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A B S T R A C T   

Cadmium (Cd) is a significant environmental contaminant known for its potential hepatotoxic 
effects. However, the precise mechanisms underlying Cd-induced hepatotoxicity have yet to be 
fully understood. Therefore, the purpose of this study was to investigate the dynamic role of 
connexin 43 (Cx43) in response to Cd exposure, particularly its impact on gap junctional inter-
cellular communication (GJIC) and autophagy in hepatocytes. To establish an in vitro model of 
Cd-induced hepatocyte injury, the Buffalo rat liver 3A cell line (BRL3A) was utilized.In order to 
elucidate the mechanism by which Cx43 influences Cd-induced hepatocyte toxic injury, inhibitors 
of Cx43 (Dynasore) and P-Cx43 (Ro318220) were employed in the model. The findings revealed 
that inhibiting Cx43 and its phosphorylation further compromised GJIC function, exacerbating 
the impairment, while also intensifying the blockage of autophagic flux. To gain further insight 
into the role of Cx43, siRNA was utilized to knock down Cx43 expression, yielding similar results. 
The down-regulation of Cx43 expression was found to worsen the morphological damage induced 
by cadmium exposure, diminish the cell proliferation capacity of BRL3A cells, and exacerbate the 
disruption of GJIC and autophagic flow caused by Cd.These findings suggest that Cx43 may serve 
as a potential therapeutic target for the treatment of liver damage resulting from Cd exposure. By 
targeting Cx43, it may be possible to mitigate the adverse effects of Cd on hepatocytes.   

1. Introduction 

Cadmium is one of the most prevalent and harmful environmental metals, and becoming a major issue on a global scale due to 
industrial and agricultural production. The health of people and animals is seriously threatened by cadmium pollution. Therefore, 
cadmium can enter the body of organisms and accumulate to a high level in several organs [1]. Liver is the first vital organ that retains 
the cadmium, and store the many toxic chemicals. More than one-third of the body’s total cadmium reserves are found in the liver, 
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which is also extremely vulnerable to Cd-induced cytotoxicity [2]. Cadmium exposure can result in hepatocyte necrosis, swelling, and 
inflammatory cell infiltration, according to in vivo studies [3–5]. Studies conducted in vitro have demonstrated that cadmium can limit 
hepatocyte growth and proliferation, alter the morphology of hepatocytes, harm their ultrastructure, and cause hepatocyte mortality 
[6,7]. As a result of the ability of Cd-damaged hepatocytes to use GJIC to send apoptotic signals to nearby healthy hepatocytes, causing 
them to undergo apoptosis, the mechanism of Cd-induced liver damage involves GJIC significantly as well. Additionally, exposure to 
cadmium inhibits GJIC, and the inhibition of GJIC facilitates Cd-induced hepatocyte apoptosis [8,9]. These reports on the mechanism 
of cadmium toxicity lay a theoretical basis for resolving the effects of cadmium on liver health and pointed out the direction of 
research. 

Physiological processes such as cell proliferation, differentiation, apoptosis, and death depend heavily on GJIC, a common method 
of communication between mammalian cells [10–12]. Gap junction channels are membrane channels composed of gap junction 
proteins, and this channel allows material exchange between cells. Different types of Cxs are engaged in many processes, including cell 
proliferation, adhesion, and intercellular signaling, either alone or as parts of gap junction complexes, depending on the type of ligand 
protein [13]. Cx43 has received the most research attention of all the connexins due to its expression in the majority of cell types. The 
ability of cadmium to increase Ca2+-induced hepatotoxicity by inhibiting GJIC has been demonstrated. α-Lipoic Acid greatly relieve 
Cd-induced gap junction inhibition, considerable reduction of Cx43 mRNA, and gap junction channel breakdown [14]. It has been 
demonstrated that exposure to low concentrations of Cd increased the phosphorylation of the Cx43-Ser368 locus and mildly elevated 
GJIC and Cx43 levels in human prostate epithelial cell line RWPE-1 [15]. The production and localization of linker proteins and the 
opening and closing of gap junction channels are essential for the function of GJIC and are crucial for the survival of damaged cells. 
Cd-induced cellular autophagy is two-sided and has a protective effect on cells in a short period of time; the localization of connexins, 
which is closely related to GJIC, is affected by autophagy, which has been demonstrated in prior studies to be a significant pathway of 
connexins degradation [16]. 

Autophagy is one of the defense mechanisms that helps to promote cellular fitness and maintain cellular homeostasis. Autophagy 
can also remove intracellular pathogens and is therefore considered a survival mechanism for cell [17]. The occurrence and pro-
gression of many diseases are closely correlated with autophagy deficiency or dysfunction. Therefore controlling autophagy is crucial 
for effective disease management [18,19]. Autophagy activation and autophagic flux restoration have been shown to be essential 
defensive mechanisms against the toxic effects of lead or cadmium [20–23]. Numerous studies have now established that cadmium 
impacts autophagy, namely that low to moderate concentrations (e.g., 0.1–10 μM) of cadmium induce cellular apoptosis and activate 
cellular autophagy, but high concentrations (>50 μM) of cadmium result in cell necrosis [24]. Menghao Chen et al. [25] found that Cd 
induces dysregulation of the miR-33-AMPK axis, leading to BNIP3-dependent chicken spleen autophagy via AKT/mTOR and 
HSP70–NF-kB/JNK signaling pathways. Cadmium can also damage the rat renal cortex by inducing endoplasmic reticulum stress and 
causing autophagy [26]. Additionally, Cxs degradation via autophagy can regulate GJIC [27]. Cadmium suppresses GJIC activity and 
downregulates Cx43 expression, while GJIC has an antagonistic effect on Cd-induced autophagy and autophagic flux blockade in 
BRL3A cells, according to prior study [28]. Despite being a crucial part of GJIC, how Cx43 contributes to GJIC and autophagy is largely 
unknown. 

Therefore, by developing an in vitro Cd-induced hepatocyte injury model, this study aims to further explore the effects of cadmium 
exposure on hepatocyte autophagy and GJIC function as well as the role of Cx43 in this process. 

2. Materials and methods 

2.1. Antibodies and reagents 

Cd acetate hydrate (Cd, 229490), Lucifer Yellow CH dilithium salt (LY), Rhodamine B isothiocyanate-Dextran (RD), Ro318220 
methanesulfonate salt (Ro), Dynasore hydrate (Dy), anti-LC3B, anti-p62/SQSTM1 were got from Sigma-Aldrich (St. Louis, MO, United 
States); Thermo Fisher Scientific (Waltham, MA, United States) supplied DMEM (Gibco, 12800-017) and FBS (Gibco, 10437-028); Cell 
Signaling Technology Inc. supplied anti-actin(4970S), anti-Atg7(2631S), anti-Beclin-1(3738S), anti-Cx43(Ser368), and antiPhospho- 
Cx43(Ser368) (3511S) (Danvers, MA, United States). Jackson ImmunoResearch provided all of the secondary antibodies (Philadelphia, 
PA, USA). RiboBio Corporation created the siRNA targeting Cx43 (Guangzhou, China). Beyotime Biotechnology provided the EdU-488 
cell proliferation assay (Shanghai, China). All of the other resources were of analytical quality. 

2.2. Cell culture and treatment 

BRL 3A cells were taken from the Institute of Biochemistry and Cell Biology’s cell collection (Shanghai, China). When the cell 
density approached approximately 90 %, the culture medium was discarded, and any remaining medium was rinsed off using PBS. 
Subsequently, the cells were subjected to trypsin digestion by adding a trypsin digestion solution. Once the cell gap expands and a 
small number of cells begin to separate, the trypsin digestion process needs to be stopped. The used trypsin digestion solution was then 
discarded. Following this, complete medium was added to terminate the digestion process, and the cell suspension was collected by 
gently blowing on the cells using a glass dropper. The collected cell suspension was centrifuged at 1300 rpm for 5 min to obtain a cell 
pellet. The cell pellet was carefully collected and supplemented with complete medium. The cells were then passaged into new flasks at 
a seeding ratio ranging from 1:2 to 1:4, with passages performed every 1–2 days to ensure optimal cell growth and proliferation. 
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2.3. Small Interfering RNA (siRNA) transfection 

Cx43-specific siRNA was synthesized by the RiboBio (Guangzhou, China). The sequence of the siRNA that targets the mRNA for 
Cx43 is si-r-Gja1_ 003, 5′-GAACTACAGCGCAGAGCAA-3’. BRL3A cells were inserted into 6-well or 24-well plates to knock out Cx43. As 
per the guidelines provided by the manufacturer, BRL3A cells were transfected with 20 nmol/L Cx43 siRNA or a negative control 
siRNA under conditions of 40 % confluence for 24 h using transfection reagents (Polyplus Transfection, Illkirch, France). Then, collect 
the cells and analyze the knockout efficiency with a immunoblots or conduct other treatments according to the experimental 
requirements. 

2.4. Analysis of cell morphology 

BRL3A cells were inoculated in a 24-well plate and cultured for 24 h in a fresh medium free of penicillin and streptomycin with the 
transfection reagent and 20 nmol/L Cx43 siRNA or negative control siRNA at 40 % confluence. Cells were cultured to approximately 
90 % fusion and treated with 5 μmol/L Cd for 6 h afterwards, cell morphology was observed using a Leica DM IRB inverted microscope. 

2.5. Scrape loading/dye transfer assay 

Following treatment, GJIC was calculated using the scrape-loading/dye-transfer method (SL/DT). Briefly, three times BRL3A cells 
were washed in the PBS, scraped, and then treated at 37 ◦C for 3 min with 0.5 mg/ml LY and 2.5 mg/ml RD before being fixed in 4 % 
paraformaldehyde. Finally, a fluorescence microscope (Leica DMI3000 B, Solms, Germany) was used to observe the diffusion distance 
of the dye in the cells on both sides of the scratch. Data were calculated for the mean and standard deviation (n = 6). 

2.6. Immunoblotting analysis 

After the completion of treatment, the cells were lysed and extracted by ultrasonic radiation immunoprecipitation analysis (RIPA), 
buffered and washed three times with PBS. BCA protein assay kit (Beyotime, China) was used to detect total cell protein concentration. 
SDS-PAGE is used to separate the same amount of total protein (20 μg) and transfer it to the polyvinylidene fluoride (PVDF) membrane. 
PVDM membrane was Incubate in 5 % skimmed milk for 2 h at 37 OC, and then soak the membrane in the primary antibody at 4 ◦C for 
overnight incubation. After 12 h, the diluted secondary antibody was incubated at room temperature for 2 h. Finally, the enhanced 
chemiluminescence (ECL) test kit was used to observe the protein band, and the ImageJ software was used to analyze the grey value of 
the protein band. 

2.7. Infection and analysis of the StubRFP-SensGFP-LC3 Lentivirus 

The GeneChem Corporation provided the StubRFP-SensGFP-LC3 (RFP, red fluorescent protein; GFP, green fluorescent protein) 
lentivirus (Shanghai, China). According to the manufacturer’s instructions, BRL3A cells were seeded in a 24-well plate, grown to about 
20 % confluence, and then exposed for 48 h to StubRFP-SensGFP-LC3 Lentivirus. Then, to create a stable cell line, choose positive cells 
using 4ug/mL puromycin (Solarbio). At 90 % confluence, replace the complete medium with serum-free medium and then handle 
according to the experimental requirements. Finally, the fluorescence image of the LC3 spot was observed with a fluorescence mi-
croscope (TCSSP8STED, Leica). Autophagic lysosomes are indicated by red puncta while autophagosomes are indicated by yellow 
puncta. 

2.8. Analysis of cell proliferation 

The EdU 488 kit was employed to evaluate cells’ capacity to proliferate. Under a state of 40 % confluence, In fresh media devoid of 
penicillin and streptomycin, the cells were cultured with transfection reagents (Polyplus Transfection, Illkirch, France) and 20 nmol/L 
Cx43 siRNA or negative control siRNA, followed by a 12 h treatment with 5 μmol/L Cd. Cells were incubated in EdU working solution 
for 2 h before being treated with the 4 % paraformaldehyde, 0.3 % TritonX-100, ClickAdditivition, and Hoechst 33342 per the 
manufacturer’s instructions. Finally, images were taken using a Leica DM IRB inverted microscope (DMI3000B, Leica, Wetzlar, 
Germany). Proliferative cells were recognized as those that were positive for EdU. 

2.9. Statistical analysis 

All the numerical data were analyzed using one-way analysis of variance (ANOVA) and presented as the mean ± SD using the 
(GraphPad Software, United States). P < 0.05 indicated a significant difference, and P < 0.01 indicated a highly significant difference. 

3. Results 

3.1. Inhibition of Cx43 expression or suppression of Cx43 phosphorylation exacerbates the inhibitory effect of Cd on GJIC function 

The Cx43 inhibitor Dy and the p-Cx43 Ro were employed to modulate both Cx43 and p-Cx43 to examine the involvement of Cx43 in 

Y. Duan et al.                                                                                                                                                                                                           



Heliyon 9 (2023) e21052

4

Cd-induced cytotoxicity. Compared to the effect shown in the Cd group, the combination treatment of Dy and Cd hindered GJIC 
function, and the combined treatment of p-Cx43 and Cd obtained the same results （Fig. 1A-B）. Immuno blot analysis demonstrated 
that Cx43 levels were significantly reduced (P < 0.05) in the Dy–Cd combination treatment group compared to the Cd treatment group, 
but p-Cx43 (Ser368) levels were highly significantly higher (P < 0.01). p-Cx43 levels in the Ro-Cd combination treatment group were 
substantially lower (P < 0.05) than the comparable levels in the Cd treatment group, and Cx43 levels were also highly significantly 
reduced (P < 0.01) （Fig. 1C–E). The above results indicate that inhibition of Cx43 expression or suppression of p-Cx43 levels 
exacerbated the inhibitory effect of Cd on GJIC function in BRL3A cells. 

3.2. Inhibition of Cx43 expression or suppression of Cx43 phosphorylation exacerbates Cd-induced blockade of autophagic flux 

Our previous study showed that 6 h of Cd treatment resulted in the highest levels of autophagy [9]. So, the major time point for our 
investigation into the connection between autophagy and Cx43 was 6 h of pretreatment. After 6 h of Cd treatment, we used stubRFP 
and sensGFP markers to track LC3 and autophagy-lysosome fusion to ascertain the relationship between Cx43 and autophagy during 
Cd exposure. According to the findings, the number of yellow LC3 puncta and accumulation of patches around the nucleus were 
increased in Dy–Cd co-treated group compared to Cd alone, while the combined treatment of Ro and Cd also had the same effect 
(Fig. 2A). Immunoblots analysis revealed that the expression levels of Beclin-1, LC3II, and P62 were significantly higher after receiving 
a combination of Dy and Cd treatment (P < 0.05) compared to the Cd treatment group. In contrast, Atg7 expression remained constant, 
suggesting that blocking Cx43 function could further halt the autophagic flux in Cd-induced cytotoxicity. In contrast to the Cd alone, 
the combined treatment of Ro and Cd highly increased the expression levels of LC3II and Beclin-1 (P < 0.05, P < 0.01) and decreased 
the expression level of Atg7 (P < 0.01), while P62 did not change significantly (Fig. 2B–F). The above results suggest that inhibition of 
Cx43 and p-Cx43 expression exacerbated the Cd-induced blockage of autophagic flux in BRL3A cells. 

3.3. Cx43 knockdown aggravated Cd-induced BRL3A cell damage 

In order to further explore the mechanism of Cx43 in Cd-induced cell damage, the effect of Cx43 siRNA or negative control siRNA 
alone or in combination with 5 μmol/L Cd on the proliferation of BRL3A cells was detected by EdU staining. The findings revealed that 
the NC + Cd group’s number of EdU-positive cells was considerably lower than that of the negative control group (NC). Compared with 
the NC + Cd group, the number of EdU-positive cells further decreased after si-Cx43 combined with Cd treatment (Fig. 3A). Next, we 
verified the protective effect of Cx43 on Cd-exposed BRL3A cells by changes in cell morphology. Results As seen in Fig. 3B, the NC + Cd 

Fig. 1. Inhibition of Cx43 expression or suppression of Cx43 phosphorylation further exacerbates the inhibitory effect of Cd on GJIC function. (A–B) 
GJIC was measured using the SL/DT method with a scale bar of 50 μm after a combined treatment of 5 μmol/L Cd with 10 μmol/L Dy or 200 nmol/L 
Ro for 6 h. (C–E) The effects of Dy and Ro on Cx43 and p-Cx43 expression levels were analyzed by immunoblotting. Compared with the control 
group, *P < 0.05, **P < 0.01; with the Cd treatment group, #P < 0.05, ##P < 0.01. 
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treatment group’s cell morphology underwent significant change, with shrinkage and distortion of the cells, enlargement of the gap, 
and suspension of dead cells. The morphological degradation of the cells was exacerbated, and the number of dead cells increased after 
Cd and si-Cx43 treatment was combined. These findings imply that when cadmium harm BRL3A cells, Cx43 acts as a preventative 
measure. 

3.4. Knockdown of Cx43 exacerbates Cd-induced GJIC dysfunction in BRL3A cells 

We employed Cx43siRNA in cell models to further confirm the crucial part that Cx43 plays in Cd-induced GJIC malfunction in 
BRL3A cells. Compared with the negative control (NC) group, LY diffusion distance in the NC + Cd group was significantly decreased 
(P < 0.01) (Fig. 4A,C). Compared with the NC + Cd group, LY diffusion distance was significantly decreased after combined treatment 
with Cd and si-Cx43 (P < 0.01). Immunoblots analysis showed that the expression level of Cx43 in the si-Cx43 group was significantly 
decreased compared with that in the NC group (P < 0.05); Compared with the NC + Cd group, the expression level of Cx43 was 
significantly decreased after combined treatment with Cd and si-Cx43 (P < 0.05) (Fig. 4B,D). These findings indicated that Cx43 
reduced the malfunctioning of the GJIC brought on by Cd in BRL3A cells. 

3.5. Knockdown of Cx43 exacerbates Cd-induced autophagic flux blockade in BRL3A cells 

To more clearly verify how Cx43 is crucial for the Cd-induced autophagy retardation of BRL3A cells, we followed LC3 with stubRFP 
and sensGFP markers to monitor autophagosomal lysosomal fusion. According to the findings, there were more yellow LC3 puncta in 
the Cx43 knockdown group than in the NC group. Following combination treatment with Cd and si-Cx43, the accumulation of yellow 
LC3 puncta was increased in comparison to the NC + Cd group. (Fig. 5A). Immunoblotting analysis showed that compared with the NC 
+ Cd group, the expression levels of LC3II and P62 were significantly increased after combined treatment with Cd and si-Cx43 (P <
0.05) (Fig. 5B–D). These phenomena are consistent with previous experimental results, confirming that Cx43 plays a protective role in 
Cd-induced autophagic flux arrest in BRL3A cells. 

Fig. 2. Inhibition of Cx43 expression or suppression of Cx43 phosphorylation exacerbates Cd-induced blockade of autophagic flux. (A) BRL 3A cells 
were transfected with the stubRFP-sensGFP-LC3 lentivirus and subsequently treated with Cd or inhibitors of Cx43/p-Cx43. LC3 puncta were 
visualized by confocal microscopy. Scale bar = 20 μm. (B–F) By using immunoblotting, the effects of Dy and Ro on the expression levels of proteins 
related to autophagy were examined. Compared with the control group, *P < 0.05, **P < 0.01; with the Cd alone, #P < 0.05, ##P < 0.01. 
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4. Discussion 

Cadmium is a highly toxic heavy metal that can enter the human body via various pathways to accumulate in the body and is 
difficult to excrete once it has entered the body. Cadmium toxicity is capable of causing damage to various organs in the body, and liver 
damage is an important feature of Cd-induced toxicity [29,30] and can potentially cause liver cancer [31]. Cadmium causes paren-
chymal injury and inflammatory cell infiltration and increases the activities of plasma alanine, alanine aminotransferase, aspartate 
aminotransferase, lactate dehydrogenase, and alkaline phosphatase in the liver [32]. The damaging effects of cadmium have been 
shown at redox, metal status and transaminase levels [33]. It has been found that Cx43 siRNA attenuates Cd-induced apoptosis and 
inhibits the proliferation of HK-2 cells [34].To investigate the intrinsic relationship between Cx43 and heavy metal toxicity, we 
designed experiments to investigate the mechanism of Cx43 action during Cd-induced hepatotoxicity. Primary hepatocytes are rather 
difficult to prepare and genetically manipulate, and the BRL 3A cell line is one of the most commonly used cell lines in studies of 
hepatotoxicity. Therefore, we selected BRL 3A cells to construct a model of Cd-induced hepatocyte injury. Consistent with previous 
observations, the cadmium dose used in this study was 5 μmol/L [9,35]. The morphological changes and proliferative ability of BRL3A 
cells can reflect the toxic effects of the toxin on animal bodies and organs. Therefore, in this study, BRL3A cells were treated with Cx43 
siRNA or negative control siRNA alone or in combination with 5 μmol/L Cd, and morphological changes and proliferative capacity 
changes of BRL3A cells were observed by EdU staining and microscopy. These results demonstrated that BRL3A cells exposed to 
cadmium for 6 h exhibited damage and decreased proliferative capacity; cells in the si-Cx43 + Cd group exhibited more severe changes 
in morphology compared to those in the NC + Cd group, the cells became round and detached, necrotic cells increased and prolif-
erative capacity also decreased further, which was consistent with the findings of others [28]. Based on the above results, the model of 
Cd-induced hepatocyte injury was successfully established, and the knockdown of Cx43 exacerbated cell injury induced by cadmium, 
demonstrating a protective role for Cx43 in Cd-induced cell injury. 

GJIC is key to maintaining the liver’s internal balance. Stimulation of hepatocytes by external harmful substances impairs the 
structure and function of the hepatocyte gap junction channels, leading to changes in the expression of associated gap junction 
proteins, which in turn leads to a series of GJIC-mediated cascades leading to liver cell damage. Recent studies have demonstrated that 
cadmium can inhibit gap junction communication, negatively regulate connexin expression, block information exchange, and result in 
apoptosis, autophagy, and even carcinogenesis in cells [36]. The mechanism of regulation of GJIC is complex and associated with 
various factors such as connexin localization, expression, and phosphorylation levels. In previous laboratory studies, we have found 
that changes in GJIC during cell death do not correspond to the expression of the connexin Cx43, and the mechanism of Cx43 in 
Cd-induced GJIC dysfunction is still unclear. Cx43 is the most prevalent and critical GJ protein and plays an important role in many 
tissues. In different organs or at different times, the GJIC may play different roles. For example, blocking the GJ channel was found to 
have hepatoprotective effects in toxic liver injury [37,38] and ischemic injury to the brain [39] and heart [40] was shown to spread to 
uninfected cells via Cx43-mediated cell-to-cell communication. In bone tissue, CX43-mediated cell-to-cell communication has also 
proven to be an important way to regulate bone balance. Therefore, it is important to clarify the role of CX43 in cadmium-induced liver 

Fig. 3. Cx43 knockdown aggravated Cd-induced BRL3A cell damage. Based on the treatment with Cx43 siRNA or NC siRNA for 24 h. (A) Cell 
proliferation was identified by EdU staining after either a 5 μmol/L Cd treatment or a control treatment for 6 h. Scale bar = 100 μm. (B) The impacts 
of Dy and Ro on cell damage brought on by Cd therapy are visible in bright-field pictures. Scale bar = 100 μm. 
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damage. 
In contrast to other gap junction proteins, Cx43 turnover occurs at an extremely fast rate, and the full turnover cycle of Cx43 is 

estimated to take only 1.5–3 h. The normal function of GJIC is tightly linked to the ongoing synthesis and degradation of connexins. As 
for the choice of Dy and Ro concentrations, we conducted a preliminary experiment. The effect of Dy on LY diffusion distance was 
observed in cells treated with different concentrations for 6 h. Compared with the control group and 2.5 μmol/L Dy, the diffusion 
distance of 10 μmol/L Dy LY was significantly reduced. The effect of Ro318220 on LY diffusion distance was observed after the cells 
were treated with different concentrations for 6 h. The LY diffusion distance of 200 nmol/L Ro, as a Cx43 phosphorylation inhibitor, 
was significantly decreased compared with the control group and 50 nmol/L Ro. These results provided evidence for subsequent tests. 
This study initially used Dy, an inhibitor of Cx43, to inhibit Cx43 expression from limiting GJIC function and observed changes in GJIC 
function and expression levels of Cx43 upon Cd-induced injury of BRL3A cells. The results showed that GIJC function was significantly 
decreased, and the Cx43 expression level was significantly decreased in Dy + Cd group compared with Cd treatment group. This 
suggests that Cx43 plays a protective role in Cd-induced GJIC dysfunction in BRL 3A cells. Subsequently, to further validate the above 
conclusion, we knocked down Cx43 using Cx43 siRNA and came to the same result. 

Autophagy is a process of autodigestion and degradation of cells that can provide materials and energy to synthesize other proteins 
[41]; researchers regard it as an important survival mechanism of cells [17]. Autophagy is a possible therapeutic target for numerous 
disorders, including cancer, autoimmune diseases, neurodegenerative diseases, and metabolic syndrome diseases [19]. Autophagic 
flux refers to the rate at which autophagy degrades cargo [42]. Blocking autophagic flux triggers autophagy dysfunction and ultimately 
cell death [43].Modulation of autophagic flux is a key therapeutic target for a number of diseases where autophagy blockage is 
implicated, including a number of malignancies, cardiovascular conditions, and liver disorders [44,45]. The important thing is, 
autophagic flux has been shown to be a major mechanism of heavy metal toxicity [46,47]. Reduced autophagy blockage may lessen the 
cell damage caused by heavy metals. The autophagy-related protein LC3 has been identified as a characteristic of mammalian 
autophagy in recent investigations, and the ratio of LC3II to LC3I is the most widely used index to evaluate autophagy. P62, a ubiquitin 
system adapter protein, is crucial for associating ubiquitinated proteins and for the fusion of autophagosomes and lysosomes [48]. P62 
reflects the total level of degradation caused by autophagy, while LC3 measures the overall level of autophagy. P62 and LC3 levels are 
increased when late autophagy is inhibited [49,50]. Cadmium increased the expression of Atg family proteins and autophagy SNARE 

Fig. 4. Knockdown of Cx43 exacerbates Cd-induced GJIC dysfunction in BRL3A cells. Based on the treatment with Cx43 siRNA or NC siRNA for 24 
h. Cells were treated with or without 5 μmol/L Cd for 6 h, (A, C) GJIC was measured by the SL/DT method, Scale bar = 100 μm. (B,D) The effects of 
Cx43 siRNA on Cx43 expression levels were analyzed by immunoblotting. Compared with the NC group, *P < 0.05, **P < 0.01; compared with the 
NC + Cd group, #P < 0.05, ##P < 0.01. 
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proteins (STX8, STX17) in prostate epithelial cells and protected cells from cadmium toxicity, indicating that the autophagy machinery 
is positive [51]. Cadmium exposure also induced structural changes in PC12 cells and promoted autophagy, and Beclin-1 may play an 
important regulatory role in Cd-induced autophagic changes in PC12 cells. 

Along with immunoblotting analysis, another widely used technique to track autophagic flux is stubRFP-sensGFP-LC3 fluorescent 
spot analysis [51]. Previous studies have shown that autophagy is the main pathway of Cxs degradation and is involved in connexin 
localization [16], which has a close relationship with GJIC. As an important component of GJIC, it remains unclear how Cx43 impacts 
autophagy and how they interact. In this study, we investigated the effects of Cx43 inhibitor Dy and p-Cx43 inhibitor Ro on autophagy 
by treating BRL3A cells with 5 μmol/L Cd for 6 h to achieve the highest level of autophagy. The results showed that cadmium increased 
orange fluorescence accumulation points compared to the control group, indicating that cadmium caused autophagic flux arrest. In 
contrast, cadmium combined with Cx43 inhibitor Dy further increased LC3 orange fluorescence accumulation points, and the 
expression levels of autophagy-related proteins Beclin-1, P62 and LC3II were significantly increased, indicating that the inhibition of 
Cx43 exacerbated Cd-induced autophagic flux arrest in BRL3A cells. We used Cx43 siRNA in a cell model to further validate this result. 
Knockdown of Cx43 postconditioning cells showed that after co-treatment with si-Cx43 and Cd, orange sunshine accumulation points 
were further increased, and the expression levels of P62 and LC3II were significantly increased compared with the NC + Cd group. 
These phenomena are consistent with previous experimental results. In summary, the reduction of Cx43 exacerbated Cd-induced 
autophagic flux block in BRL3A cells, possibly due to the ability of Cx43 reduction to inhibit GJIC function, consistent with previ-
ous studies that autophagy showed negative regulation with GJIC. 

Connexins and their channels have been demonstrated to underlie a range of liver diseases, such as drug-induced acute liver failure, 
hepatitis, nonalcoholic fatty liver disease, cirrhosis, and hepatocellular carcinoma [52,53]. It is important to note that connexins, like 
Cx43 and Cx32, have been shown to be crucial in the disease development process in cancer research. They can also be used as 
biomarkers of metastasis and survival prognosis and are crucial in metastasis and chemoresistance. Therefore, various connexins may 
have varying effects on the onset of disease and therapy resistance. However, connexin action in Cd-induced liver damage has not been 
fully explained. In the present study, we demonstrate a link between Cx43 and Cd-induced liver injury, whereas what other connexins 
play a role in this process remains to be investigated further. Except for Cx43 and Cx32, other connexins have been less studied. In the 

Fig. 5. Based on a 24 h treatment with either NC siRNA or Cx43 siRNA. (A) BRL 3A cells were transfected with the stubRFP-sensGFP-LC3 lentivirus 
and subsequently treated with or without 5 μmol/L Cd. Confocal microscopy was used to observe LC3 puncta. Scale bar = 20 μm. (B–D) Immu-
noblotting was used to examine how Cx43 siRNA affected the expression levels of proteins related to autophagy. Compared with NC group, **P <
0.01; compared with the NC + Cd group, #P < 0.05, ##P < 0.01. 
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future, we will do further research on the mechanism of connexin in Cd-induced liver injury, which may lead to the discovery of new 
biomarkers and targets for the therapeutic development of liver diseases. 

5. Conclusion 

In conclusion, inhibition of Cx43 exacerbates Cd-induced BRL 3A cell injury and leads to autophagic flux blockade and GJIC 
dysfunction. Cx43 plays a protective role during Cd-induced GJIC dysfunction and autophagic flux block in BRL 3A cells. Therefore, we 
suggest that Cx43 is an important target for regulating autophagic flux and GJIC to mitigate cadmium hepatotoxicity. This study 
provides new insights into the investigation of cadmium hepatotoxicity. 
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