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Introduction: Our previous study conducted in an obesity-related renal injury rat model have established a connection between 
increased connexin 43 (Cx43) expression and renal injury. In this study, we investigated whether inhibiting Cx43 expression could 
provide renoprotection in a mouse model of obesity-related renal injury.
Methods: Five-week-old C57BL/6J mice were fed with a high-fat diet for 12 weeks to establish an obesity-related renal injury model, 
then they were treated with Cx43 antisense oligodeoxynucleotide (AS) or scrambled oligodeoxynucleotide (SCR) by an implanted 
osmotic pump for 4 weeks. Finally, the glomerular filtration function, the histological change in the glomeruli, and the markers of 
podocyte injury (WT-1, Nephrin) and inflammatory infiltration of renal tissue (CD68, F4/80 and VCAM-1) were examined 
respectively.
Results: The results showed that inhibiting Cx43 expression by AS in this mouse model of obesity-related renal injury can effectively 
improve glomerular filtration function, alleviate glomerular expansion and podocyte injury, and attenuate the inflammatory infiltration 
of renal tissue.
Conclusion: Our results demonstrated that inhibiting Cx43 expression by AS could provide renoprotection for the mouse model of 
obesity-related renal injury.
Keywords: childhood obesity, obesity-related renal injury, connexin 43, antisense oligodeoxynucleotide

Introduction
Obesity has many impacts on children’s health, which could lead to various metabolic disorders and increase the risks of 
diabetes, cardiovascular diseases, renal injury, and chronic kidney diseases in their adulthood,1 and the potential 
pathogenic mechanisms include chronic metabolic inflammation, oxidative stress, insulin resistance and others. It has 
been reported that microalbuminuria is the early clinical manifestation of obesity-related renal injury in children.2 The 
main pathological manifestations of obesity-related renal injury include glomerular hypertrophy and mesangial expansion 
with or without segmental sclerosis.3 The main ultrastructural pathological changes in the early stage include reduced 
numbers of podocytes, foot process fusion, and effacement,4 which is the main reason for the microalbuminuria.5

Connexin 43 (Cx43) is a subtype of the gap junction proteins of connexins,6 which is widely distributed in renal 
tissue,7,8 and has a critical role in maintaining normal glomerular filtration.7,8 In pathological situations, the alteration of 
Cx43 expression is related to renal injury.9,10 Our previous work carried out in an obesity-related renal injury model 
revealed that the increased Cx43 expression was connected to renal injury, which included glomerular expansion, 
podocyte foot process effacement, and other molecular pathological changes.11 Until now, it is unclear whether inhibiting 
Cx43 expression could provide renoprotection in the obesity-related renal injury model.
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In this study, the Cx43 antisense oligodeoxynucleotide (AS) was used to reduce Cx43 expression in a mouse model of 
obesity-related renal injury, and then we investigated whether inhibiting Cx43 expression could provide renoprotection in 
this mouse model.

Materials and Methods
Animals
All animal experiments were approved by the Ethical Committee of the Second Hospital of Dalian Medical University. 
All animal experiments were carried out in compliance with the NIH guidelines for the care and use of laboratory 
animals (8th edition, NIH, 2011). All methods were carried out under relevant guidelines and regulations.

Four-week-old male C57BL/6J mice (n=48) were purchased from the Laboratory Animal Center of Dalian Medical 
University. Animals were housed doubly with a 12-h light-dark cycle by artificial light and at a constant room 
temperature of 20–22°C. All animals had free access to food and water.

Animal Experimental Design
All mice were allowed to acclimate a new environment for 1 week, and then randomly divided into two groups: the control (Con) 
group and the obesity-related renal injury (ORI) group. The control group was fed a normal-fat diet (10% kcal from fat; D12450, 
Research Diet, Inc.), and the ORI group was fed a high-fat diet (60% kcal from fat; D12492, Research Diet, Inc.). All mice were 
fed with a normal or high-fat diet continuously for 12 weeks. During this time, the body weight of the mice was measured weekly. 
In the 14th week, the partial mice in the control and ORI groups were treated with Cx43 antisense oligodeoxynucleotide (AS) or 
scrambled oligodeoxynucleotide (SCR) (concentration of AS or SCR: 10μmol/L, Takara, China) by an implanted osmotic pump 
at the posterior center skin of the neck (catalogue number: 2004, Alzet, USA). The sequence numbers of nucleotide: Cx43 AS: 
5’-GTAATTGCGGCAGGAGGAATTGTTTCTGTC-3’, SCR: 5’-GACAGAAACAATTCCTCCTGCCGCAATTTAC-3’. In 
the 18th week, All the mice were fasted overnight and anesthetized by inhaling sevoflurane (Shanghai Hengrui 
Pharmaceutical co., Ltd.). The blood was taken by heart puncture, and then serum was immediately separated through 
centrifugation (3000 rpm for 10 min), and kept under −80°C until analysis; then the mice were perfused via heart with cold 
PBS at a pressure of 120 mmHg. Both sides of the kidneys were harvested and recorded weight, and then immediately dissected 
along the longitudinal section of the kidneys. Kidneys were fixed in 4% paraformaldehyde solution for the analysis of light 
microscopy or rapidly frozen in liquid nitrogen and stored at −80°C for real-time PCR assays.

Urine Samples
In the 18th week, the 24h urine samples of mice were collected. After centrifugation (2000 rpm for 10 min), the 
supernatant was collected and stored at −80°C until further use. Urinary creatinine concentrations were measured using 
an automatic biochemical analyzer (Dade Behring Marburg GmbH, Germany). Microalbuminuria was measured using 
ELISA kits according to the manufacturer’s instructions.

Serum Samples
The concentrations of cholesterol, triglyceride, serum creatinine, and blood urea nitrogen were measured using an 
automatic biochemical analyzer (Dade Behring Marburg GmbH, Germany). Fasting blood glucose (FBG) was measured 
by Accu-Chek Active glucometer (Roche).

Histology and Immunohistochemistry
Four-micrometer-thick sections were cut from the paraffin-embedded kidney tissues on the microtome. The sections were 
deparaffinized in xylene and rehydrated using a graded series of ethanol. For histological evaluation, the sections were 
stained with Periodic Acid Schiff (PAS) according to the manufacturer’s instruction (G1281 and G1343, Beijing Solarbio 
Technology co., Ltd.). Analysis of the glomerular area was blindly performed using ImageJ software (National Institutes 
of Health, USA), and at least 10 glomeruli on each slide were examined to determination of glomerular area changes. 
Immunohistochemistry (IHC) staining was performed using established procedures as described previously.12 Briefly, 
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endogenous peroxidase activity was blocked for 10 min in 3% hydrogen peroxide and then the slides were incubated in 
a blocking solution for 10 min at room temperature. After that, the slides were overnight incubated with the primary 
antibody for anti-WT 1 (sc-192, dilution 1:250), anti-Nephrin (sc-32530, dilution 1:100), anti-F4/80 (sc-26643-R, 
dilution 1:250) (Santa Cruz Biotechnology, USA), anti-CD68 (ab125212, dilution 1:100) or anti-Connexin43 
(ab11370, dilution 1:1000) (Abcam, Cambridge, USA) at 4°C, respectively. The immunoreaction was detected using 
the biotinylated secondary antibody and the streptavidin/HRP complex. The complex was detected using 
diaminobenzidine /H2O2 and hematoxylin. The number of stained positive podocytes with WT-1 and the percentage of 
stained positive area with Nephrin in the glomeruli was blindly analyzed using ImageJ software, and at least 10 glomeruli 
on each slide were examined for determined of the above changes.

RNA Isolation and Real-Time PCR
The relative amounts of Cx43 mRNA and vascular cell adhesion molecule-1 (VCAM-1) in the kidneys were measured by 
real-time PCR on TaKaRa PCR Thermal Cycler Dice Real Time System Lite (TaKaRa Bio, Inc., Japan). Total RNA was 
extracted using a TaKaRa MiniBEST Universal RNA Extraction Kit (Code. 9767, TaKaRa Bio, Inc., Japan). The cDNA 
was synthesized using a primeScript RT reagent Kit with a gDNA Eraser Kit (TaKaRa Code. RR047) on TaKaRa PCR 
Thermal Cycler Dice (TaKaRa Bio, Inc., Japan). The PCR reaction mixture in a 25 μL volume contained 12.5 μL SYBR 
Premix Ex Taq II (Code. RR820, TaKaRa Bio, Inc., Japan), 2 μL RT product, 2 μL Primer F/R (each 10 μM) and 8.5 μL 
dH2O. The conditions of the PCR reaction: 95°C for 30s, then 95°C for 5s and 60°C for 30s, for 40 cycles. The GAPDH 
expression level was quantitated as an internal reference. The sequences of the primer used were as follows:

Cx43 Forward: 5’-AGGTCTGAGAGCCTGAACTCTCATT-3’
Reverse: 5’-GGCACTCCAGTCACCCATGT-3’
VCAM-1 Forward: 5’-TTCCGGCATTTATGTGTGTGAAG-3’
Reverse: 5’-GGCACATTTCCACAAGTGCAG-3’
GAPDH Forward: 5’-TGTGTCCGTCGTGGATCTGA-3’
Reverse: 5’-TTGCTGTTGAAGTCGCAGGAG-3’
The standard curve was constructed from series dilutions of template cDNA. The relative expression of mRNAs were 

calculated after normalizing with GAPDH.

Statistical Analysis
Statistical analysis was performed using the SPSS Software (Version 23.0, SPSS, Inc., Chicago IL, USA). All data are 
expressed as mean ± SEM. Comparison between the control group and the ORI groups before the intervention of 
nucleotide was made using independent sample t-test. All of the other data were analyzed by one-way ANOVA with 
LSD-t multiple comparison test. Differences were considered significant if the P value < 0.05.

Results
Cx43 as Reduced Cx43 Expression in the Kidney of the ORI and Control Mice
After four weeks of Cx43 AS or SCR treatment, there were no any adverse events occurred in all mice. The Cx43 
expression in the mouse kidney was detected by IHC staining and real-time PCR. The expression of Cx43 in the renal 
tissue of the ORI group was significantly increased compared with the control group (Figure 1A and C). After a four- 
week inhibiting Cx43 by AS, the expression of Cx43 in both groups was decreased (Figure 1B and D). Also, the mRNA 
of Cx43 was decreased by 31% in the ORI group, and 29% in the control group, respectively (Figure 1E).

The Effect of Cx43 as on the Body Weight and Metabolic Disorders of ORI Mice
The body weight of five-week-old mice was no significant differences between the control and ORI mice. After being fed 
a high-fat diet for 12 weeks, the body weight of ORI mice was significantly increased compared with control mice (Figure 2A 
and B). There was no effect on the changing trend of the body weight of both groups after four-week SCR treatment (ORI- 
SCR vs Con-SCR, P<0.001) (Figure 3A). However, after four-week inhibiting Cx43 by AS, the body weight and liver weight 
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of ORI mice were significantly decreased compared with SCR treatment (ORI-AS vs ORI-SCR, P<0.001) (Figure 3A and B). 
Unfortunately, the metabolism-related indicators of ORI mice, such as serum concentration of cholesterol and triglyceride 
were not improved after four-week AS treatment compared with SCR treatment (Figure 3C and D).

The Effect of Cx43 as on the Renal Function of ORI Mice
The ratio of microalbuminuria to urinary creatinine (ACR), blood urea nitrogen, and serum creatinine were used to assess the 
glomerular filtration function of mice. The level of serum creatinine and urea nitrogen in both groups did not have significant 
differences (ORI-SCR vs Con-SCR, P>0.05) (Figure 3F and G). However, the ACR of the ORI mice was significantly 
increased compared with control mice (ORI-SCR vs Con-SCR, P<0.05). After four-week inhibiting Cx43 by AS, the ACR of 
ORI mice was significantly decreased compared with SCR treatment (ORI-AS vs ORI-SCR, P<0.05) (Figure 3E).

The Effect of Cx43 as on the Cross-Section Area of the Glomeruli of ORI Mice
The cross-section area of the glomeruli was used to assess glomerular hypertrophy in mice. Compared with the control group, 
The mean cross-section area of the glomeruli of ORI mice was significantly increased (ORI-SCR vs Con-SCR, P<0.05) 
(Figure 4A, C and E). After four-week inhibiting Cx43 by AS, the mean cross-section area of the glomerulus of ORI mice 
was significantly decreased compared with SCR treatment (ORI-AS vs ORI-SCR, P<0.05) (Figure 4B, D and E).

Figure 1 Cx43 AS downregulated Cx43 expression of glomeruli in control and ORI mice respectively. (A–D) Representative image of kidney stained with IHC for Cx43. 
Standard bar = 50µm. (E) The expression level of Cx43 mRNA in glomeruli at the 4th week after osmotic pump implantation of Cx43 antisense oligodeoxynucleotide (AS) 
or scrambled oligodeoxynucleotide (SCR). Data represent mean ± SEM (n=12 per group), and one-way ANOVA with LSD-t multiple comparison test was performed; ##P < 
0.01, Con-SCR vs ORI-SCR. *P < 0.05, **P< 0.01, ORI-SCR vs ORI-AS or Con-SCR vs Con-AS.

Figure 2 The effect of High-fat diet on the body weight of ORI mice. (A) Representative mouse image, (B) Body weight of mice were recorded following 12 weeks on 
normal diet or high-fat diet. Data represent mean ± SEM (n=24 per group). Independent samples t-test was performed. ###P < 0.001 vs control group.
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The Effect of Cx43 as on Podocyte Injury in ORI Mice
Nephrin and WT-1 were used as markers of podocyte injury. Immunohistochemistry analysis showed that the expression of 
nephrin was significantly decreased in the glomeruli of ORI mice than that of control mice (ORI-SCR vs Con-SCR, P<0.05) 
(Figure 5E, G, and J), after four-week inhibiting Cx43 by AS, the expression of nephrin in the glomeruli of ORI mice was 
significantly improved compared with SCR treatment (ORI-AS vs ORI-SCR, P<0.05) (Figure 5F, H and J). WT-1 was used to 
track the quantity change of podocytes in the glomeruli. The WT-1-positive cells were significantly reduced in the glomerulus of 

Figure 3 Biochemical parameters of mice in the groups at the 4th week after osmotic pump implantation of Cx43 AS or SCR. (A) Body weight, (B) Live weight, (C) 
Triglyceride, (D) Cholesterol, (E) ACR (urinary microalbumin to creatinine ratio), (F) Blood urea nitrogen, (G) Serum creatinine. All data represent mean ± SEM (n=12 per 
group), and one-way ANOVA with LSD-t multiple comparison test was performed; n.s. not significant, ###P < 0.001, ##P < 0.01, Con-SCR vs ORI-SCR. ***P < 0.001, *P < 
0.05, ORI-SCR vs ORI-AS or Con-SCR vs Con-AS.

Figure 4 The effect of Cx43 AS on the cross-section area of glomerulus of ORI mice. (A–D) Representative image of kidney section stained with Periodic Acid Schiff (PAS). 
Standard bar = 50µm. (E) the effect of Cx43-AS on the cross-section area of glomerulus of ORI mice. All data represent mean ± SEM (n=12 per group), and one-way 
ANOVA with LSD-t multiple comparison test was performed, #P < 0.05, Con-SCR vs ORG-SCR. *P < 0.05, ORG-SCR vs ORG-AS or Con-SCR vs Con-AS. 
Abbreviation: n.s, not significant.
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ORI mice than that of control mice (ORI-SCR vs Con-SCR, P<0.05) (Figure 5A, C and I), after four-week inhibiting Cx43 by 
AS, the WT-1-positive cells in the glomeruli of ORI mice were significantly increased compared SCR treatment (ORI-AS vs 
ORI-SCR, P<0.05) (Figure 5B, D and I).

The Effect of Cx43 as on the Inflammatory Infiltration in the Glomeruli and 
Mesenchyme of ORI Mice
The CD68, F4/80 and VCAM-1 were used as the marker of chronic inflammation to determine the inflammatory 
infiltration in the glomeruli and mesenchyme of mice. Immunohistochemistry analysis showed that the expression of 
CD68 and F4/80 were significantly increased in the glomeruli and mesenchyme of ORI mice than that of control mice 
(ORI-SCR vs Con-SCR, P<0.05) (Figure 6A, C, I, K, E, G, M, O, R and S), after inhibiting Cx43 by AS, their expression 

Figure 5 The effect of Cx43 AS on the podocyte injury of ORI mice. (A–D) Representative image of kidney section stained with IHC for WT-1. Standard bar = 50µm. (I) 
The effect of Cx43 AS on the WT-1 positive cells in glomeruli. (E–H) Representative image of kidney section stained with IHC for Nephrin. Standard bar = 50µm. (J) The 
percentage of Nephrin positive area stained with IHC. All data represent mean ± SEM (n=12 per group), and one-way ANOVA with LSD-t multiple comparison test was 
performed; n.s. not significant, #P< 0.05, ##P< 0.01, Con-SCR vs ORG- SCR., *P < 0.05, **P < 0.01, ORI-SCR vs ORI-AS or Con-SCR vs Con-AS.
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Figure 6 The effect of Cx43 AS on inflammatory infiltration of ORI mice. (A–H) Representative image of kidney section stained with IHC for CD68. Standard bar = 50µm. 
(I–P) Representative image of kidney section stained with IHC for F4/80. Standard bar = 50µm. (Q) The expression of VCAM-1 mRNA in renal tissue of mice. (R and S) 
The results of the imaging quantitative analysis of the expression of CD68 and F4/80. All data represent mean ± SEM (n=12 per group), and one-way ANOVA with LSD-t 
multiple comparison test was performed; n.s. not significant, ##P < 0.01, Con- SCR vs ORI-SCR. **P < 0.01, *P < 0.05, ORI-SCR vs ORI-AS or Con-SCR vs Con-AS.

Diabetes, Metabolic Syndrome and Obesity 2023:16                                                                          https://doi.org/10.2147/DMSO.S412546                                                                                                                                                                                                                       

DovePress                                                                                                                       
1421

Dovepress                                                                                                                                                               An et al

Powered by TCPDF (www.tcpdf.org)Powered by TCPDF (www.tcpdf.org)

https://www.dovepress.com
https://www.dovepress.com


in the glomerulus of ORI mice was significantly decreased compared with SCR treatment (ORI-AS vs ORI-SCR, 
P<0.05) (Figure 6B, D, J, L, F, H, N, P, R and S). The result of real-time PCR showed that VCAM-1 mRNA was 
significantly increased in the renal tissue of ORI mice than that of control mice (ORI-SCR vs Con-SCR) (Figure 6Q), 
after four-week inhibiting Cx43 by AS, its mRNA in the renal tissue of ORI mice was significantly decreased compared 
with SCR treatment (ORI-AS vs ORI-SCR) (Figure 6Q).

Discussion
In this study, after four-week targeting Cx43 with the antisense oligodeoxynucleotide (AS) by an implanted osmotic 
pump, we found that the body weight and liver weight of ORI mice were significantly improved, and the ACR, 
glomerular expansion and podocyte injury of ORI mice were also improved. Furthermore, targeting Cx43 with AS 
can alleviate the inflammatory infiltration and fatty infiltration in the renal tissue of ORI mice. These results demonstrate 
that decreased Cx43 expression could provide renal protection for the mouse model of obesity-related renal injury.

As many clinical investigations have found that microalbuminuria is the early marker of renal injury of childhood 
ORI. At this stage, the renal function of most children patients is normal.11 Some studies conducted renal biopsies in the 
patients with obesity revealed that the main pathological features of the kidney include glomerular hypertrophy and 
mesangial expansion with or without segmental sclerosis.4,13 Furthermore, several rodent studies also observed similar 
pathological changes.14–16 In this study, our findings were alone with these results observed in patients and mice. 
Therefore, our mice model is an appropriate animal model for the relevant studies of childhood obesity -related renal 
injury.

WT-1 and nephrin are often used as the markers of podocyte injury in many kidney diseases.17,18 In our study, the 
WT-1 was used to estimate the change in the numbers of the podocytes in the glomerulus, and the nephrin expression was 
used to assess the injury degree of podocytes. In this study, we found the decreased expression of nephrin and a decline in 
the number of WT-1-positive cells in the glomerulus of ORI mice, which were the markers of podocyte injury. Similar 
results were also found in our previous study.11 Our results also revealed that inflammatory infiltration was alone with 
podocyte injury, which was the possible reason for podocyte injury. Many other studies conducted in various obesity 
models have found similar results, which revealed that there was a positive relationship between inflammatory infiltration 
and podocyte injury. Furthermore, the study by Saisudha Koka et al revealed that activation of NLRP3 inflammasomes 
was an early mechanism of podocyte injury in obese mice.19

The typical ultrastructural pathological change of childhood ORI is podocyte injury, which include a reduced number 
of podocytes, foot process fusion, and effacement.4 Cx43, which is one type of gap junctional protein, may be involved in 
the regulation of podocyte injury of ORI. Many studies have found that the downregulation of Cx43 expression has 
a protective effect on podocytes. Abed et al found downregulation of Cx43 expression significantly improved the 
filtration function of microalbuminuria and glomeruli hypertrophy in a mice model of hypertension-induced 
nephropathy.20 Additionally, Kavvadas et al found downregulation of Cx43 expression not only improved albuminuria 
and glomerular expansion in the mice model of nephrotoxic serum-inducted glomerulonephritis (NTS-GN), but also 
alleviated podocyte injury (the loss of WT-1 and Nephrin upregulated).21 As well, an in vitro study of aldosterone- 
induced podocyte damage, Yang et al found downregulation of Cx43 expression improved the loss of WT-1 and 
alleviated the injury of podocytes.22 In this study, our results further confirmed that inhibiting Cx43 could also alleviate 
podocyte injury of ORI and provide certain renal protection for this kidney disease model.

In this study, we found that Cx43 expression in the glomeruli and mesenchyme was significantly increased along with 
podocyte injury and inflammatory infiltration. Furthermore, inhibiting Cx43 by AS not only alleviated podocyte injury, 
but also reduced inflammatory infiltration. Similar results were also found in many previous studies, which showed that 
specific downregulation of Cx43 expression by congenital (using Cx43 ± heterozygous mice) or acquired methods (using 
Cx43 antisense oligonucleotides or Cx43 specific blocker: GAP26 mimetic peptide) can improve podocyte injury and 
inhibit inflammatory infiltration.20,21 Recently, many studies have indicated that inflammation was one of the important 
causes of podocyte injury in ORI.21 Whereas Cx43 was involved in the inflammatory response, in which the NLRP3 
inflammasome was an important regulatory factor.23 Further study by Koka et al found that activation of NLRP3 
inflammasomes was a mechanism of podocyte injury in the early stage of ORI.19 Therefore, we speculated that inhibiting 
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C43 by AS could reduce inflammatory infiltration by the inactivation of NLRP3 inflammasomes, which then alleviates 
podocyte injury associated with obesity.

Conclusion
Our results demonstrated that inhibiting Cx43 can significantly alleviate podocyte injury of ORI, which was along with 
the improvement of glomerular expansion, and glomerular filtration function. Moreover, our results also revealed that 
inhibiting Cx43 expression can reduce inflammatory infiltration of the kidney in this mouse model. Collectively, these 
results suggest that inhibiting Cx43 expression could provide renoprotection for this mouse model of obesity-related 
renal injury via decreased renal chronic inflammatory infiltration.
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