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Abstract. MicroRNAs (miRNAs/miRs) are considered to 
serve essential roles in podocyte apoptosis, and to be critical 
in the development of diabetic nephropathy (DN). Activation 
of the Notch signaling pathway has been demonstrated 
to serve an important role in DN development; however, 
its regulatory mechanisms are not fully understood. The 
present study used a high glucose (HG)‑induced in  vitro 
apoptosis model using mouse podocytes. Expression levels 
of miR‑145‑5p and its target, Notch1, and other key factors 
involved in the apoptosis signaling pathway were detected 
and measured by reverse transcription‑quantitative PCR and 
western blotting. A luciferase reporter assay was performed 
to elucidate the miRNA‑target interactions. The functions of 
miR‑145‑5p in apoptosis were detected using flow cytometry 
and TUNEL staining. The present study demonstrated that in 
HG conditions, miR‑145‑5p overexpression inhibited Notch1, 
Notch intracellular domain, Hes1 and Hey1 expression at the 
mRNA and protein levels. Notch1 was identified as a direct 
target of miR‑145‑5p. Furthermore, cleaved caspase‑3, Bcl‑2 
and Bax levels were reduced significantly by miR‑145‑5p 
overexpression. These results indicate that miR‑145‑5p 
overexpression inhibited the Notch signaling pathway and 
podocyte lesions induced by HG. In conclusion, the results of 
the present study suggested that miR‑145‑5p may be a regu-
lator of DN. Additionally, miR‑145‑5p inhibited HG‑induced 
apoptosis by directly targeting Notch1 and dysregulating 
apoptotic factors, including cleaved caspase‑3, Bcl‑2 and 
Bax. The results of the present study provided evidence that 

miR‑145‑5p may offer a novel approach for the treatment of 
DN.

Introduction

Diabetic nephropathy (DN) is a risk factor for end‑stage renal 
disease and cardiovascular diseases, which are associated with 
high morbidity and mortality (1). Microvascular lesions may 
lead to impaired blood flow and contribute to damage to the 
target organs (2). Therefore, it is important to establish a novel 
therapeutic method for patients with DN and improve their 
prognosis.

Podocytes act as the most important barrier to urinary 
protein loss through the formation and maintenance of foot 
processes and interposed slit‑diaphragms (3). Podocytes serve 
an important role in DN. A multitude of factors, including 
oxidative stress and inflammatory response in diabetes cause 
abnormalities in podocytes that limit their ability to self‑repair 
and regenerate (4,5). Furthermore, diabetes may cause podo-
cyte foot process detachment, hypertrophy and loss  (4,5). 
Therefore, podocyte injury is widely considered as a key factor 
in determining the prognosis of DN (4,5).

MicroRNAs (miRNAs/miRs) are endogenous small 
non‑coding RNAs with a length of 19‑25 nucleotides, and 
are involved in various cellular processes (6‑8). They are 
reported to function by binding to the 3'‑untranslated region 
(3'‑UTR) of target genes, resulting in the degradation of 
mRNAs  (9‑11). Recent studies have demonstrated that 
miRNAs targeting podocyte‑associated genes may be poten-
tial candidates for antiapoptotic therapies for DN (12,13). 
A previous study demonstrated that miR‑25 inhibited high 
glucose (HG)‑induced apoptosis in renal tubular epithelial 
cells by reducing the production of reactive oxygen species, 
and decreasing the activity and cleavage of caspase‑3 (14). 
Another study reported that the inhibition of miR‑377 
expression ameliorated inflammation and improved insulin 
sensitivity (15). These results suggest that miRNAs serve 
important roles in regulating the DN process. Therefore, 
further investigations regarding the influence of miRNAs 
and their targets are a promising perspective. A previous 
study has demonstrated that miR‑145‑5p is enriched in 
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diabetic patients, and may represent a novel candidate 
biomarker (16).

The Notch signaling pathway is associated with vascular 
defects, including abnormal structure and leakiness (17,18). 
Under normal circumstances, activation of Notch receptors 
releases a signal in the form of the Notch intracellular domain 
(NICD). When NICD enters the nucleus, its binding to chorionic 
somatomammotropin hormone like 1 may trigger an allosteric 
alteration and, later, NICD transfers into the nucleus and acti-
vates the gene transcription of hes family bHLH transcription 
factor 1 (Hes1) and hes related family bHLH transcription 
factor with YRPW motif 1 (Hey1) (19), which are associated 
with cell differentiation, proliferation and apoptosis (20,21).

Based on the aforementioned information, the present 
study aimed to investigate the role of miR‑145‑5p and Notch1 
in DN. Furthermore, their interactions and potential mecha-
nism in HG‑induced podocytes was studied. This may provide 
a theoretical basis for clinical treatment.

Materials and methods

Podocyte cell culture and treatment groups. Mouse podo-
cytes (cat. no. M1710) and all cell culture media, FBS and 
other supplements were purchased from ScienCell Research 
Laboratories, Inc. Mouse podocytes were cultured according 
to the manufacturer's protocols as follows: Mouse podocytes 
were maintained in RPMI‑1640 medium supplemented with 
10% FBS, 100 U/ml penicillin, 100 mg/ml streptomycin and 
10 U/ml mouse recombinant γ‑interferon (Sigma‑Aldrich; 
Merck KGaA) with 5% CO2 at 33˚C. Subsequently, cells were 
cultured in fresh DMEM‑F12 supplemented with 10% FBS, 
100 U/ml penicillin, and 100 mg/ml streptomycin at 37˚C 
with 5%  CO2 for 10‑14  days  (22). Prior to the functional 
experiments, expression levels of the podocyte differentiation 
marker synaptopodin were detected by immunofluorescence 
staining (data not shown). Subsequently, cells were cultured in 
RPMI‑1640 medium supplemented with 10% FBS at 37˚C with 
5% CO2 containing 25 mM glucose (HG) or 5 mM glucose 
[normal glucose (NG)] for 12, 24, 48 and 72 h. The 293T cells 
(Cell Bank of Type Culture Collection of Chinese Academy of 
Sciences) were cultured as described previously (23).

Lipofectamine transfection. miR‑145‑5p mimics, miR‑145‑5p 
inhibitor and scrambled controls were applied to create 
miR‑145‑5p overexpression and knockdown in podocytes. 
Lipofectamine® 2000 reagent (Invitrogen; Thermo Fisher 
Scientific, Inc.) was used for cell transfection. Briefly, 
Lipofectamine® 2000 was diluted and the podocytes were 
then added to the diluted solution. The solution was added 
into 6‑well plates and incubated for 6 h at 37˚C with 5% CO2. 
Subsequently, 10 nM miRNA duplexes and miRNA trans-
fection reagent were mixed and added to 100 ml miRNA 
transfection medium for 45 min at 20˚C. Finally, the medium 
was changed to conventional medium and cultured for a further 
48 h. After 48 h of transfection, the total RNA and protein 
were extracted from the cells and tested using RT‑qPCR and 
western blotting, respectively.

TUNEL staining. Cell apoptosis was examined by TUNEL 
staining using a DeadEnd™ fluorometric TUNEL system 

kit (Promega Corporation), according to the manufacturer's 
protocol as previously described (24). Cells (5x104/well) were 
first washed using saline. Subsequently, the cells were fixed 
with 4% neutral formaldehyde in PBS at room temperature for 
15 min. Then, the slides were washed three times with PBS, 
and with 3% H2O2 in methanol for 10 min at room temperature. 
After treatment with 0.2% Triton X‑100 in PBS for 15 min at 
room temperature, the cell slides were immersed into 100 ml 
equilibration buffer at room temperature (22˚C) for 15 min, 
followed by incubation in 5% bovine serum albumin (BSA; 
Thermo Fisher Scientific, Inc.) for 30 min at room temperature. 
After a terminal deoxynucleotidyl transferase buffer pre‑incu-
bation for 10 min at room temperature, slides were incubated 
in the TUNEL reaction mixture for 60 min at 37˚C and sealed 
using fluorescent mounting medium (Beyotime Institute of 
Biotechnology). Fluorescence microscopy was used for detec-
tion of the fluorescence of apoptotic cells and data analysis. 
The size (mm2) of each area containing TUNEL‑positive cells 
was measured with a micro ruler at x200 magnification. After 
the measurement, the number of apoptotic cells was counted 
by two technicians in three high‑power fields (magnifica-
tion, x400) under a light microscope.

RNA isolation and reverse transcription‑quantitative 
PCR (RT‑qPCR). To detect and compare gene expres-
sion, RT‑qPCR was performed. Total RNA was extracted 
from podocytes using TRIzol reagent (Sigma‑Aldrich; 
Merck KGaA). Then, the RNA concentration was determined 
by measuring the absorbance (A) at 260 and 280 nm, and 
a A260/A280  ratio of 1.8‑2.0 indicated acceptable purity. 
Briefly, 2 µg total RNA was reverse‑transcribed to cDNA using 
PrimeScript™ RT Master Mix (Takara Bio, Inc.) using the 
temperature protocol of 42˚C for 60 min followed by 70˚C for 
5 min. RT‑qPCR was performed on an ABI 7500 Real‑Time 
PCR system thermocycler using SYBR® Premix  Ex Taq™ 
(Takara Bio, Inc.). The PCR conditions consisted of an initial 
denaturation step of 94˚C for 2 min, followed by 30 cycles of 
94˚C for 30 sec, 59˚C for 30 sec, 72˚C for 2 min and a final 
elongation step at 72˚C for 10 min. The primers used for ampli-
fication are shown in Table I, and were synthesized by Takara 
Biotechnology Co., Ltd. The results were analyzed using the 
2‑ΔΔCq method (25). GAPDH was used as an internal control.

For measurement of miR‑145‑5p expression, the Taqman™ 
MicroRNA Reverse Transcription kit (Thermo  Fisher 
Scientific, Inc.) and Taqman® Universal Master Mix  II 
(Thermo Fisher Scientific, Inc.) were used for reverse tran-
scription and RT‑qPCR, respectively. The PCR conditions 
consisted of an initial denaturation step of 94˚C for 2 min, 
followed by 30 cycles of 94˚C for 30 sec, 59˚C for 30 sec, 72˚C 
for 2 min and a final elongation step at 72˚C for 10 min. U6 
was used as an internal control.

Western blot analysis. Western blot analysis was conducted as 
previously described (26). Briefly, podocytes were washed with 
saline and harvested by scraping the culture dishes followed by 
RIPA buffer (Thermo Fisher Scientific, Inc.). The buffer was 
cooled for 40 min in an ice bath and centrifuged for 20 min 
at 1,000 x g at room temperature. After the supernatant was 
discarded, the protein concentration was assessed using a 
Bicinchoninic Acid protein assay. Then, 30 µg/lane proteins were 
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transferred to 10% PVDF membranes, and the membranes were 
blocked by treatment with 5% non‑fat milk for 2 h at 37˚C. After 
rinsing, the membranes were incubated at 4˚C overnight with 
primary antibodies. The primary polyclonal antibodies were as 
follows: NICD (1:200 dilution; cat. no. ab8925; Abcam); Hes1 
(1:500 dilution; cat. no. ab71559; Abcam), Hey1 (1:500 dilution; 
cat. no. ab22614; Abcam); cleaved caspase‑3 (1:3,000 dilution; 
cat. no. ab49822; Abcam), Bcl‑2 (1:3,000 dilution; cat. no. ab692; 
Abcam) and Bax (1:3,000 dilution; cat. no. ab77566; Abcam) 
and GAPDH (loading control; 1:3,000 dilution; cat. no ab9485; 
Abcam). After washing with Tris buffer solution, secondary 
rabbit anti‑primary IgG conjugated with horseradish peroxidase 
(1:1,500; cat. no. ab6721 Abcam). was added to the solutions and 
incubated for 1 h at room temperature. Binding was detected 
using Western Lightning™ Plus ECL reagent (Thermo Fisher 
Scientific, Inc). Densitometric analysis was performed for 
semi‑quantification of the blots using ImageJ software 
(version 1.8; National Institutes of Health).

Flow cytometry. Flow cytometry was conducted as previ-
ously described  (27). Briefly, podocytes (5x104/well) were 
incubated with fully‑supplemented RPMI‑1640 for 24  h 
following transfection with miR‑145‑5p mimics, inhibitor or 
scrambled control. Subsequently, for apoptosis measurements, 
podocytes were collected, washed with PBS, resuspended in 
100 µl 1X binding buffer and stained with 5 µl Annexin V 
and 5  µl propidium iodide (PI; Becton, Dickinson and 
Company) at room temperature for 15 min in the dark. Fixed 
cells (1x104/well) were rehydrated in PBS for 10 min and 
subjected to PI/RNase (10 µg/ml) staining at 4˚C for 20 min 
A flow cytometer was utilized to evaluate the apoptotic levels 
and cell cycle distribution in each sample according to the 
manufacturer's protocol. The results were analyzed using a 
BD FACScan™ flow cytometer and BD FACSDiva™ software 
(version 1.2; BD Biosciences).

Luciferase reporter assay. Potential target mRNAs of 
miR‑145‑5p were searched for using TargetScan (version 7.2; 
http://www.targetscan.org/)  (28), miRanda (version  1.0; 
http://www.microrna.org) and miRDB (version  1.0; 
http://mirdb.org/)  (29). For the luciferase reporter assay, a 

fragment from the 3'‑UTR of Notch1, which was predicted to 
contain a binding sequence for miR‑145‑5p, was amplified using 
the pGL3 luciferase promoter vector (Promega Corporation) 
Then, 1x105 293 cells were cultured and transfected with 
the wild‑type or mutated 3'‑UTR fragments and miR‑145‑5p 
inhibitor or mimic using Lipofectamine® 2000. After culturing 
for 48 h, the cells were harvested and lysed. Luciferase activity 
was measured using a Dual Luciferase Reporter Assay system 
(Promega Corporation). Relative luciferase activity was 
normalized to that of Renilla luciferase activity.

Statistical analysis. All experiments were repeated three 
times and analyzed using GraphPad Prism  5.1  software 
(GraphPad Software, Inc.). Data are expressed as the 
means  ±  SD. Statistical analyses were carried out using 
one‑way ANOVA followed by Tukey's multiple comparison 
post hoc test. P<0.05 was considered to indicate a statistically 
significant difference.

Results

Expression levels of miR‑145‑5p are decreased in HG‑induced 
podocytes. First, in order to investigate the role of miR‑145‑5p 
in HG‑treated podocytes, the expression levels of miR‑145‑5p 
were detected using RT‑qPCR following incubation with 
25 mM glucose for 12, 24, 48 and 72 h. As shown in Fig. 1, the 
expression levels of miR‑145‑5p were significantly decreased 
in HG‑treated podocytes from 24 h onwards. These data indi-
cate that miR‑145‑5p serves a critical role in HG‑stimulated 
podocytes.

miR‑145‑5p expression is successfully changed following 
transfection with miR‑145‑5p mimic or inhibitor. miR‑145‑5p 
expression was detected in different transfection groups. 
Podocytes were transfected with scrambled control, 
miR‑145‑5p mimic or miR‑145‑5p inhibitor for 48 h. Following 
transfection, the expression levels of miR‑145‑5p were detected 
via RT‑qPCR. Fig. 2 shows that in the miR‑145‑5p overexpres-
sion group, transfected with miR‑145‑5p mimic, the expression 
levels of miR‑145‑5p were significantly higher compared with 
those in the scrambled control group. Additionally, in the 

Table I. Primer sequences for reverse transcription‑quantitative PCR analysis.

Complementary DNA	 Forward primer (5'‑3')	 Reverse primer (5'‑3')

miR‑145‑5p	 GTCCAGTTTTCCCAGGAATCC	 TCGCTTCGGCAGCACATAT
NICD	 GTGGATGACCTAGGCAAGTCG	 GTCTCCTCCTTGTTGTTCTGC
Bcl‑2	 CGGAGGCTGGGATGCCTTTG	 TTTGGGGCAGG CATGTTGAC
Bax	 GCCCTTTTGCTTCAGGGTTT	 TCCAATGTCCAGCCTTTG
Caspase‑3	 TACAGGAACAGACCATAATACC 	 AGACCAGTGCTCACAAGGAAC
Hes1	 CACGACACCGGACAAACCA	 GCCGGGAGCTATCTTTCTTAAGTG
Hey1	 AAGACG GAGAGGCATCATCGAG	 CAGATCCCTGCTTCTCAAAGGCAC
U6	 CTCGCTTCGGCAGCACA	 AACGCTTCACGAATTTGCGT
GAPDH	 ACAACTTTGGTATCGTGGAAGG	 GCCATCACGCCACAGTTTC 

Hes1, hes family bHLH transcription factor  1; Hey1, hes related family bHLH transcription factor with YRPW motif  1; miR‑145‑5p, 
microRNA‑145‑5p; NICD, Notch intracellular domain.
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miR‑145‑5p knockdown group, transfected with miR‑145‑5p 
inhibitor, miR‑145‑5p expression was significantly decreased 
in the podocytes compared with control. These data indicate 
that the transfection was successful.

Overexpression of miR‑145 inhibits HG‑induced apoptosis 
in podocytes. Podocyte apoptosis was measured by flow 
cytometry and TUNEL staining. In flow cytometry assays 
(Fig. 3A and B), HG‑treated podocytes exhibited a significant 
increase in apoptotic cells compared with the negative control 
group. Under HG conditions, the percentage of apoptotic cells 
was significantly decreased in the miR‑145‑5p overexpression 
group compared with the scrambled control group, whereas 
the percentage of apoptotic cells in the miR‑145‑5p inhibitor 
group was significantly increased. In the TUNEL staining 
assay (Fig. 3C and D), the numbers of apoptotic cells were 
markedly increased in the HG‑induced podocytes compared 
with NG podocytes. Under HG conditions, the number of 
apoptotic cells was significantly lower in the miR‑145‑5p 
mimic group compared with that in the scrambled control 
group; however, in the miR‑145‑5p inhibitor group, the number 
of apoptotic cells was significantly higher than that in the 
scrambled control group. Overall, these functional experi-
ments demonstrated that miR‑145‑5p attenuated HG‑induced 
cell apoptosis in podocytes.

miR‑145‑5p is a direct target of Notch1 in podocytes. To 
identify the further mechanisms, the present study first 
screened the putative target of miR‑145‑5p using three 
different bioinformatic algorithms (Fig. 4A). Notch1, which 
is a vital factor in the Notch signaling pathway and serves 
an important role in podocyte apoptosis, was identified as a 
potential target by all three (Fig. 4B). To confirm the asso-
ciation between miR‑145‑5p and Notch1, luciferase reporter 
constructs containing wild‑type and mutated forms of a puta-
tive miR‑145‑5p binding site were constructed. Subsequently, 

wild‑type pGL3‑Notch1 3'‑UTR or pGL3‑Notch1‑Mut‑3'‑UTR 
was co‑transfected with miR‑145‑5p mimic or inhibitor into 
293T cells. When cells were transfected with the wild‑type 
pGL3‑Notch1 3'‑UTR, the co‑transfection of miR‑145‑5p 
mimic inhibited luciferase activity whereas the co‑transfec-
tion of miR‑145‑5p inhibitor exhibited the opposite effect. By 
contrast, co‑transfection of miR‑145‑5p mimic or inhibitor 
with pGL3‑Notch1‑Mut‑3'‑UTR containing mutations in the 
predicted consensus sequences for miR‑145‑5p exhibited no 
apparent effect on luciferase activity (Fig. 4C). Furthermore, 
to identify whether miR‑145‑5p regulated the expression 
levels of Notch1 in podocytes, the mRNA levels of Notch1 
in different groups were detected. The results confirmed that 
the mRNA levels of Notch1 were decreased in podocytes 
transfected with miR‑145‑5p mimics and increased in podo-
cytes transfected with miR‑145‑5p inhibitors compared with 
those in the scrambled control group (Fig. 4D). These findings 
suggest that Notch1 is a direct target of miR‑145‑5p.

Overexpression of miR‑145‑5p suppresses HG‑induced acti‑
vation of the Notch signaling pathway. The Notch signaling 
pathway contains numerous effectors, including NICD, 
Hes1 and Hey1 (30‑32). To further determine the effect of 
miR‑145‑5p on the Notch signaling pathway, the present study 
detected the expression levels of NICD, Hes1 and Hey1, which 
are important downstream factors of this signaling pathway. 
The protein and mRNA expression levels of NICD, Hes1 
and Hey1 were measured by western blotting and RT‑qPCR, 
respectively. The results demonstrated that in the miR‑145‑5p 
mimic group, the protein and mRNA expression levels of 
NICD, Hes1 and Hey1 were significantly decreased compared 
with those in the scrambled control group, whereas those in 
the miR‑145‑5p inhibitor group were significantly increased 
(Fig. 5). Overall, the results suggest that overexpression of 

Figure 2. Determination of transfection efficiency in different groups. The 
expression of miR‑145‑5p was measured by reverse transcription‑quantitative 
PCR. Data are presented as the mean ± SD, and as the fold change relative 
to the control group (n=3). **P<0.01 vs. the scrambled control. miR‑145‑5p, 
microRNA‑145‑5p.

Figure 1. Expression levels of miR‑145‑5p are decreased in HG podocytes. 
Podocytes were incubated with 5 mM (NG group) and 25 mM (HG group) 
glucose for different time periods (12, 24, 48 and 72 h). The expression levels 
of miR‑145‑5p were measured by reverse transcription‑quantitative PCR. 
Data are presented as the mean ± SD, and as the fold change relative to the 
control group (n=3). **P<0.01 vs. NG. miR‑145‑5p, microRNA‑145‑5p; HG, 
high glucose; NG, normal glucose.
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miR‑145‑5p suppressed the HG‑induced activation of the 
Notch signaling pathway.

Overexpression of miR‑145‑5p inhibits apoptotic pathways. 
Since numerous key factors, including cleaved caspase‑3, 
Bcl‑2 and Bax serve pivotal roles in apoptosis (33‑35), the 
present study investigated whether their activity is increased 
in HG‑induced podocytes. Protein and mRNA expression 
were measured in different groups of HG‑induced podocytes. 
Fig. 6 shows that in the miR‑145‑5p overexpression group, the 
mRNA and protein expression levels of cleaved caspase‑3 and 
Bax were significantly decreased, and those of Bcl‑2 were 
significantly increased compared with those in the scrambled 
control group. Furthermore, opposite results were observed 
in the miR‑145‑5p inhibitor group. These results indicate 
that miR‑145‑5p overexpression suppressed the apoptosis of 

podocytes in under HG conditions via the inhibition of apop-
totic signaling.

Discussion

DN is one of the most common complications of diabetes 
mellitus and may lead to end‑stage renal disease  (1). 
Accumulating evidence has demonstrated that podocyte apop-
tosis serves an essential role in the pathogenesis of proteinuria 
and deteriorated renal function in DN (4,36‑38). Previous 
studies have suggested that the Notch signaling pathway 
serves a pivotal role in podocyte apoptosis, which is regulated 
by various downstream factors, including NICD, Hes1 and 
Hey1 (34,36). For example, the Notch signaling pathway is 
mediated via the release and translocation of NICD into the 
nucleus, where NICD directly functions as a transcriptional 

Figure 3. Effect of miR‑145‑5p on HG‑induced podocyte apoptosis. (A) Podocyte apoptosis was detected by flow cytometry following HG (25 mM) stimulation 
for 48 h. Podocytes treated with NG (5 mM) were used as the negative control group. (B) Quantification of the percentage of apoptotic cells. (C) TUNEL 
staining of apoptotic podocytes. Magnification, x200. (D) Percentages of apoptotic cells identified by TUNEL staining. Statistical analysis was performed 
using one‑way ANOVA followed by Tukey's multiple comparison post hoc test. Data are presented as the mean ± SD, and as the fold change relative to the 
control group (n=3). *P<0.05 and **P<0.01 vs. the scrambled control. HG, high glucose; miR‑145‑5p, microRNA‑145‑5p; NG, normal glucose.
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coactivator  (39). In the pathological process of DN, high 
blood glucose and hemodynamic alterations induce increased 
expression of Jagged1 ligand and Notch1 receptor of the 
Notch signaling pathway, resulting in a change in the receptor 
structure (39). The enzyme g‑secretase induces podocytes to 
release NICD1, the active form of Notch1, and activates the 
downstream genes Hes1 and Hey1 (36,38). Notably, a previous 
study found that ubiquitination‑dependent coactivator associ-
ated arginine methyltransferase 1 degradation in podocytes 
promotes podocyte apoptosis via Notch1 activation in DN (34).

A series of studies has focused on the crosstalk between 
miRNA and the Notch signaling pathway in podocytes (40,41). 
For example, a previous study have demonstrated that miRNA‑34 
directly interacts with the 3'‑UTRs of Notch1 and Jagged1, 
which is critical for Notch signaling pathway activation (41). 
Liu et al (42) suggested that miR‑34c overexpression inhibits 
the Notch signaling pathway by targeting Notch1 and Jagged1, 
which are two important factors for Notch signaling and apop-
tosis in HG‑treated podocytes. Additionally, Zhang et al (41) 
provided evidence that miR‑34a overexpression inhibits the 
Notch signaling pathway (Notch1, Jagged1, NICD, Hes1 and 

Hey1 proteins) and podocyte lesions induced by HG. miR‑145 has 
primarily been defined by its role in diabetic retinopathy, where it 
acts as a negative regulator of toll like receptor 4/NF‑κB signaling 
and attenuates HG‑induced oxidative stress (41). Chen et al (43) 
revealed that miR‑145 can suppress the HG‑induced prolifera-
tion and migration of vascular smooth muscle cells by targeting 
Rho associated coiled‑coil containing protein kinase 1, which 
prevents the occurrence and progression of atherosclerosis. The 
present study first illustrated the transcriptional inhibition of the 
Notch signaling pathway by miR‑145‑5p, which protected podo-
cytes from HG‑induced injury. The present study supported the 
hypothesis that miR‑145‑5p may have a renal protective effect in 
DN via the amelioration of renal injury.

A number of factors in the apoptosis signaling pathway 
are also involved in the pathological process of DN. Previous 
studies indicate that DN can activate cell apoptosis‑related 
proteins (Bcl‑2, p53 and NF‑κB) (44‑47). Gao et al (48) reported 
that the expression levels of Notch1, Jagged1, NICD, Hes1 and 
Hey1 were upregulated in podocytes under HG conditions, 
and mediate the apoptosis of podocytes via the Bcl‑2 and p53 
signaling pathways.

Figure 4. miR‑145‑5p is a direct target of Notch1 in podocytes. (A) Venn diagram showing the 267 genes identified as potential targets of miR‑145‑5p using 
three prediction tools (B) Predicted binding sequences of miR‑145‑5p with the 3'‑UTR of Notch1. (C) Relative luciferase activity was analyzed after WT or 
mut 3'‑UTR reporter plasmids were co‑transfected with miR‑145‑5p mimic or miR‑145‑5p inhibitor in podocytes. (D) Reverse transcription‑quantitative PCR 
detection of Notch1 mRNA expression in podocytes transfected with miR‑145‑5p mimic or miR‑145‑5p inhibitor. Statistical analysis was performed using 
one‑way ANOVA followed by Tukey's multiple comparison post hoc test. Data are presented as the mean ± SD, and shown as the fold change relative to the 
control group (n=3). *P<0.05 and **P<0.01 vs. the respective NC or scrambled control. HG, high glucose; miR‑145‑5p, microRNA‑145‑5p; NC, negative control; 
MUT, mutant; NG, normal glucose; UTR, untranslated region; WT, wild‑type.
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The present study established an in vitro DN model by 
using HG‑induced podocytes, and detected the expression 
levels of miR‑145‑5p in different groups, including the HG 
(25 mM glucose) and NG (5 mM glucose) groups, at different 
time points. The expression levels of miR‑145‑5p were lower in 

HG‑induced podocytes than under NG conditions. Functional 
experiments were conducted, and the results of flow cytometry 
and TUNEL staining assays revealed that the overexpression 
of miR‑145‑5p inhibits HG‑induced cell apoptosis. To further 
clarify possible mechanisms and signaling pathways, potential 

Figure 5. Overexpression of miR‑145‑5p suppresses the HG‑induced activation of the Notch signaling pathway. (A‑C) RT‑qPCR detection of (A) NICD, 
(B) Hes1 and (C) Hey1 mRNA expression in control (NG) and transfected podocytes under HG conditions. (D) Western blotting detection of NICD, Hes1 and 
Hey1 protein expression in podocytes. (E) Semi‑quantification of the protein levels of NICD, Hes1 and Hey1. Statistical analysis was performed using one‑way 
ANOVA followed by Tukey's multiple comparison post hoc test. Data are presented as the mean ± SD, and shown as the fold change relative to the control 
group (n=3). *P<0.05, **P<0.01 and ***P<0.001 vs. the scrambled control. miR‑145‑5p, microRNA‑145‑5p; HG, high glucose; NG, normal glucose; RT‑qPCR, 
reverse transcription‑quantitative PCR; NICD, intracellular domain of Notch; Hes1, hes family bHLH transcription factor 1; Hey1, hes related family bHLH 
transcription factor with YRPW motif 1.
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target genes of miR‑145‑5p were identified using miRanda, 
TargetScan and miRDB. The results of a luciferase assay 
demonstrated that Notch1 was a direct target of miR‑145‑5p. 
In addition, miR‑145‑5p mimic or inhibitor were transfected 
into the HG‑induced podocytes. Subsequently, using western 

blotting and RT‑qPCR, the downstream factors of the Notch 
signaling pathway, namely NICD, Hes1 and Hey1 were 
detected. The results demonstrated that overexpression of 
miR‑145‑5p resulted in the downregulation of NICD, Hes1 and 
Hey1 at the protein and mRNA levels. Finally, the levels of 

Figure 6. mRNA and protein expression levels of caspase‑3, Bcl‑2 and Bax in podocytes. (A‑C) RT‑qPCR detection of (A) caspase‑3, (B) Bcl‑2 and (C) Bax 
mRNA expression in podocytes. (D) Western blotting detection of cleaved caspase‑3, Bcl‑2 and Bax protein levels in podocytes transfected with miR‑145‑5p 
mimics and inhibitors. (E) Semi‑quantification of protein levels of cleaved caspase‑3, Bcl‑2 and Bax. Statistical analysis was performed using one‑way 
ANOVA followed by Tukey's multiple comparison post hoc test. Data are presented as the mean ± SD, and shown as the fold change relative to the control 
group. GAPDH was used as an internal control (n=3). *P<0.05, **P<0.01 and ***P<0.001 vs. the scrambled control. miR‑145‑5p, microRNA‑145‑5p; NG, normal 
glucose; RT‑qPCR, reverse transcription‑quantitative PCR.
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indicators of apoptotic signaling, including cleaved caspase‑3, 
Bcl‑2 and Bax, were measured. The results revealed that the 
overexpression of miR‑145‑5p inhibits these key factors, which 
suggests that miR‑145‑5p inhibits not only the Notch signaling 
pathway but also other apoptotic signaling pathways.

In conclusion, the present study identified that miR‑145‑5p 
overexpression could attenuate the apoptosis of HG‑induced 
podocytes by inhibiting the activation of the Notch signaling 
pathway and other key factors of the apoptotic signaling 
pathway. Therefore, miR‑145‑5p could potentially serve as a 
novel and effective therapeutic target for future DN treatment.
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