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Abstract 

Background  Gut microbiota modulation has been demonstrated to be effective in protecting patients against det-
rimental effects of anti-cancer therapies, as well as to improve the efficacy of certain anti-cancer treatments. Among 
the most characterized probiotics, Lactobacillus rhamnosus GG (LGG) is currently utilized in clinics to alleviate diarrhea, 
mucositis or intestinal damage which might be associated with several triggers, including Clostridium difficile infec-
tions, inflammatory gut diseases, antibiotic consumption, chemotherapy or radiation therapy. Here, we investigate 
whether LGG cell-free supernatant (LGG-SN) might exert anti-proliferative activity toward colon cancer and metastatic 
melanoma cells. Moreover, we assess the potential adjuvant effect of LGG-SN in combination with anti-cancer drugs.

Methods  LGG-SN alone or in combination with either 5-Fuorouracil and Irinotecan was used to treat human colon 
and human melanoma cancer cell lines. Dimethylimidazol-diphenyl tetrazolium bromide assay was employed to 
detect cellular viability. Trypan blue staining, anti-cleaved caspase-3 and anti-total versus anti-cleaved PARP western 
blots, and annexin V/propidium iodide flow cytometry analyses were used to assess cell death. Flow cytometry meas-
urement of cellular DNA content (with propidium iodide staining) together with qPCR analysis of cyclins expression 
were used to assess cell cycle.

Results  We demonstrate that LGG-SN is able to selectively reduce the viability of cancer cells in a concentration-
dependent way. While LGG-SN does not exert any anti-proliferative activity on control fibroblasts. In cancer cells, the 
reduction in viability is not associated with apoptosis induction, but with a mitotic arrest in the G2/M phase of cell 
cycle. Additionally, LGG-SN sensitizes cancer cells to both 5-Fluorouracil and Irinotecan, thereby showing a positive 
synergistic action.

Conclusion  Overall, our results suggest that LGG-SN may contain one or more bioactive molecules with anti-cancer 
activity which sensitize cancer cells to chemotherapeutic drugs. Thus, LGG could be proposed as an ideal candidate 
for ground-breaking integrated approaches to be employed in oncology, to reduce chemotherapy-related side effects 
and overcome resistance or relapse issues, thus ameliorating the therapeutic response in cancer patients.
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Background
Gut microbiota (GM) is composed of a plethora of dif-
ferent microorganisms (more than 100,000 trillion). 
Among them, bacteria are the most extensively stud-
ied [1]. Growing number of studies demonstrated that 
intestinal microbiota composition deeply affects human 
health [2, 3]. Regarding cancer, while certain detrimen-
tal bacterial species may induce cellular transformation 
triggering both local and systemic inflammation, other 
ones protect the host against tumor development, for 
example by improving the immune system functional-
ity [4, 5]. Late diagnosis, resistance to therapy, recur-
rence and relapse are appalling issues which need to be 
overcome with the identification of new effective tar-
geting strategies, especially for colon cancer, melanoma 
or lung cancer [6–9]. Pivotally, several approaches to 
modulate GM composition are currently used in clinics 
to ameliorate both adherence to treatments and anti-
cancer therapy outcomes [10–14].

Lactobacillus rhamnosus GG (LGG), originally iso-
lated from healthy human fecal samples in 1985 (by 
Gorbach and Goldwin, GG), and whose genome was 
fully sequenced in 2009, represents the most widely 
tested probiotic strain, both preclinically and clini-
cally [15, 16]. As comprehensively outlined in a recent 
review by Lucio Capurso [17], in over 30  years of 
research, LGG demonstrated to be a very robust strain, 
able to survive to acidic gastric pH, to firmly adhere 
to the intestinal mucosa, as well as to produce epithe-
lial-protective biofilms. Additionally, LGG efficiently 
shields non-transformed intestinal cells from varied 
sources of stressors (mechanicals and chemicals). Also, 
LGG efficiently contrasts intestinal microbial pathogen 
proliferation. Importantly, LGG may induce T helper 
1 host immune response, thereby reducing gut inflam-
matory diseases and increasing anti-tumor targeting 
immunity [17]. Given all these proven properties, LGG 
is effectively employed in clinics to contrast diarrhea, 
leaky gut and/or mucositis which may be associated 
with: Clostridium difficile infections, inflammatory gut 
diseases, antibiotics, or anti-cancer therapies, but also 
non-alcoholic steatohepatitis, cystic fibrosis and many 
other conditions [18].

LGG is safely administered to children, elderly and 
immunocompromised individuals [19–21]. For this 
reason, it represents an ideal probiotic to be proposed 
as adjuvant in oncology [18]. The peculiarity of LGG is 
that several preclinical studies demonstrated its capabil-
ity to effectively arrest cancer cell growth, both in  vitro 
and in vivo (in several cancer types including oral, colon, 
cervical, breast) [4]. Despite all the existing observations, 
it is unclear yet whether LGG-derived anti-cancer active 
biomolecule(s) might be located within the bacterial cell, 

or attached to the surrounding wall (including pili), or 
actively secreted [4].

This work aims to characterize the effect of cell-free 
LGG supernatant (LGG-SN) on the growth of cancer 
cells versus non-transformed ones. Three colon cancer 
cell lines (HCT-116, Caco-2, HT-29) and one melanoma 
cell line (A375) have been used in this study in order to 
evaluate whether LGG-SN might affect both local-colon 
and intestine-distant tumors. Importantly, in light of 
future translational application, the effect of LGG-SN in 
combination with anti-cancer drugs has also been evalu-
ated. Overall, the results from this study will pose valu-
able bases to further clarify whether LGG use might be a 
suitable integrated approach in oncology and what is the 
nature of the secreted LGG-component(s) able to selec-
tively induce the observed anti-cancer activity.

Methods
Cell lines and culture
HCT-116, Caco-2, HT-29 human colon cancer cell lines, 
and A375 malignant melanoma cells were purchased 
from American Type Culture Collection (Manassas, VA, 
USA). Non-cancer human primary cutaneous fibroblasts 
were kindly provided by Professor Salvatore Travali, Uni-
versity of Catania (Italy). HCT-116, HT-29 and A375 cells 
were grown in Roswell Park Memorial Institute Medium 
(RPMI-1640; Sigma-Aldrich, St. Louis, MO, USA), while 
Caco-2 and Fibroblasts were cultured in Minimum 
Essential Medium (MEM; Sigma-Aldrich, St. Louis, 
MO, USA). All culture media were supplemented with 
2 mmol/l L-glutamine (L-Glut), 100 IU penicillin, 100 μg/
ml streptomycin and 10% heat-inactivated Fetal Bovine 
Serum (FBS, Sigma-Aldrich, St. Louis, MO, USA). Cells 
were maintained in a humidified, 37 °C and 5% CO2 incu-
bator and used within 15 passages after thawing.

LGG growth condition and cell‑free supernatant 
production
Probiotic strain Lactobacillus rhamnosus GG (ATCC 
53,103, LGG) was provided by Dicofarm Spa (Rome, 
Italy). LGG cell-free supernatant (LGG-SN) from live 
LGG culture was obtained through several steps summa-
rized in Table 1.

LGG was grown in de Man, Rogosa and Sharpe (MRS) 
agar (Oxoid, Thermo Fisher Scientific Inc., Waltham, 
MA, USA), incubated for 48 h at 37 °C under anaerobic 
conditions, using the GasPakEZ Gas Generating Pouch 
Systems (BD Diagnostics, Franklin Lakes, NJ, USA). 
LGG cultures grown anaerobically for 48  h at 37  °C in 
MRS broth (Oxoid) were harvested by centrifugation 
(5,000 × g for 15 min, at 4 °C), and the cells were washed 
twice with a sterile solution of 0.85% NaCl (w/v) (Sigma-
Aldrich, St. Louis, MO, USA). Subsequently, 200  µl of 
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108  CFU/ml LGG bacteria starter culture were inocu-
lated in 500  ml of MRS broth and further incubated at 
37 °C for 20 h without agitation. Once reached late-expo-
nential growth phase, at 2.9 × 109 CFU/ml, live LGG was 
separated from MRS broth through a centrifugation step 
at 7,000 RPM for 30 min, at 4 °C. Hence, LGG bacterial 
pellet was washed twice with sterile Phosphate Buffered 
Saline (PBS) solution (to eliminate MRS medium residu-
als) and resuspended in 500  ml of sterile RPMI-1640. 
LGG bacterial suspension was incubated in RPMI-1640 
for 5 h at 37 °C without agitation, to obtain LGG condi-
tioned medium. The LGG-conditioned suspension was 
subsequently centrifuged at 7,000 RPM for 30  min at 
4  °C, conditioned medium was separated from the bac-
terial pellet, and filtered-sterilized with a bottle filtration 
unit, 0.22  µm (Merck Millipore, Darmstadt, Germany). 
LGG conditioned cell-free RPMI-1640 supernatant was 
supplemented with FBS (final concentration 10% v/v) and 
L-Glut (final concentration 2  mM) to obtain the com-
plete LGG conditioned supernatant (cell-free and ster-
ile), or LGG-SN, used in the in  vitro experiments (and 
considered 90% v/v concentrated, stock concentration). 
Control MRS LGG cell-free supernatant was obtained 
by incubating bacteria (corresponding to 2.9 × 109 CFU/
ml) in MRS for 5 h at 37 °C without agitation. LGG sus-
pension was centrifuged at 7,000 RPM for 30 min at 4 °C, 
MRS-conditioned supernatant was separated from the 
bacterial pellet, and filtered-sterilized with a bottle filtra-
tion unit, 0.22 µm. The obtained sterile LGG conditioned 
cell-free MRS supernatant was supplemented with FBS 
(final concentration 10% v/v) and L-Glut (final concen-
tration 2 mM) to obtain the complete LGG conditioned 
MRS (sterile, cell-free) control medium (90% v/v, stock 
concentration).

LGG lyophilized cell-free and sterile supernatant 
(lyoph-LGG-SN) was obtained resuspending one 

bottle of LGG (cell-free) lyophilized broth (lot 2S20X-
WBR085-19, Dicofarm Spa Rome, Italy) in 1 ml of sterile 
distilled water (ddH2O). The solution (and derived dilu-
tions in ddH2O) was then diluted to 5% (v/v) in sterile 
complete RPMI-1640 (with 10% FBS and 2 mM L-Glut), 
to obtain complete lyoph-LGG-SN stock solution used in 
the in vitro experiments.

Cell viability assays
The 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyl tetrazo-
lium bromide (475,989, MTT, Sigma-Aldrich, St. Louis, 
MO, USA) assay was used to assess cellular viability. 
For treatments with LGG-SN, cells were seeded in trip-
licate samples into a 96-well plate (3,000 cells per well 
for HT-29, HCT-116, A375, or 5,000 cells per well for 
Caco-2 and fibroblasts), treated with LGG-SN added 
to complete RPMI-1640 from 90 to 10% (v/v), control 
cells were treated with the same percentage of complete 
RPMI-1640 without LGG-SN (control medium, CTRL). 
For treatments with Lyoph-LGG-SN, tumor cells were 
treated with Lyoph-LGG-SN in a range between 5% and 
0.001% (v/v) in complete RPMI-1640, control cells were 
treated with the same maximum percentage of diluent 
(5% ddH2O, v/v) in complete medium. For anti-cancer 
treatments, cells were treated in combination with dif-
ferent concentrations of LGG-SN (0%, 50% and a higher 
concentration corresponding to specific IC50 of the 
tested cell line) and 5-Fluorouracil (5-FU; F6627, Sigma-
Aldrich, St. Louis, MO, USA), with concentrations rang-
ing from 5.0 × 10–4 to 7.6 × 10–9  M or Irinotecan (IRN; 
I1406, Sigma-Aldrich, St. Louis, MO, USA), with con-
centrations ranging from 2.0 × 10–4 to 3.1 × 10–9  M, as 
well as in combination with different concentrations of 
Lyoph-LGG-SN (0, 0.3%, 1% and 3%) and 5-FU with con-
centrations ranging from 5.0 × 10–4 to 5.0 × 10–7 M.

Table 1  Procedure for the generation of LGG conditioned media

n.a., not associated; MRS, de Man, Rogosa and Sharpe; RPMI-1640, Roswell Park Memorial Institute Medium

LGG biomass LGG conditioned medium LGG-free conditioned 
medium complete 
(LGG-SN)

Lyophilized LGG supernatant (Lyoph LGG-SN)

Medium MRS RPMI-1640 RPMI-1640 Resuspended in sterile ddH2O

Supplements n.a n.a FBS (10% v/v); L-Glut (2 mM) Stock concentration 5% (v/v) in complete RPMI-
1640 (with 10% FBS and 2 mM L-Glut)

Growth conditions ON 37 °C 5 h 37 °C n.a n.a

Incubation Exponential 
bacteria 
growth

Living bacteria biomass Bacteria free; Filter-sterilized Bacteria free

pH range 5.0–5.5 6.5–7.0 6.5–7.5 7.5–8.0

OD 600 nm 1.88 ± 0.2 1.91 ± 0.3 n.a n.a

Bacteria count (CFU/ml) 2.9 × 109 2.4 × 1010 n.a n.a
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Following 48  h of incubation, cells were assessed for 
their viability by adding 0.5 µg/ml MTT per well. Insolu-
ble formazan crystals were dissolved by adding an acid-
isopropanol stop solution (0.04N HCl). Absorbance was 
measured at 610 nm, using the Tecan-Sunrise microplate 
reader (Tecan, Männedorf, Switzerland). To assess syn-
ergy between anti-cancer treatments and either LGG-
SN or Lyoph-LGG-SN, viability results were analyzed 
through the free online tool Synergy Finder 2.0 [22]. For 
each combination analyzed, data outcomes were pre-
sented as inhibition percentage matrices and synergy 
score matrices. In particular, the Highest Single Agent 
(HSA) model was applied to score the synergy, which 
states that the expected combination effect is equal to 
the higher effect obtained with individual treatments. 
Therefore, any additional effect over the higher single 
compound treatment has been considered as HSA syn-
ergy [23]. For trypan blue count, from 1.0 × 105 cells per 
well (for HT-29, HCT-116 and A375) to 2.0 × 105 cells 
per well (for Caco-2 and fibroblasts) were seeded in 12 
well plates and treated with different concentrations of 
LGG-SN. After 48  h of incubation and harvesting, cel-
lular samples were mixed 1:1 with 0.4% Trypan Blue 
(15250061, Thermo Fisher Scientific, Waltham, MA, 
USA). Cells permeable to Trypan Blue were counted as 
dead. Counts were performed by using a Bürker chamber 
and the Eclipse Ts2 inverted microscope (Nikon, Mel-
ville, NY, USA). Doubling times for CTRL and LGG-SN 
90% treated samples have been calculated with the fol-
lowing formula:

where 48  h indicates the cell culture duration, Nf indi-
cates the final number of viable cells at the endpoint and 
Ni indicates the initial seeding density.

Total RNA extraction, cDNA synthesis and quantitative 
RT‑PCR analyses
For total RNA extraction, up to 3 × 106 cancer cells were 
harvested and total RNA was isolated using GeneJET 
RNA Purification Kit (K0731, Thermo Fisher Scientific, 

Doubling time(hours) =
48hours × ln(2)

ln(
Nf

Ni
)

Waltham, MA, USA). For cDNA synthesis, 3  µg of the 
total RNA was reverse-transcribed with Super-Script IV 
Reverse Transcriptase (18090010, Thermo Fisher Scien-
tific, Waltham, MA, USA).

The template cDNA was amplified using the primer 
pairs reported in Table 2.

Luminaris Color HiGreen qPCR Master Mix, high 
ROX was used for quantitative RT-qPCR (q-RT-PCR; 
K0361, Thermo Fisher Scientific, Waltham, MA, USA). 
7300 Real-Time PCR System was employed to detect 
cDNA amplification (Thermo Fisher Scientific, Waltham, 
MA, USA). Expression levels of target genes were nor-
malized to the mean expression levels of human GAPDH 
housekeeping gene. In particular, the 2(−ddCt) relative 
quantification method was employed [24].

Protein lysates preparation, quantification 
and immunoblot analyses
For protein extraction, up to 5 × 106 cells were har-
vested. The collected cells were lysed using nonidet-P40 
buffer (FNN0021, Thermo Fisher Scientific, Waltham, 
MA, USA) supplemented with protease and phosphatase 
inhibitors (11836170001 and 4906845001, Roche Diag-
nostics, Indianapolis, IN, USA). Protein concentration 
was determined with Bradford assay (5000201, Bio-Rad 
Laboratories, Hercules, CA, USA). Protein samples were 
separated using Mini-Protean precast gels and gel-elec-
trophoresis system, and protein gels were transferred 
using Trans-Blot Turbo transfer system (4561085 and 
1704158, both from Bio-Rad Laboratories, Hercules, CA, 
USA). Nitrocellulose membranes were blocked with 5% 
of non-fat dry milk diluted in TBS-T buffer (0.1% Tween 
20, 20 mM Tris–HCl pH 7.6, 137 mM NaCl). Immuno-
blotting analyses were performed using the following 
antibodies, according to manufacturer’s instructions: 
anti-cleaved-Caspase-3 (1:1,000 dilution; Rabbit, Cell 
Signaling Technology, Danvers, MA, USA, CST-9664); 
anti-total/cleaved-PARP-1 (1:1,000 dilution; Rabbit, Cell 
Signaling Technology, Danvers, MA, USA, CST-9532); 
anti-β-Tubulin (1:5,000 dilution; loading control, Rab-
bit, Abcam, Cambridge, United Kingdom, ab6046); anti-
β-Actin (1:10,000 dilution, Mouse, Sigma-Aldrich, St. 
Louis, MO, USA, a1978); Goat Anti-Rabbit IgG Antibody, 

Table 2  Primer pairs for RT-PCR experiments

Gene ID Primer F Primer R Product 
Size (bp)

Cyclin A (CCNA2) CCA​GTC​CAC​GAG​GAT​AGC​TC GCC​TGC​GTT​CAC​CAT​TCA​TG 364

Cyclin B (CCNB1) AAG​AGC​TTT​AAA​CTT​TGG​TCT​GGG​ CTT​TGT​AAG​TCC​TTG​ATT​TAC​CAT​G 319

Cyclin D (CCND1) CCG​AGA​AGC​TGT​GCA​TCT​AC GGC​GGT​AGT​AGG​ACA​GGA​AG 324

GAPDH AGA​AGG​CTG​GGG​CTC​ATT​TG AGG​GGC​CAT​CCA​CAG​TCT​TC 258
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Fc, HRP conjugate (1:3,000 dilution; Chemicon Interna-
tional, Fisher Scientific, Waltham, MA, USA, AP156P). 
Enhanced chemiluminescence signals (1705060, ECL kit, 
Bio-Rad Laboratories, Hercules, CA, USA) were acquired 
with the ChemiDoc Touch Imaging System (Bio-Rad 
Laboratories, Hercules, CA, USA).

Flow cytometry analyses
6 × 105 cancer cells were seeded in 10 cm culture dishes 
and treated either with LGG-SN 90% or with CTRL 
medium for 48  h. 5 × 10–7  M Vincristine (VIN, V8388, 
Sigma-Aldrich, St. Louis, MO, USA) treatment in com-
plete RPMI-1640 medium was used as positive con-
trol for cell cycle analysis. In fact, VIN disrupts mitotic 
spindle formation thereby blocking cells in G2/M phase 
[25]. Moreover, 0.5  µg/ml puromycin (PURO, P4512, 
Sigma-Aldrich, St. Louis, MO, USA) treatment in com-
plete RPMI-1640 medium was used as cell death con-
trol. Following treatments, cells were harvested through 
cell scraping, washed twice in PBS and kept on ice. For 
cell cycle analysis, upon centrifugation at 1,200  rpm for 
5  min at room temperature, and PBS removal, the cell 
pellet was resuspended in ice-cold 70% ethanol solution. 
After an incubation overnight at 4 °C, cells were pelleted 
through centrifugation at 1,200  rpm for 5  min at 4  °C, 
washed in PBS to remove all the ethanol, and cell pellets 
were subsequently resuspended in Propidium Iodide (PI) 
staining solution containing PBS with 0.1% (v/v) Triton 
X-100, 10  μg/ml PI (P4170, Sigma-Aldrich, St. Louis, 
MO, USA), 100  μg/ml DNase-free RNase A (R5125, 
Sigma-Aldrich, St. Louis, MO, USA). Cells in PI solu-
tion were incubated 10 min at 37 °C in the dark. Instead, 
for cell death analysis, harvested cells were immediately 
incubated with Alexa Fluor 488 Annexin V/Dead Cell 
Apoptosis Kit components (V13241, Thermo Fisher Sci-
entific, Waltham, MA, USA), following manufacturer’s 
instruction.

Subsequently, samples were analyzed with Amnis Flow 
Sight Imaging Flow Cytometer (Luminex, USA). Fluo-
rescence intensity of PI and/or Annexin V was meas-
ured by using 488 nm laser. Flow cytometric gating was 
used to select focused single cells and the mean fluores-
cence intensity of treated cells was compared with that of 
CTRL treated cells. Amnis IDEAS software version 6.1 
(Luminex, Austin, TX, USA) was used for data analyses. 
Amnis cell cycle wizard was used to quantify PI fluores-
cence detected in Channel 5 (640–745 nm) in correlation 
with the DNA cellular content and, hence with the corre-
sponding cell cycle phase. Whereas, for cell death analy-
sis single cells in focus were gated based on fluorescence 
intensity detected in Channel 2 (480–560  nm, Annexin 
V signal) in function of fluorescence intensity detected 
in Channel 5 (640–745  nm, PI signal). Early apoptotic 

cells are Annexin V positive, necrotic cells are PI positive, 
advanced apoptotic cells are both Annexin V and PI posi-
tive, while live cells show no fluorescence.

Statistical analyses
Statistical analyses were performed using GraphPad 
Prism version 9.0 for Windows (GraphPad Software, La 
Jolla, CA, USA). Results were presented as Mean ± stand-
ard deviation (SD). Single parameter comparisons 
between two groups were conducted using two-tailed 
unpaired Student’s t-test (parametric data) or Mann–
Whitney’s U-test (non-parametric data). Single param-
eter comparisons between three or more groups were 
performed using one-way analysis of variance (ANOVA) 
with Tukey’s or Dunnett’s multiple comparison tests 
(parametric data) or Kruskal–Wallis H-test (non-para-
metric data). Multiple parameter comparisons between 
two groups were performed using two-way ANOVA 
with Tukey’s multiple comparison test. Differences were 
considered significant with p < 0.05; being: *p < 0.05; 
**p < 0.01; ***p < 0.001; ****p < 0.0001.

Results
LGG cell free supernatant (LGG‑SN) selectively reduces 
the viability of cancer cells in a concentration‑dependent 
manner.
To assess the effect of LGG-SN on cellular growth, five 
different cell lines have been employed. Three cell lines 
are colon adenocarcinomas (HT-29, HCT-116 and Caco-
2), whereas A375 cells derive from a cutaneous malig-
nant melanoma. Additionally, non-tumor fibroblast cells 
have been also tested as non-transformed control. In this 
concentration–response experiment, 9 concentrations 
of LGG-SN have been tested, from 90 to 10% v/v, (delta 
difference between doses is 10% v/v), plus the CTRL (0% 
v/v) which is complete growth medium. The MTT read-
out was performed 48 h after treatment.

As shown in Fig.  1, the maximum effect obtained in 
terms of residual viability at the maximum concentration 
of LGG-SN is strictly cell line dependent. Among tumor 
cells, Caco-2 are the less sensitive, with a residual viabil-
ity of 50.5% with 90% (v/v) LGG-SN treatment. While, 
the other three cancer cell lines tested, including mela-
noma A375 cells, show a residual viability of about 20%. 
Interestingly, non-transformed fibroblasts are insensitive 
to LGG-SN treatment, and, even at the highest LGG-SN 
concentration tested (90% v/v), the measured viability in 
fibroblasts is still 96.5%. This result suggests that LGG-
SN selectively reduces the viability of cancer cells, in a 
concentration dependent manner. Correspondingly, the 
relative IC50 values calculated for cancer cell lines range 
between 91.8% LGG-SN (v/v) for Caco-2 less-sensitive 
cells, to 73.8% LGG-SN (v/v) and 74.8 LGG-SN (v/v) for 
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HT-29 and A375, respectively; and, finally 60.1% LGG-
SN (v/v) for HCT-116 (Fig. 1).

Cells treated with LGG‑SN show a decrease in cell number 
not associated with concurrent cell death
To assess whether the decrease in cell viability follow-
ing LGG-SN treatment was associated with a concur-
rent increase in cell death, total protein samples from 
cancer cells treated for 48  h either with increasing 
concentration of LGG-SN or CTRL complete medium, 

or puromycin as positive control, were tested for the 
expression of cleaved Caspase-3 (c-Caspase-3), an 
effector of apoptosis. As shown in Fig. 2A, all four can-
cer cells did not show any increase in the production 
of cleaved Caspase 3 following LGG-SN treatment, 
even at the highest concentration, and in contrast 
with puromycin-treated controls. Furthermore, pro-
tein expression levels of 116 KDa full-length PARP 
(t-PARP) and 89 KDa Caspase-cleaved PARP (c-PARP) 
fragment have been also measured. As showed in 

Fig. 1  LGG cell free supernatant (LGG-SN) selectively reduces the viability of cancer cells in a concentration-dependent manner. Concentration–
response plots for HT-29, HCT-116, Caco-2, A375 and Fibroblasts treated with increasing concentrations of LGG-SN (up to 90% v/v). MTT assay 
readout reveals a concentration dependent decrease of cellular viability in the four cancer cell lines, but not in Fibroblasts. Table reported in the 
bottom right summarizes the IC50 values (% of LGG-SN, v/v) and maximum effect (% viability) calculated per each cell type tested. N = 3. Values are 
presented as Mean ± SD

(See figure on next page.)
Fig. 2  Cancer cells treated with LGG-SN show a decrease in cell number not associated with concurrent cell death. A. Immunoblot and 
densitometry of HT-29, HCT-116, Caco-2, A375 treated with 0% (CTRL), 20%, 50% and 90% v/v LGG-SN, or 0.5 µg/ml Puromycin (positive control 
treatment). Signal detected for cleaved Caspase 3 (c-Casp-3; 17–19 KDa) and β-Tubulin (normalization control, 48 KDa). B. Trypan blue count for 
HT-29, HCT-116, Caco-2, A375 treated with 0% (CTRL), 20%, 50% and 90% v/v LGG-SN. Top bar plots: percentage of live (green) and dead (red) cells 
per each concentration. Bottom plots: cell count (viable green, dead red, total blue) per each concentration of LGG-SN (0% v/v CTRL, 20%, 50% 
and 90% v/v). C. Trypan blue count for Fibroblasts treated with different concentrations LGG-SN. Top bar plots: percentage of live (green) and dead 
(red) cells per each concentration. Bottom plots: cell count (viable green, dead red, total blue) per each concentration of LGG-SN. D. Fold change of 
doubling time of 90% v/v LGG-SN over CTRL 0% v/v treatment. N = 3. Values are presented as Mean ± SD. Statistical significance was analyzed using 
ordinary one-way ANOVA and two-way ANOVA with Tukey’s multiple comparisons test. **p < 0.01; ***p < 0.001; ****p < 0.0001; no asterisk = not 
significant
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Fig. 2  (See legend on previous page.)
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Additional file  1: Fig. S1, in all 90% LGG-SN-treated 
samples, t-PARP levels are comparable with ones 
detected in CTRL samples, whereas c-PARP is not 
detectable. Contrariwise, in puromycin-treated con-
trol, t-PARP signal is about ten-fold reduced, whereas 
c-PARP signal is ten-fold increased when compared 
with both CTRL- and 90% v/v LGG-SN-treated sam-
ples. Accordingly, t-PARP/c-PARP ratio is > 1 in both 
CTRL-treated and LGG-SN-treated cells, while it is < 1 
in puromycin-treated control. Overall, both c-Cas-
pase-3 and PARP detection, support the exclusion of 
the involvement of apoptosis following LGG-SN treat-
ment in cancer cells.

In order to analyze whether early apoptosis might be 
triggered, the protein expression of Annexin V, early 
marker of apoptosis, has been measured. As showed in 
Additional file  1: Fig. S2, flow cytometry results con-
firmed that there is no significant increase of Annexin 
V and/or PI staining in LGG-SN-treated samples com-
pared with CTRL ones in none of the cell lines tested. 
Therefore, not only advanced apoptosis, but also early 
apoptosis and necrosis are not associated with viability 
reduction observed in tumor cells following LGG-SN 
treatment.

Additionally, Trypan cellular count showed a signifi-
cant reduction in the number of total and viable cells 
treated with LGG-SN 90% v/v compared with 0% v/v 
CTRL. As further supported by Trypan blue count, 
such reduction in viable cell number is not associ-
ated with a concurrent increase in the number of dead 
cells, further confirming that LGG-SN treatment is 
not associated with a cytotoxic effect in cancer cells 
(Fig.  2B). In line with the viability assay results, non-
transformed fibroblasts did not show a decrease in 
total or viable cell number upon LGG-SN treatment, 
nor an increase of cells counted as dead (Fig.  2C). 
Comparing the doubling time of the tumor cells with 
fibroblasts following 90% of LGG-SN (v/v) treatment, 
it is possible to notice that while all cancer cells show 
a reduction in their doubling time, fibroblasts continue 
to grow with no change of this parameter (with fold 
change equal to unitary, Fig. 2D). Individual doubling 
times measured in each cell line upon CTRL and 90% 
LGG-SN treatment are reported in Additional file  1: 
Fig. S3.

Cell cycle analyses reveal G2/M block following LGG‑SN 
treatment in cancer cells
To assess whether the reduction in cell viability observed 
in cancer cells with the MTT assay following LGG-SN 
treatment was associated with cell cycle modulation, the 
PI assay has been performed following 90% LGG-SN (v/v) 
treatment, in comparison with untreated CTRL, as well as 
VIN treatment used as positive control. Interestingly, fol-
lowing LGG-SN treatment for 48 h, HT-29, HCT-116 and 
A375 show a significant increase in the number of cells 
in G2/M phase and a concurrent decrease of cells in G0/
G1 phase. Caco-2 cells show a trend of increase of cells in 
G2/M phase although not significant when compared with 
0% LGG-SN (v/v) treated CTRL (Fig.  3A and Additional 
file  1: Fig. S4). Moreover, in agreement with cell death 
analyses, the percentage of cells in Sub-G1 phase, corre-
sponding to the number of dead cells, was found unvaried 
following LGG-SN treatment. Additionally, the analysis of 
Cyclin A, Cyclin B and Cyclin D gene expression levels was 
also performed. As shown in Fig.  3B, all cells showed an 
increase in the expression of all three cyclin genes, signifi-
cant in the most LGG-SN sensitive colon cancer cell lines 
(HT-29, HCT-116 and Caco-2). Overall, cell cycle analysis 
demonstrates that LGG-SN treatment is associated with a 
reduction in viability, as well as an arrest in G2/M phase 
of the cell cycle, thereby suggesting that LGG-SN exerts a 
cytostatic effect in cancer cells.

LGG‑SN in combination with 5‑FU and IRN shows 
a synergistic effect in cancer cells
It was further analyzed whether LGG-SN in combination 
with cytotoxic drugs might show any additive effect. To 
this purpose, tumor cells were treated with two different 
concentrations of LGG-SN in combination with several 
concentrations of two diverse anti-cancer drugs currently 
used in clinics: 5-FU (5.0 × 10–4 to 7.6 × 10–9 M) and IRN 
(2.0 × 10–4 to 3.1 × 10–9  M). Figure  4 shows the results 
obtained for 5-FU. In particular, in Fig. 4A it is possible to 
observe that cancer cells treated with 5-FU in combina-
tion with either a concentration of LGG-SN 50% v/v (light 
purple curves) or around the IC50 calculated for each cell 
line (i.e., 90% for Caco-2, 70% for HT-29 and A375, 60% 
for HCT-116; dark purple curves), show a decrease in via-
bility compared with the concentration–response curve 
obtained with 5-FU alone (black curves). Per each cancer 
cell line, Fig.  4B shows the calculated inhibition matrix, 

Fig. 3  Cell cycle analyses reveal G2/M block upon LGG-SN treatment in cancer cells. HT-29, HCT-116, Caco-2, A375 treated with 0% v/v (CTRL), 
90% v/v LGG-SN and 5 × 10–7 M Vincristine (VIN). A. Cell cycle bar plots: percentage of cells in G2/M (purple), S (green), G0/G1 (orange) and sub 
G1 (grey). B. q-RT-PCR analysis of Cyclin A (left), Cyclin B (middle), Cyclin D (right) expression in HT-29, HCT-116, Caco-2, and A375, GAPDH used as 
housekeeping, data are expressed as 2−ddCt compared to CTRL. N = 3. Values are presented as Mean ± SD. Statistical significance was analyzed using 
ordinary one-way ANOVA with Dunnett’s multiple comparisons test (q-RT-PCR plots) and two-way ANOVA with Tukey’s multiple comparisons test 
(cell cycle plots). *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001; no asterisk = not significant

(See figure on next page.)
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Fig. 3  (See legend on previous page.)
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as well as the results expressed in terms of HSA synergy 
scores. For all three colon cancer cell lines tested it is pos-
sible to observe maximum synergy scores above the cutoff 
value of 10 (i.e., 34.32 for HT-29, 24.28 for HCT-116, 19.03 
for Caco-2), meaning that the combined treatments have 
a synergistic effect compared with single drug treatments 
in colon cancer cells, while the effect is observed to lesser 
extent in A375 melanoma cells (maximum synergy of 6.31). 
Synergy distribution plots (Fig.  4B, left) identify where in 
the matrix is located the maximum synergistic area and the 
corresponding HSA synergy score (mean values of 10.56 

for HT-29, 7.51 for HCT-116, 4.13 for Caco-2 and 0.81 for 
A375).

The same approach was followed to analyze the com-
bined effect of LGG-SN with IRN, and results are shown 
in Fig.  5A. In particular, the maximum synergy scores 
were 19.67 in HT-29 cells, 22.28 in HCT-116, 27.41 in 
Caco-2 and 15.57 in A375. While, the most synergistic 
areas showed mean values of 8.43 for HT-29, 10.09 for 
HCT-116, 8.20 for Caco-2 and 7.44 for A375 (Fig.  5B). 
Overall, the results obtained demonstrated that LGG-SN 
shows synergistic effects in combination with both 5-FU 

Fig. 4  LGG-SN in combination with 5-Fluorouracil (5-FU) shows a synergistic effect in cancer cells. A. HT-29, HCT-116, Caco-2, A375 concentration–
response plots. Cells treated with 5-FU (from 7.6 × 10–9 M to 5.0 × 10–4 M) in combination with different LGG-SN concentrations (50% and 70% v/v). 
B. HT-29, HCT-116, Caco-2, A375 relative inhibition matrices (left), Highest Single Agent (HSA) synergy matrices (middle), synergy surface with most 
synergistic area (black square, with corresponding HSA synergy score). N = 3. Values are presented as Mean ± SD
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and IRN anti-cancer drugs, in all the cancer cell lines 
tested. The different synergy scores calculated may be 
explained by cell-specific sensitivity to the compounds.

Lyoph‑LGG‑SN selectively reduces the viability of cancer 
cells in a concentration‑dependent manner, and shows 
a synergistic effect in combination with 5‑FU
To verify whether LGG-supernatant derived from lyophi-
lized LGG culture medium might show similar effects on 
cancer cell viability, an MTT assay has been performed, 
assessing Lyoph-LGG-SN 1:3 serial dilutions starting 

from 5% v/v. The results shown in Fig. 6A demonstrated 
that Lyoph-LGG-SN reduced cancer cell viability in a 
concentration dependent manner. In line with the results 
obtained with LGG-SN, Caco-2 are the less sensitive cells, 
with a residual viability of 64% with 5% (v/v) Lyoph-LGG-
SN treatment. While, the other three cancer cell lines 
tested, including melanoma A375 cells, show a residual 
viability comprised between 37.8% and 25.9%. Corre-
spondingly, the relative IC50 values calculated for cancer 
cell lines range between 2.2% Lyoph-LGG-SN (v/v) for 
Caco-2 less-sensitive cells, to 0.6% Lyoph-LGG-SN (v/v) 

Fig. 5  LGG-SN in combination with Irinotecan (IRN) shows a synergistic effect in cancer cells. A. HT-29, HCT-116, Caco-2, A375 concentration 
response plots. Cells treated with IRN (from 3.1 × 10–9 M to 2.0 × 10–4 M) in combination with different LGG-SN concentrations (50% and 70% v/v). 
B. HT-29, HCT-116, Caco-2, A375 relative inhibition matrices (left), Highest Single Agent (HSA) synergy matrices (middle), synergy surface with most 
synergistic area (black square, with corresponding HSA synergy score). N = 3. Values are presented as Mean ± SD
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and 1.1% Lyoph-LGG-SN (v/v) for HT-29 and A375, 
respectively; and, finally 1.5% Lyoph-LGG-SN (v/v) for 
HCT-116 (Fig. 6A, left table).

Combination treatments using 3 different concentra-
tions of Lyoph-LGG-SN in combination with 4 different 
5-FU concentrations, showed that Lyoph-LGG-SN has a 

Fig. 6  Lyophilized cell-free LGG-SN (Lyoph-LGG-SN) selectively reduces the viability of cancer cells in a concentration-dependent manner, and it 
shows a synergistic effect in combination with 5-Fluorouracil (5-FU). A. Concentration–response plots for HT-29, HCT-116, Caco-2, A375 treated with 
increasing concentrations of Lyoph-LGG-SN (up to 5% v/v). MTT assay readout reveals a concentration dependent decrease of cellular viability in 
the four cancer cell lines. Table on the right summarizes the IC50 (% of Lyoph-LGG-SN, v/v) and maximum effect (% viability) calculated per each cell 
line. B. HT-29, HCT-116, Caco-2, A375 concentration response plots. Cells treated with 5-FU (from 5.0 × 10–7 M to 5.0 × 10–4 M) in combination with 
different concentrations of Lyoph-LGG-SN (0.3%, 1% and 3% v/v). C. HT-29, HCT-116, Caco-2, A375 relative inhibition matrices (left), Highest Single 
Agent (HSA) synergy matrices (middle), synergy surface with most synergistic area (black square, with corresponding HSA synergy score). N = 3. 
Values are presented as Mean ± SD
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synergistic effect comparable with LGG-SN, with calcu-
lated HSA maximum area mean values of 7.24 for HT-29, 
4.65 for HCT-116, 7.36 for Caco-2 and 7.90 for A375 
(Fig. 6B, left plots). Overall, these results confirmed that 
Lyoph-LGG-SN is able to synergize with the anti-cancer 
drug 5-FU in a way comparable with what observed with 
LGG-SN.

Discussion
LGG may be considered a golden bullet in oncology, with 
yet uncovered dual potential. On one hand, LGG exerts 
protective effects on human healthy cells, while on the 
other hand this probiotic is capable of inducing, or fas-
tening, cell death of irreparably damaged cells of the host, 
such as cancer cells [4]. Regarding colorectal cancer, it 
has been observed in several preclinical models that LGG 
administration actively reduced tumor growth, either 
by contrasting local inflammation or by eliciting tumor 
shrinkage [26–29]. Also in case of non-intestinal tumors, 
such as bladder cancer, the administration of live or lyo-
philized LGG triggered an effective anti-tumor immune 
response [30–32].

The results hereby reported further suggest that cell-
free LGG-SN may selectively reduce cancer cell viability 
(Fig. 1). This effect has been confirmed also treating can-
cer cells with cell-free lyoph-LGG-SN (Fig.  6A). Hence, 
the concentration-dependent reduction of viability 
observed in cancer cells is specifically triggered by one 
(or more) molecule or bioproduct secreted by LGG, and, 
importantly, this effect may be independent from the 
eukaryotic-specific RPMI-1640 culture media in which 
the LGG-derived molecules are released/resuspended.

In line with these results, several studies suggested that 
the LGG-biomolecule(s) with proven anti-cancer activ-
ity may be present in LGG cytoplasmic fraction and/or 
actively released outside. For example, new studies have 
shown that both HGC-27 gastric cancer and DLD-1 colo-
rectal cancer (CRC) cells were resistant to LGG cell-wall 
fraction, but sensitive to LGG cytoplasmic one [33, 34]. 
Also, live LGG inhibited cell growth of Caco-2, HT-29 
and SW480 CRC cells [35]. Regarding the downstream 
effects induced by LGG in cancer cells, short-time incu-
bation with live LGG induced the secretion of zonulin 
family peptides (potent regulators of intestinal tight junc-
tions) in HT-29 [36]. Also, both live LGG and LGG con-
ditioned medium were capable to inhibit IL-1β-induced 
IL-8 production and NF-κB signaling pathway activa-
tion in Caco-2 [37, 38]. Moreover, cell-free LGG super-
natant decreased matrix metallopeptidase 9 (MMP-9) 
levels and tumor-invasiveness in several CRC cells [39]. 
Interestingly, it was recently discovered that sterile cell-
free supernatant from LGG culture may promote the 
activity of formyl peptide receptor 1 (FPR1), which is an 

innate immune sensor of bacteria with anti-inflamma-
tory and anti-angiogenic potential, expressed by both 
HCT-116 and HT-29 [40]. Moreover, it was proven that 
LGG-secreted anti-cancer biomolecule(s) may be trans-
ported within LGG-derived extracellular vesicles, with 
the capability to actively reduce the proliferation rate of 
both HT-29 and SW480 [41]. Also, nanoparticles loaded 
with LGG cytoplasmic lysate could significantly reduce 
HT-29 viability and promote apoptosis [42]. In this study, 
we also demonstrated that both viability and cell death 
upon LGG-SN treatment were not affected in non-trans-
formed Fibroblasts (Figs.  1 and 2C, D). This result is in 
line with what previously reported by others, who have 
shown that LGG had beneficial effects on non-cancerous 
host’s cells, both in vitro and in vivo. Exosome-like nano-
particles from LGG supernatant might induce Reg3 and 
Nrf2 gene overexpression in mouse intestinal cells, lead-
ing to improved barrier function [43]. Analogously, LGG-
derived extracellular vesicles attenuated inflammation 
through inhibition of TLRs/NF-κB/NLRP3 pathway in a 
murine colitis model [44]. In particular, the LGG-derived 
protein p40, once secreted, promoted local IgA produc-
tion, leading to intestinal homeostasis amelioration and 
anti-inflammatory response [45]. Recent findings dem-
onstrated that healthy intestinal cells may induce LGG to 
produce and secrete p40 protein, in a positive-feedback 
loop [46]. Another LGG-secreted protein HM0539 was 
recently identified as an active factor effectively reduc-
ing colitis in rats via activating TLR4/MyD88/NF-кB 
pathway in enteric cells [47]. Altogether, the observations 
suggest that the dual effect of LGG might depend on the 
specific health status of the host’s cell, which may be dif-
ferentially receptive to either beneficial or toxic bioprod-
ucts from LGG.

Pivotally, in contrast with several reported observa-
tions, our results evidence that the reduction in viabil-
ity is not associated with cell death in cancer cells upon 
LGG-SN treatment (Fig. 2). In particular, neither apopto-
sis (early or late) nor necrosis is activated in cancer cells 
upon LGG-SN treatment (Additional file 1: Figs. S1 and 
S2). This dissimilarity may be due to the diverse LGG-
SN enrichment protocol hereby used when compared to 
others. Our approach allows to get rid of potentially det-
rimental factors (or possibly low pH) of MRS medium. 
We obtained LGG-conditioned RPMI-1640 complete 
medium, which is optimal for eukaryotic cell growth. In 
our hands, as shown in Additional file  1: Fig. S5, MRS 
medium alone is cytotoxic, even when used at lowest 
percentages, therefore it is impossible to use LGG-con-
ditioned MRS complete medium on eukaryotic cells. It 
was reported by others that treatments with either LGG 
supernatant produced in MRS medium or live LGG 
were associated with cell death induction in tumors. For 
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example, culture supernatant of L. rhamnosus produced 
in MRS induced a cell cycle arrest in HT-29 cells accom-
panied by increased pro-apoptotic gene expression [48]. 
Also, cervical cancer cells ME-180, when incubated with 
live L. rhamnosus arrest their cell cycle with concur-
rent nuclear accumulation of p21 protein [49]. Live LGG 
induced a cell cycle arrest in G0/G1 phase associated 
with increased apoptosis in both HT-29 and Caco-2 cells 
[35]. Contrariwise, L. plantarum conditioned medium 
obtained with a protocol similar to ours (based on the 
utilization of bacteria-conditioned cell-free eukaryotic 
cell culture media) induced a reduction of viability in 
HT-29 not associated with apoptosis, but with a G2/M 
cell cycle arrest [50]. Besides, L. pentosus and L. plan-
tarum RPMI-based conditioned cell-free media induced 
a G0/G1 cell cycle arrest associated with reduction of 
viability, but not cellular death in HT-29 and Caco-2 cells 
[51].

Our results demonstrated that the reduction in viability 
observed in cancer cells following LGG-SN treatment, is 
associated with a significant increase in the percentage of 
cancer cells blocked in G2/M phase of the cell cycle and a 
decrease in the number of cells in G1 phase, without any 
significant change in percentage of dead cells detected in 
Sub-G1 area. The effect observed with LGG-SN in can-
cer cells was similar to what obtained with anti-mitotic 
drugs such as VIN, here used as positive control (Fig. 3A 
and Additional file  1: Fig. S4). In fact, mitotic cell cycle 
arrest may be not necessarily associated with concurrent 
cell death induction, but it can trigger a cytostatic effect 
such as cell cycle arrest/senescence [52]. The observed 
cytostatic effect induced by LGG-SN might explain the 
detected increased expression of Cyclin A, Cyclin B and 
Cyclin D genes compared with CTRL levels (Fig.  3B) 
[53–55]. However, the biological significance of such 
expression changes, especially in case of small increases 
(i.e., Cyclin B gene expression in LGG-SN treated HT-29 
compared with CTRL) will deserve further validation in 
the future, with functional experiments.

Finally, this study aimed to shed light on the adjuvant 
potential of cell-free LGG-SN in anti-cancer therapy. 
We employed both 5-FU and IRN, both widely used 
in clinics and, importantly, both associated with pos-
sible overcoming resistance in subgroups of patients. 
These data suggest a strong need for finding novel effec-
tive tumor-targeting approaches [56, 57]. The results 
hereby obtained demonstrate that LGG-SN significantly 
increases the anti-proliferative effect of two main anti-
cancer drugs, 5-FU and IRN, largely employed in clin-
ics (Figs.  4, 5) [58, 59]. In particular, both LGG-SN and 
lyoph-LGG-SN effectively sensitize cancer cells to 5-FU 
anti-cancer drugs (Figs. 4A and 6B). Additionally, LGG-
SN sensitizes tumor cells to IRN (Fig.  5A). The HSA 

scoring assumes that the potential combination effect 
equals to the higher individual drug effect, thereby sup-
porting that a synergistic drug combination should pro-
duce additional benefits on top of what its single drug 
compounds can achieve alone [23]. According to that, for 
each combined treatment tested (LGG-SN in combina-
tion either with 5-FU or IRN), and for every cancer cell 
line utilized, it was possible to calculate a main synergis-
tic area with positive HSA values within the interaction 
landscapes (Figs. 4B and 5B). Interestingly, when combi-
nation assays were performed by using lyoph-LGG-SN in 
combination with 5-FU the synergy results were equally 
confirmed, with comparable calculated HSA maximum 
and mean values (Fig. 6B and D). This latter result con-
firms that when lyophilized, LGG-secreted molecule(s) 
maintain the same anti-proliferative effect than when 
released in RPMI-1640 complete medium and they are 
capable to sensitize cancer cells to 5-FU cytotoxic agent 
(Fig. 6).

According to our results, a recent study suggested that 
both live and heat-killed LGG may be able to sensitize 
5-FU treated Caco-2 CRC cells by inducing the expres-
sion of TNF-α, MCP-1, and IL-1 genes [60]. This effect 
appears to be selective for cancer cells, as non-trans-
formed IEC-6 rat intestinal epithelial cells treated with 
5-FU in combination with LGG supernatant showed on 
the contrary a reduction in pro-apoptotic caspase expres-
sion [61].

In conclusion, current research is trying to understand 
what are the LGG-bioproducts either responsible for 
beneficial or detrimental effects exerted on host’s cells 
and tissues. What makes the difference in the nature of 
the response observed in human LGG-targeted cells? 
Available data suggest that the health status of the human 
target cells might make a crucial difference, as non-
transformed cells seem to be protected by LGG, while 
cancer cells seem to be negatively affected by LGG. Sev-
eral LGG-derived molecules with anti-apoptotic activity 
toward non-cancer cells have been identified, including 
p40, p75, HM0539 and bacteriocins [47, 62, 63]. Also, 
LGG can secrete high concentrations of short-chain fatty 
acids (acetate, propionate, butyrate) which are beneficial 
for the maintenance of the host intestinal homeosta-
sis [64]. Regarding the LGG-anti-cancer activity, apart 
from LGG-derived lipoteichoic acid, no other molecule 
with anti-proliferative effect has been identified yet [65]. 
Importantly, the strategy used to produce LGG (or its 
supernatant) may affect the profile of biomolecules and 
metabolites synthetized by the bacteria. For that rea-
son, it is very important to consider, for example, the 
specificity of the interaction occurring between LGG 
and the rest of the GM, which might change the pH 
and other parameters within the intestinal milieu. Also, 
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from the industrial point of view, it may be pivotal to 
select the best growth media in correlation with the spe-
cific biomolecules whose quantity/quality needs to be 
maximized, depending on the downstream application 
[66–68].

Conclusion
Our results suggest that LGG-SN may contain one or 
more bioactive molecules with anti-cancer activity 
which sensitize cancer cells to chemotherapeutic drugs. 
Thus, LGG could be proposed as an ideal candidate for 
new appealing integrated approaches in oncology, which 
might help to overcome resistance or relapse issues and, 
overall, to ameliorate the outcomes of cancer patients. 
Future studies are strongly needed to assess the specific 
nature of LGG-derived active biomolecule(s), and how 
such mediators might be differentially sensed by human 
cells, based on their specific health status.
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Additional file 1: Figure S1. Cancer cells treated with LGG-SN do not 
undergo apoptosis: immunoblot analysis. Immunoblot and densitometry 
of A375, Caco-2, HCT-116, HT-29 treated with 0% v/v LGG-SN (CTRL), 90% 
v/v LGG- SN, 0.5 µg/ml Puromycin (positive control treatment). Signal 
detected and measured via densitometry analysis for cleaved Caspase 
3 (c-Casp-3; 17–19 KDa), full-length PARP (t-PARP; 116 KDa) and cleaved 
PARP (c-PARP; 89 KDa), β-Actin (normalization control, 42 KDa). Values are 
presented as Mean ± SD. Figure S2. Cancer cells treated with LGG-SN do 
not undergo apoptosis or necrosis: flow cytometry analysis. A. Dot-plot 
cytograms of Annexin-V (ch02) versus Propidium Iodide (ch05) fluores-
cence intensity in A375, Caco-2, HCT-116, HT-29 tumor cells treated with 
0% v/v LGG-SN (CTRL), 90% v/v LGG-SN (LGG-SN), 5 × 10–7 M Vincristine 
(VIN), and in HT-29 treated with 0.5 µg/ml Puromycin (PURO). B. Cell death 
analysis bar plots: percentage of cells live (yellow), necrotic (orange), 
apoptotic (red) and early apoptotic (pink). C. Representative Flow Sight 
images of cells live, early apoptotic, apoptotic, necrotic. BF, Bright field. 
N = 3. Values are presented as Mean ± SD. Statistical significance was 
analyzed using two-way ANOVA with Tukey’s multiple comparisons test. * 
p < 0.05; *** p < 0.001; **** p < 0.0001; no asterisk = not significant. Figure 
S3. Cancer cells treated with LGG-SN show a decrease in cell number. 
HT-29, HCT-116, Caco- 2, A375 and Fibroblasts were treated either with 
0% v/v LGG-SN (CTRL, grey bars) or 90% v/v LGG-SN (LGG-SN, pink bars). 
Doubling times were calculated 48 h after treatment. N = 4. Values are 
presented as Mean ± SD. Statistical significance was analyzed using 
two-way ANOVA with Šídák’s multiple comparisons test. *** p < 0.001; **** 
p < 0.0001; n.s. = not significant. Figure S4. Cell cycle analyses reveal G2/M 
block upon LGG-SN treatment in cancer cells. HT-29, HCT-116, Caco-2, 
A375 treated with 0% v/v LGG-SN (CTRL), 90% v/v LGG-SN and 5 × 10–7 M 
Vincristine (VIN). Cell cycle flow cytometry histogram plots with counted 
events expressed as normalized frequency function of Propidium Iodide 
fluorescence intensity (Ch05). Tables reported summarize per each plot 
the absolute frequency (Count) and relative percentage frequency (% 

Gated) of events (cells) counted in different phases of cell cycle (corre-
sponding to different DNA content and different fluorescence intensities). 
R1, region gating cells in G0/G1 phase; R2, region gating cells in S phase; 
R3, region gating cells in G2/M phase; R4, region gating cells in Sub-G0 
phase. Figure S5. Differential viability effect of MRS and RPMI conditioned 
media. Comparison of viability in cancer cells when treated with different 
concentrations of LGG supernatant in RPMI-1640 (LGG-SN RPMI), MRS 
(LGG-SN MRS) and MRS mock control (MRS only not incubated with LGG). 
N = 3. Values are presented as Mean ± SD.

Acknowledgements
The authors would like to thank the Italian League Against Cancer (LILT), 
section of Catania, and Dicofarm S.p.a. for their supports. The research leading 
to these results has received funding from the European Union - NextGen-
erationEU through the Italian Ministry of University and Research under PNRR 
- M4C2-I1.3 Project PE_00000019 “HEAL ITALIA” to Professor Massimo Libra CUP 
E63C22002080006, University of Catania. The views and opinions expressed 
are those of the authors only and do not necessarily reflect those of the Euro-
pean Union or the European Commission. Neither the European Union nor 
the European Commission can be held responsible for them.

Author contributions
RS, SV, and ML designed the experiments. RS, and SV performed the experi-
ments. RS, SV, DR, MS, MCS, GG, LF, and ML analyzed and interpreted the data. 
SV and ML wrote the manuscript. ML and MCS supervised the study. RS, SV, 
DR, MS, MCS, GG, LF, and ML edited, read and approved the final manuscript. 
All authors read and approved the final manuscript.

Funding
Not applicable.

Availability of data and materials
All data are available in the manuscript or upon request to the authors. Sup-
plementary and raw data were also deposited on Zenodo (https://​doi.​org/​10.​
5281/​zenodo.​76973​82).

Declarations

Competing interests
M.L. is the PI of a research grant founded by Dicofarm S.p.a. to his University 
Department. The other authors declare that the research was conducted in 
the absence of any commercial or financial relationships that could be con-
strued as a potential competing interest.

Author details
1 Department of Biomedical and Biotechnological Sciences, Section of General 
Pathology, Clinics and Oncology, University of Catania, Catania, Italy. 2 Present 
Address: Department of Biomedical and Dental Sciences, Morphologi-
cal and Functional Imaging, Section of Occupational Medicine, University 
of Messina, Messina, Italy. 3 Department of Biomedical and Biotechnological 
Sciences, Section of Microbiology, University of Catania, Catania, Italy. 4 Epide-
miology and Biostatistics Unit, Istituto Nazionale Tumori IRCCS Fondazione G. 
Pascale, Naples, Italy. 5 Research Center for Prevention, Diagnosis, and Treat-
ment of Cancer, University of Catania, Catania, Italy. 

Received: 24 January 2023   Accepted: 4 March 2023

References
	1.	 Vijay A, Valdes AM. Role of the gut microbiome in chronic diseases: 

a narrative review. Eur J Clin Nutr. 2021. https://​doi.​org/​10.​1038/​
s41430-​021-​00991-6.

	2.	 Ni Z, Wang S, Li Y, Zhou L, Zhai D, Xia D, et al. Mapping trends and 
hotspot regarding gut microbiota and host immune response: a biblio-
metric analysis of global research (2011–2021). Front Microbiol. 2022. 
https://​doi.​org/​10.​3389/​fmicb.​2022.​932197/​full.

https://doi.org/10.1186/s12967-023-04036-3
https://doi.org/10.1186/s12967-023-04036-3
https://doi.org/10.5281/zenodo.7697382
https://doi.org/10.5281/zenodo.7697382
https://doi.org/10.1038/s41430-021-00991-6
https://doi.org/10.1038/s41430-021-00991-6
https://doi.org/10.3389/fmicb.2022.932197/full


Page 16 of 17Salemi et al. Journal of Translational Medicine          (2023) 21:195 

	3.	 Ağagündüz D, Gençer Bingöl F, Çelik E, Cemali Ö, Özenir Ç, Özoğul F, 
et al. Recent developments in the probiotics as live biotherapeutic 
products (LBPs) as modulators of gut brain axis related neurologi-
cal conditions. J Transl Med. 2022;20:460. https://​doi.​org/​10.​1186/​
s12967-​022-​03609-y.

	4.	 Vivarelli S, Salemi R, Candido S, Falzone L, Santagati M, Stefani S, et al. Gut 
microbiota and cancer: from pathogenesis to therapy. Cancers (Basel). 
2019;11:38.

	5.	 Yang Y, Dai D, Jin W, Huang Y, Zhang Y, Chen Y, et al. Microbiota and 
metabolites alterations in proximal and distal gastric cancer patients. J 
Transl Med. 2022;20:439. https://​doi.​org/​10.​1186/​s12967-​022-​03650-x.

	6.	 Van der Jeught K, Xu H-C, Li Y-J, Lu X-B, Ji G. Drug resistance and new 
therapies in colorectal cancer. World J Gastroenterol. 2018;24:3834–48.

	7.	 Patel M, Eckburg A, Gantiwala S, Hart Z, Dein J, Lam K, et al. Resist-
ance to molecularly targeted therapies in melanoma. Cancers (Basel). 
2021;13:1115.

	8.	 Koulouridi A, Messaritakis I, Gouvas N, Tsiaoussis J, Souglakos J. Immuno-
therapy in solid tumors and gut microbiota: the correlation—a special 
reference to colorectal cancer. Cancers (Basel). 2020;13:43.

	9.	 Sadrekarimi H, Gardanova ZR, Bakhshesh M, Ebrahimzadeh F, Yaseri AF, 
Thangavelu L, et al. Emerging role of human microbiome in cancer devel-
opment and response to therapy: special focus on intestinal microflora. J 
Transl Med. 2022;20:301. https://​doi.​org/​10.​1186/​s12967-​022-​03492-7.

	10.	 Li X, Zhang S, Guo G, Han J, Yu J. Gut microbiome in modulating immune 
checkpoint inhibitors. eBioMedicine. 2022;82:104163.

	11.	 Vivarelli S, Falzone L, Leonardi G, Salmeri M, Libra M. Novel insights on gut 
microbiota manipulation and immune checkpoint inhibition in cancer 
(Review). Int J Oncol. 2021;59:75. https://​doi.​org/​10.​3892/​ijo.​2021.​5255.

	12.	 Vivarelli S, Falzone L, Basile M, Nicolosi D, Genovese C, Libra M, et al. 
Benefits of using probiotics as adjuvants in anticancer therapy (Review). 
World Acad Sci J. 2019;1:125.

	13.	 Wang Y, Li H. Gut microbiota modulation: a tool for the management 
of colorectal cancer. J Transl Med. 2022;20:178. https://​doi.​org/​10.​1186/​
s12967-​022-​03378-8.

	14.	 Singh RK, Chang H-W, Yan D, Lee KM, Ucmak D, Wong K, et al. Influence of 
diet on the gut microbiome and implications for human health. J Transl 
Med. 2017;15:73. https://​doi.​org/​10.​1186/​s12967-​017-​1175-y.

	15.	 Morita H, Toh H, Oshima K, Murakami M, Taylor TD, Igimi S, et al. Complete 
genome sequence of the probiotic Lactobacillus rhamnosus ATCC 53103. 
J Bacteriol. 2009;191:7630–1. https://​doi.​org/​10.​1128/​JB.​01287-​09.

	16.	 Segers ME, Lebeer S. Towards a better understanding of Lactobacillus 
rhamnosus GG - host interactions. Microb Cell Fact. 2014;13:S7. https://​
doi.​org/​10.​1186/​1475-​2859-​13-​S1-​S7.

	17.	 Capurso L. Thirty years of Lactobacillus rhamnosus GG. J Clin Gastroen-
terol. 2019;53:S1-41.

	18.	 Banna GL, Torino F, Marletta F, Santagati M, Salemi R, Cannarozzo E, et al. 
Lactobacillus rhamnosus GG: an overview to explore the rationale of its 
use in cancer. Front Pharmacol. 2017;8:603.

	19.	 Redman MG, Ward EJ, Phillips RS. The efficacy and safety of probiotics in 
people with cancer: a systematic review. Ann Oncol Off J Eur Soc Med 
Oncol. 2014;25:1919–29.

	20.	 Luoto R, Isolauri E, Lehtonen L. Safety of lactobacillus GG probiotic in 
infants with very low birth weight: twelve years of experience. Clin Infect 
Dis. 2010;50:1327–8. https://​doi.​org/​10.​1086/​651694.

	21.	 Hibberd PL, Kleimola L, Fiorino A-M, Botelho C, Haverkamp M, Andreyeva 
I, et al. No evidence of harms of probiotic Lactobacillus rhamnosus GG 
ATCC 53103 in healthy elderly—a phase I open label study to assess 
safety, tolerability and cytokine responses. PLoS One. 2014;9:e113456. 
https://​doi.​org/​10.​1371/​journ​al.​pone.​01134​56.

	22.	 Ianevski A, Giri AK, Aittokallio T. SynergyFinder 2.0: visual analytics of 
multi-drug combination synergies. Nucleic Acids Res. 2020;48:W488-93.

	23.	 Yadav B, Wennerberg K, Aittokallio T, Tang J. Searching for drug synergy in 
complex dose-response landscapes using an interaction potency model. 
Comput Struct Biotechnol J. 2015;13:504–13.

	24.	 Livak KJ, Schmittgen TD. Analysis of relative gene expression data 
using real-time quantitative PCR and the 2−ΔΔCT method. Methods. 
2001;25:402–8.

	25.	 Dhyani P, Quispe C, Sharma E, Bahukhandi A, Sati P, Attri DC, et al. 
Anticancer potential of alkaloids: a key emphasis to colchicine, vinblas-
tine, vincristine, vindesine, vinorelbine and vincamine. Cancer Cell Int. 
2022;22:206. https://​doi.​org/​10.​1186/​s12935-​022-​02624-9.

	26.	 Goldin BR, Gualtieri LJ, Moore RP. The effect of Lactobacillus GG on the 
initiation and promotion of DMH-induced intestinal tumors in the rat. 
Nutr Cancer. 1996;25:197–204. https://​doi.​org/​10.​1080/​01635​58960​95144​
42.

	27.	 Gamallat Y, Meyiah A, Kuugbee ED, Hago AM, Chiwala G, Awadasseid A, 
et al. Lactobacillus rhamnosus induced epithelial cell apoptosis, amelio-
rates inflammation and prevents colon cancer development in an animal 
model. Biomed Pharmacother. 2016;83:536–41.

	28.	 Ni Y, Wong VHYHY, Tai WCSCS, Li J, Wong WYY, Lee MMLML, et al. A 
metagenomic study of the preventive effect of Lactobacillus rhamnosus 
GG on intestinal polyp formation in Apc Min/+ mice. J Appl Microbiol. 
2017;122:770–84.

	29.	 Liu X, Jin G, Tang Q, Huang S, Zhang Y, Sun Y, et al. Early life Lactobacillus 
rhamnosus GG colonisation inhibits intestinal tumour formation. Br J 
Cancer. 2022;126:1421–31.

	30.	 Seow SW, Cai S, Rahmat JN, Bay BH, Lee YK, Chan YH, et al. Lactobacillus 
rhamnosus GG induces tumor regression in mice bearing orthotopic 
bladder tumors. Cancer Sci. 2010;101:751–8. https://​doi.​org/​10.​1111/j.​
1349-​7006.​2009.​01426.x.

	31.	 Seow SW, Rahmat JN, Bay BH, Lee YK, Mahendran R. Expression of 
chemokine/cytokine genes and immune cell recruitment following the 
instillation of Mycobacterium bovis, bacillus Calmette-Guérin or Lactoba-
cillus rhamnosus strain GG in the healthy murine bladder. Immunology. 
2008;124:419–27. https://​doi.​org/​10.​1111/j.​1365-​2567.​2007.​02792.x.

	32.	 Lim B-K, Mahendran R, Lee Y-K, Bay B-H. Chemopreventive effect of 
Lactobacttlus rhamnosus on growth of a subcutaneously implanted blad-
der cancer cell line in the mouse. Japanese J Cancer Res. 2002;93:36–41. 
https://​doi.​org/​10.​1111/j.​1349-​7006.​2002.​tb011​98.x.

	33.	 Orlando A, Messa C, Linsalata M, Cavallini A, Russo F. Effects of Lactobacil-
lus rhamnosus GG on proliferation and polyamine metabolism in HGC-27 
human gastric and DLD-1 colonic cancer cell lines. Immunopharmacol 
Immunotoxicol. 2009;31:108–16. https://​doi.​org/​10.​1080/​08923​97080​
24436​31.

	34.	 Russo F, Orlando A, Linsalata M, Cavallini A, Messa C. Effects of Lactoba-
cillus rhamnosus GG on the cell growth and polyamine metabolism in 
HGC-27 human gastric cancer cells. Nutr Cancer. 2007;59:106–14. https://​
doi.​org/​10.​1080/​01635​58070​13650​84.

	35.	 Orlando A, Linsalata M, Russo F. Antiproliferative effects on colon 
adenocarcinoma cells induced by co-administration of vitamin K1 and 
Lactobacillus rhamnosus GG. Int J Oncol. 2016;48:2629–38. https://​doi.​
org/​10.​3892/​ijo.​2016.​3463.

	36.	 Jian C, Kanerva S, Qadri S, Yki-Järvinen H, Salonen A. In vitro effects of 
bacterial exposure on secretion of zonulin family peptides and their 
detection in human tissue samples. Front Microbiol. 2022. https://​doi.​
org/​10.​3389/​fmicb.​2022.​848128/​full.

	37.	 Hwan Choi C, Il Kim T, Kil Lee S, Min Yang K, Ho Kim W. Effect of Lacto-
bacillus GG and conditioned media on IL-1β-induced IL-8 production in 
Caco-2 cells. Scand J Gastroenterol. 2008;43:938–47. https://​doi.​org/​10.​
1080/​00365​52080​19653​73.

	38.	 Lopez M, Li N, Kataria J, Russell M, Neu J. Live and ultraviolet-inactivated 
Lactobacillus rhamnosus GG decrease flagellin-induced interleukin-8 
production in Caco-2 Cells. J Nutr. 2008;138:2264–8.

	39.	 Escamilla J, Lane MA, Maitin V. Cell-free supernatants from probiotic 
Lactobacillus casei and Lactobacillus rhamnosus GG decrease colon cancer 
cell invasion in vitro. Nutr Cancer. 2012;64:871–8. https://​doi.​org/​10.​1080/​
01635​581.​2012.​700758.

	40.	 Liotti F, Marotta M, Sorriento D, Pagliuca C, Caturano V, Mantova G, et al. 
Probiotic Lactobacillus rhamnosus GG ( LGG ) restrains the angiogenic 
potential of colorectal carcinoma cells by activating a proresolving pro-
gram via formyl peptide receptor 1. Mol Oncol. 2022;16:2959–80. https://​
doi.​org/​10.​1002/​1878-​0261.​13280.

	41.	 Keyhani G, Mahmoodzadeh Hosseini H, Salimi A. Effect of extracellular 
vesicles of Lactobacillus rhamnosus GG on the expression of CEA gene 
and protein released by colorectal cancer cells. Iran J Microbiol. 2022. 
https://​doi.​org/​10.​18502/​ijm.​v14i1.​8809.

	42.	 Aziz Mousavi SMA, Mirhosseini SA, Rastegar Shariat Panahi M, 
Mahmoodzadeh HH. Characterization of biosynthesized silver nanoparti-
cles using Lactobacillus rhamnosus GG and its in vitro assessment against 
colorectal cancer cells. Probiotics Antimicrob Proteins. 2020;12:740–6.

	43.	 Gu Z, Li F, Liu Y, Jiang M, Zhang L, He L, et al. Exosome-like nanoparticles 
from Lactobacillus rhamnosus GG protect against alcohol-associated liver 

https://doi.org/10.1186/s12967-022-03609-y
https://doi.org/10.1186/s12967-022-03609-y
https://doi.org/10.1186/s12967-022-03650-x
https://doi.org/10.1186/s12967-022-03492-7
https://doi.org/10.3892/ijo.2021.5255
https://doi.org/10.1186/s12967-022-03378-8
https://doi.org/10.1186/s12967-022-03378-8
https://doi.org/10.1186/s12967-017-1175-y
https://doi.org/10.1128/JB.01287-09
https://doi.org/10.1186/1475-2859-13-S1-S7
https://doi.org/10.1186/1475-2859-13-S1-S7
https://doi.org/10.1086/651694
https://doi.org/10.1371/journal.pone.0113456
https://doi.org/10.1186/s12935-022-02624-9
https://doi.org/10.1080/01635589609514442
https://doi.org/10.1080/01635589609514442
https://doi.org/10.1111/j.1349-7006.2009.01426.x
https://doi.org/10.1111/j.1349-7006.2009.01426.x
https://doi.org/10.1111/j.1365-2567.2007.02792.x
https://doi.org/10.1111/j.1349-7006.2002.tb01198.x
https://doi.org/10.1080/08923970802443631
https://doi.org/10.1080/08923970802443631
https://doi.org/10.1080/01635580701365084
https://doi.org/10.1080/01635580701365084
https://doi.org/10.3892/ijo.2016.3463
https://doi.org/10.3892/ijo.2016.3463
https://doi.org/10.3389/fmicb.2022.848128/full
https://doi.org/10.3389/fmicb.2022.848128/full
https://doi.org/10.1080/00365520801965373
https://doi.org/10.1080/00365520801965373
https://doi.org/10.1080/01635581.2012.700758
https://doi.org/10.1080/01635581.2012.700758
https://doi.org/10.1002/1878-0261.13280
https://doi.org/10.1002/1878-0261.13280
https://doi.org/10.18502/ijm.v14i1.8809


Page 17 of 17Salemi et al. Journal of Translational Medicine          (2023) 21:195 	

•
 
fast, convenient online submission

 •
  

thorough peer review by experienced researchers in your field

• 
 
rapid publication on acceptance

• 
 
support for research data, including large and complex data types

•
  

gold Open Access which fosters wider collaboration and increased citations 

 
maximum visibility for your research: over 100M website views per year •

  At BMC, research is always in progress.

Learn more biomedcentral.com/submissions

Ready to submit your researchReady to submit your research  ?  Choose BMC and benefit from: ?  Choose BMC and benefit from: 

disease through intestinal aryl hydrocarbon receptor in mice. Hepatol 
Commun. 2021;5:846–64. https://​doi.​org/​10.​1002/​hep4.​1679.

	44.	 Tong L, Zhang X, Hao H, Liu Q, Zhou Z, Liang X, et al. Lactobacillus 
rhamnosus GG derived extracellular vesicles modulate gut microbiota 
and attenuate inflammatory in DSS-induced colitis mice. Nutrients. 
2021;13:3319.

	45.	 Wang Y, Liu L, Moore DJ, Shen X, Peek RM, Acra SA, et al. An LGG-derived 
protein promotes IgA production through upregulation of APRIL expres-
sion in intestinal epithelial cells. Mucosal Immunol. 2017;10:373–84.

	46.	 Yang L, Higginbotham JN, Liu L, Zhao G, Acra SA, Peek RM, et al. Produc-
tion of a functional factor, p40, by Lactobacillus rhamnosus GG is pro-
moted by intestinal epithelial cell-secreted extracellular vesicles. Infect 
Immun. 2019. https://​doi.​org/​10.​1128/​IAI.​00113-​19.

	47.	 Li Y, Yang S, Lun J, Gao J, Gao X, Gong Z, et al. Inhibitory effects of the 
Lactobacillus rhamnosus GG effector protein HM0539 on inflammatory 
response through the TLR4/MyD88/NF-кB Axis. Front Immunol. 2020. 
https://​doi.​org/​10.​3389/​fimmu.​2020.​551449/​full.

	48.	 Dehghani N, Tafvizi F, Jafari P. Cell cycle arrest and anti-cancer potential of 
probiotic Lactobacillus rhamnosus against HT-29 cancer cells. BioImpacts. 
2020;11:245–52.

	49.	 Vielfort K, Weyler L, Söderholm N, Engelbrecht M, Löfmark S, Aro H. Lac-
tobacillus decelerates cervical epithelial cell cycle progression. PLoS One. 
2013;8:e63592. https://​doi.​org/​10.​1371/​journ​al.​pone.​00635​92.

	50.	 Botta C, Spyridopoulou K, Bertolino M, Rantsiou K, Chlichlia K, Cocolin 
L. Lactiplantibacillus plantarum inhibits colon cancer cell prolifera-
tion as function of its butyrogenic capability. Biomed Pharmacother. 
2022;149:112755.

	51.	 Saxami G, Karapetsas A, Lamprianidou E, Kotsianidis I, Chlichlia A, Tassou 
C, et al. Two potential probiotic lactobacillus strains isolated from olive 
microbiota exhibit adhesion and anti-proliferative effects in cancer cell 
lines. J Funct Foods. 2016;24:461–71.

	52.	 Haschka M, Karbon G, Fava LL, Villunger A. Perturbing mitosis for anti-
cancer therapy: is cell death the only answer? EMBO Rep. 2018. https://​
doi.​org/​10.​15252/​embr.​20174​5440.

	53.	 Eichhorn JM, Kothari A, Chambers TC. Cyclin B1 overexpression induces 
cell death independent of mitotic arrest. PLoS One. 2014;9:e113283. 
https://​doi.​org/​10.​1371/​journ​al.​pone.​01132​83.

	54.	 Fung TK, Ma HT, Poon RYC. Specialized roles of the two mitotic cyclins in 
somatic cells: cyclin A as an activator of M phase–promoting factor. Mol 
Biol Cell. 2007;18:1861–73. https://​doi.​org/​10.​1091/​mbc.​e06-​12-​1092.

	55.	 Tchakarska G, Sola B. The double dealing of cyclin D1. Cell Cycle. 
2020;19:163–78. https://​doi.​org/​10.​1080/​15384​101.​2019.​17069​03.

	56.	 Ozawa S, Miura T, Terashima J, Habano W. Cellular irinotecan resistance 
in colorectal cancer and overcoming irinotecan refractoriness through 
various combination trials including DNA methyltransferase inhibitors: a 
review. Cancer Drug Resist. 2021. https://​doi.​org/​10.​20517/​cdr.​2021.​82.

	57.	 Blondy S, David V, Verdier M, Mathonnet M, Perraud A, Christou N. 
5-Fluorouracil resistance mechanisms in colorectal cancer: from classical 
pathways to promising processes. Cancer Sci. 2020;111:3142–54. https://​
doi.​org/​10.​1111/​cas.​14532.

	58.	 Longley DB, Harkin DP, Johnston PG. 5-Fluorouracil: mechanisms of 
action and clinical strategies. Nat Rev Cancer. 2003;3:330–8.

	59.	 Fujita K. Irinotecan, a key chemotherapeutic drug for metastatic colorec-
tal cancer. World J Gastroenterol. 2015;21:12234.

	60.	 Fang S-B, Shih H-Y, Huang C-H, Li L-T, Chen C-C, Fang H-W. Live and 
heat-killed Lactobacillus rhamnosus GG upregulate gene expression 
of pro-inflammatory cytokines in 5-fluorouracil-pretreated Caco-2 
cells. Support Care Cancer. 2014;22:1647–54. https://​doi.​org/​10.​1007/​
s00520-​014-​2137-z.

	61.	 Prisciandaro LD, Geier MS, Chua AE, Butler RN, Cummins AG, Sander 
GR, et al. Probiotic factors partially prevent changes to caspases 3 
and 7 activation and transepithelial electrical resistance in a model of 
5-fluorouracil-induced epithelial cell damage. Support Care Cancer. 
2012;20:3205–10. https://​doi.​org/​10.​1007/​s00520-​012-​1446-3.

	62.	 Bäuerl C, Abitayeva G, Sosa-Carrillo S, Mencher-Beltrán A, Navarro-Lleó N, 
Coll-Marqués JM, et al. P40 and P75 are singular functional muramidases 
present in the Lactobacillus casei/paracasei/rhamnosus Taxon. Front 
Microbiol. 2019. https://​doi.​org/​10.​3389/​fmicb.​2019.​01420/​full.

	63.	 Zhou B, Zhang D. Antibacterial effects of bacteriocins isolated from 
Lactobacillus rhamnosus (ATCC 53103) in a rabbit model of knee implant 
infection. Exp Ther Med. 2018. https://​doi.​org/​10.​3892/​etm.​2018.​5790.

	64.	 LeBlanc JG, Chain F, Martín R, Bermúdez-Humarán LG, Courau S, Langella 
P. Beneficial effects on host energy metabolism of short-chain fatty acids 
and vitamins produced by commensal and probiotic bacteria. Microb 
Cell Fact. 2017;16:79. https://​doi.​org/​10.​1186/​s12934-​017-​0691-z.

	65.	 Friedrich AD, Leoni J, Paz ML, González Maglio DH. Lipoteichoic acid from 
Lacticaseibacillus rhamnosus GG modulates dendritic cells and T cells in 
the gut. Nutrients. 2022;14:723.

	66.	 Koskenniemi K, Koponen J, Kankainen M, Savijoki K, Tynkkynen S, de 
Vos WM, et al. Proteome analysis of Lactobacillus rhamnosus GG using 
2-D DIGE and mass spectrometry shows differential protein produc-
tion in laboratory and industrial-type growth media. J Proteome Res. 
2009;8:4993–5007. https://​doi.​org/​10.​1021/​pr900​3823.

	67.	 Liu Z-S, Lin C-F, Chen P-W. Transcriptome analysis of Lactobacillus rhamno-
sus GG strain treated with prebiotic - bovine lactoferrin under a cold 
environment. J Food Drug Anal. 2021;29:402–18.

	68.	 Sánchez B, Schmitter J-M, Urdaci MC. Identification of novel proteins 
secreted by Lactobacillus rhamnosus GG grown in de Mann-Rogosa-
Sharpe broth. Lett Appl Microbiol. 2009;48:618–22. https://​doi.​org/​10.​
1111/j.​1472-​765X.​2009.​02579.x.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

https://doi.org/10.1002/hep4.1679
https://doi.org/10.1128/IAI.00113-19
https://doi.org/10.3389/fimmu.2020.551449/full
https://doi.org/10.1371/journal.pone.0063592
https://doi.org/10.15252/embr.201745440
https://doi.org/10.15252/embr.201745440
https://doi.org/10.1371/journal.pone.0113283
https://doi.org/10.1091/mbc.e06-12-1092
https://doi.org/10.1080/15384101.2019.1706903
https://doi.org/10.20517/cdr.2021.82
https://doi.org/10.1111/cas.14532
https://doi.org/10.1111/cas.14532
https://doi.org/10.1007/s00520-014-2137-z
https://doi.org/10.1007/s00520-014-2137-z
https://doi.org/10.1007/s00520-012-1446-3
https://doi.org/10.3389/fmicb.2019.01420/full
https://doi.org/10.3892/etm.2018.5790
https://doi.org/10.1186/s12934-017-0691-z
https://doi.org/10.1021/pr9003823
https://doi.org/10.1111/j.1472-765X.2009.02579.x
https://doi.org/10.1111/j.1472-765X.2009.02579.x

	Lactobacillus rhamnosus GG cell-free supernatant as a novel anti-cancer adjuvant
	Abstract 
	Background 
	Methods 
	Results 
	Conclusion 

	Background
	Methods
	Cell lines and culture
	LGG growth condition and cell-free supernatant production
	Cell viability assays
	Total RNA extraction, cDNA synthesis and quantitative RT-PCR analyses
	Protein lysates preparation, quantification and immunoblot analyses
	Flow cytometry analyses
	Statistical analyses

	Results
	LGG cell free supernatant (LGG-SN) selectively reduces the viability of cancer cells in a concentration-dependent manner.
	Cells treated with LGG-SN show a decrease in cell number not associated with concurrent cell death
	Cell cycle analyses reveal G2M block following LGG-SN treatment in cancer cells
	LGG-SN in combination with 5-FU and IRN shows a synergistic effect in cancer cells
	Lyoph-LGG-SN selectively reduces the viability of cancer cells in a concentration-dependent manner, and shows a synergistic effect in combination with 5-FU

	Discussion
	Conclusion
	Anchor 24
	Acknowledgements
	References


