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Abstract

:

Cancer is a significant health burden in the world. Natural product drugs have received widespread attention because of their safety and effectiveness, stable effects and fewer side effects. Some studies have demonstrated that exopolysaccharide (EPS) from lactic acid bacteria (LAB) can inhibit the growth of many types of cancer cells. In this work, the effects of the EPS from Lactiplantibacillus plantarum YT013 on gastric cancer cells were investigated. Its cytotoxicity was evaluated by MTT assay; at the concentration of 1000 μg/mL, the most significant inhibitory effect occurred in AGS cells, followed by SGC-7901, PANC-1 and HCT116, and less inhibited in HepG2 cells. Cell cycle results showed that EPS prevented AGS cells from transitioning from the S phase to the G2/M phase. In addition, the results of flow cytometry showed that EPS promoted apoptosis in a concentration-dependent manner. Western blotting also indicated that EPS might lead to apoptosis via the endogenous mitochondrial apoptotic pathway. The safety of lyophilized powder, cell-free culture supernatant and EPS from Lactiplantibacillus plantarum YT013 were evaluated by observing tissue organs through H&E staining, and the results showed that the components were safe and effective and could provide a basis for the development of natural anticancer active drugs.
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1. Introduction


Cancer is the second leading cause of death among human diseases [1]. Gastric cancer has a high incidence and mortality rate and is the fourth leading cause of death and the fifth leading cause of cancer all over the world [2]. In 2020, about 1 million new gastric cancer cases were reported. In recent decades, various treatment methods have been continuously developed, and chemotherapy has been proven to be the main element of these treatments, improving survival rates for some patients with advanced gastric cancer [3]. However, due to the difficulty of early detection of gastric cancer, most patients with gastric cancer were diagnosed at an advanced stage. Patients often respond poorly to chemotherapy, leading to long-term and serious side effects [4]. The five-year survival rate after comprehensive treatment is about 25–30% [5,6]. Therefore, it is particularly important to develop new anticancer drugs with high biological activity and fewer side effects.



Exopolysaccharides (EPS) are highly heterogeneous natural polymers with many species-specific sugar residues [7]. They are mainly produced by microbial metabolic pathways, including bacteria, fungi and cyanobacteria [8]. Among various microorganisms producing EPS, lactic acid bacteria (LAB) are generally considered safe because of their long history of safe use in human consumer substances. Due to the inherent physical, chemical and biological properties of EPS, EPS can exhibit some unique biological activities, such as cholesterol reduction, anti-oxidation, inflammation regulation, anticancer, anti-coagulation and anti-viral activities [9,10,11]. Some LAB-derived EPS have strong anticancer effects, their potential clinical value has attracted much attention, and the relevant mechanisms have been deeply understood in many in vitro and in vivo experiments. The anticancer activity of these EPS is not only related to indirect immunity regulation but also associated with the direct killing effect on tumor cells. Some EPS can facilitate the secretion of pro-inflammatory factors (such as IL-1, IL-6 and IL-12) and interferons (INF-γ), indirectly activating macrophages to enhance their phagocytosis [12]. Other EPS can even directly facilitate the production of TNF-α and NO by macrophages and then interact with tumor cells [13]. Acidic EPS103 produced from Lactiplantibacillus plantarum (L. plantarum) JLAU103 inhibited NF-κB activation by suppressing Iκ-Bα phosphorylation in RAW 264.7 macrophages activated by LPS, thereby significantly reducing the excessive release of IL-6, TNF-α, NO and prostaglandin E2 (PGE2) [14]. Regarding the direct killing effect, it was demonstrated in vitro that EPS produced by L. plantarum 70,810 significantly inhibited the proliferation of HepG2 and BGC-823, and especially HT-29 tumor cells [15]. EPS derived from Trichoderma pseudokoningii could increase the BAX/BCL-2 ratio and promote the release of cytochrome c into the cytoplasm, and the activities of Caspase-3/9 were significantly increased in a concentration-dependent manner [16]. The cytotoxic effect of EPS from Streptococcus thermophilus (S. thermophilus) CH9 on HepG2 cells was related to cell cycle arrest in the G0/G1 phase (prevented the transition from G1 to S) and induced apoptosis [17]. L. plantarum NCU116 EPS inhibited CT26 cell proliferation via TLR2 and c-Jun-dependent Fas/Fasl-mediated apoptotic pathway [18]. Additionally, in vivo studies revealed that EPS116 attenuated dextran sulfate sodium (DSS)-induced colitis in mice by indirectly upregulating, phosphorylating and activating STAT3 and thereby promoting the expression of the tight junction proteins Claudin 1, Occludin and ZO-1 [19].



The anticancer activity of LAB EPS has attracted widespread attention, and compared with traditional chemotherapy drugs, it almost had no adverse effect on normal cells, which made EPS and its derivatives have a good application prospect [20]. In the study, EPS from L. plantarum YT013 was isolated, and different cancer cell lines were used to evaluate the anticancer ability of EPS and reveal its potential mechanism.




2. Materials and Methods


2.1. Exopolysaccharide (EPS) Extraction of L. plantarum YT013


In our previous study, L. plantarum YT013 was isolated from a serofluid dish and preserved in the China Center for Type Culture Collection (CCTCC, M2018775). L. plantarum YT013 was cultured in de Man, Rogosa and Sharpe (MRS) broth (Solarbio Science & Technology, Beijing, China).



The preparation of L. plantarum YT013 EPS was referred to in a previous study [19]. The activated L. plantarum YT013 was inoculated into a conical flask containing MRS medium and cultured at 37 °C. After culture, it was boiled in a water bath for 10 min, cooled to room temperature and centrifuged (8000× g, 15 min, 4 °C) to collect the supernatant. The supernatant was concentrated by rotary evaporation. Trichloroacetic acid was added to the concentrated solution to a final concentration of 4% (V/V), stood for 4 h after shaking and centrifuged (12,000× g, 15 min, 4 °C) to collect the supernatant. Absolute ethanol was added to the supernatant to a final concentration of 75% (V/V) for 12 h and centrifuged (12,000× g, 15 min, 4 °C) to collect precipitate. The precipitate was re-dissolved with deionized water 10 times the weight, transferred to the 8–14 kDa dialysis bags (Solarbio, Beijing, China) for 72 h, and freeze-dried to obtain EPS. The total carbohydrate content was measured using the phenol sulfuric acid method [21], and glucose was used as the standard, measured at a wavelength of 490 nm. The content of uronic acid was determined by the carbazole sulfate method [22], and glucuronic acid was used as the standard, measured at a wavelength of 530 nm. The protein content of the sample was determined by a BCA kit (Coolaber, Beijing, China) [23], and bovine serum albumin was used as the standard, measured at a wavelength of 590 nm. The moisture content of EPS was determined by a moisture analyzer (Youke Instrument Co., Ltd., Shanghai, China).




2.2. Cell Lines and Growth Condition


The human gastric cancer cell line AGS, colorectal cancer cell line HCT116, liver cancer cell line HepG2 and pancreatic cancer cell line PANC-1 were obtained from the American Type Culture Collection (ATCC, LOT: 70012225, 70019042, 70015966, 70018880). The human gastric cancer cell line SGC-7901 and gastric mucosa cell line GES-1 were supplied by the School of Pharmacy, Lanzhou University. AGS, HCT116 and HepG2 cells were cultured in Roswell Park Memorial Institute (RPMI) 1640 medium (Hyclone, Logan, UT, USA). PANC-1, SGC-7901 and GES-1 cells were cultured in Dulbecco’s Modified Eagle Medium (DMEM) (Hyclone, Logan, UT, USA). All media included 10% (V/V) fetal bovine serum (Sijiqing Biologic Co. Ltd., Hangzhou, China), 100 units/mL penicillin and 100 μg/mL streptomycin (Solarbio, Beijing, China), and incubation was carried out at 37 °C, 5% CO2.




2.3. MTT Assay


Effects of EPS on the cytotoxicity of cells (AGS, HCT116, HepG2, PANC-1, SGC-7901 and GES-1) were detected by MTT kit (Coolaber Technology Co., Ltd., Beijing, China) [24]. Cells were inoculated into 96-well plates and cultured for 12 h, treated with 100 μL of EPS (200, 400, 600, 800 and 1000 μg/mL). EPS was solubilized in RPMI 1640 or DMEM medium, and the fresh culture medium was used alone as the control and cisplatin (CIS) was used as the reference anticancer drug. After 48 h of incubation, 10 μL of MTT (5 mg/mL) was added, the supernatant was discarded after continued incubation for 4 h, and 100 μL of DMSO solution was added to each well. Then, the absorbance values of the wells were measured at 490 nm using a microplate reader (Perlong New Technology Co., Ltd., Beijing, China).



Inhibitory rate (%) = [1 − (Asample − Ablank)/(Acontrol − Ablank)] × 100, where Acontrol and Ablank are the absorbance values without EPS or cells, respectively. In addition, the IC50 value of EPS on the five cell lines after 48 h was calculated. All results were transformed into percentages based on their respective control.




2.4. Hoechst 33258 Staining Assay


Changes in the nuclear morphology of AGS cells after EPS treatment by Hoechst 33258 staining were observed [24]. AGS cells were cultured in 24-well plates at 80,000 cells per well and treated with EPS (0, 250, 500, and 1000 μg/mL) for 48 h. The cells were treated with 4% paraformaldehyde (Solarbio, Beijing, China) fixative for 15 min; the fixative was removed with PBS. An appropriate volume of Hoechst 33258 (Solarbio, Beijing, China) working liquid was added, and the mixture was placed in a dark room for 10 min, followed by washing with PBS. The stained cells were analyzed with a fluorescence microscope (BX-53, Olympus Corp., Tokyo, Japan).




2.5. Cell Cycle Analysis


The effect of EPS on the AGS cell cycle was analyzed by flow cytometry [24] using the cell cycle kit (Solarbio, Beijing, China). Briefly, AGS cells were cultured in 6-well culture plates at 8 × 105 cells/well and treated with EPS (0, 250 and 500 μg/mL) for 24 h. Cells were trypsinized and washed with precooled PBS to adjust the cell number. The cells were fixed with 70% (V/V) ethanol at 4 °C overnight, and then cells were cultured with 100 μL of RNase A for 30 min at 37 °C and stained with propidium iodide (PI). Flow cytometry (FACSCalibur, BD Biosciences, Mountain View, CA, USA) was used to analyze the samples. The results were processed using Modfit, and the statistical differences between the drug group and the blank group were calculated separately.




2.6. Mitochondria Membrane Potential Assay


Mitochondria are recognized to be the bioenergetic and metabolic center essential to life, and the decrease in mitochondrial membrane potential (MMP) is an early manifestation of apoptosis [25]. JC-10 is an effective probe for detecting changes in MMP [26]. Briefly, AGS cells were cultured in 24-well plates with EPS (0, 250, 500, and 1000 μg/mL) for 48 h and washed three times with PBS. The cells in the positive control group were treated with the positive drug carbonyl cyanide-3-chlorophenylhydrazone (CCCP, 10 μM) for 20 min. Then, an appropriate JC-10 (Solarbio, Beijing, China) dye solution was added to cover all cells and incubated at 37 °C in 5% CO2 for 30 min and washed three times with JC-10 staining buffer solution (1×). Then, cell morphology was analyzed by fluorescence microscopy (Carl Zeiss AG, Oberkochen, Germany).




2.7. Apoptosis Analysis


The apoptosis was detected by fluorescent cell counts using the Annexin V Alexa Fluor 488/PI kit (Solarbio, Beijing, China) following the manufacturer’s instruction [27]. Briefly, the AGS cells were cultured in 6-well culture plates at 8 × 105 cells/well and treated with EPS (0, 250, 500 and 1000 μg/mL) for 48 h. After incubation, the cells were treated with trypsin without EDTA and washed twice with precooled PBS. The cells were treated with the Annexin V Alexa Fluor 488/PI kit. Then the flow cytometry was used to analyze the samples to detect Annexin V- and PI-positive subsets. Further analysis was performed with Flow Jo V10 software.




2.8. Western Blotting


The Western blotting assay was performed as described by Sun et al. [28]. AGS cells were cultured in 6-well plates at 8 × 105 cells/well, and the cells were treated with EPS (500 μg/mL) for 48 h at 37 °C with 5% CO2. Total protein was extracted from AGS cells with RIPA lysis buffer (Solarbio, Beijing, China) containing 1% (V/V) PMSF and protein phosphatase inhibitor (Solarbio, Beijing, China). A BCA protein detection kit was used to determine the protein concentration. After 12% (W/V) sodium dodecyl sulfate–polyacrylamide gel electrophoresis (SDS–PAGE), proteins were transferred to polyvinylidene fluoride (PVDF) membrane, which was blocked for 2 h in 1 × TBST containing 0.1% (V/V) Tween 20 (TBST) and 5% (W/V) skim milk. GAPDH was used as an internal reference. Antibodies (Bioss, Beijing, China) of BAD, BAX, BCL-2, Caspase-3, Caspase-8 and Caspase-9 were applied, and the membrane was then incubated at room temperature for 2 h with an HRP-labeled secondary antibody and cleaned with TBST, followed by autoradiography, imaging and recording. The images were analyzed with ImageJ software.




2.9. Acute Toxicity Test


All animal experiments complied with the animal research guidelines of Lanzhou University, and the experimental protocols were approved by the Ethics Committee of Lanzhou University (the date of approval is 28 December 2021). BALB/c healthy male mice, aged 6–8 weeks, were purchased from the Lanzhou veterinary research institute, Chinese Academy of Agricultural Sciences (No. SCXK (Gan) 2020-0002). These mice were used for acute toxicity research [29]. Mice were randomly divided into 4 groups (A, B, C and D, respectively) with 6 mice in each group. In Group A, mice were given 0.15 M NaCl solution; Group B was the cell-free culture supernatant lyophilized powder of L. plantarum YT013 100 mg per mouse; Group C was the freeze-dried powder of live bacteria of L. plantarum YT013 5 × 109 CFU per mouse; Group D was the lyophilized powder of EPS of L. plantarum YT013 100 mg per mouse. All were administered by intragastric administration at the dose of 200 μL per mouse. All mice fasted for 6 h before treatment, were fed 2 h after treatment and had free access to water during this period. They were dosed once a day for 7 consecutive days. The experimental drugs were dissolved in 0.15 M NaCl solution. After 14 days of continuous observation, all mice were sacrificed by cervical dislocation, and tissues and organs were taken for pathological sectioning.




2.10. Statistical Analysis


All experiments were performed in duplicate at a minimum, the average values were reported, and the data were analyzed by SPSS 22.0. Significant differences were determined using the t-test. Statistical significance is expressed as * p < 0.05, ** p < 0.01, and *** p < 0.001 vs. the control groups.





3. Results and Discussion


3.1. Determination of Physical–Chemical Nature


By using the phenol–sulfuric acid method and using glucose as the standard, the total carbohydrate content of EPS was measured to be 64.26 ± 4.07%. By using the carbazole sulfate method, with galacturonic acid as the standard, the uronic acid content of EPS was determined to be 9.15 ± 1.03%. By using the BCA kit method, with BSA protein standard solution as the standard, the total protein content was measured to be 17.74 ± 1.93%. By using a moisture analyzer, the moisture content of EPS was measured to be 8.83 ± 0.67%.




3.2. Cytotoxic Ability of EPS


LAB EPS has various potential health benefits and functional roles in human or animal health, including immunomodulatory properties, anticancer, and antioxidant activity, among others [30]. The anticancer activity of EPS produced by some Lactobacillus strains has been confirmed in vivo and in vitro [31]. LAB EPS exerts anticancer activity through various mechanisms, such as promoting immune function, activating immune cells, promoting apoptosis, and modulating signaling pathways [9,20].



In this study, the anti-proliferative activity effects of EPS from L. plantarum YT013 at different concentrations (200, 400, 600, 800, 1000 μg/mL) on cancer cells (AGS, HCT116, HepG2, PANC-1 and SGC-7901) and normal cells (GES-1), and CIS (200 μg/mL) was used as the reference anticancer drug. As shown in Figure 1, EPS showed a significant cytotoxic effect on cancer cells in a dose-dependent manner when acting for 48 h. Interestingly, the inhibitory effect of EPS on these five cancer cell lines is different. At the concentration of 1000 μg/mL, the most significant inhibitory effect occurred in AGS cells, followed by SGC-7901, PANC-1, HCT116 and less inhibited in HepG2 cells. The IC50 of AGS, HCT116, HepG2, PANC-1 and SGC-7901 are 495.93 ± 15.01, 816.39 ± 46.37, 1259.55 ± 232.26, 673.68 ± 63.93 and 671.09 ± 31.69 μg/mL, respectively. Therefore, the AGS cell line was selected for the follow-up study. When further evaluating the toxic effect of EPS in normal cells, as shown in Figure 1f, the inhibition rates of GES-1 were lower than 20% even when the concentration of EPS reached 1000 μg/mL, indicating EPS had a selective cytotoxic effect. In addition, at the concentration of 200 μg/mL, the toxicity of EPS to GES-1 was much lower than that of cisplatin.




3.3. EPS-Induced Morphological Changes in AGS Cells


To further investigate the selective cytotoxicity of AGS cells, the effects of different doses of EPS on AGS cell morphology were observed and analyzed under an inverted microscope. As shown in Figure 2a, with increasing EPS concentration, the cell volume became smaller and deformed, and the cell membrane was intact but shrunken, rounded, and shed. The binding of Hoechst 33258 dye to DNA is non-embedded, mainly in the A-T base region of DNA, and emits bright blue fluorescence when excited by ultraviolet light. Fluorescence staining of cancer cells after treatment is an appropriate way to assess morphological changes and cytotoxicity of cell chromatin and membranes [32]. Under a fluorescence microscope (Figure 2b), AGS cells treated with EPS at different concentrations showed typical morphological changes, such as chromatin condensation, densely stained nuclei, and apoptotic bodies [33]. These results suggested that apoptosis might be a potent mechanism of cytotoxicity activity. Previous studies have shown that EPS from Lactobacillus induces cell death in various cancer cell lines [34]. In addition, anticancer activity has also been reported for EPS isolated from various other bacteria, such as L. casei [35] and S. thermophilus [17].




3.4. Effect of EPS on the Cell Cycle of AGS Cells


With advances in the understanding of the mechanisms underlying tumorigenesis and induction of apoptosis, the cell cycle phase has become a target for tumor therapy [36]. The process of cell proliferation is usually regulated by cell cycle and apoptosis [24], and many anticancer drugs block the cell cycle in G0/G1, S or G2/M phase and then induce apoptosis [16]. For example, Di et al. found that EPS produced by L. casei and L. rhamnosus inhibited the growth of HT-29 cells by inducing G0/G1 cell cycle arrest in vitro [37]. Additionally, El-Deeb et al. observed a significant increase in sub-G1 of CaCo-2 cells treated with EPS derived from L. acidophilus [38].



Flow cytometry was used to analyze the changes in DNA content during cell cycle progression after EPS treatment. As shown in Figure 3, the percentage of cells in the G0/G1 phase decreased after EPS treatment, while the percentage of cells in the S phase and the G2/M phase increased. The percentages of S-phase cells in the 250 and 500 μg/mL group were 61.67% and 66.19%, respectively, compared with 50.82% in the control group. Furthermore, in EPS-treated at 500 μg/mL, the percentage of cells in the G0/G1 phase was even lower than treated at 250 μg/mL. The results showed that EPS exerted an anti-proliferative effect on AGS cells by preventing the cells from transitioning from the S-phase to the G2/M phase.




3.5. EPS Caused Mitochondrial Membrane Potential (MMP) Changes in AGS Cells


Cell apoptosis could be used as a defense mechanism for cancer progression, and mitochondria play an important role in the occurrence of apoptosis [39,40]. A variety of stimulatory factors can induce apoptosis through mitochondria. Previous studies have shown that EPS derived from L. casei SB27 induces mitochondrial morphological changes in colon cancer cell line HT-29 [41]. In addition, after EPS (derived from Lactococcus lactis subsp. lactis) treatment, a significant decrease in mitochondrial potential, nuclear condensation and cell shrinkage was observed [42]. While mitochondria do not undergo obvious morphological changes, their membrane potential change, which increases membrane permeability and decreases transmembrane potential [39,43]. Therefore, it is believed that the decrease in mitochondrial membrane potential is the earliest event in the process of apoptosis. Once the mitochondrial membrane potential collapses, apoptosis is irreversible [44].



In this study, fluorescent probe JC-10 dye was used to detect the effect of EPS on the mitochondrial function of AGS cells. For cells stained with JC-10, a change from red to green occurs with high to low MMP [25]. As shown in Figure 4, compared with the control group, the MMP of EPS-treated AGS cells decreased significantly, and the green fluorescence intensity was enhanced with increasing EPS concentration. This suggests that EPS could change mitochondrial membrane potential, and cell apoptosis may be associated with a decrease in mitochondrial membrane potential.




3.6. EPS-Induced Apoptosis of AGS Cells by Flow Cytometry Analysis


However, it is not entirely convincing to judge apoptosis only by fluorescence microscopy results. Therefore, Annexin V-FITC/PI staining method in flow cytometry was used to further confirm that EPS induced apoptosis in AGS cells [45]. Studies have proven that L. plantarum NCU116 EPS inhibited CT26 cell proliferation via TLR2 and c-Jun-dependent Fas/Fasl-mediated apoptotic pathway [18]. Additionally, the cytotoxic effect of EPS from S. thermophilus CH9 on HepG2 cells was associated with the induction of apoptosis [17]. Induction of apoptosis might be the important means of cytotoxicity. In this study, after EPS treatment for 48 h, AGS cell apoptosis was quantitatively surveyed by flow cytometry, showing 12%, 24% and 34% total apoptotic cells. In contrast, the control groups exhibited less than 10% cell death (Figure 5). These outcomes indicated that the apoptosis frequency of AGS cells under treatment with EPS was enhanced in a dose-dependent manner compared with AGS cells not treated with EPS. Taking the relatively higher percentage of late apoptosis into consideration, it was speculated that the necrosis of cells after treatment might be related to the fragmentation of DNA. Thus, apoptosis may be the main cause of cell death instead of necrosis.




3.7. Caspase Protein Expressions in AGS Cells Treated with EPS


The levels of caspase family proteins in AGS cells signaling pathway were determined by Western blotting to comprehend further how EPS affects the expression of related proteins and induces apoptosis. As shown in Figure 6, EPS enhanced the protein expression levels of Caspase-8, Caspase-9 and Caspase-3 in AGS cells.



Sun et al. found that L. plantarum 12 EPS-induced cell death was associated with caspase activity, accompanied by a loss of mitochondrial membrane potential [28]. The Caspase family plays an essential role in the regulation and execution of apoptosis, among which Caspase-3 is a key apoptosis execution molecule, and Caspase-9 is required for the activation of Caspase-3 [46,47]. Caspase-9 is the promoter of apoptosis and the key protease of the mitochondrial apoptosis pathway. Caspase-8 is the most important initiation factor in the caspase family and can activate almost all caspases [48]. Activation of Caspase-8/9 initiates the Caspase cascade reaction, which in turn activates the terminal cleavage enzyme Caspase-3, causing DNA cleavage by the nuclear concentrator and leading to apoptosis [47,48].




3.8. Effects of EPS on BAX, BAD and BCL-2 Proteins Expressions in AGS Cells


The BCL-2 family includes anti- and pro-apoptotic proteins, which play key roles in regulating mitochondrial apoptotic pathways [49]. The expression levels of anti- and pro-apoptotic proteins are necessary to regulate cell survival or death, respectively [50]. Therefore, the ratio of BAX/BCL-2 is a crucial condition for cell apoptosis after receiving stimulation. Additionally, BAD is an upstream member of the BCL-2 family, a sensor of the mitochondrial apoptotic process, and a BH3-like protein that interacts with BCL-2 [51]. BAD binds to the bh1-bh4 domain of BCL-2 to form a hydrophobic groove structure, thereby antagonizing the anti-apoptotic effect of BCL-2 [52]. The protein expressions of BAD, BAX and BCL-2 in AGS cells treated with EPS for 48 h were further detected by Western blot analysis. As shown in Figure 6, the expression of BAD and BAX increased, and the expression of BCL-2 decreased, resulting in a significant increase in the ratio of BAX/BCL-2. In the present study, we found that the protein expressions of Caspase-3, Caspase-8, Caspase-9, BAD and BAX were increased, while the protein expression of BCL-2 was decreased in EPS-treated AGS cells. The results showed that EPS-induced apoptosis of AGS cells was mediated by an internal mitochondrial apoptotic pathway.




3.9. Biosafety Evaluation in Mice


The results showed that during the 7-day gavage administration period, no mice died, and the mice were normal in eating, drinking and defecation, with good mental state and normal activities. Through the difference analysis of the body weight of the mice in the experimental group and the control group, it could be seen that the body weight of the mice in the experimental group also showed a normal growth trend, like the control group, and there was no significant difference (Figure 7b).



After 14 days of observation, a histological examination of the heart, liver, spleen, lung and kidney were performed. As shown in Figure 7a, there was a slight increase in the striated space in Group D, while the cardiac myocytes in the other groups were neatly arranged with obvious boundaries. The central veins of the liver lobules of the mice in each group were obvious, and the surrounding hepatocyte cords were neatly arranged with obvious boundaries. The spleen cortex and pulp of the mice in each group had obvious junctions, and there were dense lymphocytes in the white pulp and red pulp. The epithelial cells of the alveolar wall of the lung were neatly arranged, with obvious boundaries, and the alveoli were evenly distributed. In Group C, the proximal convoluted tubule epithelial cells were slightly swollen, and the area of the renal corpuscular cavity was slightly enlarged. In the other groups, the renal tubular epithelial cells of the mice were neatly arranged, the renal capsule was normal, and the renal corpuscle was uniform in texture. However, they evoked mild interstitial edema, which may be reversible [53]. Overall, histological studies in mice showed no abnormal or histopathological changes in tissues and organs.



Although this study has limitations (e.g., one sex of animals used), the L. plantarum YT013 strain and its active components were evaluated by following the latest methodology for evaluating the safety of probiotics required before human subjects. Additionally, the results could provide a reference for subsequent experiments based on recent knowledge of probiotic safety, current regulations and future visions of food safety [54,55].





4. Conclusions


In this study, EPS was extracted and purified from L. plantarum YT013, and the cytotoxicity effect was evaluated in AGS, HCT116, HepG2, PANC-1, SGC-7901 and GES-1 cell lines. Our results showed that EPS of L. plantarum YT013 showed significant anti-gastric cancer cell activity and low toxicity to gastric mucosal GES-1 cells. The effect was mainly caused by apoptosis and in a concentration-dependent manner. In addition, compared with control group cells, EPS showed higher anticancer activity on AGS cell lines by promoting the up-regulation of BAX, BAD, Caspase-3, Caspase-8 and Caspase-9 proteins and down-regulating BCL-2 protein. When combined with the mitochondrial membrane potential staining assay, the significant inhibitory effect was induced by the endogenous mitochondrial apoptotic pathway. In addition, the tissues and organs were observed by H&E staining, and the safety of freeze-dried powder of live bacteria, cell-free culture supernatant and EPS of L. plantarum YT013 were evaluated. The results showed that each component was safe and effective. Moreover, all these considerable biological activities may contribute to further tests on animal models to confirm the prospect of these Lactobacillus strains or active components as natural drugs for the treatment of gastric cancer. The results of this study enhance our understanding of the role of EPS isolated from L. plantarum YT013 and contribute to the research of probiotics in natural anticancer active drug candidates.
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Figure 1. Cytotoxicity evaluation of EPS on four kinds of digestive tract cancer cells and gastric mucosa cells. The results were obtained after treatment with EPS for 48 h: (a–f) MTT results for AGS, HCT116, HepG2, PANC-1, SGC-7901 and GES-1 cells. 
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Figure 2. Effects of EPS treatment on the morphological changes of AGS cells observed under (a) an inverted microscope (Scale bar = 50 μm) and (b) a fluorescent microscope (Scale bar = 50 μm). (a-1,b-1) negative control (0 μg/mL EPS); (a-2,b-2) cells treated with 250 μg/mL EPS; (a-3,b-3) cells treated with 500 μg/mL EPS; (a-4,b-4) cells treated with 1000 μg/mL EPS. 
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Figure 3. Cell cycle proportions of EPS-treated AGS cells: (a–c) The cell cycle of AGS cells without or with EPS (250 and 500 μg/mL) treatment for 48 h was detected by flow cytometry. (d) Quantitative statistics of cells in different periods. Data are expressed as the average of three independent experiments. * p < 0.05 compared with control. 






Figure 3. Cell cycle proportions of EPS-treated AGS cells: (a–c) The cell cycle of AGS cells without or with EPS (250 and 500 μg/mL) treatment for 48 h was detected by flow cytometry. (d) Quantitative statistics of cells in different periods. Data are expressed as the average of three independent experiments. * p < 0.05 compared with control.



[image: Fermentation 09 00539 g003]







[image: Fermentation 09 00539 g004 550] 





Figure 4. Mitochondria membrane potential of AGS cells tested via JC-10 staining methods. AGS cells were treated with different doses of EPS (0, 250, 500 and 1000 μg/mL) for 48 h. Scale bar = 50 μm. 
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Figure 5. EPS-induced apoptosis in AGS cells: (a–d) The apoptosis of AGS cells treated with EPS (0, 250, 500 and 1000 μg/mL) for 48 h was detected by flow cytometry. (e) The bar graph summarizes the percentage of apoptosis for early apoptosis, late apoptosis or necrosis and total apoptosis. Data are expressed as the average of three independent experiments. * p < 0.05, ** p < 0.01 cmpared with control. 
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Figure 6. Relative protein expression of apoptosis-related proteins in AGS cells by Western blotting analysis. Through Western blotting analysis, the effect of EPS treatment on the protein expression of BAD, BAX, BCL-2, Caspase-3, Caspase-8 and Caspase-9 was determined. (a) The expression of apoptosis-related proteins was determined. (b) The histogram represents relative protein levels normalized to GAPDH for BAD, BAX, BCL-2, Caspase-3, Caspase-8 and Caspase-9. Data are expressed as the average of three independent experiments. * p < 0.05 compared with control. 
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Figure 7. (a) H&E staining was performed on the liver, heart, spleen, lung and kidney of mice treated with the lyophilized powder, cell-free culture supernatant and EPS of L. plantarum YT013. Scale bar = 50 μm. Group A: saline group; Group B: cell-free culture supernatant of L. plantarum YT013; Group C: live bacteria freeze-dried powder of L. plantarum YT013; Group D: EPS of L. plantarum YT013. (b) Body weight changes in mice during 14 days of observation. 
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