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Abstract

Objective Bone marrow mesenchymal stem cell (BMSC)-derived extracellular vesicles (EVs) have been demonstrated
as a potential therapeutic agent in acute kidney injury (AKI). However, little is known about the mechanisms of action of
BMSC-derived EVs in AKI. Based on this, our research was designed to investigate the mechanism behind BMSC-derived
EVs controlling inflammation and pyroptosis during AKI.

Methods Peripheral blood from AKI patients was used for detection of microRNA (miR)-223-3p, HDAC2, and SNRK
expression. An AKI rat model was established, and HK-2 cell injury was induced by lipopolysaccharide (LPS) to establish a
cellular model. Co-culture with BMSC-derived EVs and/or gain- and loss-of-function assays were conducted in LPS-treated
HK-2 to evaluate the functions of BMSCs-EVs, miR-223-3p, HDAC2, and SNRK. AKI rats were simultaneously injected
with EVs and short hairpin RNAs targeting SNRK. The interactions among miR-223-3p, HDAC2, and SNRK were evalu-
ated by RIP, ChIP, and dual-luciferase gene reporter assays.

Results Patients with AKI had low miR-223-3p and SNRK expression and high HDAC2 expression in peripheral blood.
Mechanistically, miR-223-3p targeted HDAC?2 to accelerate SNRK transcription. In LPS-treated HK-2 cells, BMSCs-EVs
overexpressing miR-223-3p increased cell viability and diminished cell apoptosis, KIM-1, LDH, IL-18, IL-6, TNF-a, NLRP3,
ASC, cleaved caspase-1, and IL-18 expression, and GSDMD cleavage, which was nullified by HDAC2 overexpression or
SNRK silencing. In AKI rats, BMSCs-EV-shuttled miR-223-3p reduced CRE and BUN levels, apoptosis, inflammation, and
pyroptosis, which was abrogated by SNRK silencing.

Conclusion Conclusively, BMSC-derived EV-encapsulated miR-223-3p mitigated AKI-induced inflammation and pyroptosis
by targeting HDAC2 and promoting SNRK transcription.

Keywords Acute kidney injury - Bone marrow mesenchymal stem cells - MicroRNA-223-3p - HDAC2 - SNRK -
Inflammation - Pyroptosis

Responsible Editor: John Di Battista.

P4 Qin Liu 4 Health Management Center, The Affiliated Nanhua Hospital,

287814438 @qq.com Hengyang Medical School, University of South China,
Hengyang 421001, Hunan, People’s Republic of China

Department of Nephrology, The First Affiliated Hospital, 5

Hengyang Medical School, University of South China,

No. 69 Chuanshan Road, Hengyang 421001, Hunan,

People’s Republic of China

Department of Rheumatology and Immunology, Hunan
Province Mawangdui Hospital, Changsha 410016, Hunan,
People’s Republic of China

Department of Emergency, The First Affiliated Hospital,
Hengyang Medical School, University of South China,
Hengyang 421001, Hunan, People’s Republic of China

3 Department of Nuclear Medicine, The First Affiliated
Hospital, Hengyang Medical School, University
of South China, Hengyang 421001, Hunan,
People’s Republic of China

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s00011-022-01653-4&domain=pdf

554

Z. Xieetal.

Introduction

Acute kidney injury (AKI) is not a single disease entity
but a heterogeneous group of diseases accompanied by
a sudden reduction in glomerular filtration rate [1]. AKI
is characterized by a rapid elevation in serum creatinine,
a decline in urine output, or both [2]. AKI can result in
deadly complications as fluid and waste accumulate in
the body and can even cause death if left untreated [3].
Thus, kidney replacement therapy is usually required, but
AKI has a terrible prognosis in critically ill patients [4].
Based on this, the pathophysiological mechanism under-
pinning AKI still needs to be addressed. AKI has been
widely accepted to have relations with intrarenal and sys-
temic inflammation [5]. Pyroptosis is an inflammatory
type of programmed cell death, the alteration of which is
involved in various autoimmune and auto-inflammatory
conditions [6]. Pyroptotic cells secrete proinflammatory
factors into the extracellular milieu to trigger inflamma-
tion and immune responses [7]. Moreover, pyroptosis is
implicated in the maintenance of homeostasis in kidney
tissues, thereby orchestrating the pathogenesis of AKI
[8]. Exploring molecular mechanisms in inflammation
and pyroptosis is vital for the identification of effective
therapies to prevent or mitigate AKI.

Bone marrow-derived mesenchymal stem cells
(BMSCs), a cell type with the ability of multi-directional
differentiation, have been documented to repress pyrop-
tosis of renal tubular epithelial cells in kidney tissues to
relieve sepsis-induced AKI [9]. Extracellular vesicles
(EVs) are now considered a mechanism for intercellular
communication allowing cells to exchange proteins, lipids,
DNA, mRNA, and non-coding RNAs [10], which can be
released from a number of cell types, like T cells, dendritic
cells, B cells, and MSCs [11]. Moreover, it has previously
been observed that BMSC-derived EVs could curb renal
tubular epithelial cell apoptosis and induce functional
recovery and histological protection in ischemia/reperfu-
sion (I/R) injury, the principal cause for AKI, by deliver-
ing microRNA (miR)-199a-3p [12]. This finding suggests
that miRs play an important role in the action mechanisms
of BMSC-derived EVs in AKI.

The role of miRs in AKI is extensively studied, and
evidence has revealed that miRs are obviously altered in
multiple kinds of AKI [13]. Specifically, an earlier study
illustrated that miR-223-3p upregulation suppressed renal
tubular epithelial cell pyroptosis to alleviate lipopolysac-
charide (LPS)-induced AKI [14]. Also, miR-223-3p over-
expression has been shown to lighten calcium oxalate
nephrocalcinosis-stimulated kidney inflammation [15].
Moreover, the starBase software used in our study pre-
dicted a binding site between miR-223-3p and histone

@ Springer

deacetylase 2 (HDAC?2). Previous research established that
ectopically expressed HDAC2 accelerated renal tubular
epithelial cell apoptosis in AKI [16]. Reportedly, HDAC2
controls chromatin structure and transcription by catalyz-
ing deacetylation of histones at the promoter and coding
regions of transcribed genes [17]. Additionally, the exist-
ence of peak histone H3 acetylation in the sucrose non-
fermenting-1 (SNF1)-related kinase (SNRK) promoter
region was predicted by the UCSC database in our study.
An existing study uncovered that angiotensin II-induced
miR-103a-3p upregulation inhibited SNRK expression in
glomerular endothelial cells and activated the NF-kB/p65
signaling pathway, thus facilitating renal inflammation and
injury [18], which highlighted the significance of SNRK
in protection against angiotensin II-induced renal injury.
However, the relationship between miR-223-3p and SNRK
remains unclear in AKI.

Under this circumstance, we speculated that BMSC-
released EVs might carry miR-223-3p to restrain AKI-
caused inflammation and pyroptosis via the HDAC2/SNRK
axis. This dissertation seeks to verify this speculation and
contribute to a deeper understanding of the mechanisms
behind AKI.

Materials and methods
Ethics statement

The patients gave their consent to the collection and use
of blood and signed an informed consent form. In addi-
tion, the experiments involving humans were also ratified
by the Ethics Committee of The First Affiliated Hospital,
Hengyang Medical School, University of South China, and
fully conformed to the Declaration of Helsinki. All animal
experiments complied with the regulations and codes of
practice for the management of laboratory animals, and were
reviewed and approved by the Animal Ethics Committee
of The First Affiliated Hospital, Hengyang Medical School,
University of South China.

Patients and peripheral blood collection

Blood samples were obtained from 20 AKI patients (15 men
and 5 women, a mean age of 52-66 years) who visited The
First Affiliated Hospital, Hengyang Medical School, Univer-
sity of South China from March 2016 to December 2017,
and from 20 healthy individuals who underwent a physical
examination at the medical examination center (12 men and
8 women, a mean age of 51-65 years). Venous blood (5 mL)
was attained from each participant with a purple blood col-
lection tube containing ethylene diamine tetraacetic acid
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anticoagulant and sent to the central laboratory for sample
preparation within 3 h.

Cell culture

Human BMSCs (CP-H166) and human renal tubular epi-
thelial cells HK-2 were acquired from Procell (Wuhan,
China). BMSC culture was conducted in Dulbecco’s Modi-
fied Eagle Medium-Low Glucose (DMEM-LG) encom-
passing 10% fetal bovine serum (FBS; Life Technologies,
Grand Island, NY, USA) [19]. HK-2 cell culture was per-
formed in DMEM (Gibco, Grand Island, NY, USA) encom-
passing 10% FBS. The media were supplemented with 1%
penicillin/streptomycin, and all cells were cultured at 37 °C
with 5% CO,.

Identification of BMSCs

The medium for BMSC culture was renewed every 3 days,
and BMSCs were collected by multiple times of digestion
and passaged when cell confluence reached 80%. Follow-
ing the collection of the third generation of BMSCs, the
expression of surface markers (positive markers included
CD44, CD90, and CD29, and negative markers were CD45
and CD34) was detected using a flow cytometer (Beckman,
Miami, FL, USA). In addition, the BMSCs were stained
for analyses of adipogenic, osteogenic, and chondrogenic
differentiation abilities after 14 and 21 days of growth and
differentiation using Oil red O solution (ab150678, Abcam,
Cambridge, UK), Alizarin Red S (ARS) solution (GP1055,
Servicebio, Wuhan, China), and Alcian blue solution
(BP-DL241, SenBeilia Biological Technology Co., Ltd.,
Nanjing, China), respectively. Subsequent to identifica-
tion, only the third generation of BMSCs was selected for
experimentations.

Extraction and characterization of EVs

Extraction of EVs from BMSCs (BMSCs-EVs) was per-
formed as previously described [20]. Specifically, BMSCs
were seeded in 6-well plates containing MSC growth
medium at a density of 1x 10> cells/well for 24-h incuba-
tion. After three phosphate-buffered saline (PBS) washes,
the BMSCs were cultured in EV-free medium for 48 h. After
that, 2 mL of cell culture supernatant were collected and
centrifuged (4 °C) at 500 and 2000 g for 15 min each to
remove cells, cell debris, or apoptotic bodies. Large vesicles
in the supernatant were removed by 20 min centrifugation
at 10,000 g. Following centrifugation, the supernatant was
collected and retained by filtration through a 0.22 pm filter
membrane. EVs were precipitated by 70 min ultracentrifuga-
tion at 110,000 g. The precipitate was then resuspended in
1 xPBS and centrifuged at 110,000 g for 70 min to eliminate

contaminating proteins. Finally, the precipitate was resus-
pended in 1 X PBS and preserved at — 80 °C.

EVs were identified by a nanoparticle tracking analysis
(NTA) of the particle size on the NanoSight NS300 instru-
ment (Malvern Panalytical, Malvern, UK), observation of
morphology using transmission electron microscopy (TEM),
and detection of marker protein expression by western blot-
ting. The particle size was analyzed as follows: 10-20 pL of
EVs were diluted to 1 mL with PBS, and then, the samples
were placed on the NanoSight NS300 and evaluated at a
constant flow rate at 25 °C. The morphology of EVs was
observed by TEM as follows: 20 pL of EV samples were
added dropwise onto a copper grid, placed at room tempera-
ture for 2 min, and then negatively stained for 5 min with
3% (w/v) sodium phosphotungstate (12,501-23-4, Sigma-
Aldrich, St. Louis, MO, USA). Next, the grid was washed
three times with PBS to remove excess sodium phospho-
tungstate, and then, the EV morphology was observed by
TEM (Hitachi H7650, Hitachi, Tokyo, Japan). The experi-
mental methods and specific antibodies for EV marker pro-
teins [CD9, CD63, tumor susceptibility gene 101 (TSG101),
and Calnexin] of western blotting were described in the fol-
lowing western blotting section.

Cellular uptake assay of EVs

Cellular uptake of EVs was observed using a PKH26 kit
(Sigma-Aldrich). In detail, EVs were resuspended in 1 mL
of diluent C, followed by the addition of 4 uL. of PKH26
dye for 4 min incubation at room temperature. Then, 2 mL
of 1% bovine serum albumin was supplemented and incu-
bated for 1 min at room temperature in the dark to bind to
the excess dye and terminate the staining. The labeled EVs
were obtained by 70 min centrifugation at 100,000 g and
resuspended in PBS. The PKH26-1abeled EVs were then co-
cultured with HK-2 cells for 12 h. The cells were fixed with
4% paraformaldehyde, rinsed with PBS, and then stained
with 4', 6-diamidino-2-phenylindole (DAPI), followed by
observation under a laser scanning confocal microscope
(Olympus, Tokyo, Japan).

Construction of an AKI cell model

An AKI cell model in HK-2 cells was developed with refer-
ence to the description of previous literature [21]. Briefly,
the cell culture medium was supplemented with lipopolysac-
charide (LPS, 1 pg/mL, Sigma-Aldrich) and then incubated
with HK-2 cells for 24 h to induce inflammation before the
cells were seeded onto 60 mm culture plates (1 x 10° cells/
mL) and incubated for 16 h at 37 °C. Control cells were
treated with the same dose of physiological saline.
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miR-223-3p overexpression

In the light of the manufacturer’s protocols, BMSCs were
transduced with miR-223-3p overexpression vector (miR-
223-3p agomir; GenePharma, Shanghai, China) or nega-
tive control (NC) vector (agomir NC; GenePharma) at a
dosage of 20 pL for 48 h, followed by the extraction of
EVs (named BMSCs-miR-223-3p-EVs and BMSCs-ago-
mir NC-EVs) for subsequent experiments. miR-223-3p
overexpression and NC vectors were transfected into
BMSCs only. EVs in the EV co-culture experiments were
extracted from the culture supernatant of BMSCs.

Co-culture of BMSCs with HK-2 cells

BMSCs were co-cultured with HK-2 cells in Transwell
chambers (Corning Incorporated, Corning, NY, USA)
separated by polycarbonate membrane inserts with a well
size of 0.4 pm. BMSCs and HK-2 cells were, respectively,
seeded in the apical chamber and the basolateral chamber
at 2 x 10* cells/well. Following 24 h co-culture, HK-2 cells
in the basolateral chamber were obtained for following
experimentations. HK-2 cells co-cultured with PBS were
used as controls.

To verify whether the functioning components were
EVs, an EV inhibition assay was performed. GW4869
(10 uM; Sigma-Aldrich), a neutral sphingomyelinase
inhibitor, was used to repress the release of EVs from
BMSCs, and BMSCs treated with dimethyl sulfoxide
(DMSO) were used as controls. After 12 h, BMSCs were
washed three times with sterile PBS and then cultured with
10 mL of serum-free DMEM/F12 (Gibco) for 2 h before
co-culture with HK-2 cells.

HK-2 cell transfection and grouping

HK-2 cells were cultured as described above. HDAC2
overexpression vectors (OE-HDAC?2), NC overexpression
vectors (OE-NC), HDAC?2 silencing vectors [short hair-
pin (sh)-HDAC?2], SNRK silencing vectors (sh-SNRK),
and NC silencing vectors (sh-NC) were purchased from
GenePharma and delivered at a dosage of 50 nM. Subse-
quent experiments were performed 48 h after transfection.
The cells were assigned into control, LPS, LPS + BMSCs,
LPS + BMSCs + GM4869, LPS + BMSCs-agomir NC-
EVs, LPS + BMSCs-miR-223-3p-EVs, BMSCs-agomir
NC-EVs + OE-NC, BMSCs-miR-223-3p-EVs + OE-NC,
BMSCs-miR-223-3p-EVs + OE-HDAC2, sh-NC, sh-
HDAC?2, sh-HDAC2 + DMSO, sh-HDAC2 +ITSA-1 (an
activator of HDAC2; 10 pmol/L; 200,626-61-5, Med-
Chem Express, Monmouth Junction, NJ, USA) [22],
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BMSCs-agomir NC-EVs + sh-NC, BMSCs-miR-223-3p-
EVs+sh-NC, and BMSCs-miR-223-3p-EVs + sh-SNRK
groups.

Quantitative reverse transcription-polymerase
chain reactions (qQRT-PCR)

Following the collection of rat kidney tissues and LPS-stim-
ulated cells, total RNA was extracted by the Trizol method,
and RNA purity and concentration were detected on a Nan-
oDrop Micro Nucleic Acid Assay Instrument. cDNA was
obtained based on the protocols of a reverse transcription
kit (Takara, Tokyo, Japan). qRT-PCR was carried out using
SYBR Green Mix (Takara) on the Biosystems 7300 real-
time PCR system (ABI, Foster City, CA, USA), with three
replicates per reaction. Data were analyzed using the 2744
method [23]: AACt=the experimental group (Ct target
gene — Ct internal reference) — the control group (Ct target
gene — Ct internal reference). Glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) and U6 served as internal refer-
ences. Primers are detailed in Table 1.

Western blotting
Cells or tissues were lysed on ice with radio-immunopre-
cipitation assay solution (Beyotime, Shanghai, China) for

15 min and then centrifuged at 13,000 g for 5 min before the
measurement of protein concentration using a bicinchoninic

Table 1 Primer sequences

Names Sequences (5'-3")

miR-223-3p-F-rno GCAGTGTTACGCTCCGTGTA
miR-223-3p-R-rno CATGAGCCACACTTGGGGTA
miR-223-3p-F-hsa CGCTCCGTGTATTTGACAAGC
miR-223-3p-R-hsa GTAAGCATGTGCCGCACTTG
HDAC2-F-rno TCCGGAATGTTGCTCGATGT
HDAC2-R-rno TTGCATTTGAACACCAGGCG
HDAC?2-F-hsa TATGAAGTCTTGTTTCAGTGGCT
HDAC2-R-hsa GGCTAAGCTATAGAGGGCAAGG
SNRK-F-rno CGGCTGAGGAGAAACAGCAAC
SNRK-R-rno TGCTGGTTCAATGAAGGGGAA
SNRK-F-hsa CGGCTGAGATATCCATGACGA
SNRK-R-hsa ACCCGTAAAGACATGCCTGG
GAPDH-F-rno TCTCTGCTCCTCCCTGTTCT
GAPDH-R-rno TCCCGTTGATGACCAGCTTC
GAPDH-F-hsa GGTGAAGGTCGGAGTCAACG
GAPDH-R-hsa TGAAGGGGTCATTGATGGCAAC
U6-F-rno CAAATTCGTGAAGCGTT
U6-R-rno TGGTGTCGTGGAGTCG

U6-F-hsa CTCGCTTCGGCAGCACA
U6-R-hsa AACGCTTCACGAATTTGCGT
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acid kit (Beyotime). Loading buffer was added to denature
the proteins in a boiling water bath for 10 min. The sample
volume of each group was calculated according to the pro-
tein loading amount. Subsequent to loading, the samples
were first electrophoresed at 80 V for 30 min, and then, the
electrophoresis was conducted at 120 V for 90 min after
bromophenol blue entered the separation gel. The proteins
were transferred onto polyvinylidene fluoride membranes
at a 250 mA current in an ice bath for 100 min. Washing
solution was added to wash the membranes three times
(1-2 min for each time). After 2 h blocking, the mem-
branes were probed with anti-HDAC2 (ab32117, 1:1000),
anti-kidney injury molecule-1 (KIM-1) (ab78494, 1:1000),
anti-H3 (ab1791, 1:100), anti-H3K27ac (ab4729, 1:1000),
anti-apoptosis-associated speck-like protein containing a
CARD (ASC) (ab180799, 1:1000), anti-Nod-like receptor
family pyrin domain containing 3 (NLRP3) (ab263899,
1:1000), anti-interleukin (IL)-18 (ab191152, 1:1000), anti-
CD9 (ab223052, 1:1000), anti-CD63 (ab216130, 1:200),
anti-TSG101 (ab125011, 1:1000), anti-Calnexin (ab133615,
1:1000), anti-GAPDH (ab8245, 1:1000), anti-p-actin
(ab8226, 1:1000) (all from Abcam), anti-cleaved caspase-1
[#4199, 1:1000, Cell Signaling Technology (CST), Bev-
erly, MA, USA], anti-SNRK (PA5-59,897, 1:1000, Thermo
Fisher Scientific, Waltham, MA, USA), and anti-gasdermin
D (GSDMD; sc-81868, Santa Cruz Biotechnology, Santa
Cruz, CA, USA) overnight at 4 °C. The membranes were
washed three times with Tris-buffered saline with Tween
20 (TBST) for 10 min each time and probed with a second-
ary antibody [horseradish peroxidase-tagged goat anti-rabbit
immunoglobulin G (IgG); A0208, 1:1000, Beyotime] for 2 h
at room temperature. The membranes underwent three TBST
washes for 10 min each, followed by dropwise addition of
enhanced chemiluminescence solution (POO18FS, Beyo-
time) and detection on a chemiluminescence imaging sys-
tem (Bio-Rad, Hercules, CA, USA). Relative protein level
was expressed as the grayscale value of the corresponding
protein band/that of the GAPDH or p-actin protein band
and analyzed using the Quantity One v4.6.2 software. The
experiment was repeated three times with the mean value
calculated.

3-(4,5-Dimethylthiazol-2-yl)-2,5 diphenyl
tetrazolium bromide (MTT) assay

HK-2 cells were seeded on 96-well plates, with three rep-
licates for each sample. Then, 10 pL of MTT solution
(M6494, Thermo Fisher Scientific) was added into each
well for 2 h incubation. Finally, DMSO (Sigma-Aldrich) was
added to terminate the reaction, and the optical density (OD)
value at 490 nm was measured using a microplate reader
(Model 680; Bio-Rad).

Flow cytometry

Apoptosis in HK-2 cells was determined using an Annexin
V-Fluorescein Isothiocyanate (FITC) Apoptosis Detection
Kit (Beyotime). Cells were harvested by centrifugation after
trypsinization and resuspended in binding buffer, followed
by 15 min culture with Annexin V-FITC at room tempera-
ture. The apoptosis was measured on a flow cytometer. All
experiments were repeated three times.

Immunofluorescence

After routine trypsinization, transfected HK-2 cells were
counted and incubated in immunofluorescence chambers at
2% 10° cells/well. After cell confluence reached 60 — 80%,
the cells underwent three PBS rinses for 5 min each time and
15 min fixation with 4% paraformaldehyde. Following three
PBS rinses for 5 min each time, the cells were permeabilized
with 1% Triton X-100 (diluted in PBS) for 2 min on ice
and rinsed with PBS 3 times for 5 min each time. The cells
were blocked for 1 h in 5% serum, rinsed three times with
PBS for 5 min each time, and probed with primary antibod-
ies against KIM-1 (ab78494, 1:300, Abcam) and NLRP3
(MA5-23,919, 1:100, Thermo Fisher Scientific) prepared
with PBS. Afterward, the cells were re-probed with green
FITC fluorescence-labeled goat anti-rabbit secondary anti-
body (ab6717, 1:2000, Abcam) for 1 h at room temperature
in the dark. Subsequent to 15 min nuclei staining with DAPI,
the cells were observed and photographed using a fluores-
cence microscope under the same exposure conditions. Each
experiment was repeated three times.

Enzyme-linked immunosorbent assay (ELISA)

The levels of proinflammatory factors IL-1, IL-6, and
tumor necrosis factor-a (TNF-a) were detected using the
corresponding ELISA kits (R&D Systems, Minneapolis,
MN, USA). To be specific, 100 pL of samples or standards
were placed in the wells for 90 min incubation in a 37 °C
incubator and then incubated for 60 and 30 min with specific
antibodies and avidin—biotin—peroxidase complex diluent,
respectively. Following 20 —25 min of incubation with tetra-
methylbenzidine developer, the OD values were assessed at
450 nm with a microplate reader.

Lactate dehydrogenase (LDH) level determination

LDH levels in HK-2 cells were evaluated using an LDH
assay kit (A020-2-2, NanJing JianCheng Bioengineering
Institute, Nanjing, China) following the manufacturer’s man-
uals. In detail, HK-2 cells were seeded in a 96-well plate,
followed by 5-min centrifugation at 400 g and removal of
the supernatant. LDH release reagent was diluted ten times
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with 150 pL of PBS and mixed with the cells, followed by
1-h incubation at 37 °C. The mixture was then centrifuged
at 400 g for 5 min, and 120 pL of supernatant from each
well was added into a new 96-well plate. Each well was
supplemented with 60 uL of working solution before 30-min
incubation at room temperature in the dark. The OD values
at 490 nm were measured using the Model 680 microplate
reader (Bio-Rad).

RNA immunoprecipitation (RIP) assay

Cells were washed twice with pre-chilled PBS, centrifuged
at 1500 rpm for 5 min, and mixed with an equal volume
of RIP lysis buffer. Magnetic beads were resuspended with
100 pL of RIP Wash Buffer and incubated with approxi-
mate 5 pg of Argonaute 2 (Ago2) antibody (ab32381, 1:100,
Abcam) or IgG antibody (NC) for 30 min at room tempera-
ture. The centrifuge tubes were placed on a magnetic stand
with the supernatant discarded, and each tube was supple-
mented with 500 pL of RIP Wash Buffer and shaken with the
supernatant removed. This washing procedure was repeated
once. Next, each tube was added with 500 pL of RIP Wash
Buffer, shaken, and placed on ice. The prepared bead tubes
were placed on a magnetic stand, followed by removal of
the supernatant. Then, each tube was added with 900 pL of
RIP Immunoprecipitation Buffer. The cell lysate was rapidly
thawed and centrifuged at 14,000 rpm at 4 °C for 10 min.
Then, 100 pL of supernatant was added to the bead—anti-
body complex for overnight incubation at 4 °C. Following
transient centrifugation, the tube was placed on a magnetic
stand and the supernatant was discarded. After addition of
500 pL of RIP Wash Buffer and shaking, the tube was posi-
tioned on the magnetic stand with the supernatant removed,
and washed six times. Each sample was added with 150 pL
of Proteinase K Buffer to resuspend the magnetic bead-anti-
body complex, followed by 30-min incubation at 55 °C. The
tube was placed on the magnetic stand before collection of
the supernatant. miR-223-3p and HDAC?2 expression was
detected by qRT-PCR after RNA extraction. Each experi-
ment was repeated three times.

Dual-luciferase reporter gene assay

The binding site of miR-223-3p to HDAC2 was predicted
by online software starBase (http://www.starbase.sysu.edu.
cn/). Based on the predicted results, wild-type (wt) and
mutant (mut) sequences of the binding site (wt-HDAC2
and mut-HDAC2) were designed and synthesized. The wt
and mut sequences were separately inserted into the lucif-
erase reporter gene vector (pGL3-Promoter) and then co-
transfected with miR-223-3p agomir (30 nM) or agomir NC
(30 nM) into HEK293T cells (Shanghai Sixin Biotechnol-
ogy Co., Ltd., Shanghai, China). Subsequent to transfection,
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firefly luciferase activity and Renilla luciferase activity were
determined, and the ratio of firefly luciferase to Renilla lucif-
erase activity was the relative activity of luciferase, with
Renilla luciferase activity as an internal reference. The
experiment was repeated three times.

Chromatin immunoprecipitation (ChIP) analysis

ChIP analysis was performed using a ChIP analysis kit
(Thermo Fisher Scientific). Chromatin was subjected to
cross-linking, isolation, and digestion with micrococcus
nuclease to obtain DNA fragments according to the manu-
facturer's protocols. Antibodies against HDAC2 (#57,156,
CST), H3K27ac (#8173, CST), and IgG (ab182931, Abcam)
were added to the reaction system for immunoprecipitation.
The eluted and purified DNA fragments were detected by
PCR with the primers of the SNRK promoter (forward,
5'-"TGTGATGCCTTTCCTAAGTCCT-3'; reverse, 5'-CCA
ATGGTAAGGCTGGGCTA-3"). IgG served as an NC.

Experimental animal treatment and grouping

Forty 8-week-old healthy male Sprague-Dawley (SD) rats
were purchased from Hunan SJA Laboratory Animal Co.,
Ltd. (Hunan, China). The SD rats were housed in a spe-
cific pathogen-free animal room at a room temperature of
21 —25 °C with a relative humidity of 50 —65%, a 12:12 h
light/dark cycle, and free access to water and food. The rats
were placed in sham, AKI, BMSCs-miR-223-3p-EVs +sh-
SNRK, and BMSCs-miR-223-3p-EVs +sh-NC groups. Rats
in the BMSCs-miR-223-3p-EVs 4+ sh-SNRK and BMSCs-
miR-223-3p-EVs + sh-NC groups were co-injected with
100 pg of PBS-suspended BMSCs-miR-223-3p-EVs [24,
25] and 1% 10° TU of sh- NC or sh-SNRK [26, 27] via tail
vein before AKI modeling.

Establishment of an AKI rat model

The AKI rat model was generated reference to the descrip-
tions in previous literature [28]. In brief, after acclimating
for 1 week, SD rats were fasted for 12 h, but were allowed
to drink freely. The rats were then anesthetized with an
intraperitoneal injection of pentobarbital sodium and fixed
in the supine position. Subsequent to disinfection, an inci-
sion was made along the midline of the abdomen to free the
mesentery and cecum. Except for sham-operated rats, the
remaining rats were subjected to circular ligation below the
ileocecal valve with silk thread and a needle was used to
perforate the ligated cecum at the front and end. A little of
feces was extruded, and the incision was sutured. Rats in the
sham group underwent identical treatment except for cecum
ligation and perforation.
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Periodic acid Schiff (PAS) staining

Paraffin sections of kidney tissues were routinely dewaxed
and hydrated, washed with distilled water for 1 min, and
stained with periodic acid solution for 30 min. After being
rinsed with distilled water, the sections were stained with
Schiff reagent for 30 min in the dark, washed with sodium
bisulfite solution for 3 X 2 min, counterstained with hema-
toxylin for 1 min, and rinsed with tap water for 5 min. The
sections were photographed under a light microscope after
gradient alcohol dehydration, xylene clearing, and neutral
gum mounting.

Hematoxylin-eosin (HE) staining

Kidney tissue sections underwent conventional gradient
alcohol dehydration, xylene clearing, and deionized water
rinsing. After hematoxylin staining for 3 —5 min, the sec-
tions were rinsed with deionized water, differentiated with
1% hydrochloric alcohol for 20 s, and returned to blue with
1% ammonia for 30 s. Then, the sections were rinsed with
deionized water and counterstained with 1% eosin solution
for 5 min, followed by rinsing with tap water for 5 min and
with deionized water for 1 min. The sections were rou-
tinely dehydrated (75%, 90%, 95%, and absolute ethanol for
5 min each), cleared (xylene for 10 min X2 times), dried,
and mounted, followed by microscopic observation and
photography.

Masson staining

Paraffin sections of kidney tissues were subjected to rou-
tine dewaxing, hydration, and 10-min hematoxylin staining.
After 10-s differentiation with 1% hydrochloric alcohol, the
sections were rinsed with tap water, returned to blue with
Masson solution for 5 min, and washed with distilled water
for 1 min. Ponceau fuchsin staining buffer was added for
5 min staining, after which the sections underwent 2 min
phosphomolybdic acid washing, 1 min weak acid working
solution washing, and 1 min aniline blue counterstaining.
Then, the sections were washed with weak acid work-
ing solution for 1 min, dehydrated with gradient alcohol,
and cleared with xylene before neutral gum mounting and
observation and photography under a light microscope. Five
unconnected fields of view were randomly selected from
each section at 400 X magnification, and the percentage
of glomerular collagen fibers was calculated based on the
collagen fiber staining area using the Image-Pro Plus 6.0
software. The collagen fibers were stained by aniline blue
in blue, and muscle fibers and cytoplasm were stained by
Ponceau fuchsin in red.

TdT-mediated dUTP-biotin nick end-labeling
(TUNEL) staining

Rat kidney tissues were fixed overnight in 4% paraformal-
dehyde, paraffin-embedded, and then sliced. Five slices of
kidney tissues were dewaxed and hydrated, after which each
slice was added with 0.25% Triton X-100 solution for 20-min
incubation. Fresh TUNEL reaction solution was added to the
slices for 1 h of incubation at 37 °C in the dark. Anti-fade
agent containing DAPI was used to block the slices before
image capture under a fluorescence microscope.

Kidney function testing

The levels of rat kidney function indicators creatinine (CRE)
and blood urea nitrogen (BUN) were measured using an
automatic biochemical analyzer. Blood was attained from
the eyes of rats and then centrifuged at 1,000 rpm for 10 min
to separate serum, followed by the detection of serum CRE
and BUN levels on the automatic biochemical analyzer.

Statistical analysis

Data were statistically analyzed using the GraphPad prism7
software, and all data were summarized as mean + standard
deviation. Comparisons between two groups were analyzed
using the 7 test, while comparisons among multiple groups
were performed using one-way analysis of variance, with
Tukey’s multiple comparisons test for post hoc multiple
comparisons. P <0.05 was considered statistically different.

Results
Identification of BMSCs and BMSCs-EVs

To explore the function of BMSCs-EVs containing miRNAs
in AKI, we first identified the purchased BMSCs as well
as the extracted BMSCs-EVs. Microscopic observation of
morphology showed that the BMSCs were long shuttle or
shuttle in shape and arranged in a swirling pattern (Fig. 1A).
Flow cytometry detection of surface markers of BMSCs
displayed positive expression of CD29, CD90, and CD44
but negative expression of CD45 and CD34 (Fig. 1B). The
BMSCs were positive for ARS staining, Oil red O stain-
ing, and Alcian blue staining after cultures in osteogenic,
adipogenic, and chondrogenic differentiation induction
media, respectively (Fig. 1C). The aforementioned results
suggested that the BMSCs had high purity and homoge-
neity and was qualified for subsequent experimentations.
Then, the extracted BMSCs-EVs were identified, and the
BMSCs-EVs exhibited spherical or oval shapes of uniform
size and typical characteristics of BMSCs-EVs under the
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Fig.1 BMSCs and BMSCs-EVs are identified A Morphological
observation of BMSCs. B Flow cytometry detection of the expres-
sion of BMSC markers (CD29, CD44, and CD90) and non-BMSC
markers (CD45 and CD34). C Identification of osteogenic differen-
tiation (Alizarin Red S staining), adipogenic differentiation (Oil red
O staining), and chondrogenic differentiation (Alcian blue staining)
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of BMSCs. D TEM observation of the morphology of BMSCs-EVs’
morphology. E The nanoparticle tracking analysis of the particle
size of BMSCs-EVs. F Western blotting detection of CD9, CD63,
TSG101, and Calnexin expression in the extracted EVs. G Fluo-
rescence microscopy observation of the uptake of PKH26-labeled
BMSCs-EVs by HK-2 cells
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TEM (Fig. 1D). Moreover, the particle size was within the
range of 80—160 nm, shown by the NTA particle-size analy-
sis (Fig. 1E). Immunoblots of EV surface marker proteins
depicted that CD9, CD63, and TSG101 were significantly
expressed in BMSCs-EVs compared with BMSCs, but Cal-
nexin was not expressed in the EVs (Fig. 1F). Finally, the
uptake of PKH26-1labeled EVs by LPS-treated HK-2 cells
was analyzed, and the fluorescence micrographs showed that
a large number of EVs were taken up by LPS-treated HK-2
cells after 12 h of co-culture and were completely distributed
around the nucleus, whereas no PKH26 fluorescence was
observed in LPS-treated HK-2 cells co-cultured with PBS
(Fig. 1G). From the above, EVs were successfully isolated
from BM SCs and could be ingested by LPS-treated HK-2
cells.

BMSCs-EVs’ attenuated secretion
of proinflammatory cytokines and pyroptosis
in LPS-treated HK-2 cells

LPS-induced HK-2 cells were co-cultured with BMSCs
before and after the addition of GW4869, a specific inhibitor
of EV release, to ascertain the impacts of BMSCs-EVs on
proinflammatory cytokine release and pyroptosis. Reflected
by MTT and flow cytometry results, HK-2 cell viability was
obviously decreased and apoptosis rate was substantially
increased by LPS treatment ("P <0.05). After co-culture
with BMSCs, the viability of LPS-stimulated HK-2 cells was
dramatically enhanced and the apoptosis rate was conspicu-
ously diminished (Fig. 2A, B, ip< 0.05). Immunofluores-
cence and western blotting revealed that KIM-1 (a biomarker
of kidney injury) expression in LPS-treated HK-2 cells was
signally higher than in control HK-2 cells (P < 0.05). Fol-
lowing co-culture with BMSCs, KIM-1 expression was
evidently reduced in the LPS-induced HK-2 cells (Fig. 2C,
D, #P <0.05). The results of ELISA for detecting LDH and
proinflammatory factors (IL-1p, IL-6, and TNF-a) showed
that LDH, IL-1p, IL-6, and TNF-«a levels in the superna-
tant of HK-2 cells were considerably elevated following
LPS treatment ("P <0.05), while co-culture with BMSCs
reversed these trends (Fig. 2E, F, #P<0.05). Immunofluo-
rescence detection of NLRP3 showed that NLRP3 was dif-
fusely distributed in the cytoplasm of control HK-2 cells
and gathered in LPS-induced HK-2 cells. The treatment of
BMSCs observably diminished NLRP3 spot formation in
LPS-treated HK-2 cells (Fig. 2G). Shown by the western
blots, LPS-treated HK-2 cells had higher NLRP3, ASC,
cleaved caspase-1, and IL-18 protein expression than
control HK-2 cells (*P< 0.05), whereas these trends were
negated by co-culture with BMSCs (Fig. 2H, *P <0.05).
Moreover, GSDMD cleavage and cleaved GSDMD-N were
prominently augmented in HK-2 cells by LPS treatment.
The co-culture with BMSCs caused a conspicuous decline in

GSDMD cleavage and cleaved GSDMD-N in LPS-induced
HK-2 cells (Fig. 21). Interestingly, co-culture of LPS-treated
HK-2 cells and GW4869-treated BMSCs strikingly abro-
gated the attenuating effects of BMSCs on the release of
proinflammatory cytokines and pyroptosis in LPS-treated
HK-2 cells (Fig. 2A, I and P <0.05). These results indicated
that the ameliorative impacts of BMSCs on proinflammatory
cytokine secretion and pyroptosis in HK-2 cells were indeed
regulated by BMSCs-EVs. Taken together, BMSCs-EVs
lightened proinflammatory cytokine release and pyroptosis
in LPS-treated HK-2 cells.

BMSCs-EVs overexpressing miR-223-3p repressed
proinflammatory cytokine release and pyroptosis
in LPS-treated cells

In the above experiments, we noted that BMSCs-EVs
relieved proinflammatory cytokine generation and pyrop-
tosis in LPS-treated HK-2 cells, but the related molecular
mechanisms remained enigmatic. Therefore, bioinformat-
ics analysis was conducted to predict the potential mecha-
nisms of BMSCs-EVs in AKI. The analysis of the database
GSE172039 displayed that miR-223-3p expression was
markedly low in the AKI model (Fig. 3A). Therefore, we
speculated that BMSCs-EVs lightened proinflammatory
cytokine generation and pyroptosis in LPS-treated cells
probably by loading miR-223-3p. Subsequently, miR-
223-3p expression in AKI patients, LPS-treated HK-2 cells,
and BMSCs-EVs was measured by qRT-PCR. The results
showed that miR-223-3p was remarkably downregulated
in AKI patients or LPS-treated HK-2 cells than in healthy
volunteers or control HK-2 cells ("P <0.05) but abundantly
expressed in BMSCs-EVs (Fig. 3B, “P <0.05). EVs were
extracted from BMSCs after transfection with miR-223-3p
agomir or agomir NC. qRT-PCR results manifested that
miR-223-3p expression was observably higher in BMSCs-
miR-223-3p-EVs than in BMSCs-agomir NC-EVs (Fig. 3C
and P <0.05). Then, BMSCs-miR-223-3p-EVs or BMSCs-
agomir NC-EVs were co-incubated with LPS-treated HK-2
cells. miR-223-3p expression in LPS-treated HK-2 cells was
enhanced in response to the treatment with BMSCs-miR-
223-3p-EVs (Fig. 3D and P <0.05). Meanwhile, MTT assay
and flow cytometry exhibited that HK-2 cell viability was
conspicuously elevated and the apoptosis rate was mark-
edly lowered in the presence of BMSCs-miR-223-3p-EVs
(Fig. 3E, F and P <0.05). Shown by immunofluorescence
and western blotting, KIM-1 expression in LPS-treated
HK-2 cells was substantially diminished by BMSCs-miR-
223-3p-EVs (Fig. 3G, H and P <0.05). Moreover, LDH,
IL-14, IL-6, and TNF-a levels were appreciably reduced
in the supernatant of LPS-treated HK-2 cells following
the treatment with BMSCs-miR-223-3p-EVs (Fig. 31, J
and P <0.05). Immunofluorescence and western blotting

@ Springer



Z. Xieetal.

562
=3 Control
= LPs
A B3 LPS+BMSCs B
150~ Em LPS+BMSCs+GW4869 Control LPS

=3 Control
= LPS
LPS+BMSCs+ =3 LPS+BMSCs
LPS+BMSCs GW43869

mm | PS+BMSCs+GW4869

@22
280%

22

1072

21
0.74%

S 108

12:86%

1073

Q21
1.94%

@2

az.1
7.40% 0.35%

5 1073

108
10!

Pl

».

104 10
¢
102 10% 104 105 105 1073

Cell Viability(%)

104 105
104 105

Pl
Pl

Apoptosis rate (%)

HK-2 cell

Control

E =3 Control F =1 Control
B LPS = LPS
mEm LPS+BMSCs = LPS+BMSCs
200 Bl LPS+BMSCs+GW4869 -

* &

100:

IL-6 (pg/mL)

50

LDH activity (%)

HK-2 cell HK-2 cell

Control LPS+BMSCs

- 10
1097 102 10 10* 10% 108 1079 —vu“’ 102 10° 10 10 10¢ 10 —w"’ 107 10% 10* 10% 10® 1079 —10“' 102 10% 10 105 10 1079
FITC FITC FITC FITC 0:
HK-2 cell
LPS+BMSCs D
LPS LPS+BMSCs +GW4869

KIM-1 [ = |

B-actin |— — — -|
34
c &
£ *
3
-
c
2527 #
]
=0
€ g
2817
]
Kt
)
['4
0_
> X
S 3 g 3
&
& 8 3 @a’oq
O Q > P
P FY
WV 76
=3 Control =3 Control
= LPS = LPS
mEm LPS+BMSCs = LPS+BMSCs
mm | PS+BMSCs+GW4869 500 HH LPS+BMSCs+GW4869
_ i & - 400 ]
£ 300 £ 20
2 g
@ 4 3 200 #
4 z
F 100
0
HK-2 cell HK-2 cell
LPS+BMSCs

+GW4869

Fig.2 BMSCs-EVs attenuate proinflammatory cytokine secretion
and pyroptosis in LPS-treated cells BMSCs treated with or without
GW4869 were co-cultured with LPS-treated HK-2 cells. A MTT
assay to detect HK-2 cell viability. B Flow cytometry to determine
HK-2 cell apoptosis. C, D Immunofluorescence (C) and western blot-
ting (D) to test the expression of KIM-1. (E, F) ELISA to analyze
changes in the activity of LDH (E) and the levels of proinflammatory
factors IL-1p, IL-6, and TNF-a (F) in supernatants of HK-2 cells. G
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Immunofluorescence to examine NLRP3 expression in HK-2 cells. H
Western blotting to assess the expression of pyroptosis-related pro-
teins (NLRP3, ASC, cleaved caspase-1, and IL-18) in HK-2 cells. I
Western blotting detection of GSDMD cleavage in HK-2 cells. Data
were expressed as mean+standard deviation, and each experiment
was repeated three times. “P <0.05 vs. control HK-2 cells; P <0.05
vs. LPS-induced HK-2 cells; P <0.05 vs. LPS-induced HK-2 cells
treated with BMSCs
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Fig.2 (continued)

depicted a considerable reduction in NLRP3 spot forma-
tion in the cells and decreases in NLRP3, ASC, cleaved cas-
pase-1, and IL-18 protein expression, GSDMD cleavage, and
cleaved GSDMD-N in LPS-treated HK-2 cells subsequent to
the co-incubation with BMSCs-miR-223-3p-EVs (Fig. 3K,
M and P <0.05). In summary, overexpression of miR-223-3p
in BMSCs-EVs suppressed proinflammatory cytokine pro-
duction and pyroptosis in LPS-treated HK-2 cells.

BMSCs-EVs carrying miR-223-3p alleviated
proinflammatory cytokine production

and pyroptosis in LPS-treated HK-2 cells

by negatively orchestrating HDAC2 expression

In the aforementioned experiments, we found that BMSCs-
EV-packaged miR-223-3p subdued proinflammatory
cytokine release and pyroptosis in LPS-treated HK-2 cells,
but the related molecular mechanisms were poorly identi-
fied. In this context, the molecular mechanism of miR-
223-3p in AKI was predicted by bioinformatics analysis.
The starBase website predicted that miR-223-3p had a bind-
ing site for HDAC2 (Fig. 4A). We, therefore, hypothesized
that the repressive influences of BMSCs-EVs overexpress-
ing miR-223-3p on the proinflammatory cytokine secretion
and pyroptosis in LPS-treated HK-2 cells might be achieved

through HDAC2. HDAC?2 expression was first examined
in AKI patients and LPS-treated HK-2 cells. Relatedly,
HDAC?2 mRNA and protein levels were signally increased
in the serum of AKI patients as well as in LPS-induced
HK-2 cells compared with the controls (Fig. 4B, “P<0.05).
Next, we explored the relationship between miR-223-3p and
HDAC?2. RIP assay presented that anti-Ago2 captured a sig-
nificant amount of HDAC2 mRNA and miR-223-3p versus
anti-IgG (Fig. 4C, "P <0.05). The results of dual-luciferase
reporter gene assay showed that miR-223-3p agomir did not
affect the luciferase activity of mut-HDAC?2 sequence, but
noticeably decreased the luciferase activity of wt-HDAC?2
sequence (Fig. 4D, “P <0.05). To further investigate the
relationship between these two genes, BMSCs-miR-223-
3p-EVs or BMSCs-agomir NC-EVs were co-incubated with
LPS-stimulated HK-2 cells transfected with OE-HDAC?2 or
OE-NC. qRT-PCR or western blotting results manifested
that HDAC2 mRNA and protein levels in LPS-induced HK-2
cells were dramatically reduced by BMSCs-miR-223-3p-
EVs (*P <0.05), which was annulled by OE-HDAC?2 trans-
fection (Fig. 4E and P <0.05).

Finally, we explored the impacts of co-treatment of
BMSCs-miR-223-3p-EVs and OE-HDAC?2 on proinflam-
matory cytokine release and pyroptosis in LPS-treated HK-2
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Fig.3 BMSCs-EV-delivered miR-223-3p inhibits secretion of proinflam-
matory cytokines and pyroptosis in LPS-treated HK-2 cells. A Analysis of
miR-223-3p expression in AKI model of GSE172039 database. B qRT-PCR
detection of miR-223-3p expression in AKI patients (n=20), LPS-treated
HK-2 cells, and BMSCs-EVs. C qRT-PCR detection of miR-223-3p in EVs
from BMSCs transfected with miR-223-3p agomir. BMSCs-miR-223-3p-
EVs or BMSCs-agomir NC-EVs were co-incubated with LPS-treated HK-2
cells. D gqRT-PCR assay of miR-223-3p expression in HK-2 cells. E MTT
assay to assess HK-2 cell viability. F HK-2 cell apoptosis detected by flow
cytometry. G, H KIM-1 expression in HK-2 cells determined by immuno-
fluorescence (G) and western blotting (H). I, J ELISA to measure changes

in the expression of LDH (I) and proinflammatory factors IL-1p, IL-6, and
TNF-a (J) in supernatants of HK-2 cells. K Immunofluorescence measure-
ment of NLRP3 expression in HK-2 cells. L. Western blotting analysis of
NLRP3, ASC, cleaved caspase-1, and IL-18 protein expression in HK-2
cells; M Western blotting to detect GSDMD cleavage in HK-2 cells. Data
were expressed as meanz+standard deviation, and each experiment was
repeated three times. “P<0.05 vs. healthy controls or control HK-2 cells;
#P<0.05 vs. LPS-treated HK-2 cells; “P<0.05 vs. BMSCs-agomir NC-EVs
or LPS-treated HK-2 cells co-incubated with BMSCs-agomir NC-EVs
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<« Fig.4 BMSCs-EV-encapsulated miR-223-3p decreased HDAC2 expres-

sion to mitigate release of proinflammatory cytokines and pyroptosis in
LPS-treated HK-2 cells Note: A The binding site of miR-223-3p to HDAC2
and mutant sequence. B HDAC2 mRNA and protein levels in AKI patients
(n=20) and LPS-treated HK-2 cells detected by qRT-PCR and western blot-
ting. C, D RIP and dual-luciferase reporter gene assays to verify the binding
between miR-223-3p and HDAC2. BMSCs-miR-223-3p-EVs or BMSCs-
agomir NC-EVs were co-incubated with LPS-stimulated HK-2 cells trans-
fected with OE-HDAC2 or OE-NC. E gRT-PCR and western blotting to
measure HDAC2 mRNA and protein levels. F MTT assay of cell viability.
G Apoptosis determined by flow cytometry. H, I Immunofluorescence (H)
and western blotting (I) analyses of KIM-1 expression. J, K ELISA analy-
sis of changes in the expression of LDH (J) and proinflammatory factors
IL-1B, IL-6, and TNF-a (K) in cell supernatants. L. Immunofluorescence
assessment of the expression of NLRP3 in HK-2 cells. M Western blotting to
evaluate the expression of NLRP3, ASC, cleaved caspase-1, and IL-18 pro-
teins. (N) GSDMD cleavage tested by western blotting. Data were expressed
as mean+standard deviation, and each experiment was repeated three times.
“P<0.05 vs. healthy controls, control HK-2 cells, LPS-treated HK-2 cells,
IgG, or agomir NC treatment; *P<0.05 vs. LPS-stimulated HK-2 cells
treated with BMSCs-agomir NC-EVs+OE-NC; &p<0.05 vs. LPS-stimu-
lated HK-2 cells treated with BMSCs-miR-223-3p-EVs+OE-NC

cells. MTT and flow cytometry results showed observably
reduced viability and conspicuously augmented apoptosis
in LPS-treated HK-2 cells co-incubated with BMSCs-miR-
223-3p-EVs after the HK-2 cells were transfected with
OE-HDAC?2 (Fig. 4F, G and P <0.05). Moreover, it was
observed in the results of immunofluorescence and western
blotting that OE-HDAC?2 treatment triggered a significant
enhancement of KIM-1 expression in LPS-treated HK-2
cells in the presence of BMSCs-miR-223-3p-EVs (Fig. 4H,
I and P <0.05). Meanwhile, in the presence of BMSCs-miR-
223-3p-EVs, HDAC?2 overexpression remarkably increased
LDH, IL-1p, IL-6, and TNF-a levels in the supernatant of
LPS-treated HK-2 cells (Fig. 4], K and P <0.05). Reflected
by immunofluorescence and western blotting, an obvious
augmentation of NLRP3 spot formation in the cells and
increases in NLRP3, ASC, cleaved caspase-1, IL-18, and
cleaved GSDMD-N expression were found in LPS-treated
HK-2 cells co-incubated with BMSCs-miR-223-3p-EVs in
the presence of OE-HDAC?2 (Fig. 4L, N and P <0.05). In
conclusion, BMSCs-EV-encapsulated miR-223-3p curtailed
proinflammatory cytokine secretion and pyroptosis in LPS-
treated HK-2 cells by downregulating HDAC2.

HDAC2 reduced H3 acetylation level to constrain
SNRK transcription

HDAC?2 is a histone deacetylase that can reduce H3 acety-
lation level and thus manipulate downstream target genes.
UCSC database analysis revealed the presence of peak H3
acetylation in the promoter region of SNRK (Fig. 5A), sug-
gesting that SNRK transcription was controlled by histone
acetylation. Thus, a hypothesis was drawn that SNRK might
be involved in the alleviatory effects of miR-223-3p/HDAC2

on proinflammatory cytokine upregulation and pyroptosis in
LPS-treated HK-2 cells. First, we examined SNRK expres-
sion in AKI patients and HK-2 cells. qRT-PCR and western
blotting revealed that SNRK mRNA and protein levels were
conspicuously lower in AKI patients and LPS-stimulated
HK-2 cells than in the controls (Fig. 5B, “P<0.05). A notice-
able decline of HDAC?2 expression and a prominent elevation
of SNRK expression were detected in HK-2 cells following
sh-HDAC?2 transfection (Fig. 5C, “P <0.05), suggesting that
HDAC?2 may inversely modulate SNRK expression.

Then, we explored whether SNRK expression is directly
controlled by HDAC2. ChIP assay depicted that HDAC2
bound to strikingly more SNRK promoter than IgG
(Fig. 5D, "P <0.05), illustrating that HDAC2 was enriched
in the transcriptional regulatory region of SNRK gene.
Afterward, we delved into the question whether H3K27ac
is implicated in the transcriptional mediation of SNRK by
HDAC?2. Immunoblots showed no obvious change in total
H3 expression but a significant decline of H3K27ac expres-
sion in LPS-treated HK-2cells (P <0.05). In response
to sh-HDAC?2 transfection, total H3 expression was not
prominently changed, but H3K27ac expression was sub-
stantially augmented in LPS-treated HK-2 cells (Fig. SE, F,
#P <0.05). ChIP assay results demonstrated that the SNRK
promoter was precipitated by H3K27ac rather than IgG
(Fig. 5G, "P <0.05). Transfection with sh-HDAC?2 contrib-
uted to the enrichment of H3K27ac in the SNRK promoter
region (Fig. 5H, *P <0.05). Finally, an HDAC activator
ITSA-1 was used to treat HK-2 cells in the presence of
sh-HDAC?2. As manifested in Fig. 5I, ITSA-1 nullified the
promoting impacts of sh-HDAC?2 on H3K27ac and SNRK
protein expression (P < 0.05). Collectively, HDAC2 sup-
pressed SNRK transcription by diminishing H3 acetylation
in LPS-treated HK-2 cells.

Downregulation of SNRK counteracted
the mitigating influences

of miR-223-3p-overexpressing BMSCs-EVs
on release of proinflammatory cytokines
and pyroptosis in LPS-treated HK-2 cells

To clarify whether SNRK participates in the inhibitory
impacts of miR-223-3p/HDAC2 on proinflammatory
cytokine upregulation and pyroptosis in LPS-treated
HK-2 cells, BMSCs-miR-223-3p-EVs or BMSCs-agomir
NC-EVs were co-incubated with LPS-stimulated HK-2
cells transfected with sh-SNRK or sh-NC. The results
of gqRT-PCR or western blotting in Fig. 6A revealed that
the treatment of BMSCs-miR-223-3p-EVs noticeably
enhanced miR-223-3p and SNRK expression in LPS-
stimulated HK-2 cells (#P <0.05). However, sh-SNRK did
not markedly affect miR-223-3p expression but noticeably
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Fig.5 HDAC?2 inhibits H3 acetylation, thus diminishing SNRK tran-
scription A UCSC database analysis of histone H3 acetylation in the
promoter region of SNRK. B qRT-PCR and western blotting detec-
tion of SNRK mRNA and protein levels in AKI patients (n=20)
and LPS-induced HK-2 cells. C qRT-PCR and western blotting to
determine HDAC2 and SNAK mRNA and protein levels in HK-2
cells transfected with sh-HDAC2. D ChIP assay to assess HDAC2
enrichment in the SNRK promoter region. E, F Western blotting to
measure H3K27ac expression in LPS-stimulated HK-2 cells before
and after transfection with sh-HDAC2. G H3K27ac expression in

HK-2 cell (AKI)

the SNRK promoter region evaluated by ChIP assay. H The enrich-
ment of H3K27ac in the SNRK promoter region in HK-2 cells after
transfection with sh-HDAC2 tested by ChIP assay. I The expres-
sion of H3K27ac, SNRK, and H3 proteins in LPS-stimulated HK-2
cells after the combination treatment of an HDAC activator ITSA-1
(10 pmol/L) and sh-HDAC?2 examined by western blotting. Data were
expressed as mean +standard deviation, and each experiment was
repeated three times. “P <0.05 vs. healthy controls or IgG; #*P <0.05
vs. LPS-stimulated HK-2 cells transfected with sh-NC; ¥P <0.05 vs.
LPS-stimulated HK-2 cells treated with sh-HDAC2 + DMSO
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reduced SNRK expression in LPS-stimulated HK-2 cells
in the presence of BMSCs-miR-223-3p-EVs (Fig. 6A and
P <0.05). MTT assay and flow cytometry results exhibited
significantly reduced viability and considerably acceler-
ated cell apoptosis in LPS-stimulated HK-2 cells co-incu-
bated with BMSCs-miR-223-3p-EVs after silencing of
SNRK (Fig. 6B, C and P <0.05). Depicted by immuno-
fluorescence and western blotting, LPS-stimulated HK-2
cells had observably increased KIM-1 expression after
SNRK silencing in the presence of BMSCs-miR-223-3p-
EVs (Fig. 6D, E and P <0.05). Moreover, in the super-
natant of LPS-stimulated HK-2 cells co-incubated with
BMSCs-miR-223-3p-EVs, LDH, IL-1p, IL-6, and TNF-a
levels were remarkably elevated in response to sh-SNRK
(Fig. 6F, G and P <0.05). Immunofluorescence and west-
ern blotting results demonstrated that SNRK silencing
substantially increased NLRP3 spot formation in the cells
and promoted NLRP3, ASC, cleaved caspase-1, IL-18, and
GSDMD-N expression in LPS-stimulated HK-2 cells in
the presence of BMSCs-miR-223-3p-EVs (Fig. 6H, J and
P <0.05). The above results suggested that SNRK silenc-
ing neutralized the attenuating effects of BMSCs-EV-shut-
tled miR-223-3p on proinflammatory cytokine release and
pyroptosis in LPS-treated HK-2 cells.

SNRK silencing abolished the repressive effects
of miR-223-3p overexpression in BMSCs-EVs
on inflammation and pyroptosis in AKl rats

To further clarify the molecular mechanism of the mitigating
influences of BMSCs-EV-packaged miR-223-3p on inflam-
mation and pyroptosis in vivo, AKI rats were injected with
BMSCs-miR-223-3p-EVs together with sh-SNRK or sh-NC
via tail vein. Demonstrated by qRT-PCR or western blotting,
miR-223-3p and SNRK expression was significantly poorer
in the kidney tissues of AKI rats than in sham-operated
rats ("P <0.05). After the injection of BMSCs-miR-223-
3p-EVs alone, the kidney tissues of AKI rats displayed a
substantial elevation of miR-223-3p and SNRK expression
(*P <0.05). In the presence of BMSCs-miR-223-3p-EVs,
miR-223-3p expression was insignificantly changed and
SNRK expression was dramatically decreased by sh-SNRK
(Fig. 7A and P <0.05). HE and PAS staining showed that
in comparison to sham-operated rats, the glomerular vol-
ume of AKI rats considerably increased, and some tubular
epithelial cells were vacuolated and degenerated, accom-
panied by marked deposits of purple-red glycogen and a
small amount of inflammatory cell infiltration in the glo-
merular mesangium. BMSCs-miR-223-3p-EVs culminated
in the prominent diminishment of histopathological changes
in kidney tissues of AKI rats, which was negated by co-
treatment with sh-SNRK (Fig. 7B). TUNEL and Masson
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staining manifested an increased percentage of TUNEL-pos-
itive cells, thickening of glomerular basement membrane,
and increased blue staining of renal interstitial collagen
fibers in the kidney tissues of AKI rats compared to those
in sham-operated rats. The injection of BMSCs-miR-223-
3p-EVs observably improved histopathological changes of
kidney tissues in AKI rats, whereas SNRK silencing abro-
gated these trends (Fig. 7B). In addition, the serum levels
of CRE and BUN were noticeably increased in rats after
AKI modeling ("P <0.05). AKI rats injected with BMSCs-
miR-223-3p-EVs exhibited a remarkable decline of CRE
and BUN serum levels (*P < 0.05), which was nullified by
additional sh-SNRK treatment (Fig. 7C, D and P <0.05).
As depicted in the results of ELISA or western blotting, the
kidney tissues of rats manifested appreciable increases in
IL-1B, IL-6, and TNF-a levels and NLRP3, ASC, cleaved
caspase-1, and IL-18 protein expression after AKI mod-
eling (*P<0.05). IL-1p, IL-6, and TNF-a levels as well as
NLRP3, ASC, cleaved caspase-1, and IL-18 protein expres-
sion in kidney tissues were markedly diminished in AKI rats
after the injection of BMSCs-miR-223-3p-EVs (*P <0.05),
which was nullified by additional SNRK silencing (Fig. 7E,
F and P <0.05). The aforesaid data indicated that downregu-
lation of SNRK blocked the relieving effects of BMSCs-
EV-shuttled miR-223-3p on inflammation and pyroptosis in
AKI rats.

Discussion

AKI is a frequent syndrome that not only leads to waste
retention, impaired electrolyte balance, and altered drug
concentrations but also induces a universal inflammatory
response that afflicts distant organs [29]. MSC-EVs have
been extensively recognized as a potential cure for AKI,
with favorable effectiveness and safety [30]. To broaden the
understanding of the mechanisms of MSC-secreted EVs in
mitigating AKI, the present study specifically focused on the
mechanism by which BMSC-derived EVs repressed inflam-
mation and pyroptosis in AKI. The obtained data provided
a notion that BMSC-derived EV-encapsulated miR-223-3p
attenuated AKI-induced inflammation and pyroptosis by tar-
geting HDAC?2 and facilitating SNRK transcription.
BMSCs have displayed a promise for alleviating AKI
through kidney repair [31]. It was evidenced in prior
research that BMSCs could curtail I/R injury-induced AKI
in rats by releasing tumor necrosis factor-inducible gene 6
protein [32]. Besides the release of soluble molecules, the
secretion of EVs is an alternative mechanism of MSCs [33].
BMSC-derived EVs constrained inflammation and cell apop-
tosis and thereby ameliorated renal I/R injury in rats [34].
The research of Lin et al. uncovered that BMSC-released
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Fig.6 SNRK silencing counterweighs the inhibitory effects of miR-
223-3p upregulation in BMSCs-EVs on secretion of proinflamma-
tory cytokines and pyroptosis in LPS-treated HK-2 cells BMSCs-
miR-223-3p-EVs or BMSCs-agomir NC-EVs were co-cultured with
LPS-induced HK-2 cells transfected with sh-SNRK or sh-NC. A
miR-223-3p expression detected by qRT-PCR and SNRK expres-
sion measured by gqRT-PCR and western blotting in HK-2 cells.
B MTT assay to detect cell viability. C Cell apoptosis assessed by
flow cytometry. D, E Immunofluorescence (D) and western blotting
(E) analyses of KIM-1 expression. F, G ELISA to detect changes

in the expression of LDH (F) as well as proinflammatory factors
IL-1B, IL-6, and TNF-a (G) in cell supernatants. H Immunofluo-
rescence detection of NLRP3 expression in cells. I NLRP3, ASC,
cleaved caspase-1, and IL-18 protein expression tested by western
blotting. J Immunostaining examination of GSDMD cleavage. Data
were expressed as mean+standard deviation, and each experiment
was repeated three times. “P<0.05 vs. LPS-induced HK-2 cells;
#P<0.05 vs. LPS-induced HK-2 cells treated with BMSCs-agomir
NC-EVs+sh-NC; ¥P <0.05 vs. LPS-induced HK-2 cells treated with
BMSCs-miR-223-3p-EVs+sh-NC
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Fig.6 (continued)

microvesicles also restricted inflammation and pyroptosis
of macrophages in atherosclerotic plaques of mice [35].
Corroborating findings were reported in our research that
BMSC-secreted EVs subdued apoptosis, proinflammatory
cytokine release, and pyroptosis in LPS-treated HK-2 cells,
evidenced by reduced IL-1p, IL-6, TNF-a, NLRP3, ASC,
cleaved caspase-1, and IL-18 expression, NLRP3 spot for-
mation, and GSDMD cleavage. Meanwhile, our data indi-
cated that co-culture with BMSCs-EVs lowered KIM-1
expression and augmented viability of LPS-treated HK-2
cells. As reported, KIM-1, a biomarker of kidney injury, is

@ Springer

poorly expressed in normal kidneys and other organs, but
obviously overexpressed after AKI [36]. Taken together,
BMSC-derived EVs reduced proinflammatory cytokine
secretion and pyroptosis, thus alleviating AKI. A previous
study demonstrated that BMSCs minimized Gentamicin-
induced AKI in rats potentially via exosome-like microves-
icle-carried RNA [25]. Therefore, the alleviatory mecha-
nism of BMSC-EVs in AKI is eminently worth further
investigation.

Cells can selectively sort miRNA into EVs for delivery to
nearby or distant targets [37]. For instance, BMSC-derived
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Fig.8 BMSCs-EV-encapsulated
miR-223-3p targets HDAC2 to
promote SNRK transcription
and attenuate AKI-induced
inflammation and pyroptosis.
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increasing downstream SNRK
expression to alleviate AKI-
induced inflammation and
pyroptosis
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EVs could repress endoplasmic reticulum stress and pre-
vent kidney I/R injury by delivering miR-199a-5p [38].
Intriguingly, although Chen et al. noted that BMSC-released
EVs overexpressing miR-223 protected against liver injury
and inflammation in experimental autoimmune hepatitis
[39], little is known about the impacts of BMSC-derived
EV-shuttled miR-223-3p on AKI. Nevertheless, the role
of miR-223-3p has been researched in AKI. miR-223-3p
repression triggered the activation of the NLRP3/caspase-1/
IL-1p pathway to promote pyroptosis in renal tubular epi-
thelial cells in septic AKI [40]. Also, another study revealed
that miR-223-3p overexpression alleviated inflammation
and enhanced viability of LPS-stimulated HK-2 cells by
downregulating NLRP3 [41]. Moreover, the findings in our
dissertation illustrated that BMSCs-EVs overexpressing
miR-223-3p curbed KIM-1 expression, secretion of proin-
flammatory cytokines, pyroptosis, and apoptosis of LPS-
induced HK-2 cells as well as elevated the cell viability.
BMSCs-miR-223-3p-EVs also attenuated kidney injury,
pyroptosis, and inflammation in AKI rats. These observa-
tions contributed to a conclusion that BMSC-derived EVs
carrying miR-223-3p ameliorated AKI-triggered pyroptosis
and inflammation.

It is widely known that miRNA can reduce the expression
of target genes by directing RNA-induced silencing com-
plexes to bind specific target mRNAs to influence numer-
ous biological phenotypes [42]. For example, HDAC2 was
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a target gene of miR-223 during COVID-19 immunopatho-
genesis [43]. Similarly, starBase software predicted a target-
ing relationship between miR-223-3p and HDAC2 in our
study, which was validated by dual-luciferase reporter gene
and RIP assays. Further rescue experiments established that
HDAC?2 overexpression nullified the impacts of BMSCs-
miR-223-3p-EVs on proinflammatory cytokine secretion,
pyroptosis, viability, and apoptosis of LPS-induced HK-2
cells. Importantly, an earlier report found that HDAC2
was upregulated in LPS-stimulated rat renal tubular epi-
thelial cells and that TSA, an HDAC?2 inhibitor, lightened
sepsis-induced AKI [44]. Besides, the suppressive impact
of TSA on AKI was accompanied by decreased inflamma-
tion, KIM-1 expression, serum urea, and serum creatinine
[45]. Despite no research about the role of HDAC2 in AKI-
induced pyroptosis, there was evidence that HDAC2 sup-
pression led to the decline of pyroptosis in acute liver fail-
ure and cigarette smoke exposure-stimulated ovarian tissue
damage [46, 47].

Interactions between HDACs and DNA contribute to the
formation of compacted and inactive chromatin that inhibits
gene transcription [48]. In the current research, the UCSC
database predicted peak histone H3 acetylation in the SNRK
promoter, and further ChIP assay and western blotting exhib-
ited that HDAC?2 suppressed H3 acetylation to reduce SNRK
transcription. SNRK was observed to exert anti-inflamma-
tory impacts in different diseases. For instance, SNRK is
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able to restrain adipocyte inflammation [49]. In addition,
SNRK upregulation is noted to subdue cardiac inflamma-
tion during heart failure [50]. SNRK repressed inflammation
in angiotensin II-induced glomerular endothelial cells by
inactivating nuclear factor-xB/p65 [18]. However, there has
hitherto been little research about the influence of SNRK on
pyroptosis and AKI. Additional rescue experiments in our
study manifested that SNRK silencing annulled the effects of
BMSCs-miR-223-3p-EVs on inflammation and pyroptosis
in LPS-induced HK-2 cells and AKI rats.

Conclusion

Collectively, our findings uncovered that BMSC-derived
EVs decreased HDAC?2 expression and then enhanced
SNRK transcription by delivering miR-223-3p, which alle-
viated AKI-induced inflammation and pyroptosis (Fig. 8).
Investigation of BMSCs-EVs carrying miR-223-3p yields
a better understanding for AKI treatment. However, the
research is still at the preclinical stage, and the exploration
on the mechanism of miR-223-3p in AKI is not yet well
elaborated. Interpretation of our results should be cautious,
because our data were obtained in rats and cells with experi-
mental AKI which cannot completely mimic the develop-
ment of AKI in human beings and also because the AKI
model was not validated as the source of fulminant sepsis.
Hence, similar assays are warranted to further dissect the
intrinsic mechanisms.
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