemented with different doses (10 ml,
100 ml, and 200 ml) of the cell-free supernatant of OC01 in 1 ml of
final volume of DMEMmedium. The 10 ml dose was shown effective
and non-toxic and was used throughout all the experiments. Un-
treated cells were exposed to DMEM culture medium. The control
MRS broth at 10 ml/ml in DMEM was ineffective.

Additional treatments included 50 ng/ml IL-6 (cod. 11340066;
Immunotools, Friesoythe, Germany) and 1 mM sodium butyrate
(NaB, cod. B5887; Sigma-Aldrich, St. Louis, MO, USA), dissolved in
sterile water.

2.3. Cell counting and cell cycle analysis

Cells were plated in p35 Petri dishes at the density of
50,000 cell/cm2. The following day, cells were counted (time 0) and
then treated as indicated for 24, 48, and 72 h. At the end of each
experimental time-point, cells were trypsinized and collected, and
cell suspension was diluted 1:1 with Trypan Blue (cod. T8154;
Sigma-Aldrich, St. Louis, MO, USA). Cell counting was performed in
triplicates for each experimental condition. For cell cycle analysis,
cells were fixed in 70% ice-cold ethanol and stored at�20 �C. Before
starting the cytofluorimetric analysis, RNAse (50 mg/ml) was added
to cells for 30 min at 37 �C. Cells were stained with propidium io-
dide (PI, 50 mg/ml; cod. P4170; Sigma-Aldrich, St. Louis, MO, USA)
and acquired by using FacScan flow cytometer (FACSCalibur, Becton
Dickinson, Eysins, Switzerland). The processing of the data ob-
tained was performed using the free tool Flowing Software 2.5.1
(Turku Center for Biotechnology, University of Turku, Finland).
ancer cell lines. HCT116 were isolated from the large intestine of colorectal cancer-
emale patient with colorectal adenocarcinoma (APC, Adenomatous Polyposis Coli;

APC CTNNB1

Wild-type S45del
E853*(Nonsense): T1556Nfs*3(Insertion-Frameshift) NA
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2.4. Antibodies

The following primary antibodies (at the dilution indicated)
were used for either immunofluorescence or Western blotting:
mouse anti-p21 (1:100, cod. B1313; Santa Cruz, Biotechnology,
Dallas, TX, USA); rabbit anti-Ki67 (1:100, cod. HPA001164; Sigma-
Aldrich, St. Louis, MO, USA); rabbit anti-phospho-ERK1/2 (Thr202/
Tyr204, Thr185/Tyr187) (1:500, cod. 05e797R; Millipore, Burling-
ton, MA, USA); mouse anti-ERK1/2 (1:500, cod. 05e1152; Millipore,
Burlington, MA, USA); rabbit anti-phospho-S6 (Ser235/236) (1:500,
cod. 4856; Cell Signaling, Danvers, MA, USA); rabbit anti-S6 (1:500,
cod. 2217; Cell Signaling, Danvers, MA, USA); mouse anti-N-Cad-
herin (1:50, cod. 610920; BD Biosciences, Franklin Lakes, NJ);
mouse anti-E-Cadherin (1:50, cod. 610404; BD Biosciences,
Franklin Lakes, NJ); rabbit anti-LC3 (1:1000, cod. L7543; Sigma-
Aldrich, St. Louis, MO, USA); mouse anti-LAMP1 (1:1000, cod.
555798; BD, Biosciences, Franklin Lakes, NJ); rabbit anti- b-Catenin
(1:500, cod. PA5-77934; Invitrogen, Paisley, UK); mouse anti-b-
Actin (1:2000, cod. A5441; Sigma-Aldrich, St. Louis, MO, USA);
mouse anti-b-Tubulin (1:1000, cod. T5326; Sigma-Aldrich, St. Louis,
MO, USA); rabbit anti-GAPDH (1:1000, cod. G9545; Sigma-Aldrich,
St. Louis, MO, USA).

2.5. Immunofluorescence

Cells were seeded onto sterile coverslips at the density of 25,000
- 30,000 cells/cm2, left to adhere, and treated as reported. At the
end of the experiment, the coverslips were fixed within ice-cold
methanol, permeabilized with 0.2% Triton-PBS, and incubated
overnight at 4 �C with specific primary antibodies dissolved in 0.1%
Triton-PBS þ10% FBS. The following day, coverslips were incubated
for 1 h at room temperature with secondary antibodies (diluted in
0.1% Triton-PBS þ 10% FBS), followed by AlexaFluor488-conjugated
goat-anti rabbit IgG (1:000, cod. A32731; Invitrogen, Paisley, UK) or
AlexaFluor555-conjugated goat-anti mouse IgG (1:1000, cod.
A32727; Invitrogen, Paisley, UK), as appropriate. Nuclei were
stained with UV fluorescent dye DAPI (40,6-diamidino-2-
phenylindole). Coverslips were mounted onto glass using Slow-
Fade reagent (cod. S36936; Life Technologies, Paisley, UK) and
imaged with a fluorescence microscope (Leica Microsystems
DMI6000; Wetzlar, Germany). Fluorescence intensity was
measured using the ImageJ software.

2.6. 3D-spheroid forming assay

3D spheroids were obtained by culturing the cells in non-
adherent conditions using polyhema-covered plates.20 Poly(2-
hydroxyethylmethacrylate) or polyhema (cod. P3932; Sigma-
Aldrich, St. Louis, MO, USA) was dissolved in 95% ethanol and left
under rotation overnight at 50 �C. The stock solutionwas diluted in
ethanol to obtain a working solution of 120 mg/ml. P35 Petri dishes
were coated with this solution and left to completely dry under the
biological hood, and then stored at room temperature until use.
Cells were seeded at the density of 500,000 (for homogenates) or
250,000 cells (for immunofluorescence) per plate and treated ac-
cording to the experimental conditions. The growth of spheroids
was monitored by taking pictures at phase contrast microscope
(Zeiss, Oberkochen, Germany; AXIOVERT 40CFL, magnification 5� )
at each time point. The quantification of the dimension of the
spheroids was performed with ImageJ software 1.51 (National In-
stitutes of Health, MD, USA).

To assess cell proliferation in 3D spheroids, we employed the
plasma membrane staining with a vital fluorescent dye that un-
dergoes dilution along with cell division.20 Cell lines were stained
with 1 mM DiD (cod. V22887; Life Technologies, Paisley, UK) in
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serum-free medium at 37 �C for 30 min, then dissolved in complete
medium, plated as described above for 3D spheroids and treated as
indicated. At day 0 and day 7 the spheroids were cytospotted on
glass slides. The intensity of DiD retention was immediately ac-
quired at the fluorescence microscope (Leica Microsystems, Wet-
zlar, Germany; DMI6000) and then quantified with the software
ImageJ. Three-dimensional immunofluorescencewas performed on
spheroids cytospotted on glass slides at day 7. Spheroids were fixed
in methanol, permeabilized for 30 min in 0.5% Triton-PBS, and
processed as described previously.21

2.7. Western blotting analysis

Cells were seeded in Petri dishes at the density of
35,000e40,000 cells/cm2 and treated as indicatedwhen confluence
reached approximately 80%. Cell homogenates were prepared by
freeze-thawing and ultrasonication in RIPA lysis buffer containing
protease inhibitors as described in Ref. 21. The blots were detected
using enhanced chemiluminescence reagents (ECL, cod.
NEL105001EA; PerkinElmer, Waltham, MA) and developed with
the ChemiDoc XRS instrument (BioRad, Hercules, CA, USA). In-
tensity of the bands was estimated by densitometry using Image
Lab 6.0 (BioRad, Hercules, CA, USA).

2.8. Wound healing migration assay

Cells were seeded in p35 Petri dishes at the density of
60,000e50,000 cells/cm2 and cultured until confluence. The cell
monolayer was scratched with a sterile yellow pipette tip to pro-
duce a straight line and the debris washed out with PBS.22 To
prevent starvation-induced autophagy, medium and treatments
were renovated every 24 h. The open gap was photographed with a
camera at phase contrast microscope (magnification 5X, Zeiss
AXIOVERT 40CFL, Zeiss, Oberkochen, Germany) at the indicated
times. The rate of healing was estimated by ImageJ software based
on the area free of cells as previously reported.22 Data are calculated
for three different fields per each condition.

2.9. Transwell migration assay

Cells were seeded in Petri dishes at the density of 50,000 cells/
cm2 and cultured until reaching 80% of confluence. Medium and
treatments were renewed every day. After 48 h of culture, cells
were trypsinized, collected, and counted. An aliquot of 50,000 cells
per experimental condition was resuspended in serum-free me-
dium supplemented as indicated per the treatment and plated in
uncoated inserts (Transwell® Permeable Supports, Polycarbonate
(PC) Membrane; 6.5 mm Insert; 8.0 mm pore size Polycarbonate
Membrane; cod. 3422, Corning Incorporated Costar, NY, USA). Each
insert was placed in a 24-well plate containing complete media and
the plate was placed in the incubator. After 24 h of incubation, a
different fraction of each cell population had migrated through the
porous membrane to the underside of the inserts. The migrated
cells were washed in PBS, fixed in methanol for 30 min to allow cell
fixation, washed in PBS, and then stained for 1 h with eosin-
hematoxylin solution (cod. 05-M06002; Bio-Optica, Milan, Italy).
The inserts werewashed in PBS and let dry for at least 1 day. Inserts
were cut and mounted onto slides using Biomount reagent (cod.
05-BMHM100, Bio-Optica, Milan, Italy) and photographed in
random fields at bright-field microscope (magnification 20X;
Panoramic Midi, Sysmex, Bornbarch, Germany).21 The amount of
migrated cells (as mirrored by the staining intensity) was estimated
by ImageJ software. Data are calculated as average of different fields
per each condition.
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Fig. 1. Cell-free OC01 supernatant reduces colorectal cancer (CRC) cell proliferation. HCT116 and HT29 cell lines were plated and treated with cell-free OC01 supernatant.
Medium was replaced, and treatment re-added at 24 h. A) Cell counting was performed up to 72-h treatment in triplicates per each experimental condition. The graph represents
the average ± SD (significance was considered as follow: ****p < 0.0001; ***p < 0.001; **p < 0.01). B) The panel reports the cytofluorimetric analysis of the cell cycle performed at
48-h treatment in triplicates per each experimental condition and quantified by using FacScan flow cytometer. The area under each peak shows a different fraction of cell population
in the respective cell cycle phase. C) After 48-h treatment, coverslips were fixed and stained for the double-staining immunofluorescence p21/Ki67, respectively labelled in red and
green. Nuclei were stained with DAPI. Data are representative of different fields per each condition. The cells were photographed under the fluorescence microscopy (Scale
bar ¼ 7 mm; magnification ¼ 63 � ).
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2.10. Statistical analysis

All data refer to at least three separate experiments. Data in
histograms are shown as average ± S.D. Statistical analysis was
performed with GraphPad Prism 5.0 software. Bonferroni's multi-
ple comparison test after one-way ANOVA analysis (unpaired, two-
tailed) were employed. Significance was considered as follow:
****p < 0.0001; ***p < 0.001; **p < 0.01; *p < 0.05.

3. Results

3.1. Dose-dependent cell toxicity of cell-free Lactiplantibacillus
plantarum OC01 supernatant

First, we determined the minimal dose of the cell-free OC01
supernatant that could contrast the malignant phenotype of colo-
rectal cancer (CRC) with no cytotoxicity. Since fibroblasts represent
the main stromal normal cellular component of the tumor micro-
environment, we first evaluated the potential toxicity of cell-free
OC01 supernatant at three different doses, namely 10 ml, 100 ml,
and 200 ml, in normal human fibroblasts. Cells were labelled with
propidium iodide, which detects necrotic cells, and Cell Tracker
Blue, for monitoring functional mitochondrial activity (i.e., healthy
cells). Human fibroblasts showed a dose dependent reduction in
cell viability. The highest dose of cell-free OC01 supernatant
(200 ml) induced cell death as early as 24 h-treatment, demon-
strated by the increase of propidium iodide positive necrotic cells.
The toxicity of this dose was further confirmed by the decreased
intensity of Cell Tracker fluorescence (data not shown).

Next, we tested the toxicity of cell-free OC01 supernatant in two
human CRC, HCT116 and HT29 cells, representative of CRC with
different alterations in the main oncogenes and tumor suppressor
genes. Essentially, focusing on the driver mutations of CRC,
HCT116 cells express wild-type TP53 and APC (Adenomatous Pol-
yposis Coli gene), and mutated KRAS and CTNNB1 (b-Catenin gene),
while HT29 cells express mutated TP53 and APC, and wild-type
KRAS, while no alterations in b-Catenin sequence are reported in
this cell line.

The cells were exposed for 72 h to 10 ml and 100 ml of OC01,
which were not toxic for normal fibroblasts. Data showed no sig-
nificant differences in cell viability, demonstrated by the propidium
iodide and Cell Tracker, indicating no toxicity (data not shown).

3.2. Cell-free OC01 supernatant suppresses colorectal cancer cell
growth

In agreement with previous results, cell counting of viable fi-
broblasts and CRC cells exposed to 10 ml and 100 ml doses of OC01
showed that cell death was negligible while strongly inhibiting cell
proliferation. We observed that 100 ml of cell-free OC01 superna-
tant decreased the proliferation of both fibroblasts and CRC cells
(data not shown), whereas 10 ml reduced the proliferation only in
HCT116 and HT29 cell lines (Fig.1A) without affecting fibroblast cell
growth (data not shown). Thus, the latter concentrationwas chosen
for the following experiments.

The flow cytometric analysis revealed that the proportion of
HCT116 and HT29 cells in G0/G1phase increased on exposure to
197
cell-free OC01 supernatant, while that in the S and G2/M phases
decreased, suggesting a slow transition in cell cycle phases (Fig. 1B).

These data were supported by the immunofluorescence assay
for the proliferation markers. The double-staining showed that the
exposure to 10 ml of cell-free OC01 supernatant both in HCT116 and
HT29 cell lines reduced the expression of Ki67, a proliferative nu-
clear marker, while it promoted the expression of p21waf/Cip1, the
cyclin-dependent kinase inhibitor that prevents entering the S
phase of the cell cycle (Fig. 1C).

3.3. Cell-free OC01 supernatant limits CRC spheroid growth
suppressing the stimulatory effect of IL-6

To evaluate cancer proliferation in a culture system that better
recapitulates the in vivo structure of the tumor, we tested the ef-
ficacy of the cell-free OC01 supernatant by monitoring the growth
for up 7 days in a 3D-spheroid forming assay. To partially mimic the
inflammatory tumor microenvironment of CRC,13 we treated the
spheroids with IL-6 (one of the most abundant cytokines released
by cancer-associated fibroblasts), in the presence or not of probiotic
metabolites. The growth of spheroids increased progressively when
cultivated in the presence of IL-6. The presence of the probiotic
metabolites in the culture medium strongly impaired the 3D tumor
growth, as indicated by the fact that the dimension of spheroids
remained essentially constant during the incubation time. Worthy
of note, the 3D growth-inhibitory effect of the probiotic metabolites
was observed also when the cells were challenged with IL-6 (Fig. 2).

Based on DiD staining (whose fluorescence decays proportion-
ally with cell division) of CRC cells grown as 3D spheroids, at day 7
IL-6-treated cells exhibited an elevated proliferative rate, as indi-
cated by the low fluorescence retention compared to time 0h. In
contrast, in the presence of probiotic cell-free supernatant, the cells
presented a higher retention of DiD fluorescent signal, indicating
that cell-free OC01 supernatant metabolites impaired cell dupli-
cation even when the cytokine was added to the treatment
(Fig. 3A).

These data were further corroborated by the immunofluores-
cence of p21waf/Cip1, whose expression was remarkably reduced in
the presence of IL-6 (consistent with increased cell proliferation)
and enhanced in the presence of L. plantarum OC01 cell-free su-
pernatant (consistent with the decreased cell proliferation)
(Fig. 3B).

3.4. Cell-free OC01 supernatant metabolites down-regulate the
growth signaling pathway

Abnormal activation of protein kinases downstream the growth
factor receptor pathways leads to uncontrolled cell prolifera-
tion.23,24 Likewise, growth factors and nutrients stimulate the
activation of the mTOR kinase, which triggers the downstream
pathways for protein synthesis and cell growth associated with cell
proliferation,25 while inhibiting autophagy, a macromolecular
degradation pathway.26

We investigated the modulation of proliferative and survival
pathways in CRC spheroids collected at day 7 assessing by Western
blotting the phosphorylation of ERK1/2 (that activates mTOR) and
of the S6 ribosomal protein, which is phosphorylated by the p70S6



Fig. 2. Cell-free OC01 supernatant reduces 3D-spheroid growth of CRC, also in the presence of the inflammatory cytokine IL-6. HCT116 and HT29 cell line were seeded in poly-
HEMA-coated Petri dishes. Cell-free OC01 supernatant and 50 ng/ml IL-6, alone or in combination, were added to culture medium. Medium and treatments were readded every
48 h. The growth of spheroids was monitored by taking pictures at phase contrast microscope up to 7 days of treatment. Data are representative of different fields per each
condition. The graph represents the average ± SD (significance was considered as follow: ****p < 0.0001; **p < 0.01; *p < 0.05). Growth curve representing the 3D spheroid
dimensions of HCT116 and HT29 during the experimental timeline.
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kinase that is downstream of and used as indirect readout of mTOR
and ERK1/2 activities.27 Consistent with the exponential growth of
the spheroids (Fig. 2), in control cells, and even more in IL-6 treated
cells, both the ERK and mTOR pathways were active as indicated by
ERK1/2 and S6 phosphorylation (Fig. 4). Notably, even when under
IL-6 stimulation, the supplementation of the OC01 cell-free su-
pernatant to the culture medium reduced the activation of ERK in
both the cell lines and decreased the phosphorylation and the
expression of the S6 ribosomal protein (downstream to mTOR-
p70S6k) respectively in HCT116 cells and in HT29 cells (Fig. 4).

3.5. Cell-free OC01 supernatant suppresses IL-6-induced epithelial
to mesenchymal transition and transwell invasion of CRC cells

Finally, we tested the ability of cell-free OC01 supernatant to
inhibit cell migration and invasion of CRC cells. First, we performed
a classical wound healing scratch assay on HCT116 and HT29 cells
and monitored the rate of healing over a 72-h period. HCT116 cells
showed an increased cell motility compared to HT29 cells as indi-
cated by the faster closure of thewound. IL-6 greatly stimulated cell
migration as shown by the progressive fast closure of the wound,
markedly visible at 48 h and causing the nearly complete closure by
72 h, with a rate of healing of 90% in HCT116 and 84% in HT29. In
contrast, the migration rate calculated at 72 h was around 34% and
22% for HCT116 and HT29, respectively, when cultivated in the
presence of the cell-free OC01 supernatant. The supernatant could
slow down CRC cell migration also in the presence of IL-6. In this
condition, we appreciated a reduction of healing rate approxi-
mately greater than 50% compared to IL-6 alone in both cell lines
(Fig. 5A). As these effects could also be ascribed to changes in the
proliferation rate, we further investigated how IL-6 and the OC01
supernatant could affect the migratory behavior and phenotype of
the cells.

During migration and invasion, cancer cells undergo the so-
called epithelial to mesenchymal transition (EMT) characterized
by the switch in the expression of the adhesion membrane cad-
herin from Epithelial-like (E) to Neural-like (N), which is funda-
mental for avoiding anoikis within the fluid environment. Thus, we
checked for the expression of EMT markers performing the
immunofluorescence staining of N-Cadherin (marker of metastatic
cells) and E-Cadherin (marker of non-metastatic cells) in the cells at
the migration front. Cell-free OC01 supernatant reduced the
expression of N-Cadherin, whereas increased that of E-Cadherin,
crucial for the maintenance of the epithelial phenotype, in both cell
lines. This effect was observed also in the cells stimulated with the
inflammatory IL-6 (Fig. 5B).

To definitively rule out that the proliferative capacity of cancer
cells in the different experimental conditions could distort the data
shown in Fig. 5A, we performed a transwell migratory assay, testing
the cellular capability to migrate through the permeable filter. The
panel reported in Fig. 5C showing the migrated cells confirms the
inhibitory effect of OC01 supernatant on cell locomotion also in the
presence of IL-6, in agreement with the wound healing results.

3.6. Butyrate induces autophagy and b-Catenin degradation in
HCT116 spheroids

We have previously shown that autophagy contrasts cell
Fig. 3. Cell-free OC01 supernatant reduces the 3D-spheroids proliferation of CRC. HCT
representative of different fields per each condition. A) Cell lines were stained with 1 mM D
0 and after 7 day-treatment and quantified with the software ImageJ. The cells were photog
The graph represents the average ± SD (significance was considered as follow: ****p < 0.00
were stained with DAPI. The images were acquired at the fluorescence microscope (Scale ba
microscopy.
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migration and cell proliferation.22,28We therefore checkedwhether
OC01 supernatant supplementation modulates autophagy. For this
experiment we chose HCT116 cells that showed a more malignant
phenotype in terms of cell proliferation and migration compared to
HT29. The induction of autophagy was investigated by the immu-
nofluorescence double-staining for LC3 (autophagosome marker)
and LAMP1 (lysosome marker). As shown in Fig. 6A, OC01 super-
natant increased the number of LC3-positive vacuoles interacting
with LAMP1 (yellow signal), while IL-6 reduced it. The co-
localization of the two proteins in the presence of cell-free OC01
supernatant (yellow signal) was indicative of autophagy induction
(Fig. 6A).

The constitutive activation of the WNT/b-Catenin pathway is
considered a driver event in colorectal carcinogenesis.29 As a result,
the key effector b-Catenin translocates to the nucleus promoting
the expression of target genes involved in cell cycle progression and
in cell motility. In a recent study, we found that in CRC cells the b-
Catenin gene (CTNNB1) positively correlates with several genes
regulating the cell cycle and mitosis, cell migration, and epithelial
to mesenchymal transition, among others, while it negatively cor-
relates with genes regulating the autophagy-lysosomal pathway.28

Moreover, we demonstrated that butyrate counteracted cell pro-
liferation through autophagy degradation of b-Catenin in cells
defective in the proteasomal degradation of this protein28.

Since butyrate is a component of cell-free Lactiplantibacillus
plantarum OC01 (NCIMB 30624) supernatant, we tested whether
butyrate could induce autophagy and reduce the level of b-Catenin
also in the presence of the inflammatory cytokine IL-6. We used the
HCT116 cells, which showed the highest 3D spheroid growth and
migration rate. As shown in Fig. 6B, IL-6 caused an increased
accumulation of b-Catenin along with a block of autophagosome
formation (as indicated by the accumulation of LC3-I that was not
converted into the autophagosomal associated LC3-II). In contrast,
the presence of butyrate in culture conditions caused a drastic
reduction of free b-Catenin and stimulated the autophagy degra-
dative pathway (as indicated by the decreased level of LC3-I and
increased level of LC3-II) (Fig. 6B).
4. Discussion

Gut microbiota has been found to play a crucial role in cancer
development.30,31 Human gut microbiota is constituted by several
microorganisms populating the intestinal mucosa. This complex
ecosystem influences host energy metabolism, immune homeo-
stasis, and the maintenance of mucosa integrity. In addition,
commensal bacteria compete with pathogens for nutrients and
niche colonization, and, from the metabolism of fiber fermentation,
they produce the short chain fatty acids (SCFAs) as end products.
Among them, butyrate is employed as energy fuel by colonocytes
and is involved in the differentiation and proliferation of intestinal
cells.32

Intestinal barrier breakdown leads to microbiota dysbiosis,
characterized by loss of biodiversity in bacterial species, an exac-
erbated inflammatory response, and epithelial damage in suscep-
tible individuals exposed to environmental risk factors.30 It is
widely reported that gut dysbiosis is related to several diseases,
including colorectal cancer.33 Restoring the correct modulation of
the intestinal ecosystem with the supplementation of probiotics
116 and HT29 spheroids were cultured and treated as previously described. Data are
iD. The intensity of DiD retention was acquired at the fluorescence microscope at time
raphed under the fluorescence microscopy (Scale bar ¼ 7 mm; magnification ¼ 63 � ).
01). B) After 7 day-treatment, spheroids were stained for the marker p21 (red). Nuclei
r ¼ 7 mm; magnification ¼ 63 � ). The cells were photographed under the fluorescence



Fig. 4. Cell-free OC01 supernatant reduces the activation of survival molecular pathways in CRC cell lines. Cell-free OC01 supernatant and 50 ng/ml IL-6, alone or in com-
bination, were added to culture medium for 7-day treatment. Spheroid homogenates were processed by using Western blotting to analyze the expression of: pERK1/2 (Thr202/
Tyr204-Thr185/Tyr187) and ERK; pS6 (Ser235/236) and S6. The filter was re-probed with b-Actin and GAPDH as loading control. The blots shown in the panels are representative of
three experiments. Densitometric data with standard deviation of three separate experiments are included (significance was considered as follow: ****p < 0.0001; ***p < 0.001;
**p < 0.01; *p < 0.05).
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Fig. 5. Cell-free OC01 supernatant counteracts CRC cell migration, also in the presence of IL-6. Cells were seeded in Petri dishes and treated with cell-free OC01 supernatant and
50 ng/ml IL-6, alone or in combination. Medium and treatments were renewed everyday A) Cell monolayers were scratched to produce a straight line. The wound closure was
monitored up to 72 h by using a phase-contrast microscope. The graph reporting the rate of healing (%) for each experimental time-point was created using ImageJ software. Data
represent the average ± SD calculated for three different fields per each condition (significance was considered as follow: ****p < 0.0001; *p < 0.05). B) Following 48 h of in-
cubation, coverslips were fixed and stained for N-Cadherin (red) and E-Cadherin (green). Nuclei were stained with DAPI. The cells were photographed under the fluorescence
microscopy (Scale bar ¼ 7 mm; magnification ¼ 63 � ). Data are representative of different fields per each condition. C) After 48 h of culture, cells were collected and placed in the
inserts. The migrated cells were photographed in random fields at bright-field microscope (significance was considered as follow: ****p < 0.0001; ***p < 0.001).
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that enrich the microbic flora and reduce intestinal inflammation
may be a promising strategy to counteract colorectal cancer (CRC)
progression.

Probiotics, mainly Lactobacillus or Bifidobacterium genus, are
currently used in the maintenance of health and alleviation of
disease symptoms, especially in the gastrointestinal disorders.34

Moreover, recent studies have described the role of host micro-
biome in cancer initiation and progression as well as in the mod-
ulation of therapeutic responses, improving the outcomes of
chemo-and immunotherapy protocols in cancer patients.35

Motivated by their promising role in stimulating the growth and
the activity of the advantageous bacteria, preventing infections,
and moderating the side effects of cancer treatments,17 we tested
the cell-free supernatant of Lactiplantibacillus plantarum OC01
(NCIMB 30624) on two colorectal cancer models, HCT116 and HT29.
Several studies reported the beneficial anticancer effects of
different strains of L. plantarum in mouse models. Particularly, the
supplementation of this probiotic strain ameliorated the inflam-
mation and colon cancer development in miceh.36 Moreover, the
bacterium could counteract the growth of pathogen bacteria and
reduce the expression of inflammatory cytokines associated to
pathogen invasion.37 L. plantarum is reported also to decrease the
202
growth and the size of tumor mass in vivo experiments.38

In the present work, we investigated the effect of the collective
bacterial metabolites in the proliferative and migratory features of
colorectal cancer cell lines induced by IL-6, a pro-inflammatory
cytokine driving the malignant phenotype of tumor and stromal
cells and found abundantly secreted in the tumor microenviron-
ment.22,39 IL-6 is highly released in the serum of CRC-affected pa-
tients,15 and this correlates with increased tumor growth and
aggressiveness, and poor clinical outcome.13,14

Several studies report the anti-proliferative effects of probiotics
in cancer progression.36,40,41 Here, we found that the cell-free su-
pernatant of L. plantarum OC01 has the ability to limit cell prolif-
eration, and, of clinical relevance, this anti-tumor effect was elicited
also in the presence of the inflammatory cytokine IL-6. The
increased expression of the cyclin-dependent kinase inhibitor p21
is observed when cells are incubated with the OC01 metabolites. Of
note, the transcription of p21 is under control of the tumor sup-
pressor gene TP53. HCT116 cells present a wild-type TP53, thus one
possible mechanism of action of the cell-free supernatant OC01
may be the phosphorylation and activation of TP53, and thus the
promotion of p21 transcription. On the other hand, HT29 cells bear
a hotspot mutation in TP53 (R273H) that results in a loss of DNA



Fig. 5. (continued).

L. Vallino, B. Garavaglia, A. Visciglia et al. Journal of Traditional and Complementary Medicine 13 (2023) 193e206

203



L. Vallino, B. Garavaglia, A. Visciglia et al. Journal of Traditional and Complementary Medicine 13 (2023) 193e206

204



Fig. 6. Probiotic metabolites reduce b-Catenin level and promotes autophagy. HCT116 were treated with NaB or cell-free OC01 supernatant in the presence or absence of 50 ng/
ml IL-6. A) Coverslips were fixed and stained for LC3 (green) and LAMP1 (red). Nuclei were stained with DAPI. The cells were photographed under the fluorescence microscopy
(Scale bar ¼ 7 mm; magnification ¼ 63 � ). Data are representative of different fields per each condition. Data are from their different images for each condition. The graph
represents the integrity density ± SD (significance was considered as follow: ***p < 0.001; **p < 0.01). B) Spheroid homogenates were processed by Western blotting to evaluate
the expression of b-Catenin and LC3. The filter was reprobed with b-Tubulin as loading control. Densitometric analysis are included (significance was considered as follow:
****p < 0.0001; ***p < 0.001; *p < 0.05).
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binding and altered transcription of the tumor suppressor target
genes, leading to the failure of cell cycle arrest.42,43 Yet, it has been
reported that some TP53 mutants, among which the R273H, may
retain the ability to transactivate the promoter of p21.44 Definitely,
the pathway of p21 induction by the OC01 supernatant deserves
further investigations.

Several genetic and epigenetic alterations in genes encoding for
growth factor receptors, molecules of signaling network (e.g., Ras,
Raf, mTOR) or cell cycle regulatory proteins (e.g., p21, p53) lead to
uncontrolled cell proliferation.45,46 Current therapy is based on
neoplastic chemotherapy or targeted therapy with monoclonal
antibodies or peptides targeting VEGF or EGFR.7,8 However, drug
resistance is one of the main issues in cancer management. Here,
we demonstrated that the supplementation of the probiotic su-
pernatant OC01 modulated oncogenic pathways downstream to
these receptors/growth factors, typical targets of the neoplastic
treatment and target therapy. In particular, ERK kinases indirectly
enhances mTOR activity (through inhibition of TSC1), which directs
protein synthesis (through activation of p70S6K) and cell mass
accumulation required for progressing in the cell cycle.47 These
signaling pathways are triggered by the activation of Ras, and
consistently the employment of current monoclonal antibodies
anti-EGFR are effective only in tumor bearing a non-mutated Ras.
The metabolites of L. plantarum OC01 that we employed in the
present study exceeded these limitations showing a negative
modulation in ERK and S6 activation both in HCT116 (mutated Ras)
and HT29 (wild-type Ras). It is likely that other pathways are also
involved. In fact, it has been reported that S6 could be phosphor-
ylated on S235 and S236 via Ras-Raf-MEK-ERK also when the
mTOR-p70S6K pathway was inhibited.48 Thus, we cannot exclude
an mTOR-independent action of the probiotic metabolite on S6, for
instance through a direct action on p70S6K. Intriguingly, in
HT29 cells, which are TP53 and APC mutated, the OC01 probiotic
supernatant caused a drastic reduction of S6 protein level, likely
due to degradation.

Cell migration is a hallmark of cancer cells. In cancer progres-
sion, cancer cells undergo epithelial to mesenchymal transition
(EMT) and acquire a mesenchymal phenotype.49 During the tran-
sition, epithelial cells lose their junctions and apical-basal polarity,
reorganize the cytoskeleton, reprogram gene expression, and
change shape. This phenotypic reprogramming increases the
migratory and invasive capabilities of cells that undergo EMT.50 We
proved the capability of the OC01-derived metabolites to coun-
teract IL-6-induced colorectal cancer cell migration, exerting their
anti-migratory effect by down-regulating mesenchymal markers in
the cell at the migration front.

The autophagy process is involved in the maintenance of in-
testinal homeostasis and its deregulation exacerbates the immune
system response, leading to chronic inflammation and increasing
risk of CRC.51 Our group recently demonstrated that autophagy
contrasts cell proliferation in CRC. Moreover, in CRC patients b-
Catenin gene (CTNNB1) positively correlates with genes regulating
the cell cycle and mitosis, cell migration and EMT, among others,
while it negatively correlates with genes regulating the autophagy
pathway.28 Moreover, several studies describe autophagy as the
main mechanisms underlying the beneficial effects of probiotics.52

Consistently, we found that the metabolites of L. plantarum OC01
induced autophagy in CRC and that butyrate, a component of the
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cell-free supernatant, reduced the content of b-Catenin in spher-
oids exposed to the inflammatory stimulus of IL-6, suggesting its
autophagy degradation.

Taken together, this study demonstrated the beneficial proper-
ties of probiotics on CRC cancer cell proliferation andmigration and
provides the pre-clinical rationale for the employment of this
probiotic formulation in cancer treatment. A tailored use of pro-
biotics strains producing beneficial metabolites may restore the
eubiotic microbiota counteracting the dysbiosis of CRC patients and
improving their health status.
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