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Abstract: Colon cancer is a common malignancy of digestive tract and has high incidence and
mortality worldwide. As a normal flora in the human gastrointestinal tract, lactic acid bacteria have
been proved to have health benefits, such as immune-regulation, anti-infection, and anti-tumor. In
the present study, the inhibitory effects of 19 heat-inactivated plant-derived lactic acid bacteria on
human colon cancer cell HCT116 were investigated. The results showed that heat-inactivated plant-
derived lactic acid bacteria strain 729 had the strongest inhibitory effect on HCT116 cells among all
tested bacteria. Treatment with heat-inactivated bacteria strain 729 could inhibit the proliferation of
HCT-116 cells in dose-dependent manner, with 54.52% inhibition at a final concentration of 1x108
CFU/mL. Moreover, the heat-inactivated bacteria strain 729 could block the cell cycle, induce
apoptosis, and promote cellular ferroptosis by downregulating the expression of GPX4 and xCT at
protein level. According to the 16S rDNA sequencing, the plant-derived lactic acid bacteria strain
729 was Lactobacillus plantarum. Collectively, the results indicates that lactic acid bacteria strain 729
may be developed as special ingredients targeting colon cancer, but further in vivo studies are
required.

Keywords: colon cancer; plant-derived lactic acid bacteria 729; Lactobacillus plantarum; apoptosis;
ferroptosis

1. Introduction

Colorectal cancer is the third most common cancer in the world, and it is currently treated by
surgical removal of lesions [1]. However, due to its high postoperative recurrence rate and frequent
complications, medical treatment of colorectal cancer is not ideal [2]. Therefore, with the rapid
development of molecular biology, it is hoped to seek new materials and novel methods for treating
colon cancer. Human colon cancer cell HCT116 is the most commonly used cell model in anti-colon
cancer studies [3].

As a normal flora in the intestine, lactic acid bacteria are usually added to food as starters or
probiotics [4]. Lactic acid bacteria can modulate the composition of intestinal microbiota, inhibit the
growth of harmful microorganisms, and repair damages of the gastrointestinal tract [5]. A large
number of experiments have proved that extracellular polysaccharides secreted by lactic acid
bacteria, heat inactivated lactic acid bacteria cells, and peptidoglycan in the cell wall of lactic acid
bacteria have obvious inhibitory effects on colon cancer cells [6—9]. In recent years, lactic acid bacteria,
as a popular material for anti-tumor, especially for colon cancer, have the advantages of low
production cost, low extraction difficulty, and high product safety. They have attracted the attention
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of tumor researchers. Tuo et al. [10] reported that the cell wall of Lactobacillus paracasei M5 could
promote the release of IL-12, IFN-y, TNF-a, and the components such as peptidoglycan and
lipoteichoic acid in the cell wall could effectively inhibit the growth of colon cancer cells and induce
their apoptosis. At present, studies have indicated that lactic acid bacteria have the effect of inhibiting
colon cancer, but there are few reports on their anti-colon cancer mechanism. In this study, thus, the
inhibitory effect and mechanism of heat-inactivated plant-derived lactic acid bacteria on human colon
cancer cell HCT116 were investigated by using CCK-8 assay, Caspase3 enzyme activity detection,
flow cytometry measurement, and Western blot analysis. The results will lay the foundation for
applying plant-derived lactic acid bacteria in the prevention and treatment of colon cancer.

2. Materials and methods

2.1 Experimental subjects

The lactic acid bacteria used in this study were 577, 602, 722, 933, 664, 647, 662, 755, 6-12, 856,
Z1-11, 729, 722, yz16-3, 985, 674, Z1-6, H3D, LGG and 6D-16. These strains were obtained from the
plant-derived probiotic strain library in the Department of Food Science and Technology, Hunan
Agricultural University, China.

Human colon cancer cell HCT116 was purchased from Shanghai Cell Bank, China.

2.2 Experimental reagents

Caspase3 Activity Detection Kit (Biyuntian Biologics, China), Annexin V/PI Dual Staining Kit
(Biyuntian Biologics, China), Procedural cooling box (Nalgene, America), Enhanced cell viability
assay kit (CCK-8) (Shangbao Biologics, China), MCCOY'S 5A MEDIUM (Biological Industries, Israel),
Phosphate Buffered Saline (Biological Industries, Israel), Pancreatic Enzyme (Biological Industries,
Israel), dimethyl sulfoxide solution (Sigema, America), fetal bovine serum (Sigema, America),
Ferrostatin-1 (Sigema, America), sodium chloride (Sinopharm Chemical Actual Co., Ltd, China),
absolute ethanol (Sinopharm Chemical Actual Co., Ltd. , China), Tris-HCI buffer (Solaebio, China),
gelab solution (30%) (Solaebio, China), TEMED (Aladdin), primary antibody / secondary antibody
dilution (Aladdin), primary and secondary antibodies of GPX4 (Cell Signaling Technology, America),
Xct (Cell Signaling Technology, America), and GAPDH (Cell Signaling Technology, America) were
used in this study.

2.3 Instruments and Equipment

Cell culture incubator (ULTS1368, Thermo Scientific), high-speed refrigerated centrifuge
(Heraeus Multifuge X1R, Thermo Scientific), mixed-spin oscillator (Thermo Scientific), full-
wavelength microplate reader (1510, Thermo Scientific), Thermostatic bacterial incubator (SPL-250,
Labortery), Water Bath Box (DZKW, Honour), automatic autoclave sterilizer (5Q810C, Chongqing
Yamato Technology Co., Ltd.), 6-well plates (Nest), 12-well plates (Nest), 96-well plates (Nest), Ultra-
low temperature freezer (DW-HL340, MELNG), Cell Flow Cytometry (MoFlo XDP, Beckman),
Supply Electrophoresis Instrument (Mini Pro 300V Power, Major Science), and Electrophoresis Tank
( Labnet Sub System 70, Labnet) were used in this study.

2.4 Preparation of bacterial suspensions

After three consecutive activation at 37 °C, the test strain was thermally inactivated at 90°C for
30 min. After centrifugation at 12000 rpm for 15 min, the supernatant was removed. The pellet was
washed with sterile saline and resuspended in MCCOY's 5A MEDIUM. The cell density was
measured with UV spectrophotometer[11]. The desired concentration of different heat inactivated
bacterial suspension required for each experiment was obtained.
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2.5 Determination of the inhibition rate of human colon cancer cell HCT116 by plant-derived lactic
acid bacteria

The cell suspension of human colon cancer cell HCT116 at a density of 5x104 cells/mL was seeded
in 96-well plates (100 uL/well), cultured at 37°C, 5% CO2 for 18 h. Then, the supernatant was removed.
The experiment was divided into control group (MCCOY'S 5A MEDIUM 100 pL per well), bacterial
groups (100 pL of 1x10¢ CFU/mL or 1x108 CFU/mL heat-inactivated bacterial suspension), and blank
group (PBS buffer 100 pL per well). Five parallel wells were set for each treatment. After being
incubated at 37°C with 5% CO: for 18 h, the supernatant was removed and 100 pL of 10-fold diluted
CCK-8 reagent was added to each well, followed by incubation for 2 h in the dark. The absorbance
(A) was measured by a microplate reader at 490 nm [12,13], and the inhibition rate was calculated
according to the inhibition rate formula [14]-

[A(control) —A(test)] 3

Cell proliferation inhibition rate(%) =
[A(control)—A(blank)]

2.6 Effect of the concentration of heat inactivated bacteria suspension of strain 729 on inhibition rate of
HCT116 cells

The test method was the same as 2.5. Seven concentration gradients of heat inactivated bacteria
suspension of strain 729 were set as 1x10° CFU/mL, 1x10* CFU/mL, 1x105 CFU/mL, 1x10¢ CFU/mL,
1x107 CFU/mL, 1x108 CFU/mL and 1x10°CFU/mL. The proliferation inhibition rate of HCT116 cells
was determined, and the relationship between the suspension concentration and the inhibition rate
was plotted.

2.7 Effect of strain 729 on apoptosis of HCT116 cells based on caspase 3 activity

HCT116 cells suspension with a density of 5x10* cells /mL was seeded in 6-well plates (2
mL/well). For the control group, MCCOY'S 5A medium was added. For the bacterial group, serial
dilutions of heat-inactivated strain 729 suspension (1x105 cfu/mL, 1x107 cfu/mL and 1x108 cfu/mL)
were added (2 mL/well). Five parallel wells were set for each concentration and incubated at 37°C for
18 h in 5% CO:a. Cells were isolated and collected according to the instructions of Caspase3 activity
assay kit. Lysate was added at the ratio of 100 pL lysate per 2 million cells, and the precipitate was
resuspended in an ice bath for 15 min. After centrifugation at 16000 X g at 4°C for 15 min, the
supernatant was transferred to a 96-well plate treated with ice bath in advance. According to the ratio
of testing buffer: sample to be tested: Ac-DEVD-pNA (2mM) =4:5:1, a total volume of 100 pL solution
was prepared for each well. The absorbance value at 405 nm was measured with a microplate reader,
and number of the activity unit of Caspase3 was calculated [15-17].

2.8 Effect of strain 729 on cell cycle of HCT116 cells

Cell suspension of HCT116 with a density of 5x10* cells / mL was seeded in 12-well plates
(ImL/well). ImL of MCCOY's 5A medium was added to each well in the positive control group or
the negative control group. 1 mL of heat-inactivated bacterial suspension of strain 729 at a
concentration of 1x108 CFU/mL was added to each well in the bacterial group. Three parallel wells
were set for each group and incubated at 37°C with 5%CO: for 18 h. Cells in each group were isolated
and collected in EP tubes (the positive control group was incubated with H202 medium for 5 min in
advance), and 400pL of binding solution was added to each tube. Annexin V/PI double staining was
performed for 15 min in darkness. One hundred microliter of binding solution was added to each
tube and then analyzed by flow cytometry [18,19].

2.9 Ferroptosis induced by strain 729 in HCT116 cells

Cell suspension of HCT116 with a density of 5x10* cells /mL was seeded in 12-well plates (2
mL/well). 1 mL of MCCOY's 5A medium was added to each well in the positive control group or the
negative control group. 1 mL of heat-inactivated suspension of strain 729 at a concentration of 1x108
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CFU/mL was added to each well in the bacterial group. One milliliter of heat-inactivated suspension
of strain 729 at a concentration of 1x108 CFU/mL prepared with 10 pmol/L Ferrostatin-1 was added
to each well in the inhibitor group. Three parallel wells were set in each group [20-22]. Cell handling,
staining, and detection were the same as Section 2.8.

2.10 Effect of strain 729 on related proteins in HCT116 cells

Cell plate, culture and grouping were the same as Section 2.7. After the supernatant was
removed in the bacterial group, 2 mL of heat inactivated suspension of strain 729 at a concentration
of 1x108CFU/mL was added to each well and incubated at 37°C with 5% CO:2 for 18 h. Cells were lysed
and collected. After being incubated for 10 min in a dry bath at 100°C, 6x loading buffer was added
to each sample and incubated at 100°C for 10 min again, followed by storing at -20°C. The laminated
gel and separation gel were prepared in a glass splint. Five microliter of protein marker was loaded,
whereas 8 uL of each sample was loaded in each well. The samples were electrophoresed at 70V-
110V for 2 h, and the protein gel was removed and transmembraned for 45 min (70V, 260mA). After
being blocked for 1 h, the gel was incubated with primary antibody overnight at 4°C, and with
secondary antibody for 1 h. Added developer, and the protein bands were photographed with an
ultrasensitive chemiluminescence detector, and the grayscale values of each protein band were
analyzed by Image]. [23-25]. Relative content (%) of each target protein was calculated according to
the formula using GAPDH as the reference protein [26].

(Net area value of protein interest)

Relative protein content =
(GADPH net area value)

2.11 165 rDNA sequencing and phylogenetic tree construction of strain 729

Total DNA was extracted from strain 729 and the V3-V4 region of the 16S ribosomal RNA
(rRNA) gene of strain 729 was amplified wusing a wuniveral primer: 27F (5-
AGAGTTTGATCCTGGCTCAG-3") and 1492R (5-GGTTACCTTGITACGACTT-3"). The PCR
product was analyzed using an Agilent DNA 1000 Kit and an Agilent 2100 Bioanalyzer (Agilent
Technologies, USA) according to the manufacturer’s instructions. Phylogenic tree was made
according to the NCBI and RDP databanks methods [27-29].

2.12 Statistical analysis of data

Cell flow cytometry data was analyzed using software Summit4.0, and grayscale analysis of
protein bands was performed by software Image J. The 16S rDNA sequencing results were compared
through the NCBI database, and the software MEGA-X 10.6.7 was used to analyze and map the
phylogenic tree. All data were analyzed and processed by SPSS 20.0.

3. Results and Discussion

3.1 Inhibitory effect of plant derived lactic acid bacteria on the proliferation of human colon cancer
cell HCT116

The inhibition rates of 19 plant-derived lactic acid bacteria on HCT116 cells are shown in Figure
1A,B. The results showed that the inhibitory effect of each strain on HCT116 was not the same. Strain
729 had significantly stronger inhibitory effect, than that of probiotic LGG and other test strains.
When the concentration of strain 729 was 1x10%8 CFU/mL, the inhibitory rate reached 54.52%.
Therefore, the modulating effect of strain 729 on HCT116 cells was investigated in the following
study. Consistent with our results, Wang S et al. have reported that different bacteria strains produced
different effects against HCT116 cells due to they showed differs in cell body and cell wall
structure[30].
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Figure 1. Inhibition effect analysis of HCT116 by lactic acid bacteria. (A) Inhibition rate of HCT116 by
lactic acid bacteria (1x10°CFU/mL). (B) Inhibition rate of HCT116 by lactic acid bacteria
(1x103CFU/mL). (C) Inhibition rate of different concentration of heat inactivated suspension of strain
729 on HCT116. (D) Enzyme activity units of Caspase3 treated with different concentrations of
suspension of strain 729. Note: * indicates significance with LGG results or control group (p<0.05) and
** indicates significant differences with LGG results or control group (p<0.01).

3.2 Effect of different concentrations of heat inactivated suspension of strain 729 on the proliferation of
HCT116 cells

Seven different concentrations of heat-inactivated suspension of strain 729 were selected for the
cell proliferation test, and the results are shown in Figure 1C. The inhibitory effect of strain 729
suspension on HCT116 was dose-dependent. When the concentration of suspension of strain 729
increased from 1x103 CFU/mL to 1x107 CFU/mL, the inhibitory effect on HCT116 did not change
significantly. When the concentration of suspension increased from 1x107 CFU /mL to 1x108 CFU/mL,
the inhibition rate increased significantly. When the concentration of suspension increased from 1x108
CFU/mL to 1x10° CFU/mL, the inhibition rate did not show a significant increase either.

3.3 Effect of strain 729 on apoptosis of HCT116 cells

According to the test results from Section 3.2, three different concentrations of heat inactivated
suspensions (1x105 CFU/mL, 1x107 CFU/mL, and 1x108 CFU/ ml) of strain 729 were selected to act on
HCT116, and the enzyme activity units of Caspase3 were determined by a microplate reader. The
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results showed that the enzyme activity units of Caspase3 of the bacterial groups were significantly
higher than that of the control group (p<0.01). The relative enzyme activity units of Caspase3 of the
bacterial groups were as follows: 1x10° CFU/mL group > 1x 108 CFU/mL group > 1x107 CFU/mL group,
but the enzyme activity unit of caspase3 of 1x108 CFU/mL group (12.01) was only slightly lower than
that of 1x10° CFU/mL group (12.45) (Figure 1D). When the concentration of the suspension was 1x108
CFU/mL, the inhibitiory effect was significantly stronger than that of 1x105 CFU/mL group. The
proliferation of HCT116 was hindered, and the total number of HCT116 was much lower than that
of 1x10° CFU/mL, Therefore, the number of enzyme activity units in the 1x108CFU/mL group is
slightly lower than that in the 1x105CFU/mL group. In conclusion, the optimal concentration of heat
inactivated bacterial suspension of strain 729 against HCT116 was 1x108 CFU/mL.

3.4 Effect of strain 729 on apoptosis of HCT116 cells

The effect of strain 729 on the cell cycle of HCT116 was determined by flow cytometry and the
results are shown in Figure 2A,B. The apoptosis rate in the cell cycle was shown in Figure 2C.

The results showed that the apoptotic ratio (The sum of early apoptosis ratio in Q3 and late
apoptosis ratio in Q2) of HCT116 treated with heat-inactivated strain 729 suspension (20.28%) was
significantly higher than that of the control group (6.61%). It was evident that the heat-inactivated
bacteria suspension of strain 729 could effectively block the cell cycle of human colon cancer cell
HCT116 and induce apoptosis.

3.5 Effect of strain 729 on inducing ferroptosis of HCT116

The effect of strain 729 on inducing ferroptosis of HCT116 was determined by flow cytometry,
and the apoptosis ratio (The sum of early apoptosis ratio in Q3 and late apoptosis ratio in Q2) was
shown in Figure 2D-F and Figure 2G. The proportion of HCT116 in the apoptotic phase (25.02%) for
bacterial group was significantly higher than that for the control group (9.65%). The proportion of
HCT116 in the apoptotic phase (16.18%) for inhibitor group was between the bacterial treatment
group and the control group, indicating that the ferroptosis inhibitor fer-1 reduced the positive
regulatory effect of strain 729 on apoptosis. The results above suggested that strain 729 could induce
ferroptosis of HCT116 cells.

3.6 Effect of strain 729 on Ferroptosis related proteins in HCT116 cells

In order to further determine the mechanism of the inhibitory effect of strain 729 on HCT116
cells, the expressions of related proteins (GPX4 and xCT) were detected by Western blot. As shown
in Figure 3, strain 729 significantly down-regulated the expression of GPX4 and xCT.

Ferroptosis, a novel regulated cell death, is an iron-dependent and peroxidation-driven, non-
apoptotic programmed cell death pattern characterized by the accumulation of lethal lipid reactive
oxygen species (ROS) [31]. GPX4 is one of the main regulators of ferroptosis. GPX4 uses glutathione
(GSH) to convert toxic lipid peroxides into non-toxic lipid alcohols to reduce lipid peroxide
accumulation and negatively regulate ferroptosis. xCT is also a negative regulator of ferroptosis
When xCT is inhibited, it reduces intracellular cystine uptake and glutathione (GSH) synthesis.
Decreased levels of GSH can inactivate GPX4, induce lipid peroxidation damage and abnormal
accumulation of ROS, and eventually lead to ferrodeath. Heat-inactivated bacterial suspension
(1x108CFU/mL) of strain 729 can induce ferroptosis in HCT116 by significantly down-regulating the
expression of GPX4 and xCT.
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Figure 3. Effect of strain 729 on Nrf2/HO-1 pathway-related proteins in HCT116. (A) HCT116 cell
Nrf2/HO-1 pathway key signaling protein bands. (B) Relative content of xCT in the Nrf2/HO-1
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pathway in HCT116. (C) Relative content of GPX4 in the Nrf2/HO-1 pathway in HCT116. Note: *
indicates significant difference with the control group (p<0.05), ** indicates a significant difference
from the control group (p<0.01).

3.7 165 rDNA sequence and phylogenetic tree of strain 729

Comparing the 16S rDNA sequence of strain 729 with the NCBI gene bank, the results showed
that strain 729 had 99.86% homology with Lactobacillu plantarum, and was identified as Lactobacillus
plantarum. Its phylogenetic tree is shown in Figure 4.

73 MT613628.1 Lactobaclus plantarum strain 3335 16S ribosomal RNA gene parial sequence
MW375559.1 Lactiplantibacllus plantarum strain S2-4-12-1 168 ribosomal RNA gene partial sequence
KC422316.1 Lactobacillus plantarum strain KCC-1 168 ribosomal RNA gene complete sequence

MT604643.1 Lactobacilus plantarum strain 2093 168 ribosomal RNA gene pantial sequence
MT538590.1 Lactobacilius plantarum strain 3733 168 ribosomal RNA gene partial sequence

OM265403.1 Lactiplantioacillus plantarum strain TMPC 31123 168 ribosomal RNA gene partial sequence

729
ME966555.1 Lactobacilus plantarum strain NOS 7315 168 ribosomal RNA gene partal sequence

77 KX388383.1 Lactobacillus plantarum strain BCH-2 168 ribosomal RNA gene partial sequence

MH111676.1 Lactobacillus plantarum strain HCD40-4 168 nibosomal RNA gene partial sequence
KC416990.1 Lactobacillus plantanum strain PON10014 155 ribosomal RINA gene partial sequence
97 JX426117.1 Lactorbacillus plantarum strain CTBRBL22 168 ribosomal RNA partial sequence

72

fo—

0.001
Figure 4. Phylogenetic tree of strain 729.

4. Conclusion

Colon cancer is one of the most common cancers in the world, and the prevalence and mortality
rate in China remain high. At present, the main treatment for colon cancer is resection of the lesion,
but postoperative complications frequently occur, and the cure rate and 5-year survival rate are not
up to expectations. A large number of experiments have proved that lactic acid bacteria can improve
the immunity and fight infection and tumor.

In this study, strain 729 was screened out from 19 strains of plant-derived lactic acid bacteria by
its strong inhibitory effect on human colon cancer cell HCT116 in cell proliferation assay. The
inhibitory effect of strain 729 on HCT116 was significantly higher than that of probiotics LGG.
Caspase3 enzyme activity test showed that the optimal inhibitory concentration of strain 729 on
HCT116 was 1x108 CFU/mL. Flow cytometry result showed that heat-inactivated strain 729 could
inhibit the proliferation of HCT116 by inducing cell apoptosis. The proportion of apoptotic cells in
bacterial group decreased significantly when treated with Ferrostatin-1, which proved that the
inhibition of HCT116 by strain 729 was related to the induction of ferroptosis in HCT116. Western
blot analysis confirmed that strain 729 could down-regulate GPX4 and xCT expression in the
ferroptosis and promote cell ferroptosis. Through 16S rDNA sequencing, strain 729 was identified as
Lactobacillus plantarum. Lactobacillus plantarum 729 can potentially be used as probiotics for the
prevention of colon cancer.
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