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ARTICLE INFO ABSTRACT

Keywords: Background: Reactive oxygen species (ROS), predominantly generated by mitochondria, play a crucial role in the
Umbilical cord mesenchymal stem cells pathogenesis of intervertebral disc degeneration (IVDD). Reduction of ROS levels may be an effective strategy to
Exosomes

delay IVDD. In this study, we assessed whether umbilical cord mesenchymal stem cell-exosomes (UCMSC-exos)
can be used to treat IVDD by suppressing ROS production caused by mitochondrial dysfunction.

Materials and methods: Human UCMSC-exos were isolated and identified. Nucleus pulposus cells (NPCs) were
stimulated with H0; in the presence or absence of exosomes. Then, 4D label free quantitative (4D-LFQ) pro-
teomics were used to analyze the differentially expressed (DE) proteins. Mitochondrial membrane potential
(MMP), mitochondrial ROS and protein levels were determined via immunofluorescence staining, flow cytom-
etry and western blotting respectively. Additionally, high-throughput sequencing was performed to identify the
DE miRNAs in NPCs. Finally, therapeutic effects of UCMSC-exos were investigated in a puncture-induced IVDD
rat model. Degenerative grades of rat IVDs were assessed using magnetic resonance imaging and histochemical
staining.

Results: UCMSC-exos effectively improved the viability of NPCs and restored the expression of the extracellular
matrix (ECM) proteins, collagen type II alpha-1 (COL2A1) and matrix metalloproteinase-13 induced by HyOs.
Additionally, UCMSC-exos not only reduced the total intracellular ROS and mitochondrial superoxide levels, but
also increased MMP in pathological NPCs. 4D-LFQ proteomics and western blotting further revealed that
UCMSC-exos up-regulated the levels of the mitochondrial protein, mitochondrial transcription factor A (TFAM),
in HyOy-induced NPCs. High-throughput sequencing and qRT-PCR uncovered that UCMSC-exos down-regulated
the levels of miR-194-5p, a potential negative regulator of TFAM, induced by H30,. Finally, in vivo results
showed that UCMSC-exos injection improved the histopathological structure and enhanced the expression levels
of COL2A1 and TFAM in the rat IVDD model.

Conclusions: Our findings suggest that UCMSC-exos promote ECM synthesis, relieve mitochondrial oxidative
stress, and attenuate mitochondrial dysfunction in vitro and in vivo, thereby effectively treating IVDD.

The translational potential of this article: This study provides solid experimental data support for the therapeutic
effects of UCMSC-exos on IVDD, suggesting that UCMSC-exos will be a promising nanotherapy for IVDD.
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1. Introduction

Intervertebral disc degeneration (IVDD) is a major cause of disability
associated with low back pain and neck pain [1-3]. IVD comprises the
central nucleus pulposus (NP), surrounding annulus fibrosus (AF) and
upper and lower cartilage endplates (CEP). NP is a hydrated gelatinous
tissue consisting of type II collagen, elastin fibers and aggrecan that
responds to diverse external mechanical stimuli [4]. NP cells (NPCs) are
the primary cell types in NP that are responsible for the synthesis and
maintenance of the extracellular matrix (ECM). I[VDD is characterized by
decreased NPCs proliferation and loss of extracellular matrix [5]. The
current clinical therapies for IVDD include conservative approaches,
intervertebral disc displacement, spinal fusion and percutaneous endo-
scopic lumbar discectomy (PELD). However, recurrent disc herniation
and adjacent segment diseases might be an inevitable issue arising for
both surgeons and patients [6]. Therefore, novel approaches are needed
to effectively retain the normal structure of IVD and delay the pro-
gression of IVDD.

Mesenchymal stem cells (MSCs) are an ideal cell source for IVD tissue
engineering owing to their multipotent differentiation capacity and self-
renewal ability. MSCs can differentiate into an NP-like phenotype to
reconstruct the IVD structure [7,8]. Furthermore, MSCs possess
anti-oxidant and anti-inflammatory properties that protect NPCs from
harsh microenvironments [9,10]. However, acidic pH conditions of IVD
are unfavorable for the proliferation of MSCs and the short survival time
of transplanted MSCs (<1 week) may hinder MSC therapy [11,12].
MSC-secreted exosomes can potentially be used for IVDD treatment [13,
14]. Exosomes are vesicles with diameter of 30-100 nm that originate
from multivesicular endosomes and are released by cells into the
extracellular environment. Compared with MSCs, exosomes have
obvious advantages, such as more stable properties, low immunoge-
nicity and avoidance of MSCs aging [15,16]. Various bioactive mole-
cules, including proteins, lipids, mRNAs and non-coding RNAs are
transported via exosomes into recipient cells. MSC-exos deliver micro-
RNAs (miRNAs), such as miR-105-5p, miR-21 and miR-26, to degen-
erated NPCs and thereby improve IVDD [17-19]. Moreover, MSC-exos
replenish anti-oxidant proteins, including peroxiredoxin-1 and gluta-
thione peroxidase 4, to protect NPCs from oxidative stress [20].

Pathomechanism of IVDD is closely associated with excessive reac-
tive oxygen species (ROS) generation and oxidative stress [21]. Accu-
mulation of cellular and mitochondrial ROS is observed in degenerated
NPCs [22]. Mitochondrial dysfunction is the main cause of excessive
ROS production, which damages mitochondria and causes NPC
apoptosis and pyroptosis, ultimately leading to IVDD [23,24].
PINK1/Parkin-mediated mitophagy effectively degrades the damaged
mitochondria and restores the mitochondrial homeostasis. However,
excessive mitophagy causes elimination of mitochondria, leading to
apoptosis [25,26]. The maintenance of mitophagy at a normal level is
beneficial for protecting NPCs against oxidative stress and alleviating
IVDD [27,28]. Accumulating evidence suggests that exosomes are also
involved in intercellular mitochondrial communication. BMSC-exos can
replenish mitochondrial DNA and proteins to restore the normal mito-
chondrial function in degenerated NPCs [20]. However, no studies have
focused on the modulation of mitochondrial function by exosomes
originating from umbilical cord-derived MSCs (UCMSC-exos) during
IVDD.

In this study, we isolated UCMSC-exos and investigated their thera-
peutic effects on degenerated human NPCs and rat IVDD model. We
found that UCMSC-exos not only promoted the proliferation of NPCs,
but also restored the ECM composition. Additionally, UCMSC-exos
repaired the damaged mitochondria by increasing the expression of
mitochondrial protein, mitochondrial transcription factor A (TFAM), in
H20-induced NPCs to suppress ROS production. Further research
showed that UCMSC-exos down-regulated the levels of miR-194-5p, a
potential negative regulator of TFAM, induced by HO». Finally, in vivo
experiments revealed that UCMSC-exos significantly delayed the
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progression of degeneration in a rat model of IVDD.
2. Materials and methods
2.1. Isolation of human degenerative NPCs

Degenerative NP samples were collected from six patients with IVDD
who underwent surgery at the Affiliated Hospital of Jining Medical
University. Detailed information of NPC donors is shown in Table 1. NP
tissues were cut into 1 mm® fragments and digested with 0.2% type II
collagenase (Solarbio, Beijing, China) for 2-3 h at 37°C. Tissue debris
was removed by passing through a 200 mesh filter, and the suspension
was centrifuged at 1000 rpm for 5 min. The cell pellet was resuspended
in Dulbecco’s modified Eagle’s medium (DMEM; Gibco, Grand Island,
NY, USA) containing 10% fetal bovine serum (FBS; Gibco) and 100 U/
mL penicillin-streptomycin (P-S; Gibco) and cultured in a 5% CO5, 37°C
cell incubator. NPCs adhered after 7-10 d and grew to confluence after
3-4 weeks. All procedures were approved by the Ethics Committee of the
Affiliated Hospital of Jining Medical University (Ethical approval
number: 2021C159). Written informed consent was obtained from all
patients prior to the study.

2.2. Isolation of human UCMSCs

Human UCs were obtained from healthy pregnancies in Affiliated
Hospital of Jining Medical University. UC tissues were washed in 0.9%
normal saline and dissected to remove the blood vessels. The tissues
were then cut into 1 mm? pieces and placed in plates with DMEM con-
taining 10% FBS and 100 U/mL P-S. Adherent fibroblast-like cells
expanded from the tissue pieces after 7-12 d of incubation and prolif-
erated to confluence after 2-3 weeks. All procedures were approved by
the Ethics Committee of the Affiliated Hospital of Jining Medical Uni-
versity (Ethical approval number: 2021C159). Written informed consent
was obtained from all patients.

2.3. Identification of UCMSC surface antigen phenotypes

UCMSCs were digested with 0.25% EDTA-trypsin and stained with
fluorescein isothiocyanate (FITC)-conjugated antibodies for 15 min in
the dark at room temperature (RT). MSCs were then washed twice with
phosphate-buffered saline (PBS) and resuspended in 200 pL PBS for flow
cytometry analysis (Beckman Coulter, CA, USA). The antibodies used
were against human antigens CD34, CD45, CD73, CD90, CD105, and
HLA-DR (BioLegend, CA, USA). Positive cells were counted and
compared to the signal of unstained negative controls.

2.4. Isolation of UCMSC-exos

When the density of UCMSCs reached 50-60%, they were washed
with PBS and cultured in DMEM containing exosome-free FBS at 37°C,
5% COy. The culture medium was collected and centrifuged at 300 x g for
15 min at 4°C and subsequently at 2000xg for 15 min to remove dead
cells and cellular debris. The supernatant was transferred to an Amicon
Ultra-15 Centrifugal Filter Unit (Merck-Millipore, Darmstadt, Germany)
and centrifuged at 4000xg. The ultrafiltered liquid was slowly laid

Table 1
Information of NPC donors.

Sample Gender Age Herniated disc Pfirrmann grading
NP1 Male 35 L5/81 11

NP2 Male 26 L5/81 11

NP3 Female 41 L5/81 v

NP4 Female 31 L5/81 111

NP5 Male 31 L5/81 111

NP6 Male 14 L5/81 I
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above the 30% sucrose/deuterium oxide solution in a Ultra-Clear™ tube
(Beckman Coulter, Brea, CA, USA) and ultracentrifuged at 100,000xg,
4°C for 1 h. The exosome pellets were ultrafiltered twice with PBS to
remove residual sucrose/deuterium oxide. Ultimately, exosomes were
resuspended in PBS and filtered using a 0.22-uym sterile filter
(Merck-Millipore).

2.5. Characterization of UCMSC-exos

The exosome solution was added to a Formvar-carbon-loaded copper
grid and dried for 20 min. The copper grid was fixed with 1% glutar-
aldehyde for 5 min, incubated with uranyl oxalate for 5 min and
methylcellulose for 10 min on ice. Finally, the copper grid was examined
using the transmission electron microscopy (TEM) (H-7650, Hitachi,
Tokyo, Japan) at 80 kV to observe the morphology of exosomes. The size
distribution and concentration of exosomes were measured using a
ZetaView Nanoparticle tracking system (PMX 110, Particle-Metrix,
Meerbusch, Germany), and the data was analyzed using ZetaView
8.02.28. Furthermore, the exosomal marker proteins Alix, CD63 and
Tsgl101 were detected by western blotting.

2.6. Internalization of UCMSC-exos by NPCs

Incubate the exosomes with Dil dye (Thermo Fisher Scientific,
Waltham, MA, USA) at 37°C for 30 min and wash twice in PBS by
centrifugation. The labelled exosomes were diluted in complete medium
and incubated with NPCs at 37°C for 24 h. 4',6-diamidino-2-phenyl-
indole (DAPI; Thermo Fisher Scientific) was used to stain the nucleus.
Stained cells were observed using a laser scanning confocal microscope
(Zeiss, Oberkochen, Germany) at the excitation and emission wave-
lengths of 549 and 565 nm (Ex/Em = 549/565 nm), respectively.

2.7. Western blotting

NPCs were seeded on 6-well plates and cultured overnight. When
grown to 80% confluence, cells were treated with 500 pM H20; for 3 h,
followed by incubation with UCMSC-exos (50 pL, 10! particles/mL) for
24 h. Cells were lysed with RIPA buffer for 30 min on ice and centrifuged
at 12,000 g, 4°C, 15min. The supernatant was collected and protein
concentrations were measured using a BCA protein assay kit. Proteins
were separated by SDS-PAGE and transferred to PVDF membranes. The
membranes were blocked, incubated with primary antibodies overnight
at 4°C and HRP-labelled secondary antibodies for 1 h at RT. Finally, the
membranes were exposed to hypersensitive ECL reagent and imaged
using a chemiluminescence detector (Tanon Science and Technology
Co., Ltd.). ImageJ v.1.46r software (National Institutes of Health) was
used to quantify the relative protein expression with p-actin as the
control. The primary antibodies used are as follows: Alix (CST, cat no:
92880), CD63 (ABclonal, cat no: A19023), Tsg101 (ABclonal, cat no:
A5789), GAPDH (ABclonal, cat no: AC002), COL2A1 (Proteintech, cat
no: 28459-1-AP), MMP13 (Abcam, cat no: ab39012), LC3A/B (CST, cat
no: D3U4C), PINK1 (CST, cat no: 6946), Actin (ABclonal, cat no:
AC026), TFAM (CST, cat no: 8076).

2.8. Immunofluorescence staining

NPCs were seeded on 24-well plates and incubated with UCMSC-exos
(12.5pL, 10! particles/mL, 24 h) with or without pretreatment of HoO5
(500 pM, 3 h). Cells were fixed with 4% paraformaldehyde for 10 min,
then permeabilized and blocked using 10% FBS containing 0.1%
TritonX-100 for 20 min at RT. After washing with PBS, cells were
incubated with the primary antibodies at 4°C overnight and 488/543-
conjugated secondary antibody for 1 h at RT. Finally, cells were
washed with PBS and inverted on glass slides using anti-fluorescence
quenching mounting medium with DAPI. The glass slides were imaged
using a confocal microscope (Zeiss LSM800; Zeiss AG; magnification,
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%x630). Relative fluorescence was quantified using ImageJ v.1.46r soft-
ware (National Institutes of Health). The primary antibodies were
against: COL2A1, MMP13 and Ki67 (Proteintech, cat no: 27309-1-AP).

2.9. Assessment of intracellular ROS levels

NPCs were seeded on 6/24-well plates and treated as described
above. Cells were incubated with DCFH-DA (10 pM) for 30 min at 37°C
in the dark, then washed with serum-free medium to remove excess
DCFH-DA. Stained cells were observed by fluorescence microscope and
quantified by flow cytometry at Ex/Em = 488/525 nm.

2.10. Measurement of mitochondrial ROS levels

MitoSox Red Mitochondrial Superoxide Indicator (5 pM, 10 min,
37°C) was used to determine mitochondrial ROS production. Stained
cells were imaged by fluorescence microscope and quantified by flow
cytometry at Ex/Em = 510/580 nm. The MitoBright LT Deep Red (0.1
pM) was incubated with NPCs for 30 min at 37°C to monitor mito-
chondrial morphology. Stained mitochondria were imaged by confocal
microscope at Ex/Em = 640/670 nm.

2.11. Detection of mitochondrial membrane potential (MMP)

MMP was evaluated by measuring JC-1 fluorescence intensity with a
mitochondrial membrane potential assay kit (ab113850, Abcam). JC-1
fluorescence intensity was observed by confocal microscope at excita-
tion at Ex/Em = 488/530 nm (JC-1 monomers) and 590 nm (JC-1 ag-
gregates). The ratio of red JC-1 aggregates fluorescence intensity/green
JC-1 monomers represents MMP.

2.12. Proteomic profiling

2.12.1. Protein extraction

The samples were added with lysis buffer (1% SDC, 1% protease
inhibitor), heated at 95°C for 10 min, lysed by sonication, and the
protein concentration was determined using a BCA kit.

2.12.2. Trypsin digestion

The protein solution was reduced with 5 mM dithiothreitol (DTT) for
30 min at 56°C and alkylated with 11 mM iodoacetamide (IAA) for 15
min at RT in the dark. TEAB was used to dilute the concentration of urea
to less than 2 M. Trypsin was added at a ratio of 1:50 (trypsin:protein,
m/m) for the first digestion overnight and 1:100 (trypsin:protein, m/m)
for a second 4 h-digestion. Finally, the peptides were desalted by C18
SPE column.

2.12.3. Liquid chromatography-mass spectrometry (LC-MS) analysis

Peptides were dissolved in mobile phase A and separated using
NanoElute ultra-high performance liquid phase system (Bruker Dal-
tonics, Karlsruhe, Germany). Mobile phase A was an aqueous solution
containing 0.1% formic acid and 2% acetonitrile, whereas mobile phase
B was a solution containing 0.1% formic acid and 100% acetonitrile.
Liquid phase gradient settings were: 0-72 min, 7-24% B; 72-84 min,
24-32% B; 84-87 min, 32-80% B; 87-90 min, 80% B. Flow rate was
maintained at 450 nL/min. The peptides were subjected to Capillary ion
source for ionization followed by a timsTOF Pro mass spectrometer. The
ion source voltage was set at 1.75 kV. Precursor ions and fragments were
analyzed using high-resolution TOF with an MS/MS scan range from 100
to 1700 m/z. The timsTOF Pro was operated in Parallel Accumulation
Serial Fragmentation (PASEF) mode. Precursor ions with charge states
0 to 5 were selected for fragmentation, and 10 PASEF-MS/MS scans were
acquired per cycle. Precursor ions were excluded from reselection for 30
s.
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2.12.4. Data analysis

LC-MS data were processed using MaxQuant search engine
(v.1.6.15.0). Tandem mass spectra were searched against the human
SwissProt database (20422 entries) and concatenated with reverse
decoy database. Trypsin/P was specified as cleavage enzyme, and <2
missing cleavages were allowed. The mass tolerance for precursor ions
was set at 20 and 5 ppm during the first and main searches, respectively,
and the mass tolerance for fragment ions was set at 0.02 Da. Carbami-
domethylation on Cys was specified as a fixed modification, and acet-
ylation at the protein N-terminus and oxidation on Met were specified as
variable modifications. False discovery rate (FDR) was adjusted to < 1%.

2.12.5. Bioinformatic analysis

To determine the biological and functional properties of differen-
tially expressed proteins (DEPs), sequences were mapped based on Gene
Ontology (GO) terms (http://geneontology.org/). GO terms matching
was performed with Blast2GO software (v4.5 pipeline5). The ontology
includes three categories: biological process, cellular component and
molecular function. The signaling pathways of differentially expressed
proteins were explored using KEGG analysis (https://www.genome.jp/
kegg/). Based on the Fisher’s test P value obtained from the enrich-
ment analysis, hierarchical clustering was used to cluster related func-
tions in different groups and plotted into a heatmap. The horizontal
direction of the heatmap shows the comparison group, and the vertical
direction shows the description of related function (GO and KEGG). The
colored blocks indicate the degree of enrichment: red represents strong
enrichment and blue represents weak enrichment.

2.13. Identification of differentially expressed (DE) miRNAs by high-
throughput sequencing

High-throughput sequencing of miRNAs was conducted by Aksomics
Inc. (Shanghai, China). The trimmed miRNA sequences longer than 15
nucleotides were aligned with the genome using Bowtie. miRDeep2 was
used for predicting new miRNAs and quantifying miRNAs. Based on the
normalization of miRNAs by counts per million (CPM), DE miRNAs were
calculated and screened using the R software edgeR. DE miRNAs in H vs
C and H + E vs H groups were identified as follows: fold change (FC) >
1.5 and P < 0.05.

2.14. Quantitative real-time polymerase chain reaction (qRT-PCR)

Total RNA was extracted from NPCs using TRIzol (Ambion, Austin,
TX, USA) according to the manufacturer’s instructions. RNA concen-
tration and purity were determined using NanoDrop 2000 (Thermo
Fisher Scientific, Waltham, MA, USA). miRNAs were reverse transcribed
using a reverse transcription Kit (Accurate Biology, Hunan, China). qRT-
PCR was performed by using ultra SYBR mixture (CWbio, Jiangsu,
China) on Bio-Rad CFX-96 Real-Time System (Bio-Rad, Foster City, CA,
USA). U6 was used as reference gene for miRNA. The relative expres-
sions of miR-194-5p were calculated following the 2-AA CT method.
Primer sequences for qRT-PCR are listed in Table 2.

2.15. Construction of a rat IVDD model
Twenty three-month-old male Sprague-Dawley rats were used to

Table 2

The primer sequences. Universal Reverse Primer*: the reverse primer is included
with the reverse transcription kit, CAT. NO. AG11716 (Accurate Biology, Hunan,
China).

Gene Forward (5-3) Reverse (5-3)
miR-194- TGTAACAGCAACTCCATGTGGA Universal Reverse Primer*
5p
U6 GGAACGATACAGAGAAGATTAGC  TGGAACGCTTCACGAATTTGCG
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establish the IVDD model as previously reported [29]. Five rats
remained intact and were used as negative controls. Fifteen rats were
placed in the prone position after anesthesia with 2% (w/v) pentobar-
bital (40 mg/kg). Rat tails were disinfected using iodinated poly-
vinylpyrrolidone (PVP-I) before surgery. Two IVDs (Co6/7 and Co8/9)
were punctured by a 20-gauge needle from the dorsal side. The needle
was inserted vertically through the center of IVD to the opposite side,
rotated 360° and held for 10 s. PVP-I was used to sterilize the rat tails
after surgery. After two weeks, the rats were randomly divided into three
groups (sham: non-injection, PBS and UCMSC-exos) with five rats in
each group. Ten microlitres of PBS or UCMSC-exos (10! particles/mL)
was slowly injected into the punctured discs using a microlitre syringe
with 33-gauge needle (Hamilton, Bonaduz, Switzerland). The injection
procedure was repeated every two weeks for two months.

2.16. Magnetic resonance imaging (MRI) examination

Rats were anesthetized with 2% pentobarbital 8 weeks after surgery.
MRI was performed using a 3.0 T MRI system (Bruker Pharmascan,
Ettlingen, Germany). Sagittal T2-weighted imaging was performed
using the following settings: time of repetition (TR), 3000 ms; time of
echo (TE), 70 ms; slice thickness, 1.5 mm. The degree of IDD was
assessed according to Pfirrmann grading system.

2.17. Histological analysis

IVDs were fixed in 4% paraformaldehyde and decalcified in EDTA for
4 weeks. The discs were dehydrated, embedded in paraffin and then cut
into 5 pm thick sections. The sections were stained with hematoxylin-
eosin (H&E), Safranin O and Alcian blue. For immunofluorescence,
the sections were blocked with 5% (w/v) BSA and incubated with pri-
mary antibodies against COL2A1 and TFAM, followed by incubation
with secondary antibodies conjugated with Alexa Fluor 543. Finally, the
sections were scanned by a Zeiss laser confocal microscope.

2.18. Statistical analysis

Data are presented as the mean + standard deviation (SD) of three
independent experiments. Statistical data were analyzed using an un-
paired Student’s t-test or one-way analysis of variance (ANOVA) with
the GraphPad Prism 8 software. P < 0.05 was considered statistically
significant difference.

3. Results
3.1. Characterization of UCMSC-exos

Flow cytometric analysis revealed that the adherent cells isolated
from the umbilical cord were positive for MSC markers, CD73, CD90 and
CD105, but negative for CD34, CD45 and HLA-DR (Fig. 1A). TEM, NTA
and western blotting were used to characterize the morphology, diam-
eter, concentration and protein markers of isolated UCMSC-exos. Exo-
somes were observed as cup-shaped double-layered membrane
structures by TEM (Fig. 1B). The concentration of exosomes was 101!
particles/mL and the mean diameter was 100 nm, as measured by NTA
(Fig. 1C). Western blotting revealed that the exosomes expressed higher
levels of protein markers Alix, CD63 and TSG101 and lower levels of
GAPDH than cell lysates (Fig. 1D).

3.2. UCMSC-exos promote the proliferation of human degenerated NPCs

Human degenerated NPCs were isolated from patients with IVDD
and identified using safranin O and type II collagen immunochemical
staining (Supplementary Fig. 1). UCMSC-exos were labeled with the
fluorescent dye Dil and then incubated with NPCs for 24 h. As shown in
Fig. 2A, UCMSC-exos were distributed throughout the cytoplasm of
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Figure 1. Characterization of UCMSC-exos. (A) Flow cytometry analysis of MSC immunophenotypic profiles including CD90, CD105, CD73 and negative control
CD34, CD45, HLA-DR. (B) Representative images of UCMSC-exos by TEM. Scale bar: 100 nm. (C) Particle size distribution of UCMSC-exos measured by NTA. (D)
Western blot analysis of exosomal protein markers Alix, CD63, Tsg101 and negative control GAPDH.

NPCs, indicating the internalization of exos by NPCs. Next, we assessed
the effect of UCMSC-exos on the proliferative activity of NPCs. As shown
in Fig. 2B and C, the proliferative rate of NPCs increased after treatment
with UCMSC-exos. Moreover, the Ki67 immunofluorescence assay
revealed that UCMSC-exos resulted in a higher proportion of Ki67-
positive cells than the control group (Fig. 2D and E). These results
suggest that internalized UCMSC-exos promote the proliferation of
NPCs.

3.3. UCMSC-exos restore the ECM components of HyOz-stimulated NPCs

To explore the protective role of UCMSC-exos on ECM components in
H30,-treated NPCs, we assessed the expression of COL2A1 and MMP13.
Western blotting revealed that HyO, down-regulated COL2A1 (Fig. 3A
and B) and up-regulated MMP13 (Fig. 3E and F) in NPCs, but UCMSC-
exos treatment significantly suppressed these effects. Furthermore,
immunofluorescence results supported that UCMSC-exos restored
COL2A1 expression (Fig. 3C and D) and blocked MMP13 expression
(Fig. 3G and H) in NPCs stimulated with H,O,. These data indicate that
UCMSC-exos can attenuate ECM degeneration in NPCs induced by HaO5.
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3.4. Proteomic analysis of DEPs between UCMSC-exos-treated and
untreated H50,-stimulated NPCs

Using a 4D proteomic approach, we identified the DEPs between
UCMSC-exos-treated and untreated HyOo-stimulated NPCs. With a
threshold of 1.5-fold expression change and P < 0.05, we identified 591
DEPs, including 244 up-regulated and 347 down-regulated proteins, in
H0,-stimulated NPCs compared to those in the control (unstimulated)
group (H vs C). In addition, 335 DEPs were found in the UCMSC-exos-
treated group compared with the untreated group after HoO5 induc-
tion (H_E vs H), of which 121 proteins were up-regulated and 214 pro-
teins were down-regulated (Fig. 4A). Hierarchical clustering of the DEPs
between H and C and those between H_E and H was performed based on
GO classification. DEPs between the two comparison groups were
enriched in ECM organization and mitochondrial respiratory system
(Fig. 4B-D). KEGG annotation analysis was used to identify the enriched
molecular processes of DEPs in each group. DEPs in the two comparison
groups were involved in p53 and calcium signaling pathways, both of
which are related to mitochondrial oxidative stress (Fig. 4E). Based on
these findings, we demonstrate that UCMSC-exos may alleviate HpOo-
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Figure 2. UCMSC-exos promote the proliferation of human degenerated NPCs. (A) The uptake of Dil-labeled UCMSC-exos by NPCs was observed by fluorescence
microscopy. Scale bar: 50 pm. (B) Observation of NPC proliferation in response to low (~1.5 x 10° particles/mL) and high (~3 x 10° particles/mL) concentrations of
UCMSC-exos by microscope. (C) The proliferative activity of NPCs was quantified using Image J software. **P < 0.01. (D) Immunofluorescence (IF) staining of Ki67
in NPCs after treatment with UCMSC-exos (~3 x 10° particles/mL, 24 h). Scale bar: 50 pm. (E) The proportion of Ki67-positive cells was quantified using Image J

software. ***P < 0.001.

induced mitochondrial oxidative stress in NPCs.

3.5. UCMSC-exos relieve H,04-induced mitochondrial oxidative stress in
NPCs

DCFH-DA was used to measure cellular ROS level in NPCs. Immu-
nofluorescence results showed that the fluorescence intensity of DCFH-
DA increased in HyO,-stimulated cells versus unstimulated cells, but
subsequently decreased after incubation with UCMSC-exos (Fig. 5A and
B). Flow cytometric analysis also revealed that HpO stimulation up-
regulated intracellular ROS levels in NPCs, but this effect was sup-
pressed by UCMSC-exos (Fig. 5C and D). Next, mitochondrial superoxide
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in NPCs was detected using mitoSOX Red which specifically targets the
mitochondria. Immunofluorescence results indicated that HyO9 up-
regulated mitoSOX fluorescence intensity, which was mitigated by
UCMSC-exos treatment (Fig. S5E and F). Moreover, flow cytometric
analysis was consistent with the fluorescence intensity of mitoSOX
(Fig. 5G and H). Taken together, these data reveal that UCMSC-exos
treatment reduces ROS production and mitochondrial oxidative stress
in HyO5-stimulated NPCs.
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Figure 3. UCMSC-exos restore the ECM components of H>O,-stimulated NPCs. (A) Western blot analysis of COL2A1 expression in H>O,-stimulated (500 pM, 4 h)
NPCs with UCMSC-exos treatment (~3 x 10° particles/mL, 24 h). (B) Relative protein expression level of COL2A1 was quantified using Image J software. ***P <
0.001. (C) IF staining of COL2A1 in H,O,-stimulated NPCs with UCMSC-exos treatment. Scale bar: 20 pm. (D) Relative fluorescence intensity of COL2A1 was
quantified using Image J software. **P < 0.01. (E) Measurement of the MMP13 protein level in NPCs by western blot. Cells were exposed to H,O, and treated with
UCMSC-exos. (F) Relative protein expression level of MMP13 was quantified using Image J software. ***P < 0.001. (G) Representative microscopic images of MMP13
IF staining in NPCs. Scale bar: 20 pm. (H) Relative fluorescence intensity of MMP13 was quantified using Image J software. ***P < 0.001.

3.6. UCMSC-exos alleviate mitophagy and mitochondrial dysfunction in
H505-stimulated NPCs

To determine the mitochondrial protective effects of UCMSC-exos,
we performed MitoBright Deep Red staining. Compared to the control
group, HyO5 stimulation resulted in abnormal mitochondria with broken
cristae. However, UCMSC-exos attenuated the deterioration of mito-
chondrial structure (Fig. 6A). JC-1 staining was also performed to assess
the effect of UCMSC-exos on the mitochondrial membrane potential
(MMP) in Hy05-induced cells. Results showed that upon Hy04 stimula-
tion the MMP was decreased, but was significantly up-regulated after
treatment with UCMSC-exos (Fig. 6B and C). Next, we investigated
whether UCMSC-exos affected PINK1/Parkin-mediated mitophagy
under Hy05 stimulation. Western blot results showed that the expres-
sions of LC3-II and PINK1 were higher in HyO»-induced group than the
control group. Interestingly, UCMSC-exos suppressed the up-regulation
of LC3-II in HyO5-stimulated NPCs but augmented the up-regulation of
PINK1 (Fig. 6D-G). These data indicate that UCMSC-exos treatment
attenuates mitophagy and mitochondrial dysfunction caused by oxida-
tive stress in HyO»-induced NPCs.
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3.7. UCMSC-exos up-regulate mitochondrial protein TFAM and down-
regulate miR-194-5p in H,02-stimulated NPCs

Accumulating evidence suggests that exosomes are also involved in
intercellular mitochondrial communication. To explore the mitochon-
drial proteins affected by UCMSC-exos in NPCs, we intersected the 331
down-regulated proteins in H vs C and 106 up-regulated proteins in H_E
vs H using a Venn diagram (Fig. 7A and B). Consequently, 15 proteins
including TFAM, DPY30, COX6C, LGR5 and MVK were identified
(Fig. 7C). TFAM is essential for maintaining mitochondrial DNA
(mtDNA) copy number and transcription initiation. Western blotting
revealed that TFAM was significantly down-regulated in NPCs following
Hy0, stimulation, but up-regulated upon UCMSC-exos treatment
(Fig. 7D and E). To explore the mechanism by which UCMSC-exos up-
regulate TFAM expression, we performed miRNA sequencing on the
three groups (ctrl, Hy03, H202+Ex0) and found the differentially
expressed miRNAs (Fig. 7F and G). Venn diagram enriched eight miR-
NAs including miR-194-5p, miR-4508, miR-377-5p, miR-4485-3p, miR-
378a-5p, miR-3182, miR-12136 and miR-27b-5p, which were up-
regulated in H vs C and down-regulated in H + E vs H (Fig. 7H). Tar-
getscan database predicts that miR-194-5p may negatively regulate
TFAM by two interaction sites (Fig. 7I). Consistent with the sequencing
data, qRT-PCR results demonstrated that UCMSC-exos down-regulated
the expression of miR-194-5p caused by HyO2 (Fig. 7J). Furthermore,
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Figure 4. Proteomic analysis of the differentially expressed proteins (DEPs) between UCMSC-exos-treated and untreated H,O»-stimulated NPCs. (A) Heatmap of the
DEPs in three diverse groups. C: Control group; H: HyO, group; H_E: H;O, + UCMSC-exos group. (B-D) GO enrichment analyses of DEPs in different comparison
groups. Relevant functions (BP: biological process, CC: cellular component, MF: molecular function) in different comparison groups were clustered by hierarchical
clustering method, and a heatmap was drawn. The horizontal axis shows different comparison groups, and the vertical axis indicates the enriched related functions.
Red means strong enrichment, and blue means weak enrichment. All significantly enriched GO terms (P < 0.05) involving DEPs are displayed. (E) KEGG pathway
enrichment analyses of DEPs. All significantly enriched KEGG pathway terms (P < 0.05) involving DEPs are displayed. (For interpretation of the references to color in

this figure legend, the reader is referred to the Web version of this article.)

miR-194-5p mimics suppressed TFAM expression, while miR-194-5p
inhibitors exert the opposite effect (Fig. 7K and L). These data indi-
cated that UCMSC-exos may up-regulate TFAM expression by inhibiting
miR-194-5p in HyO,-induced NPCs.

3.8. UCMSC-exos ameliorate IVDD in vivo

To evaluate the role of UCMSC-exos in IVDD progression in vivo,
exos were intradiscally injected into a rat model of IVDD. Two inde-
pendent discs (Co6/7 and Co8/9) per rat were injected with PBS or
UCMSC-exos at 2, 4 and 6 weeks after establishment of the IVDD model.
The degenerative grades of rat IVDs were assessed by MRI and histo-
chemical staining eight weeks after the induction of IVDD. MRI results
suggested that the signal intensity of IVDs in the normal group was the
highest, whereas that in the other three groups showed obvious declines.
The IVDs of UCMSC-exos-injected rats displayed significantly higher
signal intensity than those of PBS-injected rats (Fig. 8A). H&E, Safranin
O and Alcian blue staining were applied to evaluate the morphological
changes of rat IVDs. Compared to the control group, severe atrophy of
NPs and massive loss of proteoglycans occurred in the IVDD group.
However, UCMSC-exos injection alleviated these histopathological
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changes in NP tissues, which were characterized by mild contraction of
NPs and a slight loss of proteoglycans (Fig. 8B). Moreover, immuno-
fluorescence staining results displayed that COL2A1 and TFAM expres-
sions of NP section were remarkably decreased in the rat IVDD model,
whereas UCMSC-exos injection restored their expression (Fig. 8C and D).
These data suggest that UCMSC-exos delay the progression of IVDD in
rats, which is consistent with the ex vivo results.

4. Discussion

Exosomes contain key bioactive components and play important
roles in intercellular communication. The superior differentiation-
inducing potential and easy collection of UCMSCs make them an effec-
tive source of exosomes. In this study, we found that UCMSC-exos
effectively promoted the proliferation and ECM synthesis of NPCs.
H50, destroyed the mitochondrial structure and up-regulated the ROS
and mitochondrial superoxide levels in NPCs. However, UCMSC-exos
exhibited a significant protective effect against HyOz-induced mito-
chondrial deterioration. Moreover, 4D-LFQ proteomic results suggested
that UCMSC-exos increased the expression of mitochondrial protein
TFAM to attenuate H»Os-induced mitochondrial dysfunction in NPCs.
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Figure 5. UCMSC-exos relieve HyO,-induced mitochondria oxidative stress of NPCs. (A) DCFH-DA (10 pM) was used to assess the cellular ROS level of Hy0,-
stimulated NPCs with UCMSC-exos treatment. The fluorescence intensity of DCFH-DA was observed by laser scanning confocal microscope. Scale bar: 100 pm. (B)
Relative fluorescence intensity of DCFH-DA was quantified using Image J software. ***P < 0.001 H,O5 vs Ctrl group; **P < 0.01 HpO2+ UCMSC-exo vs H,0, group.
(C, D) Flow cytometry analysis of the fluorescence intensity of DCFH-DA. Data are presented as mean -+ SD for three independent experiments, n = 3, **P < 0.01. (E)
MitoSox Red (5 pM) was used to determine the mitochondrial ROS production in NPCs. The stained cells were imaged by laser scanning confocal microscope. Scale
bar: 100 pm. (F) Relative fluorescence intensity of MitoSox Red was quantified using Image J software. ***P < 0.001 HyO; vs Ctrl group; *P < 0.05 H30+ UCMSC-
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= 3, *P < 0.05. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

High-throughput sequencing and qRT-PCR uncovered that UCMSC-exos
down-regulated the levels of miR-194-5p, a potential negative regulator
of TFAM, induced by H205. To clarify whether UCMSC-exos exerts such
protective effects in vivo, we used a rat model of IVDD. Consistent with
the ex vivo results, UCMSC-exos significantly delayed IVDD progression
in rats.

IVD consists of three distinct but interdependent tissues including
AF, NP and cartilage end-plates. IVDD is characterized by loss of NPCs,
destruction of ECM, and accumulation of inflammatory cytokines.
Degenerated NPCs proliferate at a reduced rate and undergo senescence,
apoptosis or pyroptosis. Our results showed that UCMSC-exos markedly
accelerated the proliferation of degenerated NPCs. Increased intracel-
lular ROS levels induce the expression of matrix-degrading proteases
[30]. In this study, we found that H,O5 promoted intracellular ROS
production and ECM degradation in NPCs ex vivo, as confirmed by the
up-regulation of MMP13 and down-regulation of ECM-related protein
COL2A1. The addition of UCMSC-exos to HyO5-stimulated NPCs sup-
pressed the up-regulation of ROS and MMP13 and the down-regulation
of COL2A1. These results suggest that UCMSC-exos promote prolifera-
tion and repress ROS production and ECM degradation to physiologi-
cally restore the phenotype of degenerated NPCs.

Oxidative stress is closely associated with the pathogenesis of age-
related diseases, including IVDD [21,22]. Chen et al. have reported
that oxidative stress causes necroptosis and apoptosis of NPCs [31].
Several studies have shown that oxidative stress leads to mitochondrial
dysfunction and increases ROS production. Disruption of mitochondrial
structure and function has been observed in degenerated NPCs and IVDs
[23,24]. In this study, we found that HyOs-induced oxidative stress
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damaged the mitochondrial cristae, resulting in abnormal mitochondria.
Consequently, the dysfunctional mitochondria produced more ROS and
superoxide, which causes DNA, protein damage and NPCs death. Recent
studies have reported that BMSCs-exos alleviate compression-induced
NPC apoptosis by inhibiting oxidative stress. Our data demonstrated
that UCMSC-exos could relieve HyO»-induced oxidative stress in NPCs
by restoring the normal mitochondrial structure and reducing ROS
production. Excessive mitophagy induced by strong oxidative conditions
promotes NPCs apoptosis [27]. PINK1/Parkin-dependent mitophagy, a
selective form of autophagy involved in the degradation of damaged
mitochondria, is critical for mitochondrial quality control. PINK1 ac-
cumulates on the mitochondrial surface and recruits the E3 ligase Par-
kin, leading to the ubiquitination of mitochondrial substrates,
recruitment of autophagy receptors, and ultimately degradation of
impaired mitochondria [32,33]. Our results showed that HyO, stimu-
lation significantly induced mitophagy in NPCs, accompanied by an
increase in LC3-II/I ratio and PINK1 expression. After subsequent in-
cubation with UCMSC-exos, we observed a decrease in LC3-II/I ratio,
implying that UCMSC-exos attenuated mitophagy induced by H3O3 in
NPCs. Interestingly, PINK1 expression was further augmented by
UCMSC-exos. A previous study reported that hUCMSC-exos could
transfer PINK1 mRNA to cardiomyocytes to increase PINK1 protein
levels and prevent mitochondrial calcium overload in sepsis [34]. In
NPCs, excessive ROS are critical activators of endoplasmic reticulum
stress (ERS), leading to mitochondrial Ca?t (mCa?®") accumulation and
subsequent necrosis [35]. Moreover, Ca?t overload in mitochondria
leads to the opening of mitochondrial permeability transition pore
(MPTP) and depolarization of mitochondrial membrane potential
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Figure 6. UCMSC-exos alleviate mitophagy and mitochondrial dysfunction in H,O,-stimulated NPCs. (A) The mitochondria of NPCs were stained by MitoBright LT
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LC3 expression in NPCs. Relative protein expression level of LC3 was quantified using Image J software. ***P < 0.001. (F, G) Measurement of the PINK1 protein level
in NPCs by western blot. Relative protein expression level of PINK1 was quantified using Image J software. *P < 0.05. (For interpretation of the references to color in
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(A¥m), which induces mitochondrial dysfunction and apoptosis [36]. It
has been demonstrated that up-regulated PINK1 increases PKA activity
to activate NCLX-mediated mCa®" efflux and protect cardiomyocytes
from injury [34]. Based on the inhibitory effect of UCMSC-exos on
abnormal mitochondria and apoptosis, we speculate that UCMSC-exos
may participate in the recovery of mitochondrial Ca®" flux by
up-regulating PINK1 in Hy0,-induced NPCs. However, further research
is required to validate these hypotheses.

To explore the molecular mechanism of UCMSC-exos, we analyzed
the influence of UCMSC-exos on mitochondrial proteins in damaged
NPCs. First, we identified DEPs between UCMSC-exos-treated and un-
treated HyOq-stimulated NPCs using 4D-LFQ proteomics. We then
intersected the down-regulated proteins in H vs C with the up-regulated
proteins in HE vs H using a Venn diagram and identified the
mitochondria-related protein TFAM. Consistent with the proteomic
data, western blotting also showed that TFAM was significantly down-
regulated by HyO, but up-regulated by UCMSC-exos in NPCs ex vivo.
Furthermore, immunofluorescence staining of rat IVDs displayed that
UCMSC-exos injection could enhance TFAM expression in the rat IVDD
model. TFAM is essential for the maintenance of mtDNA copy number
and transcription initiation [37-39]. Loss of TFAM leads to mtDNA
nucleoid instability, metabolic disorders, and cell death. TFAM-deficient
mice exhibit mtDNA depletion, bioenergetic insufficiency, and embry-
onic lethality [40]. Here, for the first time, we revealed the role of TFAM
in IVDD. In summary, our data demonstrate that UCMSC-exos can in-
crease TFAM expression in NPCs under oxidative stress, thereby atten-
uating mtDNA damage and mitochondrial dysfunction.

This study highlights UCMSC-exos as promising nanotherapeutics for
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delaying the progression of IVDD. However, it has several limitations.
Our data indicated that UCMSC-exos could relieve oxidative stress,
attenuate mitochondrial dysfunction and inhibit apoptosis (Supple-
mentary Fig. 2) in HyOp-induced NPCs. However, the effects of UCMSC-
exos on HyOy-induced NPC inflammation remain unclear and require
further investigation. Second, our data suggested that UCMSC-exos
increased TFAM expression by inhibiting miR-194-5p in Hy0O9-induced
NPCs. Nevertheless, the mechanism by which UCMSC-exos down-regu-
late HyO5-induced miR-194-5p expression remains unknown. Finally,
due to the complexity and time-consuming nature of animal experi-
ments, the expression of miR-194-5p has not been verified. In the future
research, we will attempt to elucidate the regulatory mechanism of miR-
194-5p by UCMSC-exos and the change of miR-194-5p expression in rat
IDD model.

5. Conclusions

In conclusion, UCMSC-exos not only effectively promote ECM syn-
thesis and proliferation of degenerated NPCs, but also relieve mito-
chondrial oxidative stress and attenuate mitochondrial dysfunction to
maintain IVD homeostasis. Moreover, UCMSC-exos increase the mito-
chondrial protein TFAM expression by inhibiting miR-194-5p in Hy0,-
induced NPCs. These findings suggest UCMSC-exos as promising nano-
therapeutics for IVDD.

Data availability

The data used to support the findings of this study are available from
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Figure 7. UCMSC-exos up-regulate mitochondrial protein TFAM and down-regulate miR-194-5p in H;O,-stimulated NPCs. (A, B) Volcano map of DEPs in the Hvs C
group (A) and H_E vs H (B) group. Orange dots represents up-regulated proteins, green dots shows down-regulated proteins, and grey dots means non-changed
proteins. (C) Venn diagram displayed the shared proteins between the H vs C group and H_E vs H group. (D, E) Western blot analysis of TFAM expression in
NPCs. Relative protein expression level of TFAM was quantified using Image J software. ***P < 0.001 H30, vs Ctrl group; **P < 0.01 HyO2+ UCMSC-exo vs Hy0,
group. (F, G) Heat map of DE miRNAs in the H vs C group (F) and H + E vs H (G) group. (H) Venn diagram displayed the shared miRNAs between the H vs C group and
H + E vs H group. (I) TargetScan database predicts the interaction sites between miR-194-5p and TFAM. (J) Quantitative analysis of miR-194-5p expression in NPCs
by qRT-PCR. (K, L) Western blot analysis of TFAM expression in NPCs transfected with miR-194-5p inhibitors or mimics. Relative protein expression level of TFAM
was quantified using Image J software. *P < 0.05 miR-194-5p inhibitor vs NC; **P < 0.01 miR-194-5p mimic vs NC. (For interpretation of the references to color in
this figure legend, the reader is referred to the Web version of this article.)
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puncture. Rats were divided into four groups: non-injured control group (normal), punctured group (sham), punctured with PBS treatment group (PBS), punctured
with UCMSC-exos treatment group (UCMSC-exo). Co6/7 and Co8/9 were punctured with Co5/6, Co7/8 and Co9/10 left intact. (B) Hematoxylin and eosin (H&E),
Safranin O and Alcian blue staining in the rat tail discs of Co6/7 or Co8/9 at 8 weeks after needle puncture. Scale bar: 20 pm. (C, D) IF staining of COL2A1 and TFAM
in the rat tail discs of Co6/7 or Co8/9 at 8 weeks after needle puncture. Scale bar: 100 pm. (For interpretation of the references to color in this figure legend, the

reader is referred to the Web version of this article.)
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