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Abstract. Diabetic nephropathy (DN) is a common severe 
microvascular complication of diabetes mellitus, and podocyte 
damage occurs in the early stages of DN. The urine of patients 
with various types of glomerular disease presents increased 
levels of ADAM metallopeptidase domain 10 (ADAM10). 
The present study aimed to explore the role of ADAM10 in 
podocyte damage. Therefore, the expression of ADAM10 
in high glucose (HG)‑stimulated podocytes was measured 
by reverse transcription‑qPCR and western blot. Moreover, 
the effects of ADAM10 knockdown on podocyte inflam‑
mation and apoptosis were determined by ELISA, western 
blot and TUNEL assay after confirming the efficacy of cell 
transfection. Subsequently, the effects of ADAM10 knock‑
down on the MAPK pathway and pyroptosis were assessed 
by western blot. Through performing the aforementioned 
experiments, the role of the MAPK pathway in the regula‑
tory effects of ADAM10 was then investigated by pretreating 
podocytes with pathway agonists. ADAM10 expression was 
upregulated in HG‑stimulated podocytes, while ADAM10 
knockdown suppressed inflammation, apoptosis and pyrop‑
tosis of HG‑stimulated podocytes and inhibited the activation 
of the MAPK signaling pathway. However, when podocytes 
were pretreated with pathway agonists (LM22B‑10 or p79350), 
the aforementioned effects of ADAM10 knockdown were 
suppressed. The present study demonstrated that ADAM10 
knockdown suppressed the inflammation, apoptosis and 
pyroptosis of HG‑stimulated podocytes by blocking the 
MAPK signaling pathway.

Introduction

Diabetic nephropathy (DN) is a common severe microvascular 
complication of diabetes mellitus (DM) and is the primary 
cause of end‑stage renal disease (1). The incidence rate of DN 
in developed and developing countries is increasing annually, 
and 20‑40% of diabetic patients are at risk of developing 
DN (2). In the early stages of DN, the number of glomerular 
podocytes decreases, the filtration membrane is destroyed and 
excessive proteinuria is observed. In addition, due to adhesion 
between the glomerular basement membrane (GMB) and the 
upper layer of the wall, focal segmental glomerular sclerosis is 
formed (3,4). Therein, the podocyte is a type of highly differ‑
entiated visceral epithelial cell located outside the GBM. As 
a key part of the glomerular filtration barrier, the podocyte 
is responsible for the filtration of proteins and renewal of 
GBM components (5). A previous study found that podocyte 
damage occurs in the early stages of DN and pathological 
alterations such as compensatory hypertrophy and degenera‑
tion, extensive fusion and the disappearance of foot processes 
can be observed under an electron microscope (6). In addi‑
tion, the programmed death of high glucose (HG)‑stimulated 
podocytes is a cause of glomerular hyperfiltration in the early 
stages of DN (7).

Pyroptosis is a newly discovered form of programmed 
cell death characterized by the activation of inflammasomes 
and cysteine aspartate‑specific protease 1 (caspases‑1) (8). A 
previous study suggested that inhibiting inflammatory factors 
suppresses pyroptosis and attenuates DN (9). Therefore, the 
inhibition of podocyte pyroptosis may contribute to the devel‑
opment of novel treatment strategies for DN. According to a 
previous study, increased mRNA levels of ADAM metallopep‑
tidase domain 10 (ADAM10) in urine sediment of patients with 
type 2 DM indicates that the activity of ADAM10 in podocytes 
is increased and its expression is associated with dysfunction 
of proximal tubules in patients with DN (10). Another study 
revealed that ADAM10 knockdown decreases intrahepatic 
inflammation in mice with acute liver injury and protects 
liver function; however, ADAM10 overexpression aggravates 
inflammation and liver damage (11). Moreover, ADAM10 is 
associated with the expression of inflammatory cytokines and 
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negatively regulates the inflammatory response (12). In brief, 
ADAM10 is likely to be a regulatory gene in podocytes and a 
potential therapeutic target.

The present study used HG to stimulate podocytes to 
examine the role of ADAM10 in podocyte damage. The 
current findings may aid in the further understanding of 
the pathology of DN and promote the development of novel 
treatment strategies for this condition.

Materials and methods

Cells and cell culture. MPC5 mouse podocytes were obtained 
from the Shanghai Institute of Cell Biology, Chinese Academy 
of Sciences. LM22B‑10 (ERK1/2 agonist, 5 mM) (13) and 
p79350 (p38  agonist, 50  µM)  (14) were purchased from 
MedChemExpress. Podocytes were cultured in RPMI‑1640 
medium (Gibco; Thermo Fisher Scientific, Inc.) supplemented 
with 10% FBS (Invitrogen; Thermo Fisher Scientific, Inc.), 
100 U/ml penicillin and 100 µg/ml streptomycin (Invitrogen; 
Thermo Fisher Scientific, Inc.). The podocytes were divided 
into normal glucose (NG, 5 mM glucose), mannitol control 
(MA, 5 mM glucose + 25 mM mannitol), HG (30 mM glucose) 
and transfection groups. The podocytes were cultured in an 
incubator with 5% CO2 at 37˚C.

Cell transfection. The podocytes were plated into a six‑well 
plate at a density of 6x105 cells/well and incubated at 37˚C 
for 24 h. The podocytes were subsequently transfected with 
2 µg/ml pGPU6 short hairpin RNA vector targeting ADAM10 
(shRNA‑ADAM10) and scrambled shRNA‑negative control 
(NC) (Shanghai GenePharma Co., Ltd.) using Lipofectamine® 
2000 reagent (Invitrogen; Thermo Fisher Scientific, Inc.) for 
24 h at 37˚C. 24 h after the end of transfection, the cells were 
utilized in subsequent experiments. Target sequences for 
shRNA‑ADAM10 and shRNA‑NC were 5'‑GCA​AAG​ATG​
ATA​AGG​AAT​TAT‑3' and 5'‑GAC​AAG​ATG​ATA​AGG​ATA​
TAT‑3', respectively.

Reverse transcription‑quantitative (RT‑q)PCR. Total RNA 
was extracted from podocytes in a 6‑well plate at a density of 
2x105 cells/well using TRIzol® reagent (Invitrogen; Thermo 
Fisher Scientific, Inc.), according to the manufacturer's 
protocol. Total RNA was reverse‑transcribed into cDNA 
using the ReverTra Ace™ qPCR RT kit (cat. no. FSQ‑101; 
Toyobo Life Science) according to the manufacturer's instruc‑
tions. qPCR was performed using the SYBR‑Green qPCR 
Master Mix fit (MedChemExpress) using 2 µl cDNA as a 
template. The following thermocycling conditions were used 
for qPCR: Initial denaturation at 95˚C for 2 min, followed by 
40 cycles of 95˚C for 15 sec and 60˚C for 1 min. The RNA 
expression levels of ADAM10 were quantified using the 2‑∆∆Cq 
method (15) and normalized to the internal reference gene 
GAPDH. The following primer pairs were used for qPCR: 
ADAM10 forward, 5'‑TCA​TCA​AGA​CTC​GTG​GTG​GC‑3' 
and reverse, 5'‑GCA​TGC​TTC​TCT​GGA​TGT​GC‑3'; GAPDH 
forward, 5'‑GGG​TCC​CAG​CTT​AGG​TTC​ATC‑3' and reverse, 
5'‑TAC​GGC​CAA​ATC​CGT​TCA​CA‑3'.

Western blot analysis. Total protein was extracted from the 
podocytes (2x106) using RIPA lysis (Beyotime Institute of 

Biotechnology). Total protein was quantified using a BCA 
assay kit (Beyotime Institute of Biotechnology) and 30 µg 
protein/lane was separated by SDS‑PAGE on a 10% gel 
(Bio‑Rad Laboratories, Inc.). The separated proteins were 
transferred onto PVDF membranes (MilliporeSigma) and 
blocked with 5% skimmed milk at room temperature for 
1 h. The membranes were incubated overnight at 4˚C with 
the following primary antibodies: Anti‑ADAM10 (1:1,000; 
cat. no.  ab124695; Abcam), anti‑cyclooxygenase (COX)‑2 
(1:1,000; cat. no.  ab179800; Abcam), anti‑inducible nitric 
oxide synthase (iNOS; 1:1,000; cat. no. ab178945; Abcam), 
anti‑Bax (1:1,000; cat. no.  ab53154; Abcam), anti‑Bcl‑2 
(1:1,000; cat. no. ab59348; Abcam), anti‑cleaved caspase‑3 
(1:1,000; cat. no. PA5‑114687; Thermo Fisher Scientific, Inc.), 
anti‑cleaved caspase‑9 (1:1,000; cat. no. ABP50009; AmyJet 
Scientific, Inc.), anti‑phosphorylated (p‑)ERK1/2 (1:1,000; cat. 
no. ab176640; Abcam), anti‑ERK1/2 (1:1,000; cat. no. ab17942; 
Abcam), anti‑p‑p38 (1:1,000; cat. no.  ab4822; Abcam), 
anti‑p38 (1:2,000; cat. no.  ab170099; Abcam), anti‑p‑JNK 
(1:5,000; cat. no. ab124956; Abcam), anti‑JNK (1:500; cat. 
no.  ab208035; Abcam), anti‑NLR family pyrin domain 
containing 3 (NLRP3; 1:1,000; cat. no. ab263899; Abcam), 
anti‑cleaved caspase‑1 (1:1,000; cat. no. sc‑22166; Santa Cruz 
Biotechnology, Inc.), anti‑apoptosis‑associated speck‑like 
protein containing a CARD (ASC; 1:1,000; cat. no. ARG41743; 
Arigo Biolaboratories Corp.), anti‑caspase‑1 (1:1,000; cat. 
no. 3019‑100; AmyJet Scientific, Inc.), anti‑cleaved N‑terminal 
gasdermin‑D (GSDMD‑N; 1:1,000; cat. no. DF13758; Affinity 
Biosciences, Ltd.), anti‑podocin (1:1,000; cat. no.  113216; 
NovoPro Bioscience, Inc.), anti‑CD2‑associated protein 
(CD2AP; 1:1,000; cat. no. DF2298; Affinity Biosciences, Ltd.), 
anti‑nephrin (1:2,000; cat. no. DF7501; Affinity Biosciences, 
Ltd.) and anti‑GAPDH (1:2,000; cat. no. MA1‑16757; Thermo 
Fisher Scientific, Inc.). Following primary antibody incubation, 
the membranes were incubated with a horseradish perox‑
idase‑conjugated goat anti‑rabbit IgG secondary antibody 
(1:2,000; cat. no. ab6721; Abcam) for 1 h at room temperature. 
The membranes were visualized using Hypersensitive ECL kit 
(Hanbio Biotechnology Co., Ltd.). Blots were quantified using 
ImageJ v1.52 software (National Institutes of Health).

ELISA. The podocytes seeded into a 24‑well plate 
(5x104 cells/well) were centrifuged at 500 x g for 5 min at 
4˚C and supernatant was collected. The levels of TNF‑α 
(cat. no. ZC‑39024), IL‑6 (cat. no. ZC‑37988), IL‑1β (cat. 
no.  ZC‑37974) and IL‑18 (cat. no.  ZC‑37973; all ZCIBIO 
Technology Co., Ltd.) in the podocytes were measured using 
ELISA kits, according to the manufacturer's instructions. A 
microplate reader (Molecular Devices, LLC) was used to 
measure the optical density at 450 nm.

TUNEL assay. The podocytes were seeded into a 24‑well plate 
at a density of 5x105 cells/well. After reaching 70‑80% conflu‑
ency, the podocytes were fixed with 4% paraformaldehyde for 
30 min and treated with permeable fluid for a further 5 min, 
both at room temperature. TUNEL staining was performed 
at 37˚C for 1 h using the TUNEL assay kit (cat. no. C1086; 
Beyotime Institute of Biotechnology), according to the manu‑
facturer's protocol. 1 mg/ml DAPI (Beyotime Institute of 
Biotechnology) was used to counterstain the nuclei for 10 min 
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at room temperature. The results were observed in five random 
fields of view under a fluorescence microscope (magnification, 
x200; Olympus Corporation).

Statistical analysis. Graph Pad Prism 8.0 software (GraphPad 
Software; Dotmatics) was utilized to analyze all the experi‑
mental data. Data are presented as the mean  ± standard 
deviation (n=3). One‑way ANOVA followed by Tukey's post 
hoc test was applied to compare differences between groups. 
P<0.05 was considered to indicate a statistically significant 
difference.

Results

ADAM10 knockdown inhibits HG‑induced podocyte inflam‑
mation and apoptosis. The expression levels of ADAM10 
were determined using RT‑qPCR and western blot analysis 
(Fig.  1A  and  B). ADAM10 expression was significantly 
upregulated in the HG group compared with that in the NG 
group, while it was downregulated in the ADAM10 knock‑
down group compared with that in the HG + sh‑NC group. 
The HG + sh‑ADAM10‑1 group showed a greater decrease 
in ADAM10‑1 mRNA and protein levels; therefore, this 

group of podocytes was used as the ADAM10‑1 knockdown 
group in subsequent experiments. The levels of inflamma‑
tory factors in podocytes were measured using ELISA kits 
(Fig. 1C). The levels of TNF‑α, IL‑1β, IL‑6 and IL‑18 in the 
HG group were upregulated compared with those in the NG 
group, whereas the levels of these cytokines were decreased 
in the HG + sh‑ADAM10 group compared with those in the 
HG + sh‑NC group. In addition, protein expression levels of 
iNOS and COX‑2 were semi‑quantified using western blot 
analysis (Fig. 1D). Expression levels of iNOS and COX‑2 
were increased in the HG group compared with those in the 
NG group and decreased in the HG + sh‑ADAM10 group 
compared with those in the HG + sh‑NC group. These results 
suggested that ADAM10 knockdown inhibited HG‑induced 
podocyte inflammation.

Moreover, levels of the podocyte markers podocin, 
CD2AP and nephrin significantly decreased following HG 
treatment compared with those in the NG group, whereas 
ADAM10 knockdown increased the levels of these protein 
levels compared with those in the HG  + sh‑NC group 
(Fig. 2A). Podocyte apoptosis levels in each group were evalu‑
ated using the TUNEL assay (Fig. 2B and C). The apoptotic 
podocytes in the HG group emitted more fluorescence than 

Figure 1. ADAM10 knockdown inhibits HG‑induced podocyte inflammation. The expression levels of ADAM10 were measured using (A) reverse transcription-
quantitative PCR and (B) western blot analysis. (C) Levels of inflammatory factors in podocytes were determined using ELISA kits. (D) Protein expression 
levels of iNOS and COX‑2 were semi‑quantified using western blot analysis. *P<0.05 and ***P<0.001. ADAM10, ADAM metallopeptidase domain 10; 
NG, normal glucose; MA, mannitol; HG, high glucose; iNOS, inducible nitric oxide synthase; COX‑2, cyclooxygenase 2; sh, short hairpin; NC, negative 
control.
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the NG group, whereas the HG + sh‑ADAM10 group did not 
emit as much fluorescence. Subsequently, expression levels of 
proteins related to apoptosis were assessed using western blot 
analysis (Fig. 2D). The protein levels of Bax, cleaved caspase‑3 
and cleaved caspase‑9 were increased in the HG group, while 
ADAM10 knockdown counteracted the effect of HG induc‑
tion. However, the expression of Bcl‑2 was decreased in the 

HG group, whereas it increased following ADAM10 knock‑
down. These results indicated that HG induced the apoptosis 
of podocytes, whereas ADAM10 knockdown attenuated 
apoptosis.

ADAM10 knockdown inhibits the MAPK signaling pathway 
and pyroptosis. The expression levels of MAPK‑associated 

Figure 2. ADAM10 knockdown inhibits HG‑induced podocyte apoptosis. (A) Podocyte markers were evaluated using western blot analysis. (B) Podocyte 
apoptosis was evaluated using the TUNEL assay. (C) Apoptotic rate was obtained according to the results of the TUNEL assay. (D) Expression levels of 
proteins related to apoptosis were assessed using western blot analysis. ***P<0.001. ADAM10, ADAM metallopeptidase domain 10; NG, normal glucose; 
MA, mannitol; HG, high glucose; sh, short hairpin; NC, negative control.
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proteins were assessed using western blot analysis (Fig. 3A). 
The expression levels of p‑ERK, p‑p38 and p‑JNK were 
increased in the HG group compared with those in the NG 
group. ADAM10 knockdown decreased these expression levels 
compared with those in the HG + sh‑NC group. Furthermore, 
the expression levels of pyroptosis‑associated proteins were 
assessed using western blot analysis (Fig. 3B). The expression 
levels of NLRP3, cleaved caspase‑1, ASC and GSDMD‑N were 
increased in the HG group, whereas ADAM10 knockdown 
attenuated this effect. These results indicated that ADAM10 
blocked the MAPK signaling pathway and suppressed 
pyroptosis.

ADAM10 knockdown inhibits HG‑induced podocyte inflam‑
mation, apoptosis and pyroptosis by blocking the MAPK 
signaling pathway. Podocytes were pretreated with LM22B‑10 
or p79350 to investigate the role of the MAPK signaling pathway 
in the regulatory effects of ADAM10. Subsequently, levels of 
inflammatory factors and inflammation‑related proteins in 
each group of podocytes were measured using ELISA kits and 
western blot analysis, respectively (Fig. 4A and B). The levels 
of inflammatory factors and expression of COX‑2 and iNOS 
in podocytes pretreated with agonists increased, attenuating 
the inhibitory effects of ADAM10 knockdown on podocyte 
inflammation. The levels of podocyte markers decreased in 
response to LM22B‑10 or p79350 pretreatment compared with 
those in the HG + sh‑ADAM10 group (Fig. 4C). The apop‑
tosis of podocytes in each group was assessed using TUNEL 
assay and western blot analysis (Fig. 4D‑F). TUNEL assay 
demonstrated that the apoptotic rates of podocytes pretreated 
with agonist increased compared with those in the HG + 
sh‑ADAM10 group, exhibiting a higher fluorescence intensity. 
The protein levels of Bax, cleaved caspase‑3 and cleaved 
caspase‑9 were increased in the pretreatment groups, whereas 
the expression of Bcl‑2 decreased. The addition of the agonists 

also attenuated the inhibitory effects of AMAD10 knockdown 
on podocyte apoptosis. Finally, the effects of agonists on the 
expression levels of pyroptosis‑associated proteins were evalu‑
ated using western blot analysis (Fig. 5). The levels of NLRP3, 
cleaved caspase‑1, ASC and GSDMD‑N were increased in 
the pretreatment groups as a consequence of the activation 
of the pathway. These results suggested that activation of the 
MAPK signaling pathway attenuated the suppressive effects 
of AMAD10 knockdown on podocyte inflammation, apoptosis 
and pyroptosis.

Discussion

At present, the clinical treatment options for patients with 
DN are limited and primarily include strict control of blood 
glucose levels, a high‑quality, low‑protein diet and admin‑
istration of angiotensin II type 1 receptor antagonists and 
angiotensin II converting enzyme inhibitors (16). However, 
there is a lack of effective therapeutic drugs to protect 
cells from programmed death. Although the pathogenesis 
of DN remains unclear (17), podocyte damage is involved 
in the development of this disease  (18), which provides 
innovative directions for prevention and control of DN. 
Some studies have demonstrated that inflammation is a 
key factor that promotes DN renal podocyte damage and 
proteinuria (19‑21). The secretion of inflammatory factors 
is unregulated in the early stages of DN and the expres‑
sion of IL‑1, IL‑6, TNF‑α and other inflammatory factors 
significantly increases (22). This is also identified in the 
podocytes of mice cultured under HG conditions, where 
the secretion of inflammatory factors is elevated (23). The 
present study demonstrated that ADAM10 expression was 
upregulated in podocytes stimulated with HG and that 
ADAM10 knockdown inhibited podocyte inflammation and 
apoptosis. These findings indicated that the expression of 

Figure 3. ADAM10 knockdown inhibits activation of the MAPK signaling pathway and HG‑induced pyroptosis. Expression levels of (A) MAPK‑ and 
(B) pyroptosis‑related proteins were assessed using western blot analysis. ***P<0.001. ADAM10, ADAM metallopeptidase domain 10; NG, normal glucose; 
MA, mannitol; HG, high glucose; sh, short hairpin; NC, negative control; p‑, phosphorylated.
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ADAM10 could affect the state of podocytes; thus, moni‑
toring the expression of ADAM10 may prove to be useful 
for the diagnosis of clinical diabetes.

Preliminary exploration of the signaling pathway 
regulated by ADAM10 was performed in the present 
study. ADAM10 is a sheddase capable of hydrolyzing 

Figure 4. ADAM10 knockdown inhibits HG‑induced podocyte inflammation and apoptosis by blocking the MAPK signaling pathway. (A) Effects of pathway 
agonists on levels of inflammatory factors in podocytes were determined using the corresponding ELISA kits. Effects of pathway agonists on (B) protein 
expression levels of inflammation‑related proteins and (C) podocyte markers were evaluated using western blot analysis. (D) Effects of pathway agonists on 
apoptosis were evaluated using TUNEL assay. (E) Apoptosis rate was calculated according to the results of TUNEL assay. (F) Effects of pathway agonists 
on the expression levels of proteins associated with apoptosis were assessed using western blot analysis. *P<0.05, **P<0.01 and ***P<0.001. ADAM10, ADAM 
metallopeptidase domain 10; NG, normal glucose; HG, high glucose; sh, short hairpin; NC, negative control.
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>30  transmembrane proteins. The effector secreted by 
enteropathogenic Escherichia coli III stimulates the shed‑
dase activity of ADAM10 and the signaling cascade of ERK 
and p38 MAPK (24). This suggests a certain connection 
between ADAM10 and the MAPK signaling pathway. In 
addition, a previous study indicated that ADAM10 regu‑
lates p38 MAPK‑mediated NF‑κBp65 activity to induce 
astrocyte inflammation (25). In the present study, HG led 
to an increase in expression levels of proteins related to the 
MAPK signaling pathway, whereas ADAM10 knockdown 
attenuated this effect. Furthermore, ADAM10 knockdown 
decreased the increase in the levels of pyroptosis‑related 
proteins induced by HG. In summary, the MAPK signaling 
pathway mediated the regulatory effects of ADAM10 on 
podocyte pyroptosis. Notably, a functional ginger extract 
decreases pyroptosis and the release of mature IL‑1β and 
IL‑18 by preventing MAPK activation  (26). Moreover, a 
sesquiterpene lactone derivative decreases HG‑induced 
podocyte damage by inhibiting the NF‑κB and MAPK 
signaling pathways (27). In addition to pyroptosis, in the 
present study, ADAM10 knockdown regulated podocyte 
inflammation and apoptosis by inhibiting the activation 
of the MAPK pathway. The exploration of the regulatory 
effects of ADAM10 on podocyte damage may lead to a more 
in‑depth understanding of the pathogenesis or progression 
of DN. However, the present study was limited to investiga‑
tion of the regulatory effects of ADAM10 on the MAPK 
pathway; thus, further studies are required to investigate the 
underlying mechanisms in more detail.

In conclusion, the present study demonstrated that 
ADAM10 knockdown inhibited the MAPK signaling pathway, 
and thereby inhibited pyroptosis, inflammation and apoptosis 
of HG‑stimulated podocytes. The findings of the present 
study may provide insight into the pathological mechanisms 
of DN and a theoretical basis for the development of clinical 
treatments for this condition.
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