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Abstract

Objectives Podocyte pyroptosis, characterized by inflammasome activation, plays an important role in inflammation-medi-
ated diabetic nephropathy (DN). Our study aimed to investigate whether miR-21-5p in macrophage-derived extracellular
vesicles (EVs) could affect podocyte injury in DN.

Methods EVs were extracted after the treatment of RAW 264.7 (mouse macrophage line) with high glucose (HG). The
podocyte pyroptosis was determined using the flow cytometry and the western blot. After the knockdown of miR-21-5p in
HG-induced RAW?264.7 cells, we injected the extracted EVs into DN model mice.

Results The level of miR-21-5p was higher in HG-stimulated macrophage-derived EVs than in normal glucose-cultured
macrophage-derived EVs. The co-culture of EVs and podocytes promoted reactive oxygen species (ROS) production and
activation of inflammatory in MPCS5 cells (mouse podocyte line). However, restraint of miR-21-5p in EVs reduced ROS
production and inhibit inflammasome activation in MPCS5 cells, thereby reducing podocytes injury. Meanwhile, we found
that miR-21-5p inhibited the A20 expression through binding with its 3'-untranslated regions in MPCS5 cells. Further studies
showed that A20 was also involved in the regulation of miR-21-5p of RAW 264.7-derived EVs on MPCS5 injury. At the same
time, it was also proved in the DN model mice that miR-21-5p in macrophage-derived EVs could regulate podocyte injury.

Conclusion MiR-21-5p in macrophage-derived EVs can regulate pyroptosis-mediated podocyte injury by A20 in DN.
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Introduction

The incidence of diabetes has gradually elevated in recent
years, and 40% of diabetic patients may have microvascular
complications, namely diabetic nephropathy (DN), which is
one of the most serious consequences of diabetes [1]. DN is
the most common cause of end-stage renal disease, which
is associated with a significantly elevated risk of cardiovas-
cular disease and premature death [2]. The inflammatory
response plays a central role in the progression of DN, and
podocytes injury, which is the initial hallmark of DN plays
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an important role in inflammation-mediated DN [3, 4].
Classical activation of macrophages has pro-inflammatory
effects and is a key process to aggravate renal damage [5].
It has been proven that macrophage-derived EVs can affect
a variety of inflammatory diseases in animal inflammation
models [6, 7].

Pyroptosis, a newly discovered programmed cell death, is
characterized by inflammasome activation and activation of
the cysteinyl aspartate-specific proteinase-1 (caspases-1) [8].
NLRP3 (nucleotide-binding domain, leucine-rich-containing
family, pyrin domain-containing-3) is the most well-studied
inflammasome, which is a multi-protein complex composed
of NLR, ASC and caspase-1 [9]. NLRP3 is responsible for
activating caspase-1, thereby activating interleukin-1p
(IL-1p) and interleukin-18 (IL-18) [10]. Bai M et al. dem-
onstrated that NLRP3 inflammasome activation plays an
important role in podocyte injury [11]. A20 is the protein
encoded by the TNFAIP3 (tumor necrosis factor alpha-
induced protein 3) gene as a central regulator of inflamma-
tory signaling. Its main function is to protect tissue cells
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from injury via restraining the nuclear factor kappaB (NF-
kB) transcription factor in the tumor necrosis factor-recep-
tor (TNFR) and toll-like receptor (TLR) pathways, thereby
playing an anti-inflammatory role in protecting tissue cells
from damage [12, 13]. A20 is necessary to protect against
kidney-related inflammation [14]. Studies found that A20
relieves inflammation by inhibiting NLRP3. A20/NLRP3
signaling axis is expected to be a potential therapeutic target
for inflammation-related diseases, but whether A20/NLRP3
is involved in the development of DN needs further study.

EVs are a heterogeneous group of cell-derived membra-
nous structures with diameters ranging from 40 to 1000 nm,
mainly including exosomes and microvesicles [15]. Never-
theless, the purification of exosomes and microvesicles is
still controversial [16]. EVs carry substances such as RNA,
proteins, lipids, and DNA that can be absorbed by other cells
and cause various phenotypic reactions [17]. Furthermore,
studies have shown that miRNAs delivered through EVs can
target mRNA levels after entering recipient cells [17-20].
The expression of miR-21-5p in the kidney is associated
with renal survival, and abnormal expression in DN [21,
22]. Meanwhile, miR-21-5p in macrophage-derived EVs is
associated with multiple diseases. For instance, miR-21-5p
in macrophage-derived EVs induce Treg/Th17 cell imbal-
ance to facilitate the development of epithelial ovarian can-
cer [23]; miR-21-5p in M2 macrophage-derived EVs regu-
lates migration and invasion of colorectal cancer cells [24].
However, it is not clear whether miR-21-5p in macrophage-
derived EVs is involved in DN. Our study aimed to investi-
gate whether miR-21-5p in macrophage-derived EVs could
affect the pyroptosis of podocytes.

Materials and methods
Cell culture

Mouse RAW 264.7 macrophages and MPC5 podocytes
were purchased from the Cell Resource Center, Shanghai
Institutes for Biological Sciences. The cells were cultured
in Dulbecco’s modified Eagle’s medium/F12 supplemented
(Gibco, Grand Island, New York, USA) with 10% fetal
bovine serum (Biological Industries, Israel) and 1% peni-
cillin/streptomycin 100X (Solarbio, Beijing, China) at 37 °C
in 5% CO,.

Isolation and characterization of EVs RAW 264.7 cells were
cultured for 48 h. The dead cells and cellular debris were
removed through centrifugation (800xg for 8 min). RAW
264.7 cells were filtered using a 0.2 mm filter. The filtered
medium was centrifuged via ultracentrifugation (100,000xg
for 5 h at 4 °C). After adding 1 X PBS, ultracentrifugation
was performed at 100,000xg for 15 min. The pelleted EVs
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were resuspended in PBS and used immediately. The EVs
were authenticated via electron microscopy and Western
blot.

Animal studies

Male C57BL/6 mice (8—10 weeks old) were purchased from
the experimental animal center of The First Affiliated Hos-
pital of Zhengzhou University and fed under standard condi-
tions. Mice weighing 20-30 g were selected for the experi-
ment. Mice were fasted for 4 h and were intraperitoneally
injected 50 mg/kg/day of streptozotocin (Sigma-Aldrich,
St. Louis, MI, USA) in sodium citrate buffer (100 mmol/L,
pH 4.5) or sodium citrate buffer (control), 5 straight days
(n=6). Glucose levels were measured from tail blood after
3 days. Mice with continuous 2 days of blood glucose above
16.4 mmol/L on continuous 3 days measurements were used
in follow-up experiments. RAW 264.7 cells were stimu-
lated with high glucose (25 mM) and transfected with miR-
21-5p inhibitor or control. EVs were extracted from RAW
264.7 cells after 48 h and injected intravenously into mice
four times (once every 2 weeks). The mice were sacrificed
8 weeks later, and the initial judgment of nephropathy (urine
protein > 30 mg/24 h) was performed according to changes
in urine protein before sacrifice. All experiments were
approved by the Animal Experimentation Ethics Commit-
tee of The First Affiliated Hospital of Zhengzhou University.

Quantitative real-time PCR (qRT-PCR)

The total RNA of cells or tissues was extracted using
RNAsimple Total RNA Extraction Kit (Tiangen, Beijing,
China). Then, the reverse-transcribed was executed via Mir-
X™ miRNA First-Strand Synthesis Kit (TaKaRa, Dalian,
China). QRT-PCR was performed on the ABI 7500 Real-
Time PCR system (Applied Biosystems, Carlsbad, CA,
USA) using SYBR Premix Ex Taq (TaKaRa). The relative
expressions of miRNAs were normalized to U6, and cal-
culated by the 2724 method. The primers used are as fol-
lows: miR-21-5p: TGCGC TAGCT TATCA GACTG AT
(forward), CCAGT GCAGG GTCCG AGGTA TT (reverse);
U6: GCGCG TCGTG AAGCG TTC (forward), GTGCA
GGGTC CGAGG T (reverse).

Western blotting (WB)

Cells or tissues were lysed using RIPA lysis buffer (Beyo-
time, Shanghai, China) and the lysates were detected via
BCA kit (Beyotime). The proteins were denatured and
separated through SDS-PAGE. The proteins were trans-
ferred onto PVDF membranes (Millipore, Billerica, MA,
USA). The PVDF membrane was blocked for 2 h at 4 °C
(Beyotime) and then incubated overnight with anti-Nephrin
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antibody (ab216341; Abcam, Cambridge, UK), anti-
podocin antibody (ab50339; Abcam), anti-NLRP3 antibody
(ab263899; Abcam), anti-Caspase-1 antibody (ab138483;
Abcam); anti-IL-1p antibody (ab205924; Abcam), anti-
A20 antibody (ab92324; Abcam) or anti-f-actin antibody
(ab6276; Abcam). The membrane was washed with TBST
and incubated with the secondary antibody for 3 h at 4 °C.
Detection was performed using the electrochemilumines-
cence (ECL) system (Beyotime). The p-actin was used as
a control.

The detection of ROS

The cells were treated with 1 pmol/L DHR123 (Sigma-
Aldrich) and incubated at room temperature in dark for 4 h.
The cells were washed with PBS and were resuspended. The
fluorescence intensity was detected by flow cytometry.

Cell transfection and treatment

MiR-21-5p inhibitor, inhibitor NC, si-A20 and si-NC were
synthesized by Ribobio (Guangzhou, China); miR-21-5p
mimic and mimic NC were synthesized by GenePharma
(Shanghai, China). Lipofectamine 3000 (Invitrogen, Carls-
bad, CA, USA) was used to transfect the cells. After trans-
fection, cells were treated with 5.5 mmol/L glucose as the
normal glucose group (NG; control), or 25 mmol/L glucose
as high glucose group (HG), and cells were collected for
subsequent detection after 48 h.

NG-M-EVs or the HG-M-EVs treated MPCS5 cells. After
treating HG or NG RAW 264.7 cells for 48 h, EVs were
isolated from the supernatant and named the NG-M-EVs
or the HG-M-EVs. Then, NG-M-EVs or the HG-M-EVs
(25 pg/mL) was added to the MPCS5 cell culture medium,
and MPCS5 cells were collected 48 h later.

Luciferase reporter assay

The interaction between miR-21-5p and A20 was explored
via the dual luciferase reporter assay. The sequence of A20
3’ untranslated region (3’-UTR) containing the predicted
miR-21-5p binding site was cloned into pmirGLO vector
(Promega, Madison, WI, USA) as the wild-type (WT) A20
reporter vector. To construct mutant vectors, predicted miR-
21-5p binding sites in A20 3'-UTR (Fig. 3F) were mutated
using Quick Change Site-Direct Mutagenesis Kit (Strata-
gene, La Jolla, CA, USA). Mutated-type (Mut) A20 reporter
vector as a negative control. MPCS5 cells were co-transfected
with the 3’-UTR of A20 (WT or Mut) luciferase reporter
and miR-21-5p mimic or mimic NC via Lipofectamine 3000
(Invitrogen). After transfection for 48 h, luciferase assay
kit (Promega) was used to detect luciferase activities. The

relative luciferase activity of the miR-21-5p mimic group
and the mimic NC group was detected.

Immunocytochemistry

The slides were hydrated with gradient alcohol and washed
three times with distilled water. Antigen retrieval was car-
ried out via treating the slide in citrate buffer for 12 min
in the microwave. The slides were incubated with anti-
podocin antibody (ab50339, Abcam) or anti-IL-1f anti-
body (ab205924; Abcam) at 4 °C overnight. After washing
with PBS, tissues were treated with secondary antibod-
ies for 50 min at 37 °C. After washing with PBS, tissues
were treated in 0.5 g/L diaminobenzedine solution (Sigma-
Aldrich) for 8 min, and were stained with hematoxylin for
3 min, rinsed, dehydrated, air dried and fixed. The results
were observed under a microscope.

Statistical analysis

Results are expressed as mean + SEM. Statistical analyses
were performed via SPSS. The differences between two
groups was assessed using Student’s ¢ test (two-tailed). The
difference among multiple groups was compared using the
one-way analysis of variance (ANOVA) followed by the
LSD post hoc test. p value <0.05 was considered statisti-
cally significant.

Results

MiR-21-5p was observably elevated
in macrophage-derived EVs after cells treated
with HG

Mouse macrophage cell line RAW 264.7 was treated with
5.5 mmol/L glucose (NG: control) or 25 mmol/L glucose
(HG) for 48 h, and EVs were isolated from the supernatant
and divided into the NG-M-EVs group and the HG-M-EVs
group. We found that EVs were observed in both groups via
electron microscopy (Fig. 1a) [25]. Meanwhile, we found
that compared with the positive control group, EVs markers
CD63 and TSG101 proteins [26] were abundant in NG-M-
EVs group or the HG-M-EVs group, but no endoplasmic
reticulum protein calnexin through WB (Fig. 1b). These
results indicated that the EVs extraction was successful and
relatively free of contamination [25, 27].

M-EVsM-EVs Furthermore, we detected six miRNAs
associated with podocyte injury in EVs. The results showed
that miR-155, miR-29a, and miR-21-5p were markedly ele-
vated in macrophage-secreted EVs in the HG-M-EVs group,
compared with the NG-M-EVs group (Fig. 1¢). We selected
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Fig. 1 Effect of HG-treated macrophage-derived EVs on podocyte
injury. a—¢ The RAW264.7 (mouse macrophage line) cells were
treated with 5.5 mmol/L glucose (normal glucose, NG) or 25 mmol/L
glucose (high glucose, HG). After 48 h, EVs (M-EVs) were isolated
from the supernatant and named the NG-M-EVs group or the HG-
M-EVs group. N=3. a Identification of EVs by electron microscopy.
b Cell lysates of RAW264.7 cells treated with NG or HG were used
as positive controls (NG-M group or HG-M group). The protein lev-
els of CD63, TSG101 and calnexin were detected in EVs via Western
Blot. ¢ Six miRNAs associated with podocyte injury were detected

miR-21-5p with the most significant changes for follow-up
studies.

Effect of HG-treated macrophage-derived EVs
on podocyte injury

To explore the effects of HG-treated macrophage-derived
EVs on podocytes pyroptosis, we treated MPC5 cells with
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via qRT-PCR. d-f NG-M-EVs or the HG-M-EVs MPC5 (25 pg/
mL) was added to the MPCS5 cell culture medium, and MPC5 cells
were collected 48 h later. N=3. d The expression of miR-21-5p
was detected by qRT-PCR. e, f ROS content was measured via flow
cytometry in cells, and fluorescence intensity reflects ROS content.
h, g Podocyte markers nephrin and podocin proteins and inflamma-
tory factors NLRP3, caspase-1, and IL-1p proteins were detected via
Western blot. Data are presented as mean+S.E.M. P values were
analyzed by Student’s ¢ test. N=3. ¥*P <0.05, vs. NG-M-EVs

HG-M-EVs or NG-M-EVs, respectively. We found that
miR-21-5p was approximately 2.1-fold higher in podocytes
treated with the HG-M-EVs group, compared with the NG-
M-EVs group (Fig. 1d). To explore whether HG-treated
macrophage-derived EVs affect the ROS production of
podocytes, we examined ROS levels in two groups of podo-
cytes and found that ROS was observably elevated in the
HG-M-EVs group (Fig. le, f). At the same time, nephrin and
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podocin proteins, which are expressed only in the podocytes
in the kidney, are markedly lessened (Fig. 1g, h), further
demonstrating the damage of podocytes [25, 28]. Inflam-
matory factors NLRP3, caspase-1, and IL-1p proteins were
notably elevated in the HG-M-EVs group compared with the
NG-M-EVs group (Fig. 1g, h). These results indicate that
HG-treated macrophage-derived EVs are capable of induc-
ing podocyte injury and activating inflammatory factors.

Effect of miR-21-5p in macrophage-derived EVs
on podocyte injury

To explore whether miR-21-5p in macrophage-derived
EVs affects podocytes, HG-treated RAW?264.7 cells
were transfected with miR-21-5p inhibitor or inhibitor
NC (control), the EVs were then collected or co-cultured
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found that NLRP3, caspase-1 and IL-1f proteins were
notably elevated in the miR-21-5p inhibitor-EVs group
compared with the inhibitor NC-EVs group (Fig. 2e, f).
These results indicated that inhibition of miR-21-5p in
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Fig.2 Effect of miR-21-5p in macrophage-derived EVs on podocyte
injury. a—f The RAW264.7 cells were transfected with miR-21-5p
inhibitor or control (inhibitor NC) while treated with 25 mmol/L glu-
cose for 48 h. The EVs in the supernatant were then collected and
treated with (25pg/mL) MPCS5 cells 48 h, and named the inhibi-
tor NC-EVs group or the miR-21-5p inhibitor-EVs group. N=3.
a MiR-21-5p was detected in EVs via qRT-PCR. b MiR-21-5p was
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detected in MPCS5 cells via qRT-PCR. ¢, d Flow cytometry was used
to detect ROS content, and fluorescence intensity reflects ROS con-
tent. e, f Podocyte markers nephrin and podocin proteins and inflam-
matory factors NLRP3, caspase-1, and IL-1p proteins were detected
via Western blot. Data are presented as mean+S.E.M. P values were
analyzed by Student’s ¢ test. N=3. *P <0.05, vs. Inhibitor NC-EVs
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HG-treated macrophages EVs could inhibit inflammatory
and alleviate podocyte injury.
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The potential mechanism of miR-21-5p affecting
podocyte injury

To further verify the effect of miR-21-5p on podocyte
injury, we overexpressed or knocked down miR-21-5p in
MPCS cells via transfection. Figure 3a indicates the suc-
cessful transfection of miR-21-5p. The overexpression of

mimic NC D
== mimic NC
miR-21-5p mimic
Mo == miR-21-5p mimic
hi N
Infsitor NG == inhibitor NC

miR-21-5p inhibitor

miR-21-5p inhibitor

e

et

ot
b

nephrin IL-1B o

F

NLRP3 caspase-1

G

2> 1.5- = mimic NC

-
wd o
o
o]
ol
w e M
i H 5 o]
LI 4
] ]
w d
.
o] o] o o
w0 ' 0 w0’ 0! »* ! i o L.

FTCAZROSFITCA FITCA-ROSFITCA FITC-A-ROSFITCA

J

A20 M —

Nephrin oo s
B-actin ME—=_NE—— —

.0
-
5
-

.
e

.0

O N Wa b
~ o o Q”
& g AN

-
o

NLRP3 s s sy

»

caspase-1 w v w—_:—,
LB S - —

-

Relative A20 protein expression
Relative protein expression

0 F-actin S — - -
O & &
& 6\'& %x\(;\c’ '&@k
o FoS oS
¥ &S
R

& 57

S,

=

si-NC si-A20 si-A20+inhibitor NC

FITCAZROSFITCA

nephrin

== miR-21-5p mimic

A20 WT 3'UTR  5'..GAGCAAGUAGGCAAGAUAAGCUC...
miR-21-5p 3"  AGUUGUAGUCAGACUAUUCGAU
A20 MUT 3' UTR 5'...GAGCAAGUAGGCAAGUAUUGCUC...

Relative luciferase activi

si-NC K
si-A20 mm si-NC
si-A20+inhibitor NC e si-A20
si-A20+miR-21-5p inhibitor == si-A20+inhibitor NC
*ohk 3 si-A20+miR-21-5p inhibitor

sxx

NLRP3 caspase-1 IL-18 o

si-A20+miR-21-5p inhibitor

ROS

W e W W w6t W 6w

FITCA:ROSFITCA

i 1o
o 10
o] 0
%o 3 I Iz %o
H 1 13
P wd
ol ol o o4

'

W W W W W
FITC-A=ROS FITC-A FITCA=ROS FITCA

Fig.3 The potential mechanism of miR-21-5p affecting podocyte
injury. a—e MPCS5 cells were transfected with miR-21-5p mimic, miR-
21-5p inhibitor or corresponding control (NC), and divided into four
groups: mimic NC, miR-21-5p mimic, inhibitor NC and miR-21-5p
inhibitor. N=3. a The expression of miR-21-5p was detected through
qRT-PCR. b, ¢ The indexes of pod-cell damage and inflammation-
related proteins were detected through Western blot. d, e Flow cytom-
etry was used to detect ROS. f-g The potential binding sites of Mir-
21-5p and A20 were predicted by bioinformatics software. A20 WT
3'-UTR is contained predicted miR-21-5p binding sites, A20 MUT
3'-UTR is the mutant predicted miR-21-5p binding site. MPC5 cells
were co-transfected with the 3'-UTR of A20 (WT or Mut) luciferase
reporter and miR-21-5p mimic or mimic NC. Then, dual-luciferase
assay was performed. N=3. h MPCS5 cells were treated with three
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W oW w6t wt
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si-A20s, and A20 expression was detected via qRT-PCR and west-
ern blot. N=3. After that, si-A20-3 with the highest transfection
efficiency was selected for the follow-up study. i-1 MPC5 cells were
transfected or cotransfected with si-A20, miR-21-5p inhibitor or the
corresponding controls (NC), and divided into four groups: si-NC,
si-A20, si-A20+inhibitor NC, si-A20+miR-21-5p inhibitor. N=3.
i, j Podocyte markers nephrin proteins and inflammatory factors
NLRP3, caspase-1 and IL-1p proteins were detected via Western
blot. k, 1 Flow cytometry was used to detect ROS, and fluorescence
intensity reflects ROS content. Data are presented as mean+S.E.M.
P values were analyzed by Student’s ¢ test or ANOVA followed by
the LSD post hoc test. N=3. *P<0.05, vs. mimic NC or si-NC;
#P <0.05, vs. Inhibitor NC or si-A20 + inhibitor NC
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miR-21-5p in MPCS5 cells significantly reduced the podo-
cytes marker nephrin (Fig. 3b, c¢) and significantly elevated
the ROS (Fig. 3 d, e). Meanwhile, we found that A20 protein
was observably lessened but NLRP3, caspase-1, and IL-1p
proteins were observably elevated (Fig. 3b, c¢). However,
inhibition of miR-21-5p in MPCS5 cells was contrary to the
above. These results indicated that miR-21-5p can inhibit
the expression of anti-inflammatory factor A20 and increase
the expressions of inflammatory factors NLRP3, caspase-1
and IL-1p in podocyte, thereby affecting podocyte injury.
To investigate whether miR-21-5p would target A20 in
podocytes, we predicted that the possible binding sites of
miR-21-5p to 3'-UTR of A20 via software (Fig. 3f). Lucif-
erase plasmids containing A20 3'-UTR with the predicted
binding site of miR-21-5p (WT) or A20 3'-UTR with binding
site mutation (MUT) were transfected into cells and trans-
fected with miR-21-5p mimic or mimic NC. We performed
the dual luciferase assay and found that the overexpression
of miR-21-5p significantly reduced the activity of A20
WT, while the activity of A20 MUT was not affected. (Fig-
ure 3g). This suggests that A20 is a target of miR-21-5p. To
explore whether miR-21-5p affects podocyte injury through
regulating A20, we transfected or co-transfected si-A20-3
(Fig. 3h), miR-21-5p inhibitor, and control in MPCS5 cells.
We found that the nephrin protein was dramatically reduced
after knockdown of A20 expression (Fig. 31, j), and the ROS

was obviously elevated in MPCS5 cells (Fig. 3k, 1), while the
inflammatory factors NLRP3, caspase-1, and IL-1p were
dramatically elevated (Fig. 31, j). However, the inhibition of
miR-21-5p reversed the results of the restraint of A20. These
results indicate that miR-21-5p can target A20 to regulate
inflammatory pathway-mediated podocyte injury.

MiR-21-5p in macrophage-derived EVs affects
inflammatory pathway-mediated podocyte injury
through A20

To explore whether miR-21-5p in macrophage-derived EVs
could also affect A20-mediated inflammatory pathway-
mediated podocyte injury, we stimulated RAW?264.7 cells
with HG while transfected miR-21-5p inhibitor or control,
followed by the co-cultured with MPC5 cells transfected
with si-A20 or control. In the miR-21-5p inhibitor-EVs
group, we found that A20 and nephrin proteins were observ-
ably elevated; NLRP3, caspase-1, and IL-1p proteins were
observably lessened (Fig. 4a, b); while ROS were obvi-
ously lessened in MPC5 cells (Fig. 4c, d), compared with
the inhibitor NC-EVs group. Nevertheless, inhibiting A20
expression reversed the results via the miR-21-5p inhibitor
in MPCS5 cells (Fig. 4). These results indicated that miR-
21-5p in macrophage-derived EVs can regulate inflamma-
tory pathway-mediated podocyte injury through A20.

A == inhibitor NC-EVs B C
. . = inhibitor NC-EVs
miR:21-8p Imhibltor-Eve _— ] | miR-21-5p inhibitor-EVs
== miR-21-5p inhibitor-EVs+Si-NC A20 - .- - == miR-21-5p inhibitor-EVs+Si-NC

98- miR-21-5p inhibitor-EVs+Si-A20 1.5+ ) o )
nephrin ‘..-- miR-21-5p inhibitor-EVs+Si-A20

2.0+
NLRP3 - - 1.0

-
o
1

-
o
1

o
o
1

Relative protein expression

e
o
I

A20 nephrin NLRP3

caspase-1 IL-18

=

inhibitor NC-EVs miR-21-5p inhibitor-EVs

+Si-NC

caspase-1 MR s SN S
#
L5 M . -

B-actin ME—_ - —

#
T

Fkk

-
1

=
@0
1

Relative fluorescence intensity
o
o
L

miR-21-5p inhibitor-EVs miR-21-5p inhibitor-EVs

+Si-A20

—
' 2 8 0 o
' W W k' 0 w0

¥ 0°
FICA-ROSFITCA

0w " )
FITC-AROS FITC-A FITC-A:ROS FITC-A

Fig.4 MiR-21-5p in macrophage-derived EVs and A20 have an
effect on podocytes injury. EVs of RAW264.7 cells were stimulated
with 25 mmol/L glucose and transfected with miR-21-5p inhibitor
(miR-21-5p inhibitor-EVs) or control (inhibitor NC-EVs) for 48 h,
and co-cultured with MPC5 cells which transfected with si-A20
(miR-21-5p inhibitor-EVs+5si-A20) or control (miR-21-5p inhib-
itor-EVs +5i-NC) for 48 h. MPCS5 cells were collected. N=3. a, b
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A20, podocyte markers nephrin and inflammatory factors NLRP3,
caspase-1 and IL-1p protein levels were detected via Western blot.c,
d Flow cytometry was used to detect ROS levels, and fluorescence
intensity reflects ROS content. Data are presented as mean+S.E.M.
P values were analyzed by ANOVA followed by the LSD post hoc
test. N=3. *P<0.05, vs. Inhibitor NC-EVs:*P<0.05, vs. MiR-21-5p
inhibitor-EVs +si-NC
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To validate the above results in vivo, we extracted EVs
from RAW264.7 cells, which were stimulated with HG and
transfected with miR-21-5p inhibitor or control, and then
injected intravenously into DN model mice [29]. In the
M-EVs-miR-21-5p inhibitor group, the expression of miR-
21-5p was obviously lessened in the kidney tissues, com-
pared with the M-EVs-NC group (Fig. 5d). We detected
levels of blood urea nitrogen (BUN) and serum creatinine
(Scr) to evaluate renal function in the DN model mouse.
In the M-EVs-miR-21-5p inhibitor group, we found BUN
and Scr were markedly lessened compared with the M-EVs-
NC group (Fig. 5a, b). Meanwhile, the level of podocyte
marker podocin was increased and the level of IL-1§ was
decreased in M-EVs-miR-21-5p inhibitor group compared
with M-EVs-NC by immunohistochemistry of renal tissues
(Fig. 5¢). These results revealed that the kidney injury in
the M-EVs-miR-21-5p inhibitor group was reduced [30].
Furthermore, A20 protein expression was markedly elevated,
and NLRP3, caspase-1, and IL-1f proteins were markedly
lessened in the M-EVs-miR-21-5p inhibitor group (Fig. Se,

f). These results were consistent with the results of in vitro
cell experiments, which further confirmed that miR-21-5p
in macrophage-derived EVs could regulate inflammatory
pathway-mediated podocyte injury through A20.

Discussion

Pyroptosis is primarily characterized by activating inflam-
masomes and accelerating the activation of the inflam-
matory signaling pathway [8]. Studies have shown that
restraining inflammatory factors can curb pyroptosis and
improve DN [31]. Therefore, restraint the pyroptosis of
podocytes is salutary to develop new therapeutic DN strat-
egies. There have been many studies demonstrating that
miRNAs transferred via EVs are capable of targeting regu-
lated mRNA levels upon entry into recipient cells, which
affects a variety of diseases [17, 32]. However, whether
miRNAs in macrophage-derived EVs are involved in
podocyte pyroptosis has been rarely reported. Our study
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Fig.5 MiR-21-5p in macrophage-derived EVs and A20 have an
effect on renal injury. EVs of RAW264.7 cells stimulated with
25 mmol/L glucose and transfected with miR-21-5p inhibitor
(M-EVs-miR-21-5p inhibitor) or control (M-EVs-NC) for 48 h. Then,
EVs were collected and injected into STZ-induced DN model mice
via the tail vein. The mice were sacrificed eight weeks later. N=6. a,
b The levels of blood urea nitrogen (BUN) and serum creatinine (Scr)
in peripheral blood were examined. ¢ in the protein levels of podo-
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cyte marker Podocin and IL-1p were detected via immunohistochem-
istry in renal tissue. d MiR-21 expression in renal tissue was detected
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factors NLRP3, caspase-1 and IL-1p protein levels were detected
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demonstrated that miR-21-5p in macrophage-derived EVs
could regulate podocyte pyroptosis through A20, provid-
ing a new therapeutic strategy for the treatment of DN.

Many studies revealed that miR-21-5p accelerates
the development of inflammation [33]. Moreover, miR-
21-5p in macrophage-derived EVs will also affect mul-
tiple diseases. For instance, miR-21-5p in macrophage-
derived EVs directly targets Smad7, thereby accelerating
fibrogenesis in tendon cells [34]. Our study found that
the expression of miR-21-5p was observably elevated in
macrophage-derived EVs with HG treatment. Further-
more, the reduction of miR-21-5p in macrophage-derived
EVs reduces ROS levels and increases the protein levels
of nephrin and podocin. Meanwhile, the protein levels of
NLRP3, caspase-1, and IL-1p were decreased. Nephrin
and podocin proteins are podocyte markers, which can be
significantly reduced by podocyte damage [25, 28]. Studies
have shown that ROS production is markedly elevated in
HG-induced podocyte pyroptosis, and reducing ROS pro-
duction can inhibit HG-induced podocyte pyroptosis [35].
Moreover, the ROS of mitochondria is a common mode
of activation of NLRP3, and mito-tempo which is a mito-
chondrial ROS scavenger inhibits activation of NLRP3
[36]. Many studies have demonstrated that miR-21-5p
accelerates the development of inflammation [37]. More-
over, miR-21-5p in macrophage-derived EVs also affects
multiple diseases. For instance, miR-21-5p in macrophage-
derived EVs directly targets Smad7, thereby accelerating
fibrogenesis in tendon cells [34]. These results indicate
that the reduction of miR-21-5p in macrophage-derived
EVs can inhibit podocyte pyroptosis.

Studies revealed that knockdown of A20 promotes
the inflammation and damages the central nervous sys-
tem by activating NLRP3 in microglia (38). Our study
also showed that restraint of A20 in podocytes notably
increased NLRP3 and downstream caspases-1 and IL-1.
Further studies showed that miR-21-5p could target to
inhibit A20 (Fig. 3). We speculated that miR-21-5p in
macrophage-derived EVs may regulate pyroptosis of
podocytes via targeting A20. Then, we proved this theory
in cells by reversing the experiment (Fig. 4). We further
confirmed in vivo that miR-21-5p in macrophage-derived
EVs could regulate inflammatory pathway mediated podo-
cyte injury through targeting A20 (Fig. 5).

In conclusion, our study found that miR-21-5p in mac-
rophage-derived EVs through targeted inhibition of A20
can elevate the inflammasome NLRP3, caspases-1 and
IL-1p related to pyroptosis, and augment the production
of ROS, thereby causing podocyte injury. On account of
podocyte injury plays an important role in inflammation-
mediated DN [3, 4], miR-21-5p in macrophage-derived
EVs is expected to be a new target for the treatment of DN.
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