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Cadmium is an important environmental pollutant that poses a serious threat to the health of humans and animals. A large number of studies have shown that the liver is one of the important target organs of cadmium. Stimulation of cells can lead to rapid changes in gap junction intercellular communication (GJIC) and autophagy. Previous studies have shown that cadmium can inhibit GJIC and induce autophagy. In order to understand the dynamic changes of GJIC and autophagy in the process of cadmium-induced hepatotoxic injury and the effects of GJIC on autophagy, a time-gradient model of cadmium cytotoxicity was established. The results showed that within 24 h of cadmium exposure, 5 μmol/L cadmium inhibited GJIC by down regulating the expression levels of connexin 43 (Cx43) and disturbing the localization of Cx43 in Buffalo rat liver 3A (BRL 3A) cells. In addition, cadmium induced autophagy and then inhibited autophagic flux in the later stage. During this process, inhibiting of GJIC could exacerbate the cytotoxic damage of cadmium and induce autophagy, but further blocked autophagic flux, promoting GJIC in order to obtain the opposite results.
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INTRODUCTION
Cadmium (Cd) is a significant pollutant caused by the improper emissions in the industry. It is difficult for animals and humans to excrete Cd as it can be present in the body for as long as 30 years (Nordberg, 2009). Previous studies have shown that the liver and kidney are the two main target organs of Cd toxicity and that the degree of damage to the liver is far higher than that of the kidney, and cadmium can even cause liver cancer (Song et al., 2016; Liu et al., 2017a; Wang et al., 2017; Wang et al., 2018; Gong et al., 2019; Wang et al., 2019). The amount that Cd stored in the liver is approximately one third of the total amount of the whole body (Marettova et al., 2012).
The role of the liver in animal metabolism and energy distribution is crucial, and the function of hepatocytes is greatly dependent on autophagy. It has been shown that hepatocytes maintain at a basic level of autophagy and that the fluctuation of autophagy levels can largely affect their physiological functions. The changes in the function of autophagy are also closely associated with the hepatocyte disease (Czaja et al., 2013). Autophagy plays a compensatory role in acute liver injury and regulates chronic liver diseases including alcoholic (ALD) and nonalcoholic fatty liver diseases (NAFLD) (Gual et al., 2017; Shi et al., 2017). During the pathogenesis of hepatitis B and C virus (HBV and HCV), the virus completes its life cycle by regulating the levels of autophagy in hepatocytes (Tang et al., 2009). Meng et al. demonstrated that when human embryonic liver cell lines (WRL-68) were treated with a Cd concentration gradient of 0–10 μmol/L in vitro, the autophagic protein marker LC3II indicated a gradual increase within 12 h (Meng et al., 2015). Zhang et al. reported that following 24 h treatment of chicken liver cells with 5 μmol/L of Cd, the number of MDC-labeled autophagic vesicles was significantly increased as demonstrated by fluorescence microscopy (Zhang et al., 2017). Our previous study demonstrated that treatment of Buffalo rat liver 3A (BRL 3A) cells for 6 h with 5 μmol/L Cd induced an increase in the autophagy levels (Zou et al., 2015c). Moreover, Cd obstructed the autophagic flux by inhibiting the fusion of autophagosomes with lysosomes, which exacerbated the Cd-induced cytotoxicity in alpha mouse liver 12 (AML12) cells (Zou et al., 2020).
The vigorous metabolic activity that takes place in liver cells determines that gap junction intercellular communication (GJIC) is another key mechanism to maintain homeostasis in liver tissues. GJIC constitutively allows the adjacent cell to deliver molecules directly, such as metabolites, nucleotides, nutrients, and secondary messengers that function in apoptosis, gene expression, inflammatory response and cellular growth (Decrock et al., 2009). Cx43 is sensitive to several environmental pollutants, biological toxins, organic solvents and pesticides, all of which can inhibit the expression of connexins and further downregulate GJIC function (Vinken et al., 2009).
Cd induces calcium overload in rat renal proximal tubule cells and the inhibition of GJIC function by Cd occurs prior to the induction of Cd-cytotoxicity. Therefore, the inhibition of GJIC by Cd is considered a marker of renal toxicity (Fukumoto et al., 2001). Jeong et al. reported that Cd treatment in vivo resulted in reduced GJIC function in mouse liver tissues in a concentration- and time-dependent manner (Jeong et al., 2000). We further found that Cd treatment increased the levels of Ca2+ in the cytoplasm, which is the main reason for the induction of hepatotoxicity and apoptosis in the BRL 3A cell line (Zou et al., 2015b).Therefore, it is an indisputable fact that Cd exposure causes decreased GJIC function and reduced connexins expression.
Our previous work demonstrated that treatment with Cd for 6 h could inhibit GJIC and reduce the expression levels of Cx43 in a dose-dependent manner in BRL 3A cells, whereas Cd-induced apoptosis in BRL 3A cells might be associated with inhibition of GJIC. We further showed that Cd triggered autophagy in a dose-dependent manner and that autophagy exerted a protective effect on the cytotoxicity of Cd in BRL 3A cells (Zou et al., 2015c). It is not clear whether a specific interaction between GJIC and autophagy exists or whether a direct regulatory effect is present between them. In view of the complexity of GJIC and cellular autophagy, the present study aimed to establish a time-gradient model of cadmium-induced liver cell damage in vitro, in order to further examine the intrinsic association between GJIC and autophagy.
MATERIAL AND METHODS
Materials
Cd acetate hydrate (Cd, 229490), Lucifer Yellow CH dilithium salt (LY, L0259), Rhodamine B isothiocyanate-Dextran (RD, R9379), all-trans-retinoic acid (ATRA, PHR1187), 18-β-glycyrrhetinic acid (GA, G10105), anti-LC3B (L7543) and anti-p62/SQSTM1 (P0067) were obtained from Sigma-Aldrich (St. Louis, MO, United States); anti-β-actin (4970S), anti-Atg7 (2631S), Anti-Beclin-1 (3738S), anti-Cx43 (3512S), anti-Phospho-Cx43 (Ser368) (3511S) and anti-rabbit IgG (7074), were obtained from Cell Signaling Technology Inc. (Danvers, MA, United States); EGFP-pmCherry-LC3 plasmid was obtained from HedgehogBio (Shanghai, China). DMEM (Gibco, 12800–017), FBS (Gibco, 10437–028) and Lipofectamine 3000 (L3000-015) were obtained from Thermo Fisher Scientific (Waltham, MA, United States); Alexa Fluor 488-labeled goat anti-rabbit IgG (A0423) and Cy3-labeled goat anti-rat IgG (A0507) were obtained from Beyotime (Shanghai, China). The remaining materials were of analytical grade.
Cell Culture
BRL 3A cells were obtained from the Cell Bank of the Institute of Biochemistry and Cell Biology (Shanghai, China). Cells were cultured in DMEM supplemented with 10% FBS and incubated at 37°C in a 5% CO2 atmosphere. BRL 3A cells were treated at 90% confluence in the subsequent experiments.
In the present study, BRL 3A cells were transfected with the EGFP-pmCherry-LC3 plasmid (500 ng/well) for 12 h. The cells were transfected using Lipofectamine 3000 transfection reagent and subsequently LC3 puncta (EGFP-LC3 represents autophagosomes and pmCherry-LC3 represents autolysosomes) were identified using the confocal microscope (TCS SP8 STED; Wetzlar, Hessen, GER).Following successful transfection, the cells were subjected to different treatments according to the experimental design.
Cell Viability Assay
Real time analysis of cytotoxicity was determined by the xCELLigence system, which is a real-time cell analyzer (RTCA; Roche Applied Science, Basel, Switzerland) operated according to the manufacturer’s instructions (Xing et al., 2005). BRL 3A cells were treated with 5 μmol/L Cd as previously described (Zou et al., 2015c). The nuclei were stained with 5 mg/ml Hoechst33258 according to the manufacturer’s instructions (Beyotime, Jiangsu, China) and subsequently observed by fluorescent microscopy (Leica DMI 3000B, Solms, Germany).
Transmission Electron Microscopy
Transmission electron microscopy (CM 100, Philips, Holland) was used in order to assess the ultrastructure of the cells. Following treatment, the cells were collected by trypsinization. The samples were embedded into the resin following a series of fixed treatment and subsequently the resin was embedded with the cells and sliced with a slicer. Following the double staining with uranium dioxide acetate and lead citrate, the resin was observed and photographed under a transmission electron microscope.
Immunofluorescence Assay
BRL 3A cells were inoculated into 24-well plates with coverslips and following cellular fusion for approximately 90% of the cells, the original culture medium was replaced with serum-free medium. The treatments were conducted according to the experiment design. Following treatment, the cells were washed with 0.01 mol/L ice-cold PBS for three times and fixed in 4% paraformaldehyde solution, 0.4% Triton X-100 film and 5% BSA. These solutions were used to penetrate the cellular membranes and block the corresponding epitopes, respectively. The cells were incubated with diluted primary antibodies overnight at 4°C. Following washing with PBS, the secondary antibody labeled with FITC (1:20 dilution) was incubated with the cells at room temperature for 1 h in the dark. DAPI was added for 15 min in the last step and the film was sealed and imaged using confocal microscopy (TCS SP8 STED; Wetzlar, Hessen, GER).
Western Blot Analysis
Following treatment, the cells were washed three times with ice-cold PBS and subsequently extracted by ultra sonicationin Radio Immunoprecipitation Assay (RIPA) lysis buffer. The total cellular protein concentration was determined by the bicinchoninic acid (BCA) protein assay kit (Beyotime, China). Equal amounts of total proteins (20–40 μg) were separated by SDS-PAGE and subsequently transferred to polyvinylidene difluoride (PVDF) membranes. The membranes were blocked with 5% non-fat milk in Tris-buffered saline with 0.05% Tween-20 (TBST) at room temperature for 2 h followed by incubation with the primary antibodies at 4°C overnight. The following morning, the membranes were incubated with the diluted secondary antibody for 2 h at room temperature. The protein bands were visualized using an enhanced chemiluminescence (ECL) detection kit and the Grayscale values of the protein bands were analyzed using the Image J software (National Institutes of Health, United States).
Scrape Loading/Dye Transfer Assay
A scrape-loading/dye-transfer method (SL/DT) was used to determine GJIC following treatment, which was performed as originally described by El-Fouly et al. (1987). In brief, BRL3A cells were washed for three times by PBS and subsequently the cells were scraped, incubated with PBS containing LY (0.5 mg/ml) and RD (2.5 mg/ml) at 37°C for 3 min and fixed with 4% paraformaldehyde. Finally, the distance from the scraped edge to the neighboring cells was measured by fluorescence microscopy (Leica DMI3000 B, Solms, Germany). The data were expressed as the mean ± standard deviation (n = 6).
Statistical Analysis
The data were analyzed by one-way analysis of variance (ANOVA) using the GraphPad Prism 6 software (GraphPad Software, United States) and presented as the mean ± SD. A p < 0.05 represented a significant difference and a p < 0.01 represented a highly significant difference.
RESULTS
Cadmium Exposure Induces Cytotoxicity in Buffalo Rat Liver 3A Cells
Real-time cell analysis was conducted with the application of the xCELLigence system and the results are shown in Figures 1A. Exposure of the cell to 5 μmol/L Cd resulted in a decrease of cell index following 12 h in a time-dependent manner. The morphological changes of the BRL 3A cell nuclei by Cd were observed using both fluorescent nuclear staining and transmission electron microscopy. The cell nuclei of the treated group were deformed, shrunk, disintegrated with condensed chromatin following Cd treatment compared with the corresponding morphology of the cells in the control group (Figures 1B,C). The ultra-structural changes of the mitochondria showed that the swelling of the cristae and the deformation and vacuolization of the mitochondria were observed in the treated group. Increased Cd concentration, the cell damage was increased (Figures 1D).
[image: Figure 1]FIGURE 1 | Cd exposure induces cytotoxicity in BRL 3A cells. (A) Effects of 5 μmol/L Cd on cell index in BRL 3A cells. The data were normalized at the time of Cd treatment. The error bars represents the standard deviation (n = 6). (B) BRL 3A cells were treated with5 μmol/l for different time periods and stained with Hoechst 33258. The white arrows indicate damaged nucleus. Scale bar = 20 μm. (C,D) Cd-induced ultrastructure changes at different time periods in BRL 3A cells. The images were captured by transmission electron microscopy. The scale bar in the nuclei was 2 μm, whereas the scale bar in the mitochondria was 0.2 μm.
Cadmium Exposure Induces Autophagy and Then Blocks Autophagic Flux in Buffalo Rat Liver 3A Cells
BRL 3A cells were treated with 5 μmol/L Cd for various time durations (0, 1.5, 3, 6, 12, and 24 h). The results of the western blot analysis indicated that the expression levels of autophagy-related proteins ATG7, Beclin-1 and LC3II increased first and then decreased. The relative expression levels of Beclin-1 and LC3II reached their highest levels following 6 h of Cd treatment, while Atg7 reached the highest levels following 1.5 h of Cd treatment. The relative expression levels of these three proteins were decreased and were significantly lower than those of the control group (p < 0.01, Figures 2A–E). The addition of chloroquine (CQ), which is known as an autophagic flux inhibitor, significantly enhanced the accumulation of P62 and further increased LC3II expression (p < 0.01, Figures 2F–H). Cd treatment increased the number of LC3 puncta in a time-dependent manner, whereas the amount of LC3 puncta reached its peak following 12 h of Cd treatment, as demonstrated by immunofluorescence staining. However, a low number of LC3 puncta were observed and the cell nuclei were shrunk and deformed following 12 h of Cd treatment (Figures 2I). Transmission electron microscopy revealed the accumulation of autophagosomes following increased exposure of the cells to Cd (Figures 2J).
[image: Figure 2]FIGURE 2 | Cd induces autophagy and blocks autophagic flux in BRL 3A cells. (A–E) Cd treatment for different time periods affected the expression levels of autophagy-associated proteins in BRL 3A cells. *p < 0.05, **p < 0.01compared with the control group. (B–E) share the abscissa annotation. (F–H) The levels of LC3 and P62 following combination treatment of Cd and CQ were evaluated in BRL 3A cells. **p < 0.01compared with the control group, ##p < 0.01 compared with the indicated group. (I) Following treatment with 5 μmol/L Cd, LC3 puncta (red) were observed and photographed under the fluorescence microscope. Scale bar = 20 μm. (J) Following treatment with Cd, the changes in the autophagosomes in BRL 3A cells were observed and imaged under the transmission electron microscope. Scale bar = 0.2 μm. (I,J) share the abscissa annotation.
Cadmium Inhibits Gap Junction Intercellular Communication in Time Dependent Manner in Buffalo Rat Liver 3A Cells
By performing the scrape-loading dye transfer assay we deduced that Cd treatment exhibited an apparent inhibitory effect to GJIC in a time-dependent manner for a total exposure period of 24 h (p < 0.01). It is interesting to note that exposure of the cells to Cd for 3 h increased GJIC compared with that noted at 1.5 h (p < 0.01, Figures 3A,B). Immunofluorescence staining for Cx43 demonstrated that 5 μmol/L Cd treatment for different time periods could decrease the expression levels of Cx43. Following treatment of the cells with Cd for 6 h, the expression levels of Cx43 at the cell membrane exhibited a linear and uniform distribution, whereas following treatment of the cells with Cd for 12 h or 24 h, Cx43 concentrated around the nucleus compared with the corresponding expression noted in the normal cells (Figures 3C). Subsequently, the expression levels of Cx43 and P-Cx43 (Ser368) were detected at different time points after cadmium treatment. The expression levels of Cx43 were decreased significantly following Cd treatment for 12 and 24 h compared with those of the control group (p < 0.01). No significant change was noted prior to Cd treatment for 12 h, while the expression levels of Cx43 following Cd exposure for 3 h were significantly higher than those noted at 1.5 h of Cd treatment. The expression levels of P-Cx43 were decreased in a time-dependent manner (Figures 3D–F).
[image: Figure 3]FIGURE 3 | Cd inhibits the GJIC in BRL 3A cells. (A) Following treatment with 5 μmol/L Cd for different time periods, GJIC was measured by the SL/DT method (scale bar = 50 μm). (B) Quantification of data obtained for the LY transfer distance depicting the spread of the dye from each side of the wound area (n = 6). (C) 5 μmol/L Cd disrupts Cx43 distribution in BRL 3A cells.Cx43 expression (green) and the presence of the nuclei (blue) were observed and imaged using confocal microscopy. Scale bar = 10 μm. (D–F) Cd treatment at different time periods affects the levels of connexin expression in BRL 3A cells. Compared with the control group, *p < 0.05, **p < 0.01; compared with the indicated group, #p < 0.05, ##p < 0.01.
Gap Junction Intercellular Communication Regulates the Cytotoxicity Induced by Cadmium in Buffalo Rat Liver 3A Cells
To investigate the role of GJIC in Cd-induced cytotoxicity, GJIC was regulated by the inhibitor GA and the enhancer ATRA. The combined treatment of GA and Cd inhibited GJIC function, whereas the combined treatment of ATRA and Cd promoted the function of GJIC compared to the corresponding effects noted in the Cd group (Figures 4A,B, p < 0.01). The results of the immunofluorescence experiments are indicative of the GJIC function assay. The data indicated that GA increased the distribution of Cx43, whereas ATRA ameliorated it on the cell membrane (Figures 4C). Western blot analysis indicated that P-Cx43 (Ser368) levels were significantly decreased in the GA-Cd combined treatment group (p < 0.01), while they were significantly increased in the ATRA-Cd combined treatment group compared with the corresponding levels noted in the Cd single treatment group (p < 0.05). Cx43 levels were significantly decreased in the ATRA-Cd combined treatment group (p < 0.05) (Figures 4D–F). No cellular damage was evident with regard to the cell morphology at the 6 h Cd treatment period and the treatment time was extended to 12 and 24 h. The data at these time points indicated that GA further aggravated the cytotoxicity induced by Cd and that ATRA exhibited the opposite effects (Figures 4G).
[image: Figure 4]FIGURE 4 | GJIC regulates the Cd-induced cytotoxicity in BRL 3A cells. Combination treatment of 5 μmol/L Cd with 5 μmol/l GA or 5 μmol/L ATRA for 6 h (A,B) GJIC was measured by the SL/DT method, Scale bar = 50 μm. (C) Immunofluorescence assay for the detection of Cx43 distribution. Cx43 (green) and nuclei (blue) were observed and imaged using confocal microscopy. (Scale bar = 20 μm). (D–F) The effects of GA and ATRA on Cx43 and p-Cx43 expression levels were analyzed by western blotting. (G) Bright field images indicating the effects of GA and ATRA on cell damage induced by Cd treatment. Scale bar = 50 μm. Compared with the control group, *p < 0.05, **p < 0.01; compared with the Cd treatment group, #p < 0.05, ##p < 0.01.
Gap Junction Intercellular Communication Negatively Regulates Cadmium-Induced Autophagy and Inhibition of Autophagic Flux in Buffalo Rat Liver 3A Cells
The data indicated that the autophagic levels and those of Cx43 reached their highest value following Cd treatment for 6 h. As a result, the 6 h time period was selected as the main time point to study the association between autophagy and GJIC. To identify an interaction between GJIC and the autophagy levels in the process of Cd exposure, we evaluated the number and morphology of the autophagosomes in the cells following the application of GA and ATRA for 6 h. The combination of GA and Cd could apparently increase the number of autophagosomes, while the combination of ATRA and Cd exhibited the opposite effects (Figures 5A). LC3 was tracked by EGFP and pm-Cherry markers to monitor the autophagysome-lysosome fusion. The data demonstrated that combination of GA and Cd resulted in an increase in the LC3 orange puncta and in a patchy accumulation around the nucleus, while combination of ATRA and Cd resulted in a decrease in the LC3 puncta compared with the effects noted in the Cd treatment group (Figures 5B). Western blot analysis indicated that, compared with the Cd single treatment group, the combination of GA and Cd could significantly increase Beclin-1, Atg7 and P62 expression levels (p < 0.05, p < 0.01), whereas no changes were noted with regard to the LC3II expression levels, suggesting that inhibition of GJIC function could further block autophagic flux in Cd-induced cytotoxicity. Meanwhile, the combination of ATRA and Cd could significantly decrease Atg7 and LC3II expression levels compared with those of the Cd single treatment group (p < 0.05), and significantly increase Beclin-1 expression levels (p < 0.05), without affecting the expression levels of P62 (Figures 5D–G), suggesting that promotion of GJIC can inhibit Cd-induced autophagy.
[image: Figure 5]FIGURE 5 | The association between GJIC and autophagy in cadmium induced hepatocyte injury. Combination treatment of 5 μmol/L Cd with 5 μmol/l GA or 5 μmol/L ATRA for 6 h, (A) Morphological observation of autophagosomes by transmission electron microscopy. Scale bar = 1 μm. (B) BRL 3A cells were transfected with the EGFP-pmCherry-LC3 plasmid and subsequently treated with Cd or an inhibitor/inducer of autophagy. LC3 puncta were observed by confocal microscopy Scale bar = 20 μm. (C–G) The effects of GA and ATRA on autophagy-associated protein expression levels were analyzed by western blotting. Compared with the control group, *p < 0.05, **p < 0.01; compared with the Cd treatment group, #p < 0.05, ##p < 0.01.
DISCUSSION
According to the data of United States Geological Survey, more than 20,000 tons of heavy metal cadmium are produced in the world every year, which are mainly used in nickel-chromium batteries, paints, electroplating and alloys. Cd pollution in the environment can severely affect the health of animals and humans worldwide. Cd can induce ROS in hepatocytes, disrupt cellular oxidative homeostasis and subsequently lead to oxidative damage of hepatocytes. Furthermore, cadmium can induce apoptosis by activating multiple signaling pathways (Rikans and Yamano, 2000; Li and Xie, 2018). We chose BRL 3A cells for in vitro analysis in this study as BRL 3A cell line is one of the commonly used cell lines in hepatotoxicity researches. The dose of Cd used in this study (5 μmol/L) is based on previous studies (Zou et al., 2015c; Zhang et al., 2017). In the present study, 5 μmol/L of Cd were used to treat BRL 3A cells for 24 h and the effects of this heavy metal on the cells were detected at different time points. We found that Cd could reduce cell index, destroy cell ultrastructure and induce morphological changes in the apoptotic nuclei in a time-dependent manner (Figure 1).
Autophagy is a lysosome dependent degradation pathway, which can remove damaged organelles, misfolded proteins, pathogens and lipid droplets from cells and recycle them. Autophagy is considered a survival mechanism of the cells (Glick et al., 2010). When cells are in the state of starvation, hypoxia or toxic stimulation, pathogen invasion and other stress-inducing stimuli can activate autophagy in a rapid way. The substrates used for the process of autophagy can be cleared to provide energy and nutrients for the cells and this plays an important role in maintaining the integrity of organelles and proteins and the regulation of the immune system (Jin, 2006; Cuervo and Macian, 2012). The defects caused in the autophagosome can result in a dynamic imbalance leading to the progression of several neurodegenerative diseases, such as Alzheimer’s disease (AD). The major problem in these diseases is that metabolic waste accumulates in the cells and cannot be removed (Du et al., 2009; Cheng et al., 2015). Several reports have shown that Cd causes a significant increase in the levels of autophagy in the cells (Dong et al., 2009). Previous studies have confirmed that Cd can induce autophagy at a dose-response relationship in BRL 3A cells, the ability of cadmium to induce autophagy exerts a protective effect for the cells (Zou et al., 2015c). In the present study, the formation of autophagosomes was evident following treatment of the cells with Cd suggesting organelle degradation. Moreover, the expression levels of the autophagic proteins indicated a time-dependent increase within 24 h, which was consistent with previous studies. Following addition of chloroquine (CQ), the expression levels of P62 and LC3II were higher in the combined treatment group compared with those noted in the single Cd or CQ treatment groups, which indicated that cadmium not only promoted autophagy, but also blocked autophagic flux (Figure 2), similar results were obtained in the study of cadmium induced damage to AML12 cells (Zou et al., 2020).
GJIC is an important way of communication between mammalian cells. This process is essential for the hepatocytes in order to retain their cellular homeostasis. GJIC is regulated by a complex mechanism, which is not only related to the opening and closing of the GJ channels, but also to the location, expression and phosphorylation levels of connexin. Unlike normal membrane proteins, Cx43 turnover occurs at an extremely rapid rate and it is estimated that only 1.5–3 h are required for a full turnover cycle of Cx43. The maintenance of normal GJIC functionality requires continuous synthesis and degradation of Cx43.Therefore, several Cx43 inhibitors are designed to inhibit the synthesis of Cx43 in order to limit the GJIC function, such as GA and dynasore (Goubaeva et al., 2007; Girard et al., 2011; Vivian and Lau, 2016). Phosphorylation is an important chemical modification that is necessary for Cx43 function (Leithe et al., 2018). The phosphorylation of Cx43 at the ser368, 279 and 282 residues by PKC or ERK promotes the internalization of Cx43 (Solan and Lampe, 2018). Cx43 was a regulator of Cd toxicity and that it could decrease the levels of Akt phosphorylation at Thr308 and at Tyr326, which may contribute to the induction of cell apoptosis and to the inhibition of cell proliferation following chronic exposure of HK-2 cells to Cd. Moreover, Cx43 siRNA attenuated Cd-induced apoptosis and inhibited HK-2 cell proliferation (Ge et al., 2017). However, other study used low doses of Cd treatment and demonstrated that phosphorylation of Cx43 at ser368W was increased in human prostate epithelial cells (Luo et al., 2015; Liu et al., 2017b). These contradictory results may be associated with the different treatment doses of Cd and the different types of cells, which indicate the complex mechanism of action of the Cd-induced cytotoxicity. Our previous studies have shown that cadmium induces hepatocyte damage and causes damage to adjacent cells through GJIC (Zou et al., 2015a). In the present study, we found that Cd inhibited GJIC in 24 h, whereas a compensatory effect of GJIC was noted at 3 h (Figures 3B), which was accompanied with increased expression and cellular localization of Cx43 suggesting a recovery of the function of GJIC (Figures 3C–E). Subsequently, the data demonstrated that the addition of GA, an inhibitor of GJIC, could inhibit the opening of GJIC and disrupt the linear distribution of Cx43 on the cell membrane, significantly decreasing the levels of P-Cx43. The addition of the GJIC accelerator ATRA promoted the opening of GJIC and the linear distribution of Cx43 on the cell membrane, whereas it concomitantly reduced significantly the expression levels of Cx43 and increased the expression levels of P-Cx43, indicating that GJIC was not directly associated with the overall levels of Cx43 and that changes in the levels of P-cx43 were more sensitive to cadmium than those of Cx43. Furthermore, inhibiting of GJIC could exacerbate the toxic damage of cadmium, whereas promoting of GJIC could delay its cytotoxicity (Figure 4), suggesting that GJIC plays a dominant role in Cd-induced BRL 3A cell injury.
Apoptotic cells can transmit apoptotic signals through GJIC to induce apoptosis of adjacent cells (Contreras et al., 2004). However, whether cellular autophagy can induce further autophagy of adjacent cells through GJIC is not clear (Wang et al., 2015). Connexins can directly regulate the production of the autophagosome and its assembly (Merrifield and Kaksonen, 2014). P-Cx43 promotes autophagy in order to repair brain nerve cell damage in a rat model (Sun et al., 2015). Due to GJIC and autophagy being both changeable dynamic processes, the exact role of GJIC and autophagy in Cd-induced cell injury remains to be studied. Epifantseva and Shaw reported that the inhibition of mTOR could increase the levels of the GJA1-20k protein under stress conditions, leading to increased synthesis and transport of Cx43 to the cell membrane (Epifantseva and Shaw, 2018). Promoting autophagy can accelerate the degradation of Cx43 (Martins-Marques et al., 2014; Martins-Marques et al., 2015), and exacerbate Cd-induced GJIC inhibition (Zou et al., 2015c). In the present study, we found that the application of the GJIC inhibitor GA resulted in an increase of the amount of autophagosomes in BRL 3A cells, whereas the opposite phenomenon was noted with the usage of ATRA, which indicated a negative correlation between GJIC and autophagy. The results of the immunofluorescence analysis further indicated a significant negative correlation between autophagy and GJIC following cell exposure to Cd. Concomitantly, western blotting indicated that the GJIC inhibitor GA contributed to the accumulation of autophagic proteins (Figure 5).
In summary, the data indicated that Cd suppressed GJIC function in a time dependent manner, and promoted the levels of autophagy, then inhibited autophagic flux. Inhibiting GJIC exacerbates the cytotoxicity caused by Cd and further blocked the autophagic flux, promoting GJIC has the opposite effect. GJIC negatively regulates Cd-induced autophagy and inhibition of autophagic flux in BRL 3A cells.
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