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Abstract. MicroRNA‑155 (miR‑155) is associated with 
various diseases. However, the potential role of miR‑155 in 
early glomerular disease (EGD) remains elusive. In the present 
study, the clinical significance of urinary miR‑155 expression 
was explored in patients with EGD using receiver operating 
characteristic curve analysis. Conditionally immortalized 
mouse podocytes were cultured in vitro and treated with trans‑
forming growth factor‑β1 (TGF‑β1) at different concentrations 
and durations. The gene expression levels of mRNAs and 
miR‑155 were detected using reverse transcription‑quantitative 
PCR. Synaptopodin, CD2‑associated protein (CD2AP), p38, 
and extracellular signal‑regulated kinase (Erk) 1/2 expres‑
sions were detected using western blotting. Cell supernatants 
were collected for assaying tumor necrosis factor (TNF)‑α 
and interleukin (IL)‑6 concentrations using enzyme‑linked 
immunosorbent assay. The Pearson correlation analysis was 
used to analyze the correlation between miR‑155 levels and 
TNF‑α or IL‑6. It was found that miR‑155 levels in urine 
have high sensitivity and specificity in the diagnosis of EGD. 
Time‑ and dose‑dependent TGF‑β1 treatments downregulated 

synaptopodin and CD2AP expression levels, and activated 
the p38 and Erk 1/2 pathway. However, these effects were 
attenuated by p38 and Erk 1/2 phosphorylation inhibitors. 
Additionally, TNF‑α and IL‑6 secretions were elevated, 
and their concentrations were positively correlated with the 
expression of miR‑155 during podocyte injury. Thus, the 
present study indicated that miR‑155 is a potential biomarker 
for the diagnosis of EGD, and its expression is associated 
with the release of pro‑inflammatory cytokines and activa‑
tion of mitogen‑activated protein kinase (MAPK) pathway in 
TGF‑β1‑induced podocyte injury. The present study suggests 
that the TGF‑β1/miR‑155/MAPK axis is a novel target in the 
mechanism of EGD.

Introduction

Proteinuria is one of the most common clinical manifesta‑
tions of early glomerular disease (EGD) with complicated 
mechanisms. It is agreed by most scholars that proteinuric 
EGD in patients is often associated with podocyte dysfunc‑
tion (1,2). Podocytes possess special cell structure comprising 
interdigitating foot processes (FPs) that bridge with the slit 
diaphragms and become part of the glomerular membrane, 
which can regulate renal ultrafiltration (3). Due to the 
presence of proteins, such as highly interconnected actin 
cytoskeleton, podocytes can adapt to environmental changes, 
maintain the cell morphology and integrity, and sustain a 
complete glomerular filtration barrier (4,5). Synaptopodin is 
a proline‑rich actin‑associated protein expressed in highly 
dynamic cell compartments, such as podocyte FPs (6), and 
is critically involved in the development and maintenance 
of the podocyte contractile apparatus  (7). CD2‑associated 
protein (CD2AP), which is an SD protein, functions as an 
adaptor molecule involved in podocyte homeostasis that can 
repress proapoptotic transforming growth factor‑β (TGF‑β) 
signaling in podocytes (8). Therefore, the expression levels of 
synaptopodin and CD2AP are often reversely correlated with 
the degree of podocyte injury. In addition, the importance of 
the correlation between inflammatory, immune, and etiological 
factors resulting in podocyte injury in glomerular diseases is 
not negligible (9). For example, in diabetic nephropathy, high 
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expression levels of TGF‑β1, a multifunctional cytokine in 
immune regulation, are associated with podocyte injury and 
extracellular matrix deposition (10).

Mounting evidence suggests that miRNA plays a major 
role in several human diseases, including tumor, hematologic 
diseases and autoimmune disorders (11). The studies on the 
knockout of miRNA components showed that alterations of 
miRNA expressions affected cell phenotypes and produced 
a series of consequences (12). MicroRNA‑155 (miR‑155) has 
several important physiological functions, particularly in 
immune cells (13). It was previously demonstrated that the 
severity of renal injury could be alleviated by decreasing the 
expression levels of miR‑155 in mouse podocytes (14). It was 
demonstrated that TGF‑β1 impaired the protein expression 
of nephrin and amplified the protein expression of desmin 
and caspase‑9 via activating the miR‑155 signal pathway. 
Inhibition of miR‑155 alleviated these changes in podocytes 
treated with TGF‑β1 and attenuated apoptosis. However, the 
clinical values of miR‑155 in the diagnosis of podocyte injury 
and its association with podocyte inflammation have not been 
extensively elucidated so far.

Mitogen‑activated protein kinase (MAPK) pathway is 
known for promoting the development of inflammation. 
Previous studies have shown that the process of podocyte 
injury was accompanied with the activation of the MAPK 
signal pathway (15,16), including the p38 MAPK and extracel‑
lular signal‑regulated kinase 1/2 (Erk 1/2) MAPK signaling. 
MAPK pathway is critically involved in the regulation of 
the synthesis of inflammation mediators  (17). Increased 
concentrations of inflammatory cytokines, tumor necrosis 
factor‑α (TNF‑α) and interleukin‑6 (IL‑6), are observed in 
many inflammatory disorders, which also contribute to the 
progression of podocyte injury (18,19). Although TGF‑β has 
been shown to play an essential role in the suppression of 
inflammation, other studies have also revealed the positive 
roles of TGF‑β in inflammatory responses (20). Based on the 
aforementioned facts, and the known interaction of TGF‑β and 
MAPK pathways in cancer progression (21), it was proposed 
that the mechanisms of miR‑155 in regulating TGF‑β‑induced 
podocyte injury were associated with podocyte inflammation 
and MAPK signaling.

Therefore, in the present study, the diagnostic value of 
miR‑155 levels in EGD was first studied. The mRNA and 
protein expression of synaptopodin and CD2AP, the miR‑155 
expression and inflammatory cytokine production were 
measured in the in vitro model of TGF‑β1‑induced podocyte 
injury using mouse podocyte cells treated with different doses 
of TGF‑β1 for different periods. Importantly, the present study 
explored the association between miR‑155 expression and 
activation of MAPK signaling pathway and the production 
of proinflammatory mediators to reveal the potential mecha‑
nisms of miR‑155 in regulating podocyte injury.

Materials and methods

Patient characteristics. A total of 60 patients with primary 
nephrotic syndrome (PNS) (42 males and 18 females) aged 
11‑62  years (mean, 37.75±16.81  years) with a body mass 
index  (BMI) in the range of 17.25‑26.76  kg/m2 (average, 
21.25±2.20 kg/m2) were selected for the first hospitalization. 

Of these, 22  patients had nephropathy, 36 patients had 
membranous nephropathy, and 22 patients had focal segmental 
glomerulosclerosis.

In addition, 60 healthy individuals (40 males and 
20 females) aged 12‑61 years (mean, 38.65±13.02 years) with 
a BMI of 18.53‑26.45 kg/m2 (average, 22.55±2.51 kg/m2) were 
randomly selected as the control group, who received physical 
examination during the same period.

Urine sediment extraction. Urine specimens from patients at 
early stage of glomerular disease (including minimal change 
nephropathy, membranous nephropathy and segmental 
glomerulosclerosis) and healthy controls from March 2019 
to March 2020 were collected at the Affiliated Hospital of 
Youjiang Medical University for Nationalities (BaiSe, China). 
All patients were kept off foods and beverages for at least 8 h, 
and 30 ml mid‑stream urine specimen from the first morning 
void was collected in a 50‑ml centrifuge tube. After centrifu‑
gation of urine samples at 3,000 x g for 5 to 10 min at 4˚C, 
the supernatant was discarded. Next, after centrifugation at 
14,000 x g for 5 min at 4˚C, invalid supernatant was wiped 
off and the urine deposition was collected. All the partici‑
pants provided informed consent in writing. This study was 
approved by the ethical committee of the Youjiang Medical 
University for Nationalities.

Cell culture. Conditionally immortalized mouse podocytes 
were purchased from the cell center of Fudan University 
(Shanghai, China). These podocyte cells were then cultured 
and treated as previously reported (22). Briefly, mouse podo‑
cyte cells were cultured at 33˚C and expanded in RPMI‑1640 
(Gibco; Thermo Fisher Scientific, Inc.) containing 10% fetal 
bovine serum (FBS; Cellmax) and 10 U/ml recombinant mouse 
γ‑interferon (cat. no. PMC4031; Invitrogen; Thermo Fisher 
Scientific, Inc.). Podocyte cells began to differentiate when 
incubated at 37˚C and were cultured without γ‑interferon. 
When podocytes reached to ~80% confluence, they were 
treated with TGF‑β1 (cat no. 90‑100‑21‑2; PeproTech, Inc.) at 
indicated doses or durations in a serum‑free medium.

Podocyte treatment. Podocyte cells were seeded into six‑well 
plates at a density of 1x106 ml‑1 and treated with TGF‑β1 at 
different doses (4, 8 and 12 ng/ml) or with 12 ng/ml TGF‑β1 for 
different durations (24, 48 and 72 h). For the inhibition of p38 
MAPK or Erk 1/2 MAPK, the differentiated podocytes were 
incubated with 25 µM SB203580 (S1076; Selleck Chemicals) 
or 25 µM U0126‑EtOH (S1102; Selleck Chemicals), respec‑
tively.

Enzyme‑linked immunosorbent assay (ELISA). The superna‑
tants were collected from cell cultures at the indicated time, 
and the concentrations of TNF‑α and IL‑6 were assayed 
using TNF‑α ELISA kit (cat. no.  CSB‑E04741m; Mouse 
TNF‑α ELISA kit; Cusabio Biotech) and IL‑6 ELISA kit (cat. 
no. CSB‑E04639m; Mouse IL‑6 ELISA kit; Cusabio Biotech), 
according to the manufacturer's instructions.

Reverse transcription‑quantitative polymerase chain reac‑
tion (RT‑qPCR). Total RNA was extracted from the cells 
using the RNAiso Plus kit (cat. no. 9108; Takara Bio, Inc.). 
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The Mir‑X miRNA First‑Strand Synthesis kit (cat. no. 638315; 
Clontech Laboratories, Inc.) and PrimeScript™ RT reagent 
kit (cat. no. RR047A; Takara Bio, Inc.) were used for reverse 
transcription of miRNA and mRNA molecules into respec‑
tive cDNA templates. The miRNA reverse transcription was 
performed at 37˚C for 1 h, then 85˚C for 5 min. The mRNA 
reverse transcription was performed at 37˚C for 15  min, 
then 85˚C for 5 sec. Real‑time amplification was performed 
using SYBR® Premix Ex Taq™ II (Tli RNaseH Plus; cat. 
no. RR820A; Takara Bio, Inc.). All primers were obtained 
from Takara Bio, Inc., and the sequences are listed in Table I. 
The reaction system was composed of 0.8 µl forward and 
reverse primers (concentration of 10 µmol/l each), 2 µl cDNA 
template, 10 µl X2 SYBR‑Green qPCR mix, and 6.4 µl double 
distilled water. The PCR reaction protocol consisted of two 
steps: Step 1, initial denaturation for 30 sec at 95˚C; and Step 2, 
denaturation for 5 sec at 95˚C, annealing and extension for 
20 sec at 62˚C, and fluorescence signal acquisition. The data 
were collected using LightCycler® 96 (Roche Diagnostics). 
U6 and GAPDH were regarded as the internal reference of 
miRNA and mRNA, respectively. The 2‑ΔΔCq method was used 
to determine the relative expression of the target genes (23).

Western blotting. The total protein was extracted from cells 
using the radioimmunoprecipitation assay buffer containing 
protease and phosphatase inhibitor cocktail (CWBIO). The 
concentration of total protein was determined using the 
bicinchoninic acid (BCA) method; 50 µg total protein was 
loaded to run 8% sodium dodecyl sulfate‑polyacrylamide 
gel electrophoresis. Then, the protein was transferred onto 
polyvinylidene fluoride membranes (cat. no.  IPVH00010l; 
EMD  Millipore). The membranes were blocked by 
Tris‑buffered saline with 0.05% Tween‑20 (TBST) composed 
of 5% non‑fat milk powder for 1 h at 4˚C. Subsequently, the 
membranes were incubated with the antibodies, including 
rabbit anti‑CD2AP (cat. no. 51046‑1‑AP; ProteinTech Group, 
Inc.) at 1:500 dilution; synaptopodin (cat. no. 21064‑1‑AP; 
ProteinTech Group, Inc.) at 1:500 dilution; CD2AP (cat. 
no. 51046‑1‑AP; ProteinTech Group, Inc.) at 1:500 dilution; 
phosphorylated (p)‑p38 [Thr180/Tyr182 (clone D3F9); cat. 
no. 4511; Cell Signaling Technology, Inc. (CST)] at 1:1,000 
dilution; p38 (cat. no. 9212; CST) at 1:1,000 dilution; p‑Erk 
[Thr202/Tyr204 (clone D13.14.4E), cat. no. 4370, CST] at 
1:2,000 dilution; Erk 1/2 (cat. no. 9102; CST) at 1:1,000 dilu‑
tion, and GAPDH (cat. no. 10494‑1‑AP; ProteinTech Group, 
Inc.) at 1:5,000 dilution at 4˚C overnight. After washing, the 
horseradish peroxidase (HRP)‑conjugated affinity‑purified 
goat anti‑rabbit IgG (H + L) (cat. no. SA00001‑2; ProteinTech 
Group, Inc.) was used for hybridization at room temperature 
for 1 h, followed by autoradiograph. Chemiluminescence assay 
kit (cat. no. P0018S; Beyotime Institute of Biotechnology) 
was used visualize the protein bands in a ChemiDoc Imaging 
System (Bio‑Rad Laboratories, Inc.). The band intensities 
were quantified by densitometry using the ImageJ software 
(version 1.49; National Institutes of Health).

Statistical analysis. The SPSS 17.0 software (SPSS, Inc.) and 
GraphPad software (GraphPad Software, Inc.) were used for all 
statistical analyses. The test data of each sample accorded with 
the normal distribution through plentiful repeated experiments 

and statistical analyses. Measurement data are represented as 
mean ± standard deviation, and the experiments were repeated 
three times. Comparisons between the two groups were exam‑
ined using the t‑test. Comparison among more than two groups 
was analyzed by one‑way analysis of variance (ANOVA); LSD 
test was used when analyzing 3 groups, Tukey's test was used 
when analyzing 4 or more groups, and the missing variance 
was analyzed using Games‑Howell test. The Pearson correla‑
tion was used to analyze the correlation between the levels of 
miR‑155 and several pro‑inflammatory cytokines. Receiver 
operating characteristic (ROC) curves were plotted, and the 
area under the ROC curve (AUC) was calculated to assess the 
specificity and sensitivity of predicting patients with EGD and 
controls by the expression levels of miR‑155 in the urine speci‑
mens. The χ2 test was used to analyze the association between 
miR‑155 expression and clinicopathological characteristics. 
P<0.05 was considered to indicate a statistically significant 
difference.

Results

miR‑155 expression in the urine of patients with EGD is 
significantly higher compared with that of healthy controls. 
In the present study, the abundance of miR‑155 in urine 
specimens collected from patients was compared with healthy 
controls in order to explore the possible involvement of 
miR‑155 in the pathogenesis of EGD. The results of RT‑qPCR 
showed that the expression levels of miR‑155 from patients 
with podocyte injury at the early stage of glomerular disease 
were nearly 4.5‑fold of that from the normal control group, and 
the difference was statistically significant (P<0.05; Fig. 1A). 
The diagnostic value of miR‑155 was also explored using 
ROC analysis. As shown in Fig. 1B, the AUC was 0.9548, and 
the sensitivity and specificity of using the miR‑155 level as 
a parameter to diagnose podocyte injury in EGD was 93.27 
and 92.58%, respectively, which confirmed that miR‑155 
is a good biomarker for the diagnosis of podocyte injury in 
humans. The association between miR‑155 expression and 
clinicopathological characteristics is shown in Table Ⅱ, which 
showed no significant association between miR‑155 expression 
and clinicopathological characteristics.

Table I. Sequences of primers used in the present study.

Gene	 Primer sequences

Synaptopodin	F:	5'-GCTCGAATTCCGATGCAAATAAAC-3'
	 R:	5'‑CAGGCCACAGTGAGATGTGAAGA‑3'
CD2AP	 F:	5'-AGGAATTCAGCCACATCCACA-3'
	 R:	5'-CGATCAATTCCAGTTCGTCCTC-3'
GAPDH	 F:	5'-TGTGTCCGTCGTGGATCTGA-3'
	 R:	5'-TTGCTGTTGAAGTCGCAGGAG-3'

Primers for quantifying miR-155 levels were purchased from Takara 
Bio, Inc., and have been patented. Therefore, no sequence informa‑
tion was provided. Primers for quantifying U6 levels were supplied 
by the Mir-X miRNA First-Strand Synthesis Kit and no sequence 
information was provided. F, forward; R, reverse.
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TGF‑β1‑induced miR‑155 expression in a dose‑ and 
time‑dependent manner in mouse podocyte cells. Based on 
previous observation of the differentially expressed miR‑155 
in nephropathy mice and control mice  (14), the effects of 
in vitro TGF‑β1 treatments on miR‑155 expression were further 
explored in mouse podocyte cells. Podocytes were treated 
with TGF‑β1 at different doses and for different durations, and 
the expression levels of miR‑155 in the TGF‑β1 intervention 
groups and control groups were examined using RT‑qPCR. As 
anticipated, miR‑155 expression level was significantly higher 
in the TGF‑β1 intervention groups. Specifically, when cells 
were treated with 12 ng/ml TGF‑β1, miR‑155 expression of the 
intervention groups gradually increased with time (Fig. 2A). 
When cells were treated for 72 h, miR‑155 expression of the 
intervention groups gradually increased with the increase in 
TGF‑β1 concentrations (Fig. 2B).

Dose‑ and time‑dependent downregulation of synaptopodin 
and CD2AP expression levels by TGF‑β1 in mouse podocyte 

Figure 1. miR‑155 expression levels in urine samples to diagnose podocyte injury at the early stage of glomerular disease. (A) Comparison of miR‑155 expres‑
sion in urine samples from patients with EGD and NCs; n=60 for EGD and NC groups. (B) Evaluation of the values of miR‑155 as a diagnostic biomarker of 
podocyte injury in EGD using the receiver operating characteristics curve. The abscissa axis was for false positive rate (1‑specificity) and the ordinate axis was 
for true positive rate (sensitivity). miR, microRNA; EGD, early glomerular disease; NC, normal controls; AUC, area under the curve.

Figure 2. Induction of dose‑ and time‑dependent miR‑155 expression by TGF‑β1 in mouse podocyte cells. (A) The levels of miR‑155 expression in podocytes 
treated with 12 ng/ml TGF‑β1 for the indicated durations (24, 48 and 72 h) were measured by RT‑qPCR. (B) The levels of miR‑155 expression in podocytes 
treated with different concentrations (4, 8 and 12 ng/ml) of TGF‑β1 for 72 h were measured by RT‑qPCR. All data are presented as mean ± SD of three 
independent experiments. *P<0.05; **P<0.01. miR, microRNA; TGF, transforming growth factor; RT‑qPCR, reverse transcription‑quantitative PCR.

Table Ⅱ. Association between miR-155 expression and clini‑
copathological characteristics.

	 Low miR-155	 High miR-155
Characteristic	 group (n=60)	 group (n=60)	 P-value

Sex			   0.845
  Male	 40	 42
  Female	 20	 18
Age			   0.709
  <35 years	 38	 35
  >35 years	 22	 25
BMI			   0.361
  <24 kg/m2	 28	 34
  >24 kg/m2	 32	 26

miR, microRNA; BMI, body mass index.
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cells. RT‑qPCR and western blot analyses were performed 
to determine the mRNA (Fig. 3A‑D) and protein (Fig. 3E‑J) 
expression levels of synaptopodin and CD2AP in the TGF‑β1 

intervention and the control groups. These analyses helped in 
determining the severity of TGF‑β1‑induced podocyte injury. 
Compared with the control group, all of the intervention groups 

Figure 3. Effects of TGF‑β1 treatments on the expression levels of synaptopodin and CD2AP in mouse podocytes. The mRNA expression of synaptopodin 
and CD2AP in podocytes treated with 12 ng/ml TGF‑β1 at the indicated durations (A and B) or treated with the indicated doses of TGF‑β1 for 72 h (C and D) 
were evaluated using reverse transcription‑quantitative PCR. Western blotting was performed to determine the relative expression levels of synaptopodin 
and CD2AP proteins in podocytes treated with 12 ng/ml TGF‑β1 for the indicated periods (E and G‑H) or treated with TGF‑β1 at the indicated doses for 
72 h (F and I‑J). The levels of GAPDH are shown as loading control. All data are presented as mean ± SD of three independent experiments. *P<0.05; **P<0.01. 
TGF, transforming growth factor; CD2AP, CD2‑associated protein.

https://www.spandidos-publications.com/10.3892/etm.2021.10052
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had decreased mRNA expression levels of synaptopodin and 
CD2AP (Fig. 3A‑D), and the decrease appeared to be depen‑
dent on the time and dose of TGF‑β1 treatment. Similarly, with 
the increase in the dose and duration of TGF‑β1 treatment, the 
protein expression levels of synaptopodin and CD2AP were 
also gradually decreased and reached the lowest levels at the 
dose of 12 ng/ml TGF‑β1 at the duration of 72 h (Fig. 3E‑J).

Association between TGF‑β1‑induced release of pro‑inflam‑
matory cytokines and elevation of miR‑155 expression in 
mouse podocytes. In the present study, ELISA assay was 
performed to evaluate the levels of TNF‑α and IL‑6 from 
TGF‑β1‑treated cells, exploring the inflammatory effects of 
TGF‑β1 on podocyte cells. Results showed that the expression 
levels of TNF‑α (Fig. 4A and B) and IL‑6 (Fig. 4C and D) 
in cell culture supernatants were both obviously increased 
by the treatment with TGF‑β1 (P<0.01) compared with the 
control groups. Notably, the secretion of these cytokines 
increased in a time‑ and dose‑dependent manner, which 
indicated that the production of inflammatory cytokines was 
closely associated with TGF‑β1‑induced podocyte injury. 
TGF‑β1 intervention upregulated miR‑155 expression in 
podocytes  (Fig. 2). Further, Pearson's correlation analysis 
demonstrated that miR‑155 expression levels and the levels of 
soluble TNF‑α (Fig. 5A and B) or IL‑6 (Fig. 5C and D) in 
cell culture supernatants had significantly positive correlations 

(P<0.01) in podocytes treated with different doses of TGF‑β1 
for 72 h or 12 ng/ml TGF‑β1 for different durations. Therefore, 
TGF‑β1‑induced podocyte injury can lead to a series of inflam‑
mation and accompanying elevation of miR‑155 expression.

TGF‑β1‑induced activation of p38 and Erk 1/2 pathways in 
the process of podocyte injury. A previous study demonstrated 
that activated MAPK signaling pathways, such as p38 and 
Erk 1/2, are crucial for the differentiation, proliferation and 
apoptosis of podocytes (24). The present study investigated 
whether p38 and Erk 1/2 pathways were involved in the process 
of TGF‑β1‑induced podocyte injury. The expression levels of 
p38, p‑p38, Erk 1/2 and p‑Erk 1/2 in podocytes at different 
time points after 12‑ng/ml TGF‑β1 intervention were exam‑
ined by western blot assays. As shown in Fig. 6A, both p‑p38 
and p‑Erk 1/2 expression levels were significantly upregulated 
after TGF‑β1 stimulation. The level of p‑p38 expression 
significantly increased at 30 min (P<0.01), and was maintained 
at a high level even at 1 h after TGF‑β1 treatment (Fig. 6B). 
Similarly, compared with the control group, p‑Erk 1/2 expres‑
sion increased significantly at 15 min (P<0.01), and reached a 
peak level at 30 min (Fig. 6C).

Attenuation of TGF‑β1‑induced podocyte injury due to 
inactivation of p38 and Erk 1/2 pathways. The aforemen‑
tioned results demonstrated that TGF‑β1 activates the MAPK 

Figure 4. Dose‑ and time‑dependent TGF‑β1‑induced production of TNF‑α and IL‑6 in mouse podocyte cells. (A‑D) Enzyme‑linked immunosorbent assays 
were performed to determine the relative levels of soluble TNF‑α (A and B) and IL‑6 (C and D) in culture supernatants of podocytes treated with 12 ng/ml 
TGF‑β1 for the indicated periods (A and C) or treated with TGF‑β1 at the indicated doses for 72 h (B and D). All data are presented as mean ± SD of three 
independent experiments. **P<0.01. TGF, transforming growth factor; TNF‑α, tumor necrosis factor‑α; IL‑6, interleukin‑6.
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Figure 6. TGF‑β1 treatment‑activated MAPK signaling during the process of podocyte injury. Western blotting was performed to determine the levels of 
p‑p38, total p38, p‑Erk 1/2, total Erk 1/2 and GAPDH in mouse podocytes treated with 12 ng/ml TGF‑β1 for the indicated time periods. Total Erk, total p38 
and GAPDH served as loading controls. Representative images of blot bands are shown (A), and the ratios of p‑p38 to p38 (B) and p‑Erk 1/2 to Erk 1/2 (C) are 
summarized. All data are presented as mean ± SD of three independent experiments. *P<0.05, **P<0.01. TGF, transforming growth factor; p‑ phosphorylated.

Figure 5. TGF‑β1‑induced release of pro‑inflammatory cytokines correlated with the elevation of miR‑155 expression in mouse podocytes. The correlation 
between TNF‑α levels in culture supernatants of podocytes treated with 12 ng/ml TGF‑β1 for the indicated periods (A) or treated with TGF‑β1 at the indicated 
doses for 72 h (B); the corresponding miR‑155 expression were analyzed using Pearson’s correlation. The correlation between IL‑6 levels in culture superna‑
tants of podocytes treated with 12 ng/ml TGF‑β1 for the indicated periods (C) or treated with TGF‑β1 at the indicated doses for 72 h (D); the corresponding 
miR‑155 expression were analyzed using Pearson’s correlation. TGF, transforming growth factor; miR, microRNA.
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https://www.spandidos-publications.com/10.3892/etm.2021.10052
https://www.spandidos-publications.com/10.3892/etm.2021.10052


ZHENG et al:  MECHANISTIC STUDY OF TGF-β1-INDUCED PODOCYTE INJURY8

signal pathways in mouse podocytes. Therefore, the present 
study tested whether the MAPK signaling was required for 
TGF‑β1‑induced podocyte injury, by treating the cells with 
specific inhibitors. The differentiated mouse podocytes were 
treated with TGF‑β1 in the absence or presence of SB203580, 
an inhibitor of p38 MAPK activity. The results showed that 
SB203580 successfully prevented the phosphorylation of 
p38 (P<0.01), while the expression of p‑Erk 1/2 remained 
unchanged  (Fig.  7A‑C). Similarly, podocytes treated with 
U0126, an inhibitor of the MEK activity, inhibited the 
phospho‑Erk 1/2 expression (P<0.01), but did not change the 
phosphorylation degree of p38 (Fig. 7F‑H). Notably, compared 
with the control group, the expression levels of synaptopodin 
and CD2AP significantly decreased in the TGF‑β1‑alone 
group (P<0.01), which was reversed when the podocytes were 

treated with both TGF‑β1 and SB203580 (Fig. 7D, E, K‑M) 
or U0126 (Fig. 7I, J, O‑Q). Interestingly, additional treatment 
with U0126 significantly decreased the miR‑155 expres‑
sion level (P<0.01; Fig. 7R), while additional treatment with 
SB203580 resulted in no change in the miR‑155 expression in 
TGF‑β1‑treated mouse podocytes (Fig. 7N).

Discussion

Accumulating studies have demonstrated that podocytes may 
be potentially important therapeutic targets for glomerular 
nephropathy (25‑28). A study on podocyte injury suggested 
that the targeted repair of podocytes can significantly increase 
the glomerular filtrate rate, decrease proteinuria, and alleviate 
the symptoms of disease in patients (29). However, the exact 

Figure 7. Attenuation of TGF‑β1‑induced podocyte injury and decrease in miR‑155 expression due to the inactivation of MAPK signaling. Mouse podocyte 
cells were left untreated or treated with 12 ng/ml TGF‑β1 alone, or together with 25 µM SB203580 for 1 h. The protein levels of p‑p38, p38, p‑Erk 1/2, Erk 1/2 
and GAPDH were measured using western blotting (A‑C), while the mRNA levels of synaptopodin (D) and CD2AP (E) were measured using RT‑qPCR. 
Mouse podocyte cells were left untreated or treated with 12 ng/ml TGF‑β1 alone, or together with 25 µM U0126 for 1 h. The protein levels of p‑p38, p38, 
p‑Erk 1/2, Erk 1/2, and GAPDH were measured using western blotting (F‑H), while the mRNA levels of synaptopodin (I) and CD2AP (J) were measured using 
RT‑qPCR. (K‑N) Mouse podocyte cells were left untreated or treated with 12 ng/ml TGF‑β1 alone, or together with 25 µM SB203580 for 72 h. The protein 
levels of synaptopodin (L), CD2AP (M) and GAPDH were measured using western blotting (K‑M), while the transcription level of miR‑155 (N) was measured 
using RT‑qPCR. (O‑R) Mouse podocyte cells were left untreated or treated with 12 ng/ml TGF‑ β1 alone, or together with 25 µM U0126 for 72 h. The protein 
levels of synaptopodin (P), CD2AP (Q) and GAPDH were measured using western blotting (O‑Q), while the transcription level of miR‑155 (R) was measured 
using RT‑qPCR. All data are presented as mean ± SD of three independent experiments. *P<0.05; **P<0.01. TGF, transforming growth factor; miR, microRNA; 
p‑, phosphorylated; RT‑qPCR, reverse transcription‑quantitative PCR; CD2AP, CD2‑associated protein
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mechanism of podocyte injury remains unclear. In the present 
study, the diagnostic value of miR‑155 as a biomarker in EGD 
was evaluated, and the dynamic expression pattern of TNF‑α 
and IL‑6 as pro‑inflammatory cytokines and miR‑155 as a 
post‑transcriptional inflammation‑related miRNA in the phys‑
iological regulation of TGF‑β1‑induced podocyte injury was 
investigated. Notably, it was demonstrated that MAPK plays a 
critical role in the pathogenesis of podocyte injury. Therefore, 
the TGF‑β1/miR‑155/MAPK axis may be a new target for the 
mechanism of glomerular diseases.

Effects of TGF‑β1 on inflammatory response in mouse 
podocytes upon injury. The change in the expression of 
inflammation factors is usually associated with the progres‑
sion of kidney diseases. As suggested by the report from 
Qiao et al  (30), the expression levels of IL‑1β, TNF‑α and 
TGF‑β1 were increased when podocyte apoptosis occurred, 
while carboxymethyl chitosan oligosaccharide can improve 
the condition by regulating the secretion of these inflamma‑
tory factors. In addition, Dos Santos et al (31) found that the 
lupus nephritis mouse model showed increased expression 
of IL‑6, TNF‑α and TGF‑β1, as well as the disappearance 
of foot processes and apoptosis of podocytes. A number of 
mechanisms are involved in the inflammatory response during 
podocyte injury. For example, Huang et al  (9) applied the 
diabetic nephropathy rat model and demonstrated that the 
expressions of serum TNF‑α, TGF‑β1, IL‑1 and IL‑6 were 
mediated by the PI3K/Akt signal pathway during podocyte 
injury. In addition, experiments by Ishikawa et al (32) showed 
that long‑term tolvaptan therapy can improve oxidative 
stress‑associated inflammation in podocyte injury through 
epithelial‑mesenchymal transition, Erk  1/2 pathway and 
Rho‑kinase pathway  (32). A previous study showed that 
Huangkui capsule can improve adriamycin‑induced kidney 
injury by inhibiting p38 MAPK signaling pathway, decreasing 
the expression of TGF‑β1 and TNF‑α protein in the kidneys, 
and diminishing macrophage activation (33). Therefore, the 
aforementioned research has demonstrated that inflammation 
is an important basic pathological mechanism of podocyte 
injury, but the accompanied molecular pathway activation is 
complicated and unclear so far. The present study examined 
the effects of TGF‑β1 on inflammatory response in mouse 
podocytes upon injury. It was shown that TGF‑β1 enhanced 
the secretion of inflammatory cytokines, including TNF‑α and 
IL‑6, in a time‑ and dose‑dependent manner, which further 
strengthens the critical roles of inflammation in the progres‑
sion of podocyte injury‑associated glomerular nephropathy.

miR‑155 expression and occurrence of EGD. miR‑155 has 
been reported to be involved in the pathogenesis of multiple 
kidney diseases. For instance, Saikumar et al (34) found that 
following acute kidney injury, the expression levels of miR‑155 
in renal tissues were enhanced; however, blood and urinary 
miR‑155 levels decreased. The enhancement of miR‑155 
expression in renal tissues was associated with the degree of 
injury. miR‑155 can be detected in glomeruli and proximal 
and distal tubules. The miR‑155 levels in the urine can be 
significantly high in diabetic kidney disease (35). A new study 
involving 60 patients with late pre‑eclampsia showed that there 
is a correlation between miR‑155 expression and proteinuria, 
and when miR‑155 is overexpressed, a decrease in nephrin 
production can be observed (36). A large number of studies 

have focused on the association between miR‑155 expression 
levels and kidney damages, but few researchers paid attention 
to the cellular mechanisms between miR‑155 expression and 
EGD. To the best of our knowledge, this is the first report that 
explores the potential association between miR‑155 expres‑
sion and the occurrence of EGD. The present study showed 
that miR‑155 levels in the urine of patients with EGD were 
significantly higher compared with that of the normal controls. 
It is noteworthy that the ROC analysis showed that the high 
levels of urine miR‑155 demonstrated high sensitivity and 
specificity in guiding the diagnosis of EGD. Neilsen et al (37) 
demonstrated that the target gene of miR‑155 had an inhibi‑
tory effect on TGF‑β1, while the TGF‑β1 pathway played an 
important role in the reprogramming of miR‑155 transcrip‑
tion. The present study demonstrated that TGF‑β1 in mouse 
podocytes enhanced the expression of miR‑155 in a time‑ and 
dose‑dependent manner, which is consistent with the tran‑
scriptional regulation of miR‑155 by the TGF‑β1 pathway. 
However, whether miR‑155 expression in our model acted 
back on regulating the expression of TGF‑β1 in podocytes 
was unknown, as soluble external TGF‑β1 was used in the 
model. The fact that high levels of TGF‑β1 treatment resulted 
in more severe phenotype of podocyte injury further supports 
the idea that understanding the miR‑155 levels can be used for 
predicting the degree of podocyte injury.

miR‑155 expression and inflammation responses in 
TGF‑β1‑induced podocyte injury It is known that the expres‑
sion of multifunctional miR‑155 alters in several; diseases, 
and its expression level affects the occurrence and develop‑
ment of diseases. For example, in patients with pre‑eclampsia, 
the expression of miR‑155 and IL‑17 increased, and further 
experiment showed that the overexpression of miR‑155 could 
induce IL‑17 secretion in vitro (36). The activation of the p38 
MAPK pathway in Bacillus Calmette‑Guérin‑infected macro‑
phages promotes the expression of miR‑155, thus inhibiting the 
expression of nuclear factor (NF)‑κB pathway, which contrib‑
utes to the increase in TNF‑α and IL‑6 expression and leads 
to the survival of Mycobacterium tuberculosis (38). miR‑155 
is also expected to be closely associated with inflammatory 
diseases. In vascular smooth muscle cells (VSMCs) treated 
with TNF‑α, the expression levels of miR‑155 increased, while 
cell morphology changed and cell proliferation was inhibited. 
The treatment with the inhibitors of NF‑κB and miR‑155 
can reverse these pathological changes  (39). In another 
study, following LPS intervention, the expression levels of 
miR‑155, IL‑1β and TNF‑α were significantly increased, but 
the inflammatory response was significantly inhibited by 
miR‑155 knockdown (40). All the aforementioned findings 
indicate the important roles played by miR‑155 expression 
and inflammation responses in pathophysiological processes. 
However, the association between miR‑155 expression and 
inflammation responses in TGF‑β1‑induced podocyte injury 
has not been reported yet. The present study showed that 
TNF‑α and IL‑6 expression levels were significantly increased 
after TGF‑β1 intervention in podocytes, and the expression 
of these cytokines were positively correlated with miR‑155 
expression. The present findings suggest that the expression 
levels of miR‑155 may reflect the extent of inflammatory 
responses in TGF‑β1‑induced podocyte injury. However, 
further investigations on the targets of miR‑155 involved in 
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regulating inflammatory responses in podocytes are needed 
for better understanding of the exact roles of miR‑155 in 
inflammatory‑associated podocyte injury.

Interaction between miR‑155 and MAPK signaling 
pathway. It is noteworthy that miR‑155 is well known for its 
important role in the immune system (41,42). As one of the 
common signal pathways that are involved in mediating podo‑
cyte injury, the MAPK signal transduction pathways can be 
activated by a variety of stimulating factors, such as inflam‑
matory factors and stress, and their activation pathways are 
inseparable from multiple phosphorylation cascade reactions. 
Bioinformatic analyses and luciferase reporter assays showed 
that MAPK signaling and subsequent MAPK‑associated 
pathways, including Erk 1/2 and p38, were associated with the 
target genes of miR‑155 (43). Wang et al (44) has confirmed 
that swinprosin‑21 was mediated by the p38 pathway for mito‑
chondria‑dependent podocyte apoptosis, which participated in 
the early stage of diabetic nephropathy. Zhu (45) found that 
protein arginine methyltransferases may injure podocyte and 
contribute to glomerular fibrosis by promoting the activa‑
tion of Erk 1/2 signal pathway. However, these reactions also 
depend on suppressing or activating multiple signaling trans‑
duction pathways, though the mechanisms are not yet clear. 
Thus, studying the interaction between miR‑155 and MAPK 
signaling pathway may represent an important approach to 
reveal the mechanisms of podocyte injury.

Furthermore, MAPK phosphorylation was investigated 
in podocyte treated with TGF‑β1 to explore the mecha‑
nisms underlying the induction of miR‑155 expression upon 
podocyte injury. The expression levels of phospho‑p38, 
phospho‑Erk 1/2, p38, and Erk 1/2 proteins were measured, 
and then the levels of phosphorate tyrosine of p38 and Erk 1/2 
were calculated, which verified the roles of p38 or Erk 1/2 
MAPK signal transduction pathway in this process. The 
present study showed that a transient increase in p38 and 
Erk 1/2 phosphorylation was observed in response to podo‑
cyte injury after TGF‑β1 treatment. The results were in line 
with numerous reports documenting that MAPK pathway 
was involved in directing cellular responses stimulated by 
proinflammatory cytokines, such as TGF‑β1. It was brought 
to attention that the variation in the expression trends of 
synaptopodin, CD2AP and miR‑155 lagged behind that of 
MAPK activation. These findings triggered the hypothesis 
that the potential mechanisms include a series of waterfall 
effects resulting from MAPK signaling. TGF‑β1 treatment 
remarkably altered the expression of the aforementioned 
biomarkers and resulted in decreased expression of synapto‑
podin, CD2AP protein, and mRNA; induced phosphorylation 
of p38 MAPK and Erk MAPK; and increased expression 
of miR‑155. These changes could be partially abolished by 
SB203580 and U0126, the inhibitor of MAPK signal pathway. 
More significantly, during this process, the increase in 
miR‑155 expression appeared to be reversely associated with 
Erk 1/2 MAPK activation. However, further experimental 
evidence is needed for explaining the complex molecular 
processes in the phosphorylation of p38 MAPK induced by 
TGF‑β1 during podocyte injury. It cannot be ignored that the 
complex mechanisms of TGF‑β1‑induced podocyte injury 
are associated with multiple factors and steps, including 
genetic susceptibility, environmental influence and systemic 

responses, as well as the local injured podocytes can induce 
damage in other normal podocyte cells (46). Therefore, the 
present study is just a beginning, and more investigations are 
required to reveal the complete mechanisms.

In the present study, the association between miR‑155, 
MAPK signaling pathway and podocyte injury after the high 
and low expressions of miR‑155 gene could not be directly 
illustrated, due to lack of time, as isolation, purification 
and identification of these proteins would take a long time. 
Therefore, the absence of miR‑155 up/downregulation experi‑
ments is a limitation of the present study.

miR‑155 is a potential marker that can be used for the 
diagnosis of early glomerular disease with high sensitivity 
and specificity. The in  vitro experiments indicated that 
TGF‑β1‑induced podocyte injury resulted in changes in the 
morphology of podocytes, decreased expression levels of 
CD2AP and synaptopodin, and increased miR‑155 expression 
that was positively associated with the secretion of TNF‑α 
and IL‑6. In addition, it was also found that the activation 
of MAPK signal transduction pathway, including p38 and 
Erk 1/2 signaling, was crucial for TGF‑β1‑induced podocyte 
injury. The present results suggest that the expression levels 
of miR‑155 is associated with the degree of podocyte injury, 
and the MAPK signal transduction pathway is involved in this 
process. Overall, the present study provides a significant insight 
on the treatment and management of glomerular diseases.
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