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Abstract. The connexin 43 (Cx43) gap junction protein is 
important in the synchronization of contraction of cardiac 
myocytes. Abnormal expression of Cx43 contributes to 
ventricular arrhythmia, which is the major cause of sudden 
death in heart failure (HF). Cx43 is known to interact with 
zonula occludens (ZO)‑1, and the proteasome is involved in the 
regulation of Cx43 degradation. Although Cx43 is downregu-
lated in heart failure, the underlying mechanisms remain to be 
elucidated. The present study aimed to investigate the effect 
of the MG132 proteasome inhibitor on the expression levels of 
Cx43, ZO‑1, 20S proteasome and ubiquitin in a rat model of HF, 
induced by adriamycin. MG132 reduced adriamycin‑induced 
injury in the failing heart. In addition, MG132 inhibited the 
expression of 20S proteasome and ubiquitin, accompanied by 
an upregulation in the expression of Cx43 and ZO‑1. These 
findings suggested that inhibition of the ubiquitin‑proteasome 
system upregulated the expression of Cx43. Therefore, the 
proteasome inhibitor may be used to prevent degradation of 
Cx43 in HF, and thus may prevent Cx43‑mediated arrhythmia 
in HF.

Introduction

Heart failure (HF) is a clinical syndrome, which can result 
from any heart diseases that lead to inability of the ventricle 
to pump sufficient blood to meet the body's metabolic 
demands. HF is associated with a high incidence of sudden 
death, primarily from ventricular arrhythmia (1). Although the 
mechanisms underlying ventricular arrhythmia in HF remain 

to be fully elucidated, it is known that gap junctions, which 
are unique intercellular channels that directly connect adja-
cent cardiac myocytes by providing electrical and chemical 
communication, contribute to various cardiac arrhythmia (2). 
Gap junctions are composed of connexins, and the number, 
distribution, and composition of the connexins are impor-
tant in regulation of the conductive properties of cardiac 
myocytes (3).

Connexin 43 (Cx43) is the major connexin protein in the 
ventricle, which is predominantly located in the intercalated 
disk region between cardiac myocytes in the adult heart. 
Several lines of evidence have demonstrated that the expres-
sion and localization of Cx43 are altered in the diseased 
myocardium (2). Downregulation of Cx43 has been observed 
in an animal model of HF and in the failing human heart (4‑6). 
In hypertrophic cardiomyopathy and myocardial ischemia, the 
expression of Cx43 is downregulated (4), and shifts between an 
end‑to‑end location and a lateral location (7,8). Furthermore, 
the heterogeneous loss of Cx43 in non‑ischemic dilated cardio-
myopathy is associated with ventricular tachycardia (9).

Zonula occludens (ZO)‑1 is a scaffolding protein, which 
provides a structural basis for assembling protein complexes 
and maintaining the polarity of epithelial cells (10). In cardiac 
myocytes, ZO‑1 is located in the intercalated disc and the lateral 
membrane (11‑13). Several studies have reported that ZO‑1 is 
directly associated with Cx43 (14), and regulates the number, 
distribution and function of Cx43 (15‑17). Furthermore, it has 
been reported that the expression of ZO‑1 is reduced in the 
failing human heart, accompanied by a decrease in the expres-
sion of Cx43 (18,19), suggesting that ZO‑1 is important in the 
downregulation of Cx43 in HF.

It has been reported that the ubiquitin‑proteasome system 
is involved in the degradation of Cx43 (20). Several studies 
have revealed that the internalization of Cx43 is dependent 
on the proteasomal activities  (20‑22). Furthermore, ubiq-
uitination of Cx43 at the cytoplasmic membrane promotes 
the internalization and subsequent degradation of Cx43 in a 
proteasome‑dependent manner (21,23). In addition, protea-
somes can regulate the interaction between Cx43 and ZO‑1, 
thus leading to an increase in Cx43 degradation (24). The 
proteasome inhibitor, MG132, has been observed to inhibit 
the internalization and degradation of Cx43 (24,25). However, 
whether proteasome inhibition can alter the expression of 
Cx43 in failing hearts remains to be elucidated.
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The present study aimed to investigate the effect of the 
proteasome inhibitor MG132 on the expression levels of Cx43, 
ZO‑1, 20S proteasome and ubiquitin in a rat model of HF, 
induced by adriamycin. The purpose of this investigation was 
to examine the role of inhibition of the ubiquitin‑proteasome 
system by MG132 in the expression of Cx43 in the HF rat 
model. The results of this investigation may determine whether 
inhibition of the ubiquitin‑proteasome system offers a poten-
tial therapeutic strategy for improving the expression of Cx43 
and preventing Cx43‑mediated ventricular arrhythmia in HF.

Materials and methods

Animals. All experimental procedures were approved by 
the ethics committee of Harbin Medical University (Harbin, 
China). Animals were obtained from the Animal Care Center 
of Harbin Medical University. A total of 70 male Wistar 
rats (weighing 180-300  g) were housed separately in an 
atmosphere containing 60% humidity, with a 12 h light/dark 
cycle at 23±2˚C. The rats were fed standard chow and water 
ad libitum.

Adriamycin‑induced heart failure model. HF was induced via 
intraperitoneal injections of adriamycin (2.5 mg/kg; Hisun 
Pharmacuetical Co. Ltd., Taizhou, China) to a cumulative dose 
of 15 mg/kg in six injections. A total of 70 rats received the first 
three injections of adriamycin every 3 days, with one injec-
tion per day followed by three injections every week. Prior to 
each drug administration, the body weight of the animal was 
measured for recalculating dosage. Following the last adria-
mycin injection, 14 rats had died, with 56 rats remaining alive. 
The 56 rats were randomly assigned into two groups: Heart 
failure (HR) group (n=28) and MG132 group (n=28). The rats 
in the MG132 group received an intraperitoneal injection of 
MG132 (0.1 mg/kg; Sigma‑Aldrich, St. Louis, MO, USA) for 
14 days. The rats in the HR group were injected at the same 
time with the same volume of saline. In addition, normal rats 
(n=28) without adriamycin injections were used as controls.

Echocardiographic examination. Echocardiographic exami-
nation was performed two weeks following the injections of 
MG132 or saline, using a VIVID 7 dimension system (General 
Electric, Milwaukee, WI, USA). The rats (n=14 per group) 
were anesthetized by intraperitoneal injection of 10% chloral 
hydrate (300 mg/kg; Sigma‑Aldrich, St. Louis, MO, USA) 
and the animals were placed in a supine position. The 10 S 
transducer (8 MHz) was placed directly on the shaved chest 
wall and the image depth was adjusted 2‑4 cm. The M‑mode 
echocardiogram was used to measure the left ventricle 
end‑systolic diameter (LVESD) and left ventricle end‑diastolic 
diameter (LVEDD) of three consecutive heart cycles, and the 
average was used for calculation of the ejection fraction (EF) 
and fractional shortening (FS), as previously reported (26).

Sample collection. Following the final injections of MG132 
and saline, the rats (n=14 per group) were sacrificed by intra-
peritoneal injection of 10% chloral hydrate (300 mg/kg), and 
the hearts were immediately removed and rinsed in saline. 
Subsequently, two tissue blocks were obtained from the free 
wall of the left ventricle, along the long axis of the heart, one 

of which was fixed in 4% paraformaldehyde (Sigma-Aldrich) 
and embedded in paraffin (Sigma-Aldrich). Transverse 
sections (5 µm thick) were obtained from paraffin‑embedded 
tissue blocks for hematoxylin and eosin (H&E) staining 
(Shanghai Ruiqi Bio-Technology Co., Ltd., Shanghai, China) 
and immunohistochemistry. The other tissue block was fixed 
in 3% glutaraldehyde (Sigma‑Aldrich) and used for electron 
microscopy. The remaining left ventricle tissues were stored at 
‑80˚C and used for western blot analysis.

H&E staining and immunohistochemical analysis. The 
paraffin‑embedded tissue sections were washed in xylene 
(Sigma-Aldrich) to remove the paraffin, and rehydrated with 
serial dilutions of alcohol, followed by a wash in phosphate‑buff-
ered saline solution (GE Healthcare Life Sciences, Shanghai, 
China). For the H&E staining, the sections were stained with 
H&E (Beyotime Institute of Biotechnology, Haimen, China). 
For immunohistochemistry, rthe sections were treated with 
3% H2O2 (Sigma-Aldrich) at room temperature for 10 min 
to block endogenous peroxidase activity. The sections were 
then incubated in 5% normal goat serum to block nonspecific 
protein binding sites. The sections were then incubated with 
primary antibodies against Cx43 (polyclonal rabbit anti‑rat 
Cx43; 1:50; cat. no. SC-9059; Santa Cruz Biotechnology, Inc., 
Santa Cruz, CA, USA), ZO‑1 (polyclonal goat anti‑rat ZO‑1; 
1:50; cat. no. SC-8146; Santa Cruz Biotechnology, Inc.), 20S 
Proteasome α3 (polyclonal rabbit anti‑rat 20S Proteasome 
α3; 1:5; cat. no. SC-67340; Santa Cruz Biotechnology, Inc.) 
and ubiquitin (polyclonal rabbit anti‑rat ubiquitin; 1:50; 
cat.  no.  SC-9133; Santa Cruz Biotechnology, Santa Cruz 
Biotechnology, Inc.) overnight at 4˚C. Subsequently, the 
primary antibody was washed off, and the sections were incu-
bated with goat anti‑rabbit (HaiGene Biotechnology, Harbin, 
China) or donkey anti‑goat (Santa Cruz Biotechnology, Inc.) 
biotin‑conjugated secondary antibodies (1:1,000) for 20 min 
at 37˚C. The sections were then incubated with streptavidin 
horseradish peroxidase for 20 min at 37˚C. The 3, 3‑diamino-
benzidine (Sigma‑Aldrich) substrate was then applied to the 
sections, which were then counterstained with hematoxylin. 
Sections in which the primary antibodies were omitted were 
used as negative controls. The immunostained sections were 
examined under a light microscope (Olympus IX-51; Olympus 
Corporation, Tokyo, Japan).

Electron microscopy. The tissue blocks of the left ventricle 
were fixed with 3% glutaraldehyde. They were dehydrated in 
a graded series of ethanol (50, 70, 90 and 100% for 10 min 
each), and then embedded in a 1:1 mixture of Epon812 
(Sigma‑Aldrich) and acetone (Sigma‑Aldrich) for 1 h at room 
temperature, followed by embedment in Epon812 for 2 h. 
Ultrathin sections (50‑100 nm) were cut, stained with lead 
citrate (Polysciences Inc., Warrington, PA, USA) and uranyl 
acetate (Sigma‑Aldrich). The sections were then viewed 
and images were captured using an electron microscope 
(JEM‑1200EX; JEOL, Ltd., Tokyo, Japan).

Western blot analysis. The ventricles were homogenized 
on ice in lysis buffer (Nanjing Sunshine Biotechology 
Co., Ltd., Nanjing, China). The proteins were resolved 
by 15% SDS‑PAGE, and transferred onto polyvinylidene 
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fluoride membranes (Sigma-Aldrich) by electroblotting. The 
membranes were incubated with primary antibodies against 
Cx43 (polyclonal rabbit anti‑rat Cx43, 1:500; Santa Cruz 
Biotechnology, Inc.), ZO‑1 (polyclonal goat anti‑rat ZO‑1; 
1:400; Santa Cruz Biotechnology, Inc.), 20S Proteasome α3 
(polyclonal rabbit anti‑rat 20S Proteasome α3; 1:40; Santa 
Cruz Biotechnology, Inc) and ubiquitin (polyclonal rabbit 
anti‑rat ubiquitin; 1:400; Santa Cruz Biotechnology, Inc.) at 
room temperature for 30 min. β‑actin was used as a loading 
control. The membranes were then incubated with horseradish 
peroxidase‑linked goat anti‑rabbit (haiGene Biotechnology) 
or donkey anti‑goat (Santa Cruz Biotechnology, Inc,.) 
secondary antibodies at room temperature for 20‑30 min. The 
bands were visualized using a chemiluminescence detection 
system (Invitrogen Life Technologies, Carlsbad, CA, USA) 
and analyzed using BandScan5.0 (Glyko, Inc., Novato, CA, 
USA). The expression levels of Cx43, ZO‑1, 20S Proteasome 
and ubiquitin were normalized to that of β‑actin.

Statistical analysis. Analyses were performed using SPSS 17.0 
(SPSS Inc., Chicago, IL, USA). All values are presented as the 
mean ± standard deviation. One-way analysis of variance was 
used to compare the differences among groups. P<0.05 were 
considered to indicate a statistically significant difference.

Results

MG132 treatment reduces adriamycin‑induced cardiotoxicity. 
The EF and FS were significantly lower in the HF and MG132 
groups, compared with the control group (P<0.05; Table I). 
Although the EF and FS were marginally higher in the MG132 
group, compared with the HF group, no significant differ-
ence was observed between the two groups (P>0.05; Table I). 
These data indicated the presence of myocardial damage and 
suggested that the cardiac contractile function was reduced in 
adriamycin‑induced HF.

Histological examination of the left ventricle in the control 
group demonstrated that the myocardial fibers were orderly 
arranged and exhibited homogenously‑stained cytoplasm. No 
damaged fibers were observed, and no edema or exudation 
were observed. By contrast, vacuolar degeneration and lysis 
of cardiac myocytes, rupture of myocardial fibers, interstitial 
edema and infiltration of inflammatory cells were observed in 
the HF group. Adriamycin‑induced damage was reduced in 
the MG132 group (Fig. 1).

The electron microscopic findings of cardiac myocytes in 
the control, HF, and MG132 groups were compared (Fig. 2). 
In the control group, the fine band structure of the sarcomere 
was clearly identified. The mitochondria were intact and 
exhibited clear and dense cristae. Desmosomes, gap junctions 
and intermediate junctions were clearly visible (Fig. 2A and 
B). By contrast, in the HF group, lysis of the myocardial fibers 
and disappearance of the band structure of the sarcomere 
were observed. The remaining myofibrils were disorganized, 
and the lysed myofibrils were filled with a numerous cell 
organelles. An increased number of lysosomes were present 
between the mitochondria, and swollen mitochondria with 
loss of cristae were found. High electron‑dense particles were 
observed in the nucleus, with disappearance of organelles at 
the paranuclear region. The gap junctions were disorganized 

and formed a tube‑like structure. In the MG132 group, the 
band structure of the sarcomere was clearly visible. The sarco-
plasmic reticulum was marginally enlarged. The mitochondria 
were intact, however, the number of mitochondria containing 
flocculent densities inside was decreased. Desmosomes, gap 
junctions and intermediate junctions were intact.

MG132 increases the expression of Cx43 and ZO‑1 in 
HF rats. The present study further examined the effect of 
MG132 on the expression levels of Cx43 and ZO‑1 in HF 
rats, using immunohistochemistry and western blot analysis. 
Immunohistochemical investigations demonstrated that the 
expression of Cx43 was lower in the HF group, compared with 
the control group. MG132 treatment increased the expression 
of Cx43 in the HF rats (Fig. 3A‑C). Consistent with the immu-
nohistochemical results, the results of the western blot analysis 
demonstrated that the expression of Cx43 was significantly 
decreased in the HF group, compared with the control group, 
and MG132 treatment increased the expression of Cx43 in the 
HF rats (Fig. 3D).

The immunohistochemical results revealed that ZO‑1 was 
widely expressed in each group (Fig. 4). The intensity of ZO‑1 
immunostaining was weaker in the HF group, compared with 
the control group, and was more marked in the MG132 group, 
compared with the HF group (Fig. 4A‑C). Consistent with 
these findings, western blot analysis revealed that the expres-
sion of ZO‑1 was significantly decreased in the HF group, 
compared with the control group, and significantly increased 
in the MG132 group, compared with the HF group (Fig. 4D).

MG132 donwregulates the expression levels of 20S proteasome 
and ubiquitin in HF rats. The present study then investigated 
the effect of MG132 on the expression levels of 20S proteasome 
and ubiquitin in the HF rats, using immunohistochemistry and 
western blot analysis. The immunohistochemical analysis 
demonstrated that 20S proteasome was widely expressed in 
each group (Fig. 5A‑C). The expression of proteasome‑positive 
cells was higher in the HF group, compared with the control 
group, and MG132 treatment downregulated the expression 
of proteasome in the HF rats (Fig. 5A‑C). Consistent with the 
immunohistochemistry, western blot analysis revealed that the 
expression of proteasome was significantly increased in the 
HF group, compared with the control group, and that MG132 
treatment decreased the expression of proteasome in the HF 
rats (Fig. 5D).

The immunohistochemical results revealed that ubiquitin 
was predominantly expressed in the nuclei of the cells in each 

Table I. EF and FS in the control, HF and MG132 groups.

Factor	 Control (%)	 HF (%)	 MG132 (%)

EF	 82.15±3.57	 69.65±4.65a	 67.21±7.13a

FS	 45.25±3.12	 33.78±3.35a	 31.85±4.15a

aP<0.05, vs. control. Values are presented as the mean  ±  standard 
deviation. HF, heart failure; EF, ejection fraction; FS, fractional 
shortening.
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group (Fig. 6A‑C). The intensity of ubiquitin immunostaining 
was more marked in the HF groupn compared with the control 
group, and was weaker in the MG132 group, compared with 
the HF group (Fig. 6A‑C). Consistent with this, western blot 
analysis revealed that the expression of ubiquitin was signifi-
cantly increased in the HF group, compared with the control 
group, and was decreased in the MG132 group, compared with 
the HF group (Fig. 6D).

Discussion

Gap junctions have been well known to contribute to cardiac 
arrhythmia  (2), which is a predominant cause of sudden 
death in HF. Previous animal and clinical studies have found 
downregulation of Cx43 in failing hearts  (4‑6). Although 
several lines of evidence have demonstrated that proteasomal 
activities are required for the degradation of Cx43, whether 

Figure 1. Hematoxlin and eosin staining of the left ventricle in the (A) control, (B) HF and (C) MG132 groups. Magnification x200. (A) The myocardial fibers 
in the control group were arranged and exhibited homogeneously stained cytoplasm. (B) The ventricle in the HF group exhibited vacuolar degeneration and 
lysis of cardiac myocytes, rupture of myocardial fibers, interstitial edema, and infiltration of inflammatory cells. (C) The ventricle in the MG132 group exhbited 
mild damage. HF, heart failure; Cx43, connexin 43.

Figure 2. Electron microscopy images of cardiac myocytes in the (A and B) control, (C and D) HF, and (E and F) MG132 groups. (A an B) The fine band 
structure of the sarcomere is clearly visible with intact mitochondria, desmosomes, gap junctions, and intermediate junctions. (C and D) Lysis of myocardial 
fibers, disappearance of sarcomere band structure, and disorganized myofibrils are visible with a high number of lysosomes, swollen mitochondria and high 
electron-dense particles. In addition, the gap junctions are disorganized. (E and F) The band structure of the sarcomere is clearly visible with partially enlarged 
sarcoplasmic reticulum and intact mitochondria, desmosomes, gap junctions, and intermediate junctions. Magnification: A,C and E, x10,000; B, D, and 
F, x15,000. HF, heart failure; Cx43, connexin 43.
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Figure 4. MG132 increases the expression of ZO‑1 in HF rats. Representative immunohistochemical staining of ZO‑1 in the (A) control (B) HF and (C) MG132 
groups, demonstrating that the expression levels of ZO-1 were decreased in the HF group, and increased in the MG132 group. (D) Western blot analysis of 
the expression of ZO‑1 in the control, HF and MG132 groups. β actin was used as a loading control. The expression level of ZO‑1 was normalized to that of 
β-actin. The ratio of the ZO‑1 to in the control group was set as 1. Values are presented as the mean ± standard deviation (n=3). *P<0.05, vs. control; #P<0.05, 
vs. HF. HF, heart failure; ZO‑1, zonula occludens.

Figure 3. MG132 increases the expression of Cx43 in HF rats. Representative immunohistochemical staining of Cx43 in the (A) control (B) HF and (C) MG132 
groups, demonstrating that the expression levels of Cx43 are decreased in the HF group, and increased in the MG132 group. (D) Western blot analysis of the 
expression of Cx43 in the control, HF and MG132 groups. β actin was  used as a loading control. The expression level of Cx43 was normalized to that of β 
actin. The ratio of the Cx43 to in the control group was set as 1. Values are presented as the mean ± standard deviation (n=3). *P<0.05, vs. control; #P<0.05, vs. 
HF. HF, heart failure; Cx43, connexin 43.
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proteasome activities contribute to the downregulation of 
Cx43 in HF remain to be elucidated. In the present study, the 
role of proteasome in regulation of the expression of Cx43 
in rats with HF, induced by adriamycin, was investigated 

using the MG132 proteasome inhibitor. The results revealed 
that MG132 inhibited the expression of 20S proteasome and 
ubiquitin, and reduced adriamycin‑induced injury in the heart, 
accompanied by upregulation in the expression of Cx43 and 

Figure 6. MG132 decreases the expression of ubiquitin in HF rats. Representative immunohistochemical staining of ubiquitin in the (A) control (B) HF and 
(C) MG132 groups, demonstrating that the expression levels of ubiquitin were increased in the HF group, and decreased in the MG132 group. (D) Western 
blot analysis of the expression of ubiquitin in the control, HF, and MG132 groups. β actin was used as a loading control. The expression level of ubiquitin 
was normalized to that of β actin. The ratio of the ubiquitin to in the control group was set as 1. Values are presented as the mean ± standard deviation (n=3). 
*P<0.05, vs. control; #P<0.05, vs. HF. HF, heart failure.

Figure 5. MG132 decreases the expression of 20S proteasome in HF rats. Representative immunohistochemical staining of 20S proteasome in the (A) control 
(B) HF and (C) MG132 groups, demonstrating that the expression levles of the 20S proteasome were increased in the HF group, and decreased in the MG132 
group. (D) Western blot analysis of the expression of 20S proteasome in the control, HF and MG132 groups. β actin was used as a loading control. The expres-
sion level of 20S proteasome was normalized to that of β actin. The ratio of the 20S proteasome to in the control group was set as 1. Values are presented as 
the mean ± standard deviation (n=3). *P<0.05, vs. control; #P<0.05, vs. HF. HF, heart failure.
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ZO‑1. These findings suggested that the inhibition of protea-
some upregulates the expression Cx43 in HF, and thus may 
prevent Cx43‑mediated arrhythmia.

In the present study, a rat model of heart failure was 
produced by intraperitoneal injections of adriamycin at a 
cumulative dose of 15 mg/kg. This treatment resulted in a 
decrease in the cardiac contractile function, as indicated 
by a reduction in EF and FS, and an increase in myocardial 
cell damage, as indicated by H&E staining and electron 
microscopy, suggesting that HF was successfully induced by 
adriamycin. This experimental model has been used previously 
for investigating HF in rats, and the myocardial lesion induced 
by adriamycin exhibits histological and hemodynamic features 
similar to those reported in failing human hearts (27‑29). In the 
present study, MG132 treatment reduced myocardial damage 
in the HF rats, suggesting that proteasome inhibition may be a 
therapeutic strategy for the treatment of HF.

Several previous studies have demonstrated that the expres-
sion of Cx43 shifts to the lateral membrane in hypertrophic 
cardiomyopathy and myocardial ischemia (7,8). Furthermore, 
it has been reported that Cx43 is downregulated in an animal 
model of HF and in the failing human heart (4‑6). Consistent 
with these studies, the present study found that the expression 
of Cx43 was significantly decreased in the HF rats. In addi-
tion, it has been reported that the heterogeneous reduction of 
Cx43 contributes to the development of malignant ventricular 
tachycardia (9). In the present study, MG132 increased the 
expression of Cx43 in HF rats, which was demonstrated using 
immunohistochemistry and western blot analysis. This obser-
vation that MG132 increased the expression of Cx43 in the HF 
rats suggested that proteasome may mediate the heterogeneous 
reduction of Cx43, and that inhibition of proteasome may 
prevent ventricular tachycardia in HF.

The present study further investigated the expression of 
ZO‑1 in HF rats, and found that the expression of ZO‑1 was not 
restricted to the intercalated disc. Consistent with this finding, 
several studies have reported that the expression of ZO‑1 is 
located in the intercalated disk and the lateral membrane (11‑13). 
Furthermore, it has been reported that the expression of ZO‑1 is 
reduced in the failing human heart, accompanied by a decrease 
in the expression of Cx43 (18,19). Consistent with these studies, 
the present study demonstrated that ZO‑1 was downregulated 
in the HF rats, accompanied by a downregulation of Cx43, 
suggesting that ZO‑1 may contribute to the downregulation 
of Cx43 in HF. Several studies have reported that ZO‑1 can 
regulate the number, distribution and function of Cx43 (15‑17). 
MG132 treatment significantly increased the expression levels 
of ZO‑1 and Cx43 in the HF rats, suggesting that the protea-
some‑mediated regulation of the interaction between Cx43 and 
ZO‑1 may contribute to changes in the expression of Cx43 in 
HF. In agreement with this hypothesis, it has been reported that 
proteasome can regulate the expression of Cx43 via modulating 
the interaction of Cx43 with ZO‑1 (24).

The ubiquitin‑proteasome system is involved in the 
internalization and degradation of Cx43 (20‑22). It has been 
reported that the expression and activity of proteasome are 
increased during chronic pressure overload, thus leading to 
ventricular hypertrophy (30). In the present study, the expres-
sion of 20S proteasome and ubiquitin was increased in the HF 
rats, accompanied by an increase in the expression of Cx43, 

suggesting that an increase in the activity of ubiquitin‑prote-
asome system may contribute to the downregulation of Cx43. 
Furthermore, the MG132 proteasome inhibitor inhibited the 
expression of 20S proteasome and ubiquitin, and upregulated 
the expression of Cx43 in the HF rats, further confirming 
the role of the ubiquitin‑proteasome system in regulating the 
expression of Cx43 in HF.

In conclusion, the present study demonstrated that the 
MG132 proteasome inhibitor inhibited the expression of 20S 
proteasome and ubiquitin, and upregulated the expression of 
Cx43 and ZO‑1 in rats with adriamycin‑induced HF. These 
results suggest that inhibition of the ubiquitin‑proteasome 
system may effectively prevent the degradation of Cx43 in HF, 
and thus may reduce the occurrence of ventricular arrhythmia.
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