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ARTICLE INFO ABSTRACT

Keywords: Lactobacilli have been shown to inhibit or suppress cancer cell growth through the release of strain-specific
Colorectal cancer bioactive metabolites and their inclusion in functional foods could exert a health promoting activity on
Probiotics

human health. Herein, we examined the antiproliferative activity of the Lactiplantibacillus plantarum strains
S2T10D and O2T60C, which have been previously shown to exert different butyrogenic activities. Human HT-29
cells were employed as an in vitro colon cancer model and both bacterial strains were found to inhibit their
growth. However, the strain S2T10D showed a greater antiproliferative activity which, interestingly, was
correlated to its butyrogenic capability. Noteworthy, for the non-butyrogenic strain O2T60C, the growth
inhibitory capability was rather limited. Furthermore, both the butyrate-containing supernatant of S2T10D and
glucose-deprived cell culture medium supplemented with the same concentration of butyrate found in S2T10D
supernatant, induced a pH-independent cancer cell growth inhibition accompanied by downregulation of cyclin
D1 at mRNA level. The downregulation of cyclin D1 gene expression was accompanied by cell cycle arrest in G2/
M phase and decrease of cyclin Bl and D1 protein levels. This in vitro study underlines the impact of Lpb.
plantarum in the growth inhibition of cancer cells, and proposes butyrate-mediated cell cycle regulation as a
potential involved mechanism. Since the production of butyric acid in Lpb. plantarum has been proven strain-
dependent and differentially boosted by specific prebiotic compounds, our results open future research paths
to determine whether this metabolic activity could be modulated in vivo by enhancing this antiproliferative
effects on cancer cells.

Lactic acid bacteria
Growth inhibition
Cell cycle

Butyric acid

1. Introduction

Bifidobacteria and the heterogeneous group of Lactic Acid Bacteria
(LAB) are still nowadays among the most well-studied and commonly
used probiotic groups in food and pharmaceutical preparations [1,2]. In
particular, the former Lactobacillus genus is the most investigated due to
several beneficial properties demonstrated in vitro and in vivo from the
Metchnikoff’s time to our days [3,4]. Lactobacilli are common members
of human microbiota and the vagina is considered as their primary
source of isolation, while in the gastrointestinal tract they are largely
predominant in the small intestine [5-8]. Moreover, in the last decade,
the scientific community has focused attention on traditional fermented
foods of animal and vegetable origins, recognizing them as valid and
heterogeneous sources for acquiring new probiotic candidates with po-
tential health benefits [1,2,9], such as the growth inhibition of cancer
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cells, especially colon cancer cells [10,11].

The key risk factors for colorectal cancer are universally recognized,
and they include a high fat diet, the presence of mutagens in food, folate
deficiency and inflammatory disorders due to dysbiosis [16]. As pro-
posed in several in vitro studies, probiotic lactobacilli might activate
anticancer mechanisms in the human gut, either by preventing the
carcinogenesis process or by inhibiting directly the proliferation of
cancer cells [14,17,18] while certain strains have shown to possess
significant immunomodulating effects [19,20]. In particular, it has been
demonstrated that lactobacilli group may counteract the aberrant
metabolism of cancer cells by inducing apoptosis [11,15,21,22], auto-
phagy [23], differentiation [24], or cell cycle arrest [12,25]. Moreover,
several strains of the former Lactobacillus genus are able to maintain the
intestinal enterocytes in a healthy status, by acting on the intestinal
barrier function [26] or by modulating the host immune response
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towards a reduction of inflammatory status [27], which are both direct
causes of carcinogenesis in the colon. Finally, lactobacilli have been
shown to raise protective anticancer immune responses in preclinical
cancer models [13,20]. Noteworthy, in many cases the exact mechanism
of cancer cell inhibition exerted by each individual probiotic strain
seems to be strain-specific and dependent on bacterial metabolites.

As far as the bacterial metabolites involved, lactobacilli may exert
anticancer effects through the production of active peptides [28-30],
soluble polysaccharides [31], polyphosphates [24] and short chain fatty
acids (SCFAs) [32,33]. Among the SCFAs, butyric acid has the strongest
influence on host physiology and gut homeostasis, by modulating the
colonic inflammation status, colonic defense barrier, intestinal epithelial
permeability, oxidative stress and cryptic stem cells differentiation
[34-37]. This SCFA is a major energy source for the colonic epithelium
in vivo and is thought to stimulate proliferation in normal cells, while in
contrast it was shown to inhibit proliferation and induce differentiation
and apoptosis in colonic epithelial cells of tumor origin via the inhibition
of histone deacetylase activity [38,39].

In this context, we have previously reported a glutamine-mediated
butyrogenic capability in Lactiplantibacillus (Lpb.) plantarum strains of
food origin and theorized the metabolic pathway responsible of this
SCFA production in DMEM, a common human cell growth medium [40].
The present study is therefore aimed to assess whether this differential
butyrogenic capability induces a specific growth inhibitory mechanism
against human colon cancer cells. Thus, we comparatively assayed the in
vitro cancer cells growth inhibition activity exerted by the
butyrate-producer strain Lpb. plantarum S2T10D and the not-producer
strain O2T60C against HT-29 cells, and explored some potential mech-
anisms that might be involved.

2. Materials and methods
2.1. Cell cultures and bacterial strains

Human colon carcinoma cells HT-29 cells (91072201, ECCC) were
cultured in Dulbecco’s Modified Eagle’s Medium (DMEM 6429; Sigma-
Aldrich, St. Louis, MO, USA) supplemented with 10% of fetal bovine
serum (FBS; Gibco- Life Technologies Corporation, Carlsbad, CA, USA),
2 mM of L-glutamine, 10 U mL" of penicillin and 0.1 mg/mL of strep-
tomycin (Sigma-Aldrich). The cell lines were grown in 25 or 75 cm?
culture flasks (Corning, New York, USA) at 37 °C in a humidified at-
mosphere containing 5% CO; and 95% air. The culture media were
changed routinely and once the cells reached sub-confluence (80-90%),
after 3— 4 days, they were passaged further. HT-29 cells were washed
thrice with Phosphate Buffered Saline (PBS) before the addition of the
bacteria to remove any traces of the antibiotics.

The putative probiotics Lpb. plantarum S2T10D and Lpb. plantarum
02T60C [40] were routinely cultivated in Man Rogosa Sharpe (MRS)
broth (Lab M, Heywood, Lancashire, UK) and stored in the same medium
at — 80 °C with 20% of glycerol (Sigma-Aldrich). Before the
co-incubation experiments with human colon carcinoma cells, a single
fresh colony of each bacterial strain was resuspended in the appropriate
culture broth, grown overnight and then inoculated at ratio 1:100 in
new fresh broth. This suspension was grown until the bacteria reached
the early-stationary phase (18 h), and used for the experiments (working
culture). The initial concentration of each working culture was deter-
mined by OD at 630 nm with ELx880 microtiter plate reader (Savatec,
Turin, Italy) and set to the same initial count (internal standard curve).

2.1.1. Bacterial cells and extracellular soluble fractions

In order to assay the effects of viable bacteria (Vb) on human colon
carcinoma cells, the working cultures were washed twice in PBS and
then resuspended in DMEM supplemented with 10% of FBS, without
antibiotics. Furthermore, heat killed bacteria (HKb) were prepared by
heating standardized suspensions of working culture in PBS to 95 °C for
30 min. After heat treatment, HKb were resuspended in DMEM
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supplemented with 10% of FBS, without antibiotics. Vb and HKb were
added to HT-29 cells at different viable count levels concentrations in
relation to their OD, as described before.

Bacterial cell-free supernatants (CFS) were produced form working
suspensions of the strains inoculated in DMEM at 8.0 + 0.2 Log CFU mL™!
(with 2 mM of L-glutamine and FBS; no antibiotics), incubated for 24 h
at 37 °C, and thus collected by centrifugation (20,000 x g for 10 min) and
filtering (0.22 um). Viable counts and pH were detected at the beginning
and at the end of the 24 h of incubation; bacterial growth has been
expressed as A Log CFU mL! (Log CFU mL'lafter 24 h — Log CFU mL'linmal
inoculum)- Protein content of each CFS was determined using the BCA
protein assay kit (Thermo Scientific, Waltham, MA, USA), according to
the manufacturer’s instructions. Organic acids (citric, pyruvic, lactic,
acetic, butyric and propionic) and sugars (lactose, glucose and galac-
tose) were determined with HPLC system (Thermo Finnigan Spectra
System, San Jose, USA) equipped with UV detector (UV100; set to
210 nm) and a refractive index detector RI-150, following protocols and
parameters previously described[40]. Part of the CFS was buffered with
sterile 0.5 M NaOH solution in order to restore the initial pH of the
medium (pH 7.80 + 0.20) and obtain a neutralized cell-free supernatant
(CFSn). Subsequently. a fraction of CFSn was treated with proteinase K
(Sigma-Aldrich) as previously described [28], obtaining a neutralized
bacterial supernatant with an inactivated enzymatic activity (CFSp).
CFS, CFSn and CFSp were supplemented with 10% of FBS and tested on
HT-29 cells without dilution or diluted in complete DMEM culture me-
dium with ratios 1/2 and 1/10 (CFS/culture medium).

2.1.2. Preparation of modified culture media

Modified culture media (mCM) were produced from DMEM (Sigma;
D5030) with L-glutamine supplemented with butyric acid, lactic acid,
pyruvic acid and glucose at the concentrations observed in CFS after
bacterial growth. The pH of mCM was subsequently neutralized at
7.80 + 0.20 with a sterile 0.5 M NaOH solution and supplemented with
10% of FBS and antibiotics as described above for culture media.

2.2. Sulforhodamine B (SRB) assay

Cell proliferation was determined with Sulforhodamine B (SRB)
assay that measures the protein content which is proportional to cell
number [41]. Briefly, HT-29 cells were seeded in 96-well microtiter
plates at 15,000 cells/well and were allowed to grow and attach for 24 h
[42]. Different concentration of Vb, HKb, CFS, CFSp, CFSpe or mCM
were co-incubated with the cells for 24 and 48 h. Cells incubated with
appropriate complete media (DMEM with 10% FBS) were used as
reference controls. At the end of the incubation time media were
removed and cells were washed once with PBS. Following these steps the
analysis proceeded as previously described [41].

Measurement of OD was performed at 600 nm and data were
expressed by means of the following formula: 100 - (OD gample/OD

reference control X 100).

2.3. MTT assay

The cellular metabolic activity was assessed with 3-(4,5-dime-
thylthiazol-2-yl)-2,5-phenyl tetrazolium bromide (MTT; Sigma-Aldrich)
as previously described [43], in order to evaluate the effect of bacterial
supernatants towards the metabolic activity of HT29 cells regardless of
cell growth. Briefly, a confluent monolayer of HT-29 cells was obtained
as described previously, and incubated with increasing concentrations
of CFS, CFSp and CFSpe for 24 or 48 h in a modified atmosphere of 5%
COy and 95% air. Cells incubated with appropriate complete media
(DMEM with 10% FBS) were used as reference controls.

Measurement of OD was performed at 490 nm and data were
expressed following the formula: OD treated cells at each time points /OD

reference control at T0 X 100.
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2.4. RNA extraction, cDNA synthesis and quantitative real-time PCR

HT-29 cells were seeded in 6-well plates (5.0 x 10° cells/well) and
grown for 36 h, until they reached 60-80% of confluence, and then cells
exposed to CFSp and mCM for 4, 8 and 12 h of incubation. In parallel, A
cells growth was being monitored with the SRB assay, as described
previously. Cells incubated with complete culture medium were used as
blank.

After the defined incubation periods, media from treated HT-29 cells
were removed and total RNA was extracted using Trizol® reagent (Life
Technologies, Carlsbad, CA, USA) according to the manufacturer’s in-
structions. Integrity of the extracts was checked using agarose gel (0.8%)
electrophoresis, and their quantity and purity were determined using a
Nanodrop ND-1000 spectro-photometer (Celbio, Milan, Italy). The
cDNA was synthesized from 2 pg of RNA with the AMV Reverse Tran-
scriptase System (Promega, Fitchburg, Wisconsin, USA) as previously
described [44]. The resulting cDNA was stored at — 80 °C until the qPCR
analysis.

The c¢DNA samples were analyzed with Chromo4 real-time PCR
detection system (Bio-Rad, Hercules, CA, U.S.A.), by processing all
together the samples collected from the same incubation time. The re-
action mixture of 20 pL contained 1 x SsoAdvanced SYBR Green
Supermix (Bio-Rad), 250 nM of each primer (Sigma Aldrich) and 1 pL of
cDNA (100 ng/uL); control without template (NTC, blank) was included
in each assay. The thermal cycling conditions are reported in Supple-
mentary Table 1 for each set of primers used in this study [15,45-47].
Primer specificity was verified by performing a melting curve analysis
(65-95 °C with a heating rate of 0.2 °C/s and a continuous fluorescence
measurement). All reactions were performed in duplicate. Fictive Cp
values are set to the highest Cp observed for a truly positive sample,
which is assumed to be the level of detection (LOD), plus 1. Results were
normalized using the most stable housekeeping (HK) gene among ACTB,
GAPDH, HPRT] selected in relation to the minimal coefficient of vari-
ation [48]. The HT-29 cells condition before co-incubation treatments
(time 0) was used as reference to quantify fold change (2'2MCt) relative
mRNA expression of genes BAX, BIRC5a, CCND1, and CCNE1 [49]. Fold
change were Logy- transformed to obtain equal dimension between
upregulated and downregulated values of genes expression [50].

2.5. Detection of apoptosis

Apoptosis was analyzed with the Annexin V- Propidium iodide (PI)
double staining method with a commercially available kit (BD Bio-
sciences) according to the manufacturer’s protocol. HT-29 cells were
seeded in 10 cm? cell culture plates (2 x 10° cells per plate). Cells were
left to adhere overnight and subsequently treated with bacterial CFSp
for 48 h. Control cells were routinely grown in complete DMEM.
Following treatment, non-adherent and adherent cells were collected,
washed with PBS and resuspended in Annexin binding buffer. Next, cells
were labelled by adding Annexin V-FITC and PI in each sample. After a
15 min incubation period in the dark at room temperature, samples were
analyzed on a flow cytometer (Calibur, BD Biosciences). Data analysis
was performed with FlowJo V10 software (FlowJo LLC, Ashland, Ore-
gon, USA).

2.6. Cell cycle analysis

For cell cycle analysis, the DNA content of CFSp-treated HT-29 cells
was quantified by propidium iodide (PI) staining of fixed cells. HT-29
cells were seeded in 10 cm? cell culture dishes (Corning, New York,
USA) at a concentration of 10° cells/dish and incubated overnight. Cells
were treated with the bacterial CFSp for 36 h. Next, cells were harvested
by trypsinization, washed twice with PBS and fixed in 70% ice-cold
ethanol and stored at — 20 ° C for 24 h prior to PI staining. The day of
the analysis, fixed cells were washed twice with PBS and resuspended in
PBS at a concentration of 10° cells/mL. Fifty uL of RNase A solution
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(100 pg/mL) (Sigma-Aldrich, St. Louis, MO, USA) and 400 pL of PI-stain
solution (50 pg/mL) (Sigma-Aldrich, St. Louis, MO, USA) were added to
100 L of the fixed-cells and cells were incubated for 40 min at room
temperature in the dark. Cell cycle distribution was then analyzed on a
flow cytometer (Calibur, BD Biosciences). Further analysis was per-
formed with FlowJo V10 software.

2.7. Western Blot assay

HT29 cells were seeded in 10 cm? cell culture dishes (Corning) and
left to adhere overnight. Next, cells were treated with CFSp of Lpb.
plantarum S2T60C for the indicated time points whereas control cells
were routinely grown in DMEM. After the incubation period, culture
medium was discarded and cells were lysed in RIPA buffer supple-
mented with protease inhibitors (100 pg/mL  phenyl-
methylsulfonylfluoride (PMSF), 0.5 pg/mL leupeptin, 1.0 pg/mL
pepstatin A and 0.5 pg/mL aprotinin). Protein concentrations were
determined using the BCA protein assay kit (Thermo Scientific) ac-
cording to the manufacturer’s protocol. 60 micrograms of protein ex-
tracts were loaded on a 10% SDS- polyacrylamide gel (Bio-Rad). After
electrophoresis, proteins were blotted on 0.45 pm PVDF membranes.
Membranes were blocked with 5% w/v BSA/TBST solution and incu-
bated overnight, at 4 ° C with primary antibodies against cyclin B1
(1:1.000, 4138 Cell Signaling) or cyclin D1 (1:500, 2978 Cell Signaling)
in 5% BSA/TBST. Next, membranes were washed with TBST and incu-
bated with HRP-conjugated anti-rabbit secondary antibody (1:5.000).
Protein bands were visualized by autoradiography using ECL/HRP
chemiluminescent substrate (Life Technologies) and Kodak film. Mem-
branes were then stripped with a stripping buffer (15 g/L glycine, 1 g/L
SDS, 10 mL/L Tween20, pH 2.2) and incubated with anti-B-tubulin
antibody (1:20.000, T7816, Sigma Aldrich) in 5% w/v non-fat dry milk
in BST. A pre-stained protein marker was used to monitor protein mo-
lecular weight (Nippon Genetics).

2.8. Statistics

Statistical analyses and data plotting were performed using R pro-
gram for Statistical Computing 3.6.0 (http://www.r-project.org) and
SigmaPlot v11 (Systat Software, USA).

Data are expressed as mean of three independent experiments.
Normality and homogeneity of the data were checked by means of
Shapiro-Wilk’s W and Levene’s tests, respectively. Comparisons be-
tween individual groups were performed with Student’s t-test or Wil-
coxon pairs test. To assess the overall variation and differences between
multiple groups the one-way ANOVA coupled with Duncan’s post-hoc
test was carried out for parametric data, the not parametric data were
analyzed with Kruskal-Wallis test coupled with multiple comparison of
mean ranks. Spearman’s correlation coefficient was calculated to detect
significant (P < 0.01) correlation between variables of interest.

3. Results

3.1. Lpb. plantarum strains S2T10D and O2T60C inhibit colon cancer
cells growth in vitro

First, we investigated the potential antiproliferative activity of
S2T10D (BLP, a butyrate-producing Lpb. plantarum strain) and 02T60C
(LP, a Lpb. plantarum strain that does not produce butyrate) against HT-
29 colon cancer cells. For this purpose, both viable and heat-killed
bacteria (Vb and HKb, respectively) were examined. HT-29 cells pro-
liferation rate was analyzed with the SRB method after 24 or 48 h of
treatment. Co-incubation of HT29 cells with Vb of both strains induced a
concentration- and time-dependent growth inhibition that exceeded
50% (Fig. 1A). While Vb of both strains exhibited inhibitory activity,
HKb of neither BLP or LP affected growth of HT29 cells (data not
shown).
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Fig. 1. Anti-proliferative activity of (A) the two Lpb. plantarum strains and (B) the modified culture media (cMC) incubated with HT-29 for 24 and 48 h and evaluated
by means of SRB assay. (A) BLP (butyrate-producing strain S2T10D) and LP (non- producing strain O2T60C) were tested: viable bacteria (Vb); bacterial cell-free
supernatants (CFS); bacterial cell-free supernatant at pH 7 (CFSp); bacterial cell-free supernatant at pH 7 with inactivation of enzymatic activity (CFSpe). Vb
were tested at 6, 7 and 8 Log CFU mL™ while CFS/CFSp/CFSpe were tested as such or diluted 1:2 and 1:10. (B) mCM were prepared from DMEM culture media with
(4.5 g/L) or without glucose (0 g/L) supplemented with lactic and butyric acids as described in the legend. Data (means + SEM; n = 3) are expressed in percentage
(100 - [OD sample/OD reference control x 100]). At each condition tested, the asterisks (*= P < 0.05; **= P < 0.01; ***= P < 0.001; T-test) highlighted significant
(Student’s T-test) differences between the antiproliferative activity of BLP (strain S2T10D) and LP (strain O2T60C), while different letters (a, b, ¢) highlight sig-
nificant differences among the mCM (P < 0.05; ANOVA and Duncan’s post-hoc test). Dashed red line indicate the 50% of anti-proliferation over which a tested
compound is defined as cytotoxic. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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In order to investigate whether the observed antiproliferative ac-
tivity exerted by the two lactobacilli could be associated with their
extracellular metabolites, we assayed cell free supernatants (CFS),
which were obtained by incubating both BLP and LP in the complete
DMEM culture medium (inoculum of log 7 CFU mLD) for 24 h at 37 °C.
The CFS composition, in terms of proteins, glucose, lactic, acetic and
butyric acid concentrations, as well as the pH decrease after bacterial
growth (expressed in the table as A log CFU) are all displayed in Table 1
and compared to the initial composition of DMEM culture medium.
Noteworthy, LP showed a significantly (P < 0.05) lower growth in
DMEM compared to BLP, highlighted by the negative A log CFU value
and the higher glucose and pH levels. In order to investigate the possible
correlation between the antiproliferative effect of bacterial supernatants
and their pH or enzymatic activity, we also assessed CFS with adjusted
neutral pH (CFSp) and CFS with neutral pH and inactivated enzymes
(CFSpe).

All three CFS (CFS, CFSp and CFSpe) of LP and BLP inhibited the
proliferation of cancer cells in a concentration and time dependent-
manner (Fig. 1A). Possibly due to their different composition, all CFS,
CFSp and CFSpe of LP exhibited weaker antiproliferative activity against
HT29 cells compared to CFS, CFSp and CFSpe of BLP, respectively.
Interestingly, by comparatively examining the effects of CFS, CFSp and
CFSpe of either LP or BLP, we observed that their growth inhibitory
activity was independent from the pH and enzymatic activity (Spear-
man’s correlation; P > 0.05).

Finally, to investigate whether glucose consumption or organic acids
produced by bacteria were involved in the growth inhibition activity
exerted by CFSp, we examined the effect of modified cell culture media
(mCM). The mCM were prepared with DMEM adjusted to the neutral pH
in order to simulate CFSp composition: with or without 4.5 g/L of
glucose and supplemented with lactic and/or butyric acid, 30 or 60 mM
and 10 mM, respectively (Table 1; Fig. 1B). Deprivation of glucose alone
affected cell growth to a small extend as a 23% inhibition rate was
observed in cells maintained in glucose-deprived mCM for 48 h
compared to cells maintained in medium supplemented with glucose
(Fig. 1B). Furthermore, both butyric and lactic acids individually
inhibited cell growth in a time-dependent manner, while 10 mM of
butyric acid induced a remarkable 73% decrease in cell growth rate.
Noteworthy, neither glucose deprivation, nor the combination of butyric
and lactic acid in concentrations equivalent to the CFSp of BLP (10 mM
of butyric and 60 mM of lactic acid) enhanced the antiproliferative ef-
fect exhibited by butyric acid alone.

3.2. Cell-free supernatants of BLP and LP inhibit cancer cells metabolic
activity

Based on the effects of both BLP and LP supernatants in cancer cell
growth, we further investigated whether the observed antiproliferative
activity was related to the inhibition of cancer cells metabolic activity.
For this purpose, we treated confluent monolayers of cells (no growth
state) with CFS, CFSp and CFSpe as described above, and assayed

Table 1
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cellular metabolic activity with the MTT method. As observed for the
SRB, the MTT assay revealed that CFS, CFSn and CFSp of BLP exhibited a
stronger growth inhibition compared to LP supernatants (Fig. 2).
Noteworthy, CFS of both BLP and LP have shown more potent repression
effect on cells metabolic activity compared to their CFSp or CFSpe; i.e.
low pH inhibited more cells metabolic activity (MTT assay) than cells
proliferation (Supplementary Table 2).

3.3. Cell-free supernatant of BLP modulates the expression of cyclin D1
gene

In order to further investigate the mechanisms involved in the
observed antiproliferative activity exerted by the CFSp of BLP and LP,
we assessed the relative mRNA expression in HT29 cells of: (i) two key
regulators of the apoptotic pathway, namely BAX and BIRC5a; (i) two
target genes involved in cell cycle progression, namely CCNDI and
CCNE1 (Supplementary table 1). Moreover, we analyzed the effect of
modified cell culture medium (mCM) deprived of glucose and supple-
mented with butyric acid, lactic acid, or their combination. Differential
gene expression, standardized to 0 h treatment, was compared between
control untreated cells (incubated with DMEM medium complete of
glucose) and CFSp-treated or mCM-treated cells after 4, 8 or 12 h of
treatment (Fig. 3).

Expression level of BAX mRNA was significantly downregulated after
8 h of cells incubation with mCM supplemented with butyric acid and
upregulated in cells treated with 60 mM of lactic acid for 12 h. On the
other hand, no significant modification in the BIRC5a expression levels
were observed, either in CFSp- and mCM-treated cells, regardless from
the incubation time.

Downregulation in mRNA expression of CCNE1 encoding for the
protein cyclin E1, was observed in cells treated with mCM supplemented
with lactic acid after 4 h and in all mCM-treated cells after 12 h. The
mRNA expression of CCND1, encoding for cyclin D1, was downregulated
(P < 0.01) in HT-29 cells after either 4, 8 or 12 h of treatment with mCM
supplemented with butyric acid alone and in combination with lactic
acid. In parallel, the CFSp of BLP determined a significant down-
regulation of CCND1 expression HT-29 cells after 8 h of treatment, while
no effect was observed in cells treated with the CFSp of LP. Interestingly,
the CCND1 mRNA expression along the incubation time was negatively
correlated (Spearman’s correlation; P < 0.001; R = —0.52) with the
amount of butyric acid detected in CFSp and added in mCM, while the
concentrations of glucose and lactic acid contents of CFSp and mCM did
not show any significant correlation with the expression of this gene.

Overall, BAX, CCNE1, and BIRC5a mRNA expression levels did not
show any significant correlation (P < 0.05) with glucose, lactic and
butyric acids contents of mCM and CFSp (Table 1).

3.4. Cell-free supernatant of BLP exerts cell cycle-related effects on HT29
cells

Based on our observations regarding the growth inhibitory activity of

Cell free supernatants (CFS) obtained from Lpb. plantarum strains $11T3E, S2T10D and O2T60C (7.0 + 0.2 Log CFU mL™?) inoculated in DMEM medium (D2426;
Sigma, supplemented with 2 mM of L-glutamine) and incubated for 24 h at 37 °C. Protein content was quantify by BCA assay, quantification of glucose and organic
acids were assessed with HPLC-UV-RI, and growth capability was calculated following the formula: Log CFU mL yfer 24 n — Log CFU mL Y pitial inoculums. Results are the
means ( + SEM) of 3 independent experiments (n = 3). Levels of significance were reported in the table for each characteristic considered.

Concentration (mM)

Strains Protein (mg mL ™) pH A Log CFU Glucose Pyruvic acid Lactic acid Acetic acid Butyric acid
L. plantarum S2T10D 1.13 +0.07 4.42 +0.06 a 0.21 + 0.06 b n.d. 0.4+01a 57.8 + 3.7 0.5+ 0.2 8.0+1.2

L. plantarum O2T60C 1.57 +£0.18 6.2+0.24b -0.38 £0.16 a 10.1 £ 2.7 a 1.2+0.3b 40+ 7.1 n.d. n.d.

Cuture medium 1.54 + 0.07 7.85 + 0.06¢ n.d. 258+ 1.1b 1.4+0.2b n.d. n.d. n.d.
Significance: ns el * ek il o ns / /

a, b, ¢, d: Different letters indicate a significant difference among the thesis (p < 0.05). /: not analyzed. n.d.: not detected. ns: not significant. *p < 0.05. * *p < 0.01.

* %%p < 0,001
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Fig. 3. Relative expression levels (nRNA) of genes related to apoptosis (BAX, BIRC5a) and cell cycle progression (CCND1, CCNE1) in HT-29 cells incubated for 4, 8
and 12 h with bacterial supernatants (CFSp) and modified culture media (mCM). Log, Fold change (means & SEM; n = 3) are relative to the control cells recovered
before the co-incubation treatments (time 0). The asterisks highlight significant differences (Wilcoxon’s test; *=p < 0.05; **=p < 0.01; ***=p < 0.001) between
the relative expression condition of the untreated control (cells incubated with complete DMEM with 4.5 g/L of glucose) and treatment condition, namely: CFSp of
S2T10E (BLP); CFSp of 02T60C (LP); mCM with butyric (10 mM) and lactic (60 mM) acids (But/Lac); mCM with 10 mM of butyric acid (But); mCM with 60 mM of

lactic acid (Lac). All mCM were deprived of glucose.

BLP’s CFSp and its cyclin D1 downregulating effect, we investigated the
potential biological mechanisms involved, by examining whether BLP’s
CFSp induces apoptosis and cell cycle arrest in cancer cells. Apoptosis
was studied by analysing the phosphatidylserine translocation across the
plasma membrane with the Annexin V-FITC/PI flow cytometry assay,
while the cell cycle progression was assayed by quantification of DNA
content analyzed also by flow cytometry.

We concluded that neither cell death, nor apoptosis are involved in

the growth inhibitory activity of BLP’s CFSp, as, even after 48 h of
treatment no significant signs of apoptosis or necrosis were detected in
cells (Fig. 4A). However, a significant (p < 0.05) cell population shift to
G2/M phase compared to the untreated cells, was noted after 36 h of
treatment with BLP’s CFSp, reaching thereby the G2/M fraction per-
centage of 28.6% in treated cells, compared to 12.3% in control cells
(Fig. 4B). In accordance to the G2/M arrest induced by BLP’s CFSp, we
observed a significant decrease in cyclin B1 protein level in the twelfth
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Fig. 4. Confirmation of cell cycle regulation activity by the supernatant of S2T10D. Annexin V-PI assay (A) and Flow cytometric analysis of cell-cycle progression (B)
in HT29 cells treated with CFSp of Lpb. plantarum S2T10D for 48 or 36 h respectively. Control cells were grown in complete DMEM. Cells were fixed and stained with
PI The flow cytometric histograms are representative of three independent experiments (n = 3). Y-axis represents number of cells; X-axis represents DNA content (PI
intensity). The data are presented as the means + SD of three independent experiments (P < 0.05). (C) Western blot results showing cyclin B1 and D1 protein levels

after 12 and 36 h of co-incubation with CFSp of Lpb. plantarum S2T10D.

hour of co-incubation, namely 5% compared to the control. This trend
was still observable but not significant at 36 h, with a slight reduction of
cyclin B1 protein expression percentage level (90%). The CCNDI mRNA
downregulation was confirmed at protein level, with cyclin D1 protein
level reduced to 15% in treated cells compared to control after 12 h of
treatment (Fig. 4C).

4. Discussion

Herein, the effects of two Lpb. plantarum against the growth of human
intestinal cancer cells have been investigated to define the potential
correlation between their strain-specific butyrogenic capability and the
biological mechanisms underpinning these phenomena. For this pur-
pose, the antiproliferative activities of the butyrate-producing (BLP) Lpb
plantarum S2T10D and the not-butyrogenic strain (LP) O2T60C have
been compared in vitro.

Viable bacteria inhibited cell growth in a time- and concentration-
dependent manner, reaching the cytotoxicity cut-off threshold of 50%
[41] after 24 h of co-incubation with HT-29 cells, which are considered
suitable in vitro models to test the cytotoxicity exerted by bacteria
against intestinal cancers cells and their aberrant metabolism and
physiology [51,52]. Moreover, to investigate which bacterial
macro-fractions were responsible for the anti-proliferating effects
observed, cell-free supernatants and heat-inactivated bacteria were
assayed, with the latter showing no inhibitory effects on the growth of

HT-29 cells. This observation enabled us to exclude the involvement of
heat-stable cell-bound components in the growth inhibitory activity
exerted by the bacteria, which instead have been previously indicated
among the main compounds responsible for the antiproliferative activity
of several lactobacilli species [23,25,53]. Moreover, it suggests that Vb
inhibit cancer cells proliferation by releasing extracellular metabolites,
as it has already been observed for Lpb. plantarum [11,27,30].

In this frame, the organic acids and glucose profiles of bacterial su-
pernatants reflected the growth capability of each strain in the DMEM
culture medium. Accordingly, the viable cells of Lpb. plantarum O2T60C
and its supernatant showed a modest anti-proliferative profile due to its
low metabolic activity and inability to produce butyric acid. This SCFA
was produced by Lpb. plantarum S2T10D, by confirming previous results
in cell culture media, cheeses and bacterial culture broth [40,54,55].
Overall, Lpb. plantarum is known to produce butyric acid in relation to
the media composition and, for instance, the fructo-oligosaccharides
(FOS) and the inulin induce its production [56,57]. In our case, we
identified in a prior study the L -glutamine as the main inducer of
butyrogenic capability in S2T10D (BLP), by linking the butyrate meta-
bolism of the species Lpb. plantarum to the complementary activities of a
medium-chain thioesterase and the Fatty Acid Synthase (FASII) pathway
[40]. This characterization of the butyrogenic pathway in Lbp. plantarum
has been recently confirmed by another genomic investigation [58].
Regardless from the butyrogenic metabolism of Lpb. plantarum, ac-
cording to the literature the concentrations of butyric acid found in
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S2T10D supernatant is adequate to inhibit significantly the proliferation
of cancer cells [59,60]. This was confirmed by the reduced growth rates
we observed in HT-29 cells treated with mCM supplemented with
10 mM of butyric acid and tested at neutral pH. To the best of our
knowledge no studies to date have attributed to Lpb. plantarum the
production of butyrate as a possible antiproliferative mechanism inde-
pendently of media acidification.

Together with butyric acid, SCFAs like propionate and acetate have
been proposed as the molecules responsible for cancer cells inhibition
exerted respectively by propionibacteria and bifidobacteria [33,61-64],
but mainly in relation to the pH decrease.

In our study the media acidification had a negligible effect on HT-29
growth inhibition, but it significantly impacted the human cells meta-
bolic activity, independently from their proliferation. This second
observation is in accordance with the previously reported association
between metabolic activity of human cells and the parallel consumption
of sugar and acidification produced by bacterial growth [62]. Besides,
the mCM tested with or without glucose demonstrated that the sugar
consumed by bacteria during the co-incubation with HT-29 cells is not
the main reason behind the antiproliferative effect exerted by the two
strains.

Furthermore, antiproliferative activities of Lpb. plantarum superna-
tants have been attributed to the bacterial pheromone PInA [30] and to
other diffusible bacteriocin-like peptides [26,28,30], however here the
negligible differences observed between pH-neutralized supernatants
(CFSp) and their protease-treated counterparts (CFSpe) suggest a limited
involvement of proteinaceous components for both strains.

Flow cytometry cell cycle and apoptosis analysis, as well as the
decreased mRNA expression levels of Cyclin D1 in HT29-cells treated
with the CFSp of BLP or the mCM supplemented with butyric acid,
indicate that cell growth inhibition might be due to cell cycle arrest
rather than apoptotic cell death, which is often reported for various
lactobacilli strains with anticancer activity [65-67]. This conclusion is
also supported by the similar expression levels of BAX gene between
treated and control cells; the oligomerization of this pro-apoptotic pro-
tein triggers the breaking of mitochondrial outer membrane, the release
of cytochrome C and the subsequent apoptogenic cascade [68]. Inter-
estingly, this pathway can be activated in vitro by nutrients deprivation,
like the one induced by the direct (viable cells) or indirect (superna-
tants) fermentative activities of these two Lpb. plantarum strains. Strains
of this species have indeed shown the in vitro capability to enhance Bax
protein level in a strain- dependent manner [69,70], however we did not
detect such an effect in our experiments.

On the other hand, the significant downregulation of cyclin D1
expression in HT-29 cells exerted by both butyrate-producer S2T10D
and butyrate-supplemented media, confirm the indirect but key role of
butyric acid in the transcriptional downregulation of this gene [38,71,
72]. Noteworthy, cyclin D1 is considered a hub gene of the
protein-protein interaction network described in colon cancer cells
metabolism and has been proposed as a valid target for developing novel
therapeutic strategies [73].

The transcriptional evidences of a butyrate-related effect of S2T10D
in the cells cycle regulation were thus confirmed by the G2/M cell cycle
arrest and the reduction of cyclin D1 and cyclin Bl protein levels
observed in HT-29 cells treated with its supernatant (CFSp). Similarly to
its effect in cyclin D1 regulation, butyrate has also been shown to in-
crease the hyperacetylation of histone and to downregulate downstream
the expression of cyclin B1 [74].

In summary, the mechanisms involved in the antiproliferative
properties induced by the two lactobacilli strains are multifaceted and
generally correlated to bacterial growth. However, the greater inhibi-
tory activity of the strain S2T10D seems to be related to its butyrogenic
capability and induction of cell cycle arrest. Taking into account the
current limited knowledge about butyrogenic capability of Lbp. planta-
rum in the intestine, this study highlights the importance to explore in
depth this substrate- and strain-dependent metabolic activity and its
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biological potential. Finally, considering the key role of butyric acid in
the maintenance of gut homeostasis and the ubiquity of Lpb. plantarum
in fermented foods, we propose that synbiotic combinations between
Lpb. plantarum species and targeted pro-butyrogenic prebiotics could
potentially improve the clinical efficacy of cancer preventive/thera-
peutic approaches.
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