
Citation: Yuan, J.; Huang, X.; Zhao,

Y.; Gu, J.; Yuan, Y.; Liu, Z.; Zou, H.;

Bian, J. Rat Hepatocytes Mitigate

Cadmium Toxicity by Forming

Annular Gap Junctions and

Degrading Them via Endosome

–Lysosome Pathway. Int. J. Mol. Sci.

2022, 23, 15607. https://doi.org/

10.3390/ijms232415607

Academic Editor: Alessandro

Di Cerbo

Received: 11 November 2022

Accepted: 6 December 2022

Published: 9 December 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

 International Journal of 

Molecular Sciences

Article

Rat Hepatocytes Mitigate Cadmium Toxicity by Forming
Annular Gap Junctions and Degrading Them via
Endosome–Lysosome Pathway
Junzhao Yuan 1,2,3, Xiaoqian Huang 1,2, Yumeng Zhao 1,2, Jianhong Gu 1,2, Yan Yuan 1,2, Zongping Liu 1,2 ,
Hui Zou 1,2,3,* and Jianchun Bian 1,2,3,*

1 College of Veterinary Medicine, Yangzhou University, 12 Wenhui East Road, Yangzhou 225009, China
2 Jiangsu Co-Innovation Center for Prevention and Control of Important Animal Infectious Diseases and

Zoonoses, Yangzhou 225009, China
3 Joint International Research Laboratory of Agriculture and Agri-Product Safety of the Ministry of Education

of China, Yangzhou University, Yangzhou 225009, China
* Correspondence: zouhui@yzu.edu.cn (H.Z.); jcbian@yzu.edu.cn (J.B.)

Abstract: Gap junction protein connexin 43 (Cx43) plays a critical role in gap junction communication
in rat hepatocytes. However, those located between hepatocytes are easily internalized following
exposure to poisons. Herein, we investigated the potential of buffalo rat liver 3A (BRL 3A) cells
to generate annular gap junctions (AGJs) proficient at alleviating cadmium (Cd) cytotoxic injury
through degradation via an endosome–lysosome pathway. Our results showed that Cd-induced
damage of liver microtubules promoted Cx43 internalization and increased Cx43 phosphorylation
at Ser373 site. Furthermore, we established that Cd induced AGJs generation in BRL 3A cells, and
AGJs were subsequently degraded through the endosome–lysosome pathway. Overall, our results
suggested that Cx43 internalization and the generation of AGJs were cellular protective mechanisms
to alleviate Cd toxicity in rat hepatocytes.
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1. Introduction

Cadmium (Cd), a kind of heavy metal element, is discharged into the environment
through industrial waste from mining or the manufacture of electronics [1–3]. Cd element
mainly exists in nature as greenockite (CdS). Cd element in the form of the elementary
substance is non-toxic. The ion form of Cd2+ from mining activities and industrial wastes is
harmful, it can cause oxidative stress damage and induce cancers in animals and humans [4].
Hence, aquatic or terrestrial organisms in Cd-polluted areas are exposed to Cd toxicity [5–7].
After animals ingest Cd2+, it is absorbed through the digestive system, accumulated and
stored in the liver, and gradually transported to the kidney and other organs through
blood circulation. After Cd2+ enters cells, it will extensively combine with metallothionein,
phospholipids, nucleic acids, and other biological macromolecules in cells, resulting in
damage to organelles such as mitochondria, endoplasmic reticulum, and lysosome, and
eventually induce cells to undergo apoptosis [8–10]. More seriously, Cd in animals is easily
accumulated in the bones, and its half-life is as long as 30 years, which continues to affect
the health of animals [11].

Connexins play important roles in the cellular communication of various tissues and
the occurrence or regulation of various diseases such as hearing, cardiovascular, cutaneous,
and neurological diseases [12–14]. Gap junctions composed of connexins are essential for
survival and intercellular communication between hepatocytes [15]. Connexins form a
half-channel (connexon) composed of hexamers and interlink with the half-channels on
adjacent cell membranes to form an integral gap junction channel. Hundreds to thou-
sands of channels locally aggregate in the cell membrane and dock with the channels on
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adjacent cells to form the so-called gap junction plaques (GJPs) [16,17]. Connexins are
rapidly and continuously generated, internalized, degraded, or recycled to adapt to cellular
environmental changes, such as cell growth, migration, and stress [18]. Under physiological
conditions, minimal levels of connexins are internalized and regenerated [19]; however,
they undergo extensive internalization and degradation under certain stimuli. Connex-
ins can form annular gap junctions (AGJs) with double membranes through intracellular
invagination under the influence of various factors, which are endocytosed by the cells
in vitro [16]. Connexin 43 (Cx43) has been widely studied because of its universal distribu-
tion between cells. The normal and abnormal expression patterns of Cx43 in myocardial,
vascular, nerve, and tumor cells have always been a research hotspot [20–24]. However, the
regulatory mechanism of Cx43 degradation, especially the internalization and degradation
stimulated by different poisons, is yet to be fully elucidated.

The conversion of connexins under physiological conditions is achieved by endocytic
small endocytic double-membrane vesicles [25]. Phosphorylation and ubiquitination at
the C-terminal of Cx43 jointly regulate the initiation of Cx43 internalization [18,26–28].
Phosphorylation at Ser373, Ser279/282, Ser262, and Ser368 sites on Cx43 has been exten-
sively studied and all of them promote the internalization of Cx43 degradation; specifically,
increased phosphorylation at Ser373 has been shown to attenuate the interaction between
Cx43 and the tight junction protein zonula occludens-1 (ZO-1), in turn promoting the
internalization of GJP [27].

The cytoskeleton consists of microtubules, microfilaments, and intermediate filaments,
with microtubules being distributed within cells originating around the nucleus and densely
distributed in the cytoplasm. They play an important role in the movement and localization
of mitochondria, lysosomes, and other organelles. Endosomes are single-layered vesicles
derived from the endoplasmic reticulum or Golgi apparatus [29–31]. Endosomes are also
referred to as secondary lysosomes because of their gradual acidification and eventual
fusion with lysosomes through the lysosomal progenitor cells of the endoplasmic reticulum
during maturation [32,33]. Endosomes depend on the cytoskeleton to undergo maturation
from early endosomes (EE; signature protein: EEA1) to multivesicular bodies (MVBs) and
late endosomes (LE, signature protein: Rab7) [30,34,35]. AGJs internalized between cells
can fuse with endosomes; thus, the connexins on the inner membrane will be broken into
smaller AGJs and transported to lysosomes for degradation. In contrast, the connexins
on the outer membrane may be transported back to the cell membrane for recycling or
lysosomal degradation [36,37].

Whether the heavy metal Cd can induce the production of annular gap junctions
in hepatocytes is unknown, and our study mainly relied on the immunofluorescence
technique to explore this possible outcome. Our study findings will provide an in vitro
perspective of the internalization of connexins in inhibiting Cd-induced cell damage and a
rare intercellular phenomenon.

2. Results
2.1. Cd-Induced Microtubule Damage Promotes Cx43 Internalization and Degradation
Accompanied by Increased Phosphorylation at Ser373 Site

Our findings showed that as Cd concentration increased, Cx43 gradually accumulated
from its position in the cell membrane where the microfilament structure was located
to the cell interior and was accompanied by a significant decrease in the fluorescence
intensity corresponding to Cx43 (Figure 1A). Similarly, BRL 3A cells were treated with 0,
5, 10, and 20 µM Cd for 12 h, followed by immunofluorescence with anti-α-tubulin-FITC
antibody and anti-Cx43 antibody co-staining. Following this, microtubules became sparse
and disordered with increasing Cd concentration (Figure 1B). However, Cx43 marker sites
gradually distributed to the interior of the cell, and co-localization with microtubules
gradually increased. In some regions, Cx43 formed large clusters beside the cell membrane.
Nevertheless, the Western blotting analysis showed that Cx43 levels significantly decreased
upon treatment with Cd at 10µM and 20 µM (Figure 1C,D). Moreover, Western blotting
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analysis showed that the level of P-Cx43 increased proportionally with Cd concentration
and reached its highest level at 10 µM Cd (Figure 1E,F).
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group. 

Figure 1. Cd induces Cx43 internalization and degradation in hepatocytes: (A) Cx43 was co-stained
with microfilaments (labeled with phalloidin). Green represents microfilaments, and red represents
Cx43. The white rectangle represents Cx43 between cells under different Cd concentrations. The
white arrow represents GJP. Scale bar = 10 µm; (B) Anti-Cx43 antibody was co-stained with anti-α-
tubulin-FITC antibody. Green represents maicrotubules, and red represents Cx43. The white rectangle
represents Cx43 between cells under different Cd concentrations. The white arrow represents GJP.
Scale bar = 10 µm; (C,D) Western blotting analysis of the Cx43 level in rat hepatocytes. Statistical
results were obtained from at least three independent experiments; * p < 0.05 compared to the control
group, ** p < 0.01 compared to the control group; (E,F) Western blotting analysis of P-Cx43 (Ser 373)
level; ** p < 0.01 compared to the control group, ## p < 0.01 compared to the Cd group.

2.2. Cd-Induced Damage to Microtubules Promotes Cx43 Internalization

Intracellular distribution of Cx43 after treatment of hepatocytes with Cd or nocodazole
was observed using immunofluorescence. The images showed that Cd significantly reduced
the intracellular distribution and fluorescence intensity of Cx43. Nocodazole alone or in
combination with Cd caused the decrease in Cx43 in hepatocytes, leading to a decreased
intensity in Cx43 fluorescence (Figure 2A). Subsequently, Western blotting analysis was
used to determine the effect of nocodazole on Cx43 degradation. The results showed that
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combination treatment with Cd and nocodazole decreased Cx43 levels, suggesting that
destabilizing the microtubules promotes internalized degradation of Cx43 (Figure 2B,C). In
addition, nocodazole alone or in combination with Cd increased the level of P-CX43 (Ser373)
when compared to the control and Cd group, suggesting that damaged microtubules were
also an important factor in the internalization of Cx43 (Figure 2D,E). Therefore, our study
findings showed that microtubule damage from Cd toxicity promotes the internalization of
Cx43 and, to some extent, promoted the degradation process of Cx43.
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Figure 2. Microtubule damage from Cd toxicity promotes the internalization of Cx43 in hepatocytes:
(A) Immunofluorescence intracellular distribution of Cx43 after the combined administration of Cd
and the microtubule inhibitor nocodazole. Scale bar = 10 µm; (B,C) Analysis of Cx43 level after
combined treatment with Cd and nocodazole using Western blotting. * p < 0.05 compared to the
control group; *** p < 0.001 compared to the control group; # p < 0.05 compared to the Cd group;
(D,E) Analysis of P-Cx43 (Ser373) levels after combined treatment with Cd and nocodazole using
immunoblotting. * p < 0.05 compared to the control group; ** p < 0.01 compared to the control group.
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2.3. Cd Exposure Induces the Formation of AGJs in Rat Hepatocytes

The results described above confirmed that the optimal internalization of Cx43 was
achieved when hepatocytes were treated with 10 µM Cd for 12 h (Figure 2D,E). The
discovery of AGJs in BRL 3A cells was accidental since the internalization of adjacent cell
boundaries to form an annular gap junction is an uncommon observation (Figure 3A). These
AGJs could also be observed using a transmission electron microscope, and most regions
depict extensive Cx43 internalization activity (Figure 3B). We measured the diameters
of all AGJs in the visual field of all Cd groups and compared them with the diameters
of normal Cx43 spots in control group. The results showed that the diameters of AGJs
induced by Cd were approximately three times those of Cx43 spots in the control group
(Figure 3C). We could observe only one or two distinct, large, regularly structured AGJs
within a group of cells. Most AGJs were distributed in the cell-cell junctions (Figure 3Db);
however, some AGJs were also distributed on the other side of the cells, away from cell
junctions (Figure 3Dc). Amazingly, some AGJs were observed outside the cell (Figure 3Dd).
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Figure 3. Cd induces the formation of AGJ in rat hepatocytes: (A) Cd exposure induced the formation
of AGJs between cells in rat hepatocytes. Red arrows represent Cx43 spots or AGJs. Scale bar = 10 µm;
(B) AGJs observed under a transmission electron microscope. Blue arrows represent cell junction
regions, and red arrows represent the AGJ of the bilayer membrane. Scale bar = 5 µm; (C) Image J
software was used to determine the diameters of AGJ and normal Cx43 spots and eventually calculate
the ratio. This method is a way to manually count the particle diameter in images provided by Image
J software: set a ruler for images, and then manually measure the diameter of Cx43 fluorescent sites
(13 in total, 1 fluorescent site per cell) in cells of the control group and the diameter of all AGJ (13 in
total) in cells of Cd group, and then use GraphPad Prism software to compare the difference between
two groups of data. The results were derived from measuring the diameters of 13 different AGJs.
** p < 0.01 compared to the control group; (D) Cd exposure induced the formation of AGJs in different
regions of rat hepatocytes. Red arrows represent the structure of AGJ. Scale bar = 10 µm.
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2.4. Cd Treatment Caused the Degradation of Internalized AGJ through
Endosome-Lysosome Pathway

We found that Cd could induce the trafficking of internalized AGJ through early/late
endosomes and eventually fuse with lysosomes. To determine whether the internalized
AGJs could be degraded by the endosome–lysosomal pathway, the anti-Cx43 antibody was
co-stained with early endosomal (Figure 4A), late endosomal (Figure 4B), and lysosomal
markers (Figure 4C) with anti-EEA1 antibody, anti-Rab7a antibody, and anti-LAMP2
antibody, respectively. The results showed that Cx43 could be co-localized with EEA1,
Rab7a and LAMP2, which demonstrated that Cx43 could be degraded by the endosome–
lysosome pathway.
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Figure 4. Cx43 interacted with endosomes/lysosomes after internalization: (A) Anti-Cx43 antibody
(red) is co-stained with antibody against early endosomal marker EEA1 (green), white arrow rep-
resents AGJ. Scale bar = 10 µm; (B) Anti-Cx43 antibody (green) is co-stained with antibody against
late endosomal marker RAB7a, white arrow represents AGJ. Scale bar = 10 µm; (C) Antibody against
Cx43 (green) were co-stained with the anti-lysosomal marker protein LAMP2, AGJ was represented
by the white arrow. Scale bar = 10 µm.
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2.5. Internalization of Cx43 Protects Rat Hepatocytes from Cd-Induced Apoptosis and Alleviates
Cell Damage

TPA is a PKC activator that phosphorylates Cx43 at Ser368 site to promote Cx43
degradation [36]. Herein, TPA was used to internalize Cx43 on the cell membrane. Rat
hepatocytes were treated with Cd (10 µM) and TPA (0.5 µM in DMSO) alone or in combina-
tion for 12 h. Compared with control and Cd groups, cell morphology observed under a
light microscope suggested that co-treatment with TPA and Cd significantly reduced cell
death (Figure 5A). Next, Hoechst 33258 was used to stain damaged nuclei to assess Cd
toxicity in rat hepatocytes and the role of TPA in mitigating Cd toxicity. The results showed
that compared with the Cd group, the combined treatment of rat cells with TPA and Cd
alleviated the damage to the nucleus (Figure 5B). Similarly, CCK8 assay results also showed
that the combined treatment with TPA and Cd reduced the damage caused by Cd toward
cell activity (Figure 5C). The levels of Cx43 and three apoptotic protein markers, activated-
caspase 3, Bax, and Bcl-2, were determined using Western blotting analysis. The results
showed that the co-treatment of hepatocytes with TPA and Cd significantly decreased
levels of Cx43 and inhibited Cd-induced apoptosis (Figure 5D–G). Through transmission
electron microscopy, it was observed that the nucleus deformation was reduced in the Cd
group, and more lysosomal structures appeared in cells, while the combination of Cd and
TPA resulted in more lysosomal organelles in cells but alleviated the nuclear deformation
and damage (Figure 5H). These results suggest that the internalization of Cx43 may be an
active protective mechanism in rat hepatocytes.
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Figure 5. Application of TPA alleviated cell damage caused by Cd exposure in rat hepatocytes:
(A) Light microscope observation revealed that co-treatment with TPA and Cd reduces cell death
caused by Cd. Scale bar = 100 µm; (B) TPA alleviates Cd-induced damage to the rat cell nuclei. Scale
bar = 200 µm; (C) CCK 8 assay results showing TPA alleviates Cd-induced reduction in the viability
of rat hepatocytes, ** p < 0.01, vs. control; *** p < 0.001, vs. control; ## p < 0.01, vs. Cd; (D–G) Western
blotting analysis of the levels of Cx43 and apoptotic proteins (activated-caspase 3, ratio of Bax to
Bcl-2); * p < 0.05 compared to the control group; ** p < 0.01 compared to the control group; *** p < 0.001
compared to the control group; # p < 0.05 compared to the Cd group; (H) Observation of cell damage
in rats treated with Cd and TPA by transmission electron microscope. Scale bar = 5 µm.

3. Discussion

In this study, we observed that the heavy metal Cd induced AGJ production in rat
hepatocytes in vitro. Various environmental toxins can induce the internalization and
degradation of gap junction proteins [38,39]. However, to date, researchers have only
observed the internalization and degradation of AGJ caused by biological factors under
in vitro conditions [40,41]. We found that the large AGJs (diameter up to 3–4 µm) can be
ten times the size of normal small-sized AGJs (about 1µm in diameter). In addition, we
found that the increase in Cd concentration caused noticeable damage to the microtubular
structure in BRL 3A cells and Cd-induced microtubule damage participated in promoting
the internalization and degradation of Cx43. The microtubule inhibitor, nocodazole, can
cause elevated phosphorylation levels of Ser373-Cx43 associated with the initiation of
internalization of Cx43.

Studies have shown that the GJP between two adjacent cells can interact with mi-
crofilaments, microtubules, and tight junction proteins such as ZO-1 and β-catenin, these
diverse structural proteins aggregate to form stable submembrane protein complexes that
allow intercellular communication and energy transfer between cells [42,43]. Acute Cd
exposure can disrupt the polymerization of cytoskeletal protein monomers and depolymer-
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ize microtubules [44,45]. Herein, we found that the increase in Cd concentration caused
noticeable damage to the microtubules, which are critical for the local stability of cell adhe-
sion structures, such as kinds of connexins and tight junctions. Cd promoted an increase
in Cx43 phosphorylation at the Ser373 site. After co-treatment with nocodazole and Cd
to depolymerize the microtubules, phosphorylation levels of Cx43 at Ser373 increased
significantly, providing evidence that microtubules play an important role in inducing
Cx43 internalization.

Interestingly, since hepatocytes grow in a tightly connected manner, most of the AGJs
induced by Cd were present at cell-cell junctions. However, some AGJs were present
away from cellular junctions. There were no apparent traces of cell contact in these re-
gions; therefore, these AGJs were suspected to be derived from a single-cell monolayer
membrane. The other possibility is that these AGJs were derived from the internalized
AGJs transported from one side of the cell to the other along the microtubule. Another
interesting phenomenon is that AGJs can also be found outside cells, implying that hepa-
tocytes would have exocytosed them. It has been reported that Cx43 can be found on the
exosome membrane because the connexins on this membrane can provide a bridge for the
intercellular exchange between exosomes and host cells [46–48]. Since internalized AGJs
are via the endosome–lysosome pathway or the autophagy-lysosome pathway, study has
shown that Cd can inhibit autophagic flux by affecting lysosomal acidity or destroying
autophagy–lysosome fusion to activate the exosome or secretory autophagy pathways [49],
we speculate that the AGJs that cannot be effectively degraded are discharged outside the
cell via phagocytosis.

Cx43 internalization is related to complex ubiquitination or phosphorylation modifica-
tion at the C-terminus of Cx43 [27,50]. The phosphorylation at the Ser 373 site can inhibit
the binding between Cx43 and ZO-1, thereby controlling the size of GJP. The mutation
of the Cx43 sequence affecting the Ser373 site can reduce the probability of Cx43 being
phosphorylated and thus affect the normal binding of ZO-1 with Cx43, weakening the
internalization of GJP, thereby causing it to remain stable for a longer period [27]. In our
study, the destruction of microtubules from Cd toxicity or microtubule inhibitor nocodazole
caused an increase in phosphorylation at Ser373. The destruction of microtubules may
have an indirect rather than direct effect on the increase in Ser373 phosphorylation because
microtubule damage affects a variety of organelles and thus causes drastic changes in the
intracellular environment, which may in turn affect the activity of corresponding kinases.
Nevertheless, compared to the treatment with Cd alone, the combined treatment with
nocodazole and Cd destroyed microtubules and caused a significant decrease in Cx43,
indicating that the damage to microtubules by Cd destabilizing microtubules promotes
internalized degradation of Cx43.

Endosomes are important organelles for the effective processing of membrane proteins
after internalization. The endosomal sorting complexes required for transport (ESCRT)
molecular machinery on early endosomes can ubiquitinate or phosphorylate proteins such
as connexins on the endosomal membrane according to cellular requirements to determine
the ultimate fate of these membrane proteins [51]. They are either transported to the cell
membrane for recycling or the lysosome for degradation. Leithe et al. found that when
TPA was used to treat IAR20 rat hepatocyte cells, the internalized AGJs were degraded by
the endosome–lysosome pathway [36]. Through immunofluorescence staining, we found
that, compared to the control group, Cx43 co-localized with the early endosomal marker
EEA1, the late endosomal marker Rab7A, and the lysosomal marker LAMP2. Collectively,
our results proved that the endosome–lysosome pathway plays a role in Cd-induced
internalization and degradation of Cx43.

The Cd-induced decrease in Cx43 levels in BRL 3A cells as well as the internalization
and degradation of Cx43 may have blocked the transmission of toxins between cells through
gap junctions. Previously, other members of our group used 18β-glycyrrhetinic acid, a com-
pound that promoted Cx43 internalization, to alleviate the damage caused by Cd exposure
to rat hepatocytes [52]. The results from the present study are concordant with their results.
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Under an optical microscope, we observed that the combined treatment of rat hepatocytes
with TPA and Cd significantly reduced Cd-induced cell death. In addition, CCK8 toxicity
results proved that this combined treatment significantly reduced cytotoxicity compared
to Cd monotherapy. Furthermore, we established through immunoblotting experiments
and staining of cell nuclei with Hoechst 33258 that co-treatment with TPA and Cd reduced
Cd-induced apoptosis, indicating that the internalization of Cx43 is a self-protection mech-
anism against Cd-induced damage. Therefore, in this study, we confirmed that Cd induces
Cx43 internalization in BRL 3A cells, a protective mechanism which cells use to prevent Cd
toxicity. Although our experiments demonstrated that Cx43 internalization within 12 h was
protective against Cd toxicity, intense Cx43 internalization, especially when cells formed
AGJ to internalize and degrade Cx43 on a large scale, was temporary in saving Cd-induced
single-cell death. However, to the extent that cell populations can reduce the amount of
cell death that can cause damage to more cells by decreasing communication between cells,
it may be an effective way to survive within liver tissue.

4. Materials and Methods
4.1. Materials

Fetal bovine serum was obtained from Solarbio Company (Beijing, China), and cad-
mium chloride (CdCl2, purity of ≥99.99%, USA) was obtained from Sigma company
(St. Louis, MO, USA). Phorbol 12-myristate 13-acetate (TPA, P167764) and nocodazole
(N129755) were obtained from Aladdin company (Shanghai, China), and Hochest 33258
(23491-44-3) was obtained from MedChemExpress company (New Jersey, USA). Anti-α-
tubulin-FITC antibody and anti-LAMP2 antibody were obtained from Sigma, the mono-
clonal anti-connexin 43 antibody (CX-1B1, 13-8300) was obtained from Invitrogen com-
pany (Waltham, MA, USA), anti-EEA1 antibody, anti-bax (ab32503) antibody, and anti-
bcl-2 (ab196495) antibody were obtained from Abcam company (Cambridge, UK), anti-
RAB7A antibody was obtained from ABclonal company (Wuhan, China), anti-phospho-
connexin 43/GJA1 (Ser373; AF8264) was obtained from Affinity Biosciences (Cincinnati,
OH, USA), and mouse anti-active caspase-3 (bsm-33199M) was obtained from BIOSS
company (Beijing, China).

4.2. Cell Culture and Morphological Observation

BRL 3A cells were purchased from the Cell Bank of the Shanghai Institutes for Biologi-
cal Sciences, Chinese Academy of Sciences. Cells were cultured in Dulbecco’s Modified
Eagle’s Medium (DMEM) supplemented with 10% fetal bovine serum. When cells attained
50% confluence, they were treated with Cd for 12 h. The morphology of hepatocytes was
observed under as Leica inverted fluorescence microscope (Wetzlar, Germany), and bright-
field photographs were obtained. Optimal concentrations of Cd and nocodazole (an antitu-
mor drug that works by depolymerizing microtubules, 31.25 nM in DMSO) were selected
based on our previous work [53]. The optimal concentration of TPA was selected based on
the cell counting kit 8 (CCK8) cytotoxicity assay results (Supplementary Materials).

4.3. Immunofluorescence Assay

BRL 3A cells were seeded in a 24-well plate at a density of 1 × 104 cells per well and
cultured in an incubator. When cells attained 50 confluences, the following independent
immunofluorescence staining experiments were carried out:

1. Different concentrations of Cd (0, 5, 10, and 20 µM) were added to 24-well plates to
co-stain Cx43 and microfilaments.

2. Different concentrations of Cd (0, 5, 10, and 20 µM) were added to 24-well plates to
co-stain Cx43 and α-tubulin.

3. The control, Cd, nocodazole, and nocodazole + Cd were added to 24-well plates. Cells
were then stained for Cx43.

4. Three experimental groups were set up in 24-well plates. The control and Cd were
added to two wells in each group, respectively. Cells of the three groups were then
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stained with antibodies from different species against Cx43 and EEA1, Cx43 and
Rab7a, Cx43, and LAMP2.

5. The control, Cd, TPA (0.5 µM in DMSO), and Cd + TPA were added to 24-well plates.
The cells were then stained with Hochest 33258.

After the above-mentioned procedures, cells were cultured at 37 ◦C for 12 h in an incu-
bator, the medium was discarded, and cells were washed thrice with ice-cold phosphate-
buffered saline (PBS) solution. Cells were fixed with 4% paraformaldehyde solution
(0.5 mL) and incubated at 4 ◦C for 30 min. 0.1% Triton X-100 solution (Beyotime, Shanghai,
China) was added to the cells for 2 min to permeabilize the cell membrane. After washing,
0.5% BSA solution (0.5 mL) was added to each well prior to incubation for 30 min at room
temperature. The following primary antibodies were individually added to the wells
and incubated overnight: anti-α-tubulin-FITC antibody (1:500), anti-connexin 43 antibody
(1:200), anti-EEA1 antibody (1:200), anti-Rab7 antibody (1:200), and anti-LAMP2 antibody
(1:200). The primary antibody, anti-α-tubulin-FITC antibody, was collected directly, then
nuclei were stained with DAPI, cells were mounted. Anti-EEA1, anti-Rab7, anti-LAMP2,
and anti-Cx43 antibodies were added overnight, cells were stained with fluorescein-labeled
secondary antibodies for 2 h. Subsequently, cells were incubated with DAPI to stain nuclei,
then the slide was completely sealed with nail polish. Images were acquired using a Leica
inverted laser confocal microscope (Wetzlar, Germany).

4.4. Transmission Electron Microscopy

For electron microscopy, BRL 3A cells were seeded in 6-well plates. When hepatocytes
grew to 50% confluence, they were incubated with either 0 µM or 10 µM Cd and cultured in
an incubator for 12 h. DMEM was discarded, and 1 mL of trypsin was added to each well.
After 30 s, adherent cells were detached and collected into 1.5 mL tubes. Hepatocytes were
then centrifuged at 1000 r/min in a low-speed centrifuge, the supernatant was discarded,
and the precipitate was fixed with an electron microscope fixative. An additional sample
was prepared to observe cell morphology under an electron microscope. Images were
observed using a transmission electron microscope (HT7800, HITACHI, Japan).

4.5. Western Blot Assay

Cells were scraped and lysed with 50 mmol/L HEPES buffer containing 0.5% non-
idet P-40, proteinase, and phosphatase inhibitors (1 mM phenylmethylsulfonyl fluoride,
1 mg/mL each of aprotinin, leupeptin, and pepstatin, and 1 mmol/L Na3VO4, 25 mmol/L
NaF, respectively). The cellular lysate was sonicated and centrifuged at 11,000× g for 10 min
at 4 ◦C. Protein concentration was determined using the Bradford assay. Proteins (20 mg)
were separated via SDS-PAGE and transferred onto polyvinylidene fluoride (PVDF) mem-
branes. These blots were blocked with 5% skimmed milk or BSA (bovine serum albumin)
(for P-Cx43) in Tris-buffered saline containing 0.1% Tween 20 (TBS-T) for 2 h and incubated
overnight at 4 ◦C with a primary antibody (each antibody used for Western blotting was
diluted to 1:1000, the anti-GAPDH antibody was diluted to 1:5000). Blots were then washed
three times with TBS-T and incubated for 2 h with horseradish peroxidase-conjugated
secondary antibody in TBS-T. After the blots were washed three times, they were visualized
using enhanced chemiluminescence reagents.

4.6. Statistical Analysis

The results were expressed as the mean ± standard deviation (SD). All Western
blotting results were representative of at least three experiments. Statistical analysis was
assessed by the student’s unpaired t-test for the study that had 2 groups. Statistical analyses
were performed using one-way analysis of variance (ANOVA) for studies with 4 groups,
followed by Tukey’s test. All statistical analyses were performed using GraphPad software
package (Prism 8.0) for Windows. Differences were considered statistically significant at
p-values of less than 0.05.
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5. Conclusions

Our study shows that Cd can induce the production of AGJs in hepatocytes, and
these AGJs can be degraded by endosome–lysosomes, which is a temporary protective
response of liver cells to Cd damage (Figure 6). Our results suggest the possibility of AGJs
induced by other environmental poisons or harmful stimuli: as long as the harmful stimulus
is sufficiently effective, AGJs are produced between cells to rapidly reduce intercellular
communication and contact to mitigate damage. In addition, our study suggests that
researchers should pay attention to the phenomenon of AGJs production in different kinds
of cells and tissues under different harmful stimuli. Especially in the study of exosomes,
it is necessary for scholars to deeply explore how the AGJs secreted into the extracellular
cells affect the function between tissues and cells.
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Figure 6. Alleviation of Cd-induced toxicity in rat hepatocytes through the formation of AGJs and
degradation via endosome–lysosome pathway: (A) Small-scale degradation of Cx43 in normal cells;
(B) Internalization of Cx43 into large AGJs by hepatocytes. The AGJs can fuse with early endosomes,
develop into late endosomes, and finally fuse with lysosomes. Internalization of Cx43 attenuates
Cd-induced cell damage and apoptosis through an unknown pathway. (C) Explanation of symbols
and patterns in Figure (A) and (B).

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/ijms232415607/s1.

Author Contributions: J.Y.: Conceptualization, Formal analysis, Writing—Original Draft. X.H.:
Resources. Y.Z.: Resources. J.G.: Resources. Y.Y.: Resources. Z.L.: Resources. H.Z.: Writing—Review
& Editing. J.B.: Writing—Review & Editing, Supervision, Project administration, Funding acquisition.
All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by The National Key Research and Development Program of
China (No. 2016YFD0501208) and A Project Funded by the Priority Academic Program Development
of Jiangsu Higher Education Institutions (PAPD).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The data that support the findings of this study are available from the
corresponding author upon reasonable request.

Conflicts of Interest: The authors declare that they have no known competing financial interests or
personal relationships that could have appeared to influence the work reported in this paper.

References
1. Turner, A. Cadmium pigments in consumer products and their health risks. Sci. Total Environ. 2019, 657, 1409–1418.

[CrossRef] [PubMed]
2. Li, Z.; Ma, Z.; van der Kuijp, T.J.; Yuan, Z.; Huang, L. A review of soil heavy metal pollution from mines in China: Pollution and

health risk assessment. Sci. Total Environ. 2014, 468–469, 843–853. [CrossRef] [PubMed]
3. Yang, W.J.; Ding, K.B.; Zhang, P.; Qiu, H.; Cloquet, C.; Wen, H.J.; Morel, J.L.; Qiu, R.L.; Tang, Y.T. Cadmium stable isotope

variation in a mountain area impacted by acid mine drainage. Sci. Total Environ. 2019, 646, 696–703. [CrossRef] [PubMed]

https://www.mdpi.com/article/10.3390/ijms232415607/s1
https://www.mdpi.com/article/10.3390/ijms232415607/s1
http://doi.org/10.1016/j.scitotenv.2018.12.096
http://www.ncbi.nlm.nih.gov/pubmed/30677907
http://doi.org/10.1016/j.scitotenv.2013.08.090
http://www.ncbi.nlm.nih.gov/pubmed/24076505
http://doi.org/10.1016/j.scitotenv.2018.07.210
http://www.ncbi.nlm.nih.gov/pubmed/30059929


Int. J. Mol. Sci. 2022, 23, 15607 13 of 14

4. Huff, J.; Lunn, R.M.; Waalkes, M.P.; Tomatis, L.; Infante, P.F. Cadmium-induced cancers in animals and in humans. Int. J. Occup.
Environ. Health 2007, 13, 202–212. [CrossRef]

5. Luo, G.; Han, Z.; Xiong, J.; He, Y.; Liao, J.; Wu, P. Heavy metal pollution and ecological risk assessment of tailings in the Qinglong
Dachang antimony mine, China. Environ. Sci. Pollut. Res. Int. 2021, 28, 33491–33504. [CrossRef]

6. Outa, J.O.; Kowenje, C.O.; Plessl, C.; Jirsa, F. Distribution of arsenic, silver, cadmium, lead and other trace elements in water,
sediment and macrophytes in the Kenyan part of Lake Victoria: Spatial, temporal and bioindicative aspects. Environ. Sci. Pollut.
Res. Int. 2020, 27, 1485–1498. [CrossRef]

7. Sharma, T.; Litoria, P.K.; Bajwa, B.S.; Kaur, I. Appraisal of groundwater quality and associated risks in Mansa district (Punjab,
India). Environ. Monit. Assess. 2021, 193, 159. [CrossRef]

8. Kim, J.J.; Kim, Y.S.; Kumar, V. Heavy metal toxicity: An update of chelating therapeutic strategies. J. Trace Elem. Med. Biol. 2019,
54, 226–231. [CrossRef]

9. Ahamed, M.; Akhtar, M.J.; Khan, M.A.M.; Alhadlaq, H.A. Reduced graphene oxide mitigates cadmium-induced cytotoxicity and
oxidative stress in HepG2 cells. Food Chem. Toxicol. 2020, 143, 111515. [CrossRef]

10. Yuan, J.; Huang, X.; Gu, J.; Yuan, Y.; Liu, Z.; Zou, H.; Bian, J. Honokiol reduces cadmium-induced oxidative injury and
endosomal/lysosomal vacuolation via protecting mitochondrial function in quail (Coturnix japonica) liver tissues. Sci. Total
Environ. 2022, 857, 159626. [CrossRef]

11. Sughis, M.; Penders, J.; Haufroid, V.; Nemery, B.; Nawrot, T.S. Bone resorption and environmental exposure to cadmium in
children: A cross–sectional study. Environ. Health 2011, 10, 104. [CrossRef] [PubMed]

12. Severs, N.J.; Rothery, S.; Dupont, E.; Coppen, S.R.; Yeh, H.I.; Ko, Y.S.; Matsushita, T.; Kaba, R.; Halliday, D. Immunocytochemical
analysis of connexin expression in the healthy and diseased cardiovascular system. Microsc. Res. Tech. 2001, 52, 301–322.
[CrossRef] [PubMed]

13. Kelly, J.J.; Simek, J.; Laird, D.W. Mechanisms linking connexin mutations to human diseases. Cell Tissue Res. 2015, 360, 701–721.
[CrossRef] [PubMed]

14. Mugisho, O.O.; Green, C.R. The NLRP3 inflammasome in age-related eye disease: Evidence-based connexin hemichannel
therapeutics. Exp. Eye Res. 2022, 215, 108911. [CrossRef]

15. Willebrords, J.; Crespo Yanguas, S.; Maes, M.; Decrock, E.; Wang, N.; Leybaert, L.; da Silva, T.C.; Veloso Alves Pereira, I.; Jaeschke, H.;
Cogliati, B.; et al. Structure, Regulation and Function of Gap Junctions in Liver. Cell Commun. Adhes. 2015, 22, 29–37. [CrossRef]

16. Falk, M.M.; Baker, S.M.; Gumpert, A.M.; Segretain, D.; Buckheit, R.W. Gap Junction Turnover Is Achieved by the Internalization
of Small Endocytic Double-Membrane Vesicles. Mol. Biol. Cell 2009, 20, 3342–3352. [CrossRef]

17. Nickel, B.M.; DeFranco, B.H.; Gay, V.L.; Murray, S.A. Clathrin and Cx43 gap junction plaque endoexocytosis. Biochem. Biophys.
Res. Commun. 2008, 374, 679–682. [CrossRef]

18. Leithe, E.; Mesnil, M.; Aasen, T. The connexin 43 C-terminus: A tail of many tales. Biochim. Biophys. Acta 2018, 1860, 48–64. [CrossRef]
19. Thévenin, A.F.; Kowal, T.J.; Fong, J.T.; Kells, R.M.; Fisher, C.G.; Falk, M.M. Proteins and mechanisms regulating gap-junction

assembly, internalization, and degradation. Physiology 2013, 28, 93–116. [CrossRef]
20. Solan, J.L.; Hingorani, S.R.; Lampe, P.D. Cx43 phosphorylation sites regulate pancreatic cancer metastasis. Oncogene 2021, 40,

1909–1920. [CrossRef]
21. Tonkin, R.S.; Bowles, C.; Perera, C.J.; Keating, B.A.; Makker, P.G.S.; Duffy, S.S.; Lees, J.G.; Tran, C.; Don, A.S.; Fath, T.; et al.

Attenuation of mechanical pain hypersensitivity by treatment with Peptide5, a connexin-43 mimetic peptide, involves inhibition
of NLRP3 inflammasome in nerve-injured mice. Exp. Neurol. 2018, 300, 1–12. [CrossRef] [PubMed]

22. Boengler, K.; Rohrbach, S.; Weissmann, N.; Schulz, R. Importance of Cx43 for Right Ventricular Function. Int. J. Mol. Sci. 2021,
22, 987. [CrossRef] [PubMed]

23. He, S.; Zhang, Z.; Peng, X.; Wu, Y.; Zhu, Y.; Wang, L.; Zhou, H.; Li, T.; Liu, L. The protective effect of pericytes on vascular
permeability after hemorrhagic shock and their relationship with Cx43. Front. Physiol. 2022, 13, 948541. [CrossRef] [PubMed]

24. Amino, M.; Yoshioka, K.; Kamada, T.; Furusawa, Y. The Potential Application of Heavy Ion Beams in the Treatment of Arrhythmia:
The Role of Radiation-Induced Modulation of Connexin43 and the Sympathetic Nervous System. Int. J. Part. Ther. 2018, 5,
140–150. [CrossRef]

25. Falk, M.M.; Kells, R.M.; Berthoud, V.M. Degradation of connexins and gap junctions. FEBS Lett. 2014, 588, 1221–1229. [CrossRef]
26. Dunn, C.A.; Su, V.; Lau, A.F.; Lampe, P.D. Activation of Akt, not connexin 43 protein ubiquitination, regulates gap junction

stability. J. Biol. Chem. 2012, 287, 2600–2607. [CrossRef]
27. Solan, J.L.; Lampe, P.D. Specific Cx43 phosphorylation events regulate gap junction turnover in vivo. FEBS Lett. 2014, 588,

1423–1429. [CrossRef]
28. Girão, H.; Catarino, S.; Pereira, P. Eps15 interacts with ubiquitinated Cx43 and mediates its internalization. Exp. Cell Res. 2009,

315, 3587–3597. [CrossRef]
29. Jovic, M.; Sharma, M.; Rahajeng, J.; Caplan, S.J. The early endosome: A busy sorting station for proteins at the crossroads. Histol.

Histopathol. 2010, 25, 99–112.
30. Naava, N.; Steve, C. The enigmatic endosome—Sorting the ins and outs of endocytic trafficking. J. Cell Sci. 2018, 131, jcs216499.
31. Platta, H.W.; Stenmark, H. Endocytosis and signaling. Curr. Opin. Cell Biol. 2011, 23, 393–403. [CrossRef] [PubMed]
32. Langemeyer, L.; Fröhlich, F.; Ungermann, C. Rab GTPase Function in Endosome and Lysosome Biogenesis. Trends Cell Biol. 2018,

28, 957–970. [CrossRef] [PubMed]

http://doi.org/10.1179/oeh.2007.13.2.202
http://doi.org/10.1007/s11356-021-12987-7
http://doi.org/10.1007/s11356-019-06525-9
http://doi.org/10.1007/s10661-021-08892-8
http://doi.org/10.1016/j.jtemb.2019.05.003
http://doi.org/10.1016/j.fct.2020.111515
http://doi.org/10.1016/j.scitotenv.2022.159626
http://doi.org/10.1186/1476-069X-10-104
http://www.ncbi.nlm.nih.gov/pubmed/22151692
http://doi.org/10.1002/1097-0029(20010201)52:3&lt;301::AID-JEMT1015&gt;3.0.CO;2-Q
http://www.ncbi.nlm.nih.gov/pubmed/11180622
http://doi.org/10.1007/s00441-014-2024-4
http://www.ncbi.nlm.nih.gov/pubmed/25398718
http://doi.org/10.1016/j.exer.2021.108911
http://doi.org/10.3109/15419061.2016.1151875
http://doi.org/10.1091/mbc.e09-04-0288
http://doi.org/10.1016/j.bbrc.2008.07.108
http://doi.org/10.1016/j.bbamem.2017.05.008
http://doi.org/10.1152/physiol.00038.2012
http://doi.org/10.1038/s41388-021-01668-x
http://doi.org/10.1016/j.expneurol.2017.10.016
http://www.ncbi.nlm.nih.gov/pubmed/29055716
http://doi.org/10.3390/ijms22030987
http://www.ncbi.nlm.nih.gov/pubmed/33498172
http://doi.org/10.3389/fphys.2022.948541
http://www.ncbi.nlm.nih.gov/pubmed/36262250
http://doi.org/10.14338/IJPT-18-00022.1
http://doi.org/10.1016/j.febslet.2014.01.031
http://doi.org/10.1074/jbc.M111.276261
http://doi.org/10.1016/j.febslet.2014.01.049
http://doi.org/10.1016/j.yexcr.2009.10.003
http://doi.org/10.1016/j.ceb.2011.03.008
http://www.ncbi.nlm.nih.gov/pubmed/21474295
http://doi.org/10.1016/j.tcb.2018.06.007
http://www.ncbi.nlm.nih.gov/pubmed/30025982


Int. J. Mol. Sci. 2022, 23, 15607 14 of 14

33. Scott, C.C.; Vacca, F.; Gruenberg, J. Endosome maturation, transport and functions. Semin. Cell Dev. Biol. 2014, 31, 2–10.
[CrossRef] [PubMed]

34. Xiang, X.; Qiu, R.; Yao, X.; Arst, H.N.; Peñalva, M.A.; Zhang, J.J.C.; Sciences, M.L. Cytoplasmic dynein and early endosome
transport. Cell. Mol. Life Sci. 2015, 72, 3267–3280. [CrossRef]

35. Skjeldal, F.M.; Strunze, S.; Bergeland, T.; Walseng, E.; Gregers, T.F.; Bakke, O. The fusion of early endosomes induces molecular-
motor-driven tubule formation and fission. J. Cell Sci. 2012, 125, 1910–1919. [CrossRef]

36. Leithe, E.; Kjenseth, A.; Sirnes, S.; Stenmark, H.; Brech, A.; Rivedal, E. Ubiquitylation of the gap junction protein connexin-43 signals
its trafficking from early endosomes to lysosomes in a process mediated by Hrs and Tsg101. J. Cell Sci. 2009, 122, 3883–3893. [CrossRef]

37. Piehl, M.; Lehmann, C.; Gumpert, A.; Denizot, J.P.; Segretain, D.; Falk, M.M. Internalization of Large Double-Membrane
Intercellular Vesicles by a Clathrin-dependent Endocytic Process. Mol. Biol. Cell 2007, 18, 337–347. [CrossRef]

38. Xia, Y.; Gong, K.Z.; Xu, M.; Zhang, Y.Y.; Guo, J.H.; Song, Y.; Zhang, P. Regulation of gap-junction protein connexin 43 by
beta-adrenergic receptor stimulation in rat cardiomyocytes. Acta Pharmacol. Sin. 2009, 30, 928–934. [CrossRef]

39. Mally, A.; Decker, M.; Bekteshi, M.; Dekant, W. Ochratoxin A alters cell adhesion and gap junction intercellular communication in
MDCK cells. Toxicology 2006, 223, 15–25. [CrossRef]

40. Baker, S.M.; Kim, N.; Gumpert, A.M.; Segretain, D.; Falk, M.M. Acute internalization of gap junctions in vascular endothelial cells
in response to inflammatory mediator-induced G-protein coupled receptor activation. FEBS Lett. 2008, 582, 4039–4046. [CrossRef]

41. Liao, C.K.; Jeng, C.J.; Wang, H.S.; Wang, S.H.; Wu, J.C. Lipopolysaccharide induces degradation of connexin43 in rat astrocytes
via the ubiquitin-proteasome proteolytic pathway. PLoS ONE 2013, 8, e79350. [CrossRef]

42. Hervé, J.; Derangeon, M.; Sarrouilhe, D.; Giepmans, B.; Bourmeyster, N. Gap junctional channels are parts of multiprotein
complexes. Biochim. Biophys. Acta 2012, 1818, 1844–1865. [CrossRef] [PubMed]

43. Cinzia, A.; Cynthia, R.; Gaelle, S.; Gabriel, C.; Angela, C.; Grintsevich, E.E.; Sosinsky, G.E.; Sorgen, P.L.; Michael, K. Connexin43 Forms
Supramolecular Complexes through Non-Overlapping Binding Sites for Drebrin, Tubulin, and ZO-1. PLoS ONE 2016, 11, e0157073.

44. Templeton, D.M.; Liu, Y. Effects of cadmium on the actin cytoskeleton in renal mesangial cells. Can. J. Physiol. Pharmacol. 2013,
91, 1–7. [CrossRef]

45. Wang, L.; Yan, M.; Wu, S.; Mao, B.; Wong, C.K.C.; Ge, R.; Sun, F.; Cheng, C.Y. Microtubule Cytoskeleton and Spermatogenesis-
Lesson From Studies of Toxicant Models. Toxicol. Sci. 2020, 177, 305–315. [CrossRef] [PubMed]

46. Schalper, K.A.; Carvajal-Hausdorf, D.; Oyarzo, M.P. Possible role of hemichannels in cancer. Front. Physiol. 2014, 5, 237. [CrossRef]
47. Gemel, J.; Kilkus, J.; Dawson, G.; Beyer, E.C. Connecting Exosomes and Connexins. Cancers 2019, 11, 476. [CrossRef]
48. Shimaoka, M.; Kawamoto, E.; Gaowa, A.; Okamoto, T.; Park, E.J. Connexins and Integrins in Exosomes. Cancers 2019, 11, 106.

[CrossRef] [PubMed]
49. Zou, H.; Wang, T.; Yuan, J.; Sun, J.; Yuan, Y.; Gu, J.; Liu, X.; Bian, J.; Liu, Z. Cadmium-induced cytotoxicity in mouse liver cells is

associated with the disruption of autophagic flux via inhibiting the fusion of autophagosomes and lysosomes. Toxicol. Lett. 2020,
321, 32–43. [CrossRef]

50. Saidi Brikci-Nigassa, A.; Clement, M.J.; Ha-Duong, T.; Adjadj, E.; Ziani, L.; Pastre, D.; Curmi, P.A.; Savarin, P. Phosphorylation
controls the interaction of the connexin43 C-terminal domain with tubulin and microtubules. Biochemistry 2012, 51, 4331–4342.
[CrossRef] [PubMed]

51. Frankel, E.B.; Audhya, A. ESCRT-dependent cargo sorting at multivesicular endosomes. Semin. Cell Dev. Biol. 2018, 74, 4–10.
[CrossRef] [PubMed]

52. Zou, H.; Yuan, J.; Zhang, Y.; Wang, T.; Chen, Y.; Yuan, Y.; Bian, J.; Liu, Z. Gap Junction Intercellular Communication Negatively
Regulates Cadmium-Induced Autophagy and Inhibition of Autophagic Flux in Buffalo Rat Liver 3A Cells. Front. Pharmacol. 2020,
11, 596046. [CrossRef] [PubMed]

53. Yuan, J.; Zhao, Y.; Bai, Y.; Gu, J.; Yuan, Y.; Liu, X.; Liu, Z.; Zou, H.; Bian, J. Cadmium induces endosomal/lysosomal en-
largement and blocks autophagy flux in rat hepatocytes by damaging microtubules. Ecotoxicol. Environ. Saf. 2021, 228,
112993. [CrossRef] [PubMed]

http://doi.org/10.1016/j.semcdb.2014.03.034
http://www.ncbi.nlm.nih.gov/pubmed/24709024
http://doi.org/10.1007/s00018-015-1926-y
http://doi.org/10.1242/jcs.092569
http://doi.org/10.1242/jcs.053801
http://doi.org/10.1091/mbc.e06-06-0487
http://doi.org/10.1038/aps.2009.92
http://doi.org/10.1016/j.tox.2006.02.024
http://doi.org/10.1016/j.febslet.2008.10.043
http://doi.org/10.1371/journal.pone.0079350
http://doi.org/10.1016/j.bbamem.2011.12.009
http://www.ncbi.nlm.nih.gov/pubmed/22197781
http://doi.org/10.1139/cjpp-2012-0229
http://doi.org/10.1093/toxsci/kfaa109
http://www.ncbi.nlm.nih.gov/pubmed/32647867
http://doi.org/10.3389/fphys.2014.00237
http://doi.org/10.3390/cancers11040476
http://doi.org/10.3390/cancers11010106
http://www.ncbi.nlm.nih.gov/pubmed/30658425
http://doi.org/10.1016/j.toxlet.2019.12.019
http://doi.org/10.1021/bi201806j
http://www.ncbi.nlm.nih.gov/pubmed/22558917
http://doi.org/10.1016/j.semcdb.2017.08.020
http://www.ncbi.nlm.nih.gov/pubmed/28797838
http://doi.org/10.3389/fphar.2020.596046
http://www.ncbi.nlm.nih.gov/pubmed/33390984
http://doi.org/10.1016/j.ecoenv.2021.112993
http://www.ncbi.nlm.nih.gov/pubmed/34808507

	Introduction 
	Results 
	Cd-Induced Microtubule Damage Promotes Cx43 Internalization and Degradation Accompanied by Increased Phosphorylation at Ser373 Site 
	Cd-Induced Damage to Microtubules Promotes Cx43 Internalization 
	Cd Exposure Induces the Formation of AGJs in Rat Hepatocytes 
	Cd Treatment Caused the Degradation of Internalized AGJ through Endosome-Lysosome Pathway 
	Internalization of Cx43 Protects Rat Hepatocytes from Cd-Induced Apoptosis and Alleviates Cell Damage 

	Discussion 
	Materials and Methods 
	Materials 
	Cell Culture and Morphological Observation 
	Immunofluorescence Assay 
	Transmission Electron Microscopy 
	Western Blot Assay 
	Statistical Analysis 

	Conclusions 
	References

