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MicroRNA-30/Cx43 axis contributes to podocyte injury by 
regulating ER stress in diabetic nephropathy
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Background: The microRNA-30 family plays a critical role in the pathogenesis of podocyte injury. Cx43 
plays an essential role in intercellular communication, which is essential for coordinated kidney function. 
This study was conducted to explore the function of microRNA-30s/Cx43 in podocyte injury in diabetic 
nephropathy (DN), both in vivo and in vitro.
Methods: SD rats were given streptozotocin (STZ) injections to induce DN. Podocytes were incubated in 
the medium in the presence or absence of high glucose (HG). The effects of the microRNA-30/Cx43 axis 
on DN and its underlying mechanisms were investigated by TUNEL assay, PAS, immunohistochemical 
staining, immunofluorescence staining, Western blot, RT-qPCR, RNA interference, and luciferase reporter 
assay. Podocytes were transfected with microRNA-30 family mimics, microRNA-30 family inhibitors, 
Cx43 siRNA, and negative controls to detect the effect of the microRNA-30/Cx43 axis. MicroRNA-30 
family mimic AAVs, and microRNA-30 family inhibitor AAVs applied to regulate microRNA-30 family 
expression in the kidneys of the STZ-induced DN model rats to reveal the underlying mechanisms of the 
microRNA-30/Cx43 axis in DN.
Results: MicroRNA-30 family member expression was downregulated in HG-treated podocytes and 
the glomeruli of STZ-induced DN rats. Luciferase reporter assays confirmed Cx43 is a directed target of 
microRNA-30s. The overexpression of microRNA-30 family members attenuated the HG-induced podocyte 
injury and protected against podocyte apoptosis and endoplasmic reticulum stress (ERS) both in vivo  
and in vitro. Also, silencing Cx43 expression eased podocyte apoptosis, injury, and ERS induced by a 
HG+microRNA-30 family inhibitor. Double-immunofluorescence staining assays proved the co-localization 
of caspase12 and Cx43. 
Conclusions: The overexpression of microRNA-30 family members prevents HG-induced podocyte 
injury and attenuates ERS by modulating Cx43 expression. The microRNA-30/Cx43/ERS axis might be a 
potential therapeutic target to treat DN.
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Introduction

Diabetic nephropathy (DN) is one of the most severe 
complications of diabetes mellitus and is the most common 
cause of end-stage renal disease worldwide (1). However, 
the pathogenesis of DN is not fully understood (2). As 
terminally differentiated cells, glomerular podocytes play 
essential roles in supporting the structure and function of 
the renal filtration barrier (3). Growing evidence shows the 
depletion and loss of glomerular podocytes are the earliest 
signs of DN (4). Thus, it is crucial to elucidate further the 
pathogenesis of podocyte injury for the early prevention 
and treatment of DN.

The microRNA-30 family is evolutionarily conserved 
and comprises five members, including microRNA-30a, 
microRNA-30b, microRNA-30c, microRNA-30d, and 
microRNA-30e (5). It has been reported microRNA-30s take 
part in several cellular processes, including autophagy, DNA 
damage, and apoptosis (6). Compared with other glomerular 
cell types, podocytes abundantly express microRNA-30 
family members (7). The pathogenesis of microRNA-
30s involved in podocyte injury contain the regulation 
of calcium/calcineurin signaling (8), the regulation of 
Notch1 and p53 signaling (5) and the regulation of high 
glucose (HG)-induced p38 MAPK-dependent pathway by 
targeting the expression of metadherin (9). MicroRNA-30 
has been also reported to inhibit epithelial-mesenchymal 
transition of podocyte cells (10). Moreover, microRNA-30 
has been reported to suppress inflammatory factor-induced 
endothelial cell injury by targeting TCF21-MAPK/p38 
signaling pathway (11), to regulate angiogenesis by suppress 
the expression of delta-like 4, a membrane-bound ligand 
belonging to the Notch signaling family (12) and to inhibit 
neointimal hyperplasia by targeting Ca2+/calmodulin-
dependent protein kinase IIδ (13), which may be involved in 
the progression of atherosclerosis. Despite the above studies, 
the exact functions of microRNA-30s remain unknown 
concerning DN.

Gap junctions (GJs) are clusters of intercellular channels 
found at the plasma membrane that mediate direct cell-to-
cell communication and play critical roles in cell death, cell 
proliferation, and tissue development (14). Connexin-43 
(Cx43), encoded by the GJA1 gene on chromosome 6, 
is a part of GJs and is the primary connexin member in 
podocytes (15). Podocyte Cx43 channels are essential for 
coordinated kidney function. Increasing evidence shows that 
the upregulation of Cx43 expression is a marker of injury 
in podocytes (16,17). It has been reported the transfection 

of Cx43 in the LLC-PK1 cell line promotes endoplasmic 
reticulum stress (ERS)-induced apoptosis (18). Despite 
these studies, the functions of Cx43 in podocyte injury and 
the relationship between Cx43 and ERS are still poorly 
understood, particularly concerning kidney disease.

The endoplasmic reticulum (ER) is a critical organelle 
that mediates cell death. Briefly, many conditions lead to 
the accumulation of unfolded proteins within the ER, and 
ERS induces cells to correct the environment within the 
ER. However, if the stimuli are too severe, and homeostasis 
cannot be restored, ERS activates apoptotic signaling (19). 
Caspase12 plays a crucial role in ERS-induced apoptosis (20).  
It has been reported caspase12-deficient mice are resistant 
to ERS-induced apoptosis, and the activation of caspase12 
is mediated only by ERS (21). Earlier studies have shown 
ERS-induced apoptosis occurs in DN (21). However, the 
precise mechanisms involved in ERS remain unknown. 

To our knowledge, there have been no report about 
the contribution of microRNA-30/Cx43 axis to podocyte 
injury in DN. In this study, we used HG-treated podocytes 
and streptozotocin (STZ)-induced diabetic rats as 
experimental models of DN to investigate the mechanism 
of the microRNA-30 family in podocyte injury. We found 
Cx43 is a directed target of microRNA-30s and that the 
overexpression of microRNA-30s eases ERS by inhibiting 
Cx43 expression. Thus, this study reveals the underlying 
mechanism of microRNA-30s in podocyte injury, which 
supplies a new target for DN treatment. We present the 
following article in accordance with the ARRIVE reporting 
checklist (available at http://dx.doi.org/10.21037/atm-20-
6989).

Methods

Animal models

All animal experiments were performed in accordance 
with the guidelines for animal care and approved by 
the Institutional Animal Care and Use Committee at 
Soochow University, China (No. 2020-013). The SD 
rats weighing 200–250 g (8-to-10 weeks of age) received 
an STZ injection (60 mg/kg solution in citrate buffer, 
via a single intraperitoneal injection) after being fasted 
overnight. A blood glucose level of ≥350 mg/dL was 
indicative of diabetes. The microRNA-30 mimic AAVs, 
and the microRNA-30 inhibitor AAVs were constructed 
by HanBio (www.hanbio.net). The rats were randomly 
chosen to receive a single-bolus tail vein injection of either 
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microRNA-30 mimic AAV or the microRNA-30 inhibitor 
AAV at 1×1011 viral genomes per animal.

Podocyte culture and treatment

Dr. Yong Gu provided the human podocyte cell line 
(Department of Nephrology, Huashan Hospital of Fudan 
University, Shanghai, China), and the cells were cultured 
as previously described (5). Podocytes were moved to 37 ℃  
for differentiation and cultured without interferon-γ. 
The podocytes were grouped and transfected with 
microRNA-30 mimics, microRNA-30 inhibitors, Cx43 
siRNA, and negative controls (Invitrogen, Carlsbad, CA). 
The transfected cells were growth-arrested by incubation 
with serum-free medium overnight before incubation with 
5.5 mM glucose (Invitrogen, Carlsbad, CA) or 25 mM 
glucose (HG) for 48 hours for further experimental analysis.

Periodic acid-Schiff staining and glomerular sclerosis score 

Kidney sections (3 μm) were stained with periodic acid-
Schiff (PAS). The severity of injury for each glomerulus 
was scored from 0 to 4: 0, no lesions; 1, <25% involvement 
of the glomerulus; 2, 25–50% involvement; 3, 50–75% 
involvement; and 4, >75% involvement. Fifty glomeruli 
were analyzed per kidney section. A glomerular sclerosis 
score (GSS) for each animal was calculated by multiplying 
each severity score [0–4] by the percentage of glomeruli 
displaying that injury and summing these scores. The above 
histological analysis was performed blinded to avoid bias.

Apoptosis studies

The cytosolic DNA-histone complexes generated during 
apoptotic DNA fragmentation in treated podocytes 
were tested with a cell death detection ELISA kit (Cell 
Death Detection ELISA PLUS; Roche Applied Science, 
Indianapolis, IN, USA) and performed by following the 
manufacturer’s protocol.

Western blot and antibodies

Podocytes harvested from plates and sieved glomeruli were 
lysed in SDS sample buffer containing 150 mM NaCl, 0.1% 
Triton X-100, 0.5% deoxycholate, 0.1% sodium dodecyl 
sulfate (SDS), 50 mM Tris-HCl (pH 7.0), and 1 mM 
ethylenediaminetetraacetic acid (EDTA). The detection 
of protein expression by Western blot was conducted 

according to established protocols. The primary antibodies 
used were: Cx43 (1:200), caspase12 (1:200), podocin 
(1:200), and GAPDH (1:1,000). Densitometric analysis 
was performed using Quantity One Software (Bio-Rad). 
Antibodies against Cx43 and caspase12 were bought from 
Cell Signaling Technology (Beverly, MA). Anti-podocin 
antibodies were retrieved from Abcam (Cambridge, MA).

RNA’s extraction and quantitative real-time PCR

Total RNA from podocytes and kidney tissues was extracted 
with an amirVana miRNA Extraction kit (Jiancheng, 
Nanjing, China). The following PCR parameters were 
used for real-time qPCR: 94 ℃ for 2 minutes and 45 cycles 
of 95 ℃ for 15 seconds and 60 ℃ for 60 seconds. The U6 
small nuclear RNA was used as the internal control for 
individual miRNA level analysis in the cells and tissues. 
The expression of miRNA was calculated as the difference 
between the threshold values of the two genes (ΔΔCT). 

IHC and IF

We prepared 3-μm sections of the paraffin-embedded 
k i d n e y  t i s s u e s  a n d  s u b j e c t e d  t h e s e  s e c t i o n s  t o 
immunohistochemistry (IHC) using peroxidase-conjugated 
antibodies and DAB for visualization. The sections 
were incubated with Cx43 (Cell Signaling Technology; 
Beverly, MA). Integrated optical density (IOD) was used 
to stand for the relative amount of positive staining. For 
immunofluorescence (IF) staining, 5-μm sections of frozen 
tissue samples were blocked with BSA and incubated in 
primary antibodies against caspase-12 (Abcam; Cambridge, 
MA) and Cx43 (Abcam; Cambridge, MA).

Luciferase reporter assay

The 3'-UTR of Cx43, with wild-type or mutated (Mut) 
binding sites for microRNA-30s, was amplified and cloned 
into the pGL3 vector to generate the plasmid pGL3-wt-
Cx43-3'-UTR or pGL3-mut-Cx43-3'-UTR, respectively. 
For the luciferase reporter assay, HEK-293 cells were 
cotransfected with the luciferase reporter vectors and 
microRNA-30 mimics, microRNA-30 inhibitors, or the 
corresponding negative control using Lipofectamine 
2000 reagent. The pRL-TK plasmid (Promega, Madison, 
USA) was used as a normalization control. After 48 hours 
of incubation, a Luciferase Reporter Assay kit (Promega) 
was used to detect luciferase activity according to the 
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manufacturer’s instructions.

Statistical analysis

Data are expressed as the mean ± SD. Comparisons between 
groups were performed with one-way ANOVA followed 
by Dunnett’s multiple comparison tests or Student’s t-test. 
P<0.05 was considered statistically significant.

Results

Cx43 is a microRNA-30 family target gene

As presented in Figure 1A, we found that the expression 
of all five members of the microRNA-30 family was 
downregulated by HG administration. To explore the 
possible molecular basis by which microRNA-30s regulate 
the DN process, we searched for potential microRNA-30 
family targets using TargetScan and identified Cx43 as a 
potential microRNA-30 family target. As shown in Figure 1B,  
microRNA-30s contain binding sites complementary to 
the 3'-UTR of Cx43. Luciferase activity determination also 
revealed the functional interaction between microRNA-30 
members and Cx43 (Figure 1C). To further investigate 
the actual effect of microRNA-30s on Cx43 expression, 
podocytes were transfected with microRNA-30 family 
mimics or inhibitors. Quantitative PCR, IF staining, 
and Western blotting revealed that HG treatment 
induced an increase in Cx43 expression in podocytes, 
while the introduction of microRNA-30 family abated 
this effect mimics substantially. Compared with the 
HG group, the microRNA-30 family inhibitor-treated 
group had a significantly upregulated expression of Cx43  
(Figure 1D,E,F,G). Collectively, all the above results show 
Cx43 is a direct target of the microRNA-30 family.

MicroRNA-30s attenuate apoptosis, injury, and ERS in 
podocytes in vitro

As shown in Figure 2, we confirmed that compared 
with that in the HG group, the protein expression of 
caspase12, a marker of ERS, and the level of apoptosis 
in the microRNA-30 family mimic transfection group 
was markedly reduced. However, the protein expression 
of podocin was significantly increased, which means 
microRNA-30 mimics can protect podocytes against HG-
induced injury. The above results were reversed in the 
microRNA-30 family inhibitor transfection group.

Inhibition of Cx43 attenuates podocyte apoptosis, injury, 
and ERS in vitro

As shown in Figure 3, compared with the control group, 
the apoptosis, and the protein expression of Cx43 and 
caspase12 in the HG group increased. However, the protein 
expression of podocin was decreased. The HG-induced 
apoptosis, injury, and ERS of podocytes were reduced by 
Cx43 siRNA intervention but upregulated by microRNA-30 
family inhibitor intervention. Compared with the HG + 
microRNA-30 inhibitors group, the HG + microRNA-30 
inhibitors + Cx43 siRNA group had lower levels of apoptosis, 
Cx43 expression, and caspase12 expression and higher levels 
of podocin expression.

Downregulation of microRNA-30s enhances STZ-induced 
Cx43 expression in DN rats

As shown in Figure 4, we performed qPCR to detect the 
expression of microRNA-30 family members in STZ-
induced DN rats and found STZ downregulated the 
expression of all members of the microRNA-30 family. 
The microRNA-30mimicinjection increased the expression 
of microRNA-30 family members, while the injection of 
microRNA-30 inhibitors had the opposite effect. Compared 
with that in the control group, the protein expression of 
Cx43 in the STZ group was significantly increased, and 
could be reduced by microRNA-30 mimics but was further 
increased by microRNA-30 inhibitors. 

Downregulation of microRNA-30 family expression 
enhances STZ-induced kidney injury in DN rats

To test the effect of the microRNA-30 family on the renal 
injury, STZ-induced DN rats were intravenously injected 
with microRNA-30 family mimics or inhibitors. As shown 
in Figure 5, the glomerular sclerosis scores revealed by PAS 
staining were markedly increased in STZ-induced DN 
rats compared to control rats and were notably abrogated 
by microRNA-30 mimic family injection. Then we found 
that microRNA-30 family inhibitor injection increased 
the glomerular sclerosis scores. As displayed in Figure 5, 
the expression of podocin was downregulated by STZ 
and could be rescued by microRNA-30 family mimics. 
Yet, microRNA-30 family inhibitors reduced the podocin 
expression. These data show the inhibition of microRNA-30 
family member expression enhances STZ-induced kidney 
injury in DN rats.
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Figure 1 Cx43 is a direct target of microRNA-30s. (A) Changes in the expression of microRNA-30 family members in podocytes treated 
with vehicle or HG. #, P<0.05 vs. the control group. (B) The putative microRNA-30 family binding sites in the 3'-UTR of Cx43 predicted 
by TargetScan. (C) Luciferase activity assays in podocytes transfected with microRNA-30 family mimics or inhibitors for 48 hours. #, P<0.05 
vs. microRNA-30 mimics + pLuc-C. *, P<0.05 vs. microRNA-30 mimics + Cx43. (D) RT-qPCR analyses of the mRNA expression of Cx43 
in podocytes treated with control, mimic control, microRNA-30 family mimics, or microRNA-30 family inhibitors + HG. #, P<0.05 vs. the 
control group. (E) Western blotting analyses of the protein expression of Cx43 in podocytes treated with vehicle, HG, microRNA-30 family 
mimics + HG, or microRNA-30 family inhibitors + HG. (F) Quantitative analyses of the relative abundance of Cx43 protein expression 
expressed as the mean ± SEM of three experiments. #, P<0.05 vs. the control group. *, P<0.05 vs. the HG group. (G) IF staining for Cx43 in 
podocytes treated with vehicle, HG, microRNA-30 family mimics + HG, or microRNA-30 family inhibitors + HG (original magnification, 
×400). HG, high glucose; IF, immunofluorescence.
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Figure 2 MicroRNA-30s alleviatepodocyte apoptosis, injury, and ERS in vitro. (A) Analyses of apoptosis in podocytes treated with vehicle, 
HG, microRNA-30 family mimics + HG, or microRNA-30 family inhibitors + HG. (B) Western blotting analyses of the protein expression 
of podocin and caspase12 in podocytes treated with vehicle, HG, microRNA-30 family mimics + HG, or microRNA-30 family inhibitors + 
HG. (C) Quantitative analyses of the relative abundance of podocin protein expression expressed as the mean ± SEM of three experiments. (D)
Quantitative analyses of the relative abundance of caspase12 protein expression expressed as the mean ± SEM of three experiments. #, P<0.05 
vs. the control group. *, P<0.05 vs. the HG group. HG, high glucose; ERS, endoplasmic reticulum stress.
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Downregulation of microRNA-30 family expression 
enhances STZ-induced ERS in DN rats

Western blotting and double-immunofluorescence staining 
assays were used to examine the expression of caspase12 and 
Cx43 in kidney tissues. Compared with those in the control 
group, the levels of caspase12 and Cx43 in the STZ group 
were markedly increased. The levels of caspase12 and Cx43 
were increased by microRNA-30 family inhibitors but were 
inhibited by microRNA-30 family mimics (Figure 6A,B). 
Also, as shown in Figure 6C, caspase12 and Cx43 were co-
localized in the podocytes of STZ-induced DN rats.

Discussion

In the present study, we verified that the expression 

of  microRNA-30 fami ly  members  was  markedly 
downregulated in STZ-induced DN rats and HG-
stimulated podocytes. We found Cx43 might be a target 
of the microRNA-30 family and that the overexpression 
of microRNA-30s protects podocytes against injury. Our 
data show the overexpression of the microRNA-30 family 
exerts anti-ERS effects by inhibiting Cx43 expression. The 
microRNA-30/Cx43/ERS axis might be a new successful 
therapeutic target for DN.

DN is a severe microvascular complication of diabetes 
with multiple pathogenic factors and limited treatment 
options (22). Earlier studies have proved podocyte apoptosis 
is associated with the pathological mechanisms of DN (23).  
Although multiple signaling pathways take part in podocyte 
apoptosis, the mechanism underlying podocyte apoptosis is 
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still incompletely understood. Therefore, it is of considerable 
significance to explore the pathogenic mechanism of 
podocyte injury in DN. STZ-induced DN rat models have 
been widely used to investigate the pathogenesis of DN (24),  

and hyperglycemia is a major pathogenic factor in renal 
injury (25). Therefore, STZ-induced DN rat models and 
HG-stimulated podocytes were applied as in vivo and in vitro 
models in this research. 

Figure 3 Inhibition of Cx43 reduces podocyte apoptosis, injury, and ERS induced by HG or HG + microRNA-30 family inhibitors in 
vitro. Podocytes were distributed into five groups: control, HG, HG + Cx43 siRNA, HG + microRNA-30 family inhibitors, and HG + 
microRNA-30 family inhibitors + Cx43 siRNA. (A) Analyses of podocyte apoptosis among the five groups. (B) Western blot analyses of 
the protein expression of caspase12, Cx43, and podocin among the five groups. (C,D,E) The quantitative ratios are shown as the relative 
optical densities of the bands that are normalized to the expression of GAPDH. The data are representative of three similar experiments 
and quantified as the mean ± SEM. #, P<0.05 vs. the control group. *, P<0.05 vs. the HG group. ##, P<0.05 vs. HG + microRNA-30 family 
inhibitors. HG, high glucose; ERS, endoplasmic reticulum stress.

*

Contro
l

HG

HG + m
iR30s in

hibito
r

HG + m
iR30s in

hibito
r +

 Cx43 siR
NA

HG + Cx43 siR
NA

40

30

20

10

0

A
po

pt
os

is
 (%

)
# ##

*

Contro
l

HG

HG + m
iR30s in

hibito
r

HG + m
iR30s in

hibito
r +

 Cx43 siR
NA

HG + Cx43 siR
NA

HG + m
iR30s in

hibito
r +

 Cx43 siR
NA

Contro
l

HG

HG + m
iR30s in

hibito
r

HG + Cx43 siR
NA

HG + m
iR30s in

hibito
r +

 Cx43 siR
NA

Contro
l

HG

HG + m
iR30s in

hibito
r

HG + Cx43 siR
NA

HG + m
iR30s in

hibito
r +

 Cx43 siR
NA

Contro
l

HG

HG + m
iR30s in

hibito
r

HG + Cx43 siR
NA

1.5

1.0

0.5

0.0

P
od

oc
in

/G
A

P
D

H
 (f

ol
d) 4.0

3.0

2.0

1.0

0C
as

pa
se

 1
2/

G
A

P
D

H
 (f

ol
d)

5.0

4.0

3.0

2.0

1.0

0C
x4

3/
G

A
P

D
H

 p
ro

te
in

 (f
ol

d)

Caspase 12 

Podocin

Cx43 

GAPDH

##

#

*

*

##
#

*

*

##

#

*

*

A

B

D

C

E



Li et al. The effect of microRNA-30/Cx43 axis on diabetic nephropathy

© Annals of Translational Medicine. All rights reserved.   Ann Transl Med 2020;8(24):1674 | http://dx.doi.org/10.21037/atm-20-6989

Page 8 of 14

Figure 4 MicroRNA-30s modulate Cx43 expression in STZ-induced DN rats. Rats were divided into four groups: control, STZ, STZ + 
microRNA-30 family mimics, and STZ + microRNA-30 family inhibitors. (A) RT-qPCR analyses of microRNA-30s among the four groups. 
(B) IHC analyses of Cx43 protein expression among the four groups (×40). Representative images from 4 mice in each group are shown. (C) 
Quantitative analyses of the IOD of Cx43 are shown in the bar graph, and data are expressed as the mean ± SEM of three experiments. #, 
P<0.05 vs. the control group. *, P<0.05 vs. the STZ group. STZ, streptozotocin; DN, diabetic nephropathy; IHC, immunohistochemistry.
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MicroRNAs, a class of non-coding RNAs, can bind to the 
3'-UTR of their target mRNAs to participate in epigenetic 
regulation of their downstream signaling molecules. Recent 

studies have revealed the potential involvement of different 
microRNAs in different molecular and signaling pathways 
leading to DN. 

Figure 5 MicroRNA-30s modulate podocyte injury in vivo. Rats were divided into four groups: control, STZ, STZ + microRNA-30 
family mimics, and STZ + microRNA-30 family inhibitors. (A) Representative photomicrographs (original magnification, ×400) prepared 
from PAS-stained kidney sections. (B) The glomerular sclerosis scores of renal tissues among the 4 groups. (C) Quantitative analyses of 
the IOD of podocin are shown in the bar graph, and the data are expressed as the mean ± SEM of three experiments. (D) IHC analyses 
of podocin protein expression among the 4 groups (×40). Representative images from 4 mice in each group are shown. #, P<0.05 vs. the 
control group. *, P<0.05 vs. the STZ group. STZ, streptozotocin; PAS, Periodic Acid-Schiff stain; IOD, integrated optical density; IHC, 
immunohistochemistry.

Control STZ STZ + miR30s mimic STZ + miR30s inhibitor

Pas

2.5

2.0

1.5

1.0

0.5

0.0

G
lo

m
er

ul
ar

 s
cl

er
os

is
 s

co
re

s

10000

8000

6000

4000

2000

0

P
od

oc
in

 IO
D

STZ + miR30s inhibitor

STZ + miR30s mimicSTZ
Contro

l

STZ + miR30s inhibitor

STZ + miR30s mimicSTZ
Contro

l

Control STZ STZ + miR30s mimic STZ + miR30s inhibitor

Podocin

*

*

*

*

#
#

A

B

D

C



Li et al. The effect of microRNA-30/Cx43 axis on diabetic nephropathy

© Annals of Translational Medicine. All rights reserved.   Ann Transl Med 2020;8(24):1674 | http://dx.doi.org/10.21037/atm-20-6989

Page 10 of 14

PI3K/Akt is a signaling pathway that is involved in the 
process of glomerular hypertrophy and podocyte injury 
in DN. Recent studies have revealed that microRNA-

216a, microRNA-217, microRNA-21, microRNA-200b, 
microRNA-200c and microRNA-192 have up-regulated the 
PI3K/Akt signaling pathway (26).

Figure 6 MicroRNA-30s modulate ERS through Cx43. Rats were divided into four groups: control, STZ, STZ + microRNA-30 family 
mimics, and STZ + microRNA-30 family inhibitors. (A,B) Western blot analyses of Cx43 and caspase12 protein levels. Quantitative ratios are 
shown as the relative optical densities of bands normalized to GAPDH expression. The data are representative of three similar experiments 
and quantified as the mean ± SEM. #, P<0.05 vs. the control group. *, P<0.05 vs. the STZ group. (C) Indirect immunofluorescence staining 
of the expression and localization of caspase12 (green), Cx43 (red), and DAPI (blue; original magnification, ×400). STZ, streptozotocin; 
ERS, endoplasmic reticulum stress.
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Furthermore,  microRNA-192,  microRNA-215, 
microRNA-21 and microRNA-216a have been reported to 
up-regulate collagen expression in renal tissues and thereby 
promote the accumulation of extracellular matrix (ECM) 
proteins and induce glomerulosclerosis in DN (27-29), 
whereas microRNA-194, microRNA-23b, microRNA-146a 
and microRNA-326 have been identified as down-regulators 
of collagen expression and thereby have been recognized to 
be involved in the reduction of ECM protein accumulation 
and fibrosis in DN (30-32).

To date, there is no direct evidence regarding the 
regulation of B7-1 expression by microRNAs in renal 
cells in DN. However, several miRNAs expressed in renal 
tissues have been reported to regulate B7-1 expression in 
immune cells to participate in the pathogenesis of DN. For 
example, microRNA-125b-mediated up-regulation of B7-1 
surface expression in macrophages can enhance macrophage 
activation, which is associated with the progression of 
diabetic nephropathy through podocyte damage and 
the inhibition of nephrin and podocin (33). Moreover, 
microRNA-155, microRNA-181d and microRNA-214-
mediated B7-1 up-regulation further promotes activation 
of inflammatory cytokine and thereby act as DN-
inducing miRNAs (34,35). Nevertheless, microRNA-146a, 
microRNA-23b, microRNA-223 and microRNA-487b have 
been identified as down-regulators of B7-1 and act as DN-
inhibiting miRNAs (26).

In addition, Dai et al. have revealed that microRNA-
193a promotes the expression of ubiquitin carboxyterminal 
hydrolase 1 (UCH-L1), as a podocyte injury-inducing in 
DN via the Wnt/β-catenin pathway (36).

As inhibition of dipeptidyl-peptidase-4 (DPP-4) has been 
reported to be a potential therapeutic intervention in DN, 
microRNA-29s and Let-7s, inhibitors of DPP-4 gene, have 
been reported to be involved in attenuating DN (37,38). 
MicroRNA-302a, microRNA-302c, microRNA-204 and 
microRNA-338 can down-regulate the expression of 
glucagon-like peptide-1 receptor (GLP1R), a receptor of 
a key substrate for DPP-4, which are also involved in the 
regulation of DN (39,40). 

Earlier studies have confirmed that transforming growth 
factor beta (TGF-β1) is a major cytokine responsible 
for glomerular hypertrophy and ECM accumulation 
in the mesangium. Thus, microRNA-192, microRNA-
216a, microRNA-21 and microRNA-195 have enhanced 
TGF-β1 expression to elicit the progression of DN. In 
contrast, microRNA-141, microRNA-200a and microRNA-
30c have been identified as down-regulators of TGF-β1 

signaling and thereby act as DN-inhibiting miRNAs (26). 
In line with the results of earlier studies (5), our data also 
confirms microRNA-30s are associated with podocyte 
injury. MicroRNAs usually function through their target 
genes. Therefore, we focused on Cx43 as a target of the 
microRNA-30 family, which was found by TargetScan 
software (Figure 1B). We confirmed that the microRNA-30 
family regulates cx43 expression in podocytes through 
the following three observations: (I) Cx43 expression was 
elevated when microRNA-30 family expression was reduced 
in the HG group (Figure 1D,E,F,G). (II) Cx43 was inhibited 
by the overexpression of the microRNA-30 family in 
podocytes (Figure 1D,E,F,G). (III) Analysis of the luciferase 
reporter carrying the Cx43 3'-UTR showed microRNA-
30s directly interact with this sequence and that the putative 
microRNA-30 family binding sites are essential for the 
regulation by the microRNA-30s (Figure 1C).

Earlier studies have proved the increased expression 
of unfolded protein response genes is associated with 
how much both clinical and pathological involvement 
of the kidney (41). Following earlier findings, growing 
evidence shows that the induction of free fatty acid, 
palmitate, and protein overload may cause ERS-induced 
podocyte apoptosis (42-44). ERS is induced during DN 
development, and the ERS pathway mediates apoptosis; 
this is hypothesized to be involved in podocyte injury (45). 
Also, Fujii et al. pointed out that ERS in podocytes may 
cause alterations in nephrin N-glycosylation (46). It is 
accepted caspase12 is a pro-apoptotic molecule specifically 
located in the outer membrane of the ER and is associated 
only with the mechanism of ERS-mediated apoptosis. In 
the present study, we confirmed podocyte apoptosis and 
caspase12 expression were upregulated, while the expression 
of podocin, a podocyte-specific protein, was downregulated 
in STZ-induced DN rats and HG-stimulated podocytes 
(Figures 2,3,5,6). These findings suggest ERS-mediated 
apoptosis is associated with podocyte injury in DN both  
in vivo and in vitro.

Recently, growing evidence has showed that ERS may 
be associated with Cx43 in some diseases, and changes 
in ERS and GJs coexist in many pathologic conditions, 
including cancer and ischemic heart disease (47-49). Our 
in vitro and in vivo data prove the expression of caspase12 
is downregulated by microRNA-30 family mimics and 
Cx43 siRNA (Figures 2,3,6). The inhibition of microRNA-
30s induced increased expression of caspase12, reduced 
expression of podocin, and increased podocyte apoptosis; 
these results could be reversed by silencing Cx43 expression 
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(Figure 3). Double-immunofluorescence staining assays 
proved the co-localization of caspase12 and Cx43 (Figure 6).  
These results further show the overexpression of the 
microRNA-30 family alleviates ERS by inhibiting Cx43 
expression from reducing podocyte injury.

Despite the added precautions, there are limitations 
to the current study. First, there are too few methods and 
indicators to study MicroRNA-30 and Cx43 attenuating 
the apoptosis and damage of podocytes in vitro, as well 
as to study the endoplasmic reticulum stress in podocyte 
damage in diabetic nephropathy. Second, renal pathology 
and podocyte ultrastructure changes under the electron 
microscope are not observed. Third, the biochemical 
indicators of the rats such as fasting blood glucose, 
cholesterol, triacylglycerol, low density lipoprotein, high 
density lipoprotein, blood creatinine, endogenous creatinine 
clearance, 24-hour urine albumin and its excretion rate and 
so on are not evaluated. There is no doubt that adding the 
above indicators would make the results more reliable.

In conclusion, our study supplies evidence the 
overexpression of microRNA-30 family members prevents 
HG-induced podocyte injury and attenuates ERS by 
modulating Cx43. These data suggest the microRNA-30/
Cx43/ERS axis may be a potential therapeutic target for 
DN patients.
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