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Abstract Utilizing single-cell transcriptome
sequencing (scRNA-seq) technology, this study
explores the viability of employing mesenchymal
stem cells (MSCs) as a therapeutic approach for age-
related hearing loss (ARHL). The research demon-
strates MSCs’ ability to differentiate into inner ear
cell subpopulations, particularly hair cells, delivering
Apelin via extracellular vesicles (EVs) to promote M2
macrophage polarization. In vitro experiments show
reduced inflammation and preservation of hair cell
health. In elderly mice, MSCs transplantation leads
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to hair cell regeneration, restoring auditory function.
These findings highlight the regenerative capabilities
of MSCs and EV-mediated therapeutic approaches for
ARHL.
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Introduction

With the rapid aging of the population, the inci-
dence of age-related hearing loss (ARHL) is gradu-
ally increasing and has become a common and seri-
ous hearing impairment (Zhao et al. 2023, Ge et al.
2023, Tajima et al. 2020). According to statistics, the
adverse effects of ARHL extend beyond impacting
patients’ quality of life and social skills, contribut-
ing to the escalation of healthcare expenses in soci-
ety (Uchida et al. 2019, Zheng et al. 2022). However,
the etiology of ARHL is still unclear, and treatment
strategies are relatively limited, necessitating further
research (He et al. 2021, Leong et al. 2023, Cornejo-
Sanchez et al. 2023).

Recent years have witnessed the emergence of
mesenchymal stem cells (MSCs) as promising in the
field of hearing restoration (Pouraghaei et al. 2020).
With the capability to transform into diverse cell cat-
egories either in vivo or in vitro, MSCs, a form of
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versatile cells, are extensively applied in the restora-
tion and mending of tissues (Hoang et al. 2022, Bun-
nell 2021, Weng et al. 2022). The regulatory role of
MSCs on the differentiation of inner ear-related cells
has been preliminarily confirmed in previous studies,
positioning MSCs as a hopeful method in managing
ARHL.

A new method for exploring the causes of hearing
loss has emerged with the advent of single-cell tran-
scriptome sequencing technology, known as scRNA-
seq (Koh et al. 2023, Piekna-Przybylska et al. 2023).
Revolutionary improvements in scRNA-seq technol-
ogy have provided a more intricate understanding of
the correlation between MSCs and specific cell sub-
populations in the inner ear organ of Corti (Di et al.
2021, Qin et al. 2023, Chen et al. 2022). By analyzing
the results of scRNA-seq, we can further explore the
differentiation mechanisms of these cell subpopula-
tions, presenting vital clues for devising therapeutic
strategies concerning ARHL (Tang et al. 2023, Hao
et al. 2021, Ma et al. 2023).

The critical involvement of extracellular vesicles
(EVs) in intercellular communication serves to regu-
late the functionality of MSCs effectively (Hade et al.
2022, Li et al. 2022). Studies have shown that Ape-
lin in EVs has the ability to regulate the inflamma-
tory microenvironment (Yang et al. 2023, Zhou et al.
2023). These EVs can be targeted and delivered to
macrophages and exert anti-inflammatory regulatory
effects, showing promise as a therapeutic avenue for
managing ARHL and introducing fresh concepts to
enhance treatment effectiveness for the condition (Li
et al. 2023, Wei et al. 2021).

Therefore, delving into the capabilities and intri-
cate molecular pathways of MSCs transplantation for
ARHL treatment constitutes the fundamental aim of
this investigation. Moreover, it seeks to illuminate the
innovative approach of utilizing EVs originating from
MSCs as a strategic element for combating ARHL
by modulating the inflammatory context. The com-
prehensive grasp of these mechanisms is intended
to explore novel research pathways in addressing
ARHL and deliver essential guidance and utility for
clinical practice. The results of this study will con-
tribute to enhancing the well-being and social abili-
ties of elderly individuals with hearing impairments
while also providing important solutions to alleviate
the burden on society’s healthcare due to population

aging.

@ Springer

Materials and methods
Sample collection for scRNA-seq analysis

Sourced from Beijing’s Vital River Laboratory Ani-
mal Technology Co., Ltd. (Strain code: 219), female
and male C57BL/6 mice, weighing 23 +2 g and aged
between 6 and 8 weeks, were housed in the same
cage for mating facilitation. Maintaining specific
pathogen-free (SPF) conditions, all mice resided in
an animal facility where the humidity ranged from
60 to 65% and the temperature was between 22 and
25°C. Unrestricted food and water were available to
the mice throughout their housing. The experiments
commenced after the mice had acclimated for a week,
based on an evaluation of their health conditions. The
Animal Ethics Committee of Shengjing Hospital at
China Medical University approved the experimental
procedures.

The experiment consisted of four groups (n=1),
namely, the E12.5 group (embryos developed to the
stage of E12.5), the E18.5 group (embryos developed
to the stage of E18.5), the P1 group (first day after
birth), and the W6 group (6 weeks of age). Euthana-
sia of mice in each group took place post anesthesia,
with the cochlear tissues being harvested for subse-
quent research endeavors (Petitpré et al. 2022).

scRNA-seq and data analysis

Surgical blades were utilized to fragment cochlear
tissues extracted from individual mouse groups. Sin-
gle-cell suspensions were generated from the tissues
by employing trypsin (Sigma-Aldrich, 9002-07-7).
The C1 Single-Cell Auto Prep System (Fluidigm,
Inc., South San Francisco, CA, USA) was utilized to
isolate individual cells. Lysis of the cells took place
within the chip upon capture, leading to the liberation
of mRNA, which was then transformed into cDNA by
reverse transcription. Post lysis and reverse transcrip-
tion, the cDNA underwent preliminary amplification
using microfluidic chips with the aim of sequencing.
Library construction and single-cell sequencing on
the HiSeq 4000 Illumina platform were performed
applying the pre-amplified cDNA, incorporat-
ing paired-end reads of 2X75 bp in length and an
approximate read count of 20,000 reads for each cell
(Mahmoudi et al. 2019).
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The "Seurat" package within the R software
framework was harnessed for data analysis proce-
dures. Quality control measures were applied to
the data based on the standards of 200 < nFeature_
RNA <5000 percent.mt<20. This was followed by
the identification of 2000 genes that exhibited signifi-
cant variability in their expression variances (Yang
et al. 2023).

The reduction in dimensionality of the scRNA-seq
dataset was achieved through the utilization of prin-
cipal component analysis (PCA) on the expression
data of the top 2000 genes showing high variability.
Utilizing the Elbowplot function within the Seurat
software package, we opted for the extraction of the
foremost 20 principal components (PCs) to facili-
tate subsequent analyses. Major cell subgroups were
identified using the FindClusters function within the
Seurat package at the default resolution of 1. The
scRNA-seq data underwent non-linear dimensional-
ity reduction via the application of the t-distributed
Stochastic Neighbor Embedding (t-SNE) algorithm
in the next stage. The Seurat tool was instrumen-
tal in pinpointing marker genes associated with dis-
tinct cell subgroups, and the "SingleR" package was
employed to annotate these clusters of cells based on
the marker genes (Ma et al. 2019). Additionally, pseu-
dotime analysis was implemented using the monocle2
platform.

Cell cultivation

BLUEFBIO provided the HEI-OC1 and Ana-1 cells.
The growth environment for HEI-OCI1 cells involved
incubation at 37 °C in a humidified incubator with
5% CO,, utilizing high-glucose Dulbecco’s Modified
Eagle Medium (11,965,118, Gibco) free of antibiot-
ics and supplemented with 10% fetal bovine serum
(FBS, 10,270,106, Gibco). Passage of cells took place
with the application of 0.25% trypsin/EDTA (T4049,
Sigma-Aldrich) upon reaching 80% confluency. The
initiation of cellular senescence was prompted in
HEI-OCI cell populations through exposure to 1 mM
H,0, from Sigma-Aldrich (386,790-M) over a 1-h
period within 48-well cell culture dishes (Lin et al.
2019, Cho et al. 2022).

Utilizing the RPMI 1640 medium (11,875,093,
Gibco), Ana-1 cells were subjected to cultivation sup-
plemented with 10% FBS (10,270,106, Gibco) and
1% penicillin—streptomycin (15,070,063, Gibco). The

37 °C incubation of cells occurred in an environment
with 5% CO, and humidity. To induce inflammation,
the activation of Ana-1 cells was initiated by expo-
sure to lipopolysaccharide (LPS, HY-D1056, MCE)
at a concentration of 1 pg/ml for a duration of 24 h.
Ana-1 cells were subjected to fluorescence labe-
ling as per the manufacturer’s guidelines, employing
CellTracker™ Deep Red Dye (C34565, Invitrogen).
Briefly, the treatment involved the incubation of
1.5%10° Ana-1 cells in a medium devoid of serum,
followed by the addition of a dye solution at a concen-
tration of 500 nM. Post a 30-min incubation, the cells
received a PBS wash and were subsequently placed
in 8-well chamber slides for seeding. Representative
images were captured using fluorescence microscopy
at 0 and 24 h after seeding CFSE-EVs (5x 10* EVs
per seeded cell) (Ragni et al. 2020).

For the isolation and culture of MSC, the leg
bones of 4-week-old female C57BL/6 mice, weighing
approximately 23 +2 g, were flushed to extract bone
marrow cells. The isolated cells were then resus-
pended, and red blood cell lysis buffer (00—4333-
57, Invitrogen) was utilized to eliminate red blood
cells from the sample. The culture of about 5x 10°
cells was undertaken in o-Minimum Essential
Medium (MEM «) with the addition of 9% horse
serum (16,050,130, Gibco), 9% fetal bovine serum
(10,270,106, Gibco), 1% Gluta-Max (35,050,079,
Gibco), and 1% penicillin-streptomycin (15,070,063,
Gibco). Culture conditions included maintaining the
cells at 37 °C in a humidified CO, incubator. MSCs
attached to the culture dishes were collected. A diges-
tion process utilizing 0.25% trypsin/EDTA (T4049,
Sigma-Aldrich) was executed on the cells, after
which they were cultured and propagated for three
rounds, with the medium renewal taking place every
3—4 days. Referred to as MSCs were these specific
cells. To induce differentiation of MSCs into audi-
tory cells, the cells were cultured with 20 ng/ml EGF
(HY-P7067, MCE) and 50 ng/ml IGF-1 (HY-P70698,
MCE) for 2 weeks. This was succeeded by the intro-
duction of 10 ng/ml bFGF (HY-P7066, MCE) for
an additional 2 weeks to facilitate the differentia-
tion of MSCs (Jeon et al. 2007). To generate GFP-
tagged MSC, the lentiviral expression vector pLV/
puro-EF1a-GFP was introduced into MSCs through
transfection facilitated by X-treme GENE HP reagent
(6,366,244,001, Sigma-Aldrich) under the recom-
mended procedures. GFP-tagged MSCs underwent
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flow cytometry-based sorting after the completion of
a 3-day transfection (Wang et al. 2018).

Cell grouping and transfection

To establish cell lines with gene silencing or overex-
pression, we employed lentiviral transduction. These
included MSCs with knockdown of Apelin (sh-Ape-
lin) and their corresponding control cell line (sh-NC),
as well as MSCs with overexpression of Apelin (oe-
Apelin) and their control cell line (oe-NC). Two sets
of shRNA sequences were concurrently tested for a
knockdown, and the more effective set was chosen
for subsequent experiments. Table 1 illustrates the
lentiviral sequences implemented for the silencing of
genes. Shanghai Bioscientific (China) offered plas-
mids and lentiviral packaging solutions.

The initiation of lentivirus-mediated cell trans-
fection involved the seeding of 1x10° cells into a
6-well plate. The transfection process commenced
when the cellular density reached 70-90%, with the
introduction of a medium containing an adequate
dose of enclosed lentivirus (MOI=10, operational
concentration around 1x10° TU/mL) and 5 pg/mL
polybrene (TR-1003, Sigma-Aldrich). An equivalent
medium volume was incorporated after 4 h to allevi-
ate the polybrene concentration, and a fresh medium
exchange occurred after 24 h. Stable transduced cell
lines were established through resistance screening
with 1 pg/mL puromycin (A1113803, Thermo Fisher)
following a 48-h transfection (Zhi et al. 2021, Gao
et al. 2022).

[p-galactosidase staining

To determine cellular senescence, the Cell Senes-
cence P-Galactosidase Staining Kit (C0602, Beyo-
time) was utilized as directed by the manufacturer
for assessment. The seeding of cells took place in
a 6-well culture dish. Following a gentle wash with
PBS, each well was treated with 1 mL of fixation

Table 1 Lentiviral transfection sequence

Name Sequence (5°=3’)

sh-NC TTCTCCGAACGTGTCACGT
sh-Apelin-1(Mouse) CCTTACTCTTTGAGGTCATAT
sh-Apelin-2(Mouse) AGAAGAAGGAAGCATGCGCTA

@ Springer

solution for B-galactosidase staining, and then fixed
at room temperature for 15 min. Subsequent to
the triple PBS washes, 1 mL of the staining work-
ing solution was administered to every well con-
taining the cell samples. Overnight incubation at
37 °C without CO, was conducted in the 6-well
plate, which had been meticulously covered with
foil. Microscopic observation was performed, and
5 fields of view in the center and periphery were
counted and averaged (Cho et al. 2022).

CCK-8 assay

The CCK-8 assay kit (CK04, Dojindo Laboratories)
was applied for the analysis of cell viability. The
seeding density of cells in a 96-well plate was set
at 1x10° cells per well. Each well received 10 pL
of CCK-8 solution daily, with subsequent addition
of 100 pL of serum-free medium. An incubation
period of 2 h at a temperature of 37 °C was allowed
for the plate, followed by measuring the optical
density (OD) at a wavelength of 450 nm. Viability
of cells was assessed by the formula % =[(experi-
mental well—blank well)/(control well—blank
well)] x 100% (Ma et al. 2019).

ELISA assay

The ELISA kits were employed to measure the
concentrations of IL-10 (IL-10, CUSABIO), Argl
(CSB-EL002005MO, CUSABIO), IL-1p (CSB-
E08054m, CUSABIO), and IL-6 (ab222503,
Abcam) in the cell culture supernatant. First, the
antigens were diluted to appropriate concentrations
and added to the wells of an enzyme-labeled reac-
tion plate. Then, the enzyme-labeled antibodies and
substrate solution were applied to the plate, incu-
bated, and followed by the introduction of 50 pL
stop solution to halt the reaction, with the experi-
mental outcomes assessed in a span of 20 min. The
ELISA reader (1,681,135, Bio-Rad, USA) was uti-
lized for reading the plate’s absorbance at 450 nm.
After plotting a standard curve, thorough analy-
sis was conducted on the obtained data (Yun et al.
2021). All assays were conducted following the
manufacturer’s guidelines. Each sample was tested
in triplicate to ensure result accuracy.
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Acridine orange (AO) staining

Cell viability was determined using AO staining solu-
tion (CA1143, Soleibao). The experimental proce-
dure was conducted according to the instructions pro-
vided by the reagent. Initially, two PBS washes were
administered to the gathered cells. Subsequently, the
number of cells was tallied and modified to a den-
sity of 1x10%ml. The infusion of AO dye (1 mg/
ml) into the cell suspension led to a concentration of
10 pg/ml. Post a 15-min incubation under light exclu-
sion at room temperature, the stained cells underwent
observation under a fluorescence microscope (with
an excitation filter set at 488 nm and an emission fil-
ter at 515 nm) in order to compute cellular vitality.
Apoptotic cells appeared orange, while viable cells
appeared green. Five fields of view were observed in
both the center and periphery and the average values
were obtained (Niknazar et al. 2019). Each experi-
ment was replicated thrice.

Collection, preparation, and depiction of EVs

MSC groupings received two PBS washes and were
subsequently exposed to FBS-free MDEM after incu-
bation. The supernatant was gathered after a span of
48 h, then centrifuged to separate cells and debris.
At a temperature of 4 °C, the centrifugation process
involved steps at 300 g for 10 min, 2000 g for 20 min,
and 10,000 g for 30 min. A 1-h exposure at 37 °C was
employed for the labeling of cells with 10 pM CFSE
(65-0850-84, Invitrogen). Ultracentrifugation at 4 °C
and 100,000 g for a period of 3 h was performed to
isolate CFSE-labeled EVs. Following the removal
of any extra dye, the EVs that had been collected
underwent a washing process with PBS and were
then reconstituted in PBS. To ensure the purity of the
isolated EVs sample, we evaluated the ratio between
the number of microvesicles and the total amount of
protein. Only when the ratio fell within the range of
103-10'° particles/ug protein did we consider the EVs
batch to have high purity (Ragni et al. 2020, Liu et al.
2020).

Fluorescently labeled EVs (CFSE-EVs) underwent
examination through a CytoFLEX flow cytometer
(Beckman Coulter, USA) prepared with FITC-fluo-
rescent beads for calibration. This enabled the iden-
tification of fluorescent particles with a size as min-
ute as 100 nM. Standard beads of 160, 200, 240, and

500 nM (Biocytex) were used for calibration. EVs
were diluted in PBS at a 1:10,000 ratio and stained
with CD63-APC (143,905, Biolegend) and CDS81-
APC (104,909, Biolegend) antibodies. A 30-min
staining procedure was conducted at a temperature
of 4 °C. Post-staining, the samples underwent dilu-
tion in PBS to 1,000 pL for assessment with the flow
cytometer.

To establish a gating strategy for selecting only
the stained EVs, CFSE-EVs were compared to
PBS +CFSE samples in the FITC channel. Events
within this gate were used for subsequent analysis.
The purpose of this step was to exclude antibody
aggregates that produced spontaneous fluorescence in
the FITC channel, ensuring that only CFSE-labeled
EVs were analyzed. Subsequently, CFSE-positive
EVs were detected using the flow cytometer (Ragni
et al. 2020).

Nanoparticle tracking analysis (NTA)

Dilution in PBS at a 1:100 ratio was applied to the EV
samples. The diluted EV samples were then placed in
the Nanosight LM10-HS system (Malvern Panalyti-
cal). For each EV sample, a 30-s video recording was
conducted to capture the movement trajectory of EV
particles in PBS (Ragni et al. 2020). The experiment
was repeated three times.

Atomic force microscopy (AFM)

Firstly, the collected exosomes were diluted in PBS
and then dropped onto pre-prepared glass slides. Sub-
sequently, the samples were air-dried overnight at
room temperature. Next, high-resolution images of
the exosomes were prepared using an AFM and an
ACT cantilever in semi-contact mode (Bagheri et al.
2020).

Transmission electron microscopy (TEM)

10 pL of EV suspension was fixed in 4% paraformal-
dehyde and drop-casted onto formvar carbon-coated
EM grids for air-drying. Subsequently, it was stained
with 3% phosphotungstic acid (G1871, Soleibao)
for 5 min. Finally, the morphology of EVs was thor-
oughly observed and analyzed using a JEOL 1010
TEM (JEOL) (Yang et al. 2023).
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Immunofluorescence (IF) staining

The cells obtained were treated with 4% paraformal-
dehyde (P0099, Beyotime) for a duration of 15 min
and then rinsed thrice in PBS. The cochlear tissues of
mice, post-embedding, underwent slicing into slices
of 8 um, cleansing with PBS on slides arranged in
advance, and then fixation with 4% paraformalde-
hyde lasting 10 min per slide to boost the adhesion
of the tissue to the glass material. Post three subse-
quent PBS washes, cells or sections of the cochlea
were subjected to hindering by a mixture includ-
ing 0.3% Triton X (BL935B, Biosharp), 1% bovine
serum albumin (V900933, Sigma-Aldrich), and 10%
serum from goats (C0265, Beyotime) for an interval
of 30 min. Overnight incubation at 4 °C involved
treating the slides with the primary antibodies pro-
vided: Prestin (PA5-103,158, 1/100, ThermoFisher),
Arg-1 (ab137614, 1:100, abcam), Myo7a (ab150386,
1/100, Abcam), Sox2 (ab92494, 1/100, Abcam), Ibal
(ab178846, 1/200, Abcam), Na—K ATP (A11683,
17200, ABclonal), Atohl (PA5-29,392, 1/100, Inv-
itrogen), CD206 (MA5-16,871, 1/100, Invitrogen),
CD80 (MAS5-15,512, 1/200, Invitrogen), and Cx26
(71-0500, 1/100, Invitrogen). Upon completion of
three PBS rinses, the slides were subjected to a 2-h
incubation at room temperature in the absence of
light, with the addition of secondary antibodies: goat
anti-rabbit [gG (H+L) Alexa Fluor® 488 (ab150077,
1/200, Abcam), Alexa Fluor® 594 (ab150080, 1/200,
Abcam), or Alexa Fluor® 647 (ab150083, 1/200,
Abcam). The staining of F-actin involved the use of
Alexa Fluor® 647-conjugated phalloidin (A22287,
1:200, sourced from Invitrogen) and incubated for
30 min at ambient temperature. Upon conclusion of
the experimental steps, the slides underwent a thor-
ough wash with PBS before being affixed using an
anti-fade mounting compound infused with DAPI
(4083, CST). Subsequent observations and image
capture were performed utilizing a laser scanning
confocal microscope (LSM 980, ZEISS) (Yang et al.
2022, Takeda et al. 2021). Five animals were assigned
to each group, and the cochlear tissue of each animal
was stained on a singular slice, with an individual
field of view designated for imaging. The cellular
studies were redone on three occasions. ImageJ soft-
ware from the National Institutes of Health in the
USA was employed to estimate the proportion of pos-
itive cell density subsequent to imaging.
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Real-time quantitative reverse transcription
polymerase chain reaction (RT-qPCR)

Extraction of total RNA from cellular samples in the
various groups was accomplished through the appli-
cation of the Trizol reagent (T9424, Sigma-Aldrich).
A UV-visible spectrophotometer (ND-1000, Nan-
odrop, USA) was employed to measure the qual-
ity and concentration of RNA. The mRNA expres-
sion analysis entailed the implementation of reverse
transcription with the PrimeScript™ RT reagent kit
(RR0O14B, TaKaRa, Japan). The performance of RT-
qPCR was executed via an ABI 7500 PCR appara-
tus (Applied Biosystems, USA), with the utilization
of the TB Green® Premix Ex TaqTM reagent kit
(RR420W, TaKaRa, Japan). The internal control for
mRNA was GAPDH. Employing the comparative Ct
method for relative quantification, the fold change in
target gene expression in the experimental group as
opposed to the control group was represented using
the formula Z_MC‘, where AACT =ACt experimen-
tal group—ACt control group, and ACt=target gene
Ct—internal control gene Ct (Yang et al. 2023).

Western blot (WB)

The protein extraction kit (BC3710, Solarbio, China)
was applied for the extraction of total cellular or tis-
sue proteins. Centrifugation of the supernatant was
carried out at 13,000 rpm for 15 min at a tempera-
ture of 4 °C. Utilizing the BCA protein quantitation
kit (P0O010, Beyotime, China) allowed for the deter-
mination of protein levels. A PVDF membrane was
used for the transfer of proteins following their sepa-
ration by SDS-PAGE electrophoresis. Blocking the
membrane involved the utilization of 5% skim milk at
ambient temperature for a duration of 60 min. Addi-
tion involved diluting the primary antibodies listed
below: Apelin (PA5-114,860, 1/1000, ThermoFisher),
Prestin  (PA5-103,158, 1/1000, ThermoFisher),
Atohl (21,215-1-AP, 1/1000, ThermoFisher), Sox2
(ab92494, 1/1000, Abcam), Myo7a (ab150386,
1/1000, Abcam), p53 (ab26, 1/1000, Abcam), p21
(ab109199, 1/1000, Abcam), Arg-1 (ab203490,
Abcam), IL-10 (ab310329, Abcam), and GAPDH
(ab8245, 1/5000, Abcam). Anti-Rabbit-IgG second-
ary antibody (7074, 1/1000, CST) or Anti-Mouse-IgG
secondary antibody (7076, 1/1000, CST) was then
added and incubated at ambient temperature for 1 h.
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The membrane underwent three wash cycles apply-
ing TBST solution (each lasting for 5 min). Removal
of TBST was followed by preparation of an adequate
volume of ECL working solution (WBULSO0500,
EMD Millipore, USA). The PVDF membrane was
introduced into the ECL developing solution for soak-
ing and then kept at room temperature for 1 min.
Elimination of excess ECL operating solution from
the PVDF film, enclosing the film with plastic wrap,
placing it in a dark storage, and allowing a 5-10 min
exposure for the development and fixing (Wang et al.
2021). Quantitative grayscale analysis of the WB
bands was achieved by employing the Imagel soft-
ware, with GAPDH serving as the internal reference.

Flow cytometry

Preparation for flow cytometry-based cell sur-
face marker analysis involved isolating MSCs with
0.25% trypsin/EDTA (T4049, Sigma-Aldrich) and
placing them in PBS supplemented with 3% FBS.
Under a cold condition of 4 °C, cells were treated
with specific antibodies for staining: anti-CD11b-PE
(553,311), anti-CD34-PE (551,387), anti-CD29-PE
(562,801), anti-CD45-PE (567,111), anti-CD90-PE
(551,401), anti-CD105-PE (562,759), anti-CD146-PE
(562,196), anti-Sca-1-PE (561,077), anti-CD80-APC
(560,016), and anti-F4/80-APC (566,787) purchased
from BD Biosciences. Anti-CD63-APC (17-0631-
82), anti-CD81-FITC (MAS5-17,939), anti-CD206-
APC (17-2061-82), and anti-CD163-PE (12-1631-
82) were purchased from Invitrogen. Finally, each
group’s cells underwent two PBS washes, were sorted
via a flow cytometer (Beckman Coulter, USA), and
analyzed utilizing the FlowJo software (Liu et al.
2020).

Animal experiments, MSCs transplantation, and EVs
treatment

CBA/CalJ (000654) male mice were purchased from
Jackson Laboratory, including young (8-10 weeks
old) and old (18-19 months old) mice. The entire
mouse population was housed in a facility that
met SPF standards, where the humidity was con-
trolled within 60-65% and temperatures were main-
tained between 22-25 °C, with water freely avail-
able. A one-week acclimation period was provided
for the mice before the experiment, with careful

observation of their health status. The institutional
committee responsible for animal ethics approved
the experimental procedures and protocols for ani-
mal usage (Seicol et al. 2022).

For MSCs transplantation: Anesthetized mice
were positioned on a warming mat to regulate their
body temperature. The skin in the area behind the
left ear, where the procedure was performed, was
disinfected with 1% iodine solution. The untreated
control was implemented on the right ear. By uti-
lizing a Leica M205A stereomicroscope, a slice of
0.5 cm was initiated on the rear aspect of the left
ear, and the subcutaneous muscle was dissected to
expose the temporal bone. Next, the utilization of
forceps allowed for the exposure of the round win-
dow vicinity by opening the left ear canal, and the
diameter of the opening was expanded to facilitate
the visualization of the round window membrane
(RWM). The delivery of MSCs suspension into
the Scala tympani of the ear through the RWM
was accomplished by employing a Picoliter micro-
injection system (PLI-100A, Warner Instrument)
from a glass pipette within a 1 to 2-min timeframe.
Approximately 0.5 pL (1x107 cells/mL) of cell
suspension was injected into the cochlea. Upon
withdrawal of the pipette, a tiny fragment of muscu-
lar or adipose tissue obtained from the neck region
was promptly positioned above the puncture area
to prevent any leakage from the circular window
site. Closure of the auditory sac orifice involved
the application of 6—0 absorbable chromic sutures,
after being concealed by adipose tissue. Post the
treatment, the animals were reinstated within their
enclosures for staying (Takeda et al. 2021).

For EV treatment: Administration of EVs.
sh-NC or EVs.sh-Apelin, both at a concentration
of 60 pg/mL, via tail vein injections was conducted
on a cohort of 5 mice for a continuous duration of
4 weeks (Li et al. 2021).

The assessment of auditory brainstem response
(ABR) and distortion product otoacoustic emis-
sions (DPOAE) values was performed at intervals
of 7, 14, and 28 days post MSCs engraftment or EV
treatment in the respective mouse groups. The mice
were euthanized on the 28th day of the trial through
cervical dislocation while under general anesthesia,
and tissue specimens were gathered for subsequent
experiments (Li et al. 2021).
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ABR

In this study, administering pentobarbital sodium
intraperitoneally at a dose of 50 mg/kg was used to
induce anesthesia in mice. The body temperature
of 37 °C was sustained through the application of
a heating pad. Upon initiating the test, a 1/4-inch
microphone (PCB-378C01, PCB Piezotronics) was
placed on the ears of the experimental animals.
Additionally, three silver wire electrodes were
inserted: an active electrode between the ears at
the cranial vertex, a reference electrode beneath the
right ear, and a ground electrode in the midline of
the back. During the experiment, stimuli of different
tones including 2, 4, 8, 16, and 32 kHz were deliv-
ered at a rate of 21.1 kHz per second. The BioSigRZ
software (TDT, USA) was employed for captur-
ing the animals’ responses. Starting at 90 decibels
sound pressure level (dB SPL) for the initial stimu-
lation intensity, it was subsequently diminished in
5 dB increments until achieving the threshold level.
The threshold was designated as the minimum level
of sound intensity required for observing visually
identifiable and replicable wave patterns (Sun et al.
2022).

DPOAE

This investigation involved the measurement of 2f1-
f2 DPOAE responses through the implementation
of the real-time signal processing system II devel-
oped by Tucker-Davis Technologies (TDT, USA).
The output stimulus was calibrated using ABR
measurements to ensure accurate measurements.
The primary stimulus signals (fl1 and f2) were set
at two intensity levels, specifically L1=80 dB SPL
and L2=75 dB SPL, with an f2/f1 ratio of 1.22.
DPOAE response thresholds were recorded at mul-
tiple frequency ranges, including 2, 4, 8, 16, and
32 kHz. The DPOAE recordings were executed by
employing two separate speakers to emit the pri-
mary tones, along with the utilization of a low-noise
microphone, ER 10B (Etymotic Research, USA). In
DPOAE analysis, only when the peak of the 2f1-{2
spectral component exceeded the background noise
level by more than 3 dB was it considered a valid
DPOAE response (Sun et al. 2022).
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Methods for analyzing data and statistical software

Our research involved the application of R language
version 4.2.1 via the integrated development interface
RStudio, version 2022.12.0-353. The utilization of
GraphPad Prism 8.0 was instrumental in processing
all data. Demonstrative data was exhibited in the for-
mat of Mean + SD, denoting the mean with standard
deviation. The utilization of non-paired t-tests was
essential for the evaluation of two datasets, whereas
one-way analysis of variance (ANOVA) was pivotal
for investigating differences among multiple datasets.
Levene’s test was utilized to evaluate the equality in
variances. Pairwise comparisons underwent Dun-
nett’'s T3 and LSD-t tests provided that variances
showed homogeneity; however, in the absence of
homogeneity in variances, the Dunnett’s T3 test was
employed. The statistical significance level was estab-
lished at P<0.05, revealing meaningful distinctions
across the analyzed groups (Zhang et al. 2020).

Results

Identification of cell types in mouse cochlea
development using scRNA-seq analysis

In order to investigate the cellular and molecular
mechanisms related to hearing degeneration in the
cochlear structures of mice at different developmental
stages, we conducted scRNA-seq analysis. We col-
lected cochlear samples from three different develop-
mental stages: Embryo group (E12.5, E18.5), Young
group (P1), and Adult group (W6) (Fig. 1A). The
information underwent processing and consolidation
via the Seurat software toolkit. Firstly, we examined
the gene count (nFeature_ RNA), mRNA molecule
count (nCount_RNA), and percentage of mitochon-
drial genes (percent.mt) for all cells in the scRNA-
seq data. Most cells were characterized by nFeature_
RNA <5000, nCount_RNA <20,000, and percent.
mt<20% (Fig. S1A). We filtered out low-quality cells
using a criteria of 200 <nFeature_RNA <5000 per-
cent.mt<25%, culminating in an expression dataset
including 17,453 genes and 19,963 cells.

Next, examination of sequencing depth correla-
tion unveiled that post filtration, the data exhib-
ited a correlation coefficient of r=-0.04 between
nCount_RNA and percent.mt, and a correlation
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cells in PC_1 and PC_2 after batch correction using Harmony,
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clustering results, showing the clustering and distribution of
cells from embryo (E12.5 and E18.5), P1, and W6 cochlear

coefficient of r=0.89 between nCount_RNA and
nFeature_RNA (Fig. S1B), signifying good quality
of the filtered cell data for further analysis.
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In order to delve deeper into the examination
of the screened cells, we opted to pick out genes
with significant variation in their expression levels.

@ Springer



31 Page 10 of 27 Cell Biol Toxicol (2025) 41:31

A cD11b cD29 D34 cD45
o o o o
2l 2] 2 2
s g - <t ~
= 0.68% o 95.24% N 0.62% ] 0.74%
21 2] 2] 2]
“ ks | & = _
O- (=3 O- O-
2] 2] 2] 21
ks g i ks
S s A s
= = = =
=] < 5 5
8 & 8 8
10010t 10210 0F 00 100 10! 102 10010t 100 10" 10" 10210 104100 100 10! 10210 10t 10
= = = o
2l 2 2 2
g Z g g
- 97.86% S 88.60% - 87.72% . 82.68%
2 2] 2 2
= [ z [
G- =3 C)- C-
21 2 21 2]
& 3 & &
b Z b3 b
b Z b b
100100 10010010t 100 100 10! 100100 10t 100 100 10 102100 10t 108 100 10 101010t 10
CD90 CD105 CD146 Sca-1

B PO P3 C
Prestin s ' PO

Hoechst Presin MSC-GFP Merge

=23
o
T
*
*

N
hd

25 ym

Sox2 N -

n
<

P3

Sox2+ cells density (%)

3

Atoh1 e S

PO P3
Hoechst Sox2 MSC-GFP Merge
3 504 *%
Myo7a - E 2
PO 2 40 "
c
3 30 ]
]
GAPHD s 3 0]
+
P3 < 104
RN
L2, \ < o
PO P3
Hoechst Atoh1 MSC-GFP Merge
IS ~ *%

n ©
hd <

Atoh1 cells density (%)
>

-

PO P3
Hoechst Myo7a MSC-GFP Merge
§ 50 *k
> 40l =
PO 540 |
c
$ 30
2
'8 204
I\
104
P3 4
= o
PO P3

@ Springer



Cell Biol Toxicol (2025) 41:31

Page 11 of 27 31

«Fig. 2 Differentiation of MSCs into auditory-related cells.
Notes: A Flow cytometry analysis of MSCs derived from bone
marrow, labeled with fluorescent markers CD11b*, CD29%,
CD34%, CD45*, CD90, CD105*, CD1146*, and Sca-1; B
Expression levels of Prestin, Sox2, Atohl, and Myo7a detected
by WB; C IF staining to assess the expression of Sox2 and
Atohl. **P<0.01, three independent cell experiments were
performed

Subsequently, we picked the foremost 2000 genes
with remarkable variability for subsequent analysis
(Fig. S1C). The initial normalization of data fol-
lowed the completion of cell cycle scoring facili-
tated by the CellCycleScoring function (Fig. S1D).
Linear dimensionality reduction of the dataset
involved applying PCA. Demonstrated here is the
heatmap representing the primary gene expression
interactions of PC_1-PC_6 (Fig. S1E) and the cell
distribution in PC_1 and PC_2 (Fig. S1F), pointing
toward the occurrence of batch influences among
the samples.

Implementing batch correction with the harmony
tool, we aimed to minimize batch effects and enhance
the precision of cell clustering within the dataset
(Fig. S1G). The ElbowPlot was applied to rank the
standard deviation of the PCs, with the findings indi-
cating that PC_1-PC_20 sufficiently depicted the data
originating from the highly variable genes, showcas-
ing notable analytical relevance (Fig. S1H). The cor-
rected findings pointed out the successful eradication
of batch effects across the samples (Fig. 1B).

In addition, application of the UMAP algorithm
led to non-linear dimension reduction for the top 20
PCs. The utilization of UMAP clustering led to the
acquisition of 31 distinct cell clusters (Fig. 1C-D). We
then used the Bioconductor/R package "SingleR" for
automatic annotation of these 31 cell clusters, result-
ing in 17 different cell types (Fig. 1E-F), including
cells located in the organ of Corti (Hair cell, Deiter
cell and pillar cell, Inner phalangeal cell/Inner bor-
der cell, Supporting cell), cells in the Stria vascula-
ris (Intermediate cell, Marginal cell, Basal cell), cells
in the Spiral ligament (Ligament cell, Epithelial cell,
Vascular cell), cells in the Modiolus (Spiral ganglion
neuron, Satellite glial cell, Schwann cell), and differ-
ent types of immune cells (Macrophage, Neutrophils,
Lymphocyte).

In summary, the scrutiny of cochlear tissue devel-
opment in mice at different temporal stages led
to the successful identification of 31 cell clusters,

delineating a total of 17 cell classifications through
our scRNA-seq analysis.

Key role of MSCs in auditory cell differentiation
revealed by scRNA-seq analysis

Based on scRNA-seq analysis, we observed variations
in the composition of cochlear cells at different stages
of development. MSCs, which are non-hematopoietic
multipotent stem cells, possess self-renewal and dif-
ferentiation abilities into mesodermal tissues such as
adipocytes, chondrocytes, and osteocytes. The trend
of evidence suggests that MSCs show promise in dif-
ferentiating into neurons and sensory cells (Jeon et al.
2007). Therefore, from the aforementioned scRNA-
seq analysis, we extracted the MSCs population
(Fig. S2A) and annotated the hair cells, Deiter cells,
pillar cells, and inner phalangeal cells/inner border
cells in the organ of Corti (Fig. S2B-D). These find-
ings reveal the correlation between MSCs and the dif-
ferentiation of auditory-related cells.

Exploring the differentiation stage of MSCs in
depth, we utilized pseudotime analysis using the R
tool monocle2 to map out the course of MSCs differ-
entiation. Initially, visualization of sorted genes was
performed, as depicted in Fig. S3A. Subsequently,
DDRTree was implemented for data dimensionality
reduction, facilitating the sorting of cells based on
gene expression trends, thereby establishing a dif-
ferentiation trajectory (Fig. S3B). The evolution of
MSCs can be divided into five stages, including two
significant branching points, according to different
states (Fig. S3C-D). Pseudotime, calculated by mon-
ocle2 based on the gene expression information of
cells, is used to represent the temporal order of cells
(Fig. S3E). We observed that MSCs are more con-
centrated in the Statl stage and play an essential role
throughout the differentiation process (Fig. S3F).

Based on the aforementioned scRNA-seq analysis,
we discovered the association of MSCs with the dif-
ferentiation of auditory-related cells. The literature
suggests that MSCs exhibit differentiation potential
towards inner ear auditory cells when cultured in the
presence of IGF-1, EGF, and bFGF (Jeon et al. 2007).
To further validate our findings, MSCs were isolated
from bone marrow, and flow cytometry was employed
to detect surface markers of MSCs. The results indi-
cated high expression levels of CD29, CD90, CD105,
CD1146, and Sca-1 in MSCs, while CD11b, CD34,
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and CD45 were negative (Fig. 2A). After confirming
the specific surface markers of MSCs, cultivation of
MSCs took place in a serum-free solution including
IGF-1, EGF, and bFGF. Examination of cochlear sen-
sory progenitor cell-related factors was carried out
using WB at the third phase of in vitro cultivation.
The detection results showed upregulation of Prestin,
Sox2, Atohl, and Myo7a expression levels in the P3
group in relation to the PO group (Fig. 2B). Further-
more, IF staining indicated a substantial escalation in
the number of Sox2+and Atohl + positive cells gen-
erated by MSCs-GFP in the P3 group relative to the
PO group (Fig. 2C).

To summarize, this research unveiled the crucial
role of MSCs in the differentiation process of audi-
tory functional cells through scRNA-seq and pseu-
dotime analysis. Our results not only confirm the
important role of MSCs in cochlear development but
also provide critical information for the maturation of
auditory function.

Examination of the ability of MSCs to regenerate
auditory hair cells revealed by transplantation study

The primary reason for hearing impairment usually
stems from the demise of sensory cells in the cochlea,
resulting in significant adverse effects on individuals’
everyday activities. Since hair cell death is not spon-
taneously regenerated in mammals, rescuing hair cell
regeneration holds promise as a key strategy for treat-
ing sensorineural hearing loss. Pluripotent stem cells
represent a potential therapeutic approach whereby
they can be transplanted into the cochlea of hearing
loss patients to differentiate into otic progenitor cells
and inner ear hair cells, thus restoring hearing func-
tion (Chen et al. 2012).

Firstly, we utilized phalloidin staining to dem-
onstrate the state of the cochlear cell cytoskeleton
in the Young and Old groups. IF staining results
revealed a disrupted cytoskeleton in the cochlear
tissues of the Old group in contrast with the Young
group (Fig. S4A). Additionally, the expression levels
of Myo7a-positive cells were downregulated in the
cochlear tissues of the Old group contrasted against
the Young group (Fig. S4B).

We transplanted MSCs into the lymph periphery
of Old group mice, using GFP-labeled MSCs to track
their migration and differentiation within the mice’s
inner ears (Fig. 3A). The inner ear consists of three
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major parts (Fig. 3B): the scala vestibule (SV), the
scala media (SM), and the scala tympani (ST). The
elements consist of hair cells, sensory cells, the spi-
ral ligament, blood vessels regulating the SM coch-
lear potential, and primary auditory neurons or spiral
ganglion neurons (Kanzaki et al. 2020). Using fluo-
rescent labeling with Myo7a and Sox2, which rep-
resent inner ear hair cells and auditory progenitor
cells, respectively, we found that migratory MSCs
were detected in the SV, SM, and ST regions, gener-
ating GFP+ Sox2+Myo7a+cells, further indicating
the differentiation of MSCs into hair cell progenitor
cells (Fig. 3C). By day 28, MSCs were also detected
in the organ of Corti’s Apex region, differentiating
into Myo7a+, Sox2+, and Sox2+ Myo7a+cells, as
shown by IF labelin (Fig. 3D).

The experimental findings point towards the poten-
tial efficacy of MSCs in renewing cells linked to audi-
tory functions within the cochlea.

Improved hearing function and increased expression
of connexin and ion channels following MSCs
transplantation

We investigated the impact of MSCs transplantation
on hearing using ABR and DPOAE evaluations. The
ABR and DPOAE hearing thresholds demonstrated
no statistically significant disparities within the initial
week post MSCs transplantation. However, over time,
particularly in the second and fourth weeks, there was
a significant decrease in ABR and DPOAE hearing
thresholds, indicating an improvement in auditory
function (Fig. 4A-B).

The levels of Cx26 and Na—-K ATP expression
within the squamous epithelium (SE) of the tym-
panic membrane (TM) were investigated. Functioning
significantly within the cochlear tissue of the inner
ear, Cx26 acts as a crucial intercellular connectivity
protein. Cx26 protein facilitates the transfer of ions
and small molecules between cells through channels
connecting adjacent cells. Normal cochlear function
relies heavily on the presence of Cx26 expression in
the cochlea, which is crucial for establishing the link
between the outer hair cells and the supporting cells
(Sanchez and Verselis 2014).

Within the structures of the inner ear, the Na—K
ATP ion channel protein holds fundamental impor-
tance in regulating the physiological processes of
the cochlear tissue. This channel is responsible for
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Fig. 3 Expression profile of MSCs in the cochlear tissue after
transplantation. Note: A Schematic diagram of the in vivo
experiment, illustrating the transplantation of GFP-labeled
MSCs into the cochlear tissue of Old mice, with the evalua-
tion of MSC’s effects on auditory function at different time
points; B Schematic diagram of the mouse inner ear structure:
SM represents Scala media, ST represents Scala tympani, and
SV represents Scala vestibul; C Top panel: IF detection of the
cochlear vestibule and middle ear at day 14 post-MSCs trans-

regulating the membrane potential of cells, especially
outer hair cells, to help maintain normal auditory
system function (Holm and Lykke-Hartmann 2016).
IF results showed a significant upregulation of Cx26

Euthanasia
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plantation. Green indicates MSC-GFP, red indicates Sox2, and
blue indicates DAPI. White arrows point to migrated MSCs.
Bottom panel: Magnified view of GFP + Sox2 +Myo7a+ posi-
tive cells; D IF detection of GFPTSox2* and GFP*Myo7a* cell
expression in the Apex region 28 days after MSCs transplan-
tation. Yellow arrows indicate GFP*Myo7at positive cells;
asterisks indicate GFP*Sox2* positive cells, and red arrows
indicate GFP*Sox2*Myo7a" positive cells

and Na—K ATP expression in the cochlear tissue after
MSC:s transplantation (Fig. 4C). These findings pro-
vide molecular-level evidence for the improvement
of auditory function with MSCs transplantation and
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suggest that MSCs may enhance and maintain inner
ear function by promoting the expression of the con-
nectivity proteins Cx26 and Na-K ATP.

ARHL.: the role of macrophage activation and the
potential of MSCs therapy

ARHL, also known as presbycusis or age-related
deafness, is a common issue that gradually develops
with age. In recent years, inflammation has been a
key area of investigation in biomedical research con-
cerning age-related diseases. As tissues age, the body
undergoes a phenomenon called "chronic inflam-
mation." A pivotal function of the immune system
involves inflammation, which is essential in com-
batting infections and injuries (Watson et al. 2017,
Gruver et al. 2007). However, chronic or excessive
inflammatory responses may have a negative impact
on the auditory system (Verschuur et al. 2014). In the
cochlea, macrophages, as long-lived resident immune
cells, have a fundamental function in modulating
local inflammatory responses. Depending on their
activation state, they can either promote or suppress
acute inflammatory reactions in the cochlear microen-
vironment (Liu et al. 2018). Studies have found a high
aggregation of macrophages in the cochlea of ARHL
patients (Noble et al. 2019).

Thus, we further investigated the changes in
macrophages within the ear tissue during the aging
process in mice. IF analysis revealed that, in con-
trast with the Young group, the Old group showed
a marked growth in the number of activated mac-
rophages (Ibal) and M1 macrophages (CD80-positive
cells), a marked decrease in M2 macrophages (Arg-
1-positive cells), and a reduced proportion of Myo7a-
positive cells (Fig. SA).

In assessing how MSCs affect the macrophage
phenotype, macrophages (Ana-1) were treated with
LPS and co-cultured with MSCs. The ELISA findings
indicated increased levels of IL-6 and IL-1p, which
are markers for M1 macrophages, and a decrease
in IL-10 and Arg-1, which serve as markers for M2
macrophages, when comparing the LPS group to the
Control group; however, the levels of these factors
were dynamically changed by MSCs in a time-sen-
sitive manner, differing from those in the LPS group
(Fig. 5B). Additionally, the flow cytometry technique
was employed to determine the levels of M1 and M2
macrophages. The outcomes indicated an escalation

in the percentage of M1 macrophages and a reduc-
tion in the percentage of M2 macrophages observed
in the LPS group in relation to the Control group;
meanwhile, MSCs reversed the levels of expression
of these cells in contrast to the LPS group (Fig. 5C).

To conclude, our experiments suggest a correlation
between the activation of macrophages and ARHL.
However, MSCs therapy has the potential to decrease
macrophage activation and the secretion of inflamma-
tory factors, thus improving the overall well-being of
the auditory system.

MSC-derived EVs regulate macrophage activation in
inflammatory response

The above studies and experimental results indi-
cate that MSCs therapy has the potential to inhibit
macrophage activation. Moreover, MSC-derived
EVs carry a wealth of anti-inflammatory molecular
information, including anti-inflammatory proteins,
miRNAs, and RNAs, which can influence the physi-
ological state and immune responses of recipient cells
(Baglio et al. 2015). Moreover, their capacity lies in
the control over immune cell polarization, changing
pro-inflammatory M1 macrophages to anti-inflam-
matory M2 macrophages, thus aiding in the reduc-
tion of inflammation (Cao et al. 2019). Therefore, we
propose that MSCs mediate macrophage activation
through the release of EVs.

In our study, we first evaluated the morphology,
uniformity, and size of EVs from MSCs using AFM
(Fig. S5A). Further validation of EV size was con-
ducted using TEM (Fig. S5B). The use of calibrated
flow cytometry confirmed the size range of EVs, indi-
cating that over 98% of EVs are smaller than 200 nm
(Fig. S5C). Additionally, we detected the expression
of EV markers CD63 and CD81 using flow cytometry
(Fig. S5D-E).

To simulate the inflammatory microenviron-
ment of macrophages, we stimulated Ana-1 mac-
rophages with LPS and subsequently treated them
with different concentrations of EVs. IF outcomes
indicated a substantial escalation in the proportion
of M2 macrophages in a concentration-dependent
manner after EV treatment (Fig. 6A). We also col-
lected cell supernatant and performed ELISA to
assess the expression of M1 macrophage markers
(IL-6 and IL-1pB) and M2 macrophage markers (IL-
10 and Argl). Significantly reduced IL-6 and IL-1§
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Fig. 5 MSC-mediated inhibition of inflammatory response
in macrophages. Note: A IF detection of Ibal, CD80, and
Myo7a expression in cochlear tissue of Young and Old mice,
with white arrows indicating CD80-positive cells. Scale
bar=50 pm; B Stimulation of Ana-1 macrophages with LPS
(1 pg/ml) in co-culture with MSCs, followed by ELISA anal-
ysis of IL-6, IL-1PB, Argl, and IL-10 expression in the cell

expression along with markedly elevated IL-10 and
Argl expression were observed with the escala-
tion of EV concentration according to the findings
(Fig. 6B-E).

EVs, as a class of small membrane-bound vesi-
cles, are released into the extracellular environment
to regulate intercellular communication and signaling
by carrying bioactive molecules. The modulation of
immune responses and the facilitation of cell commu-
nication are primary functions of EVs in the immune
system. Serving as essential intermediaries, they
facilitate the interaction and communication between
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supernatant at different time points; C Flow cytometry analysis
of M1 macrophages (CD80%) and M2 macrophages (CD163")
after co-culturing MSCs with Ana-1 macrophages for 48 h.
*#P <0.01, *P<0.05 compared to Control group; ##P <0.01
compared to LPS group. Animal experiments were n=5, and
cell experiments were repeated 3 times

macrophages and a multitude of other immune cells
(Hu et al. 2021).

Therefore, our experiments further investigated
the interaction between EVs and macrophages. Flow
cytometry illustrated a noteworthy surge in the fluo-
rescence intensity of macrophages over time, suggest-
ing their propensity for CFSE positivity and showing
a distinct shift in fluorescence peaks (Fig. 6F). IF
staining results demonstrated the presence of CFSE-
labeled EVs in the cytoplasm of macrophages, indi-
cating specific and ordered interactions between EVs
and macrophages (Fig. 6G).
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Fig. 6 EVs derived from MSCs suppress the occurrence of
inflammatory response. Note: A Stimulation of Ana-1 mac-
rophages with LPS (1 pg/ml) and treatment with EVs at differ-
ent concentrations for 24 h, followed by IF detection and quan-
tification of M2 macrophages (CD206%). Scale bar=25 pm;
B-E ELISA analysis of IL-6, IL-1p, IL-10, and Argl expres-
sion in the cell supernatant after treating macrophages with
different concentrations of EVs for 24 h; F Flow cytometry

These results suggest that EVs derived from
MSCs may play a role in suppressing inflammatory
responses by modulating the activation status of
macrophages.

Apelin-mediated MSC-derived EVs promote M2
polarization in inflammation

Apelin is an endogenous peptide hormone that has
been extensively studied for its role in inflammation.
External stimuli often lead to inflammation, prompt-
ing the activation of immune cells and the release of
inflammatory mediators as part of the body’s defense
response. Recent investigations have elucidated the
vital function of Apelin in regulating inflammatory

EVS Ana-1 Merge

analysis of fluorescence intensity of macrophages (F4/80%)
after co-culturing them with CFSE-stained EVs for 0, 1, 6, and
24 h; G IF staining of macrophages (highlighted in magenta)
and EVs (highlighted in green) using CellTracker™ Deep Red
dye, showing the interaction between macrophages and EVs.
White arrows indicate merged images of EVs interacting with

macrophages. Scale bar=25 pm. **P<0.01, *P<0.05, cell
experiments were repeated 3 times

Ana-1

Ana-1+EVs

responses. By activating the APJ receptor, apelin has
the capability to suppress the generation of inflam-
matory agents and the stimulation of immune cell
function (Wang et al. 2022). This includes inhibi-
tory effects on inflammatory cells comprising mac-
rophages and T cells, thereby alleviating the severity
of the inflammatory response. Additionally, Apelin
facilitates the enhancement of anti-inflammatory cel-
lular activities, particularly macrophages engaged in
inflammation resolution, thereby contributing to the
reinstatement of inflammatory balance (Leeper et al.
2009).

To investigate the expression of Apelin in EVs,
we retrieved data from the exoRBase database. The
heatmap and line graph showed that the Apelin
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«Fig. 7 EVs mediate anti-inflammatory effects through Apelin
delivery. Note: A Transduction of MSCs with Apelin lentivi-
rus, either with silenced or overexpressed conditions, followed
by collection of EVs released by these MSCs and co-culturing
with macrophages. IF staining was performed to detect the
expression of M2 macrophage marker CD206. Measurement of
the scale bar=25 pm; B Expression of IL-6, IL-1p, IL-10, and
Argl in the cell supernatant was measured using ELISA; C-D
Expression of M1 (F4/80TCD80%) and M2 (F4/80*CD206")
macrophage markers in cochlear tissue was assessed using flow
cytometry; E Expression levels of Arg-1 and IL-10 in cochlear
tissue were detected by WB. **P <0.01, *P <0.05, cell experi-
ments were repeated 3 times

expression level was relatively higher in EVs secreted
by embryonic stem cells (ESSCs) (Fig. S6A-B). Fur-
thermore, our investigation focused on the expression
of Apelin within cochlear tissues. The results exhib-
ited a notable decline in Apelin expression in the
cochlear tissues of the Old group as opposed to the
Young group, but after MSCs transplantation, Ape-
lin expression was markedly upregulated in the Old
group (Fig. S6C).

To further explore whether MSC-released EVs
deliver Apelin to macrophages and regulate anti-
inflammatory effects, we used lentivirus to silence or
interfere with Apelin in MSC, followed by isolation of
EVs and co-culturing with Ana-1 macrophages. The
expression of Apelin in MSCs and EVs was found to
be reduced in the sh-Apelin group as opposed to the
sh-NC group, as indicated by the results. The subse-
quent experiments focused on the sh-Apelin-1 group
displaying the most efficient knockdown (Fig. S6D-
E). Meanwhile, based on the above experiments, we
successfully established an inflammatory microenvi-
ronment in Ana-1 macrophages by stimulating them
with LPS (Fig. 6A-E).

IF results showed a drop in the expression of
M2 macrophages (CD206+) in the EVs.sh-Ape-
lin group in comparison to the EVs.sh-NC group,
while an upregulation was noted in the expression of
CD206 + positive cells in the EVs.oe-Apelin group in
contrast with EVs.oe-NC group (Fig. 7A). In addi-
tion, we collected cell supernatants and used ELISA
to detect the expression of M1 macrophage markers
(IL-6 and IL-1p) and M2 macrophage markers (IL-10
and Argl). The results showed upregulation of IL-6
and IL-1p expression and downregulation of IL-10
and Argl expression in EVs.sh-Apelin group con-
trasted with EVs.sh-NC group, while a significant
reversal in the levels of these factors was detected in

EVs.oe-Apelin group compared to EVs.oe-NC group
(Fig. 7B).

Research conducted previously has indicated an
increase in the ratio of M2 macrophages in older mice
(Yamaguchi et al. 2020). Furthermore, the introduc-
tion of the accumulated EVs into the group of sen-
ior mice enabled the assessment of M1 and M2 mac-
rophages’ presence in the cochlear tissues via flow
cytometry assessment. On comparison with the Old
group, there was a decrease in the ratio of M1 mac-
rophages (F4/80+CD80+) and an increase in the
ratio of M2 macrophages (F4/80+CD206+) in the
Old+EVs.sh-NC and Old+EVs.oe-NC categories,
as outlined by the results. However, comparing to the
Old+EVs.sh-NC group, the Old+EVs.sh-Apelin
group exhibited a substantial increase in the ratio of
M1 macrophages and a concomitant drop in the per-
centage of M2 macrophages. Similarly, relative to the
Old+EVs.0e-NC group, the Old+EVs.oe-Apelin
group revealed a remarkable decline in the proportion
of M1 macrophages and a growth in the proportion
of M2 macrophages (Fig. 7C-D). WB results further
demonstrated that the levels of M2 macrophage-
related proteins, Argl and IL-10, was upregulated
in the cochlear tissues of Old+EVs.sh-NC and
Old+EVs.0e-NC groups when juxtaposed with the
Old group. However, the levels of these proteins sub-
stantially lowered in the Old+EVs.sh-Apelin group
in contrast with the Old+EVs.sh-NC group, while
they were substantially elevated in the Old + EVs.oe-
Apelin group contrasted against the Old+EVs.oe-NC
group (Fig. 7E). The discovery reinforces the close
association between Apelin in MSC-derived EVs and
M2 macrophage polarization.

In summary, our experimental results reveal the
important role of MSC-released EVs in intercellular
communication and inflammation regulation, which
can promote M2 polarization and exert anti-inflam-
matory effects through targeted delivery of Apelin.

Protective effects of MSC-derived EVs with apelin
on ARHL

The aging of cochlear hair cells is significantly
influenced by the inflammatory response occurring
within the inner ear. This process often involves
the activation of immune cells and the secretion of
inflammatory substances, which can detrimentally
impact the integrity of cochlear hair cells, resulting
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in oxidative harm, apoptosis, and decreased func-
tional capabilities, culminating in the manifestation
of auditory impairment (Wong and Ryan 2015).

In this experiment, we induced aging in the hair
cells (HEI-OC1) through H,0O, induction in vitro
and transfected MSCs with a lentivirus overexpress-
ing Apelin. Subsequently, we collected EVs released
by MSCs from different groups and co-cultured
them with HEI-OCI1 cells. We assessed the aging
of HEI-OCI1 cells through p-galactosidase staining
(Fig. 8A). In contrast with the EVs.oe-NC + HEI-
OC1 group, the degree of HEI-OCl aging was
noticeably lessened in the EVs.oe-Apelin+ HEI-
OC1 group, accompanied by downregulation of the
aging-related proteins P53 and P21 (Fig. 8A-B),
indicating that activating Apelin expression helps
mitigate HEI-OC1 aging. Furthermore, we evalu-
ated the vitality of HEI-OC1 cells applying the
CCKS8 assay. The results showed increased vital-
ity of HEI-OCI1 cells in the EVs.oe-Apelin + HEI-
OC1 group compared to the EVs.oe-NC + HEI-OC1
group (Fig. 8C). AO staining experiments revealed
a decreased apoptotic rate of HEI-OCI1 cells in the
EVs.oe-Apelin+HEI-OC1 group relative to the
EVs.oe-NC + HEI-OC1 group (Fig. 8D).

Furthermore, we injected the collected EVs
into the mice of the Old group and evaluated the
ABR and DPOAE at the 1st, 2nd, and 4th weeks
after treatment. Although no significant auditory
improvement was observed in the 1st week of treat-
ment, with extending treatment time, particularly
in the 2nd and 4th weeks, the ABR thresholds sig-
nificantly decreased, and DPOAE thresholds sig-
nificantly increased in the Old+EVs.oe-NC and
Old +EVs.oe-Apelin treatment groups compared to
the Old group, indicating an improvement in audi-
tory function. It is noteworthy that the Old mice
were treated with Old+EVs.oe-Apelin showed
more significant improvement in ABR and DPOAE
tests compared to mice treated with Old+EVs.
oe-NC alone (Fig. 8E-F).

In conclusion, our experimental results further
emphasize the critical role of Apelin in MSC-derived
EVs, which promotes M2 polarization, attenuates
inflammation-induced HEI-OC1 aging and apoptosis,
and significantly improves auditory function in aged
mice. The discoveries propose the prospective clini-
cal utility of MSC-derived EVs in protecting auditory
function and preventing cochlear damage.

@ Springer

Discussion

Hearing loss is a common issue among the elderly
population, and the existing treatment methods have
certain limitations and challenges (Jiang et al. 2023,
Lin et al. 2023, Anastasiadou and Al Khalili 2023).
Currently, the main treatment methods include hear-
ing aids and cochlear implants. However, these meth-
ods cannot fully restore hearing function, and for
elderly individuals with hearing loss, there is a higher
risk of surgery (Marx et al. 2021, Hunter et al. 2022,
Peng et al. 2023). Therefore, it is necessary to seek
new treatment methods to address this problem (Mar-
rodan et al. 2021, Joshua et al. 2022, Tao et al. 2023)
(Fig. 9).

In this study, scRNA-seq technology was used,
which has the advantages of high resolution and sen-
sitivity (Chen et al. 2020, Li et al. 2021). Compared
to traditional RNA-seq and bulk RNA-seq, scRNA-
seq can accurately analyze the transcriptome of indi-
vidual cells, thus understanding the changes in differ-
ent cell types (Beccuti and Calogero 2022, Alessandri
and Calogero 2022). The use of this technology facili-
tates a deeper insight into the reasons for hearing
impairment and the exploration of fresh therapeutic
interventions (Xu et al. 2023).

This study found that the transplantation of MSCs
can enhance auditory restoration in individuals suf-
fering from auditory impairment. In comparison
with other related studies, our research demon-
strates the superiority of MSCs therapy in auditory
recovery, which may be attributed to the multidif-
ferentiation ability of MSCs and its regulation of
inflammatory responses. Fresh perspectives and
methodologies are introduced for the management of
auditory impairment.

The research unveiled the significant involvement
of EVs in modulating the inflamed microenvironment
by transmitting Apelin. An innovative perspective is
provided for understanding the mechanism related
to hearing loss and discovering fresh therapeutic
approaches. By comparing its role and effects with
other regulatory factors in auditory recovery, we can
better understand the mode of action and effective-
ness of EVs in delivering Apelin.

Employing scRNA-seq, molecular biology tech-
niques, and animal experiments, this research thor-
oughly scrutinized the involvement of MSCs and their
EVs in promoting the recovery of auditory function in



Cell Biol Toxicol (2025) 41:31 Page 21 of 27 31

N
A EV.oe-NC+ EV.oe-Apelin+ M EV.oe-NC+HEI-OC1 B RIS A
HEI-OC1 HEI-OC1 /8 EV.oe-Apelin+HEI-OC1 Q.oef © Qpe»’ ©
4 = 80- CET T
8 3 . ;; Kk X X
e B P53 D 53KDa
a0 i <8 g
s 56 £ 50 pim 50 um ] P21 S — 21KDa
VA r
& GAPDH Sl i 36KDa
C D ?
2.07-- EV.oe-NC+HEI-OC1 EV.06.NC EV 00-Aneli [l EV.oe-NC+HEI-OC1
- + - .
T |= EV.oe-Apelin+HEI-OC1 L OCT ﬁgl_o@'“* M EV.oe-Apelin+HEI-OC1
: . -
: 15 L1 : , <8 .
< . o —
g 1.0 * E
0o 0.5 @
°
0.0 ———————— &
Oh 12h 24h 48h 72h 2

Time(hours)

1 week 2 week 4 week
~50 =100 =100
2 ~ oid iE & |~ od ] 2
|+ Old+EVs.oe-NC *]

% 60- -+ Old+EVs.oe-NC n] 2 % 80 Id+EVs.oe-Apelin %

= OIld+EVs.oe-Apeli = =

° T 60 °

] 8 8

24 D 40 G 40

® o ¥ o - oid *

< 20- £ £ -= Old+EVs.oe-NC *

g g 20+ % 20+ g ) ]*

2 2 2 Old+EVs.oe-Apelin

c T T T T T v T T T T T c T T T T T
2 4 8 16 32 2 4 8 16 32 2 4 8 16 32
Frequency (kHz) Frequency (kHz) Frequency (kHz)

- 1 week - 2 week _ 4 week

T 40 I F 40

0 |~ Old 2 & T=oud * @ |+ oid

% -= Old+EVs.oe-N _ ] - 0 - Old+EVs.oe-NCc *- m -=- Old+EVs.oe- NC

g Old+EVs.oe-Apelin 2 OId+EVs.oe-ApeIin] 2 Old+EVs.oe-Apelin

o 20 'g 20 -g 20

2 S o

(7] < <

[ [ [

2 o <

£ 01 H o £ 04

W w w

S S S

o S Q

Fal o g T % 20

2 4 8 16 32 2 4 8 16 32
Frequency (kHz) Frequency (kHz) Frequency (kHz)
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Fig. 9 Mechanism diagram illustrating how MSCs rescue hearing loss through repairing cochlear auditory cells and exerting anti-
inflammatory effects by targeted delivery of Apelin and regulating M2 polarization

aged mice. The enhancement of elderly patients’ life
quality afflicted by auditory impairment is effectively
achieved through the application of MSCs transplant
to mend the hearing impairment.

Using scRNA-seq technology, the probable sig-
nificance and molecular mechanisms concerning the
therapeutic role of MSCs in ARHL are unveiled in
this research. This research has significant scientific
and clinical implications. Firstly, the study clarifies
the relevance between MSCs and subpopulations of
ear cells. Through single-cell transcriptomic analysis,
researchers found that MSCs can differentiate into
cell types closely related to auditory function, such as
hair cells, Deiters cells, pillar cells, and inner phalan-
geal cells/inner border cells. This discovery provides
a theoretical basis and new strategies for using MSCs
to treat ARHL. Secondly, the study demonstrates that
EVs derived from MSCs can redirect macrophages to
the M2 phenotype through targeted delivery of Ape-
lin, exerting an anti-inflammatory effect and salvag-
ing hair cell vitality. The employment of vesicles in
signaling introduces promising avenues for manag-
ing hearing impairment. By controlling the level and

@ Springer

delivery mechanism of Apelin in EVs, it is possible
to regulate inflammatory responses and hair cell deg-
radation to promote hearing recovery. Additionally,
in vivo experiments further confirm that the regenera-
tion of auditory function in aged mice can be facili-
tated by the introduction of MSCs through transplan-
tation, leading to the restoration of cochlear hair cells.
The application of MSCs therapy in managing ARHL
among the elderly is substantiated by compelling
evidence.

Nevertheless, there are several constraints linked
to this research. First, although scRNA-seq is highly
advanced, data interpretation and cell subpopulation
identification remain challenging. Second, this study
only conducted experimental validation in an aged
mouse model, and the mechanisms observed in young
mice remain unknown. Additionally, additional
research in clinical settings is necessary to validate
its effectiveness and safety in human subjects. Deeper
investigation in future studies could focus extensively
on the mechanisms and effects of MSC-derived EVs
delivering Apelin, as well as explore other potential
molecular targets. Furthermore, clinical research on
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the application of MSCs therapy for ARHL is cru-
cial. By optimizing MSCs transplantation protocols,
enhancing therapeutic efficacy, and combining it with
other treatment modalities, such as gene therapy and
pharmacological interventions, it may be possible to
broaden the treatment options for ARHL.

Conclusions

In conclusion, this study demonstrates the therapeu-
tic efficacy of MSCs transplantation and EV-mediated
Apelin delivery for ARHL through comprehensive
validations at the cellular and animal levels. Using
scRNA-seq, we identified Apelin as a potential key
target and revealed its regulatory role in the inflam-
matory microenvironment as a mechanism underly-
ing MSC therapy. These findings go beyond a proof
of concept by providing mechanistic insights into the
therapeutic potential of MSCs and EVs. Nonetheless,
significant challenges remain, including optimizing
transplantation protocols and elucidating the precise
mechanisms of EV-mediated Apelin delivery. Future
studies will address these challenges to further refine
the therapy and explore multimodal approaches to
maximize treatment efficacy, paving the way for inno-
vative advancements in ARHL treatment and related
fields.
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