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α-Chaconine Affects the Apoptosis, Mechanical Barrier Function, and Antioxidant Ability of Mouse Small Intestinal Epithelial Cells
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α-Chaconine is the most abundant glycoalkaloid in potato and toxic to the animal digestive system, but the mechanisms underlying the toxicity are unclear. In this study, mouse small intestinal epithelial cells were incubated with α-chaconine at 0, 0.4, and 0.8 μg/mL for 24, 48, and 72 h to examine apoptosis, mechanical barrier function, and antioxidant ability of the cells using a cell metabolic activity assay, flow cytometry, Western blot, immunofluorescence, and fluorescence quantitative PCR. The results showed that α-chaconine significantly decreased cell proliferation rate, increased apoptosis rate, decreased transepithelial electrical resistance (TEER) value, and increased alkaline phosphatase (AKP) and lactate dehydrogenase (LDH) activities, and there were interactions between α-chaconine concentration and incubation time. α-Chaconine significantly reduced the relative and mRNA expressions of genes coding tight junction proteins zonula occludens-1 (ZO-1) and occludin, increased malondialdehyde (MDA) content, decreased total glutathione (T-GSH) content, reduced the activities of superoxide dismutase (SOD), catalase (CAT), glutathione peroxidase (GSH-Px), and γ-glutamylcysteine synthetase (γ-GCS) and the mRNA expressions of SOD, CAT, GSH-Px, and γ-GCS genes. In conclusion, α-chaconine disrupts the cell cycle, destroys the mechanical barrier and permeability of mucosal epithelium, inhibits cell proliferation, and accelerates cell apoptosis.
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INTRODUCTION

Potato is a major crop used as food, animal feed, and industrial raw materials and is grown in about 80% of the countries in the world (Ahmad et al., 2019). Potatoes contain glycoalkaloids, and the content of glycoalkaloids is especially high when exposed to light or to high temperatures during storage (Machado et al., 2007; Shepherd et al., 2016). Glycoalkaloids have a bitter taste, which affects palatability, and are toxic (Iablokov et al., 2010). Furthermore, glycoalkaloids are resistant to high temperatures and are difficult to remove or destroy (Liu et al., 2020). Although crop breeders are making progresses in reducing the content of glycoalkaloids through molecular breeding (Yasumoto et al., 2019), this is a long-term goal, and glycoalkaloids are still an important factor affecting the utilization of potatoes and their by-products.

In the case of normal maturity and no exposure to light, the content of glycoalkaloids in potatoes is generally 10–100 mg/kg of fresh weight (Knuthsen et al., 2009). There are six main types of glycoalkaloids in potatoes, of which α-solanine and α-chaconine are the most abundant (Milner et al., 2011), accounting for 95% of the total content (Nielsen et al., 2020), with α-chaconine being the most abundant (Rytel, 2012; Tajner-Czopek et al., 2012). The ratio of α-solanine to α-chaconine is approximately 1:2 to 1:7 (Skarkova et al., 2008). α-Chaconine is a cyclopentane phenanthrene compound (Oda et al., 2002), which links the nitrogen-containing steroid group with 1–4 monosaccharides through a 3-O-glycosidic bond. α-Chaconine includes one molecule of D-glucose and two molecules of L-rhamnose (Figure 1).
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FIGURE 1. Molecular structure of α-chaconine.


The toxicity of glycoalkaloids such as α-chaconine to animals is mainly via the perturbation of the gastrointestinal tract. The clinical signs of glycoalkaloid toxicity of potatoes include dry mouth, pain in the mouth and throat, tightening of the throat, nausea, vomiting, abdominal pain, and diarrhea (Korpan et al., 2004; Lin et al., 2018). Severe vomiting and diarrhea can lead to electrolyte imbalance, dehydration, and hypotension. In addition, glycoalkaloid toxicity can affect the cardiovascular and reproductive systems.

Intestinal mucosal epithelial cells have barriers such as tight junctions as well as the cell membrane preventing the invasion of harmful microorganisms and certain toxins from penetrating the intestine. Some anti-nutritional factors or toxins directly act on intestinal mucosal epithelial cells to affect cell proliferation, accelerate cell apoptosis, and thereby destroy the mechanical barrier function of the intestine (Groschwitz and Hogan, 2009; Zhao et al., 2017). Reactive oxygen species (ROS) can also directly act on intestinal epithelial cells, causing lipid peroxidation of the phospholipid layer in the cell membrane, destroying the membrane structure of epithelial cells and inducing apoptosis (Omatsu et al., 2009). This ultimately reduces the mechanical barrier function of intestinal epithelial cells and allows many toxic components to enter the intestinal tract.

It has been reported that α-chaconine is a highly cytotoxic glycoalkaloid in potatoes (Oda et al., 2002; Friedman, 2006; Ji and Gao, 2008). However, how α-chaconine affects the small intestinal mucosal epithelial cells is not clear. We speculate that the toxicity of α-chaconine to the digestive system may be due to its destruction of the mechanical barrier function of the intestine or oxidative damage to the intestine. Therefore, in this study, mouse small intestinal epithelial cells were used as a model to study the effects of α-chaconine on cell proliferation, cell cycle, apoptosis, mechanical barrier function, and antioxidant ability using in vitro cell culture. The exploration of the toxicity of α-chaconine to digestive system cells at the molecular level would provide solid scientific data for revealing the mechanisms of how α-chaconine affects intestinal health.



MATERIALS AND METHODS


Cell Culture

The murine intestinal epithelial cell line MODE-K (Shanghai Jining Industrial Co., Ltd., Shanghai, China) was adopted for the study. The cells were washed with a cell culture solution that was comprised of the 1640 medium (PM150910; Procell, Wuhan, China) +10% fetal bovine serum (FBS, Gibco, Carlsbad, NM, United States) solution (pH 7.2–7.4) +1% penicillin-streptomycin (Sigma, St. Louis, MO, United States) to remove DMSO. The resuscitated cells were cultured in a fresh cell culture solution and under 5% CO2 saturated humidity at 37°C. The cell culture experiments were performed in triplicate with α-chaconine treatment at concentrations of 0, 0.4, and 0.8 μg/mL. α-Chaconine stock solution (16 mg/100 mL) was made and diluted with the cell culture solution. The choice of the concentrations was based on pilot trials. Measurements were performed in triplicate after incubation for 24, 48, and 72 h.



Measurements of Cell Proliferation, Cell Cycle, and Apoptosis


Cell Proliferation

The MODE-K cells are regarded as well grown when their morphology becomes oval or polygonal in shape, in a monolayer adherent to the plate wall without overlapping, and in the arrangement of paving stones. Cells from the same generation were seeded on 96-well cell culture plates. When the cells reached confluence, α-chaconine (Shanghai Yuanye Bio-Technology Co., Ltd., Shanghai, China) was added at the designated concentrations. Cell proliferation rate was measured using the MTT [3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide] method (Kumar et al., 2018) when cells were harvested. The cells harvested in the logarithmic growth phase were adjusted to a cell density of 5 × 104/ml using the 1640 medium. The cell suspension (100 μL) together with sterile phosphate buffered saline (PBS; 100 μL) was transferred to a 96-well cell culture plate and incubated overnight at 37°C. Then 10 μL of MTT (Hefei Labgic Technology Co., Ltd., Hefei, China) was added to the cells and incubated at 37°C for further 4 h. After the medium was removed and 150 μL DMSO (dimethyl sulfoxide; Solarbio, Shanghai, China) was added, the plate was shaken for 10 min and the absorbance was measured at OD 568.



Cell Cycle

MODE-K cells in their logarithmic growth phase were adjusted to a cell density of 1.5 × 105/mL with the 1640 medium. The cell suspension solution was transferred into six-well plates with 2 mL each well and cultured overnight at 37°C. At the end of incubation, the cells were digested with 2 mL of 0.25% trypsin (without EDTA) for 1–2 min. Once the cells were separated from each other, centrifugation was performed at 221 × g for 5 min (Eppendorf model 5702R, Hamburg, Germany) to remove the supernatant. Then the cells were resuspended with the PBS buffer and centrifuged as described above. This procedure was repeated and 700 μL of pre-cooled 80% ethanol was slowly added to the pellet to make the final ethanol concentration of 70%. After fixing in ethanol at 4°C for at least 4 h, the cells were centrifuged at 221 × g for 5 min and washed with pre-cooled PBS buffer and collected by centrifugation twice. The cells were incubated at 37°C for 30 min in 100 μL of RNase (50 μg/mL) and then stained with 100 μL of propidium iodide (50 μg/mL) at 4°C for 30 min in the dark. The stained cells were tested for their stage of cell cycle using flow cytometry (BD AccuriTM C6 flow cytometer, BD Biosciences, San Jose, CA, United States) (Kim and Sederstrom, 2015).



Cell Apoptosis

After the cells were treated with 0, 0.4, or 0.8 μg/ml α-chaconine for 24, 48, or 72 h, cell apoptosis was detected with an Annexin V-FITC/PI apoptosis detection kit (KGA108, Jiangsu KeyGEN BioTECH Co., Ltd., Nanjing, China) according to the manufacturer’s instructions. The stained samples were quantified at 488 nm (emission wavelength) and 470 nm (excitation wavelength) using a high-sensitive flow cytometer (Beckman Coulter CytoFLEX S, Krefeld, Germany).




Permeability and Structural Integrity of MODE-K Cells

The transepithelial electrical resistance (TEER) values of the MODE-K cells after 24, 48, and 72 h of incubation with α-chaconine were measured using a Millicell ERS-2 V-Ohm Meter (MERS00002, EMD Millipore Ltd., Watford, United Kingdom). Measurements were conducted in triplicate at three points in different directions in each Transwell (Corning® Transwell polycarbonate membrane inserts, Cat No. 3422, 8 μm pore size; 6.5 mm membrane diameter, Corning Incorporated, Tewksbury, MA, United States) according to the manufacture’s instructions. The measured datum multiplied by the Transwell membrane area (0.6 cm2) gave the TEER value of the sample in units of Ω × cm2 (Pan et al., 2013). The activities of alkaline phosphatase (AKP) and lactate dehydrogenase (LDH) in cells were measured according to the kit instructions (Nanjing Jiancheng Bioengineering Research Institute, Nanjing, China).



Distribution and Relative Expression of Tight Junction Proteins in MODE-K Cells

The distribution of tight junction proteins zonula occludens-1 (ZO-1) and occludin were determined using immunofluorescence staining (Im et al., 2019). MODE-K cells were grown on glass slides and treated with 0, 0.4, or 0.8 μg/mL α-chaconine for 24, 48, or 72 h. After washing with PBS three times for 3 min each time, the cells were fixed with 4% paraformaldehyde for 15 min at room temperature and washed again as previously described. The cells were then permeabilized with 0.5% Triton X-100 (made with PBS) for 20 min. After washing as before and the medium removed, the cells were blocked with goat serum for 30 min at room temperature. After the blocking solution was removed by drawing off with paper tissue, the cells were incubated with rabbit anti-claudin (59 KD; diluted 1:100; 13409-1-AP) and anti-ZO-1 (230 KD; diluted 1:100; 21773-1-AP) antibodies (Wuhan Sanying Biotechnology Ltd., Wuhan, China) overnight at 4°C. The cells were washed three times with PBST (phosphate buffered saline Tween-20) and incubated with Cy3-conjugated secondary antibody goat anti-rabbit IgG (diluted 1:100; CWBIO, Beijing, China) for 2 h at 37°C. For staining, after three washes with PBST, DAPI (4’,6-diamidino-2-phenylindole) was added and incubated for 5 min in the dark. The stained cells were washed thoroughly with PBST four times for 5 min. After the slides were sealed with a slide containing an anti-fluorescence quenching agent, images were captured using a fluorescence microscope (Olympus BX53; Olympus, Center Valley, PA, United States) and attached a camera (Olympus DP72; Olympus, Center Valley, PA, United States).

The relative levels of tight junction proteins ZO-1 and occludin in MODE-K cells were determined using the Western Blot method (Pan et al., 2013). After the removal of the culture medium, the α-chaconine-treated cells were washed with 10 mM PBS (pH 7.2–7.3) three times. Proteins were extracted from the cells with PMSF (ST506, Beyotime Biotechnology, Shanghai Ltd., China)-containing cell lysate (P0013B; Beyotime Biotechnology Ltd., Shanghai, China). The extracted proteins were determined for total protein content using a BCA assay kit (P0010; Beyotime Biotechnology Ltd., Shanghai, China). After the preparation of 5–12% sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE), 15 μL of cell protein extracts (1 mg/mL) was loaded for separation. The separated proteins were transferred onto nitrocellulose using the semidry transfer film method. The membranes were blocked in 3% non-fat milk/TBST (tris buffered saline Tween-20) (pH 7.6) at room temperature for 2 h and then incubated with polyclonal rabbit anti-claudin (59 KD; diluted 1:1000; 13409-1-AP; Wuhan Sanying Biotechnology Ltd., Wuhan, China), polyclonal rabbit anti-ZO-1 (230 KD; diluted 1:800; 21773-1-AP; Wuhan Sanying Biotechnology Ltd., Wuhan, China), or monoclonal mouse anti- β-actin (42 KD; diluted 1:200; BM0627; Boster Biological Technology Co., Ltd., Wuhan, China) antibodies diluted in TBST buffer overnight at 4°C. After washing with the TBST buffer 5–6 times for 5 min, the membranes were incubated with goat anti-rabbit IgG HRP-conjugated secondary antibodies (diluted 1:50000, BA1054; Boster Biological Technology Co., Ltd., Wuhan, China) for 1.5 h at 37°C. The membranes were washed with TBST buffer 5–6 times for 5 min and visualized for immunoreactive bands using chemiluminescence with an ECL detection kit (Santa-Cruz Biotechnology, Santa Cruz, CA, United States). The bands were scanned for gray levels and quantification was performed using Quantity One software with the integrated density value of β-actin for normalization.



mRNA Expressions of Tight Junction Protein Genes ZO-1 and Occludin and Oxidase Genes SOD, CAT, GSH-Px, and γ-GCS Using qPCR

The total RNA was extracted using the Aidlab kit (Aidlab Biotechnologies Co., Ltd., Beijing, China) in the TRIzol method (Heidary and Kakhki, 2014) and stored at −80°C for later use. RNA was reverse transcribed into cDNA using the common reverse primer Oligo (dT) with a cDNA synthesis kit (Vazyme Biotech Co., Piscataway, NJ, United States). The reverse transcription reaction system is shown in Table 1. The cDNA was diluted 10-fold and detected using the real-time fluorescence quantitative PCR detection technique. The reaction system is shown in Table 2. The primers were designed and synthesized by Wuhan Biofavor Biotech Services Co. Ltd. (Wuhan, China) and are listed in Table 3. The quantification of mRNA expression of genes was made with β-actin as the internal reference gene.


TABLE 1. Reverse transcription reaction.
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TABLE 2. Real time fluorescence quantitative PCR reaction.
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TABLE 3. Primer sequence.
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Antioxidant Ability of MODE-K Cells

The levels of malondialdehyde (MDA) and total glutathione (T-GSH) and the enzyme activities of superoxide dismutase (SOD), catalase (CAT), glutathione peroxidase (GSH-Px), and γ-glutamylcysteine synthetase (γ-GCS) were all determined using test kits (Nanjing Jiancheng Bioengineering Research Institute, Nanjing, China) in accordance with corresponding instructions.



Statistical Analysis

Triplicate readings for each measurement were averaged before statistical analysis. The data for statistical analysis were put to the general linear model with α-chaconine concentration, incubation time, and their interaction as the fixed effects and incubation time as the repeated measurement and analyzed using SPSS19.0 software. The Ducan’s multiple comparison test was used to determine statistical differences among the means. Probability levels below 0.05 were considered statistically significant.




RESULTS


Mouse Intestinal Epithelial Cell Proliferation, Cell Cycle, and Apoptosis

α-Chaconine concentration and incubation time had statistically significant effects on the proliferation, cell cycle, and apoptosis of mouse intestinal epithelial cells (Table 4).


TABLE 4. Effects of α-chaconine on the proliferation, cell cycle, and apoptosis of mouse intestinal epithelial cells.
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The cell proliferation rate did not change significantly over time in the control (0 μg/mL) cells, however, it significantly decreased with increasing incubation time in the 0.4 and 0.8 μg/mL groups. The cell proliferation rate significantly decreased with increased α-chaconine concentration at the same incubation time.

The G0/G1 ratio significantly increased with incubation time in all treatments and with α-chaconine concentration. The proportion of cells in the S stage of the cell cycle was less by 10% (P < 0.001) at 48 h of incubation than at 24 h and did not further decrease (P > 0.05) until 72 h for the control group. The proportion also significantly decreased with incubation time for the α-chaconine-treated groups and the extent of decrease was similar (P > 0.05) for the two α-chaconine-treated groups. The average decrease was 13% (P < 0.001) at 48 h and 24% (P < 0.001) at 72 h compared with 24 h. The G2/M ratio in the control group first increased and then decreased with time. When α-chaconine was added at 0.4 μg/mL, the G2/M ratio did not change until 48 h (P > 0.05) but was significantly lower at 72 h than at 24 and 48 h of incubation. When the α-chaconine concentration was increased to 0.8 μg/mL, the G2/M ratio significantly decreased with incubation time. At 24 h of incubation, α-chaconine concentration had no significant effect on G2/M ratios, however, at 48 and 72 h, the G2/M ratio significantly decreased with the concentration.

The apoptosis rate was significantly higher at 72 h than at 24 h in the untreated cells, higher at 48 and 72 h than at 24 h in the 0.4 μg/mL treated cells, and higher at 72 h than at 24 and 48 h in the 0.8 μg/mL treated cells. When a comparison was made for different α-chaconine concentrations at the same incubation time, the apoptosis rate was always related with α-chaconine concentration.



Mechanical Barrier Function of MODE-K Cells


Permeability and Structural Integrity of MODE-K Cells

The concentration of α-chaconine and time of incubation had significant effects on TEER values, and AKP and LDH activities in mouse intestinal epithelial cells (P < 0.05; Table 5).


TABLE 5. Effects of α-chaconine on the permeability and structural integrity of mouse intestinal epithelial cells.

[image: Table 5]
The TEER value of the control cells did not change significantly with the prolongation of incubation time (P < 0.05) but was significantly lower at 72 h than at 24 and 48 h in the 0.4 μg/mL treated cells and decreased significantly with incubation time in the 0.8 μg/mL treated cells.

At 24 h, the TEER value in the 0.8 μg/mL group was significantly lower than that of the control and 0.4 μg/mL treated cells. At 48 and 72 h, the TEER value was significantly decreased with the increased concentration of α-chaconine.

There was no significant change in AKP activity in the control cells with incubation time. However, the activity increased significantly (P < 0.05) from 24 h to 48 h of incubation time in the 0.4 and 0.8 μg/mL treated cells, but did not significantly increase from 48 h to 72 h. α-Chaconine started to have an effect at 48 h after incubation for the 0.4 μg/mL treatment group and at 24 h for the 0.8 μg/mL treatment compared with the 0 μg/mL control treatment.

The LDH activity in the control cells did not change significantly with incubation time but significantly increased with incubation time in the 0.4 and 0.8 μg/mL treated cells. Similarly to the AKP activity response, α-chaconine started to have an effect (P < 0.05) on LDH activity from 24 h of incubation at the concentration of 0.8 μg/mL in comparison with the control. However, with the 0.4 μg/mL concentration 48 h incubation was needed to have a detectable effect (P < 0.05) relative to the control.



Distribution and Relative Expression of Tight Junction Proteins in MODE-K Cells

α-Chaconine concentration and incubation time had significant effects on the average immunofluorescence staining of tight junction proteins ZO-1 and occludin and the relative expression of tight junction protein ZO-1 in mouse intestinal epithelial cells, but the effect on the relative expression of the tight junction protein occludin did not reach statistical significance (Table 6 and Supplementary Figure 1).


TABLE 6. Effects of α-chaconine on the distribution and relative expression of tight junction proteins in mouse intestinal epithelial cells.
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The average protein expression level of ZO-1 as measured by immunofluorescence staining was stable over time in the control cells, while it decreased with time and a significant difference was obtained at 72 h in the 0.4 μg/mL treated cells compared with the control cells, and at all incubation times in the 0.8 μg/mL treated cells. The effects of α-chaconine concentration and incubation time on the average immunofluorescence staining levels of occludin were similar to those on the immunofluorescence staining levels of ZO-1.

The relative expression of tight junction proteins ZO-1 and occludin in the control cells remained similar over time but decreased with time in α-chaconine treatments. The effects of α-chaconine at 4 μg/mL were not significant at 24 h compared with 0 μg/mL but were significant (P < 0.05) from 48 h of incubation. At 0.8 μg/mL, α-chaconine had significant effects (P < 0.05) starting from 24 h of incubation. The effect of α-chaconine was stronger (P < 0.05) at 48 and 72 h of incubation time when the concentration increased from 0.4 to 0.8 μg/mL.



mRNA Expression of Tight Junction Protein Genes ZO-1 and Occludin in Mouse Small Intestinal Epithelial Cells

The mRNA expression of ZO-1 and occludin genes was affected by α-chaconine concentration and incubation time (Table 7). In the control cells, the mRNA expression of ZO-1 and occludin genes did not change over time, whereas in the α-chaconine treated cells, the effects on the mRNA expression were concentration- and time-dependent. When α-chaconine was added at 0.4 μg/mL, the expression of ZO-1 and occludin mRNA dropped by 7–9% at 24 h, 27–30% at 48 h, and 53–55% at 72 h, respectively, compared to the control group. When the α-chaconine concentration was increased to 0.8 μg/mL, the suppression of mRNA expression was greater, being 36–44% at 24 h, 50–53% at 48 h and 63–64% at 72 h, respectively, in comparison with the control.


TABLE 7. Effects of α-chaconine on the mRNA expression of tight junction protein ZO-1 and occludin genes in mouse intestinal epithelial cells.
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Antioxidant Ability of MODE-K Cells

The α-chaconine concentration and incubation time significantly affected the concentrations of MDA and T-GSH, the activities of GSH-Px and γ-GCS, but did not significantly affect the level of the activities of SOD and CAT (Table 8).


TABLE 8. Effects of α-chaconine on the antioxidant ability of mouse intestinal epithelial cells.
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In the control cells, levels of measured parameters were unchanged with incubation time, but the addition of α-chaconine increased the content of MDA and decreased the levels of other measured parameters. The responses changed linearly with incubation time, but the responses to α-chaconine concentration differed in extent for different measurements. The treatment of 0.4 μg/mL α-chaconine at 24 h resulted in a decrease by 2, 5, 8, 11, and 3% for the content of T-GSH and for the activities of SOD, CAT, GSH-Px, and γ-GCS, respectively, compared with the control. When α-chaconine was added at 0.8 μg/mL, the extent of decrease in these measurements was 33, 25, 27, 36, and 22%, respectively, compared with the control.



Expression of Anti-oxidase Genes SOD, CAT, GSH-Px, and γ-GCS

The α-chaconine concentration and incubation time on mouse intestinal epithelial cells had significant effects on the mRNA expression of SOD, CAT, GSH-Px, and γ-GCS genes (Table 9). In the control cells, the mRNA expression of these genes did not change over time gene. However, in the 0.4 μg/mL treated cells, at 24 h, exception for SOD which dropped slightly (by 6%, P > 0.05), the expression of all the other genes was significantly decreased (P < 0.05) by 18–23% compared with the control cells. The expression was further decreased by 25–30% at 48 h and by 51–61% at 72 h of incubation compared with the control cells for all the four genes. The difference between 24 and 48 h of incubation was not significant but was significantly different (P < 0.05) between 48 and 72 h. In the case of the 0.8 μg/mL treated cells, the mRNA expression of all genes was 31–44% lower than the control cells at 24 h of incubation. The decrease in the mRNA expression was greater than at 24 h, being 42–55% at 48 h and 57–69% at 72 h of incubation in comparison to the control cells.


TABLE 9. Effects of α-chaconine on the relative mRNA expression of antioxidant enzyme genes superoxide dismutase (SOD), catalase (CAT), glutathione peroxidase (GSH-Px), and γ-glutamylcysteine synthetase (γ-GCS) in mouse intestinal epithelial cells.
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DISCUSSION


Cell Proliferation, Cell Cycle, and Apoptosis

The cell proliferation measured by the MTT method can reflect the cell survival and growth ability and can also indirectly reflect the degree of epithelial cell membrane damage (Wang et al., 2017). The results obtained in this study showed that the MTT value of the cells decreased with the increase of α-chaconine concentration and the prolongation of incubation time, suggesting that α-chaconine leads to damage to cell morphology, a reduction in cell viability, and to cytotoxicity. It has been reported that α-chaconine had toxicity to intestinal crypt epithelial cells (IEC-6) and ileal cells (IEC-18) of rats and reduced the MTT values of these cells (Gee et al., 1996). It can be speculated that after α-chaconine reaches the epithelial cells, it may alter or destroy the structure of the cell in some way to affect the metabolism of the cell, and eventually lead to the blocking of cell proliferation.

The cell cycle and apoptosis processes synergize to some extent, in that some key cell cycle regulatory proteins are involved in the regulation of the apoptosis process (Xu et al., 2020). The start and the end of apoptosis are dependent on the operation of the cell cycle, and the stage of the cell cycle phase dictates the exact time when apoptosis begins during the completion of the cell cycle (Dong et al., 2019). Drug based apoptotic agents interfere with the cell proliferation cycle, inhibit the normal transformation during the cell cycle, and promote cell death (Zhang and Shi, 2011). Hence, the process of apoptosis can cause a series of changes in the structure of cell membranes, loss of mitochondrial function, degradation of proteins in cells, and changes in DNA cleavage, etc.

The cell cycle consists of two phases: mitosis (M) and mitotic intervals (G1, S, and G2), while the proliferative capacity of cells is mainly reflected in the G2 and S phases (Li and Xu, 2019). The increase in the length of G0/G1 phase with α-chaconine observed in this study suggests that α-chaconine can increase the number of MODE-K cells in the G0/G1 phase, resulting in more cells in DNA repair processes; while the decrease in the S phase leads to a reduction in the number of cells in DNA synthesis phases, with the decrease in the G2/M phase causing a decrease in the synthesis of RNA and proteins. α-Chaconine can bind to cell homogenates of various tissues, but not to DNA or RNA fragments isolated from mouse hepatocytes (Sharma et al., 1983). Thus, α-chaconine induces apoptosis in more than one way, and other ways are suggested such as by increasing the synthesis of intracellular nitric oxide to reduce the mitochondrial membrane potential or intracellular Ca2+ concentration for the activation of apoptotic proteins (Toyoda et al., 1991).



Mechanical Barrier Function of MODE-K Cells

The transepithelial electrical resistance (TEER) value is an important indicator reflecting the integrity of epithelial cells and cell membrane permeability (Sheridan et al., 2020). α-Chaconine can affect intestinal permeability in mice, thereby disrupting intestinal barrier function (Patel et al., 2002). In this study, the TEER value showed an α-chaconine dose- and incubation time-dependent decrease, which may be due to an α-chaconine-induced change in the structure of the epithelial cell membrane (Friedman et al., 1996; Friedman and McDonald, 1997). This result could account for the mechanism of the in vivo effects (Friedman et al., 1997) which result in the alteration of the ion transepithelial transport channel, a decrease in TEER, and an increase in the permeability of the intestine, consequently causing the loss of protein and other nutrients from the intestine, and the invasion of bacteria and other antigens into the bloodstream.

Alkaline phosphatase is an endogenous enzyme in tissues and cells. Intestinal AKP is distributed in large quantities in intestinal tissues and plays an important role in maintaining the integrity of intestinal epithelial cells. Alkaline phosphatase is an important binding protein on the cell membrane and plays an important regulatory role in cell growth, viability, and metabolism (Bol-Schoenmakers et al., 2010). If AKP is lost from the intestine, the permeability of epithelial cells will increase, causing inflammation and sepsis, and other diseases (Bates et al., 2007). Therefore, the determination of extracellular AKP activity is another important indicator for the detection of cell membrane permeability and integrity. The present study showed that α-chaconine treatment enhanced the extracellular AKP activity of mouse small intestinal epithelial cells, which may be due to α-chaconine changing the cell membrane structure and further causing the increased permeability. A study showing that soybean agglutinin induces an increased AKP activity of IPEC-J2 cells also highlighted the importance of intestinal AKP in the maintenance of the integrity of intestinal epithelial cells (Pan et al., 2013).

Lactate dehydrogenase is the key enzyme for cellular energy metabolism and exists in the cell cytoplasm. The change of LDH enzyme activity in the culture medium is a very sensitive indicator of cytotoxicity (Yuan et al., 2019). Under normal physiological conditions, the LDH enzyme is present within the cell. If the cell membrane is destroyed, the LDH enzyme in the cell will leak to the outside of the cell, increasing the activity of the extracellular LDH enzyme (Xiao et al., 2020). This study found that the LDH activity of the cells increased with α-chaconine treatment in a dose- and time-dependent manner, which is consistent with the findings that LDH activity increased with the addition of α-chaconine or α- solanine into rat glioma cells (Yamashoji and Matsuda, 2013). The effect of α-chaconine on rat IEC-6 and IEC-18 cells also led to the release of intracellular LDH and the increase of LDH content in the extracellular fluid (Gee et al., 1996). A similar result was also reported with human intestinal epithelial cell line Caco-2 (Mandimika et al., 2007). These results suggest that the cell structure is damaged by α-chaconine, resulting in increased permeability of the cell membrane and impaired mechanical barrier function of the cell, and consequently leading to a large number of intracellular enzymes, possibly including apoptotic signaling molecules, entering the extracellular space and stimulating cell apoptosis. Destructive effects on the cell membrane are considered to be the most important mechanism for glycoalkaloids by which the structural and functional integrity of cells or tissues of organisms are damaged (Roddick et al., 1988; Smith et al., 2001; Nenaah, 2011). From the results of this study, we concluded that α-chaconine destroys the mechanical barrier of intestinal mucosal cells by affecting the structure of the cell membrane and the transepithelial cell electrical resistance.

The tight junction is an important structure to maintain the mechanical barrier and permeability of mucosal epithelium. Cytoplasmic protein ZO-1 and the transmembrane protein occludin are two important proteins in tight junctions (Van Itallie and Anderson, 2014). They are not only involved in regulating cell material transport and maintaining epithelial polarity, but are also related to information transmission and the regulation of cell proliferation and differentiation, gene transcription, and other processes. The presence and quantity of ZO-1 and occludin proteins reflect the mechanical barrier of the intestine. As a result, their distribution and relative gene expression are reliable indicators for the state of intestinal tight junction and the disruption of barrier function (Cai et al., 2018). The expression of ZO-1 and occludin can affect the TEER value.

The results of this study showed that the distribution and relative expression of ZO-1 and occludin in cells decreased with α-chaconine treatment in a dose- and time-dependent manner. The reduction of ZO-1 and occludin protein levels damages mainly the intestinal mucosal barrier, which is consistent with reports in the literature (Zhao et al., 2015; Yang et al., 2017).



Cellular Antioxidant Functions

Malondialdehyde is one of the most important products in the process of membrane lipid peroxidation, which not only indicates the degree of free radical production but also reflects the degree of lipid peroxidation and indirectly suggests the degree of cell damage (Barrera et al., 2018). The content of MDA is an indicator of the degree of lipid peroxidation. Superoxide dismutase can scavenge free radicals in the body and catalyze the decomposition of peroxyl radicals to form hydrogen peroxide. Glutathione is a very important antioxidant enzyme in organisms. It can scavenge hydrogen peroxide and lipid peroxides produced in the body and block the damage caused by reactive oxygen radicals (Pastore et al., 2003). Hydrogen peroxide can be converted into water by GSH-Px (Motoori et al., 2001) so that cells are protected from oxidative damage by peroxyl radicals. The reduction in SOD enzyme activity indicates that there are more free radicals in the body to be scavenged (Goc et al., 2017). Catalase can decompose a large amount of H2O2 into water and molecular oxygen, or catalyze the reduction of H2O2 by the O2– provided by the hydrogen donor molecule to prevent the primary initiation of lipid peroxidation reaction, and thus reduce the damage of organic hydroperoxides (Ighodaro and Akinloye, 2018). Glutathione peroxidase accelerates the decomposition of H2O2 into water, and specifically catalyzes the reduction reaction of reduced glutathione and H2O2, to protect the integrity and function of cell membrane structure (Zhang et al., 2020). Glutamylcysteine synthetase is a dimer composed of regulatory and catalytic subunits of glutamylcysteine ligase. It is a rate-limiting enzyme for glutathione (GSH) synthesis, while GSH can neutralize free radicals and reactive ROS.

In this study, MDA content increased with the dose of α-chaconine and incubation time. We speculate that with the action of α-chaconine, mouse small intestinal epithelial cells might produce a large number of free radicals that trigger membrane lipid peroxidation (Pisoschi and Pop, 2015), which causes damage to the cell membrane system, destroys the oxidative metabolic process of cells, and results in oxidative damage to mitochondria. The significant decrease in T-GSH level and activities of SOD, CAT, GSH-Px, and γ-GCS may be due to the consumption of various oxygen free radicals (Hayes and McLellan, 1999) with α-chaconine, which leads to an increase in the sensitivity of small intestinal epithelial cells to oxidative damage in the present study.

The study of antioxidant enzyme genes has become an important research direction. The activity of antioxidant enzymes is determined by the mRNA expression of their genes and the stability, survival, and activity of the proteins. The addition of exogenous nutrients can affect the mRNA expression of antioxidant enzyme genes in an animal (Baker et al., 1998). The results of the present study showed that the mRNA expression of SOD, CAT, GSH-Px, and γ-GCS was decreased by the treatment of cells with α-chaconine, which reduced the defense ability of the cell’s antioxidant enzyme system against ROS, leading us to conclude that α-chaconine results in oxidative damage which may be one of reasons for the apoptosis of small intestinal epithelial cells.




CONCLUSION

α-Chaconine inhibited cell proliferation and promoted cell apoptosis in a dose-dependent and time-dependent manner by blocking cells in the G0/G phase and affecting DNA synthesis. α-Chaconine decreased antioxidant enzyme activity in MODE-K cells, which contributed to lipid peroxidation, cell injury, destroyed the integrity of the cell membrane structure, destroyed the mechanical barrier and permeability of the mucosal epithelium, and finally inhibited cell proliferation and accelerated cell apoptosis.



DATA AVAILABILITY STATEMENT

The original contributions presented in the study are included in the article/Supplementary Material, further inquiries can be directed to the corresponding author/s.



AUTHOR CONTRIBUTIONS

YH conceived and planned the study, acquired funding, and supervised all research. YH, LW, JZ, and JC collected the data. YH, XS, and XC analyzed and interpreted the data. YH and XS prepared the tables and figures, and wrote the manuscript. XS and AM revised the manuscript. All authors approved the final version of the manuscript.



FUNDING

This study was funded by the Jilin Agricultural Science and Technology University, grant number 2018:5004.



SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fpls.2021.673774/full#supplementary-material



REFERENCES

Ahmad, T., Tariq, R. M. S., Iqbal, Q., Hussain, S., Nawaz, A., and Ahmad, S. (2019). “Advanced production technologies of potato,” in Agronomic Crops: Volume 1: Production Technologies, ed. M. Hasanuzzaman (Singapore: Springer), 363–385. doi: 10.1007/978-981-32-9151-5_19

Baker, R. T. M., Handy, R. D., Davies, S. J., and Snook, J. C. (1998). Chronic dietary exposure to copper affects growth, tissue lipid peroxidation, and metal composition of the grey mullet, Chelon labrosus. Mar. Environ. Res. 45, 357–365. doi: 10.1016/S0141-1136(98)00098-1

Barrera, G., Pizzimenti, S., Daga, M., Dianzani, C., Arcaro, A., Cetrangolo, G. P., et al. (2018). Lipid peroxidation-derived aldehydes, 4-hydroxynonenal and malondialdehyde in aging-related disorders. Antioxidants (Basel) 7:102. doi: 10.3390/antiox7080102

Bates, J. M., Akerlund, J., Mittge, E., and Guillemin, K. (2007). Intestinal alkaline phosphatase detoxifies lipopolysaccharide and prevents inflammation in zebrafish in response to the gut microbiota. Cell Host Microbe 2, 371–382. doi: 10.1016/j.chom.2007.10.010

Bol-Schoenmakers, M., Fiechter, D., Raaben, W., Hassing, I., Bleumink, R., Kruijswijk, D., et al. (2010). Intestinal alkaline phosphatase contributes to the reduction of severe intestinal epithelial damage. Eur. J. Pharmacol. 633, 71–77. doi: 10.1016/j.ejphar.2010.01.023

Cai, L., Li, X., Geng, C., Lei, X., and Wang, C. (2018). Molecular mechanisms of somatostatin-mediated intestinal epithelial barrier function restoration by upregulating claudin-4 in mice with DSS-induced colitis. Am. J. Physiol. Cell Physiol. 315, C527–C536. doi: 10.1152/ajpcell.00199.2018

Dong, X., Zhai, R., Liu, Z., Lin, X., Wang, Z., and Hu, Z. (2019). The effect of intravenous infusions of glutamine on duodenal cell autophagy and apoptosis in early-weaned calves. Animals (Basel) 9:404. doi: 10.3390/ani9070404

Friedman, M. (2006). Potato glycoalkaloids and metabolites: roles in the plant and in the diet. J. Agric. Food Chem. 54, 8655–8681. doi: 10.1021/jf061471t

Friedman, M., Burns, C. F., Butchko, C. A., and Blankemeyer, J. T. (1997). Folic acid protects against potato glycoalkaloid α-chaconine-induced disruption of frog embryo cell membranes and developmental toxicity. J. Agric. Food Chem. 45, 3991–3994. doi: 10.1021/jf9702205

Friedman, M., Henika, P. R., and Mackey, B. E. (1996). Feeding of potato, tomato and eggplant alkaloids affects food consumption and body and liver weights in mice. J. Nutr. 126, 989–999. doi: 10.1093/jn/126.4.989

Friedman, M., and McDonald, G. M. (1997). Potato glycoalkaloids: chemistry, analysis, safety, and plant physiology. Crit. Rev. Plant Sci. 16, 55–132. doi: 10.1080/07352689709701946

Gee, J. M., Wortley, G. M., Johnson, I. T., Price, K. R., Rutten, A. A. J. J. L., Houben, G. F., et al. (1996). Effects of saponins and glycoalkaloids on the permeability and viability of mammalian intestinal cells and on the integrity of tissue preparations in vitro. Toxicol in Vitro 10, 117–128. doi: 10.1016/0887-2333(95)00113-1

Goc, Z., Szaroma, W., Kapusta, E., and Dziubek, K. (2017). Protective effects of melatonin on the activity of SOD, CAT, GSH-Px and GSH content in organs of mice after administration of SNP. Chin. J. Physiol. 60, 1–10. doi: 10.4077/cjp.2017.Baf435

Groschwitz, K. R., and Hogan, S. P. (2009). Intestinal barrier function: molecular regulation and disease pathogenesis. J. Allergy Clin. Immunol. 124, 3–20. doi: 10.1016/j.jaci.2009.05.038

Hayes, J. D., and McLellan, L. I. (1999). Glutathione and glutathione-dependent enzymes represent a co-ordinately regulated defence against oxidative stress. Free Radic. Res. 31, 273–300. doi: 10.1080/10715769900300851

Heidary, M., and Kakhki, M. P. (2014). TRIzol-based RNA extraction: a reliable method for gene expression studies. J. Sci. Islamic Rep. Iran 25, 13–17.

Iablokov, V., Sydora, B. C., Foshaug, R., Meddings, J., Driedger, D., Churchill, T., et al. (2010). Naturally occurring glycoalkaloids in potatoes aggravate intestinal inflammation in two mouse models of inflammatory bowel disease. Dig. Dis. Sci. 55, 3078–3085. doi: 10.1007/s10620-010-1158-9

Ighodaro, O. M., and Akinloye, O. A. (2018). First line defence antioxidants-superoxide dismutase (SOD), catalase (CAT) and glutathione peroxidase (GPX): their fundamental role in the entire antioxidant defence grid. Alexandria J. Med. 54, 287–293. doi: 10.1016/j.ajme.2017.09.001

Im, K., Mareninov, S., Diaz, M. F. P., and Yong, W. H. (2019). An introduction to performing immunofluorescence staining. Methods Mol. Biol. 1897, 299–311. doi: 10.1007/978-1-4939-8935-5_26

Ji, Y. B., and Gao, S. Y. (2008). Study on mitochondrion pathway of the apoptosis of HepG2 induced by solanine [in Chinese]. China Pharmac. J. 43, 272+273–275.

Kim, K. H., and Sederstrom, J. M. (2015). Assaying cell cycle status using flow cytometry. Curr. Protoc. Mol. Biol. 111, 28.26.21–28.26.11. doi: 10.1002/0471142727.mb2806s111

Knuthsen, P., Jensen, U., Schmidt, B., and Larsen, I. K. (2009). Glycoalkaloids in potatoes: content of glycoalkaloids in potatoes for consumption. J. Food Comp. Anal. 22, 577–581. doi: 10.1016/j.jfca.2008.10.003

Korpan, Y. I., Nazarenko, E. A., Skryshevskaya, I. V., Martelet, C., Jaffrezic-Renault, N., and El’skaya, A. V. (2004). Potato glycoalkaloids: true safety or false sense of security? Trends Biotechnol. 22, 147–151. doi: 10.1016/j.tibtech.2004.01.009

Kumar, P., Nagarajan, A., and Uchil, P. D. (2018). Analysis of cell viability by the MTT assay. Cold Spring Harb. Protoc. 2018, 469–471. doi: 10.1101/pdb.prot095505

Li, D., and Xu, Y. (2019). Buforin IIb induced cell cycle arrest in liver cancer. Anim. Cells Syst. (Seoul) 23, 176–183. doi: 10.1080/19768354.2019.1595139

Lin, T., Oqani, R. K., Lee, J. E., Kang, J. W., Kim, S. Y., Cho, E. S., et al. (2018). α-Solanine impairs oocyte maturation and quality by inducing autophagy and apoptosis and changing histone modifications in a pig model. Reprod. Toxicol. 75, 96–109. doi: 10.1016/j.reprotox.2017.12.005

Liu, H., Roasa, J., Mats, L., Zhu, H., and Shao, S. (2020). Effect of acid on glycoalkaloids and acrylamide in French fries. Food Addit. Contam. Part A Chem. Anal. Control Expo Risk Assess. 37, 938–945. doi: 10.1080/19440049.2020.1743883

Machado, R. M. D., Toledo, M. C. F., and Garcia, L. C. (2007). Effect of light and temperature on the formation of glycoalkaloids in potato tubers. Food Control 18, 503–508. doi: 10.1016/j.foodcont.2005.12.008

Mandimika, T., Baykus, H., Vissers, Y., Jeurink, P., Poortman, J., Garza, C., et al. (2007). Differential gene expression in intestinal epithelial cells induced by single and mixtures of potato glycoalkaloids. J. Agr. Food Chem. 55, 10055–10066. doi: 10.1021/jf0724320

Milner, S. E., Brunton, N. P., Jones, P. W., O Brien, N. M., Collins, S. G., and Maguire, A. R. (2011). Bioactivities of glycoalkaloids and their aglycones from solanum species. J. Agr. Food Chem. 59, 3454–3484. doi: 10.1021/jf200439q

Motoori, S., Majima, H. J., Ebara, M., Kato, H., Hirai, F., Kakinuma, S., et al. (2001). Overexpression of mitochondrial manganese superoxide dismutase protects against radiation-induced cell death in the human hepatocellular carcinoma cell line HLE. Cancer Res. 61, 5382–5388.

Nenaah, G. E. (2011). Toxic and antifeedant activities of potato glycoalkaloids against Trogoderma granarium (Coleoptera: Dermestidae). J. Stored. Prod. Res. 47, 185–190. doi: 10.1016/j.jspr.2010.11.003

Nielsen, S. D., Schmidt, J. M., Kristiansen, G. H., Dalsgaard, T. K., and Larsen, L. B. (2020). Liquid chromatography mass spectrometry quantification of α-solanine, α-chaconine, and solanidine in potato protein isolates. Foods 9:416. doi: 10.3390/foods9040416

Oda, Y., Saito, K., Ohara-Takada, A., and Mori, M. (2002). Hydrolysis of the potato glycoalkaloid α-chaconine by filamentous fungi. J. Bios Bioeng. 94, 321–325. doi: 10.1263/jbb.94.321

Omatsu, T., Naito, Y., Handa, O., Hayashi, N., Mizushima, K., Qin, Y., et al. (2009). Involvement of reactive oxygen species in indomethacin-induced apoptosis of small intestinal epithelial cells. J. Gastroenterol. 44(Suppl. 19), 30–34. doi: 10.1007/s00535-008-2293-3

Pan, L., Qin, G., Zhao, Y., Wang, J., Liu, F., and Che, D. (2013). Effects of soybean agglutinin on mechanical barrier function and tight junction protein expression in intestinal epithelial cells from piglets. Int. J. Mol. Sci. 14, 21689–21704. doi: 10.3390/ijms141121689

Pastore, A., Federici, G., Bertini, E., and Piemonte, F. (2003). Analysis of glutathione: implication in redox and detoxification. Clin. Chim. Acta 333, 19–39. doi: 10.1016/s0009-8981(03)00200-6

Patel, B., Schutte, R., Sporns, P., Doyle, J., Jewel, L., and Fedorak, R. N. (2002). Potato glycoalkaloids adversely affect intestinal permeability and aggravate inflammatory bowel disease. Inflamm. Bowel Dis. 8, 340–346. doi: 10.1097/00054725-200209000-00005

Pisoschi, A. M., and Pop, A. (2015). The role of antioxidants in the chemistry of oxidative stress: a review. Eur. J. Med. Chem. 97, 55–74. doi: 10.1016/j.ejmech.2015.04.040

Roddick, J. G., Rijnenberg, A. L., and Osman, S. F. (1988). Synergistic interaction between potato glycoalkaloids α-solanine and α-chaconine in relation to destabilization of cell membranes: ecological implications. J. Chem. Ecol. 14, 889–902. doi: 10.1007/bf01018781

Rytel, E. (2012). The effect of industrial potato processing on the concentrations of glycoalkaloids and nitrates in potato granules. Food Control 28, 380–384. doi: 10.1016/j.foodcont.2012.04.049

Sharma, R. P., Taylor, M. J., and Bourcier, D. R. (1983). Subcellular distribution of α-chaconine in mouse hepatocytes. Drug Chem. Toxicol. 6, 219–234. doi: 10.3109/01480548309016026

Shepherd, L. V. T., Hackett, C. A., Alexander, C. J., McNicol, J. W., Sungurtas, J. A., McRae, D., et al. (2016). Impact of light-exposure on the metabolite balance of transgenic potato tubers with modified glycoalkaloid biosynthesis. Food Chem. 200, 263–273. doi: 10.1016/j.foodchem.2015.12.095

Sheridan, A., Pridgen, T., Odle, J., Van Landeghem, L., Blikslager, A., and Ziegler, A. (2020). A glial cell inhibitor blocks epithelial barrier repair in a pig model of intestinal ischemia. FASEB J. 34:1. doi: 10.1096/fasebj.2020.34.s1.02030

Skarkova, J., Ostry, V., and Ruprich, J. (2008). Instrumental HPTLC determination of α-solanine and α-chaconine in peeled potato tubers. J. Planar Chromat. Mod TLC 21, 113–117. doi: 10.1556/JPC.21.2008.2.7

Smith, D. B., Roddick, J. G., and Jones, J. L. (2001). Synergism between the potato glycoalkaloids α-chaconine and α-solanine in inhibition of snail feeding. Phytoch 57, 229–234. doi: 10.1016/s0031-9422(01)00034-6

Tajner-Czopek, A., Rytel, E., Kita, A., Pȩksa, A., and Hamouz, K. (2012). The influence of thermal process of coloured potatoes on the content of glycoalkaloids in the potato products. Food Chem. 133, 1117–1122. doi: 10.1016/j.foodchem.2011.10.015

Toyoda, M., Rausch, W. D., Inoue, K., Ohno, Y., Fujiyama, Y., Takagi, K., et al. (1991). Comparison of solanaceous glycoalkaloids-evoked Ca2+ influx in different types of cultured cells. Toxicol In Vitro 5, 347–351. doi: 10.1016/0887-2333(91)90012-3

Van Itallie, C. M., and Anderson, J. M. (2014). Architecture of tight junctions and principles of molecular composition. Semin. Cell Dev. Biol. 36, 157–165. doi: 10.1016/j.semcdb.2014.08.011

Wang, H., Chen, Y., Zhai, N., Chen, X., Gan, F., Li, H., et al. (2017). Ochratoxin A-induced apoptosis of IPEC-J2 cells through ROS-mediated mitochondrial permeability transition pore opening pathway. J. Agric. Food Chem. 65, 10630–10637. doi: 10.1021/acs.jafc.7b04434

Xiao, K., Liu, C., Qin, Q., Zhang, Y., Wang, X., Zhang, J., et al. (2020). EPA and DHA attenuate deoxynivalenol-induced intestinal porcine epithelial cell injury and protect barrier function integrity by inhibiting necroptosis signaling pathway. FASEB J. 34, 2483–2496. doi: 10.1096/fj.201902298R

Xu, H., Khan, A., Zhao, S., Wang, H., Zou, H., Pang, Y., et al. (2020). Effects of inhibin A on apoptosis and proliferation of bovine granulosa cells. Animals (Basel) 10:367. doi: 10.3390/ani10020367

Yamashoji, S., and Matsuda, T. (2013). Synergistic cytotoxicity induced by α-solanine and α-chaconine. Food Chem. 141, 669–674. doi: 10.1016/j.foodchem.2013.03.104

Yang, J., Wang, Y., Liu, H., Bi, J., and Lu, Y. (2017). C2-ceramide influences alveolar epithelial barrier function by downregulating ZO-1, occludin and claudin-4 expression. Toxicol. Mech. Methods 27, 293–297. doi: 10.1080/15376516.2017.1278812

Yasumoto, S., Umemoto, N., Lee, H. J., Nakayasu, M., Sawai, S., Sakuma, T., et al. (2019). Efficient genome engineering using Platinum TALEN in potato. Plant Biotechnol. (Tokyo) 36, 167–173. doi: 10.5511/plantbiotechnology.19.0805a

Yuan, Z., Liang, Z., Yi, J., Chen, X., Li, R., Wu, Y., et al. (2019). Protective effect of koumine, an alkaloid from gelsemium sempervirens, on injury induced by H2O2 in IPEC-J2 cells. Int. J. Mol. Sci. 20:754. doi: 10.3390/ijms20030754

Zhang, J., and Shi, G. W. (2011). Inhibitory effect of solanine on prostate cancer cell line PC-3 in vitro. Natl. J. Androl. 17, 284–287. doi: 10.13263/j.cnki.nja.2011.03.003 [in Chinese],

Zhang, M. L., Wu, H. T., Chen, W. J., Xu, Y., Ye, Q. Q., Shen, J. X., et al. (2020). Involvement of glutathione peroxidases in the occurrence and development of breast cancers. J. Transl. Med. 18:247. doi: 10.1186/s12967-020-02420-x

Zhao, Y., Liu, D., Han, R., Zhang, X., Zhang, S., and Qin, G. (2015). Soybean allergen glycinin induced the destruction of the mechanical barrier function in IPEC-J2. Food Agric. Immun. 26, 601–609. doi: 10.1080/09540105.2014.998638

Zhao, Y., Zhang, S., Naren, G., and Qin, G. (2017). The immunoreactive protein was produced during absorption of glycinin or its hydrolysate in IPEC-J2. Int. J. Food Eng. 13:441. doi: 10.1515/ijfe-2016-0441


Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2021 He, Chen, Zhang, Zhang, Wang, Chen, Molenaar and Sun. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OPS/images/fpls-12-673774-g001.jpg
-Illlg






OPS/images/fpls-12-673774-t009.jpg
Concentration (ng/mL) Time (h) Relative mRNA Relative mRNA Relative mRNA Relative mRNA

expression of expression of expression of expression of y
SOoD CAT GSH-Px -GCS

0 24 1.042 1.11a 1.072 1.07a
48 1.067 1.037 1.05% 1.00%

72 1.022 1.10° 1.0480 1.112
0.4 24 0.9820 0.85° 0.88b¢ 0.850¢
48 0.79b¢ 0.75b¢ 0.73%¢ 0.74%9

72 0.49¢ 0.54¢ 0.49° 0.43%9
0.8 24 0.72¢ 0.70¢d 0.60% 0.67%
48 0.62¢9 0.57% 0.47¢ 0.54¢

72 0.434 0.34 0.45° 0.359

SEM 0.077 0.085 0.083 0.087
P-value Conc < 0.001 < 0.001 < 0.001 < 0.001
Time < 0.001 < 0.001 0.002 < 0.001

Conc x Time 0.030 0.013 0.043 0.005

The same letter on the shoulder of the mean in the same column indicates that the difference is insignificant, and the absence of the same letter means that the difference
is significant. Conc, concentration. The mRNA expression of the target genes was quantified in comparison with the mRNA expression of the reference gene B-actin
that was set as 1.





OPS/images/cross.jpg
3,

i





OPS/xhtml/Nav.xhtml




Contents





		Cover



		α-Chaconine Affects the Apoptosis, Mechanical Barrier Function, and Antioxidant Ability of Mouse Small Intestinal Epithelial Cells



		INTRODUCTION



		MATERIALS AND METHODS



		Cell Culture



		Measurements of Cell Proliferation, Cell Cycle, and Apoptosis



		Cell Proliferation



		Cell Cycle



		Cell Apoptosis







		Permeability and Structural Integrity of MODE-K Cells



		Distribution and Relative Expression of Tight Junction Proteins in MODE-K Cells



		mRNA Expressions of Tight Junction Protein Genes ZO-1 and Occludin and Oxidase Genes SOD, CAT, GSH-Px, and γ-GCS Using qPCR



		Antioxidant Ability of MODE-K Cells



		Statistical Analysis







		RESULTS



		Mouse Intestinal Epithelial Cell Proliferation, Cell Cycle, and Apoptosis



		Mechanical Barrier Function of MODE-K Cells



		Permeability and Structural Integrity of MODE-K Cells



		Distribution and Relative Expression of Tight Junction Proteins in MODE-K Cells



		mRNA Expression of Tight Junction Protein Genes ZO-1 and Occludin in Mouse Small Intestinal Epithelial Cells







		Antioxidant Ability of MODE-K Cells



		Expression of Anti-oxidase Genes SOD, CAT, GSH-Px, and γ-GCS







		DISCUSSION



		Cell Proliferation, Cell Cycle, and Apoptosis



		Mechanical Barrier Function of MODE-K Cells



		Cellular Antioxidant Functions







		CONCLUSION



		DATA AVAILABILITY STATEMENT



		AUTHOR CONTRIBUTIONS



		FUNDING



		SUPPLEMENTARY MATERIAL



		REFERENCES

















OPS/images/cover.jpg
frontiers
in Plant Science










OPS/images/fpls-12-673774-t007.jpg
Concentration (ng/mL) Time (h) Z0-1 gene Occludin

mRNA gene mRNA
0 24 1.012 1.052
48 1.022 1.052
72 0.942 0.972
0.4 24 0.922 0.98?
48 0.71b 0.77b
72 0.43% 0.46°9
0.8 24 0.65¢ 0.59°
48 0.51%¢ 0.49°¢
72 0.347 0.367
SEM 0.082 0.087
P-value Conc < 0.001 < 0.001
Time < 0.001 < 0.001
Conc x Time 0.017 0.001

The same letter on the shoulder of the mean in the same column indicates that
the difference is insignificant, and the absence of the same letter means that the
difference is significant. Conc, concentration. The mRNA expression of the target
genes was quantified in comparison with the mRNA expression of the reference
gene B-actin that was set as 1.





OPS/images/fpls-12-673774-t008.jpg
Concentration Time (h) MDA content T-GSH content (i SOD activity CAT activity GSH-Px activity y -GCS activity

(ng/mL) (nmol/mgprot) mol/gprot) (U/mgprot) (U/gHb) (U/mgprot) (U/gprot)
0 24 0.58 9.802 4182 548.6% 3.212 70.18
48 0.61¢ 9.374 423 587.72 3.262 71.62
72 0.59¢ 9.962 4182 554.2ab 3.202 71.72
0.4 24 0.83° 9.65% 3.99% 506.4° 2.85° 67.72
48 1.349 7.40b 3.40bc 428.4¢ 2.36¢ 55.8°
72 1.66° 5.55¢d 2.68% 387.9° 1.744 44.9°
0.8 24 1.419 6.530%¢ 3.1g% 401.6° 2.06% 54.5°
48 1.90P 4.67% 2.20¢f 369.9% 1.28¢ 40.8°
72 2,562 3.76° 1.92 320.49 0.97¢ 28.89
SEM 0.217 0.755 0.277 29.87 0.273 4.87
P-value Conc < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001
Time < 0.001 < 0.001 < 0.001 0.005 < 0.001 < 0.001
Conc x Time < x0.001 0.004 0.053 0.057 0.001 0.004

The same letter on the shoulder of the mean in the same column indicates that the difference is insignificant, and the absence of the same letter means that the difference
is significant. MDA, malondialdehyde; T-GSH, total glutathione; SOD, superoxide dismutase; CAT, catalase; GSH-Px, glutathione peroxidase; y-GCS, y-glutamylcysteine
synthetase; Conc, concentration.
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Concentration  Time (h) Cell TEER AKP (King’s LDH (U/L)
(ng/mL) value (2 cm?) unit/100 mL)
0 24 93.32 0.691¢ 755.1¢
48 93.02 0.670d 780.4¢
72 9452 0.661 760.7¢
0.4 24 86.280 0.7254 909.5¢
48 82.9° 0.888P° 1173.34
72 73.9° 0.903be 1369.8P°
0.8 24 73.6° 0.866° 1215.4%d
48 51.59 0.966% 1468.1°
72 18.7¢ 1.0282 1746.02
SEM 7.81 0.0430 111.57
P-value Conc < 0.001 < 0.001 < 0.001
Time < 0.001 < 0.001 < 0.001
Conc x Time < 0.001 < 0.001 < 0.001

The same letter on the shoulder of the mean in the same column indicates that
the difference is insignificant, and the absence of the same letter means that the
difference is significant. TEER, transepithelial electrical resistance; AKR alkaline
phosphatase; LDH, lactate dehydrogenase; Conc, concentration.
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Concentration Time (h) ZO-1 (average Occludin Z0-1/8 Occludin/p

(ng/mL) optical (average -actin -actin
density) optical
density)
0 24 0.8522 0.9002 0.585%  0.5372
48 0.8852 0.8382 0.594%  0.5582
72 0.8972 0.8502 0.5682  0.5502
0.4 24 0.694° 0.738° 0.5532  0.473%
48 0.644° 0.576° 0.447°  0.403P°
72 0.583¢ 0.503¢d 0.321¢  0.286°
0.8 24 0.549° 0.534% 0.436°  0.354b
48 0.489¢ 0.4634 0.288°  0.249d%
72 0.415¢ 0.309° 01769  0.134°
SEM 0.0562 0.0640 0.0474  0.0475
P-value Conc < 0.001 < 0.001 <0.001 <0.001
Time 0.002 < 0.001 < 0.001 0.050
Conc x Time ~ 0.002 0.021 0.013 0.104

The same letter on the shoulder of the mean in the same column indicates that
the difference is insignificant, and the absence of the same letter means that the
difference is significant. Conc: concentration.
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Name Primer Sequence Size (bp)

B-actin Forward 5'-CACGATGGAGGGGCCGGACTCATC-3 240
Reverse 5'-TAAAGACCTCTATGCCAACACAGT-3

Mus occludin - Forward  5'-TAAGAGCTTACAGGCAGAACTAG-3' 228
Reverse 5'-CTGTCATAATCTCCCACCATC-3

Mus ZO-1 Forward 5'-AGATACCTGTGAACTGTCCCTA-3 253
Reverse  5'-ATGTCCGCACCTGAGTGA-3'

Mus SOD Forward  5'-AACCATCCACTTCGAGCAGA-3' 203
Reverse  5'-GGTCTCCAACATGCCTCTCT-3

Mus GSH-Px  Forward 5'-CAGAATGGCAAGAATGAAGAG-3 132
Reverse 5'-GAAGGTAAAGAGCGGGTGA-3'

Mus CAT Forward  5'-GATGAGCGGGCTACCTTA-3' 206
Reverse  5'-TGTGGAGACTGCGTGGAA-3

Mus y-GCS ~ Forward 5-ACAAGCACCCCCGCTTCGG-3 140

Reverse 5'-CTCCAGGCCTCTCTCCTC-3'
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Concentration (png/mL) Time (h) Cell proliferation rate (%) Cell cycle distribution (%) Apoptosis rate (%)

Go/G1 S Ga/M

0 24 100.72 415 46.9° 11.6° 3.9

48 103.22 44.4h 42.3° 13.52 5.0¢f

72 103.22 47.09 42.0P 11.0P 5.8¢

0.4 24 95.2b 4851 4130 10.2° 7.79

48 90.8° 52.6° 36.0° 11.4b 10.2¢

72 81.9d% 61.3¢ 31.5° 7.2¢ 11.2¢

0.8 24 84.1d 56.49 32.99 10.6° 15.1P

48 78.6° 67.3° 28.6f 4.2d 15.7°

72 70.61 73.42 25.29 1.4¢ 35.72

SEM 0.04 3.41 2.29 1.25 3.06
P-value Conc < 0.001 < 0.001 < 0.001 < 0.001 < 0.001
Time < 0.001 < 0.001 < 0.001 < 0.001 < 0.001
Conc x Time < 0.001 < 0.001 < 0.001 < 0.001 < 0.001

The same letter on the shoulder of the mean in the same column indicates that the difference is insignificant, and the absence of the same letter means that the difference
is significant. Conc, concentration.
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Regent Volume (pL)

RNA 1-5ug
Oligo (dT) 18 (10 M) 2
dNTP (2.5 mM) 4

5 x Hiscript buffer 4
Hiscript reverse transcriptase 1
Ribonuclease inhibitor 05
ddHo O (RNase free) up to 20

Reaction conditions: 25°C for 5 min, 50°C for 15 min, 85°C for 5 min, and
4°C for 10 min.
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Regent Volume (pL)

cDNA (10-fold dilution) 2
Forward primer (10 uM) 1
Reverse primer (10 wM) 1
SYBR green master mix 5
50 x ROX reference dye 2 02
HoO 0.8

Reaction conditions: 50°C for 2 min, 95°C for 10 min, 95°C for 30 s, 60°C for 30 s,
40 cycles. The final data were analyzed using 2~ 2ACt,





