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RGD hydrogel-loaded ADSC extracellular -l
vesicles mitigate uranium-induced renal injury
via TLR4/NF-kB pathway inhibition
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Abstract

Background Uranium-induced kidney damage represents a major health concern due to its toxic effects, including
mitochondrial dysfunction and inflammation. Mitochondrial DNA (mtDNA)-mediated pyroptosis is a critical pathway
in the pathogenesis of renal injury. The toll-like receptor 4 / nuclear factor-kappa B (TLR4/NF-kB) signaling pathway
plays a pivotal role in this process. Recent studies have shown that extracellular vesicles derived from adipose-derived
stem cells (ADSCs-EVs) possess therapeutic potential due to their anti-inflammatory and regenerative properties.
Incorporating ADSCs-EVs into arginine-glycine-aspartate (RGD), hydrogels may enhance their stability and therapeutic
efficacy in vivo. This study aims explore the molecular mechanism by which RGD hydrogel-loaded ADSCs-EVs
modulate mtDNA-mediated pyroptosis by suppressing the TLR4/NF-kB signaling pathway to alleviate uranium-
induced kidney injury.

Results Repairing mitochondrial dysfunction was found to mitigate mtDNA leakage, thereby inhibiting renal
pyroptosis. ADSCs-EVs alleviated uranium-induced renal cell damage by suppressing the TLR4/NF-kB signaling
pathway. In vivo animal experiments confirmed that RGD hydrogel-loaded ADSCs-EVs enhanced their stability in the
body and improved their therapeutic efficacy against kidney injury.

Conclusion Our findings reveal that RGD hydrogel-loaded ADSCs-EVs effectively inhibit the TLR4/NF-kB signaling
pathway, preventing mtDNA-mediated pyroptosis and alleviating uranium-induced kidney damage. This elucidation
provides a novel strategy for utilizing RGD hydrogel-loaded ADSCs-EVs in treating kidney injury.
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Introduction

In recent years, there has been a growing concern over
uranium-induced kidney damage [1]. Uranium, as a
heavy metal widely present in the environment, poses
potential toxicity that could pose serious threats to both
human health and the environment [2]. The use of ura-
nium has been increasing, particularly in nuclear energy
development and military activities, thereby exacerbating
the issue of uranium-induced kidney damage. Currently,
there is a lack of effective treatment strategies to mitigate
uranium-induced kidney damage, necessitating urgent
research efforts to safeguard human health and the envi-
ronment [3, 4].

Recent studies indicate that pyroptosis is a significant
mechanism underlying uranium-induced kidney dam-
age [5]. Mitochondria are critical organelles in cells, and
their dysfunction can lead to cell death [6-8]. During
mitochondrial damage, the release of mtDNA plays a key
role in pyroptosis. The release of mtDNA may exacerbate
inflammatory responses, thereby worsening the extent
of kidney damage [9-11]. Additionally, previous stud-
ies have demonstrated that mtDNA can activate toll-like
receptor 4 (TLR4), triggering inflammatory responses
during acute injuries [12, 13]. Therefore, further research
on mtDNA-mediated pyroptosis is crucial for under-
standing and treating uranium-induced kidney damage
[6, 14, 15].

Extracellular vesicles (EVs) play a significant role in
regulating mitochondrial dysfunction, thereby helping
to reduce inflammatory responses. This regulatory role
likely involves influencing mitochondrial dynamics and
function within cells, ultimately impacting DNA-associ-
ated pyroptosis. EVs can mediate intercellular signaling
by transferring biomolecules such as miRNAs and pro-
teins, influencing both physiological and pathological
processes. The applications of EVs in regenerative medi-
cine, anti-inflammatory therapies, and cancer treatment
are gaining widespread attention [16]. ADSCs-EVs are
cell-derived nanosized vesicles released by ADSCs [17].
These EVs are crucial in cell communication and regen-
erative therapy [18-20]. Previous studies have shown
that ADSCs-EVs exhibit potential therapeutic effects on
renal injuries, such as ischemia-reperfusion kidney injury
[21] and lipopolysaccharide (LPS)-induced acute kidney
injury [22]. However, there are no reports on the effects
of ADSCs-EVs on uranium-induced renal injury. There-
fore, investigating the role of ADSCs-EVs in alleviating
uranium-induced renal damage and its molecular mech-
anisms is of significant clinical importance for develop-
ing novel treatment strategies targeting uranium-induced
kidney injury.

This study aims to explore the role of ADSCs-EVs in
ameliorating uranium-induced renal damage and its
molecular mechanisms by modulating mtDNA-mediated
pyroptosis through the inhibition of the TLR4/NF-«xB
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signaling pathway. The findings of this study will provide
a basis and new insights for developing and designing
innovative treatment strategies for uranium-induced kid-
ney injury. This research is of crucial clinical significance
in searching for effective methods to address uranium-
induced renal damage issues. The contribution of this
study lies in offering new research directions and treat-
ment strategies, providing a breakthrough in the treat-
ment of uranium-induced kidney injury, and potentially
guiding and aiding researchers and clinicians seeking to
tackle this serious threat. By enhancing the understand-
ing of the application of ADSCs-EVs in kidney injury
treatment, this research holds promise in offering new
possibilities for the treatment of uranium-induced renal
damage and contributing to the protection of human
health and the environment.

Materials and methods

Bioinformatics analysis

Information related to the TLR4 gene was obtained
from the Genecards database (www.genecards.org). Pro-
tein interaction data for TLR4 were obtained from the
STRING database (https://string-db.org/) and visualized
using Cytoscape 3.8.2 software. The ranking of nodes in
the protein-protein interaction (PPI) network was per-
formed based on methods described in the literature
[23]. To better understand the biological functions of
these genes, gene ontology (GO) and Kyoto Encyclope-
dia of Genes and Genomes (KEGG) enrichment analyses
were carried out using the “ClusterProfiler” package in R
software. GO functional enrichment analysis was con-
ducted at three levels: biological processes (BP), cellular
components (CC), and molecular functions (MF), with a
significance threshold of P<0.05 [24].

Construction of a kidney injury cell model

The toxic effects of UA, with the molecular formula:
UO,(AC),-2H,0, molecular weight: 426.16228, and 99%
purity (Shanghai JiZhi Biochemical Technology Co.,
Ltd., Shanghai, China) were studied in human proximal
tubule epithelial cells (HK-2, B164615, obtained from
Ningbo Mingzhou Biotechnology Co., Ltd.) to establish a
model of uranium-induced kidney injury [25]. HK-2 cells
were cultured in DMEM medium containing 10% fetal
bovine serum and maintained in optimal conditions at
37 °C with a CO, concentration of 5%. Unless otherwise
specified, all cell culture reagents were purchased from
Thermo Fisher, Gibco. The UA group was treated with
various concentrations (0.1, 0.5, 1.0, 5.0, 10.0, 20.0, 50.0,
100.0, 200.0 pmol/L) of uranyl solution (diluted from a
200.0 umol/L stock solution) for 24 h; the Control group
was treated with an equivalent volume of saline solu-
tion. Furthermore, the UA group was further divided into
the following subgroups: Mdivi-1 (MedChemExpress)
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group, treated with 10 pmol of the mitochondrial fis-
sion inhibitor Mdivi-1; DMSO group, treated with an
equivalent volume of DMSO (China National Pharma-
ceutical Group) instead of Mdivi-1; ADSCs-EVs group,
treated with 100 pug/mL of ADSCs-EVs for 24 h; PBS
group, treated with an equivalent volume of PBS instead
of ADSCs-EVs; ADSCs-EVs+PMA group, treated with
100 pg/mL of ADSCs-EVs and 20 ng/mL of the NF-xB
activator PMA (phorbol-12-myristate-13-acetate, Med-
ChemExpress) for 24 h; ADSCs-EVs+DMSO group,
treated with an equivalent volume of DMSO instead of
PMA [26]. At a uranium concentration of 50.0 umol/L,
the cell viability of HK-2 cells was close to 50%. There-
fore, the final selected concentration for cell treatment
in establishing the uranium-induced kidney injury cell
model was 50.0 pmol/L. After 24 h of treatment, mor-
phological changes in UA-treated HK-2 cells, such as
vacuole formation and abnormal mitochondrial mor-
phology, were observed under a microscope [25].

Detection of cytoplasmic mtDNA in kidney cells using
qPCR

HK-2 cells were lysed using Triton X-100 lysis buffer
(Sigma-Aldrich) to separate nuclear and cytoplasmic
fractions [27]. Cells were collected in 1.5 mL centrifuge
tubes, washed twice with PBS, and the excess PBS was
removed. A buffer containing 0.5% Triton X-100 (pH 7.4)
was added to the cells, which were gently suspended and
then centrifuged at 12,000 g for 10 min at 4 °C to col-
lect the supernatant. The nuclear pellet was resuspended
and incubated at 65 °C for 30 min in a water bath until
completely lysed. Following a second centrifugation at
12,000 g for 10 min at 4 °C, the nuclear fraction (superna-
tant) was collected.

Genomic DNA was extracted from both the nuclei
and cytoplasmic fractions (Qiagen) using Qiagen DNA
purification kits, and concentrations and purities were
determined. Then, qPCR was performed to detect the
mtDNA copy numbers in the fractions. Specific primers
were designed and synthesized for two mtDNA gene seg-
ments, MT-ND1 and MT-ND2, based on previous litera-
ture [28] (Table S1). The qPCR reactions were conducted
to quantify the mtDNA copy numbers in the nuclear and
cytoplasmic fractions.

Cellular and renal mitochondrial morphology

Mitochondria in cells were labeled with MitoTracker
Deep Red (100 nmol/L, Sigma-Aldrich) and incubated
at 37 °C for 30 min. Observations were conducted using
confocal microscopy (Leica TCS SP5, Wetzlar, Germany).
Mitochondrial fluorescence was excited with a 633 nm
laser and recorded at 558-617 nm. The length of the
mitochondria was quantified and calculated using Image
J software. Renal tissue samples were fixed and imaged
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with an H-7500 transmission electron microscope (Hita-
chi, Japan), and the mitochondrial length and cristae den-
sity of renal tissues were assessed using Image ] software
[14].

Detection of mitochondrial membrane potential (MMP)

Cell samples were washed with culture medium and re-
suspended on coverslips for further processing. JC-1
dye (Invitrogen) was applied according to the manufac-
turer’s instructions. Observation were performed under
a fluorescence microscope, with an excitation wavelength
of 488 nm and an emission wavelength of 590 nm. JC-1
forms aggregates that emit red fluorescence in cells with
high MMP, whereas it remains monomeric and emits
green fluorescence in cells with low MMP states [29].

Biochemical indicator detection

Urea levels were measured using the urease-glutamate
dehydrogenase method, while creatinine levels were
determined using the creatinine oxidase method, both
performed on the LABOSPECT 008« fully automated
biochemical analyzer (Hitachi, Japan). Commercial
reagent kits were obtained from Sichuan Maccura Bio-
technology Co., Ltd. (Maccura, China) [30].

Detection of reactive oxygen species (ROS) levels in renal
cells

HK-2 renal cells treated with uranium and control cells
were collected, washed, and suspended in PBS. The cells
were then incubated with 10 uM DCFH-DA (2;7’-dichlo-
rofluorescein diacetate, Sigma-Aldrich, Darmstadt, Ger-
many) in phenol red-free culture medium for 30 min at
37 °C in a 5% CO, atmosphere. DCFH-DA enters cells,
where it is hydrolyzed by cellular esterases to convert
into DCFH. In the presence of ROS, DCFH is oxidized
to the fluorescent compound DCEF. Following incubation,
the cells were washed three times with PBS to remove
unabsorbed DCFH-DA. Detection was performed using
a fluorescence microplate reader (FIx800, Biotek, USA)
with an excitation wavelength of 488 nm and an emis-
sion wavelength of 525 nm. The ROS levels of each
sample were expressed as relative fluorescence intensity,
calculated as Increase in Fluorescence (%) = (F30 - FO) /
F30 x 100%, where F30 and FO represent the fluorescence
intensity at 30 min and 0 min of incubation, respectively.
Finally, the obtained data were statistically analyzed to
compare the difference in ROS levels between the treat-
ment group and the control group of renal cells [14].

Enzyme-linked immunosorbent assay (ELISA)

The supernatant of HK-2 cells from each group was
centrifuged at 1500xg for 15 min. The LDH levels were
measured using an ELISA assay kit (P07195) from R&D
Systems Inc. The specific operational steps were followed
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as: first, the corresponding number of reaction wells for
the samples were prepared and all reagents were thor-
oughly mixed. Second, 50 pL of diluted standards and
test samples were added to each well. Third, the wells
were incubated at 37 °C for 30 min, then the liquid was
gently shaken off. Each well was filled with wash solution,
gently shaken for 30 s, then the wash solution was shaken
off. This process was repeated three times. Fourth, 80
puL HRP was added to each well, gently shaken to mix,
and incubated at 37 °C for 30 min. Fifth, step three was
repeated. Sixth, 50 pL of substrates A and B were added
to each well, mixed gently, and incubated at 37 °C for
10 min. Seventh, the plate was removed from the incuba-
tor and 50 pL of stop solution was quickly added to each
well. Eighth, the OD values of each well at a wavelength
of 450 nm were measured using the Bio-Tek Epoch
microplate spectrophotometer. Three replicate wells
were set up for each sample [31, 32].

Preparation of uranyl acetate (UA) solution

A sample of 220.8 mg of UA dihydrate (molecular for-
mula: UO,(AC),2H,0, molecular weight: 426.16228,
99.0% purity; Shanghai Jizhi Biochemical Technology
Co., Ltd., Shanghai, China) was dissolved in 100.0 ml of
physiological saline solution. The solution was then fil-
tered through a 0.22 um sterile syringe filter (NovoBiotec,
Beijing, China) to obtain a 2.0 mg/ml UA solution. The
uranium concentration in this solution was confirmed
using a NexION 300Q Inductively Coupled Plasma Mass
Spectrometer (PerkinElmer, Shelton, USA).

Construction of a rat model of kidney Injury
Eight-week-old Sprague-Dawley (SD) rats were obtained
from Beijing Vital River Laboratory Animal Technology
Co., Ltd. (Beijing, China). The rats were housed under
pathogen-free conditions at 26-28 °C with 50-65%
humidity and a 24-hour light-dark cycle. All animal
experiments complied with ethical standards and were
approved by the Animal Ethics Committee of the institu-
tion (No. 22-07-127).

To induce kidney injury, each rat in the UA group
received a single intraperitoneal injection of 0.2 mL of a
working solution containing 1.0 umol U to induce acute
uranium nephrotoxicity. Rats in the Sham group were
injected intraperitoneally with an equivalent volume of
saline. Four days post-injection, the rats were euthanized
using CO,, and urine, blood, and kidney tissue samples
were collected for subsequent experiments [33].

Hematoxylin and eosin staining

Rat kidney tissue slices were deparaffinized and hydrated
following the instructions provided with the Hematoxylin
and Eosin (H&E) staining kit instructions (PT001, Shang-
hai Bogu Bio-Technology Co., Ltd., Shanghai, China). The
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procedure included staining with hematoxylin at room
temperature for 10 min, rinsing in running water for 30
to 60 s, differentiation in 1% hydrochloric acid alcohol for
30 s, immersion in running water for 5 min. Eosin stain-
ing was performed at room temperature for 1 min, fol-
lowed by dehydration through a graded alcohol series
(70%, 80%, 90%, 95%, 100%, each for 1 min) and clearing
with xylene (1 min for each of two xylene solutions). The
tissue sections were mounted using the neutral mounting
medium in a fume hood and observed for morphologi-
cal changes in kidney tissues using an optical microscope
(BX50; Olympus Corp, Tokyo, Japan) for image capture
and analysis [31, 34].

Isolation and identification of adipose-derived
mesenchymal stem cells

Adipose tissue samples, obtained from individuals under-
going health screening, were aseptically minced into
0.5 mm fragments and digested with 0.2% collagenase 1.
The cells were cultured in low-glucose DMEM supple-
mented with 10% fetal bovine serum and 1% penicillin-
streptomycin. Their morphological characteristics were
observed, and cell surface markers (CD29, CD44, CD31,
and HLA-DR) were analyzed using flow cytometry [35,
36].

Isolation and identification of EVs

Prior to collecting the conditioned medium of adipose-
derived mesenchymal stem cells (ADSCs), it is recom-
mended to replace the serum-containing culture medium
with a chemically defined, xeno- and blood-free serum
substitute, Oxium™ EVs (Regeneron Pharmaceuticals,
USA) [37] and incubate it for 24—48 h to eliminate extra-
cellular vesicle contamination from the serum. Sub-
sequently, filter the medium through a 0.22 pm filter
to remove cells and cell debris. Although this step may
result in the filtration of some EVs, it facilitates the sub-
sequent centrifugation steps while eliminating large cells
and cell debris, thereby reducing interference during
centrifugation. Next, centrifuge at 300 x g for 10 min at
a low speed to remove cell residues and large particles.
Following this, centrifuge at 2000 x g for 20 min at a
medium speed to eliminate apoptotic bodies and large
microvesicles. Centrifuge at 10,000 x g for 30 min at a
high speed to remove small microvesicles. Finally, centri-
fuge at 100,000 x g for 60—90 min at an ultra-high speed
to pellet the EVs. Discard the supernatant, resuspend the
pellet in PBS or serum-free medium, and wash the EVs
again at 100,000 x g in ultra-high-speed centrifugation.
Discard the supernatant and resuspend the pellet in PBS
or serum-free medium to obtain the extracellular vesicle
sample. Various methods can identify EVs, including
transmission electron microscopy (TEM), NTA, flow
cytometry, and Western blot. TEM is used to observe the
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morphology and size of EVs, while NTA measures the
size and concentration of EVs. Flow cytometry and West-
ern blot are employed to detect specific protein markers
of EVs, such as CD63 (1:200, PA5-92370, ThermoFisher),
CD81 (1:200, MA5-32333, ThermoFisher), CD9 (1:200,
MA5-31980, ThermoFisher), Cytochrome C (1:500,
sc-13560, Santa Cruz), and Calnexin (1:200, sc-80645,
Santa Cruz), to assess the presence, quantity, and integ-
rity of EVs [38].

TEM

EV samples were isolated and fixed in 0.1 mol/L PBS con-
taining 2% paraformaldehyde. A 5 uL sample was placed
on a carbon-coated 400-mesh Cu/Rh grid (Ted Pella Inc.,
Redding, CA) and left at room temperature for 1 min.
Excess liquid was removed with filter paper, and the
sample was stained with 1% uranyl acetate (UA) (Poly-
sciences, Inc., Warrington, PA) in three steps. The grids
were examined using a JEOL TEM-2000 EX II electron
microscope (MA-tek, Hsinchu, Taiwan) to assess the EVs’
double lipid layer structure [38].

Nanoparticle tracking analysis (NTA)

The size and concentration of hADSC EVs were deter-
mined using the NanoSight NS300 system (Malvern
Instruments, UK). All samples were diluted in PBS to a
final volume of 1 ml. The following settings were applied
according to the manufacturer’s instructions: the cam-
era was set to sSCMOS mode with a camera level 16. For
each measurement, the cell temperature was set to 25 °C,
and the injection pump speed was maintained at 70 uL/s.
Subsequent analysis was carried out using the NanoSight
Software NTA 3.4 Build 3.4.003, with a threshold set at
5. Hardware parameters included an embedded laser
with a power of 45 mW at a wavelength of 488 nm and a
sCMOS camera. Within the NTA 3.4 software, size dis-
tribution plots, as well as the mean/mode size values and
standard deviation, could be calculated [38].

Cell uptake of EVs experiment
ADSCs-EVs were labeled using the PKH26 labeling kit
(Sigma-Aldrich, USA). The EVs were resuspended in 1
mL of Diluent C, and 4 pL of PKH26 ethanol dye solution
was added to the Diluent C to prepare a 4x10™° M dye
solution. The 1 mL of ADSCs-EVs suspension was mixed
with the dye solution for 5 min. The PKH26-labeled
ADSCs-EVs were co-incubated with HK-2 cells at 37 °C
for 12 h. The cells were fixed with 4% PFA, washed with
PBS, stained with 4; 6-diamidino-2-phenylindole (Sigma,
D9542, USA) for nuclei, and the uptake of ADSCs-EVs by
HK-2 cells was observed [39].

To determine the optimal concentration of ADSCs-
EVs for treatment, different concentrations of EVs (25,
50, 100, 200 pg/mL) were labeled using PKH26 and
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co-incubated with HK-2 cells for 6 h. The fluorescence
distribution of PKH26 was then detected using immu-
nofluorescence to assess the uptake efficiency of ADSCs-
EVs by the cells.

Western blot analysis

Tissue was lysed using RIPA lysis buffer containing PMSF
(PO013B, Beyotime, China) to extract total protein. Cel-
lular nuclear and cytoplasmic proteins were extracted
using the Cell Nuclear and Cytoplasmic Protein Extrac-
tion Kit (P0028, Beyotime, China) following the manu-
facturer’s instructions. The supernatant was used for
determining the total protein concentration of each sam-
ple using the BCA assay kit (P0011, Beyotime, China),
adjusted to 1 pg/uL. Subsequently, 100 uL of each sample
supernatant was mixed with 1x SDS buffer containing
[-mercaptoethanol, boiled at 100 °C for 10 min for dena-
turation, and stored at -80 °C.

An 8-12% SDS gel was prepared according to the target
protein band size, and protein samples were loaded into
individual lanes for electrophoresis. The proteins were
transferred from the gel to a PVDF membrane (1620177,
BIO-RAD, USA). The membrane was blocked in 5% non-
fat milk at room temperature for 1-2 h, followed by over-
night incubation at 4 °C with primary antibodies: TWNK
(sc-293368, 1:200, Santa Cruz, CA), TFAM (ab131607,
abcam, UK), PGC-la (ab313559, abcam, UK), NRF1
(ab175932, 1:200, abcam, UK), NRF2 (ab62352, 1:200,
abcam, UK), IL-1p (12703, 1:1000, Cell Signaling Tech-
nology, USA), IL-6 (ab9324, 1:1000, Abcam, Cambridge,
UK), TNF-a (ab307164, 1:1000, Abcam, Cambridge,
UK), GSDME (ab223877, 1:1000, Abcam, Cambridge,
UK), GSDME-N (ab215191, 1:2000, Abcam, Cambridge,
UK), GSDME-C (ab221843, 1:1500, Abcam, Cambridge,
UK), Caspase (ab32351, 1:1000, Abcam, Cambridge,
UK), Cleaved-Caspase-3 (ab32042, 1:1000, Abcam, Cam-
bridge, UK), TLR4 (48-2300, 1:500, ThermoFisher, USA),
p-p65 (ab76302, 1:1000, Abcam, Cambridge, UK), with
GAPDH (ab8245, 1:1000, Abcam, Cambridge, UK) and
PARP (ab191217, 1:1000, Abcam, Cambridge, UK) as
internal controls.

After overnight incubation at 4 °C, the membrane was
washed with TBST three times for 10 min each, incu-
bated with an HRP-conjugated secondary antibody (goat
anti-rabbit IgG H&L (HRP), ab97051, 1:2000, Abcam,
Cambridge, UK) for 1 h, washed with TBST, and placed
on a clean glass plate. ECL chemiluminescence detection
reagents (abs920, Elabscience Biotechnology, Shanghai,
China) A and B were mixed in the darkroom, added to
the membrane, and then photographed using the Bio-
Rad imaging system (BIO-RAD, USA). Analysis was
performed using Quantity One v4.6.2 software, with the
grayscale value of the corresponding protein band nor-
malized to the internal control protein band representing
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relative protein levels. The experiment was repeated
three times, and the average was calculated [14].

Detection of gene expression in cells or tissues using
RT-qPCR

Total RNA was extracted from cell line samples using
TRIzol reagent (15596-018, Solarbio, USA) and reverse
transcribed into cDNA for measuring mRNA expression.
The PrimeScript™ RT-PCR kit (TaKaRa, Mountain View,
California, USA) was utilized for reverse transcription of
total RNA. Primers designed and synthesized by Shang-
hai Generon Ltd. (Table S2) were employed for real-time
quantitative PCR (RT-qPCR) reactions, with SYBR Pre-
mix Ex TaqTM (TaKaRa) used on the LightCycler 480
system (Roche Diagnostics, Pleasanton, California, USA)
with B-actin as the reference gene. The relative tran-
scription levels of the target gene were calculated using
the comparative AACT method (27T method), where
AACT = ACt experimental group - ACt control group.
Here, ACt represents the difference between the cycle
threshold (Ct) of the target gene and the reference gene.
Ct signifies the cycle number at which the real-time fluo-
rescence signal reaches a predetermined threshold, indi-
cating exponential amplification [40-42]. Each sample
was run in triplicate technical replicates, with three inde-
pendent experiments conducted.

Immunofluorescence

Sterilized round glass slides were placed in a 24-well
plate, and a single-cell suspension was prepared by
trypsin digestion. After cell counting, 3 x10* cells were
seeded onto the slides and cultured at 37 °C with 5% CO,.
Once adhered, cells were washed with PBS, and 1 mL of
4% paraformaldehyde was added to each well for 15 min
for fixation. Wells were then washed with PBS three
times (5 min each).

Next, cells were permeabilized with 0.5% Triton X-100
for 15 min, followed by three PBS washes (5 min each).
After removing PBS, 5% BSA blocking solution was
added and incubated at room temperature for 1 h. The
blocking solution was aspirated, and primary antibody
p65 (Abcam, UK, ab32536, 1:100) was applied to the
slides and incubated overnight at 4 °C.

The following day, slides were washed three times with
PBS (5 min each), and Alexa Fluor 594 secondary anti-
body (Abcam, UK, ab150080, 1:100) was applied under
light-protected conditions and incubated for 1 h at room
temperature. After three additional PBS washes, DAPI
solution was added and incubated for 15 min under
light-protected conditions, followed by three PBS washes
(5 min each).

In a dark room, slides were mounted using anti-fade
medium. The round glass slides were carefully placed
cell-side down onto the mounting medium. Samples were
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observed under a fluorescence microscope and stored at
4 °C in the dark [43].

Preparation and renal infusion of ADSCs-EVs/arginine-
glycine-aspartate (RGD) hydrogel

Biotin-GFFYGRGD (3 mg, purchased from Beyotime)
and sodium carbonate (adjusted to pH 7.4) were dis-
solved in 1.0 mL of PBS (pH 7.4) and subjected to a heat-
ing-cooling process. ADSCs-EVs at concentrations of 1.5,
3, 4.5, or 6 mg/mL were then added to the RGD-biotin
hydrogel at different mass ratios (0.5:1, 1:1, 1.5:1, 2:1).
The resulting hydrogel was incubated at 37 °C for 10 min
to form the ADSCs-EVs/RGD hydrogel. Rheological test-
ing was performed to assess the mechanical properties of
the RGD hydrogel before and after loading ADSCs-EVs.
Cy5 was used to label the RGD hydrogel for tracking its
retention time in the kidney, while Gluc-lactadherin was
used to label ADSCs-EVs to evaluate the impact of RGD
hydrogel loading on the in vivo stability of ADSCs-EVs
[39].

Renal Infusion of Hydrogel: The skin and peritoneum
near the kidney were incised to expose the kidney. The
incision size was kept just sufficient to expose the kid-
ney to minimize wound size. The hydrogel was loaded
into a pre-sterilized syringe or delivery device and slowly
injected into the kidney. Care was taken to avoid exces-
sive pressure during the procedure to prevent renal tis-
sue damage or unintended leakage of the hydrogel. After
ensuring no bleeding, the kidney was gently repositioned,
and debridement and suturing were performed [44].

Kidney injury model grouping

The rat model of kidney injury was divided into four
groups using the intrarenal injection method, with each
group containing 10 rats. The groups were as follows:
UA + ADSCs-EVs/RGD group, in which 40 puL of ADSCs-
EVs/RGD was internally injected, containing 100 pg
of ADSCs-EVs; UA +ADSCs-EVs/RGD + PMA  group,
where on the basis of the UA + ADSCs-EVs/RGD group,
1 mg/kg of NF-kB signaling pathway activator PMA
was injected; UA + ADSCs-EVs group, with intrarenal
injection of 100 pg of ADSCs-EVs; and UA +PBS group,
receiving an equivalent volume of PBS instead of ADSCs-
EVs. After 4 days, the rats were euthanized with CO,, and
urine, blood, and renal tissues were collected for subse-
quent experiments [39].

Statistical analysis

Statistical data analysis was conducted using R soft-
ware version 4.1.1 (R Foundation for Statistical Com-
puting, Vienna, Austria) and SPSS 21.0 software (IBM
Corp., USA). Numerical data was presented in the form
of mean *standard deviation. To compare differences
between different groups, independent samples t-tests
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were employed. For comparisons involving multiple
groups, one-way analysis of variance (ANOVA) was uti-
lized, followed by post hoc testing using Tukey’s method
for multiple comparisons. To assess the relationship
between two variables, Pearson’s correlation coefficient
or Spearman’s rank correlation coefficient was utilized
for correlation analysis. Furthermore, to explore the
interaction effects of different variables across different
groups, consideration was given to interaction effects
analysis within the framework of ANOVA. Additionally,
appropriate non-parametric methods were applied for
statistical analysis. For instance, in the case of non-nor-
mally distributed data or studies with small sample sizes,
the Wilcoxon rank-sum test was employed for between-
group comparisons. Comparisons of non-parametric
data across multiple groups were performed using the
Kruskal-Wallis test, followed by post hoc analysis using
Dunn’s multiple comparisons. Statistical significance was
considered when the P-value was less than 0.05.

Results

Uranium-induced kidney injury manifests as mitochondrial
damage and mtDNA leakage

To investigate the mechanisms of uranium-induced kid-
ney injury, we treated HK-2 cells with UA to establish a
model of heavy metal-induced renal cell damage. We
measured the levels of lactate dehydrogenase (LDH) in
the cell culture supernatant using ELISA. The results
revealed a significant increase in LDH levels in the UA-
treated group compared to the control group (Fig. 1A),
indicating the successful construction of a model for
renal cell injury.

Subsequently, we utilized Mitotracker staining to
observe changes in mitochondrial morphology in renal
cells. The results demonstrated that in the UA-treated
group, there was severe fragmentation of mitochondria
and a more dispersed internal structure compared to the
control group (Fig. 1B). Total ROS levels in HK-2 cells
were measured using DCFH-DA, showing a significant
increase in ROS levels in the UA group compared to the
control group (Fig. 1C). MMP was assessed using JC-1
staining, which revealed a significant decrease in MMP
in the UA-treated cells compared to the control group,
as evidenced by enhanced green fluorescence in the cells
(Fig. 1D), indicating UA-induced mitochondrial damage.

Furthermore, we conducted qPCR to assess the cyto-
plasmic mtDNA copy number in renal cells after UA
treatment, the experimental results displayed in Fig. 1E.
In the UA-treated group, there was an increase in the
abundance of ND1 and ND2 (mtDNA gene segments)
in the cytosol, while the total DNA content within the
cells did not increase, proving their significant leakage
into the cytoplasm. These findings suggest that the renal
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cell damage model induced by uranium can lead to mito-
chondrial damage and mtDNA leakage.

Subsequently, we utilized UA to establish a rat model
of kidney injury. When compared to the Sham group,
the rat kidneys in the UA group exhibited disorganized
renal tissue morphology, lacking clear structures of glom-
eruli and renal tubules (Fig. 2A). Biochemical markers of
kidney function (urea, creatinine) and oxidative stress
indicators (malondialdehyde, glutathione, superoxide
dismutase, and others) were significantly elevated in
the UA group of rats (Fig. 2B), indicating the successful
establishment of the rat model of kidney injury. Addi-
tionally, compared to the Sham group, the mRNA expres-
sion levels of mtDNA helicase (TWNK), mitochondrial
transcription factor (TFAM), mitochondrial respiratory
chain complex I (MRC I), mitochondrial respiratory
chain complex IV (MRC IV), mitochondrial biogenesis-
related factors PGC-1a, NRF1, NRF2, were significantly
reduced in the UA group of rats (Fig. 2C). Western blot
was used to detect protein levels of TWNK, TFAM,

and mitochondrial biogenesis-related factors PGC-1a,
NRF1, and NRF2. The results were consistent with those
obtained via RT-qPCR (Fig. 2D). TEM images displayed
in Fig. 2E revealed a substantial increase in mitochondrial
fragmentation and vacuolization in the kidney tissues of
UA rats compared to the Sham group. These findings fur-
ther confirm in vivo that uranium-induced kidney injury
leads to mitochondrial dysfunction.

Mitochondrial dysfunction repair reduces mtDNA leakage
and suppresses renal pyroptosis

Previous studies have confirmed that mitochondrial
dysfunction exacerbates the inflammatory process and
promotes the release of inflammatory cytokines [45].
Renal pyroptosis is recognized as a primary manifesta-
tion of kidney injury [46]. Therefore, it is postulated that
repairing mitochondrial dysfunction may be an effective
approach to inhibit renal pyroptosis. Mdivi-1, a mito-
chondrial fission inhibitor, was used to treat UA group
cells. Experimental findings indicated that the expression
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of IL-1pB, IL-6, and TNF-a was significantly downregu-
lated in the Mdivi-1-treated group (Fig. 3A). Moreover,
mitochondrial fragmentation in the cells was reduced
(Fig. 3B), ROS levels decreased significantly (Fig. 3C),
and the MMP significantly increased, as evidenced by
decreased green fluorescence in the cells (Fig. 3D). These
results suggest that post-Mdivi-1 treatment effectively
repaired mitochondrial damage in kidney cells. Addi-
tionally, following Mdivi-1 treatment, the abundance
of mtDNA gene fragments ND1 and ND2 decreased
in the cytosol, while the total DNA content in the cells
remained unchanged (Fig. 3E), indicating that Mdivi-1
was beneficial in reducing mtDNA leakage. Furthermore,
Western blot analysis of renal pyroptosis-related proteins
revealed (Fig. 3F) a significant reduction in the expres-
sion of activated GSDME and Caspase-3 in cells treated
with Mdivi-1. This indicates that Mdivi-1 treatment can
suppress renal pyroptosis. In conclusion, repairing mito-
chondrial dysfunction contributes to the reduction of
mtDNA leakage, thereby inhibiting renal pyroptosis.

ADSCs-EVs alleviate uranium-induced renal cell damage
EVs, as crucial mediators of intercellular communication,
have been receiving increasing attention for their role in
kidney injury. Studies have demonstrated that EVs can
transmit critical signals in the pathological processes of
the kidney, offering novel therapeutic targets [47]. Partic-
ularly, the application of ADSCs-EVs in the treatment of
renal damage requires further investigation. In this study,
we aim to explore the potential mechanisms and thera-
peutic effects of these EVs in kidney injury.

Initially, the efficacy of ADSCs isolation was veri-
fied using flow cytometry, with results indicating (Fig.
S1A) that cells were highly positive for CD29 (92.28%)
and CD44 (99.70%) while negative for CD31 (2.19%)
and HLA-DR (2.55%). Moreover, staining with Oil-Red-
O, Alizarin Red, and Alcian Blue revealed (Fig. S1B) the
successful differentiation of ADSCs into adipocytes,
osteoblasts, and chondrocytes, confirming the success-
ful isolation of ADSCs. Subsequently, we isolated and
extracted ADSCs-EVs. TEM and NTA demonstrated that
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Fig. 3 The impact of restoring mitochondrial dysfunction on mtDNA leakage and renal cell pyroptosis. (A) Expression of IL-13, IL-6, and TNF-a in each
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GSDME and Caspase-3 in each group of cells detected by Western blot. All cell experiments were performed in triplicate, with * indicating P<0.05

the extracted particles exhibited typical circular or ellip-
tical morphology (Fig. S1C), with particle sizes mainly
ranging between 100 and 200 nm, consistent with EVs
characteristics (Fig. S1D). Western blot analysis of EV
surface markers revealed positivity for CD9, CD63, and
CD81, while Cytochrome C and Calnexin were negative
(Fig. S1E). These findings indicate the successful extrac-
tion of ADSCs-EVs, ensuring purity and integrity for fur-
ther application in kidney injury research.

Initially, EVs at different concentrations (25, 50, 100,
200 pg/mL) were labeled with PKH26 and co-incubated
with HK-2 cells for 6 h. The efficiency of EV uptake by
the cells was evaluated using immunofluorescence. The
results showed that the uptake of EVs by HK-2 cells
was concentration-dependent, reaching saturation at
an EV concentration of 100 pg/mL (Fig. S1F). Based
on these findings, a concentration of 100 pg/mL was
used for subsequent studies. Subsequent co-culturing
of ADSCs-EVs with UA-induced renal cell injury model
demonstrated a significant impact on renal cell function.
The experimental findings revealed a significant down-
regulation of IL-1p, IL-6, and TNF-a expression in the
ADSCs-EVs-treated group (Fig. 4A), accompanied by a

reduction in mitochondrial fragmentation (Fig. 4B), a
notable decrease in ROS levels (Fig. 4C), and a significant
increase in MMP, as indicated by reduced green fluores-
cence in the cells (Fig. 4D). These observations suggest
the beneficial effect of ADSCs-EVs in repairing mito-
chondrial damage in renal cells. Furthermore, post-treat-
ment with ADSCs-EVs resulted in reduced abundance of
ND1 and ND2 (mtDNA gene segments) in the cytosolic
fraction, without any increase in total cellular DNA con-
tent (Fig. 4E), suggesting a role of ADSCs-EVs in mitigat-
ing mtDNA leakage. Additionally, Western blot analysis
for renal pyroptosis-related proteins demonstrated a sig-
nificant decrease in the expression of activated GSDME
and Caspase-3 in cells treated with ADSCs-EVs (Fig. 4F),
indicating the potential of these EVs in inhibiting renal
pyroptosis. In conclusion, ADSCs-EVs can alleviate
uranium-induced renal cell damage by repairing mito-
chondrial dysfunction, reducing mtDNA leakage, and
suppressing pyroptosis.
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ADSCs-EVs may alleviate uranium-induced kidney cell
damage by inhibiting the TLR4/NF-kB signaling pathway
Previous studies have suggested that ADSCs-EVs can
suppress the expression of TLR4 [48]. The extracellular
release of mtDNA is associated with the upregulation of
TLR4 expression [49]. Through the Genecards database
search and utilizing the STRING database, we identified
proteins interacting with TLR4 (Fig. 5A). Based on the
PPI network analysis, our results indicate that TLR4 is
a central gene in this network (Fig. 5B). Further enrich-
ment analysis of GO and KEGG pathways on proteins
within the PPI network revealed that these proteins are
mainly enriched in immune regulation functions and the
NF-kappa B signaling pathway (Fig. 5C-D). Therefore,
it is speculated that ADSCs-EVs may block mtDNA-
induced pyroptosis by inhibiting the TLR4/NF-«B signal-
ing pathway.

To validate whether ADSCs-EVs mitigate uranium-
induced kidney cell damage through modulating the
TLR4/NF-kB signaling pathway, we treated HK-2 cells
in different groups. The nuclear translocation of the p65

protein is an indicator of TLR4/NF-«B signaling pathway
activation. Western blot results demonstrated (Fig. 6A-
B) that compared to the Control group, the expression of
TLR4 significantly increased in UA-treated HK-2 cells,
along with a notable increase in nuclear p-p65 expres-
sion. Upon the addition of ADSCs-EVs, these effects were
reversed. Additionally, immunofluorescence staining to
detect nuclear translocation of p65 revealed (Fig. 6C) that
in UA-treated HK-2 cells, p65 protein notably translo-
cated to the nucleus, and this effect was reversed upon
the addition of ADSCs-EVs. These findings indicate
that UA treatment activates the TLR4/NF-kB signaling
pathway to promote p65 nuclear translocation, whereas
ADSCs-EVs can reverse the effects induced by UA.
Finally, when cells were treated with the NF-kB sig-
naling pathway activator PMA, it was observed that the
inhibitory effect of ADSCs-EVs on p65 nuclear transloca-
tion could be reversed (Fig. 6D-E). Further experimental
observations on the functional changes in various groups
of kidney cells revealed that post-PMA treatment, there
was a significant upregulation in the expression of IL-1j3,
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Fig. 6 Effect of ADSCs-EVs on uranium-induced renal cell injury via modulation of TLR4/NF-kB signaling pathway figure X. Overview of experimental
procedures. (A) Western blot to assess TLR4 expression levels in various cell groups; (B) Western blot to detect nuclear expression of p-p65 in different
cell groups; (C) Immunofluorescence analysis to examine nuclear translocation of p65 in various cell groups; (D) Western blot after PMA treatment to
measure nuclear expression of p-p65 in different cell groups; (E) Immunofluorescence analysis post-PMA treatment to evaluate nuclear translocation of
p65 in different cell groups; (F) Western blot for IL-14, IL-6, and TNF-a expression in various cell groups; (G) Mitotracker staining to assess mitochondrial
morphology in different cell groups (red, mitochondria; blue, nucleus; scale bar =15 um); (H) DCFH-DA assay to measure total ROS content in various cell
groups; (I) JC-1 staining to evaluate MMP in different cell groups, scale bar =50 um; (J) RT-gPCR to determine cytoplasmic mtDNA copy number in vari-
ous cell groups; (K) Western blot for activated GSDME and Caspase-3 expression in different cell groups. All cell experiments were performed in triplicate,

with * indicating P<0.05

IL-6, and TNF-a within the cells (Fig. 6F). Additionally,
mitochondrial fragmentation in the cells was exacer-
bated (Fig. 6G), accompanied by a significant increase
in ROS levels (Fig. 6H) and a marked reduction in the
MMP, as indicated by an enhancement in the green fluo-
rescence within the cells (Fig. 6I). These findings suggest
that post-PMA treatment could reverse the reparative
effect of ADSCs-EVs on mitochondrial damage in kid-
ney cells. Moreover, following PMA treatment, there was
an increase in the abundance of ND1 and ND2 (mtDNA
gene segments) in the cytoplasmic fraction, while the
total cellular DNA abundance remained unchanged
(Fig. 6]), indicating a reversal of the blockade on mtDNA
leakage by ADSCs-EVs post-PMA treatment. Further-
more, Western blot analysis of kidney pyroptosis-related
proteins showed a significant increase in the expression
of activated GSDME and Caspase-3 within the cells post-
PMA treatment (Fig. 6K), implying that PMA treatment
could reverse the inhibitory effect of ADSCs-EVs on
kidney pyroptosis. In conclusion, inhibiting the TLR4/
NF-«B signaling pathway can reverse the reparative effect
of ADSCs-EVs on uranium-induced kidney cell damage.

Enhancement of the stability of RGD hydrogel-loaded
ADSCs-EVs in vivo

In vitro cellular experiments have demonstrated the
potential of ADSCs-EVs to alleviate uranium-induced
renal cell injury. In the upcoming investigation, we aim
to further explore the therapeutic effects of ADSCs-EVs
on renal damage in vivo. However, it is known that direct
injection of EVs into animal bodies may lead to rapid
degradation or clearance, thereby diminishing their sta-
bility and shortening their half-life in the bloodstream.
Previous studies have reported that RGD hydrogel, as a
carrier, can enhance the therapeutic efficacy of EVs in
heart diseases [50]. Therefore, we hypothesize that the
therapeutic effects of ADSCs-EVs on renal damage could
be enhanced through RGD hydrogel.

Initially, by covalently linking biotin to RGD, TEM
images revealed intertwined nano-fibers formed by
RGD-biotin molecules (Fig. 7A). Subsequently, when
adding ADSCs-EVs to RGD hydrogel (Fig. 7B), rheologi-
cal results indicated that the mechanical properties of
the hydrogel do not significantly weaken when the mass
ratio of ADSCs-EVs to RGD hydrogel is less than 1:1.5

(Fig. 7C). An optimal mass ratio of 1:1 was selected for
rheological testing, showing no significant differences in
the mechanical properties of RGD hydrogel before and
after the addition of ADSCs-EVs (Fig. 7D). To further
investigate the stability of RGD hydrogel at the site of
renal damage, Cy5-labeled RGD hydrogel was employed
to track the retention time of the hydrogel in the kidneys.
The results illustrated in Fig. 7E indicate that RGD hydro-
gel can remain in the body for up to 7 days, suggesting
excellent in vivo stability of RGD hydrogel.

To track ADSCs-EVs within the body, we employed
Gluc-lactadherin labeling. Our findings (Fig. 7F) dem-
onstrate that Gluc-lactadherin-labeled ADSCs-EVs can
be internalized by HK-2 cells, showing a linear depen-
dency between the concentration of EVs and the Gluc
fluorescence signal. Subsequently, in a kidney injury
model, injections of ADSCs-EVs and RGD hydrogel-
loaded ADSCs-EVs were administered. The in vivo stabil-
ity of the EVs was monitored through bioluminescence
imaging, revealing (Fig. 7G) that the use of ADSCs-EVs/
RGD hydrogel resulted in a more stable and prolonged
retention compared to only ADSCs-EVs. These findings
indicate that the RGD hydrogel-loaded ADSCs-EVs can
enhance the in vivo stability of the ADSCs-EVs.

Enhancement of ADSCs-EVs therapeutic efficacy on kidney
injury by RGD hydrogel

Based on the findings of our study, we further investi-
gated the therapeutic effects of ADSCs-EVs on kidney
injury induced by uranium in rats, as well as the role of
RGD hydrogel in this process. The experimental results
indicated a significant decrease in the p65-positive rate in
the cell nuclei after treatment with ADSCs-EVs (Fig. 8A-
B), along with a notable improvement in the morpho-
logical features of kidney tissue (Fig. 8C). Significant
reductions were observed in the biochemical indicators
of kidney function (urea, creatinine) and oxidative stress
markers (malondialdehyde, glutathione, superoxide dis-
mutase, etc.) (Fig. 8D). Furthermore, following treatment
with ADSCs-EVs, there was a significant increase in the
mRNA expression levels of mtDNA helicase (TWNK),
mitochondprial transcription factor A (TFAM), mitochon-
drial respiratory chain complex I (MRC I), mitochondrial
respiratory chain complex IV (MRC 1V), mitochondrial
biogenesis-related factors PGC-la, NRF1, and NRF2
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in rats (Fig. 8E). Mitochondrial fragmentation and cris-
tae vacuolization in rat kidney tissues were significantly
reduced (Fig. 8F) after treatment with ADSCs-EVs.
Compared to treatment with ADSCs-EVs alone, RGD
hydrogel notably enhanced the therapeutic effects of
ADSCs-EVs. Additionally, the activation of the NF-«xB
signaling pathway by the stimulant PMA reversed the
therapeutic effects of ADSCs-EVs.

Discussion
In comparison with prior studies, this research differs in
terms of the studied subjects, methodologies, and out-
comes. Firstly, in the choice of subjects, previous studies
often focused on animal or cell models for experimenta-
tion, whereas this study employed a model of uranium-
induced kidney injury. This model selection aligns more
closely with real-world kidney damage scenarios, thereby
offering more intuitive and reliable results [51-53].

Secondly, regarding research methodologies, prior
studies predominantly concentrated on observing static
indicators such as cell viability and inflammation levels,
while this study emphasized the analysis of molecular
mechanisms. Specifically, it investigated the inhibition of
the TLR4/NF-kB signaling pathway to regulate mtDNA-
mediated pyroptosis. Through this approach, the research
delved deeper into understanding the specific pathways
involved in ADSCs-EVs therapy for kidney injury.

Finally, concerning the outcomes, this study identified
a significant alleviating effect of ADSCs-EVs on kidney
injury, a conclusion that prior research may not have
definitively provided. Furthermore, this study elucidated
the potential mechanisms of ADSCs-EVs through further
exploration, explaining its therapeutic effect, which sets
it apart from previous research.

This study expands upon previous research findings
and offers new insights into the field. While past studies
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ADSC-exo

E@Q%
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may have suggested that ADSCs have therapeutic poten-
tial for kidney injury, our research, focusing on ADSCs-
EVs, revealed a more pronounced alleviation of renal
damage. This discovery holds significant clinical implica-
tions, paving the way for the development of more effec-
tive treatment strategies.

As a receptor for recognizing pathogens, TLR4 acti-
vates the NF-«B signaling pathway through the MyD88-
dependent pathway, inducing the secretion of various
pro-inflammatory factors such as TNF-«, IL-1f, and IL-6.
These factors further exacerbate inflammation in renal
tubules and the renal interstitium. Numerous in vivo
and in vitro studies have demonstrated that inhibiting
the TLR4/NF-«kB signaling pathway can alleviate or even
treat various renal injuries [54, 55]. In previous studies
involving LPS-stimulated BV-2 microglial cells, ADSC-
EVs significantly reduced the expression of key pro-
teins, including TLR4, p-NFkB, and p-p38 MAPK, and
decreased the production of pro-inflammatory cytokines,
indicating the ability of ADSC-EVs to inhibit the TLR4/
NF-«B pathway in vitro [56]. Similarly, in a mouse model
of depression, ADSCs reduced the expression of CMS-
induced pro-inflammatory cytokines by inhibiting the
TLR4/NE-«B signaling pathway [57]. In uranium-induced
renal injury, the TLR4/NF-«B signaling pathway plays a
critical role in renal toxicity by regulating inflammatory
responses [58, 59]. Uranium exposure upregulates the
expression of inflammatory genes, such as TNF-a, iNOS,
and COX-2, through activation of the NF-kB signaling
pathway. The accumulation of these inflammatory factors
in renal tissues further leads to oxidative stress, apopto-
sis, and tissue damage, ultimately resulting in acute or
chronic renal dysfunction [60]. our study indicates that
the molecular mechanism through which ADSCs-EVs act
on kidney injury is by suppressing the TLR4/NF-«B sig-
naling pathway to regulate mtDNA-mediated pyroptosis.
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Fig. 9 ADSCs-EVs alleviate uranium-induced kidney injury by inhibiting the TLR4/NF-kB signaling pathway
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This elucidation of the mechanism further explains the
therapeutic effects of ADSCs-EVs and provides theoreti-
cal support for their application in treating renal damage.
Additionally, we propose other potential mechanisms for
future research directions.

Comparatively, our results demonstrate that ADSCs-
EVs hold advantages and potential in alleviating ura-
nium-induced renal damage. Compared to traditional
drug therapies, ADSCs-EVs may offer more direct and
effective treatment outcomes, reducing the direct toxicity
of drugs on the kidneys [20, 61]. Furthermore, in contrast
to other treatment methods, ADSCs-EVs may be more
feasible and reliable as they are EVs from autologous
stem cells, avoiding many issues associated with alloge-
neic transplants [62, 63].

The scientific significance of this study lies in gaining
a profound understanding of the mechanisms underlying
kidney injury and proposing a novel therapeutic strategy
through ADSCs-EVs. This approach holds significant
clinical potential and could present a breakthrough in
the treatment of kidney diseases. Moreover, the study’s
implications for clinical applications are noteworthy as
they can provide a foundation and guidance for thera-
peutic interventions.

However, the study has certain limitations. Primar-
ily, it utilized an animal model, which may not entirely
reflect human conditions. Additionally, the sample size
was relatively small, requiring larger-scale clinical studies
to validate the results’ reliability. Furthermore, there may
be inherent randomness and biases in the experimental
design that need addressing.

Looking ahead, this study can further explore the
detailed mechanisms of ADSCs-EVs in kidney injury.
Increasing evidence suggests that EVs play a critical role
in intercellular communication by transferring cytosolic
proteins, RNA, lipids, and other active cargo molecules
[64, 65]. Future research could utilize proteomics or RNA
sequencing technologies to analyze the active substances
enriched in ADSCs-EVs. Combining bioinformatics anal-
ysis with experimental validation could further elucidate
the mechanisms by which ADSCs-EVs exert their effects
in kidney injury, such as investigating the regulatory
role of the TLR4/NF-«B signaling pathway in mtDNA-
mediated pyroptosis. Additionally, further studies could
examine the clinical prospects of ADSCs-EVs, including
their potential applications in treating other kidney dis-
eases and related conditions. More research is needed to
delve into and validate these potential mechanisms and
applications.

In conclusion, this study expands the knowledge in the
field through comparison with previous research and
analysis, offering new therapeutic strategies and theoreti-
cal foundations. While the findings hold significant sci-
entific and clinical value, there are limitations that need
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addressing. Future research should focus on addressing
these constraints and further exploring the mechanisms
and potential of ADSCs-EVs in the treatment of kidney
injuries to advance the field.

Conclusion

Based on the aforementioned results, we can preliminar-
ily conclude that ADSCs-EVs primarily inhibit mtDNA-
mediated pyroptosis by suppressing the TLR4/NF-«xB
signaling pathway, thereby alleviating uranium-induced
renal damage (Fig. 9). This study successfully elucidated
the molecular mechanism by which ADSCs-EVs regu-
late pyroptosis mediated by mtDNA through the TLR4/
NEF-«kB signaling pathway, thus offering a novel perspec-
tive on understanding the pathogenesis of uranium-
induced kidney injury.
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