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Abstract: L. paracasei subsp. paracasei X12 was obtained from traditional cheese produced in north-
western China. In this study, we showed that whole peptidoglycan (WPG), extracted from L. paracasei
subsp. paracasei X12, inhibited proliferation and induced apoptosis in HT-29 cells in a dose-dependent
manner. In addition, WPG-induced apoptosis was associated with the loss of mitochondrial mem-
brane potential (Ψm), the release of cytochrome c (Cyto-C) from mitochondrialto cytosolic spaces,
activation of Caspase 3, and accumulation of intracellular reactive oxygen species (ROS). Finally, semi-
quantitative RT-PCR showed that these events were accompanied by upregulation of proapoptotic
genes (Bax or Bad) and downregulation of antiapoptotic genes (Bcl-xl). Taken together, our results
demonstrated that WPG induced apoptosis in HT-29 cells through activation of the mitochondrial
pathway. WPG exerted only minor toxicity upon noncancerous cells and therefore might be used as a
natural agent in the treatment of cancer in future.

Keywords: L. paracasei subsp. paracasei X12; whole peptidoglycan; HT-29 cells; apoptosis; mitochon-
drial pathway

1. Introduction

Colorectal cancer (CRC) is one of the most common cancers and one of the frequent
causes of cancer deaths worldwide [1]. The human colon is a complex microbial ecosystem
with several hundred bacterial species, some of which play essential roles in nutrient
absorption and mucosal immunity and have been shown to protect against invasion by
harmful substances and exert antimutagenic and anticarcinogenic properties [2]. The mech-
anisms by which bacterial species contribute to CRC are too complex to grasp completely,
but increasing evidence displays the relation between the intestinal bacteria and CRC as
well as dietary habits and inflammation, which are identified as playing a vital role in
carcinogenesis [3].

Probiotics are nonpathogenic bacteria and possess the ability to beneficially influence
host immune responses [4]. At present, probiotics have been confirmed to play protec-
tive functions against cancer development in animal models and reduce the incidence of
postoperative inflammation in cancer patients [5]. Accordingly, some strains of probiotics
have attracted a great deal of attention as they may be used as adjuvant agents for cancer
prevention or treatment with minimal toxicity [6]. Among probiotics, the lactobacillus is one
of the most generally utilized and thoroughly studied microorganisms [7]. Verma et al. [8]

Nutrients 2023, 15, 2123. https://doi.org/10.3390/nu15092123 https://www.mdpi.com/journal/nutrients

https://doi.org/10.3390/nu15092123
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/nutrients
https://www.mdpi.com
https://orcid.org/0000-0002-8968-4263
https://doi.org/10.3390/nu15092123
https://www.mdpi.com/journal/nutrients
https://www.mdpi.com/article/10.3390/nu15092123?type=check_update&version=1


Nutrients 2023, 15, 2123 2 of 19

suggested that L. rhamnosus and L. acidophilus promoted apoptosis in colonic tumors in
rats through descending Bcl-2 expression and enhancing the expression of wild-type P53.
Shida et al. [9] demonstrated that cell wall fractions of lactobacilli significantly inhibited
the growth of tumor cells in vitro via activating their innate immunity [10], and cell wall
polysaccharides of L. lactis protected bacteria against phagocytosis by murine macrophages
in vitro. Whole peptidoglycan (WPS) produced from the mutant of L. casei shirota secreted
cytokines IL-6, IL-10, and IL12 after being co-incubated with murine macrophages. These
results emphasized the function of WPS in immunosuppression [11].

Our previous research also showed that cell walls extracted from L. paracasei subsp.
paracasei X12 exerted significant antiproliferative activity against HT-29 cells [12]. Gram-
positive bacterium cell is encased in a cell wall characterized by a thick peptidoglycan
sacculus that serves as a skeleton for the attachment of other components [13]. Peptido-
glycan (PG), which makes up as much as 80% of the dry weight of the bacteria body [14]
and 90% of the bacteria cell wall [15], is the main component of the Gram-positive cell
wall. PG is a polysaccharide consisted of alternating N-acetylglucosamine (GlcNAc) and
N-acetylmuramic acid (MurNAc) [16] that are cross linked via β-1,4 bonds. It exhibits
various functions during bacterial growth, including preserving the intact bacterial cell
structure and shape as well as reacting internal pressure [11].

Sarkar et al. [17] revealed that probiotic action of bifidobacteria was mediated by surface-
associated structures such as exopolysaccharides or lipoteichoic acids. Accordingly, the
anticarcinogenic activity of living L. paracasei subsp. paracasei X12 might be attributed to
cell wall peptidoglycan. Previous studies have shown that existing anticancer therapies
mostly focus on inducing apoptosis in cancer cells [18]. Apoptosis is induced by extra-
cellular (extrinsic pathway, death-receptor-mediated) or intracellular (intrinsic pathway,
mitochondria-mediated) signals [19]. The intrinsic pathway is a principal apoptotic path-
way, elicited by mitochondria-mediated processes and induction of the caspase signaling
cascade activation [20]. In turn, mitochondrial membrane potential (Ψm) dysfunction leads
to the release of the proapoptotic molecule and cytochrome C (Cyto-C) from mitochondrial
to the cytosolic spaces with the accumulation of reactive oxygen species (ROS) [21,22].
The release of Cyto-C and resultant over-production of ROS initiates (triggers) a caspase
cascade, which is also regulated by the Bcl-2 family of proteins.

Findings from a number of reports have confirmed that fractions isolated from bacterial
strains are capable of inducing apoptosis [23]. Sharma et al. [24] showed that the cyto-
protective potential of Enterococcus lactis IITRHR1 and Lactobacillus acidophilus MTCC447
were involved with modulating the crucial end points of apoptosis as stimulated by oxida-
tive stress. Findings generated from work within our laboratory have indicated that whole
peptidoglycan (WPG) extracted from L. paracasei subsp. paracasei M5 exerted cytotoxic
effects in HT-29 colon cancer cells as achieved by upregulating proapoptotic genes and
downregulating antiapoptotic genes [25]. As L. paracasei subsp. paracasei X12 has been
shown to be effective in inhibiting HT-29 cancer cell poliferation [12], we hypothesized
that this anticarcinogenic activity of L. paracasei subsp. paracasei X12 was related to WPG.
Therefore, the primary goal of this report was to examine whether anticarcinogenic activity
of WPG contributed to activation of mitochondria-mediated pathway or the accumulation
of intracellular ROS. To achieve this goal, a detailed analysis of the mechanisms involved
with inducing the apoptotic signal pathway in response to WPG was performed.

2. Material and Methods
2.1. Lactobacillus Strain and Culture Conditions

L. paracasei subsp. paracasei X12 was obtained from Xinjiang traditional cheeses pro-
duced in northwestern China. This strain had previously been demonstrated to have
good adhesion, antimicrobial activity [12,26], antioxidant activity [27], as well as antipro-
liferative activity on the HT-29 cancer cell line [12]. The strain was cultured in De Man,
Rogosa and Sharpe (MRS) (Difco) broth with 0.05% (w/w) L-cysteine at 37 ◦C under anaer-
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obic conditions and subcultured twice for 18 h before using and identified by 16S rRNA
gene sequences.

2.2. Preparation of WPG from the Lactobacillus Strain

WPG was extracted from L. paracasei subsp. paracasei X12 by the method of [25]. Briefly,
heat-killed cells of the X12 strain were treated with 0.5% Triton X-100 in 10 mmol L−1

4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid buffer (pH 7.0) for 1 h. The cells were
washed successively with methanol:water (2:1, v/v), methanol, and acetone. The residue
was incubated successively with Tris-HCl buffer (pH 7.2, containing 10 mmol L−1 MgCl2,
1 mg mL−1 trypsin, 100 µg mL−1 DNase and 100 µg mL−1 RNase), Tris-HCl buffer (pH
7.2, containing 0.5 mg mL−1 trypsin and 0.5 mg mL−1 α-chymotrypsin), 0.01 mol L−1 HCl
(containing 1 mg mL−1 pepsin), Tris-HCl buffer (pH 7.4, containing 1 mg mL−1 pronase)
at 37 ◦C with continuous shaking for 14 h. The residue was washed successively with
methanol, methanol:chloroform (1:1, v/v), and chloroform and incubated 3 times with
Tris-HCl buffer (pH 7.4, containing 1 mg mL−1 pronase) and then dialyzed against water
for 3 days. The insoluble residue was treated with 5 mmol L−1 H2SO4 at 85 ◦C for 10 min.
The residue was then centrifuged and dialyzed against water for 7 days and lyophilized.
The protein content of WPG was determined by the Coomassie brilliant blue method.

2.3. Cell Lines and Cell Culture

HT-29 cells (human colorectal cancer cell line) were obtained from the Cancer Institute
of the Chinese Academy of Medical Science (Beijing, China). HT-29 cells were cultured
in 75-cm2 flasks containing complete RPMI-1640 medium (Hycolone, Logan, UT, USA)
supplemented with 10% (v/v) inactivated (56 ◦C, 30 min) fetal bovine serum (Sijiqing,
Hangzhou, China), with 1% (v/v) penicillin/streptomycin antibiotics (10,000 IU mL−1 and
10,000 µg mL−1; Gibco, Grand Island, NY, USA).

Vero cells (African green monkey kidney cell line) were obtained from the Harbin
Veterinary Research Institute (Harbin, China). Vero cells were cultured in Dulbecco’s
Modified Eagle medium (DMEM) supplemented with 10% (v/v) inactivated (56 ◦C, 30 min)
fetal bovine serum (Gibco, USA). All cells were incubated in a CO2 incubator (HEPA class
100, Thermo Scientific, Waltham, MA, USA) at 37 ◦C with 5% CO2 and 95% filtered air in a
humidified atmosphere. The medium was changed every 48 h.

2.4. Cell Viability Assay

The cell viability of cancerous cell line (HT-29 cell) and non-cancerous normal cell
line (Vero cell) after treatment with different concentrations of WPG (10, 20, 40, 80, and
160 µg mL−1) was measured via MTT [(3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide)] assay and the trypan blue exclusion (TBE) assay. The cell treated with 7 µg mL−1

of 5-Fu was used as the positive control, and treated only with RPMI-1640 medium for
HT-29 and DMEM for Vero were used as the negative control, respectively. TBE assay was
performed as described previously by Nath et al. (2018) [28]. The numbers of dead and
viable cells were counted under the light microscope (40-fold magnification). Result is
presented as inhibition rate as calculated according to the following equation:

Inhibition rate = (apoptotic cell count/total cell count) × 100%

MTT assay was performed according to the method described by Wang et al. (2014) [12].
Absorbance was measured at 490 nm using an enzyme-linked immunosorbent assay
plate reader (Bio-Rad-500, Hercules, CA, USA). Results were transformed into percent-
ages based on the negative control. The inhibition rate was calculated according to the
following formula:

Inhibition rate = [1 − (absorbance in test well)/(absorbance in control well)] × 100%
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2.5. Analysis of Cell Apoptosis

Measurements of apoptosis and necrosis were performed as described by Sambrani
et al. (2019) [29]. After incubation, the cells were washed with ice-cold phosphate-buffered
saline (PBS, pH 7.2) and stained with 5 µL of Annexin V-FITC and 5 µL of propidium iodide
(PI) at room temperature (25 ◦C) in the dark for 15 min. The cells were then analyzed by
flow cytometry (FACS Calibur, Franklin Lake, NJ, USA) and the data were further analyzed
by Cell Quest software. HT-29 cells that stained positive for Annexin VFITC and negative
for PI were undergoing apoptosis. The cells that stained positive for both Annexin V-FITC
and PI were either in the late stage of apoptosis or necrosis. The cells that stained negative
for both Annexin V-FITC and PI were not undergoing apoptosis.

2.6. Morphological Observation of Apoptosis

Apoptotic cell morphology was detected using fluorescence and transmission electron
microscopy. HT-29 monolayer, which was prepared on glass cover slips and placed in
6-well plates, was treated with WPG at 37 ◦C for 48 h. Hoechst fluorescent staining was
performed by the method of Dhivya et al. (2016) [30]. After incubation, HT-29 monolayer
was stained with 0.5 mL of Hoechst 33258 (Beyotime, Shanghai, China) for 5 min at 37 ◦C
in the dark. Cells were then stained and imaged using fluorescence microscope (Olympus
BX51, Manufacturer, Tokyo, Japan).

For transmission electron microscope, after incubation, HT-29 cells were fixed with
2.5% of glutaraldehyde for 48 h at 4 ◦C, followed fixed by 1% of osmium tetroxide fixation
for 1 h at room temperature (25 ◦C). Cells were then dehydrated with successive treatments
of acetone by the method of Di et al. (2017) [31]. Ultrathin sections were stained with
uranyl acetate and lead citrate and observed with a Hitachi H-7650 transmission electron
microscope (Hitachi Corp., Tokyo, Japan).

2.7. Measurement of Mitochondrial Membrane Potential and ROS Levels

HT-29 cells were seeded in 24-well plates with indicated concentrations of WPG.
After incubation for 48 h, the cells were washed twice with ice-cold PBS (pH 7.2) and
then stained with Rhodamine 123 (at the concentration of 200 µg mL−1 in PBS) [32] for
mitochondrial membrane potential and 5 µM of DCFH-DA (an oxidant sensitive fluorescent
probe dichlorofluorescein-diacetate) for ROS levels at room temperature for 30 min in the
dark [33]. The stained cells were re-suspended in 300 µL of PBS and then measured by flow
cytometry (FACS Calibur, Franklin Lake, NJ, USA). For mitochondrial membrane potential
and ROS level, the excitation wavelengths were 507 nm and 485 nm, respectively, and
the emission wavelengths were 532 nm and 535 nm, respectively. The data were further
analyzed using Cell Quest Pro software.

2.8. Measurement of Cyto-Crelease

The amount of Cyto-C was detected according to the method described by Koul et al.
(2017) [33]. HT-29 cells were seeded into 6-well plates and treated with WPG for 48 h. After
treatment, the cytosolic and mitochondrial fractions were extracted from HT-29 cells and
then were separated using a mitochondria isolation kit (C3601, Beyotime, China). Total
protein of cytosolic and mitochondrial fractions was prepared on ice using cell extraction
buffer (C2501, Haigene, Harbin, China) and protein samples were stored at −80 ◦C until
use. The amount of Cyto-C in each of the cell extracts was quantified using an ELISA kit
(Invitrogen, KHO1051, Carlsbad, CA, USA) according to the manufacturer’s instruction.

2.9. RNA Extraction and Semi-Quantitative RT-PCR

Total RNA was isolated using a total RNA extraction kit (BioFlux, BSC52M1, Tokyo,
Japan) according to the manufacturer’s instruction. cDNA was generated with use of a
reverse transcription kit (AE401, Transgen Biotech, Beijing, China) in accordance to the
manufacturer’s instructions. Two microliters of the previous product was used for PCR
using specific forward and reverse apoptotic gene primers (Table 1). The cycling conditions
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were as followings: initial denaturation at 94 ◦C for 2 min, followed by 35 amplification
cycles at 94 ◦C for 15 s, annealing at 55 ◦C for 30 s, extension at 68 ◦C for 60 s, with a final
extension at 68 ◦C for 5 min. PCR products were then separated by 1.5% agarose gel and
stained with ethidium bromide [34]. Relative gene mRNA expression was analyzed by
densitometry using image analysis software (Quantity One; Bio-Rad, Hercules, CA, USA).
β-actin gene was used as a control, and its expression was considered as 100%.

Table 1. Primers used for apoptotic signaling genes.

Genes Primers

β-actin
Forward TCACCCTGAAGTACCCCATC
Reverse CCATCTCTTGCTGCAAGTCC

Bax
Forward TCCACCAAGAAGCTGAGCGA
Reverse GTCCAGCCCATGATGGTTCT

Bad
Forward CCTTTAAGAAGGGACTTCCTCGCC
Reverse ACTTCCGATGGGACCAAGCCTTCC

Bcl-xl
Forward ATGGCAGCAGTAAAGCAAGCGC
Reverse TTCTCCTGGTGGCAATGGCG

Caspase 3 Forward TTTGTTTGTGTGCTTCTGAGCC
Reverse ATTCTGTTGCCACCTTTCGG

2.10. Statistical Analysis

All experiments were performed in triplicate. Results were expressed as means ± SD.
Statistical analyses were performed using SPSS 22.0 software. One-way ANOVAs with
Duncan’s post hoc test were used for the data analysis. A probability level of p < 0.05 was
used throughout this study.

3. Results
3.1. Effects of WPG on Viability of HT-29 Cells and Vero Cells

The cytotoxicity of WPG was examined in cancer cell line HT-29 [35] and noncancerous
cells line Vero [36] through MTT and TBE assays at 48 h. We had established previously
that 10.31 µg mL−1 of 5-Fu produced an approximately 50% inhibitory rate on HT-29 cells
(IC50) [25]. Therefore, 7 µg mL−1 of 5-Fu (a concentration lower than 10.31 µg mL−1) was
used as a positive control [37] and HT-29 treated only with RPMI-1640 medium was used
as the negative control within our experiments. Figure 1 illustrated the cell viability of both
cell lines treated with increasing concentration of WPG. The cell viability of treated cells
had been demonstrated as significant changes compared to the negative control cells. WPG
exposure for 48 h significantly inhibited HT-29 cell growth in a concentration dependent
manner, with a maximal inhibitory rate at a concentration of 160 µg mL−1 (p < 0.05).
Nevertheless, at the lowest concentration of 10 µg mL−1, the inhibition rates just were
8.24 ± 1.03% (TBE) and 5.49 ± 2.03% (MTT), respectively. In response to treatment with
the maximum concentration of 160 µg mL−1, the inhibition rates were 19.58 ± 1.03% (TBE)
and 21.02 ± 3.54% (MTT), respectively. Among all groups, 80 and 160 µg mL−1 were
without significant difference compared to the positive control; however, they showed
significantly much higher (p < 0.05) antiproliferative activity compared to the groups of
10, 20, and 40 µg mL−1 and the negative control. No statistically significant difference in
inhibitory rates was found between the MTT and TBE assays, with both showing similar
dose-dependent antiproliferative activity after treatment by WPG. When WPG was exposed
to Vero cells for 48 h, no significant difference in inhibitory rates was observed, with a
maximal inhibitory rate of 12.11 ± 1.38% at a concentration of 160 µg mL−1 of WPG and
with a inhibitory rate of 11.71 ± 2.07% at the positive control. Antiproliferative activity
of WPG on the noncancerous Vero cells was significantly lower than that observed on
cancerous HT-29 cells via MTT and TBE assays. These results demonstrated that WPG
exerted a greater degree of sensitivity upon cancerous versus noncancerous cells.
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Figure 1. HT-29 and Vero cells were exposed to varying concentrations of WPG for 48 h. Inhibitory
effects upon cell proliferation were determined via MTT and TBE assays. All values are presented
as the mean ± standard deviation (SD) of three replications. Asterisks indicate samples that are
significantly different from the control (* p < 0.05, ** p < 0.01).

3.2. WPG Induces Apoptosis in HT-29 Cells

To explore the anticancer activity of WPG, the Annexin V-FITC staining method was
performed to evaluate the cell apoptosis of HT-29 cells induced by WPG. We found that in
the negative controls, 75.20% of the cells were viable, 4.59% in early apoptosis, 7.86% in late
apoptosis, and 12.36% in necrosis (Figure 2). In cells treated with WPG (10–60 µg mL−1 of
WPG), a 3.86–11.2% decrease in normal cells, a 0.96–3.28% increase in late apoptotic cells,
and a 0.21–11.31% increase in necrotic cells were observed in comparison with the negative
control. Specifically, when cells were treated with 80 and 160 µg mL−1 of WPG for 48 h,
we observed 8.44% and 11.2% decreases in normal cells and 6.86% and 11.31% increases in
necrotic cells, respectively, compared to that in the negative controls (p < 0.05). For the cells
treated with the positive control (5-Fu), a 12.89% decrease in normal cells, a 6.81% increase
in late apoptotic cells, and a 6.73% increase in necrotic cells were observed in comparison
with the negative control. Significant induction of apoptosis was observed inHT-29 cells
after treatment with WPG when compared with the negative control.
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Figure 2. HT-29 cells were treated with WPG for 48 h and then stained with Annexin V-FITC/PI.
HT-29 cells staining positive for Annexin V-FITC and negative for PI were showing initial stages of
apoptosis. Cells staining positive for both Annexin V-FITC and PI were either in the terminal stages
of apoptosis or already necrotic. Cells staining negative for both Annexin V-FITC and PI were viable
with no indication of apoptosis. After staining, cells were subjected to flow cytometric analysis. The
cells treated with 7 µg mL−1 of 5-Fu were used as the positive control, and those treated only with
RPMI-1640 medium were used as the negative control; the following were all the same.

3.3. Effects of WPG on Morphology of HT-29 Cells

Morphological observations on HT-29 cells were performed as a means to supplement
these findings of apoptosis induced by WPG. Morphological characteristics of apoptotic
cells were assessed by fluorescence and transmission electron microscopy. Hoechst 33258
staining was conducted to further confirm the apoptosis of HT-29 cells treated with WPG.
As shown in Figure 3, the cells appeared circular or elliptical, without condensation of the
nucleus being presented in negative control group and the group of 10 µg mL−1 of WPG.
In contrast, the cells showed markedly condensed dots known as apoptotic bodies and
morphological changes significantly in nuclei after treatment by 20, 40, 80, and 160 µg mL−1

of WPG. Furthermore, the cells exhibited the most obvious morphological changes treated
with 80 and 160 µg mL−1 of WPG. Therefore, based on the results above, WPG indeed
induced HT-29 colon cancer cell apoptosis, especially the high concentration groups of
80 and 160 µg mL−1.
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Figure 3. Apoptotic cells were evaluated with the fluorescence microscopy after Hoechst fluorescent
staining. The cells that the yellow arrows point to are apoptotic cells.

To investigate morphologic changes further in apoptotic cells, images were obtained
via TEM with an original magnification of 10,000× (Figure 4). The morphology of the
negative cells appeared normal, with a large single nucleus randomly distributed and or-
ganelles uniformly dispersed chromatin under transmission electron microscopy. Therefore,
HT-29 cells treated with 40, 80, and 160 µg mL−1 of WPG began to show typical morpho-
logic changes characteristic of apoptosis (Figure 4). Specifically, ultrastructural changes
consisting of chromatin condensation, nuclear fragmentation, pseudopods, vacuoles, and
apoptotic body formation were surrounding the nucleus and swollen mitochondria were
present in apoptotic cells. These results were in agreement with those obtained from flow
cytometric analysis.

3.4. Effect of WPG on Inducing Apoptosis via the Mitochondrial Pathway

In order to investigate whether mitochondria were involved in WPG induced apopto-
sis, we examined the transformation of the mitochondrial membrane potential (∆Ψm) in
HT-29 cells via Rhodamine 123 staining. Mitochondria of normal cells absorb Rhodamine
123, and this absorbance declines when membrane potential decreases [38]. In this experi-
ment, we found that 10, 20, 40, 80, and 160 µg mL−1 of WPG produced a breakdown of
∆Ψm by 4.59%, 5.43%, 17.89%, 45.21%, and 49.31%, respectively, compared with untreated
control cells (p < 0.01; Figure 5). The positive control of 5-Fu showed the highest breakdown
of ∆Ψm by 50.20%; however, there was no significant difference between the groups of
80 and 160 µg mL−1 of WPG.
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A decrease in the mitochondrial membrane potential is also usually preceded or
accompanied by Cyto-C release from the mitochondria into the cytosol. After exposure to
10, 20, 40, 80, and 160 µg mL−1 of WPG for 48 h, the amounts of Cyto-C in the cytosol of HT-
29 cells increased by 10.52%, 55.84%, 163.12%, 260.81%, and 282.43%, respectively, compared
with the untreated cells (Figure 6).However, the amounts of Cyto-C in the mitochondria
decreased by 0.43%, 4.33%, 10.37%, 32.11%, and 56.28%, respectively, compared with
the negative control (Figure 6). Therefore, the results showed that WPG exposure dose-
dependently (10–160 µg mL−1) increased amounts of Cyto-C in the cytosol and decreased
amounts in the mitochondria in HT-29 (p < 0.01).
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3.5. Effects of WPG on Intracellular ROS

Lastly, we examined whether intracellular ROS production was involved in WPG-
induced apoptosis of HT-29 cells. As revealed with DCFH-DA staining, ROS levels were
increased in WPG-treated versus the untreated control cells, with minimal levels observed
in response to 10 µg mL−1 of WPG by 907.89 ± 74.23, without significant difference with
the negative control. In contrast, with maximal level observed in response to 160 µg mL−1

by 1453.18 ± 86.65 (p < 0.01, Figure 7), a significant difference with the untreated control
cells. When HT-29 cells were incubated with 10, 20, 40, 80, and 160 µg mL−1 of WPG for
48 h, we observed the increase in ROS level by 3.30%, 26.19%, 33.62%, 45.91%, and 60.06%,
respectively, compared with that in the untreated cells. These results described above
indicated that WPG-induced cell apoptosis was mediated by intracellular ROS generation
in HT-29 cells.
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3.6. Effects of WPG on Expression of Apoptosis-Related Genes

The Bcl-2 (B-cell leukemia/lymphoma-2) protein family plays a vital role in regulating
the mitochondria-dependent pathway of apoptosis. To examine the molecular mechanism
associated with WPG induced apoptosis in HT-29 cells, the mRNA expression levels of
Bcl-2 protein family members (including Bcl-xl, Bax and Bad) were examined via semi-
quantitative RT-PCR. The housekeeping gene β-actin was used as a control. The forward
and reverse primers of apoptotic genes are shown in Table 1. After exposure to WPG,
mRNA expression levels of Bax and Bad in HT-29 cells were upregulated, whereas Bcl-xl
was downregulated significantly. HT-29 cells were incubated with 20, 40, 80, and 160 µg
mL−1 of WPG for 24 h, expression levels were increased by 4.79%, 12.64%, 19.92%, and
26.72% in Bax, and 5.57%, 9.61%, 14.58%, and 20.76% in Bad, respectively, whereas Bcl-xl
expression levels were decreased by 4.10%, 9.00%, 12.53%, and 26.4% compared with the
untreated cells (Figures 8 and 9).

Furthermore, when cells were treated with 20, 40, 80, and 160 µg mL−1 of WPG for
48 h, we observed the increase by 21.64%, 46.78%, 60.31%, and 68.60% in mRNA expression
levels in Bax and the increase by 8.70%, 20.47%, 32.36%, and 43.24% in Bad and the decrease
by 10.30%, 23.83%, 24.25%, and 38.14% in Bcl-xl, respectively, compared with the negative
control (Figures 10 and 11).
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Figure 9. Results (HT-29 cells treated with WPG for 24 h) represent that of three separate experiments
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Symbols (a–d) indicate samples that are significantly different from the control (p < 0.05).
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Figure 11. Results (HT-29 cells treated with WPG for 48 h) represent that of three separate experiments
and quantitative expressions of apoptotic signaling genes (Bax, Bcl-xl, Bad, and Caspase 3) and are
compared with that of the housekeeping gene β-actin (expression of β-actin was considered 100%).
Symbols (a–d) indicate samples that are significantly different from the control (p < 0.05).

Apoptosis is executed by the coordinated actions of the caspase family. Therefore,
we also examined Caspase 3 expression by semi-quantitative RT-PCR analysis. As shown
in Figures 8 and 10, treatment of HT-29 cells with WPG produced a significant activation
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of Caspase 3 as indicated by semi-quantitative RT-PCR. Expression levels of Caspase 3 in
HT-29 cells incubated with 20, 40, 80, and 160 µg mL−1 of WPG for 24 h and 48 h were
increased by 34.76%, 77.51%, 107.05%, and 118.87% and 9.36%, 31.40%, 47.54%, and 55.07%,
respectively, compared with that in untreated cells (Figures 9 and 11). Therefore, these
findings showed that WPG induced apoptosis and was accompanied by a dose-dependent
downregulation of antiapoptotic genes and upregulation of proapoptotic genes.

4. Discussion

In this study, we showed that WPG dose-dependently induced antiproliferative ac-
tivity within HT-29 cells. These findings were in accord with related work, showing that
assorted fractions from lactobacillus exerted anticarcinogenic effects, such as the cytoplasmic
fraction and peptidoglycans from lactic acid bacteria (LAB) which inhibited proliferation of
SNU-1 stomach adenocarcinoma cells [39]. Lipoteichoic acid, a major constituent of the
cell wall of lactobacillus plantarum, was shown to exert antipathogenic effects and signifi-
cant inhibitory effects on EHEC-induced apoptosis in intestinal epithelial cells of silvery
pomfret [40]. Peptidoglycan (PG) derived from Lactobacillus acidophilus was selenized
(Se-PG) via the HNO3-Na2SeO3 method and showed a great antitumor activity in HT-29
cells [41]. Peptidoglycan derived from L. rhamnosus MLGA induced the antimicrobial
peptide defensin [42] derived from L. casei and decreased viability of various tumor cell
lines [43].

Many of the medications used in the treatment of tumors were of limited utility due to
toxic effects on noncancerous cells [44,45]. Therefore, the aim of cancer therapy is to increase
the death or apoptosis of cancer cells without causing too much damage to noncancerous
cells [46]. The WPG as extracted from L. paracasei subsp. paracasei X12 strain was shown to
be safe on the noncancerous (Vero) cells used in this experiment as demonstrated in the
MTT assay. Similarly, peptidoglycan fragments, isolated from L. casei, stimulated normal
cells [47] and did not appear to affect the viability of noncancerous cells [43]; however, it
impaired the entire metabolism of tumor cells and restored the apoptotic process [47]. The
intracellular extracts and cell wall fractions of lactic acid bacteria, isolated from the feces of
piglets, could prevent virus infection against Vero cells [48], and lactic acid bacteria isolated
from cheese did not inhibit activity in Vero cells [49].

For this reason, WPG extracted from the L. paracasei subsp. paracasei X12 strain was
manifested only minor toxic activity within Vero cells and might serve as an agent that can
be used as a cancer treatment safely.

A decrease in cell proliferation or an increase in cell apoptosis represents an impor-
tant feature in the treatment of cancer [46]. To examine the effect of WPG on HT-29 cell
proliferation, the Annexin V-FITC staining assay was performed. Clear effects of WPG
upon apoptosis were evident as observed in HT-29 cells treated with WPG. Such findings,
indicating the importance of apoptosis in these antiproliferative effects in cancer cells,
were supported by a number of related studies. Probiotics and their products showed the
ability to inhibit cancer cell proliferation and induce cancer cell apoptosis [50]. For example,
L. rhamnosus GG [51], Lactobacillus plantarum [52], and cytoplasmic fraction extracted from
the lactobacillus strain [53] induced apoptosis in gastric cancer cells HGC-27, AGS cells, and
SNU-1 cells, respectively, via modulation of signaling pathways. Lactobacillus plantarum
possessed apoptotic induction in oral cancer KB cells through upregulation of PTEN and
downregulation of MAPK signaling pathways [54]. Moreover, Lactobacillus acidophilus CICC
6074 [50] and L. acidophilus KLDS1.0901 [48] inhibited growth and induced apoptosisin
colorectal cancer HT-29 cells and Caco-2 cells. As a result, Chen et al. [48] suggested that
L. acidophilus KLDS1.0901 has the potential to develop a novel functional food for adjuvant
treatment of colon cancer.

In general, apoptosis is characterized by a series of morphological changes, includ-
ing chromatin condensation, nuclear fragmentation, DNA fragmentation and apoptotic
body formation. In this study, cell shrinkage, chromatin condensation and morphological
changes were observed in HT-29 cells after treatment with WPG as observed with optical,
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fluorescence, and transmission electron microscopy. These morphological characteristics of
apoptotic cells were observed in Hoechst 33528 staining assays, which agreed well with
the findings of transmission electron microscopy. Moreover, vacuoles and apoptotic body
formation were present in these apoptotic cells as observed with transmission electron
microscopy. In contrast, the negative control cells showed normal morphology with ran-
domly distributed organelles, a single, large nucleolus, and uniformly dispersed chromatin.
Accordingly, these results were in accord with the results obtained from flow cytometric
analysis and are supported by a number of other studies. Fichera et al. [43] reported
morphological alterations in bladder cells after exposure to L. casei and its derivative pepti-
doglycan. Moreover, Kim et al. (2004) [55] showed SNU-1 stomach adenocarcinoma cell
chromatin condensation after exposure to the cytoplasmic fraction extracted from lactobacil-
lus, and Choi et al. (2006) [45] showed characteristic morphological changes of HT-29 cells
after exposure to the soluble polysaccharide fraction extracted from L. acidophilus 606.

One of the earliest events in the cell apoptosis cascade was the dissipation of4Ψm [56],
and it was believed that ∆Ψm might be an initiator of the mitochondrial apoptotic sig-
naling pathway. A decrease in ∆Ψm initiated the release of Cyto-C and other proteins
from the mitochondria into the cytosol [56] and activated Caspase 9 and Caspase 3 [57].
Simultaneously, the decrease of ∆Ψm and mitochondrial dysfunction was associated with
modulatory effects exerted by the Bcl-2 family of proteins [22,58]. Probiotics have been
shown to reduce mitochondrial membrane potential, which triggers the mitochondrial
apoptosis pathway. L. acidophilus KLDS1.0901 reduced mitochondrial membrane potential
and led to the apoptosis of HT-29 cells [59], L. acidophilus CICC 6074 caused the decrease of
mitochondrial membrane potential in HT-29 cells, and induced the release of Cyto-C in the
mitochondrial inner membrane into the cytosol [50].

In our study, involvement of the mitochondrial-mediated pathway in WPG-induced
apoptosis was evaluated by examining a combination of parameters including the loss of
∆Ψm, the release of Cyto-C, and the expression of Caspase 3 and Bcl-2 family proteins.
Approximately 85% of total Cyto-C existed within the mitochondrial cristae, and the release
of Cyto-C into the cytosol occurred via pores regulated by Bax and Bak proteins in the
mitochondrial outer membrane [58,60]. Our results showed that ∆Ψm began to decline
after treatment with WPG, followed by an apoptosis cascade involving the release of Cyto-C
from mitochondria into the cytosol and Procaspase-3 activation. Simultaneously, WPG
downregulated Bcl-xl expressions and upregulated Bad and Bax expressions in a dose-
dependent manner. These results confirmed that WPG induced apoptosis in HT-29 cells, at
least in part, through activation of the mitochondrial damage-mediated caspase pathway.

Previous reports indicated that various forms of apoptosis were in part associated with
inducing ROS formation [57], which produced a functional disorder of cell mitochondria
resulting in apoptosis [61]. Probiotics can induce ROS production, the massively generated
ROS aggravated the damage of mitochondria and apoptosis. Yue et al. [59] showed that
L. acidophilus KLDS1.0901 induced ROS accumulation in HT-29 cells due to the apoptosis of
the cells. To confirm whether ROS production was involved in WPG-induced apoptosis in
HT-29 cells, ROS production was measured using DCFH-DA staining after treatment with
WPG. The results showed that intracellular ROS levels were significantly increased in the
WPG-treated cells compared with that in the untreated control cells. The increasing levels of
intracellular ROS showed a dose-dependent relationship with the concentrations of WPG.
These results demonstrated that WPG could produce an accumulation of intracellular ROS.
We concluded that the WPG-induced apoptosis observed in these HT-29 cells involved
the mitochondrial damage-mediated Caspase 3 pathway and was associated with an
accumulation of intracellular ROS.

Wei et al. [61] suggested that apoptosis involved a programmed cell death in response
to a series of morphological and biochemical changes. In this study, the results of WPG
inducing apoptosis in HT-29 cells received from flow cytometry and morphological ob-
servation were consistent with those obtained from semi-quantitative RT-PCR analysis.
The Bcl-2 family of proteins were recognized as important regulators of apoptosis [61,62]
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and usually were involved in cell apoptotic processes [63]. Bcl-xl were considered anti-
apoptotic proteins [61], with exerting antiapoptotic effects by blocking apoptosis through
sequestration of proapoptotic Bcl-2 members [58]. Bax and Bad proteins were considered
proapoptotic proteins [61]. Bad did not activate Bax; rather, it seemed to promote apoptosis
by releasing Bid and Bim (a subset of Bcl-2 proteins) from Bcl-2 or Bcl-xl. Bid and Bim
proteins activated Bax and Bak proteins which then permeabilized the outer membrane of
the mitochondria leading to the release of Cyto-C from the inner-membrane space [50,58].
Our present findings showed that the apoptotic effects of WPG also worked through the
Bcl-2 family of proteins, downregulating antiapoptotic genes (Bcl-xl) and upregulating
proapoptotic genes (Bax, Bad).

Caspases also played a crucial role in the initiation and execution of apoptosis [56].
Both the extrinsic and intrinsic apoptosis signaling pathway involved and eventually
converged upon the activation of the family of caspase. Different pathways are character-
ized with different caspases involved in the process of apoptosis. The intrinsic apoptosis
pathway was often qualified by the activation of Caspase-3 and Caspase-9 [62] and the
release of cytochrome c from mitochondria to cytoplasm [64]. Generally, cells underwent
apoptosis through two major pathways, the death receptor-mediated pathway and the
mitochondrial-mediated pathway, with both pathways finally converging through the
activation of caspases [62]. Among these, Caspase 3 was an apoptotic executer and the
activation of Caspase 3 was considered as an initiator of apoptosis [65]. Probiotic may
play an important role in activation of the family of caspase and be consequently involved
in inducing apoptosis of cancer cells. L. acidophilus CICC 6074 exerted anticancer effects
via the activation of mitochondrial pathways by upregulating Bax, downregulating Bcl-2
and regulating Caspase-3 and Caspase-9 [50]. Heat-killed KU15176 exhibited a selective
antiproliferative effect on AGS cell lines by regulating apoptosis-related genes such as Bax,
Caspase-3, and Caspase-9 [62]. Lipoteichoic acid exerted significant inhibitory effects on
EHEC-induced apoptosis by modulating the expression of Bcl-2, Bax and via inhibition of
Caspase-3 and Caspase-9 activation [40]. In order to verify if the anticarcinogenic effects of
WPG were linked to the Caspase 3, the expression of the Caspase 3 was assessed following
WPG treatment as determined via RT-PCR assay. Our findings demonstrated that Caspase-3
was activated and therefore indicated that this cell’s apoptosis was Caspase-3-dependent.

5. Conclusions

In conclusion, our results demonstrated that WPG induced apoptosis in the human
colon cancer cell line HT-29 in a dose-dependent manner. This capacity for WPG to
induce of apoptosis involved activation of the mitochondria-mediated signal pathway and
accumulation of intracellular ROS and was also controlled by the Bcl-2 family of proteins.
This WPG, which was extracted from L. paracasei subsp. paracasei X12 strain, obtained from
traditional cheese, exerted only minor toxic activity upon noncancerous cells. Therefore,
WPG might serve as a natural agent for use in the treatment of cancer.

Author Contributions: S.W. designed research and conducted experiments. Y.S. and S.Z. contributed
new reagents or analytical tools. Y.J. analyzed data. L.Z. (Lanwei Zhang). provided experimental
equipment. D.X. processed the figures. S.W. wrote the manuscript. L.Z. (Lili Zhang). and H.Y. revised
the manuscript. All authors have read and agreed to the published version of the manuscript.

Funding: This work was funded by the Natural Science Foundation of Heilongjiang Province in
China (No. LH2022C055), the Key Program of Natural Science Foundation of Shandong Province in
China (No. ZR2020KC009), and the National Natural Science Foundation of China (No. 32101929,
No. 32172180 and No. 31801516).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Data sharing not applicable.

Conflicts of Interest: The authors declare no conflict of interest.



Nutrients 2023, 15, 2123 17 of 19

References
1. Brenner, H.; Chen, C. The colorectal cancer epidemic: Challenges and opportunities for primary, secondary and tertiary prevention.

Br. J. Cancer 2018, 119, 785–792. [CrossRef]
2. Jin, C.; Xia, J.; Wu, S.; Tu, W.; Pan, Z.; Fu, Z.; Wang, Y.; Jin, Y. Insights into a Possible Influence on Gut Microbiota and Intestinal

Barrier Function During Chronic Exposure of Mice to Imazalil. Toxicol. Sci. 2018, 162, 113–123. [CrossRef]
3. Keku, T.O.; Dulal, S.; Deveaux, A.; Jovov, B.; Han, X. The gastrointestinal microbiota and colorectal cancer. Am. J. Physiol. Liver

Physiol. 2015, 308, G351–G363. [CrossRef]
4. Quigley, E.M. Prebiotics and Probiotics in Digestive Health. Clin. Gastroenterol. Hepatol. 2019, 17, 333–344. [CrossRef]
5. Yu, A.-Q.; Li, L. The Potential Role of Probiotics in Cancer Prevention and Treatment. Nutr. Cancer 2016, 68, 535–544. [CrossRef]
6. Javanmard, A.; Ashtari, S.; Sabet, B.; Davoodi, S.H.; Rostami-Nejad, M.; Akbari, M.E.; Niaz, A.; Mortazavian, A.M. Probiotics and

their role in gastrointestinal cancers prevention and treatment; an overview. Gastroenterol. Hepatol. Bed Bench 2018, 11, 284–295.
7. Nunes, C.S. Chapter 21-probiotics and enzymes in the gastrointestinal tract. In Enzymes in Human and Animal Nutrition; Elsevier:

Amsterdam, The Netherlands, 2018; pp. 413–427. [CrossRef]
8. Verma, A.; Shukla, G. Internationally indexed journal. Int. J. Pharma Bio Sci. 2015, 6, 529–543.
9. Shida, K.; Kiyoshima-Shibata, J.; Nagaoka, M.; Watanabe, K.; Nanno, M. Induction of Interleukin-12 by Lactobacillus Strains

Having a Rigid Cell Wall Resistant to Intracellular Digestion. J. Dairy Sci. 2006, 89, 3306–3317. [CrossRef]
10. Amrouche, T.; Boutin, Y.; Prioult, G.; Fliss, I. Effects of bifidobacterial cytoplasm, cell wall and exopolysaccharide on mouse

lymphocyte proliferation and cytokine production. Int. Dairy J. 2006, 16, 70–80. [CrossRef]
11. Chapot-Chartier, M.P.; Kulakauskas, S. Cell wall structure and function in lactic acid bacteria. Microb. Cell Fact. 2014,

13 (Suppl. 1), S9. [CrossRef]
12. Wang, S.-M.; Zhang, L.-W.; Fan, R.-B.; Han, X.; Yi, H.-X.; Zhang, L.-L.; Xue, C.-H.; Li, H.-B.; Zhang, Y.-H.; Shigwedha, N. Induction

of HT-29 cells apoptosis by lactobacilli isolated from fermented products. Res. Microbiol. 2014, 165, 202–214. [CrossRef]
13. Martínez, B.; Rodríguez, A.; Kulakauskas, S.; Chapot-Chartier, M.-P. Cell wall homeostasis in lactic acid bacteria: Threats and

defences. FEMS Microbiol. Rev. 2020, 44, 538–564. [CrossRef]
14. Wolf, A.J.; Reyes, C.N.; Liang, W.; Becker, C.; Shimada, K.; Wheeler, M.L.; Cho, H.C.; Popescu, N.I.; Coggeshall, K.M.;

Arditi, M.; et al. Hexokinase Is an Innate Immune Receptor for the Detection of Bacterial Peptidoglycan. Cell 2016, 166, 624–636.
[CrossRef]

15. Firtel, M.; Henderson, G.; Sokolov, I. Nanosurgery: Observation of peptidoglycan strands in Lactobacillus helveticus cell walls.
Ultramicroscopy 2004, 101, 105–109. [CrossRef]

16. Vollmer, W.; Blanot, D.; De Pedro, M.A. Peptidoglycan structure and architecture. FEMS Microbiol. Rev. 2008, 32, 149–167.
[CrossRef]

17. Sarkar, A.; Mandal, S. Bifidobacteria—Insight into clinical outcomes and mechanisms of its probiotic action. Microbiol. Res. 2016,
192, 159–171. [CrossRef]

18. Pfeffer, C.M.; Singh, A.T.K. Apoptosis: A Target for Anticancer Therapy. Int. J. Mol. Sci. 2018, 19, 448. [CrossRef]
19. Singh, R.; Letai, A.; Sarosiek, K. Regulation of apoptosis in health and disease: The balancing act of BCL-2 family proteins. Nat.

Rev. Mol. Cell Biol. 2019, 20, 175–193. [CrossRef] [PubMed]
20. Cho, H.J.; Kwon, G.T.; Park, J.H.Y. trans-10,cis-12 Conjugated Linoleic Acid Induces Depolarization of Mitochondrial Membranes

in HT-29 Human Colon Cancer Cells: A Possible Mechanism for Induction of Apoptosis. J. Med. Food 2009, 12, 952–958. [CrossRef]
21. Zorova, L.D.; Popkov, V.A.; Plotnikov, E.Y.; Silachev, D.N.; Pevzner, I.B.; Jankauskas, S.S.; Babenko, V.A.; Zorov, S.D.;

Balakireva, A.V.; Juhaszova, M.; et al. Mitochondrial membrane potential. Anal. Biochem. 2018, 552, 50–59. [CrossRef]
22. Zeng, K.-W.; Wang, X.-M.; Ko, H.; Kwon, H.C.; Cha, J.W.; Yang, H.O. Hyperoside protects primary rat cortical neurons from

neurotoxicity induced by amyloid β-protein via the PI3K/Akt/Bad/BclXL-regulated mitochondrial apoptotic pathway. Eur. J.
Pharmacol. 2011, 672, 45–55. [CrossRef] [PubMed]

23. Zhang, X.; Li, P.; Zheng, Q.; Hou, J. Lactobacillus acidophilus S-layer protein-mediated inhibition of PEDV-induced apoptosis of
Vero cells. Veter- Microbiol. 2019, 229, 159–167. [CrossRef] [PubMed]

24. Sharma, S.; Singh, R.; Kakkar, P. Modulation of Bax/Bcl-2 and caspases by probiotics during acetaminophen induced apoptosis in
primary hepatocytes. Food Chem. Toxicol. 2011, 49, 770–779. [CrossRef] [PubMed]

25. Wang, S.; Han, X.; Zhang, L.; Zhang, Y.; Li, H.; Jiao, Y. Whole Peptidoglycan Extracts from the Lactobacillus paracasei subsp.
paracasei M5 Strain Exert Anticancer Activity In Vitro BioMed Res. Int. 2018, 2018, 2871710. [CrossRef]

26. Zhang, Y.-C.; Zhang, L.-W.; Tuo, Y.-F.; Guo, C.-F.; Yi, H.-X.; Li, J.-Y.; Han, X.; Du, M. Inhibition of Shigella sonnei adherence to
HT-29 cells by lactobacilli from Chinese fermented food and preliminary characterization of S-layer protein involvement. Res.
Microbiol. 2010, 161, 667–672. [CrossRef]

27. Song, W.; Song, C.; Shan, Y.; Lu, W.; Zhang, J.; Hu, P.; Wu, X.; Li, L.; Guo, S. The antioxidative effects of three lactobacilli on
high-fat diet induced obese mice. RSC Adv. 2016, 6, 65808–65815. [CrossRef]

28. Nath, B.; Raza, A.; Sethi, V.; Dalal, A.; Ghosh, S.S.; Biswas, G. Understanding flow dynamics, viability and metastatic potency of
cervical cancer (HeLa) cells through constricted microchannel. Sci. Rep. 2018, 8, 17357. [CrossRef]

29. Sambrani, R.; Abdolalizadeh, J.; Kohan, L.; Jafari, B. Saccharomyces cerevisiae inhibits growth and metastasis and stimulates
apoptosis in HT-29 colorectal cancer cell line. Comp. Clin. Pathol. 2019, 28, 985–995. [CrossRef]

https://doi.org/10.1038/s41416-018-0264-x
https://doi.org/10.1093/toxsci/kfx227
https://doi.org/10.1152/ajpgi.00360.2012
https://doi.org/10.1016/j.cgh.2018.09.028
https://doi.org/10.1080/01635581.2016.1158300
https://doi.org/10.1016/B978-0-12-805419-2.00021-6
https://doi.org/10.3168/jds.S0022-0302(06)72367-0
https://doi.org/10.1016/j.idairyj.2005.01.008
https://doi.org/10.1186/1475-2859-13-S1-S9
https://doi.org/10.1016/j.resmic.2014.02.004
https://doi.org/10.1093/femsre/fuaa021
https://doi.org/10.1016/j.cell.2016.05.076
https://doi.org/10.1016/j.ultramic.2004.05.009
https://doi.org/10.1111/j.1574-6976.2007.00094.x
https://doi.org/10.1016/j.micres.2016.07.001
https://doi.org/10.3390/ijms19020448
https://doi.org/10.1038/s41580-018-0089-8
https://www.ncbi.nlm.nih.gov/pubmed/30655609
https://doi.org/10.1089/jmf.2009.0056
https://doi.org/10.1016/j.ab.2017.07.009
https://doi.org/10.1016/j.ejphar.2011.09.177
https://www.ncbi.nlm.nih.gov/pubmed/21978835
https://doi.org/10.1016/j.vetmic.2019.01.003
https://www.ncbi.nlm.nih.gov/pubmed/30642593
https://doi.org/10.1016/j.fct.2010.11.041
https://www.ncbi.nlm.nih.gov/pubmed/21130831
https://doi.org/10.1155/2018/2871710
https://doi.org/10.1016/j.resmic.2010.06.005
https://doi.org/10.1039/C6RA06389F
https://doi.org/10.1038/s41598-018-35646-3
https://doi.org/10.1007/s00580-018-2855-6


Nutrients 2023, 15, 2123 18 of 19

30. Dhivya, S.; Khandelwal, N.; Abraham, S.K.; Premkumar, K. Impact of anthocyanidins on mitoxantrone-induced cytotoxicity and
genotoxicity: An in vitro and in vivo analysis. Integr. Cancer Ther. 2016, 15, 525–534. [CrossRef]

31. Di, W.; Zhang, L.; Wang, S.; Yi, H.; Han, X.; Fan, R.; Zhang, Y. Physicochemical characterization and antitumour activity of
exopolysaccharides produced by Lactobacillus casei SB27 from yak milk. Carbohydr. Polym. 2017, 171, 307–315. [CrossRef]

32. Han, R.; Tang, F.; Lu, M.; Xu, C.; Hu, J.; Mei, M.; Wang, H. Astragalus polysaccharide ameliorates H2O2-induced human umbilical
vein endothelial cell injury. Mol. Med. Rep. 2017, 15, 4027–4034. [CrossRef] [PubMed]

33. Koul, M.; Kumar, A.; Deshidi, R.; Sharma, V.; Singh, R.D.; Singh, J.; Sharma, P.R.; Shah, B.A.; Jaglan, S.; Singh, S. Erratum to:
Cladosporol a triggers apoptosis sensitivity by ROS-mediated autophagic flux in human breast cancer cells. BMC Cell Biol. 2017,
18, 26. [CrossRef] [PubMed]

34. Gopinath, P.; Gogoi, S.K.; Sanpui, P.; Paul, A.; Chattopadhyay, A.; Ghosh, S.S. Signaling gene cascade in silver nanoparticle
induced apoptosis. Colloids Surf. B Biointerfaces 2010, 77, 240–245. [CrossRef] [PubMed]

35. Dehghani, N.; Tafvizi, F.; Jafari, P. Cell cycle arrest and anti-cancer potential of probiotic Lactobacillus rhamnosus against HT-29
cancer cells. Bioimpacts 2021, 11, 245–252. [CrossRef]

36. Hamo, Z.; Azrad, M.; Fichtman, B.; Peretz, A. The Cytopathic Effect of Different Toxin Concentrations from Different Clostridioides
difficile Sequence Types Strains in Vero Cells. Front. Microbiol. 2021, 12, 763129. [CrossRef]

37. Kucerova, L.; Altanerova, V.; Matuskova, M.; Tyciakova, S.; Altaner, C. Adipose Tissue–Derived Human Mesenchymal Stem Cells
Mediated Prodrug Cancer Gene Therapy. Cancer Res. 2007, 67, 6304–6313. [CrossRef]

38. Li, Q.; Dong, Z.; Lian, W.; Cui, J.; Wang, J.; Shen, H.; Liu, W.; Yang, J.; Zhang, X.; Cui, H. Ochratoxin A causes mitochondrial
dysfunction, apoptotic and autophagic cell death and also induces mitochondrial biogenesis in human gastric epithelium cells.
Arch. Toxicol. 2019, 93, 1141–1155. [CrossRef]

39. Kim, J.Y.; Woo, H.J.; Kim, Y.-S.; Lee, H.J. Screening for antiproliferative effects of cellular components from lactic acid bacteria
against human cancer cell lines. Biotechnol. Lett. 2002, 24, 1431–1436. [CrossRef]

40. Gao, Q.; Gao, Q.; Min, M.; Zhang, C.; Peng, S.; Shi, Z. Ability of Lactobacillus plantarum lipoteichoic acid to inhibit Vibrio
anguillarum-induced inflammation and apoptosis in silvery pomfret (Pampus argenteus) intestinal epithelial cells. Fish Shellfish.
Immunol. 2016, 54, 573–579. [CrossRef]

41. He, J.; Wu, Z.; Pan, D.; Guo, Y.; Zeng, X. Effect of selenylation modification on antitumor activity of peptidoglycan from
Lactobacillus acidophilus. Carbohydr. Polym. 2017, 165, 344–350. [CrossRef]

42. Huang, J.; Li, J.; Li, Q.; Li, L.; Zhu, N.; Xiong, X.; Li, G. Peptidoglycan derived from Lactobacillus rhamnosus MLGA up-regulates
the expression of chicken β-defensin 9 without triggering an inflammatory response. Innate Immun. 2020, 26, 733–745. [CrossRef]
[PubMed]

43. Fichera, G.A.; Giese, G. Non-immunologically-mediated cytotoxicity of Lactobacillus casei and its derivative peptidoglycan
against tumor cell lines. Cancer Lett. 1994, 85, 93–103. [CrossRef] [PubMed]

44. Damia, G.; Broggini, M. Improving the selectivity of cancer treatments by interfering with cell response pathways. Eur. J. Cancer
2004, 40, 2550–2559. [CrossRef] [PubMed]

45. Choi, S.; Kim, Y.; Han, K.; You, S.; Oh, S.; Kim, S. Effects of Lactobacillus strains on cancer cell proliferation and oxidative stress
in vitro. Lett. Appl. Microbiol. 2006, 42, 452–458. [CrossRef]

46. Gerl, R.; Vaux, D.L. Apoptosis in the development and treatment of cancer. Carcinogenesis 2005, 26, 263–270. [CrossRef]
47. Fichera, G.A.; Fichera, M.; Milone, G. Antitumoural activity of a cytotoxic peptide of Lactobacillus casei peptidoglycan and its

interaction with mitochondrial-bound hexokinase. Anti-Cancer Drugs 2016, 27, 609–619. [CrossRef]
48. Chen, Y.-M.; Limaye, A.; Chang, H.-W.; Liu, J.-R. Screening of Lactic Acid Bacterial Strains with Antiviral Activity Against Porcine

Epidemic Diarrhea. Probiotics Antimicrob. Proteins 2021, 14, 546–559. [CrossRef]
49. Haza, A.I.; Zabala, A.; Morales, P. Protective effect and cytokine production of a Lactobacillus plantarum strain isolated from

ewes’ milk cheese. Int. Dairy J. 2004, 14, 29–38. [CrossRef]
50. Guo, Y.; Zhang, T.; Gao, J.; Jiang, X.; Tao, M.; Zeng, X.; Wu, Z.; Pan, D. Lactobacillus acidophilus CICC 6074 inhibits growth and

induces apoptosis in colorectal cancer cells in vitro and in HT-29 cells induced-mouse model. J. Funct. Foods 2020, 75, 104290.
[CrossRef]

51. Russo, F.; Orlando, A.; Linsalata, M.; Cavallini, A.; Messa, C. Effects ofLactobacillus Rhamnosus GGon the Cell Growth and
Polyamine Metabolism in HGC-27 Human Gastric Cancer Cells. Nutr. Cancer 2007, 59, 106–114. [CrossRef]

52. Maleki-Kakelar, H.; Dehghani, J.; Barzegari, A.; Barar, J.; Shirmohamadi, M.; Sadeghi, J.; Omidi, Y. Lactobacillus plantarum induces
apoptosis in gastric cancer cells via modulation of signaling pathways in Helicobacter pylori. Bioimpacts 2020, 10, 65–72. [CrossRef]

53. Kim, S.Y.; Kim, J.-E.; Lee, K.W.; Lee, H.J. Lactococcus lactis ssp. lactis Inhibits the Proliferation of SNU-1 Human Stomach Cancer
Cells through Induction of G0/G1 Cell Cycle Arrest and Apoptosis via p53 and p21 Expression. Ann. N. Y. Acad. Sci. 2009, 1171,
270–275. [CrossRef]

54. Asoudeh-Fard, A.; Barzegari, A.; Dehnad, A.; Bastani, S.; Golchin, A.; Omidi, Y. Lactobacillus plantarum induces apoptosis in oral
cancer KB cells through upregulation of PTEN and downregulation of MAPK signalling pathways. Bioimpacts 2017, 7, 193–198.
[CrossRef] [PubMed]

55. Kim, S.Y.; Lee, K.W.; Kim, J.Y.; Lee, H.J. Cytoplasmic fraction ofLactococcus lactis ssp. lactisinduces apoptosis in SNU-1 stomach
adenocarcinoma cells. Biofactors 2004, 22, 119–122. [CrossRef]

https://doi.org/10.1177/1534735416628344
https://doi.org/10.1016/j.carbpol.2017.03.018
https://doi.org/10.3892/mmr.2017.6515
https://www.ncbi.nlm.nih.gov/pubmed/28487940
https://doi.org/10.1186/s12860-017-0143-y
https://www.ncbi.nlm.nih.gov/pubmed/28778152
https://doi.org/10.1016/j.colsurfb.2010.01.033
https://www.ncbi.nlm.nih.gov/pubmed/20197232
https://doi.org/10.34172/bi.2021.32
https://doi.org/10.3389/fmicb.2021.763129
https://doi.org/10.1158/0008-5472.CAN-06-4024
https://doi.org/10.1007/s00204-019-02433-6
https://doi.org/10.1023/A:1019875204323
https://doi.org/10.1016/j.fsi.2016.05.013
https://doi.org/10.1016/j.carbpol.2017.02.031
https://doi.org/10.1177/1753425920949917
https://www.ncbi.nlm.nih.gov/pubmed/32847443
https://doi.org/10.1016/0304-3835(94)90244-5
https://www.ncbi.nlm.nih.gov/pubmed/7923109
https://doi.org/10.1016/j.ejca.2004.07.020
https://www.ncbi.nlm.nih.gov/pubmed/15541958
https://doi.org/10.1111/j.1472-765X.2006.01913.x
https://doi.org/10.1093/carcin/bgh283
https://doi.org/10.1097/CAD.0000000000000367
https://doi.org/10.1007/s12602-021-09829-w
https://doi.org/10.1016/S0958-6946(03)00146-8
https://doi.org/10.1016/j.jff.2020.104290
https://doi.org/10.1080/01635580701365084
https://doi.org/10.34172/bi.2020.09
https://doi.org/10.1111/j.1749-6632.2009.04721.x
https://doi.org/10.15171/bi.2017.22
https://www.ncbi.nlm.nih.gov/pubmed/29159146
https://doi.org/10.1002/biof.5520220123


Nutrients 2023, 15, 2123 19 of 19

56. Ran, Z.-H.; Xu, Q.; Tong, J.-L.; Xiao, S.-D. Apoptotic effect of Epigallocatechin-3-gallate on the human gastric cancer cell line
MKN45viaactivation of the mitochondrial pathway. World J. Gastroenterol. 2007, 13, 4255–4259. [CrossRef]

57. Liu, H.; Xiao, Y.; Xiong, C.; Wei, A.; Ruan, J. Apoptosis induced by a new flavonoid in human hepatoma HepG2 cells involves
reactive oxygen species-mediated mitochondrial dysfunction and MAPK activation. Eur. J. Pharmacol. 2011, 654, 209–216.
[CrossRef]

58. Chipuk, J.E.; Kuwana, T.; Bouchier-Hayes, L.; Droin, N.M.; Newmeyer, D.D.; Schuler, M.; Green, D.R. Direct Activation of Bax by
p53 Mediates Mitochondrial Membrane Permeabilization and Apoptosis. Science 2004, 303, 1010–1014. [CrossRef]

59. Yue, Y.; Wang, S.; Shi, J.; Xie, Q.; Li, N.; Guan, J.; Evivie, S.E.; Liu, F.; Li, B.; Huo, G. Effects of Lactobacillus acidophilus KLDS1.0901
on Proliferation and Apoptosis of Colon Cancer Cells. Front. Microbiol. 2022, 12, 788040. [CrossRef]

60. Yang, R.-f.; Zhao, G.-w.; Liang, S.-t.; Zhang, Y.; Sun, L.-h.; Chen, H.-z.; Liu, D.-p. Mitofilin regulates cytochrome c release during
apoptosis by controlling mitochondrial cristae remodeling. Biochem. Biophys. Res. Commun. 2012, 428, 93–98. [CrossRef]

61. Wei, A.; Zhou, D.; Xiong, C.; Cai, Y.; Ruan, J. A novel non-aromatic B-ring flavonoid: Isolation, structure elucidation and its
induction of apoptosis in human colon HT-29 tumor cell via the reactive oxygen species-mitochondrial dysfunction and MAPK
activation. Food Chem. Toxicol. 2011, 49, 2445–2452. [CrossRef]

62. Hwang, C.-H.; Lee, N.-K.; Paik, H.-D. The Anti-Cancer Potential of Heat-Killed Lactobacillus brevis KU15176 upon AGS Cell Lines
through Intrinsic Apoptosis Pathway. Int. J. Mol. Sci. 2022, 23, 4073. [CrossRef] [PubMed]

63. Kim, Y.; Oh, S.; Yun, H.S.; Oh, S.; Kim, S.H. Cell-bound exopolysaccharide from probiotic bacteria induces autophagic cell death
of tumour cells. Lett. Appl. Microbiol. 2010, 51, 123–130. [CrossRef] [PubMed]

64. Qi, S.; Guo, L.; Yan, S.; Lee, R.J.; Yu, S.; Chen, S. Hypocrellin A-based photodynamic action induces apoptosis in A549 cells
through ROS-mediated mitochondrial signaling pathway. Acta Pharm. Sin. B 2019, 9, 279–293. [CrossRef] [PubMed]

65. Ponder, K.G.; Boise, L.H. The prodomain of caspase-3 regulates its own removal and caspase activation. Cell Death Discov. 2019,
5, 56. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.3748/wjg.v13.i31.4255
https://doi.org/10.1016/j.ejphar.2010.12.036
https://doi.org/10.1126/science.1092734
https://doi.org/10.3389/fmicb.2021.788040
https://doi.org/10.1016/j.bbrc.2012.10.012
https://doi.org/10.1016/j.fct.2011.06.067
https://doi.org/10.3390/ijms23084073
https://www.ncbi.nlm.nih.gov/pubmed/35456891
https://doi.org/10.1111/j.1472-765X.2010.02859.x
https://www.ncbi.nlm.nih.gov/pubmed/20536712
https://doi.org/10.1016/j.apsb.2018.12.004
https://www.ncbi.nlm.nih.gov/pubmed/30972277
https://doi.org/10.1038/s41420-019-0142-1
https://www.ncbi.nlm.nih.gov/pubmed/30701088

	Introduction 
	Material and Methods 
	Lactobacillus Strain and Culture Conditions 
	Preparation of WPG from the Lactobacillus Strain 
	Cell Lines and Cell Culture 
	Cell Viability Assay 
	Analysis of Cell Apoptosis 
	Morphological Observation of Apoptosis 
	Measurement of Mitochondrial Membrane Potential and ROS Levels 
	Measurement of Cyto-Crelease 
	RNA Extraction and Semi-Quantitative RT-PCR 
	Statistical Analysis 

	Results 
	Effects of WPG on Viability of HT-29 Cells and Vero Cells 
	WPG Induces Apoptosis in HT-29 Cells 
	Effects of WPG on Morphology of HT-29 Cells 
	Effect of WPG on Inducing Apoptosis via the Mitochondrial Pathway 
	Effects of WPG on Intracellular ROS 
	Effects of WPG on Expression of Apoptosis-Related Genes 

	Discussion 
	Conclusions 
	References

