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Abstract

:

Chlorfenapyr (CHL) is a type of insecticide with a wide range of insecticidal activities and unique targets. The extensive use of pesticides has caused an increase in potential risks to the environment and human health. However, the potential toxicity of CHL and its mechanisms of action on humans remain unclear. Therefore, human liver cells (HepG2) were used to investigate the cytotoxic effect and mechanism of toxicity of CHL at the cellular level. The results showed that CHL induced cellular toxicity in HepG2 cells and induced mitochondrial damage associated with reactive oxygen species (ROS) accumulation and mitochondrial calcium overload, ultimately leading to apoptosis and autophagy in HepG2 cells. Typical apoptotic changes occurred, including a decline in the mitochondrial membrane potential, the promotion of Bax/Bcl-2 expression causing the release of cyt-c into the cytosol, the activation of cas-9/-3, and the cleavage of PARP. The autophagic effects included the formation of autophagic vacuoles, accumulation of Beclin-1, transformation of LC3-II, and downregulation of p62. Additionally, DNA damage and cell cycle arrest were detected in CHL-treated cells. These results show that CHL induced cytotoxicity associated with mitochondria-mediated programmed cell death (PCD) and DNA damage in HepG2 cells.
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1. Introduction


Chlorfenapyr (CHL) is a commonly used insecticide worldwide. It is widely used to control Lepidoptera, Diptera, Coleoptera, Hemiptera, and mites on various crops and trees, with good effects [1]. CHL is a type of novel N-substituted halogenated pyrrole compound. It can interrupt the conversion of adenosine diphosphate to adenosine triphosphate in the mitochondria and cause energy loss [2], which eventually leads to cell dysfunction and death.



In light of the popularity of CHL, the potential risks that it poses to the environment and non-target organisms have attracted researchers’ attention in recent years. Studies have shown that CHL binds strongly to soil particles with low water solubility and volatility. The degradation of CHL in soil, sediment, and water is slow, with an average half-life of 1.0 year, 1.1 years, and 0.8 years, respectively. Moreover, the toxic effects of CHL have been reported in ducks, fish, silkworm, and mice [3,4,5,6]. Due to its high environmental persistence and potential toxic effects on non-target organisms, CHL has been banned or limited to use in the Europe and United States [4]. As for humans, a few cases of fatal toxicity of CHL have also been reported. The characteristic features of CHL intoxication are high fever and rhabdomyolysis, which gradually worsen until death [7,8]. Previous studies showed that CHL ingestion causes damage to high-energy organs, such as the brain, kidneys, muscles, and heart. CHL also induces delayed injury, such as Leigh’s disease or mitochondrial neurogastrointestinal encephalopathy, ultimately resulting in death [9].



Considering the toxicity and the widespread use of CHL, non-target organisms, particularly human health, may face potential threats. Therefore, it is vital to re-evaluate the toxic effects and explore the mechanism of action of CHL in humans. In this study, a frequently used cellular model, human liver cells (HepG2), was employed to evaluate the toxic effects of CHL in vitro. Furthermore, multiple tests were performed to explore the mechanism of CHL toxicity in HepG2 cells. We found that CHL inhibited cell proliferation associated with mitochondria-mediated PCD and oxidative DNA damage in HepG2 cells. These findings provide a theoretical basis for the toxic effects of CHL and place a focus on the latent human health and environmental security threats posed by N-substituted halogenated pyrrole insecticides.




2. Results


2.1. Cytoactivity of HepG2 Cells


The cytoactivity of HepG2 cells treated with increasing concentrations of CHL for 24, 48 and 72 h was assessed by MTT assay. The results showed that CHL inhibited the proliferation of HepG2 cells in a time- and dose-dependent manner (Figure 1). The IC50 values of CHL treatment at 24, 48 and 72 h were 161.74, 59.16 and 32.49 μM, respectively.




2.2. Production of Reactive Oxygen Species (ROS) and Damage of Mitochondria


As shown in Figure 2A,B, a gradual increase in dichlorofluorescein (DCF) fluorescence was detected in cells with increasing concentrations of CHL. Compared to the control, the number of DCF-positive cells rose to 51.8 ± 6.1% at 120 μM CHL treatment (Figure 2C). These data suggest that CHL induces ROS generation in HepG2 cells. Additionally, as indicated in Figure 2D, the activity of intracellular antioxidant enzymes SOD and CAT decreased in a dose-dependent manner in cells after treatment with CHL.



As demonstrated in Figure 3B, the dose-related decrease in Rh123 fluorescence intensity demonstrated the depolarization of the mitochondrial membrane potential (MMP). Furthermore, after JC-1 staining, we detected that exposure to 120 μM CHL resulted in a 49.3 ± 2.5% decrease in MMP compared to the control (Figure 3A,C). These data suggest that CHL causes MMP collapse in HepG2 cells.



The mPTP is a non-selective pore; it’s opening may cause MMP collapse and induce cell death pathways [10]. As Ca2+ overload in the mitochondrial matrix is the initial mechanism of mPTP opening [11], we then investigated the variation in the Ca2+ concentration in cytosol and mitochondria with a cytoplasmic Ca2+ indicator dye (Fluo-3AM) and mitochondrial Ca2+ indicator dye (Rhod-2AM). As Figure 4 showed, CHL increased the mitochondrial and cytosolic Ca2+ levels in a dose-related manner in HepG2 cells, further confirming that mitochondrial membrane potential collapse was induced by CHL through intracellular Ca2+ overload in HepG2 cells.




2.3. Apoptosis in HepG2 Cells


As shown in Figure 5A, the number of apoptotic (cells in Q2) and early apoptotic cells (cells in Q3) increased gradually after treatment with various concentrations of CHL within the range of 0–120 μM. Compared to the control group (6.16 ± 1.8%), the ratio of apoptotic cells increased to 33.32 ± 6.1% following treatment with 120 μM CHL (Figure 5B). The results showed that apoptosis in HepG2 cells was induced by CHL in a dose-dependent manner.




2.4. Expression of Apoptosis-Related Proteins in CHL-Treated Cells


As shown in Figure 5C,D, cytochrome c (cyt-c), which is the key element of the mitochondria-mediated apoptosis pathway [12], decreased in the mitochondrial fractions after CHL treatment. In contrast, cyt-c accumulation was detected in cytosolic fractions. The proapoptotic protein Bax induces cyt-c release to the cytoplasm, and the anti-apoptotic protein Bcl-2 suppresses cyt-c and prevents the collapse of the mitochondrial membrane potential [13]. Therefore, the expression levels of Bax and Bcl-2 were detected. Figure 5C,D show that CHL treatment upregulated the expression of Bax while it downregulated Bcl-2. Moreover, the activity of the apoptosis effector caspase-3 and its precursor, caspase-9, increased in a dose-dependent manner following CHL treatment (Figure 5E). These results indicate that CHL-induced mitochondria-dependent apoptotic pathways are associated with the caspase cascade.




2.5. CHL Induced Autophagy in HepG2 Cells


The typical characteristics of autophagy were observed by transmission electron microscopy. Figure 6A shows that after exposure to CHL, large autophagic vacuoles containing cellular material or membrane structures were detected in HepG2 cells compared with controls (Figure 6B,C). Furthermore, MDC, an autofluorescent dye, was used for monitoring autophagosome formation. As revealed in Figure 6D, CHL enhanced the fluorescence intensity of MDC on cells in a dose-related manner.



The expression levels of autophagy marker proteins, including Beclin-1, LC3-II/I, and p62, were determined using Western blotting. As shown in Figure 6E,F, from the overall trend, CHL upregulated the expression level of Beclin-1 and downregulated P62. In the meantime, CHL increased the conversion of LC3-I to LC3-II in HepG2 cells in a dose-dependent manner. The amounts of lysosomes and mitochondria in cells were evaluated by Lyso-tracker and Mito-tracker, respectively. The results showed that after CHL treatment, the intensity of green fluorescence had a significant decrease, while the red fluorescence intensity showed a gradual increase in a dose-dependent manner (Figure 7). These findings indicate that CHL induces autophagy in HepG2 cells, which may be associated with the damage of mitochondria.




2.6. CHL Induced DNA Damage and Cell Cycle Arrest


After exposure to various concentrations of CHL, the HepG2 cells displayed a significantly increased level of γH2AX, which is a classic feature of DNA double-strand breaks. Moreover, the DNA mainly repaired protein PARP and OGG1, which were detected to be cleaved or accumulated in HepG2 cells, respectively (Figure 8A,B). The formation of DNA break markers and the activity of DNA-repaired proteins both indicated that CHL induced DNA damage in HepG2 cells, either directly or indirectly. In addition, the cell cycle was analyzed by flow cytometry. After 60 μM CHL treatment, the number of cells in the G1 phase decreased by 11.54%, while it increased by 4.73 and 6.18% in the S and G2 phases, respectively (Figure 8C,D). These findings indicate that the cell cycle may be arrested at the S and G2 phases after exposure to CHL.





3. Discussion


Recently, the safety and environmental friendliness of CHL has been gradually challenged. An increasing number of studies have indicated that CHL has acute toxic effects on non-target organisms, including humans. However, limited research has focused on the toxic effects and modes of action of CHL on humans, especially at the cellular level. In the present study, the results suggest that CHL significantly inhibited the proliferation of HepG2 cells. CHL treatment also induced mitochondrial damage, which was associated with MMP collapse, ROS accumulation, and mitochondrial calcium overload. The mitochondrial damage ultimately led to apoptosis and autophagy in HepG2 cells, which indicated that CHL inhibited cell vitality through mitochondria-mediated PCD.



Mitochondria are one of the principal vital organs in cells and have several significant functions. They are also acknowledged as the main source of ROS, mainly originating from the respiratory chain [14]. Various environmental stressors, such as pesticides, are known to enhance ROS production and disturb cellular redox homeostasis [15,16,17,18]. Our data confirmed that CHL treatment caused rapid ROS accumulation in HepG2 cells. Cells present a variety of defense mechanisms to neutralize oxidative damage. The antioxidant enzymes SOD and CAT constitute the first line of defense against superoxide radicals. However, we observed that CHL increased the ROS levels in cells and decreased the antioxidant enzyme activities of SOD and CAT. These results indicate that CHL induced oxidative stress in HepG2 cells, which was attributed to the overproduction of ROS and dysfunction of antioxidant systems. Mitochondria are highly sensitive and play a significant role in many cellular processes, including energy metabolism and PCD. Several factors contribute to mitochondrial injury, including excess ROS production, DNA damage, and exposure to toxic compounds [19,20,21,22,23]. In this study, the MMP collapse and mitochondrial Ca2+ overload demonstrated that oxidative stress further affected the structure or function of mitochondria.



Apoptosis, autophagy, necrosis, pyroptosis, and oncosis are the known forms of cell death. Among them, autophagy and apoptosis are specific types of PCD that can be induced by multiple irritants, such as mitochondria damage [24]. The process of apoptosis involving mitochondria is one of the main pathways known, as the mitochondrial pathway. Primitively, the released cyt-c induces Apaf-1 and triggers the emergence of apoptotic bodies that contain cyt-c, Apaf-1, and pro-caspase-9. Consequently, activated caspase-9 leads to the activation of the apoptosis effector caspase-3, which results in cell death [25]. In this study, we confirmed that CHL can induce apoptosis in HepG2 cells via the mitochondrial pathway involving increased cytosolic cyt-c and activated caspase-3.



Autophagy is a significant process for both killing stressed cells and protecting against the degradation of cytosolic proteins and organelles in a highly conserved catabolic pathway [26]. Dead cells can also be attributed to excessive autophagy. Mitochondrial ROS production and the oxidation of mitochondrial lipids are known to play a pivotal role in autophagy [27]. In mammalian cells, starvation-induced autophagy is associated with mitochondrially generated ROS such as H2O2 and O2•−. In this paper, the autophagic effect was confirmed by the observation of autophagosomes and detection of autophagy-related proteins such as LC3, P62, and Beclin-1. The transformation of LC3-I and LC3-II has been recognized as a marker of autophagy. Beclin-1 is required for the nucleation of autophagosomes, and its integration into the pre-autophagosome is significant in autophagy initiation and progression. By linking ubiquitinated substrates, p62 operates as a selective autophagy receptor for the degradation of ubiquitinated substrates in autolysosomes [28]. Once autophagy occurs, p62 is degraded. In this study, the conversion of LC3-I to LC3-II, upregulation of Beclin-1, and downregulation of p62 were observed after CHL treatment, which confirmed the occurrence of autophagy in HepG2 cells. As noted, CHL could induce mitochondrial damage. Whether these mitochondria are selected separately and cleaned through the autophagic process of mitophagy remains unclear [29]. In this study, except for the determination of the autophagy process, decreased numbers of mitochondria also were discovered. However, further evidence for these mitochondria being cleared by the mitophagy pathway is required.



In addition, oxidative stress caused by excess intracellular ROS may also induce oxidative DNA damage [30]. ROS-mediated oxidative DNA damage primarily involves base lesions and DNA strand breaks. γH2AX and OGG1 are viewed as markers of DNA double-strand breaks and DNA oxidative damage repair proteins, respectively. In our study, the accumulation of γH2AX and OGG1 in HepG2 cells after exposure to CHL was observed. These results confirmed that CHL induced DNA damage in HepG2 cells, which may be a consequence of CHL-induced oxidative stress. Cell cycle checkpoints (G1, S, and G2) serve as regulatory systems to interrupt cell cycle progression when genome damage is detected [31]. Cell cycle arrest also contributes to the repair of DNA damage. PARP can be considered a DNA damage sensor and responds to DNA single- and double-strand breaks [32]. In this study, cleaved PARP was detected, indicating that DNA damage triggered by CHL could not be repaired due to PARP loss of activity. Accordingly, the effects of CHL in the HepG2 cell cycle were examined. The results suggested that the cell cycle was arrested in the S and G2 phases after treatment with CHL. These data show that CHL-induced oxidative stress leads to DNA damage and cell cycle arrest in HepG2 cells.




4. Materials and Methods


4.1. Chemicals and Reagents


Chlorfenapyr (purity of 97%) was provided by MOLBASE Shanghai Biotechnology Co., Ltd. (Shanghai, China). CHL stock solution was dissolved in DMSO and stored at 4 °C. The stock solution was diluted with the culture medium to the corresponding concentration during the test. Penicillin and streptomycin were obtained from Gibco (Grand Island, NY, USA). Phosphate-buffered saline (PBS), dimethyl sulfoxide (DMSO), fetal bovine serum (FBS), rhodamine 123 (Rh 123), Dulbecco’s modified eagle medium (DMEM), and thiazolyl blue tetrazolium bromide (MTT) were obtained from Sigma (St. Louis, MO, USA). The Caspase-3/9 assay kit, ROS detection kit, Annexin V/PI apoptosis detection kit, and JC-1 assay kit were obtained from Keygen Biotech Co., Ltd. (Nanjing, China). The superoxidedismutase (SOD) and catalase (CAT) assay kits were all obtained from Beyotime Biotechnology (Shanghai, China). The antibodies LC-3, Bcclin-1, p62, cytochrome-c, Bcl-2, Bax, PARP, OGG1, γH2AX, beta-actin, and the secondary antibody were obtained from Servicebio Co., Ltd. (Wuhan, China). The cell mitochondria isolation kit, Monodansylcadaverine (MDC), Fluo-3 AM, Rhod-2 AM, Lyso-tracker, and Mito-tracker were obtained from Beyotime Biotechnology (Shanghai, China).




4.2. Cell Culture


The HepG2 cell line is derived from human liver tissue. The cell line was obtained from the China Center for Typical Culture Collection (CCTCC). The HepG2 cell line was cultured in accordance with a reported method [33]. In brief, cells were maintained in Dulbecco’s modified eagle medium (DMEM) supplemented with 10% fetal bovine serum, 100 units/mL penicillin, and 100 mg/mL streptomycin in a humidified atmosphere at 5% CO2 and 37 °C. The cell line was cultured in a 10 cm cell culture dish and passaged every 3 days.




4.3. Measurement of Cytoactivity


Tetrazolium salts such as MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) are metabolized by mitochondrial dehydrogenases to form a blue formazan dyeand are therefore useful for the measurement of HepG2 cytotoxicity [34]. Cells with a density of 1 × 105 cells per milliliter (100 μL) were seeded into each well of 96-well microplates. After overnight incubation, the cells were exposed to CHL with various concentrations (50, 100, 150, 200 and 250 μM) for different lengths of time (24, 48 and 72 h). After treatment, MTT was added with final concentration 5 mg/mL, and the cells were incubated for another 4 h. Formed formazan crystals dissolved in DMSO, and the absorbance was measured at 490 nm with an ELISA microplate reader (BioTek, Vermont, USA). The cell proliferation inhibition rate was calculated according to the calculation formula: (ODcontrol − ODtreat)/ODcontrol × 100%.




4.4. Measurement of Reactive Oxygen Species (ROS) and Antioxidant Enzyme Activity


The cells were exposed to CHL for 48 h at concentrations of 30 μM (1/2 × IC50), 60 μM (IC50), and 120 μM (2 × IC50). The 0.1% DMSO treatment served as a control. Then, we employed detailed operation methods described in previous reports [35]. In brief, an ROS detection kit was used to measure intracellular reactive oxygen species generation. Cells were harvested by centrifugation at 2000 rpm for 3 min and washed twice with PBS. Briefly, cells were incubated with 1 mL PBS containing 10 μM DCFH-DA at 37 °C for 30 min to allow the diffusion of the fluorescent probe into the cells and its subsequent hydrolysis to non-fluorescent DCFH under the action of intracellular esterases. Then, it oxidized by ROS to DCF and was detected by flow cytometry or fluorescence microscopy. The trend of DCF fluorescence intensity was observed by a fluorescence microscope. Intracellular ROS generation was measured by a flow cytometer. The statistics of increased ROS were calculated by the ascending rate of green fluorescence (DCF fluorescence positive cell ratio) using Flowjo (V10) software (Tree Star, San Carlos, CA, USA). The activity of superoxide dismutase (SOD) and catalase (CAT) was evaluated using assay kits. After treatment with CHL at concentrations of 30, 60, and 120 μM and 0.1% DMSO (control) for 48 h, cells were harvested and the supernatants were collected. The protein concentration was determined by the BCA protein assay. Briefly, the SOD activity was measured using its ability to inhibit the reduction of WST-8, according to the instructions of the manufacturer. SOD activity was monitored spectrophotometrically at 450 nm using a microplate reader. CAT was detected by measuring the absorbance of the red compound (N-(4-anti-pyryl)-3-chloro-5-sulfonate-p-benzoquinonemonoimine) reacted by hydrogen peroxide and oxygen at 520 nm.




4.5. Measurement of Mitochondrial Membrane Potential (MMP)


The Rh123 and JC-1 assay kits were used to quantify the mitochondrial transmembrane potential [36]. Cells were seeded in six-well plates (1 × 105 cells/mL) with 2 mL of medium and were exposed to CHL for 48 h with 30, 60, and 120 μM (0.1% DMSO for controls). Then, the cells were harvested and washed twice with PBS and then incubated with Rh123 (5 μM final concentration) and JC-1 (2 μM final concentration) in the dark for 20 min at 37 °C. After being washed twice with PBS to remove the extracellular fluorescent probe, cells were collected by centrifugation (2000 rpm for 3 min). The fluorescence trends of change were measured by a fluorescence microscope The fluorescence intensity of JC-1 aggregate (red) and JC-1 monomer (green) was measured by means of flow cytometry. The statistics of the loss of mitochondrial transmembrane potential were calculated by the decrease rate of red fluorescence vs. control using Flowjo software.




4.6. Measurement of Mitochondrial and Cytosolic Ca2+ Levels


The cells were treated with different concentrations of CHL (30, 60 and 120 μM) (0.1% DMSO for controls) for 48 h. Then, the cytosolic Ca2+ level (Fluo-3AM-stained cells) and mitochondrial Ca2+ level (Rhod-2AM-stained cells) were analyzed by a flow cytometer. The detailed operation methods are described in previous reports [37]. The harvested cells were incubated in 1 μM Fluo-3AM and 2 μM Rhod-2AM at 37 °C for 30 min, respectively. Then, the stained cells were washed with Hank’s buffer (without Ca2+ or Mg2+) and further incubated with PBS at 37 °C for 30 min before analysis by a flow cytometer. The statistics of increased Ca2+ levels were calculated by the red and green fluorescence intensity using Flowjo software.




4.7. Measurement of Apoptosis


Cell apoptosis was detected with an Annexin V-EGFP/PI apoptosis detection kit, according to the instructions of the manufacturer [38]. Briefly, cells were seeded in six-well plates (1 × 105 cells/mL) with 2 mL of medium. Then, the cells were exposed to CHL for 48 h with 30, 60 and 120 μM (0.1% DMSO for controls). Cells were harvested, centrifuged at 2000 rpm for 3 min, and washed twice with PBS. The cells were then labelled with Annexin V-EGFP and PI for 15 min in the dark before analysis. Finally, cells were observed by means of flow cytometry (BD FACS Calibur) and the apoptosis rate analyzed by Flowjo software.




4.8. Measurement of Caspase-9/3 Activity


The cells were seeded in six-well plates (1 × 105 cells/mL) with 2 mL of medium and were exposed to CHL for various times (6, 12 and 24 h) with 60 μM (0.1% DMSO for controls). Then, the activity of caspase-3 and caspase-9 was evaluated on the basis of spectrophotometric detection with the caspase-3 and caspase-9 assay kits. Cells were collected by centrifugation at 10,000 rpm for 10 min at 4 °C and were subsequently resuspended in cell lysis buffer and incubated on ice for 1 h. The resultant supernatant (50 μL) was mixed in 2 × Reaction Buffer (50 μL) and caspase-3 or caspase-9 substrate (5 μL) and then incubated at 37 °C for 4 h. Finally, the caspase-3 and caspase-9 activity was determined at 405 nm using a microplate reader [38].




4.9. Measurement of Morphological Observation


The cells were exposed to CHL for 48 h at different concentrations (30 and 60 μM) (0.1% DMSO for controls). The ultrastructure of cells was analyzed by transmission electron microscopy. Cells were harvested at the indicated times, rinsed twice with PBS, and cell pellets were fixed overnight at 4 °C in 2.5% glutaraldehyde in PBS. After rinsing with PBS, the cells were postfixed in 1% osmium tetroxide (OsO4) in PBS for 45 min and then washed thrice in the same buffer. The fixed cells were dehydrated in an ascending series of acetone solutions and embedded in Epon 812 (Fluka, Buchs, Switzerland). Ultrathin sections were stained with uranyl acetate and lead citrate for observation under a JEOL JEM-2100 transmission electron microscope (200 kV) (Tokyo, Japan) [33].




4.10. Measurement of Autophagy


The formation of autophagosome was detected by monodansylcadaverine (MDC) dye. Moreover, the quantities of mitochondria and lysosomes were observed by Mito-tracker and Lyso-tracker, respectively. We employed detailed operation methods described in previous reports [33]. In brief, cells were exposed to CHL for 48 h at different concentrations (30, 60 and 120 μM) (0.1% DMSO for controls). Then, the dye MDC, Mito-tracker, and Lyso-tracker were used to stain cells, respectively. Cells were washed twice with PBS and were incubated with MDC (1 μg/mL), Mito-tracker (0.5 μM), and Lyso-tracker (0.5 μM) for 30 min in the dark. Then, the stained cells were washed with PBS twice and observed by a fluorescence microscope (DM3000, Leica, Germany).




4.11. Measurement of Western Blotting


The cells were seeded in six-well plates (1 × 105 cells/mL) with 2 mL of medium and were exposed to CHL for 48 h with 30, 60 and 120 μM (0.1% DMSO for controls). The total proteins and mitochondrial proteins were extracted using cold RIPA lysis buffer with 1 mM PMSF. Moreover, the protein concentration was determined using the BCA method. The cell mitochondria isolation kit was used to obtain mitochondria separately. Then, 30 μg of protein sample was segregated by 15% SDS-PAGE and transferred to a PVDF membrane using electrophoresis. The blots blocked in Tris-buffered saline–Tween with 5% non-fat dry milk at room temperature for 1 h were then treated for immunoblotting with primary antibodies and the HRP-conjugated secondary antibodies. The immune-reactive proteins were visualized using the Super Signal West Pico Trial Kit. The density of each band was quantified using Image Lab software (BioRad, California, USA) and normalized to its respective loading control. The final data were expressed as the ratio of the intensity of the protein in treated cells to that of the corresponding protein in control cells [39].




4.12. Measurement of Cell Cycle


The cells were exposed to CHL with 60 μM for 24 h (0.1% DMSO for controls). The detailed operation methods are described previous reports [40]. The cell cycle was determined by flow cytometry analysis of propidium iodide (PI)-stained cells. In brief, cells were trypsinized, washed with cold PBS, and fixed in ice-cold 70% ethanol for 1 h. Then, the cells were resuspended with 2 mL PBS (supplemented with 10 μL of RNase) and incubated at 37 °C for 30 min. After this, the cells were stained with 1 mg/mL PI before analysis by flow cytometry. The data were processed using FlowJo software.




4.13. Statistical Analysis


All experiments in this study were performed at least three times. The results were calculated as the mean ± standard error of the mean (SEM). The statistical analysis used SPSS V18 and Excel 2013. Statistical significance was determined by ANOVA and Student’s t test (** p ≤ 0.01, * p ≤ 0.05).





5. Conclusions


In conclusion, CHL could inhibit proliferation through mitochondria-mediated PCD and cell cycle arrest. On one hand, CHL treatment induced mitochondrial damage, which is associated with ROS accumulation and mitochondrial calcium overload, ultimately leading to apoptosis and autophagy in HepG2 cells. On the other hand, CHL-induced oxidative stress led to DNA damage and cell cycle arrest in HepG2 cells. The findings place a focus on the latent human health threats posed by CHL. Moreover, the study provides a theoretical basis for the toxic effects and mode of action of CHL on humans, which may contribute to the treatment of CHL poisoning.
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Figure 1. Cytoactivity of chlorfenapyr (CHL) against HepG2 cells under various concentrations at various lengths of time. Distinct letters above the columns indicate significant differences at p ≤ 0.05. 
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Figure 2. Analysis of ROS production and antioxidant enzyme activity in HepG2 cells after treatment with CHL. (A): Analysis of DCF staining by epifluorescence (200×). (B): Analysis of DCF staining by flow cytometry. (C): Quantification of ROS levels. (D): Activity of SOD and CAT enzymes. ** p ≤ 0.01 vs. the negative control. 
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Figure 3. Analysis of MMP loss in HepG2 cells after treatment with CHL. (A): Analysis of JC-1 staining by flow cytometry. (B): Analysis of Rh123 staining by epifluorescence (200×). (C): Quantification levels of MMP loss. ** p ≤ 0.01 vs. the negative control. 
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Figure 4. Analysis of cytosolic and mitochondrial Ca2+ levels in HepG2 cells after treatment with CHL. (A,C): Analysis of Fluo-3 and Rhod-2 staining by flow cytometry. (B): Quantification levels of Fluo-3 fluorescence. (D): Quantification levels of Rhod-2 fluorescence. ** p ≤ 0.01 vs. the negative control. 
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Figure 5. Analysis of apoptotic effects of HepG2 cells after treatment with CHL. (A): Analysis of Annexin V/PI staining by flow cytometry. (B): Quantification of apoptotic cells. (C): Expression of apoptotic proteins by Western blot. (D): Quantification levels of apoptotic proteins. (E): Evaluation of caspase-3/9 activity by spectrophotometric analysis. ** p ≤ 0.01 and * p ≤ 0.05 vs. the negative control. 
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Figure 6. Analysis of autophagic effects of HepG2 cells after treatment with CHL. Observation of autophagy characteristics in HepG2 cells via TEM. (A): Control cells with normal mitochondria in well shape. (B,C): 30 μM (B) or 60 μM (C) CHL-treated cells with autophagic vacuoles (red arrows). (D): Analysis of MDC staining by epifluorescence (200×). (E): Expression of autophagy-associated proteins by Western blot. (F): Quantification levels of autophagy-associated proteins. ** p ≤ 0.01 and * p ≤ 0.05 vs. the negative control. 
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Figure 7. Analysis of the quantity of mitochondria in HepG2 cells after treatment with CHL. The change trends of Mito-tracker and Lyso-tracker’s fluorescence intensity were detected by epifluorescence (200×). 
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Figure 8. Analysis of the DNA damage and cell cycle in HepG2 cells after treatment with CHL. (A): Expression of PARP, γH2AX, and OGG1 by Western blot. (B): Quantification levels of γH2AX and OGG1. (C): Analysis of cell cycle by flow cytometry. (D), Proportion of cell cycle phases (G1, S, and G2). ** p ≤ 0.01 and * p ≤ 0.05 vs. the negative control. 
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