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Abstract: Background: Mesenchymal stem cell (MSC)-derived exosomes are closely related to pyroptosis in diabetic

nephropathy (DN). This study aimed to explore the protective effect of exosomal miR-30a-5p on podocyte pyroptosis

in DN. Methods: Streptozotocin was used to establish the mouse model of DN. Human bone marrow MSC-derived

exosomes were extracted and identified via transmission electron microscopy, nanoparticle tracking analysis, and

western blotting. MiR-30a-5p mimics and non-control (NC) mimics were transfected into MSCs and podocytes, and

exosomes were isolated from the MSCs. High glucose (HG)-induced podocyte model was established to determine the

effect of exosomal miR-30a-5p on pyroptosis and inflammation in vitro. Results: MiR-30a-5p was expressed at low

levels in DN models, while NLR family pyrin domain containing 3 (NLRP3), caspase-1, gasdermin-N (GSDMD-N),

and pro-inflammatory factors (tumor necrosis factor-alpha, interleukin (IL)-1beta, and IL-18) were augmented. In

vitro, miR-30a-5p expression in the HG-damaged podocytes was down-regulated, while NLRP3 was up-regulated.

Interestingly, miR-30a-5p overexpression diminished HG-induced podocyte injury, as proven by increased activity

and decreased pyroptosis of podocytes. Concurrently, the up-regulation of miR-30a-5p could inhibit the expression of

pro-inflammatory factors, caspase-1, GSDMD-N, and NLRP3 in HG-induced podocytes. MSC-derived exosomal miR-

30a-5p treatment of HG-damaged cells has similar effects to miR-30a-5p mimics treatment. Overexpression of NLRP3

reversed the effect of miR-30a-5p mimics on HG-induced podocytes. Conclusion: This research confirmed that

exosomal miR-30a-5p regulates pyroptosis via mediating NLRP3 in DN.

Introduction

Diabetic nephropathy (DN) accounts for 1/3 to 1/2 of the
cases of end-stage renal disease and has become a threat to
people’s health worldwide (Umanath & Lewis, 2018). The
early pathological manifestations of DN include thickening
of the glomerular basement membrane (GBM), slight
dilatation of mesangium, and arteriolar accumulation of
hyaline (Najafian et al., 2011). The sign of DN development
is the gradual onset of proteinuria caused by the decrease in
glomerular filtration rate; podocyte injury is an important
cause of decreased glomerular filtration rate (Podgórski
et al., 2019). Podocytes are highly differentiated cells
attached to GBM and are important in maintaining renal
function (Pavenstädt et al., 2003). Because of its limited

proliferative ability, the separation and apoptosis of
podocytes from GBM inevitably reduce podocyte density,
impairing glomerular filtration function and increasing
proteinuria (Wharram et al., 2005). Studies have shown that
podocyte injury and loss contribute to the progression of
DN (Assady et al., 2017; Hong et al., 2018; Lal & Patrakka,
2018). Podocyte dysfunction caused by high glucose (HG)
plays a major role in DN (Ito et al., 2017). Therefore, it is
critical to study the possible targets of DN based on
podocytes to develop new ways of treating and preventing
DN.

MicroRNAs (miRNAs) are involved in many
pathophysiological processes and diseases (Bartel, 2004;
Yang et al., 2022). They can bind to the 3′-untranslated
region of one or more downstream genes and regulate the
levels of target genes (Eulalio et al., 2008; Filipowicz et al.,
2008). For example, miR-199a-3p directly acts on the
inhibitor of nuclear factor kappa-B kinase subunit beta
(IKK-β) to attenuate apoptosis and inflammation of renal
tubular epithelial cells in DN (Zhang et al., 2020).
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According to Ding et al. (2020), miR-21-5p targets A20 to
regulate the damage of DN podocytes. MiR-30 is
abundantly expressed in podocytes, and its down-regulation
promotes glomerulosclerosis and podocyte apoptosis (Wu
et al., 2014; Liu et al., 2016; Zhao et al., 2017a; Lang et al.,
2019). Overexpression of miR-30 can reduce the apoptosis
of podocytes induced by HG (Liu et al., 2016). Therefore,
we speculate that miR-30a-5p is directly associated with
podocyte damage in DN.

Exosomes produced by mesenchymal stem cells (MSCs)
have the potential to be a novel therapeutic approach for the
management of DN (Xiong et al., 2021). The miRNAs
loaded in exosomes are closely related to the development of
DN (He et al., 2021). Exosomes from adipose-derived
MSCs, containing miR-125a, inhibit the progress and
alleviate symptoms of DN (Hao et al., 2021). MiR-424-5p
derived from MSC-exosomes attenuates diabetic kidney
disease by inhibiting cell apoptosis and epithelial-to-
mesenchymal transition (Cui et al., 2022). Thus, we
postulated that exosomal miR-30a-5p secreted by MSCs
might ameliorate DN.

NLR family pyrin domain containing 3 (NLRP3) is one
of the inflammatory corpuscles located in cells, which can
regulate the excitation of caspase-1 and indirectly regulate
the maturation and secretion of interleukin (IL)-1beta and
IL-18, causing an inflammatory reaction and cell death (Qiu
& Tang, 2016; Xin et al., 2018). Recent evidence indicate the
involvement of pyroptosis in the development of DN (Liu
et al., 2021; Mamun et al., 2021; Zuo et al., 2021). Unlike
apoptosis, pyroptosis involves programmed cell death
caused by inflammatory caspase (mainly caspase-1), which
is closely linked to the excitation of NLRP3 (Man et al.,
2017). Activated caspase-1 cleaves gasdermin D (GSDMD)
to produce the pore-forming N-terminus of GSDMD
(GSDMD-N) to induce pyroptosis (Wang et al., 2022). The
expression levels of pyroptosis-related proteins, including
caspase-1, GSDMD-N, and NLRP3, are increased in diabetic
kidney tissue (Shahzad et al., 2015; Gao et al., 2022). The
NLRP3 inflammatory complex senses and recognizes
endogenous risk signals such as fatty acids and reactive
oxygen species (ROS), initiating caspase-1 and IL-1β,
thereby promoting DN progression induced by the
inflammatory cascade (An et al., 2020; Yu et al., 2020).
These findings strongly suggest the role of NLRP3-mediated
pyroptosis in DN progression. However, the specific
molecular mechanism of NLRP3 in DN podocyte pyroptosis
is not yet completely understood.

Although many studies indicate a significant role of the
miR-30 family in DN (Zhao et al., 2017b; Dieter et al., 2019),
there have been limited studies showing the regulatory role
of miR-30a-5p in DN targeting NLRP3. MiR-30b ameliorates
DN by targeting Runt-related transcription factor-1 (Zhang
et al., 2021), and miR-30c protects against DN by inhibiting
epithelial-to-mesenchymal transition in db/db mice (Zhao
et al., 2017b). Hence, this study explored the exosomal miR-
30a-5p effect in the pathogenesis and mechanism of DN
using the DN-mice and DN-podocytes as disease models.
This work is expected to provide new evidence for
understanding the occurrence and progression of DN and
shed light on novel prevention and treatment measures for DN.

Materials and Methods

Mice
Twenty male Kunming mice (KM) (6–8 weeks) were
purchased from Hunan SJA Laboratory Animal Co., Ltd.
(China). DN model was established in mice by
streptozotocin (STZ, Sigma, Darmstadt, Germany)
induction. The mice were subject to a fasting period of 4~6
h and then injected with 50 mg/kg of STZ intraperitoneally
daily for five days. The control group was treated with the
same volume of citrate buffer. The DN model was
determined to be successfully established when blood
glucose levels increased to ≥16.7 mmol/L. Subsequently, all
mice were euthanized under halothane anesthesia at the end
of the experiments. All animal experiments complied with
ARRIVE guidelines. This study was approved by the Hunan
SJA Laboratory Animal Co., Ltd. (China) (ethics approval
number IACUC-SJA2021019-4).

Extraction and identification of exosomes
Human bone marrow MSCs were purchased from Pricella
(Wuhan, China). MSCs were maintained in Dulbecco’s
modified Eagle medium (DMEM)/F-12 medium (Sigma,
Darmstadt, Germany) containing 1% penicillin-
streptomycin (Beyotime, Shanghai, China). Then, MSCs
were grown in a serum-free medium for 2 days. Cell
supernatants of MSCs were collected, and cell debris was
removed by centrifugation at 3000 g for 15 min. The
supernatants were mixed with exosome extraction reagent
(System Biosciences, Palo Alto, USA) in a ratio of cell
supernatant:ExoQuick TC = 5:1, and the mixture was fully
mixed and left overnight at 4°C. The mixture was
centrifuged with 1500 g for 30 min to separate the exosomes
from the cell culture. For exosome characterization,
nanoparticle tracking analysis (NTA) and transmission
electron microscopy (TEM) analysis were performed
following the protocol in a previous study (Jiang et al.,
2021). Exosomal markers, including CD63, HSP70, and
calnexin, were determined by western blotting.

Uptake of exosomes
The extracted exosomes were stained with Dil dye solution
(AmyJet Scientific Inc., Wuhan, China). Stained exosomes
(20 μg) were added to the cell culture medium and
incubated with MPC5, and the fluorescence status was
checked under a fluorescence microscope (AE31E, Motic,
Baltimore, USA) and photographed and recorded.

Cells culture
Mouse Podocyte Clone-5 (MPC5, Tongpai, Shanghai, China)
was cultured in a DMEMmedium (D5796, Sigma, Darmstadt,
Germany) (containing 10% fetal bovine serum + 1% double
resistance). MPC5 was treated with 0, 10, 20, and 30 mM
glucose for 48 h. MPC5 was cultured with 30 mmol/L
glucose for 0, 12, 24, 36, and 48 h. MPC5 treated with 30
mM glucose medium for 48 h was considered the high
glucose group (HG). MPC5 cultured in DMEM containing
5.5 mM glucose was considered the control group (NC).
Mannitol-treated MPC5 acted as an osmotic pressure
control group (MA).
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Cell transfection
Lipofectamine 3000 (Invitrogen, Carlsbad, USA) was used for
transient transfection. MiR-30a-5p mimics, a NLRP3
overexpression plasmid, and their corresponding negative
controls were used for transfection in the HG-induced
MPC5 group. The experiments are grouped as follows: NC
group, HG group, HG + mimics NC group, HG + miR-30a-
5p mimics group, and the HG group, HG + mimics NC +
oe-NC group, HG + miR-30a-5p mimics group, HG + oe-
NLRP3 group, HG + miR-30a-5p mimics + oe-NLRP3 group.

MSC-exos treatment of mouse podocyte clone-5
The cells were grouped into: Control group (MPC5 was
cultivated with normal glucose), HG group (HG-induced
MPC5), MSC-EXOs group (the exosomes that were isolated
from MSCs were used to treat HG-induced MPC5), MSC-
EXOs mimics NC group (the exosomes separated from
MSCs were transfected with NC mimics and used to treat
HG-induced MPC5), MSC-EXOs miR-30a-5p mimics group
(the exosomes separated from MSCs were transfected with
miR-30a-5p mimics and used to treat HG-induced MPC5).

Quantitative reverse transcription polymerase chain reaction
(RT-qPCR)
Total RNA was extracted from renal tissues, MPC5, and
exosomes using Trizol reagent (Invitrogen, Carlsbad, USA).
RNA quality was assessed using a NanoDrop2000
spectrophotometer (Thermo Fisher Science, Waltham,
USA). The RNA was transcribed into cDNA using an
mRNA reverse transcription Kit (CW2569, CWBIO, Beijing,
China). Primers designed for RT-qPCR are mentioned in
Table 1. RT-qPCR was carried out at 95°C for 10 min, 95°C
for 15 s, and 60°C for 30 s. The 2−ΔΔCt method was used for
analysis, and β-actin and U6 were used as internal
references to calculate the relative expression of the target
gene.

Western blotting
Protein from renal tissues and MPC5 was extracted using
RIPA lysis buffer (Beyotime Shanghai, China) containing
phosphatase inhibitor (P1260, Applygen, Beijing, China)
and protease inhibitor (583794, Gentihold, Beijing, China).
The protein sample was mixed with the loading buffer and
heated at 95°C to 100°C for 5 min. The protein was

separated by sodium dodecyl sulfate-polyacrylamide gel
electrophoresis and transferred onto a nitrocellulose
membrane. For blocking the membrane, 5% skim milk was
used for 1 h at room temperature. Primary antibodies, anti-
NLRP3 (1:1000, ab214185, Abcam, Cambridge, UK), anti-
GSDMD-N (1:1000, ab215203, Abcam, Cambridge, UK),
anti-caspase-1 (1:1000, 22915-1-AP, Proteintech, Rosemont,
USA), anti-IL-1beta (1:2000, #12703, CST, Danvers, USA),
anti-IL-18 (1:1000, 10663-1-Ap, Proteintech, Rosemont,
USA), and anti-β-actin (1:5000, 66009-1-Ig, Proteintech,
Rosemont, USA) were added to the membranes and kept
overnight at 4°C. Secondary antibodies were added to react
with the membranes for 2 h. The membranes were
incubated with SuperECL Plus (Advansta, San Jose, USA)
for 5 min and then visualized on a chemiluminescence
imaging system (Chemiscope 6100, Qinxiang, Guangzhou,
China).

Immunofluorescence
Renal tissues were paraffin-embedded and sectioned. The
sections were heated at 60°C for 12 h. The sections were
dehydrated in xylene and ethanol and then microwave
heated by immersing them in ethylenediamine tetraacetate
buffer for 24 min. The sections were placed in sodium
borohydride solution for 30 min. The sections were soaked
in 75% ethanol solution for 15 s~1 min and placed in Sudan
black staining solution for 15 min. The sections were
incubated with 5% bovine serum albumin (BSA) for 60 min,
followed by primary antibody (1:50, Nephrin, ab216341;
GSDMD-N, ab219800, Abcam, Cambridge, UK) at 4°C
overnight. The sections were then incubated with secondary
antibodies at 37°C for 60~90 min. The nuclei were stained
with 4′,6-diamidino-2-phenylindole (DAPI) at 37°C for
10~20 min. The sections were sealed with buffered glycerol
and observed under a fluorescence microscope.

MPC5 on glass slides was fixed with 4%
paraformaldehyde for 30 min. Triton (0.3%) was added to
the glass slides and permeabilized for 30 min. BSA (5%) was
added to the glass slides and incubated for 30 min. The
slides were then incubated with primary antibody
GSDMD-N (1:50, ab215203, Abcam, Cambridge, UK) and
caspase-1 (1:50, 22915-1-AP, Proteintech, Rosemont, USA)
at 4°C, overnight. Then, the cell slides were treated with
secondary antibodies in a dark room for 1 h. Slides were
treated with DAPI for 10 min. Next, the cells were sealed
with buffered glycerol and observed under a fluorescence
microscope.

Enzyme-linked immunosorbent assay (ELISA)
ELISA kits were purchased from Cusabio Biotech Co., Ltd.
(Wuhan, China) to measure the protein levels of tumor
necrosis factor (TNF)-alpha (CSB-E04741m), IL-1beta
(CSB-E08054m), and IL-18 (CSB-E04609m) in serum and
cell supernatant. Samples and standards were processed
according to the manufacturer’s instructions.

Cell Counting Kit-8 (CCK-8)
The cell viability of MPC5 was evaluated by CCK-8 assay
(NU679, Dojindo Molecular Technologies, Inc., Kumamoto,
Japan) according to the manufacturer’s protocol. The cells

TABLE 1

Primer sequences

Gene Sequences (5′-3′)

NLRP3 F: CCTCTTTGGCCTTGTAAACCAG

R: TGGCTTTCACTTCAATCCACT

miR-30a-5p F: GCGACTGTAAACATCCTCGAC

R: CAGCTGCAAACATCCGACTG T

β-actin F: ACATCCGTAAAGACCTCTATGCC

R: TACTCCTGCTTGCTGATCCAC

U6 F: CTCGCTTCGGCAGCACA

R: AACGCTTCACGAATTTGCGT
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were seeded in 96-well plates at 5 × 103 cells/well density.
CCK8 solution (10 μL) was added to each well. After
incubation at 37°C, 5% CO2 for 4 h, the absorbance was
measured at 450 nm using a Bio-Tek microplate.

Flow cytometry detection
A caspase-1 (active) staining assay kit (ab219935, Abcam,
Cambridge, UK) was used to detect the pyroptosis of MPC5.
5 × 105 MPC5 were digested by trypsin and then incubated
with FAM-YVAD-FMK solution for 1 h. The cells were
treated with propidium iodide staining buffer for 10 min.
The flow cytometer (A00-1-1102, Beckman, Brea, USA) was
used to detect the fluorescence intensity.

Luciferase assay
The TargetScan software was used to predict that NLRP3
interacts with miR-30a-5p, and this was verified using the
dual-luciferase reporter system. Briefly, NLRP3-wt and
miRNA-NC or miR-30a-5p mimics, NLRP3-mut and
miRNA-NC or miR-30a-5p-mimics were transfected into
293A cells using the Lipofectamine 3000 Kit (Invitrogen,
Carlsbad, USA). The luciferase activity was detected by a
dual-luciferase reporter assay kit (E1910, Promega, Madison,
USA).

Statistical analysis
All experiments were carried out three times independently.
The data were statistically analyzed by GraphPad Prism 8
software (GraphPad software, La Jolla, USA). The statistical
significance between the two groups was determined by an
unpaired t-test. The statistical significance of the difference
between three or more groups was determined by One-way
ANOVA. p < 0.05 was regarded as statistically significant,
and all data were expressed as mean ± SD.

Results

Detection of miR-30a-5p, pyroptosis-related proteins, and
inflammatory factors in diabetic nephropathy mice
DN mice models were established by STZ injection.
Compared with the control mice, the miR-30a-5p level was
down-regulated in DN mice, and the NLRP3 level was up-
regulated (Figs. 1A–1B). Western blotting also verified that
the protein levels of caspase-1, GSDMD-N, IL-1beta, and
IL-18 were considerably augmented in DN mice than in
control mice (Fig. 1B). The immunofluorescence results
showed enhanced expression of GSDMD-N in the DN
model (Fig. 1C). Nephrin expression was decreased, while
TNF-alpha, IL-18, and IL-1beta levels in the serum of DN
mice increased compared to those in control mice (Fig. 1D).
These results indicated that the down-regulation of miR-
30a-5p expression might be related to increased pyroptosis
and inflammation in DN.

Detection of miR-30a-5p and NLR family pyrin domain
containing 3 in high-glucose-induced podocytes
We used high glucose conditions to treat MPC5 and simulate
DN and then measured miR-30a-5p and NLRP3 mRNA levels
in MPC5 exposed to different glucose concentrations (0, 10,

20, and 30 mM). The level of miR-30a-5p in podocytes
decreased in a dose-dependent manner (Fig. 2A). In
contrast, the level of NLRP3 increased. In MPC5 exposed to
30 mM glucose (0, 12, 24, 36, and 48 h), miR-30a-5p
expression decreased, while that of NLRP3 increased in a
time-dependent manner (Fig. 2B). The comparison revealed
that MPC5 treated with NC or mannitol (MA), miR-30a-5p
expression in MPC5 treated with HG was down-regulated,
and NLRP3 was up-regulated (Fig. 2C). The above results
further verified that miR-30a-5p and inflammatory
corpuscle NLRP3 have potential roles in DN.

Up-regulation of miR-30a-5p inhibited high-glucose-induced
podocyte injury
To study the effect of miR-30a-5p in HG-induced MPC5
injury, we transfected HG-induced MPC5 with miR-30a-5p
mimics. RT-qPCR result confirmed the efficiency of miR-
30a-5p up-regulation (Fig. 3A). CCK 8 results verified that
cell viability decreased when exposed to HG but this was
reversed by the transfection of miR-30a-5p mimics
(Fig. 3B). Flow cytometry demonstrated that up-regulation
of miR-30a-5p reduced HG-induced podocyte pyroptosis
(Fig. 3C). Immunofluorescence analysis showed that miR-
30a-5p mimics reversed HG-induced up-regulation of
caspase-1 and GSDMD-N (Fig. 3D). TNF-alpha, IL-18, and
IL-1beta levels were higher in the supernatant of MPC5
treated with HG compared with the NC group, and miR-
30a-5p overexpression could significantly reduce the
secretion of these inflammatory factors (Fig. 3E). The above
results show that miR-30a-5p could modulate the pyroptosis
and inflammation of MPC5 in DN.

NLR family pyrin domain containing 3 directly targets miR-
30a-5p
Next, we verified the target relationship between miR-30a-5p
and the inflammasome NLRP3. Bioinformatic analysis
predicted the binding sites of miR-30a-5p and NLRP3
(Fig. 4A). In the luciferase assay, the luciferase activity of
MPC5 transfected with miR-30a-5p mimics in the NLRP3-
wt group was considerably lower than that of MPC5 cells
transfected with mimics-NC. Meanwhile, the luciferase
activity of MPC5 transfected with miR-30a-5p mimics or
NC mimics in the NLRP3-mut group did not differ
significantly (Fig. 4B). The expression of NLRP3 in HG-
induced podocytes was decreased by the transfection of
miR-30a-5p mimics (Figs. 4C–4D). The data indicate that
NLRP3 may target and inhibit the expression of miR-30a-5p
in MPC5.

Overexpression of NLR family pyrin domain containing 3
reverses the effects of miR-30a-5p on podocyte injury
Next, we studied the effects of overexpression of NLRP3 and
miR-30a-5p on podocyte damage. NLRP3 was overexpressed
in MPC5, and RT-qPCR was used to verify the
overexpression efficiency (Fig. 5A). After transfection of
HG-induced MPC5 with miR-30a-5p mimics, the cell
viability increased, and the pyroptosis rate decreased as
compared to those in the NC-mimics group (Figs. 5B–5C).
After the transfection of oe-NLRP3, the above results were
reversed (Figs. 5B–5C). Compared to the NC-mimics group,
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NLRP3, and caspase-1 were significantly descended in MPC5
transfected with miR-30a-5p mimics. Oe-NLRP3 transfection
increased the expression levels of these proteins (Fig. 5D).
Immunofluorescence results verified that the changing trend

of caspase-1 was similar to the above results (Fig. 5E). The
levels of TNF-alpha, IL-18, and IL-1beta in the cell
supernatant of the oe-NLRP3 group and the miR-30a-5p
mimics+oe-NLRP3 group were significantly higher than in

FIGURE 1.Detection of miR-30a-5p, pyroptosis-related proteins, and inflammatory factors in DNmice. (A) miR-30a-5p and NLRP3 mRNAs
in the kidney were assayed by RT-qPCR in the kidney. (B) NLRP3, GSDMD-N, caspase-1, IL-1beta, and IL-18 levels were assayed by RT-qPCR
in the kidney. (C) Immunofluorescence was used to determine the level of GSDMD-N and Nephrin in the kidney. Scale bar = 25 μm. (D)
ELISA was performed to detect the changes in TNF-alpha, IL-18, and IL-1beta in serum. *p < 0.05. Each assay was repeated thrice, with
three biological replicates. DN, diabetic nephropathy; RT-qPCR, Quantitative reverse transcription polymerase chain reaction; ELISA,
enzyme-linked immunosorbent assay; NLRP3, NLR family pyrin domain containing 3, GSDMD-N, gasdermin-N; IL-1β, interleukin-1beta;
TNF, tumor necrosis factor.
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the miR-30a-5p mimics group (Fig. 5F). The above results
suggested that NLRP3 overexpression could reverse the
effects of the miR-30a-5p on HG-induced MPC5.

Mesenchymal stem cell-derived exosomal miR-30a-5p can be
taken up by podocytes
We extracted exosomes from MSCs. TEM and NTA assays
revealed that the exosomes were cup-shaped, and their
diameters ranged from 100 to 200 nm (Figs. 6A and 6B).
The expression of CD63, HSP70, and calnexin in exosomes
was examined by western blot analysis. CD63 and HSP70
were enriched in exosomes, while calnexin was expressed at
lower levels (Fig. 6C). MiR-30a-5p was highly expressed in
exosomes (Fig. 6D). The exosome uptake assay showed that
the loaded exosome miR-30a-5p could be taken up by the
podocytes (Fig. 6E).

Mesenchymal stem cell-derived exosomes carrying miR-30a-5p
inhibit podocyte pyroptosis by regulating NLR family pyrin
domain containing 3
To investigate the effect of exosomes on podocytes, we treated
podocytes with exosomes obtained from MSCs and
transfected with miR-30a-5p mimics. RT-qPCR results
showed a good overexpression efficiency of miR-30a-5p
(Fig. 7A). The flow cytometry results showed that exosome
intervention inhibited HG-induced pyroptosis of podocytes
(Fig. 7B). Further detection of pyroptosis-related proteins
showed that exosome treatment inhibited NLRP3,
GSDMD-N, and caspase-1 expression in HG-induced cells
(Fig. 7C). In addition, the secretion of inflammatory factors
in HG-induced podocytes was reduced by exosome
intervention (Fig. 7D). Overall, the exosomes released by
miR-30a-5p mimics-treated MSCs had a stronger reversal
effect as compared to MSC exosomes alone.

Discussion

At present, the treatment of DN is still a huge challenge, and
the pathogenesis of DN has received more attention (Raval
et al., 2020). Our study examined the potential effects of
pyroptosis in DN models in vivo and in vitro. In this study,
we discovered that pyroptosis, as well as inflammation
modulated by miR-30a-5p/NLRP3 signal pathway, are
involved in the progress of DN.

Here, miR-30a-5p was diminished in the kidney of DN
model mice. Evidence shows that miRNAs play a critical
role in DN (Yarahmadi et al., 2021). We established the
podocyte injury model induced by HG and found that miR-
30a-5p was diminished in a time and concentration-
dependent manner. These results indicated that miR-30a-5p
might be an essential target in DN. MiR-30a-5p has been
recently shown to regulate inflammation through an indirect
or direct mechanism and is negatively correlated with the
level of pro-inflammatory cytokines; thus, negatively
regulating inflammation (Caserta et al., 2017). Similarly, the
expression levels of the miR-30 family in macrophages of
high-fat diet-fed mice is down-regulated, which
subsequently mediates Noch1 signal transduction to cause
low-grade inflammation (Miranda et al., 2018). The latest
evidence showed that miR-30a-5p attenuates the
inflammatory reaction of rat podocytes by inhibiting Becn1
expression and playing a protective role in DN (Yang et al.,
2021). Our study reported that overexpression of miR-30a-
5p could inhibit the pyroptosis and inflammation levels of
HG-induced MPC5.

An outcome of inflammation-mediated caspase-1
activation, pyroptosis is considered another essential
contributor to DN, consistent with DN’s aseptic inflammation
characteristics (Tesch, 2017). Studies have proved that
caspase-1 deficiency inhibits the activation of inflammatory
corpuscles and has a protective effect on DN (Shahzad et al.,
2016). Our study demonstrated increased expression of
pyroptosis-related proteins and pro-inflammatory cytokines

FIGURE 2. Detection of miR-30a-5p and NLRP3 in podocytes.
(A) MPC5 was induced by different concentrations of glucose (0, 10,
20, and 30 mM for 48 h). MiR-30a-5p and NLRP3 levels were
measured in MPC5. * vs. 0 mM. # vs. 10 mM. & vs. 20 mM. p <
0.05. (B) MPC5 was treated with 30 mM glucose for 0, 12, 24, 36,
and 48 h, respectively. miR-30a-5p and NLRP3 were measured in
MPC5. * vs. 0 h; # vs. 12 h; & vs. 24 h. p < 0.05. (C) miR-30a-5p
and NLRP3 levels were quantified by RT-qPCR. *p < 0.05. Each
assay was repeated thrice, with three biological replicates. MPC5,
Mouse Podocyte Clone-5; RT-qPCR, Quantitative reverse
transcription polymerase chain reaction; NLRP3, NLR family pyrin
domain containing 3.
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FIGURE 3. (Continued)
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in DN-mice and DN-podocyte. The percentage of pyroptosis
also increased in DN-podocyte. Evidence show that
inflammation participates in the occurrence and development
of DN (Navarro-González et al., 2011). For example, the
inflammatory factor TNF-α induces apoptosis while directly
damaging the kidney through cytotoxicity and is an
important indicator of DN inflammation (Duran-Salgado &
Rubio-Guerra, 2014). The accumulation of renal
inflammatory cells was found in patients with DN and DN
animal models, and the degree of inflammation was related to
the progress of renal insufficiency (Chow et al., 2004, Nguyen
et al., 2006). At the same time, in patients and animals with
DN, the levels of pro-inflammatory cytokines in the renal
tissue are also increased (Navarro et al., 2006). This is
consistent with our study findings. Collectively, pyroptosis
and subsequent inflammation play an essential role in the
occurrence and development of DN.

NLRP3 is the most studied inflammatory corpuscle and
has been reported as a potential target for treating DN (Qiu
& Tang, 2016). The activation of NLRP3 inflammatory
corpuscles leads to the development of DN in diabetic mice
(Shahzad et al., 2015). Studies have also shown that
inhibiting NLRP3 activation can improve DN injury (Zhang
et al., 2019, An et al., 2020). NLRP3 indirectly regulates the
maturation and secretion of IL-1beta and IL-18 by
activating caspase-1, which leads to an inflammatory
reaction. Activated caspase-1 can also cleave GSDMD to
produce an N-terminal cleavage product (GSDMD-N),
which can induce pyroptosis by forming pores in the plasma
membrane (Shi et al., 2015). This is consistent with our
research results. Some studies have found that IL-22 has an
excellent therapeutic effect on DN as it diminished the
expression of NLRP3, caspase-1, and IL-1beta (Wang et al.,
2017). Our research found that overexpression of NLRP3
could increase pyroptosis-related proteins and pro-
inflammatory cytokines in podocytes, increase the cell
pyroptosis rate, and decrease cell viability in podocytes.

FIGURE 3. Up-regulation of miR-30a-5p overexpression on high-glucose-induced podocyte injury. (A) miR-30a-5p level in each group was
detected by RT-qPCR. (B) The cell viability of each group was measured by CCK-8. (C) Pyroptosis in each group was examined by flow
cytometry. (D) The expression of caspase-1 and GSDMD-N was assayed by immunofluorescence in each group. Scale bar = 25 μm. (E)
Levels of TNF-alpha, IL-18, and IL-1beta in cell supernatant was surveyed by ELISA. * vs. NC. # vs. HG. p < 0.05. Each assay was repeated
three times, with three biological replicates. CCK-8, cell counting kit-8; RT-qPCR, Quantitative reverse transcription polymerase chain
reaction; ELISA, enzyme-linked immunosorbent assay; GSDMD-N, gasdermin-N; IL-1β, interleukin-1beta; TNF, tumor necrosis factor.

FIGURE 4. NLRP3 directly targets miR-30a-5p. (A) Bioinformatic
analysis predicted the target sequence of miR-30a-5p and NLRP3.
(B) Luciferase assay was used to verify that NLRP3 directly targets
miR-30a-5p. (C) RT-qPCR was used to explore the gene expression
level of NLRP3. (D) Western blotting was used to determine NLRP3
protein level. * vs. NC. # vs. HG. p < 0.05. Each assay was repeated
three times, with three biological replicates. RT-qPCR, Quantitative
reverse transcription polymerase chain reaction; NLRP3, NLR
family pyrin domain containing 3.
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FIGURE 5. Overexpression of NLRP3 reverses the effects of miR-30a-5p at podocyte injury. (A) RT-qPCR detection for NLRP3 expression.
(B) CCK8 assay was used to test cell viability. (C) Flow cytometry assay for podocyte pyroptosis. (D) Western blot for GSDMD-N and caspase-
1 levels in podocytes. (E) The expression of caspase-1 was examined by immunofluorescence. Scale bar = 25 μm. (F) The levels of TNF-alpha,
IL-18, and IL-1beta in the cell supernatant were measured by ELISA. * vs. HG. # vs. HG+miR-30a-5p. & vs. HG+oe-NLRP3. p < 0.05. Each
assay was repeated three times, with three biological replicates. CCK-8, cell counting kit-8; RT-qPCR, Quantitative reverse transcription
polymerase chain reaction; ELISA, enzyme-linked immunosorbent assay; NLRP3, NLR family pyrin domain containing 3, GSDMD-N,
gasdermin-N; IL-1β, interleukin-1beta; TNF, tumor necrosis factor.
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These findings suggest that the NLRP3/caspase-1/IL-1beta
axis plays an important role in DN.

Until now, conventional treatment strategies for DN
have focused on renin-angiotensin-aldosterone system
blockade, blood glucose level control, and weight loss
(Doshi & Friedman, 2017; Cervantes et al., 2022).
Commonly used first-in-line treatments are renin-
angiotensin system inhibitors, including angiotensin-
converting enzyme inhibitors and angiotensin receptor
blockers (Tripathi & Yadav, 2013; Doshi & Friedman, 2017).
Dapagliflozin, an inhibitor of sodium-glucose cotransporter-
2, is often used as the first choice for DN treatment in
clinical practice (Heerspink et al., 2020; Wheeler et al.,
2021). However, these therapies have certain limitations and
side effects. For instance, dapagliflozin treatment can lead to
genital infections and increase the risk of bone fractures
(Wang et al., 2019; Bansal et al., 2020). Therefore, there is
an urgent need to explore and understand emerging and
effective nephroprotective therapeutic strategies to slow the
progression of DN. MSCs-derived exosomes have been
shown to possess various therapeutic effects, such as tissue
regeneration, wound healing, anti-tumor effects, and
immune modulation (Joo et al., 2020). When tested in
various disease models, MSC-derived exosomes display
similar or even superior therapeutic abilities compared to
their parent cells (Kastner et al., 2020; Maumus et al., 2020).
MSC-derived exosomes also have the advantage of being

safe as they are considered non-immunogenic, with lower
risks of host alloimmune rejection (Ankrum et al., 2014).
Several studies have confirmed the potential of exosomes as
therapeutic delivery vehicles for the treatment of DN (Peng
et al., 2022). For example, exosomes loaded with miR-486-
5p promote autophagy flux and inhibit apoptosis of
podocytes through the Smad1/mTOR signaling pathway,
thus attenuating DN (Jin et al., 2019). In another report,
miR-25-3p, in an M2 macrophage-derived exosome,
ameliorated HG-induced podocyte injury by activating
autophagy and inhibiting the expression of dual specificity
phosphatase 1 protein (Huang et al., 2020). Our study
showed that exosomal miR-30a-5p inhibited HG-induced
podocyte pyroptosis and inflammation by suppressing
NLRP3 expression. This is the first study to investigate the
effect of exosomal miR-30a-5p on podocyte pyroptosis in
DN. The application of exosomes in therapy still faces some
limitations. The content and accuracy of miRNA in
exosomes are restricted by the preparation method and
measurement tools (Chevillet et al., 2014). The level of
miRNA in exosomes is regulated by upstream signaling
pathways (Zhang et al., 2010). Exosomes therapy is limited
by dosage, purity, and stability issues, and the yield,
composition, and properties of extracellular vesicles depend
on the cell growth conditions, cell type, and processing
methods, which means that their quantity and therapeutic
efficacy are restricted (Baek et al., 2019). Therefore, further

FIGURE 6. MSC-derived exosomal miR-30a-5p can be taken up by podocytes. (A and B) Exosomes were identified by TEM and NTA. ©
Analysis of CD63, HSP70 and calnexin expression in exosomes by western blot. (D) Expression of miR-30a-5p was detected by RT-qPC©
(E) Uptake assay of exosomes. Scale bar = 25 μm. * vs. MSC. p < 0.05. Each assay was repeated three times, with three biological replicates.
RT-qPCR, Quantitative reverse transcription polymerase chain reaction; TEM, transmission electron microscopy; NTA, nanoparticle tracking
analysis.
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research is needed to make exosome preparation more robust
and effective and determine the optimal treatment strategy to
overcome the limitations of exosome therapy.

Collectively, our study demonstrated that miR-30a-5p
could diminish NLRP3 expression and mitigate podocyte
pyroptosis. Meanwhile, MSCs-derived exosomes could be
loaded with miR-30a-5p, thus regulating podocyte
pyroptosis in DN. This would strengthen the validity of
miR-30a-5p as a useful molecular target to reverse DN.
Overall, these results provide evidence that pyroptosis-
related pathways could be targeted for a novel therapeutic
target of DN.
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