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Abstract: Probiotic strains such as Lactobacillus spp. are already known for their beneficial effect
on human health and new research supports their role in colon cancer prevention and treatment.
The current study reports the effect of different concentrations of Lacticaseibacillus rhamnosus (LGG,
106–109 CFU/mL), alone or in association with 5-fluorouracil (5-FU, 10 µM), tested against normal
HaCaT cells, HT-29 colorectal adenocarcinoma and HCT-116 colorectal carcinoma cell lines. The
underlying cytotoxic effect was further investigated. LGG treatment of HT-29 and HCT-116 cells
caused a variety of apoptotic-related nuclear morphological changes, as revealed by DAPI staining.
ELISA studies showed that LGG treatment increased caspase-3 activity and pro-apoptotic BAX
protein levels while decreasing anti-apoptotic Bcl-2 protein levels and the proto-oncogene Cyclin
D1. A more detailed examination of the mitochondrial function revealed that high concentrations
of LGG can impair mitochondrial function in HT-29 and HCT-116 cancer cells. All of these findings
suggest that LGG has a pro-apoptotic, mitochondrial-targeted, cytotoxic effect on both colon cancer
cell lines studied.
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1. Introduction

The International Scientific Association for Probiotics and Prebiotics (ISAPP) defines
probiotics as live bacteria that, when given in sufficient amounts, can benefit human health.
Probiotics have been shown to have both local and systemic positive effects upon oral
administration [1]. Indeed, the gut microbiota is involved in numerous physiological
processes through the uptake of nutrients that are later used by both intestinal and immune
cells thus generating bidirectional interactions between the microbial population and
various organs [2]. At the intestinal level, the microbiota supports the preservation of gut
integrity and peristaltic movements, improves lactose intolerance and is directly engaged in
the metabolism of nutrients while also protecting the host against pathogens [3]. Scientific
evidence shows that probiotics act effectively against various types of diarrhea, ulcerative
colitis and other functional gastrointestinal disorders that are unmistakably related to gut
dysbiosis. Additionally, the species, dose, and targeted disease determine the probiotic’s
effectiveness and the length of clinical therapy [4]. The effectiveness of probiotics in
treating inflammatory bowel disease (IBD), which causes chronic inflammation of the
gastrointestinal system and may lead to colorectal cancer, is a significant problem. IBD
pathophysiology was clearly linked to gut dysbiosis and impaired intestinal barrier [5].

The connection between gut microbiota and colon cancer has attracted a lot of atten-
tion. Several species have been identified as individually linked or found in abundance
in colorectal cancer stool or tumor samples [6,7]. Probiotics may act as preventive agents
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against this pathology but also against the adverse effects of the currently used thera-
pies [8]. The mechanisms of action for probiotics are quite complex and not yet fully
understood, being hugely heterogeneous and dependent on the strain. A comprehensive
review by Plaza-Diaz et al. has summarized the main mechanisms of action as competitive
pathogen exclusion, enzyme modulation resulting in carcinogen inactivation, production
of short-chain fatty acids that are able to interact with specific receptors, and modulation
of the immune system [9]. However, clear evidence that probiotics are directly effective
against cancer has not yet been provided. Also, despite bacterial changes being associated
with specific diseases including colon cancer development and progression, a causality
relationship could not be proven in humans [10].

Lactic acid bacteria, including Lactobacillus spp., are among the most available probi-
otics used to restore intestinal microbiota [11,12]. They have also been used as prophylactic
agents for colorectal cancer. Lacticaseibacillus rhamnosus is an anaerobic bacterium often asso-
ciated with the treatment and prophylaxis of gastrointestinal disorders since its significant
reduction was found in colitis patients [13]. Apparently, Lacticaseibacillus rhamnosus reduces
the risk of colon cancer by modulating gut microbiota and human dendritic cells, blocking
altered enzymatic activities, blocking altered enzymatic activity, decreasing inflammatory
and angiogenic gene expression, and increasing apoptotic gene expression [14]. Most
interestingly, lactobacilli were linked to high immunotherapy response rates which are
generally poor in colorectal cancer while also promoting an anti-inflammatory intestinal
effect. Although these findings seem contradictory, L. rhamnosus affects the immune system
in a proinflammatory manner enhancing immunological and anticancer effects in vivo and
thereby limiting tumor burden [15].

The current article aims to elucidate the effect of L. rhamnosus against two types of
colon cancer cells, HCT-116 and HT29, as well as against normal HaCaT keratinocytes to
clarify its potential antitumor effect and selectivity. Furthermore, the study aims to uncover
the underlying mechanism of anticancer activity which has remained unclear despite
numerous efforts. In addition, the cytotoxic effect of L. rhamnosus was assessed against
5-fluouracil, a conventional anticancer agent frequently used as therapy in colorectal cancer.

2. Materials and Methods
2.1. Bacteria and Cell Lines

The bacterial strain Lacticaseibacillus rhamnosus GG (LGG, 53103, American Type Cul-
ture Collection ATTC, Łomianki, Poland) was cultured under proper conditions in Man—
Rogosa—Sharpe (MRS) Agar/Broth (Merck KGaA, Darmstadt, Germany) and grown for
24 h at 37 ◦C [16]. Following 10 min centrifugation at 3500 rpm, a washing step with PBS
and resuspension in PBS, the optical density was adjusted at 600 nm (OD600) to obtain
5 × 109 CFU/mL (colony-forming units per milliliter) (Microbiology Reader LogPhase 600,
BioTek Instruments Inc., Winooski, VT, USA).

HaCaT immortalized human keratinocytes, HT-29 human colorectal adenocarcinoma
(ATCC® HTB−38™) and HCT-116 human colorectal carcinoma (ATCC® CCL-247™) cell
lines were bought from CLS Cell Lines ServiceGmbH (Eppelheim, Germany) and ATTC
American Type Culture Collection (Łomianki, Poland), respectively. HT-29 and HCT-116
cells were cultured in McCoy’s 5A Medium while HaCaT cells were cultured in Dulbecco’s
Modified Eagle Medium (DMEM). Both mediums were supplemented with 10% FBS and
1% penicillin/streptomycin mixture (10,000 IU/mL). The cells were grown under standard
conditions in a humidified incubator with a 5% CO2 atmosphere at 37 ◦C and used for the
experiments after reaching 80–90% confluency.

2.2. Cell Viability

The cellular viability of normal HaCaT and colon cancer HT-29 and HCT-116 cell lines
was assessed by using the Alamar Blue assay (Resazurin sodium salt) [17]. Briefly, the
cells (10,000 cells/well) were cultured in 96-well plates at 37 ◦C and 5% CO2 for 24 h until
reaching appropriate confluency. HaCaT, HT-29 and HCT-116 cell lines were treated with
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LGG (106–109 CFU/mL) ± 5-Fluorouracil (5-FU, 10 µM) for 24 and 48 h. After the incu-
bation period with the tested samples was completed, 0.01% Alamar Blue reagent (Merck
KGaA, Darmstadt, Germany) was used to counterstain each well. The plates were further
incubated for 3 h at 37 ◦C. Cell viability was determined by measuring the absorbance at
570 and 600 nm using a microplate reader (xMark™ Microplate Spectrophotometer, Biorad,
Hercules, CA, USA).

2.3. Immunofluorescence Assay

HaCaT, HT-29 and HCT-116 cells were seeded in 6-well plates, treated with LGG (106

and 109 CFU/mL) ± 10 µM 5-FU and incubated for 48 h. The nuclei were counterstained
and morphologically analyzed using the 4,6′-Diamidino-2-Phenylindole (DAPI) staining
(Merck KGaA, Darmstadt, Germany). The protocol to which the cells were subjected
consisted of the following steps: (i) cell washing 3 times with cold PBS (Phosphate buffered
saline, Thermo Fisher Scientific, Boston, MA, USA) after the 48 h stimulation period,
(ii) fixation with 4% paraformaldehyde in PBS, (iii) permeabilization with Triton X/PBS 2%,
(iv) washing 3 times with cold PBS, (v) blocking with 30% FCS in 0.01% Triton, (vi) washing
3 times with cold PBS, (vii) staining with DAPI (300 nM) and (viii) incubation at 4 ◦C in the
dark [18]. The nuclear alterations were analyzed using the EVOS™ M7000 Imaging System
(Thermo Fisher Scientific, Boston, MA, USA).

2.4. Cyclin D1 and Apoptosis Assay

The activities of Cyclin D1, BAX, Bcl-2 and caspase-3 were measured by colorimetric
assay kits (ab214571, ab199080, ab119506 and ab39401; Abcam plc, Cambridge, CB2 0AX,
UK). HT-29 and HCT-116 cells were cultured in a 6-well plate and treated for 48 h with the
test samples (LGG 108 and 109 CFU/mL ± 10 µM 5-FU). The level of cyclin D1, BAX, Bcl-2
and caspase-3 activities were determined following the assay procedure described in the
manufacturer’s instructions [19]. The total protein concentration was determined using the
Pierce™ Rapid Gold BCA Protein Assay Kit (Thermo Fisher Scientific, Boston, MA, USA)
while the absorbance was read using an xMark™ Microplate Spectrophotometer (Bio-Rad,
Hercules, CA, USA).

2.5. Polarographic Measurement of Respiration

The cellular O2 consumption was measured by high-resolution respirometry using
the Oroboros Oxygraph-2k instrument (Oroboros Instruments, GmbH, Innsbruck, Austria).
Data acquisition and analysis were performed using the Datalab software (Oroboros Instru-
ments). HT-29 and HCT-116 cells were cultured in a 6-well plate and treated for 48 h with
the test samples (LGG 108 and 109 CFU/mL). The cells (1 × 106/mL) were permeabilized
with digitonine (optimal concentration: 35 µg/L × 106 HT-29 cells and 25 µg/L × 106

HCT-116 cells). The measurements were performed at 37 ◦C in mitochondrial respiration
medium (MIRO5: EGTA 0.5 mM, taurine 20 mM, MgCl2 3 mM, K-lactobionate 60 mM,
KH2PO4 10 mM, HEPES 20 mM, D-sucrose 110 mM and BSA 1 g/L, pH 7.1) and expressed
as pmol·s−1·10−6. The cell suspensions were added to each chamber and the O2 signal was
allowed to stabilize for 15 min under routine respiration conditions (respiration dependent
on endogenous substrates). According to a protocol described by Petrus, et al. [20], the
following respiratory substrates, uncouplers and inhibitors were added during the mea-
surement of mitochondrial respiration: glutamate (10 mM) + malate (5 mM)→ State2CI,
ADP (5 mM) + Succinate (10 mM) → OXPHOSCI + II, Cytochrome c (5 mM) → Cyt c,
Oligomycin (1 µg/mL)→ State4 CI + II, FCCP (1 µM/step) successive titrations→ ETSCI
+ II, and antimycin A (2.5 µM)→ ROX.

2.6. Statistical Analysis

The statistical analysis of the cellular viability results and apoptosis/proliferation
markers was performed using one-way ANOVA followed by Dunnett’s post-test (Graph-
Pad Prism version 6.0.0, GraphPad Software, San Diego, CA, USA). The IC50 values were
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calculated using the GraphPad Prism6 software (GraphPad Software, San Diego, CA, USA)
based on the correlation between the log[concentration] and cell viability. Mitochondrial res-
piratory rates were statistically analyzed using two-way ANOVA followed by Bonferroni’s
multiple comparisons post-test (GraphPad Prism version 6.0.0, GraphPad Software, San
Diego, CA, USA). The differences between groups were considered statistically significant
if p < 0.05, as follows: * p < 0.05, ** p < 0.01, and *** p < 0.001.

3. Results
3.1. Cell Viability Assessment

The cytotoxic effect of LGG (106, 107, 108 and 109 CFU/mL), 5-FU (10 µM), and their
association, on normal HaCaT, HT-29 colorectal adenocarcinoma and HCT-116 colorectal
carcinoma cell lines was evaluated using the Alamar Blue assay. The cytotoxic effect and
anti-proliferative activity of LGG, alone or in combination with 5-FU, on HaCaT, HT-29 and
HCT-116 cells following a 24 and 48 h stimulation period are presented in Figure 1. The cal-
culated IC50 values of LGG and LGG associated with 5-FU on HaCaT, HT-29 and HCT-116
cell lines are presented in Table 1. In HaCaT cells only the association of LGG 109 CFU/mL
+ 5-FU decreased cell viability to 88.06% after a 24 h treatment period (Figure 1A). However,
by increasing the incubation time to 48 h, LGG 109 CFU/mL alone decreased cell viability
to 87.56%, compared with its association with 5-FU (LGG 109 CFU/mL + 5-FU 83.73%),
whereas 5-FU alone decreased cell viability to 71.68% (Figure 1B). The vitality of HT-29 cells
treated with LGG reduced as the incubation duration increased from 24 to 48 h. Specifically,
LGG 108 CFU/mL alone decreased HT-29 cell viability at 24 h but without reaching a
statistical significance, whereas LGG 109 CFU/mL alone decreased cell viability to 87.16%
(Figure 1C). 5-FU alone and LGG (106–109 CFU/mL) associated with 5-FU decreased cell
viability of HT-29 cells after 24 h, as follows: 67.01%, 91.13%, 83.07%, 78.87% and 75.58%.
At 48 h, LGG 108 CFU/mL alone decreased cell viability to 83.4% vs. control (100%),
reaching now a statistical significance (Figure 1D). Treatment with LGG at 109 CFU/mL
alone, as well as 5-FU alone and LGG (106–109 CFU/mL) associated with 5-FU decreased
cell viability of HT-29 cells after 48 h, as follows: 72.36%, 45.35%, 76.07%, 66.72%, 59.57%
and 51.38% vs. control (Figure 1D). LGG effect was more pronounced in HCT-116 cells; at
108 and 109 CFU/mL LGG alone decreased HCT-116 cell viability to 88.44% and 86.02%
after 24 h, and to 66.37% and 57.64% after 48 h (Figure 1E,F). LGG 109 CFU/mL effect at
24 and 48 h was comparable to that of 5-FU (86.02% vs. 83.93% and 57.64%vs. 53.54%)
(Figure 1E,F). Association of LGG 106–109 CFU/mL with 5-FU resulted in an increased
overall cytotoxic activity, as follows: after 24 h the cell viability decreased to 77.35%, 71.50%,
61.24% and 54.57% and after 48 h to 47.68%, 39.72%, 32.13% and 26.20% (Figure 1E,F).

Table 1. The calculated IC50 values.

HaCaT HT-29 HCT-116

LGG LGG + 5-FU LGG LGG + 5-FU LGG LGG + 5-FU

IC50 (CFU/mL) 17.17 × 109 5.35 × 109 7.88 × 108 3.52 × 108 4.56 × 107 2.07 × 107

3.2. Effect of LGG and 5-FU on Nuclear Morphology

The effect of LGG (106 and 109 CFU/mL), alone and in association with 5-FU (10 µM),
on the nuclear morphology of HaCaT, HT-29 and HCT-116 cells was investigated using the
DAPI staining (Figures 2–4). In HaCaT cells the highest concentration of LGG (109 CFU/mL)
induced nuclear condensation and shrinkage while its association with 5-FU induced
nuclear fragmentation both at 106 and 109 CFU/mL, respectively. 5-FU alone induced
nuclear condensation and fragmentation (Figure 2).
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Figure 1. Cell viability of HaCaT (A,B), HT-29 (C,D) and HCT-116 (E,F) cells following the treatment
with LGG 106–109 CFU/mL, 5-FU (10 µM), and their association after 24 and 48 h. The results are
expressed as viability percentage in comparison with the control group, considered 100% (* p < 0.05,
** p < 0.01 and *** p < 0.001). The data represent the mean values ± SD of three independent
experiments performed in triplicate.
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Figure 2. Nuclear morphological changes in HaCaT cells observed following 48 h treatment with LGG
106 and 109 CFU/mL, alone or in association with 10 µM 5-FU. The yellow arrows represent signs of
apoptosis (nuclear shrinkage, fragmentation, condensation, and cellular membrane disruption). The
scale bar is 75 µm.

Figure 3. Nuclear morphological changes in HT-29 cells observed following 48 h treatment with LGG
106 and 109 CFU/mL, alone or in association with 10 µM 5-FU. The yellow arrows represent signs of
apoptosis (nuclear shrinkage, fragmentation, condensation, and cellular membrane disruption). The
scale bar is 75 µm.
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Figure 4. Nuclear morphological changes in HCT-116 cells observed following 48 h treatment with
LGG 106 and 109 CFU/mL, alone or in association with 10 µM 5-FU. The yellow arrows represent signs
of apoptosis (nuclear shrinkage, fragmentation, condensation, and cellular membrane disruption).
The scale bar is 75 µm.

Signs of nuclei condensation and fragmentation were also observed in HT-29 cells after
treatment with 106 and 109 CFU/mL LGG, alone, LGG associated with 5-FU at both tested
concentrations and 5-FU alone (Figure 3). When 109 CFU/mL LGG was incubated with
5-FU, the nuclei underwent a severe fragmentation accompanied by cellular membrane
disruption followed by the scattering of the genetic material (Figure 3).

In HCT-116 cells treated with 5-FU alone and 106 and 109 FCU/mL LGG, alone
and combined with 5-FU, induced similar morphological changes of the nuclei that are
consistent with apoptosis (condensation, fragmentation, blebbing and cellular membrane
disruption) (Figure 4).

3.3. Evaluation of Cell-Cycle-Related Protein and Pro-/Anti-Apoptotic Markers Levels

LGG was tested alone and in combination with 5-FU (10 µM) at the concentra-
tions that produced the strongest reduction in HT-29 and HCT-116 cell viability (108

and 109 CFU/mL). The effect of LGG (108 and 109 CFU/mL) associated with 5-FU, and
given alone, on the protein level of cell-cycle-related protein Cyclin D1, pro (BAX) and
anti-apoptotic (Bcl-2) markers was determined using the enzyme-linked immunosorbent
assay (ELISA). The caspase-3 activity was determined using a colorimetric caspase assay.

The cyclin D1 expression was measured in HT-29 and HCT-116 cell lines treated
with LGG (108 and 109 CFU/mL) alone or in combination with 5-FU (10 µM). The results
revealed a significant reduction in protein levels after treatment with the investigated
substances at any concentration tested. (Figure 5A). Specifically, compared to 5-FU alone
(HT-29: 4.27± 0.28 and HCT-116: 0.94± 0.04) and control (HT-29: 5.52± 0.23 and HCT-116:
3.27 ± 0.28), LGG alone was able to decrease Cyclin D1 protein level in HT-29 and HCT-116
cells to 4.55 ± 0.29 and 2.68 ± 0.26 at 108 CFU/mL and to 4.29 ± 0.15 and 1.27 ± 0.15 at
109 CFU/mL (Figure 1A). Moreover, the association of LGG with 5-FU produced an even
sharper decrease in the Cyclin D1 level, as follows: 3.57 ± 0.021 and 0.75 ± 0.12 (LGG
108 CFU/mL) 2.86 ± 0.022 and 0.22 ± 0.02 (LGG 109 CFU/mL) (Figure 5A).
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Figure 5. Effect of LGG (108 and 109 CFU/mL) ± 5-FU (10 µM) on Cyclin D1 protein expression
(A), caspase-3 activity (B) and BAX (C) and Bcl-2 (D) protein levels in HT-29 and HCT-116 colorectal
cancer cell lines after 48 h treatment. The results were reported as mean values ± SD with p < 0.05 (*),
p < 0.01 (**), p < 0.081 (***), when compared to control. All experiments were performed in triplicate.

Given that numerous cytotoxic agents act by inducing apoptosis as their main mecha-
nism and considering the effect of LGG on cancer cell viability and nuclear morphology of
HT-29 and HCT-116 cell lines, the protein levels of the well-known pro and anti-apoptotic
markers, BAX and Bcl-2, along with caspase-3 activity, were determined following 48 h
treatment with LGG (108 and 109 CFU/mL) ± 5-FU (10 µM). In HT-29 cell lines, LGG
alone increased both BAX protein level and caspase-3 activity at both 108 (179.8 ± 3.48
and 1.57 ± 0.09) and 109 CFU/mL (210.9 ± 3.72 and 2.08 ± 0.01), respectively vs. control
(170.28 ± 8.89 and 1) and 5-FU (202.3 ± 2.78 and 1.87 ± 0.11) (Figure 5B,C). The association
of LGG with 5-FU increased BAX protein levels to 235 ± 3.83 (LGG 108 + 5-FU) and to
258 ± 2.64 (LGG 109 + 5-FU), while the same concentrations increased caspase-3 activity to
2.33± 0.09 and 2.86± 0.07 (Figure 5B,C). In the same cell line, the level of the anti-apoptotic
protein Bcl-2 decreased as a result of LGG treatment, as follows: 24.93 ± 2.09 (LGG 108),
20.18 ± 0.85 (LGG 109), 18.61 ± 1.05 (LGG 108 + 5-FU) and 15.72 ± 0.89 (LGG 109 + 5-FU)
vs. control (27.42 ± 2.20) and 5-FU (22.32) (Figure 5D).

In HCT-116 cell lines a similar increase of pro-apoptotic BAX protein level and caspase-
3 activity was recorded upon LGG treatment. Compared to the control (114.6 ± 5.86) and
to 5-FU (149 ± 3.67), LGG at 108 and 109 alone and in combination with 5-FU increased
BAX level to 128.0 ± 3.27, 132.18 ± 1.86, 166.87 ± 2.25 and 175.68 ± 1.72. Caspase-3 activity
levels were 1.68 ± 0.09 (LGG 108), 1.82 ± 10.08 (LGG 109), 2.92 ± 0.07 (LGG 108 + 5-FU)
and 3.22 ± 0.13 (LGG 109 + 5-FU) vs. control (1) and 5-FU (2.32 ± 0.17) (Figure 5B,C).
Bcl-2 protein levels obtained in HCT-116 cells were as follows: 22.43 ± 1.91 (LGG 108),
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20.55 ± 1.57 (LGG 109), 16.46± 1.19 (5-FU), 12.08± 0.51 (LGG 108 + 5-FU) and 10.07 ± 0.49
(LGG 109 + 5-FU) vs. 24.66 ± 1.94 (control) (Figure 5D).

3.4. Evaluation of Mitochondrial Respiration

The mitochondrial function of permeabilized HT-29 and HCT-116 cells was evalu-
ated by high-resolution respirometry at 37 ◦C after 48 h treatment with LGG (108 and
109 CFU/mL).

LGG tested at 108 and 109 CFU/mL inhibit the mitochondrial respiration of both HT-29
and HCT-116 cells (Figure 6) by firstly reducing routine respiration in a dose-dependent
manner vs. control. Both State2 dependent on CI and State4 dependent on CI + II (LEAK
respiration) were significantly reduced, regardless of the concentration tested, and thus,
LGG treatment can decrease basal cell respiration (Figure 6). The probiotic suppressed
OXPHOSCI+II and ETSCI+II. These results suggest that LGG treatment decreases the oxida-
tion of reduced fuel substrates, a process that is coupled to the phosphorylation of ADP
to ATP, while also decreasing the electron transfer-pathway capacity, and hence, LGG de-
creases the respiratory capacity of the mitochondria and mitochondrial function. The mean
values ± SD of the mitochondrial respiratory rates (pmol·s−1·10−6 cells) obtained after the
treatment of HT-29 and HCT-116 cells with LGG 108 and 109 CFU/mL are presented in
Table 2.

Figure 6. Mitochondrial respiratory rates (O2 consumption) of HT-29 (A) and HCT-116 (B) cells after
48 h treatment with LGG 108 and 109 CFU/mL. The experiments were performed in triplicate and
the results are presented as mean values ± SD. Values with p < 0.05 were considered to be statistically
different (* p < 0.05, ** p < 0.01 and *** p < 0.001). The respiratory parameters displayed represent
the following: Routine —respiration in a substrate-free media, based on endogenous substrates;
OXPHOSCI+II —the maximal active respiration driven by both CI and CII; Cyt c—evaluation of
mitochondrial membrane integrity and ETSCI+II—the maximal respiratory capacity of the electron
transport system in the fully noncoupled state.
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Table 2. Mitochondrial respiratory rates of HT-29 and HCT-116 cells treated with LGG (108 and
109 CFU/mL).

HT-29 HCT-116

Control LGG 108

CFU/mL
LGG 109

CFU/mL
Control LGG 108

CFU/mL
LGG 109

CFU/mL

Routine 30.76 ± 2.4 22.38 ± 1.6 ** 16.72 ± 2.2 *** 44.67 ± 2.5 35.49 ± 3.5 ** 30.26 ± 4.1 ***
State2CI 4.56 ± 1.1 3.07 ± 1.9 * 2.57 ± 0.8 ** 6.33 ± 0.6 5.19 ± 0.3 ** 3.94 ± 0.8 ***

OXPHOSCI+II 45.21 ± 2.0 37.79 ± 2.0 ** 30.43 ± 3.4 *** 57.21 ± 3.5 50.12 ± 2.5 * 42.38 ± 2.2 ***
Cytc 49.12 ± 3.3 57.67 ± 2.7 *** 67.24 ± 4.0 *** 61.78 ± 2.0 76.64 ± 1.5 *** 82.84 ± 2.8 ***

State4CI+II 5.29 ± 1.2 3.49 ± 0.9 ** 2.82 ± 1.1 *** 8.51 ± 0.7 6.15 ± 1.0 * 4.36 ± 0.9 **
ETSCI+II 51.34 ± 2.8 45.47 ± 3.6 * 39.63 ± 3.7 *** 78.35 ± 1.9 69.56 ± 2.1 ** 57.11 ± 3.8 ***

Statistically significant differences vs. control were marked with * p < 0.05, ** p < 0.01, and *** p < 0.001.

4. Discussion

Colorectal cancer is associated with high mortality and exhibits high incidence world-
wide regardless of gender. In addition to cases in the older population, which present
special age-related issues such as the risk of complications from conventional therapy, there
is a rising number of cases (younger than 50 years) with an advanced stage and a bad
prognosis. Although its underlying mechanisms are not fully known, dietary factors are
definitely involved [21]. The administration of probiotics is a useful strategy in both the
prevention and treatment of severe gastrointestinal diseases including colorectal cancer
due to various mechanisms that include competitive colonization and anti-inflammatory
effects [22]. Moreover, probiotics are able to reduce the incidence and severity of adverse
effects associated with conventional chemo- and radiotherapy [23,24]. The most widely
used probiotics belong to the group of lactic acid-producing bacteria that include Lacto-
bacillus spp; Lacticaseibacillus rhamnosus GG (LGG) is an anaerobe Gram-positive strain
isolated from stool samples of a healthy human adult and designated as probiotic due to its
resistance to acid and bile, easy growth and strong adhesion to the gut epithelial layer [25].
The LGG strain is known to exhibit anti-inflammatory effects through the stimulation and
production of several cytokines; tests in animal models have revealed its ability to prevent
the development of colorectal cancer by modulating gut microbiota and downregulating
pro-inflammatory factors [26].

In the current study, the cytotoxic effect of various concentrations of LGG was assessed
against normal keratinocytes as well as two types of colon cancer cells, HCT-116 (colorectal
carcinoma) and HT-29 (colorectal adenocarcinoma) by means of Alamar Blue assay. 5-
fluorouracil was used as a reference; its combination with the bacterial strain was also
tested. We chose the HaCat cell line as the healthy cell group. While this cell line may not be
a good representation of healthy colon cells, it is a good benchmark for assessing compound
cytotoxicity against healthy cells as it is widely used in anticancer in vitro studies despite
the fact that the cancers cell lines tested are of different types [27,28]. In normal HaCaT
cells, only the highest LGG concentration (109 CFU/mL) induced a slight reduction, that
reached statistical significance, of cell viability after 48 h stimulation. Despite this finding,
there is little cause for concern because this concentration is not typically up-scaled in vivo
studies, which means it reaches lower concentrations after oral administration. A previous
study found no cytotoxic effects in the control animal group that received 109 CFU/mL
LGG, indicating the safety of this dose [29]. Association of 5-FU with LGG 109 CFU/mL
reduced cell viability after both 24 h and 48 h, respectively, an effect that was observed
for LGG 109 CFU/mL, only after 48 h, but not after the 24 h treatment period. In HT-29
cancer cells, reduced cell viability following 24 h treatment with LGG 109 CFU/mL alone,
5-FU and LGG 106–109 CFU/mL + 5-FU was statistically significant; however, after 48 h of
stimulation, the percentage of cell viability dropped significantly for those concentrations
and additionally for LGG 108 CFU/mL alone. The association of 5-FU with LGG-induced
cell death; however, the effects are comparable to 5-FU alone. In HCT-116 cells, the cytotoxic
effects were more dramatic: after 48 h stimulation, the reduction of cell viability following
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LGG application (109 CFU/mL) was similar to 5-FU alone (~ 50%) while the combination of
both agents induced a sharp reduction of cell viability to approximately 25%; the cytotoxic
effect was time and dose-dependent in all cases. The experimental results are consistent
with literature reports that indicate a significant cytotoxic effect of L. rhamnosus against
HT-29 cells; the study indicated a 99% inhibition of HT-29 cells after 72 h stimulation
with 30 mg/mL LGG [30]. HT-29 cells are known to exhibit an intermediate ability to
differentiate while HCT-116 cells have little or no ability in this regard which makes it a
highly aggressive cell line [31]. Therefore, HCT-116 and HT-29 cells are used as models
for the more and less aggressive types of colorectal cancer, respectively. As such, HCT-
116 cells were assimilated to the TNM 3 stage cancer, with higher percentages of cancer
stem cells presumably responsible for cancer recurrence while HT-29 cells correspond
to the TNM 2 stage being less invasive [32]. In our previous study, the combination of
Lactobacillus sporogenes and Clostridium butyricum induced a stronger inhibition of HT-29
cells compared to HCT-116 cells [33]. The presence of C. butyricum, which has the ability to
target the mucus glycoprotein whose production varied dramatically across differentiated
and undifferentiated cell lines, was attributed to the effect. However, in the current study,
the cytotoxic activity of L. rhamnosus was more pronounced against HCT-116 cells. Similarly,
Escamilla et al. [34] reported that the cell-free supernatant from LGG strongly reduced HCT-
116 cell invasion. The authors established that the probiotic downregulated the level and
activity of matrix metalloproteinase-9 (MMP-9) and upregulated the level of zona occludens-
1 (ZO-1) in HCT-116 cells; highly relevant is the fact that other bacterial species were unable
to produce inhibitory activities which led the authors to conclude that specific secretory
macromolecule metabolites of L. rhamnosus ranging between 50–100 Da or > 100 Da were
responsible for the reported cytotoxic effect [34]. Another study assessed the cytotoxicity of
several Lactobacillus spp. against HT-29 and HCT-116 colon cancer cells using bleomycin
as a positive control. All probiotic supernatants exhibited robust and specific cytotoxicity
against both cell lines, comparable to or even superior to bleomycin, but with no significant
differences between the two cell lines [35]. Considering these rather controversial results,
we may assume that specific metabolites of L. rhamnosus are responsible for the higher
cytotoxicity against the more aggressive HCT-116 cells. In addition, the association of
LGG with 5-FU induced a stronger cytotoxic effect compared to both agents alone. In
fact, these results can be corroborated by the study of El Hadad et al. [36] who reported
that the in vivo association of LGG and 5-FU led to a reduction of inflammatory processes
and optimized innate and adaptive immune responses. Overall, the experimental results
confirm the selective cytotoxic activity of LGG against colon cancer cells with the strongest
effect exerted on the most aggressive type of cancer cells.

The morphological cell features before and after stimulation with LGG, 5-FU or their
combination were assessed by means of the DAPI technique that uses blue 4′,6-diamidino-
2-phenylindole (DAPI) fluorescent dye that binds stoichiometrically to nuclear DNA in
order to determine nuclear morphology changes [37]. The tested compounds induced
various morphological changes that are consistent with apoptotic processes. In contrast
to necrosis, where the nuclei stay relatively intact, the nuclei degenerate in apoptosis,
resulting in morphological alterations that can be considered indicators of programmed cell
death [38]. In healthy HaCaT cells, only the highest concentration of LGG (109 CFU/mL)
was able to induce nuclear condensation and shrinkage. However, its association with 5-FU
triggered nuclear fragmentation both at 106 and 109 CFU/mL, while 5-FU alone induced
nuclear condensation and fragmentation, thus reflecting the less selective cytotoxic effect
of 5-FU. In HT-29 cells, nuclear condensation and fragmentation occurred after treatment
with 106 and 109 CFU/mL LGG, alone and associated with 5-FU (Figure 3). Similarly to
normal keratinocytes, the addition of 5-FU caused more severe nuclear fragmentation,
which, in conjunction with the cellular membrane breakdown, resulted in the scattering
of genetic material, an effect that was not detected when 5-FU was tested alone on HT-29
cells. Apoptotic signs such as nuclear condensation, fragmentation, blebbing as well as
cell membrane disruption were also recorded in HCT-116 cells after stimulation with 106
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and 109 CFU/mL LGG. The apoptotic activity of LGG in HT-29 cancer cells in a time-
and dose-dependent manner has been previously reported by Dehghani et al. [30] who
indicated the use of LGG as a prophylactic and therapeutic agent against colorectal cancer
due to its low cost and accessibility. Similar results with shrinking and condensed nuclei
also appeared in HeLa cells (cervix cancer) after stimulation with L. rhamnosus isolated
from human breast milk [39] thus indicating apoptotic changes. On the other hand, LGG is
able to exert antioxidative and anti-apoptotic effects through its exopolysaccharides which
can effectively oppose the damaging effects of hydrogen peroxide (H2O2) in intestinal
porcine epithelial cells thus providing a potentially effective therapeutic strategy against
oxidation-induced gastrointestinal disorders [40]. Lactobacilli also have the ability to
generate H2O2 in nanomolar concentrations thus exerting a beneficial role in inflammatory
gut diseases [41]. Taking into consideration that reactive oxygen species (ROS) play such a
complex role in both cancer cell proliferation and cell death, ROS-modulating agents like
LGG may indeed exhibit therapeutic potential in cancer prophylaxis but also as adjuvants
to other systemic approaches [42].

Considering the robust results obtained after the evaluation of the cytotoxic poten-
tial and the nuclear morphological assessment that indicated apoptosis, a more in-depth
analysis regarding the mechanism of action of LGG, alone and associated with 5-FU
(LGG ± 5-FU), was necessary; therefore, the levels of cyclin D1, caspase-3, Bax and Bcl-2
proteins were quantified. Cyclin D1 is a proto-oncogene that regulates the G1–S phase of
the cell cycle in mammalian cells; its overexpression has been linked with cancer cell pro-
gression, differentiation and reduced overall survival in patients with colon cancer [43,44].
Caspase-3, Bax and Bcl-2 are part of the Bcl-2 and caspase families of proteins that initi-
ate and promote the mitochondria-mediated intrinsic apoptosis; effector caspases such as
caspase-3 are responsible for the occurrence of the degradation phase of apoptosis described
above, including nuclear DNA fragmentation, cell shrinkage and membrane blebbing [45].
LGG produced the decrease of Cyclin D1 level with a potency similar to 5-FU in both cell
lines while their combination achieved an additive effect; LGG alone was able to increase
the expression of the pro-apoptotic Bax and caspase-3 and decrease the anti-apoptotic
Bcl-2 level thus confirming the overall apoptotic effect of lactobacilli. The addition of
5-FU induced a stronger apoptotic effect on both cancer cell lines. These experimental
results confirm previous literature reports. Gamallat et al. [29] revealed the epithelial cell
apoptosis by L. rhamnosus in an animal model where LGG acted successfully against colon
carcinogenesis by modulating the levels of inflammatory as well as pro-and anti-apoptotic
proteins thus qualifying as a bio-therapeutic dietary agent. Another study reported that
prior administration of LGG and celecoxib reduced tumor initiation and progression in a
chemically-induced colon cancer animal model due to increased apoptosis. The authors
concluded that probiotics have the ability to increase Bax expression which later neutralizes
Bcl-2 activity as a caspase activator [46]. In addition to confirming the apoptotic activity of
L. rhamnosus on HT-29 colon cancer cells, Tukenmez et al. [47] highlighted the importance
of exopolysaccharide composition in mannose and glucose for apoptotic potency. L. rham-
nosus induced the highest Bax increase after 24 h cell stimulation combined with survival
suppression which increases effector caspases like caspase-3 [47]. Interestingly enough,
the combination of LGG with 5-FU induced stronger effects on all quantified markers thus
suggesting an additive apoptotic activity; on the other hand, L. rhamnosus was shown to
alleviate 5-FU gastrointestinal injuries by upregulating Bcl-2 expression in intestinal cells
and diminishing the production of inflammatory markers thus significantly prolonging
animal survival [48]. Therefore, we may assume that probiotics act differently on cancer
versus healthy cells thus displaying the necessary degree of selectivity in anticancer ther-
apy; their mechanism of action is based on mitochondrial apoptosis which is specifically
regulated in normal and cancer cells, respectively.

Given the importance of the mitochondria and the Bcl-2 protein family in the intrinsic
apoptotic pathway, as well as the findings regarding the influence of LGG on pro-apoptotic
BAX and anti-apoptotic Bcl-2 protein levels, the effect of LGG alone on mitochondrial
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function was examined further. The mitochondrial function of permeabilized HT-29 and
HCT-116 cells was evaluated by high-resolution respirometry at 37 ◦C after 48 h treatment
with LGG (108 and 109 CFU/mL).

Mitochondria dysfunction occurs as a pathophysiological factor in numerous diseases
including cancer [49,50]. As such, it might induce a swift energy metabolism in cancer
cells from OXPHOS to glycolysis thus contributing to cancer progression [51]. However,
colorectal cancer cells cannot be considered hypoxic cells since they have been reported to
exhibit higher OXPHOS rates than healthy colon cells. Moreover, they exert an in vivo effect
on surrounding cells which acquire similar bioenergetic parameters with tumor cells and,
as a result, display OXPHOS upregulation and increased values of basal respiration [52].

LGG significantly inhibited mitochondrial respiration in both cancer cell lines starting
with routine respiration which diminished in a dose-dependent manner. Membrane perme-
abilization with digitonine allowed cellular entry of exogenous oxidizable substrates able
to generate electrons to the respiratory system complexes. Membrane permeabilization
enables the assessment of individual capacities of respiratory complexes and the extended
OXPHOS parameters by disrupting the barrier between external media and cytosol and
allowing molecular transit to reach equilibrium [53]. Experimental results showed that both
State2 dependent on CI and State4 dependent on CI + II (LEAK respiration) were signifi-
cantly reduced in the presence of LGG, suggesting that LGG may reduce basal respiration,
regardless of concentration. Moreover, the probiotic suppressed OXPHOSCI + II and ETSCI
+ II, thus suggesting that it can inhibit the active respiration and electron transport pathway
capacity while impairing ATP production. Currently, there are many anticancer agents that
act as inhibitors of the electron transport chain and alter the function of respiratory com-
plexes thus inducing high levels of reactive oxygen species (ROS) which in turn have the
ability to kill cancer cells [54]. As previously mentioned, studies have found that colorectal
cancer cells have higher OXPHOS respiratory rates compared to normal colon cells and
are dependent on OXPHOS rather than glycolysis [52,55]. Considering these findings, the
disruption of mitochondrial function and OXPHOS inhibition can be viewed as an effective
method for colon cancer treatment. Therefore, the inhibition of mitochondrial respiration
in cancer cells by LGG triggers mitochondria-mediated intrinsic apoptosis which can be
identified as one pivotal mechanism in LGG’s anticancer activity.

5. Conclusions

The current study describes Lacticaseibacillus rhamnosus’s selective antitumor effect
against two types of colon cancer cells, HCT-116 and HT29, as well as the underlying
mechanism. The probiotic demonstrated mitochondrial targeted pro-apoptotic inclined
cytotoxicity against both colon cancer cell lines tested, with HCT-116 being more sensitive
to LGG’s anticancer activity. Naturally, some issues remain debatable and may provide
useful perspectives for future research. It is unknown why higher concentrations of LGG
have a minor effect on the HaCaT cell lines, and what specific bacterial metabolites are
responsible for the induced pro-apoptotic effect. Nonetheless, the evidence presented
suggests that treatment with probiotics, specifically LGG, alone or in combination with
5FU can induce apoptosis in colon cancer cells. These findings could pave the way for the
development of alternative chemopreventive/chemotherapeutic agents for various types
of colon cancer.
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