Tissue Eng Regen Med (2024) 21(7):1061-1077 Online ISSN 2212-5469 TERM ()
https://doi.org/10.1007/513770-024-00663-z I EEBLF check for

updates

ORIGINAL ARTICLE

Exosomes Derived from Rejuvenated Stem Cells Inactivate
NLRP3 Inflammasome and Pyroptosis of Nucleus Pulposus Cells
via the Transfer of Antioxidants

Shuai Peng' + Xiangyang Liu' - Lei Chang' - Bin Liu' - Mingyan Zhang' -
Yan Mao” - Xiongjie Shen’

Received: 23 March 2024 /Revised: 15 June 2024/ Accepted: 5 July 2024 /Published online: 26 July 2024
© Korean Tissue Engineering and Regenerative Medicine Society 2024

Abstract

BACKGROUND: Accumulating evidence supports the potential of exosomes as a promising therapeutic approach for
intervertebral disc degeneration (IDD). Nevertheless, enhancing the efficiency of exosome treatment remains an urgent
concern. This study investigated the impact of quercetin on the characteristics of mesenchymal stem cells (MSCs) and their
released exosomes.

METHODS: Exosomes were obtained from quercetin pre-treated MSCs and quantified for the production based on
nanoparticle tracking and western blot analysis. The molecules involved in the secretion and cargo sorting of exosomes
were investigated using western blot and immunofluorescence analysis. Based on the in vitro biological analysis and in vivo
histological analysis, the effects of exosomes derived from conventional or quercetin-treated MSCs on nucleus pulposus
(NP) cells were compared.

RESULTS: A significant enhancement in the production and transportation efficiency of exosomes was observed in
quercetin-treated MSCs. Moreover, the exosomes derived from quercetin-treated MSCs exhibited a greater abundance of
antioxidant proteins, specifically superoxide dismutase 1 (SODI), which inhibit the activation of NOD-like receptor
thermal protein domain associated protein 3 (NLRP3) inflammasome in NP cells. Through in vitro and in vivo experiments,
it was elucidated that exosomes derived from quercetin-treated MSCs possessed enhanced anti-inflammatory and
antioxidant properties.

CONCLUSION: Collectively, our research underscores an optimized therapeutic strategy for IDD utilizing MSC-derived
exosomes, thereby augmenting the efficacy of exosomes in intervertebral disc regeneration.
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1 Introduction

The present treatment methods for intervertebral disc
degeneration (IDD) typically aim at symptom relief but
may not result in biological repair to the intervertebral
discs [1]. Biological therapies that target IDD and repair of
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comparison to cell-based therapies using MSCs, EVs offers
potential advantages such as lower manufacturing costs,
increased stability, and greater convenience in terms of
sterilization, storage, and administration [5]. At present,
EVs are widely recognized as a promising alternative to
MSCs during intervertebral disc regeneration.

Exosomes, a type of EVs with a diameter ranging from
50 — 120 nm, play a crucial role in treating degenerative
diseases, including processes such as musculoskeletal dis-
orders, neurodegenerative, visual and auditory impairment
[6-9]. Furthermore, the content of exosomes can serve as
potential early diagnostic biomarkers and can be utilized to
monitor diseases progression [10]. Notably, exosomes
derived from MSCs have been found to carry various
biological substances, such as proteins, RNAs, and lipids,
to recipient cells, ultimately delivering therapeutic effects
[8, 10]. Consequently, exosomes have emerged as
promising targets for therapeutic purposes in the field of
stem cell-based therapy [11]. Given that EVs secretion is a
complex and multi-step process, which involves the
transport, docking, and fusion of multivesicular bodies
(MVBs) with the plasma membrane, the exact mechanisms
governing the secretion of exosomes in MSCs still need to
be elucidated.

A multitude of studies have demonstrated that the
paracrine effects produced by aged cells undergo changes
[12]. The senescence-associated secretory phenotype
(SASP) is regarded as a significant indicator of cellular
ageing. For instance, alterations in the protein or nucleic
acid components of exosomes secreted by aged MSCs may
exert a detrimental influence on target cells [13]. Reducing
the senescent state of stem cells or rejuvenating them is
beneficial for maintaining the therapeutic efficacy. One
alternative approach is the use of senolytics. Quercetin is a
kind of senolytics that is widely present in nature and is
known to possess antioxidant properties [14]. To date,
numerous studies have substantiated the anti-ageing effects
of quercetin, which are thought to be mediated by alter-
ations in intracellular signaling pathways [15]. Neverthe-
less, there is a paucity of research investigating the impact
of quercetin treatment on the secretion of MSC-derived
€xosomes.

Inflammation has been established to have a significant
role in the pathogenesis of IDD [16]. The progression of
IDD involves a sustained activation of inflammasome,
including NOD-like receptor thermal protein domain
associated protein 3 (NLRP3), Absent In Melanoma 2
(AIM2) inflammasome and so on, resulting in the secretion
of IL-1B and potentially cell damage [17]. Activation of
caspase-1 cleaves gasdermin D (GSDMD), which mediates
pyroptosis, a harmful process implicated in IDD [18].
Accumulating evidence supports the therapeutic potential
of MSC-derived EVs in IDD [19, 20]. These EVs can
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effectively prevent excessive apoptosis or pyroptosis of
nucleus pulposus (NP) cells and promote cell proliferation,
likely through the activation of pro-survival signaling
pathways. Multiple studies have verified the anti-inflam-
matory properties of MSC-derived EVs, which can miti-
gate inflammation and stimulate healthier extracellular
matrix production in NP cells [20, 21]. The potential for
EVs to regulate the inflammation provides a compelling
rationale for the development of EV-based IDD treatment
measures. Although numerous studies have demonstrated
the efficacy of EVs in IDD, there is still considerable scope
for improvement [19]. This may includes enhancing the
level of powerful contents in EVs, promotion of the EVs
release, and regulating processes involved in endocytosis
or digestion.

In this study, our aim was to examine the impact of
exosomes secreted by MSCs (MSC-exos) in distinct func-
tional states. The aging of MSCs in vitro may alter the
characteristics of their exosomes. We discovered that
MSC:s treated with quercetin exhibited rejuvenation, which
affected the quantity and quality of their secreted exo-
somes. Exosomes derived from quercetin-treated MSCs
had superior efficacy in reducing the incidence of pyrop-
tosis in NP cells. Further research has revealed that the
generation and transport efficiency of exosomes in stem
cells undergo changes after quercetin treatment. Moreover,
antioxidant proteins are selectively loaded into the exo-
somes, enhancing their antioxidant capacity. Exosomes
obtained from MSCs treated with quercetin have been
demonstrated to relieve the progression of IDD both
in vitro and in vivo. The findings of our study could offer
novel insights for the employment of MSC-derived exo-
somes in IDD therapy.

2 Methods and materials
2.1 Reagents and antibodies

Quercetin, Hydrogen peroxide (H,O,), TNF-a, compound
59 and Nigericin were purchased from MCE Company
(Shanghai, China). Primary antibodies against P53, P21,
P16, Alix, CD81, CD63, CD9, NLRP1, NLRC4, AIM2,
ASC, and Calnexin were purchased from Proteintech
(Wuhan, China). Primary antibodies against Caspase-1,
GSDMD-N, IL-1B, NLRP3, RAB27A, SODI, SOD2,
PRDX1, PRDX2, and B-actin were purchased from Abcam
(Cambridge, MA, USA).

2.2 Cell culture

Human bone marrow MSCs were obtained from ATCC
(Manassas, VA, USA) and cultured in Dulbecco’s
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Fig. 1 Quercetin ameliorates the senescence of MSCs in vitro.
A CCKS8 assay of MSCs viability after treating with quercetin
(20 uM) under different time periods, or with a dose gradient for 12 h
treatment. B CCKS assay of MSCs viability after treating with HO,
(50 uM) under different time periods, or with a dose gradient for 12 h
treatment. C MSCs were treated with PBS, quercetin, or H,O,. MSCs
at P1 passage (P1) was used a positive control. Western blot images of

P53, P21 and P16, and the quantification of relative protein levels.
D Representative EdU staining images and the quantification of EdU-
positive (green) rate. E Representative [-galactosidase staining
images and the quantification of B-galactosidase-positive rate. Data
were presented as the mean £+ SD (n > 3). *p < 0.05, **p < 0.01,
**%p < 0.001, and “ns” for not significant
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«Fig. 2 Quercetin promotes the secretion of exosomes and affects
their effects on NP cells. A BCA assay of total protein levels in
exosomes, and NTA analysis of particles number produced by each
cell as calculated. The exosomes were isolated from equal amout
MSCs treated with or without quercetin (Con-exos and Quer-exos).
B Representative transmission electron microscope images of Con-
exos and Quer-exos. C Coomassie blue and western blot images of
equal Con-exos and Quer-exos. D Western blot images of Alix,
CD81, and CD63 of equal Con-exos and Quer-exos. Calnexin was
used as a negative control. E NP cells were treated with TNF-o and
then treated with PBS, Con-exos or Quer-exos. Control NP cells were
treated without TNF-o.. Western blot images of Caspase-1, GSDMD-
N, and IL-1B. F The quantification of relative protein levels.
G Representative Calcein and PI staining images. H The quantifica-
tion of Pl-positive rate. Data were presented as the mean £ SD (n >
3). *p < 0.05, **p < 0.01, and ***p < 0.001

Modified Eagle Medium/Nutrient Mixture F-12 (DMEM/
F-12) containing 15% fetal bovine serum (FBS, Thermo
Fisher, Waltham, MA, USA). Human NP tissues were
obtained from patients undergoing lumbar fusion surgery.
The degenerative levels of discs were evaluated by MRI
Pfirrmann grades [22]. Samples with Pfirrmann Grade I or
IT were used in the experiments. NP tissues were cut into
small pieces and digested by collagenase II for 2 h. NP
cells in sediments were collected after centrifugation and
then cultured in DMEM/F-12 with 15% FBS. The culture
medium was changed every two days. Cells at passage 3
were usually used in the following experiments.

2.3 Exosomes isolation

Exosomes were isolated from the MSCs culture supernatant
using ultracentrifugation method. Briefly, the medium was
successively centrifuged at 500 g (10 min), 2500 g
(30 min), and then 12000 g (1 h). The collected supernatant
was then centrifuged at 100,000 g (90 min, Beckman Type
70 Ti, Beckman Coulter, Inc. Brea, CA, USA) twice. The
final pellet was exosomes and resuspended by 100 puL PBS.
For exosomes identification, the size and morphology of
exosomes were observed by transmission electron micro-
scopy (TEM). The diameter distribution and concentration
of exosomes were assessed by nanoparticle tracking analysis
(NTA) using NanoSight NS300 system (Malvern, UK). The
protein levels of exosomes were measured using bicin-
choninic acid (BCA) kit (Beyotime, Shanghai, China)
according to the manufactural instructions.

2.4 Cytotoxicity assay

Cell viability was assessed using the Cell Counting Kit-8
(CCK-8, Dojindo, Kumamoto, Japan). After seeded in a
96-well plate, cells were treated with interests for certain
time periods. Then, 10 % CCKS solution was added into
each well and incubated for 4 h at 37 °C in the darkness.

The absorbance at a wavelength of 450 nm was measured
using a spectrophotometer (BioTek, Winooski, VT, USA).

2.5 Western blot

Protein fraction was isolated from cells or exosomes using
the RIPA buffer with 1% protease inhibitor cocktail
(Beyotime). The protein was then separated by sodium
dodecyl sulfate polyacrylamide gel electrophoresis (SDS-
PAGE), and transferred to polyvinylidene difluoride
(PVDF) bands. After washing with fast blocking buffer for
20 min, the bands were incubated with the primary anti-
bodies overnight at 4 °C. After washing with buffer three
times, the bands were then incubated with the secondary
antibodies for 1h. After washing with buffer three times,
the bands were prepared for exposure. The bands were
incubated with chemiluminescence reagent and then cap-
tured via Bio-Rad system (Bio-Rad, Hercules, CA, USA).

2.6 p-galactosidase staining

The senescence-associated P-galactosidase was measured
using Senescence P-Galactosidase Staining Kit (Bey-
otime). Cells were cultured in a 6-well plate and then
treated with interests for certain time periods. After fixed
by 2.5% paraformaldehyde, the cells were washed with
PBS twice. The samples were incubated with -galactosi-
dase staining solution overnight at 37 °C. The images were
captured under a microscope. The B-galactosidase-positive
cells was counted at three random views by Image J soft-
ware (National Institutes of Health, Bethesda, MD, USA).

2.7 EdU staining

Cells were cultured in a 6-well plate and then treated with
interests for certain time periods. The EAU (10 uM) were
incubated with cells for 2 h. The samples were then dis-
posed using EdU Cell Proliferation Kit (Beyotime)
according to the manufactural instructions. The images
were captured under a fluorescence microscope (Olympus,
Center Valley, PA, USA). The EdU-positive nucleus was
counted at three random views by Image J software.

2.8 Quantitative real-time PCR (qRT-PCR)

RNA fraction was isolated from cells or exosomes using
the TRIzol reagent (Invitrogen, Carlsbad, CA, USA) and
chloroform. Reverse transcription was performed using the
cDNA Reverse Transcription Kit (Thermo Fisher)
according to the manufactural instructions. The PCR
reaction was then conducted with qRT-PCR using the
SYBR Green qPCR kit (Thermo Fisher) according to the
manufactural instructions.
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«Fig. 3 Quercetin regulates the RAB27A-mediated transport and
secretion of exosomes in MSCs. A Relative mRNA levels of RAB7,
RAB27A, RAB27B, SNAP23, SNAP25, VAMP7, and VAMPS in
MSCs treated with or without quercetin. B Western blot images of
CD9, CD63, and RAB27A in MSCs treated with or without quercetin.
C The quantification of relative protein levels. D Immunoprecipitation
of CD63 and RAB27A in MSCs treated with or without quercetin.
IgG was used as a control. E Representative images of RAB27A and
CD63 fluorescent staining in MSCs treated with or without quercetin.
F The quantification of colocalization ratio. G MSCs were treated
with quercetin and then treated with si-RAB27A or scrablemed
siRNAs (si-scr). Western blot images of RAB27A and the quantifi-
cation of relative protein levels. H BCA assay of total protein levels
in exosomes. I NTA analysis of particles number produced by each
cell as calculated. Data were presented as the mean + SD (n > 3).
*p < 0.05, **p < 0.01, ***p < 0.001, and “ns” for not significant

2.9 Immunoprecipitation

Protein fraction was isolated using the NP-40 buffer with
1% protease inhibitor cocktail (Beyotime). The protein
sample was incubated with a primary antibody overnight at
4 °C. After washing with buffer three times, the sample
was incubated with the protein A/G Magnetic Beads
(Beyotime) and rotating for 1 h at room temperature. After
washing with buffer three times and isolated by magnetic
force, the isolated proteins were then conducted with
western blot assays.

2.9.1 Live and dead staining

Live and dead staining was performed using Calcein/PI
Cell Viability Kit (Beyotime). Cells were cultured in a
6-well plate and then treated with interests for certain time
periods. Calcein AM and PI solution was added to the
plate, and incubated for 30 min at 37 °C in the darkness.
The images were captured under a fluorescence microscope
(Olympus). The red-staining cells was counted at three
random views by Image J software.

2.9.2 RNA knockdown

Cells were seeded in 6-well plate with 50-60% confluency.
Cells then were transfected with small interfering RNA
(siRNA, 100 nm) with Lipofectamine 2000 siRNA trans-
fection reagent (Beyotime). All the siRNAs were pur-
chased by Sangon Biotech (Shanghai, China). The
transfection efficiency was evaluated by qRT-PCR at 24 h
after transfection.

2.9.3 Immunofluorescence

Cells were cultured in a 6-well plate with slides and then
treated with interests for certain time periods. After washed

with PBS twice, the slides were fixed by 2.5%
paraformaldehyde fixation, and permeated by 1% Triton
X-100. The samples were incubated with the primary
antibody overnight at 4 °C, and following incubated with
fluorescence conjugated second antibodies for 1 h in the
darkness. The images were captured under a fluorescence
microscope (Olympus) and the mean fluorescent intensity
of images at three random views was calculated by Image J
software.

2.9.4 In vivo experiments

A total of 60 Sprague-Dawley rats (3 months old) were
randomly allocated to six groups with 10 rats per group.
The rats were anaesthetized with pentobarbital (2% w/v,
40 mg/kg). The Co7/8 of the coccygeal vertebrae was used
as the experimental level. The discs were injected into
different drugs (TNF-o, compound 59 or Nigericin) or
different types of exosomes (100 pg/ml) via a 32-gauge
needle. The sham group was punctured but without injec-
tion. All animals were permitted unrestricted freedom of
movement and were raised for 8 weeks. The animals were
euthanized, and the discs were gathered thereafter. These
discs were fixed, decalcified, dehydrated, and embedded in
paraffin. The samples were further dissected into 4—pm
slices. Subsequently, these sections were stained with
hematoxylin-eosin, Alcian blue, Safranin O-fast green, or
Masson. The extent of degeneration of the discs was
evaluated based on a grading scale [23].

2.9.5 Statistical analysis

For each experiment, at least three replicates were per-
formed and data were presented as mean = standard
deviation (SD). All statistical analyses were performed
using GraphPad Prism 9 software (La Jolla, CA, USA).
Differences between groups were compared using were
Student’s t-test or One-way analysis of variance
(ANOVA), and p values < 0.05 was considered statistically
significant.

3 Results
3.1 Quercetin improves the aging state of MSCs

Multiple studies have shown that Quercetin can alleviate
cellular senescence. However, it is unclear whether Quer-
cetin has an effect on the paracrine effects of MSCs.
Therefore, we initially assessed the cell viability of MSCs
following different doses or duration of quercetin treatment
(Fig. 1A). The optimal dose and duration of quercetin
(20 uM, 12 h) were applied in subsequent experiments. To
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induce senescence in MSCs, H,O, was employed to sim-
ulate cellular stress condition. The MSCs at first passage
(P1) were used as the young control group. Based on the
results of the CCK-8 assay (Fig. 1B), we selected the final
concentration of H,O, (50 uM, 12 h). It was demonstrated
that quercetin decreased the levels of aging markers P53,
P21, and P16 (Fig. 1C). In subsequent experiments, it was
demonstrated that treatment with quercetin increased the
cell proliferative rate, as determined by EdU staining
(Fig. 1D). Furthermore, the number of senescent MSCs was
found to decrease following treatment with quercetin, as
determined by [-galactosidase staining. These findings
suggest that quercetin ameliorates the senescence of MSCs.

3.2 Quercetin boosts the secretion of MSC-exos
and alters their effects on NP cells

We then detected the secretion of exosomes in quercetin-
treated MSCs. Quercetin was found to increase the con-
centration and number of exosomes released by MSCs
(Fig. 2A). No significant changes in the morphology of
exosomes derived from quercetin-treated MSCs (Quer-
exos) were observed compared to those derived from
normal MSCs (Con-exos), as shown in Fig. 2B. Quer-exos
exhibited greater protein content (Fig. 2C). There were no
notable differences in expression levels of exosomal
markers Alix, CD81, and CD63 between Quer-exos and
Con-exos (Fig. 2D). To assess the impact of MSC-exos,
equivalent Quer-exos and Con-exos (50 pg/ml) were
incubated with NP cells. Results indicated that both Quer-
exos and Con-exos decreased the expression levels of
pyroptosis-related proteins Caspase-1, GSDMD-N, and IL-
1B (Fig. 2E, F). Additionally, Quer-exos and Con-exos
reduced the death rate of TNF-a-treated NP cells (Fig. 2G,
H). Based on these results, in resisting cell death related to
pyroptosis, Quer-exos show a more significant therapeutic
effect than Con-exos.

3.3 Quercetin manages the transport and secretion
of exosomes via a RAB27A-related mechanism

We assessed the expression levels of genes associated with
exosome biogenesis and transport (Fig. 3A), and discov-
ered a significant up-regulation of RAB27A in quercetin-
treated MSCs. Our results additionally revealed an up-
regulation in RAB27A and exosomal markers CD9 and
CD63 in quercetin-treated MSCs (Fig. 3B, C). Further-
more, immunoprecipitation demonstrated the integration
between RAB27A and CD63 (Fig. 3D). The co-localization
between RAB27A and CD63 was observed via
immunofluorescence staining (Fig. 3E), with an increased
co-localization ratio following quercetin treatment
(Fig. 3F). Small RNA was subsequently utilized to
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knockdown RAB27A expression (Fig. 3G). After the
siRNA was used, the protein levels and particle number of
exosomes were assessed by BCA assay and NTA analysis,
which reveals a significant decrease in both the concen-
tration and number of exosomes (Fig. 3H, I). These find-
ings illustrate that RAB27A is responsible for the
transportation and secretion of exosomes under the influ-
ence of quercetin.

3.4 Selective loading of antioxidant proteins
in MSC-exos upon the treatment of quercetin

We then detected the content of antioxidant proteins in
exosomes. Some common antioxidant proteins, namely
SOD1, SOD2, PRDX1, and PRDX2, were identified in
MSC-exos (Fig. 4A). Our results revealed that the levels of
certain antioxidant proteins, particularly SOD1 (Fig. 4B),
were elevated in Quer-exos, probably contributing to the
enhanced anti-inflammatory properties of Quer-exos in NP
cells. Moreover, the integration between RAB27A and
SOD1 was shown by the immunoprecipitation results
(Fig. 4C), which may indicate the SOD1 loading during the
biogenesis of exosomes. The co-localization between
SOD1 and RAB27A was visualized through immunofluo-
rescence staining (Fig. 4D), observing a notably amplified
co-localization ratio subsequent to the quercetin treatment
(Fig. 4E). These outcomes indicate that RAB27A binds
with SODI1 and regulates the loading of SODI into
exosomes.

4 MSC-exos primarily affect pyroptosis of NP cells
by regulating the NLRP3 inflammation-
mediated pathway

We identified the activation of inflammasome in NP cells
treated with TNF-o. It was shown that TNF-a led to the
activation of NLRP3 inflammasome (Fig. 5A). Both Quer-
exos and Con-exos significantly reduced the levels of
NLRP3 expression (Fig. 5B). We employed Compound 59
(C59), an NLRP3 inhibitor, and Nigericin (Ni), an specific
NLRP3 activator, to investigate the role of NLRP3
inflammasome in the pyroptosis of NP cells. Co-treatment
with C59 resulted in an enhanced effect of Quer-exos and
Con-exos on the pyroptosis of NP cells, decreasing the
levels of GSDMD-N, Caspase-1 and IL-1B more signifi-
cantly (Fig. 5C, D), and reducing the death rate of NP cells
(Fig. 5E, F). However, co-treatment with Nigericin abro-
gated the effects of Quer-exos and Con-exos on the
pyroptosis of NP cells, leading to an increase in the levels
of GSDMD-N, Caspase-1, and IL-1p (Fig. 6A, B), and an
elevation of the death rate of NP cells (Fig. 6C, D). These
findings indicate that Quer-exos and Con-exos impact the
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«Fig. 5 MSC-exos reduce the activation of NLRP3 inflammasome and
ameliorate the pyroptosis of NP cells. A NP cells were treated with
TNF-o and then treated with PBS, Con-exos or Quer-exos. Western
blot images of NLRP3, NLRP2, NLRC4, AIM2 and ASC. B The
quantification of relative protein levels. C NP cells were treated with
TNF-a and then treated with PBS, Con-exos or Quer-exos. The Con-
exos or Quer-exos treated NP cells were co-treated with Compound
59 (C59). Western blot images of NLRP3, Caspase-1, GSDMD-N and
IL-1PB. D The quantification of relative protein levels. E Representa-
tive Calcein and PI staining images. F The quantification of PI-
positive rate. Data were presented as the mean £ SD (n > 3). *p <
0.05, **p < 0.01, ***p < 0.001, and “ns” for not significant

pyroptosis of NP cells by modulating the NLRP3 inflam-
masome activation.

4.1 Exosomes derived from rejuvenated MSCs can
effectively alleviate the progression of IDD

We compared the effects of Quer-exos and Con-exos
in vivo based on a rat disc degeneration model. Histological
staining of the rat disc was used to assess the degree of
IDD, as represented in Fig. 7A. Additionally, distribution
and sparsity of cells were revealed through Hematoxylin-
eosin staining (Fig. 7B), and Alcian blue staining was used
to visualize extracellular matrix deposition (Fig. 7C).
Safranin O-fast green staining revealed proteoglycan con-
tents (Fig. 8A), while Masson staining identified different
types of collagenous fibers (Fig. 8B). Our findings indi-
cated that C59 hinders the progression of IDD, whereas
Nigericin promotes IDD (Fig. 7A), which highlights the
role of NLRP3 inflammasome on IDD in vivo. Collec-
tively, our results illustrate that both Quer-exos and Con-
exos exhibited a positive effect on IDD progression, while
Quer-exos demonstrating a superior therapeutic outcome
which may serve as the possible optimization for IDD
treatment.

5 Discussion

In this study, it was discovered that MSCs treated with
quercetin displayed reduced susceptibility to senescence.
Additionally, alterations were observed in the exosomes
secreted by the cells. RAB27A expression was found to be
enhanced in the MSCs, leading to greater exosome pro-
duction. Furthermore, SOD1 was selectively loaded into
the exosomes. This led to exosomes from quercetin-treated
MSCs having increased levels of antioxidant proteins,
which better suppressed TNF-induced inflammasome
activation in NP cells, thus reducing cell pyroptosis. In vivo
experiments have demonstrated that the activation of
inflammasome hastens the progression of IDD. However,

exosomes obtained from quercetin-treated MSCs have
shown to be beneficial in mitigating the development of
IDD. Further, these exosomes are notably more effective
than traditional MSCs in terms of therapeutic impact
(Fig. 9).

As a promising therapy that has previously been used to
treat many degenerative diseases, mesenchymal stem cells
have the capacity to develop into a wide variety of cell
types [24]. MSCs have the ability to self-renew and repair
tissues, with a wide range of prospects in the field of
regenerative medicine [25]. There have been clinical
studies that have explored the effectiveness of MSCs in the
treatment of IDD. Takashi et al. found that intradiscal
transplantation of MSCs into degenerated discs prevents
IDD by promoting the ECM synthesis of NP cells [26]. In
another study, the combination of photo polymerizable
biogel scaffold with MSCs into NP region has also pro-
duced satisfactory results, with increased cellularity and
less severe disc degeneration [27]. However, there are
some challenges and uncertainties in the current treatment
of disc degeneration with MSCs [28]. First, the cell source
and purity, as well as the functionality of MSCs may affect
the therapeutic efficacy. Second, the optimal MSCs trans-
plantation modality has not yet been determined, including
whether auxiliary materials such as bioscaffolds or carriers
are required. In addition, the long-term postoperative out-
comes and safety need to be further evaluated as the cell
differentiation in vivo is difficult to control.

EVs as the alternative of MSCs inherit the therapeutic
benefits of MSCs while avoiding the problems associated
with cell source [29, 30]. EVs are cell-free fraction and
have applied in the treatments of IDD [20, 31-33]. Previ-
ous studies have revealed that MSC-derived exosomes
could exert anti-oxidant and anti-inflammatory to amelio-
rate IDD [20]. Liao et al. also found that MSC-derived
exosomes could regulate endoplasmic reticulum stress to
ameliorate cell apoptosis during the progression of IDD
[33]. Generally, EVs, including exosomes, have potentials
in the treatment of IDD. EVs have diverse biologically
active substances that can promote tissue repair and play an
immune and inflammatory modulating role [34]. EVs can
also be used as a drug-carrying vehicle to deliver drugs to
the focal area in a targeted manner [35]. Consistent with
these studies, our research indicates that exosomes derived
from MSCs could protect against cell pyroptosis and play a
siginifcant anti-inflammatory role in NP cells. Currently, in
the field of EV research, the original mechanism of EVs,
and typing and classification of EVs still remains unclear.
Besides, there are more factors affecting the function of
EV, therefore more relevant studies are still needed to
conduct.

The functional status of donor MSCs affects the nature
of secretory EVs. For example, cellular senescence is a
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Fig 6 Activation of NLRP3 inflammasome weakens the therapeutic B The quantification of relative protein levels of NLRP3, Caspase-1,

effects of MSC-exos on NP cells. NP cells were treated with TNF-o
and then treated with PBS, Con-exos or Quer-exos. The Con-exos or
Quer-exos treated NP cells were co-treated with Nigericin (Ni).
A Western blot images of NLRP3, Caspase-1, GSDMD-N and IL-1§.

biological process that leads to a largely irreversible ces-
sation of cell proliferation, and senescence-associated
secretory phenotype (SASP) is the hallmark of senescence
[36]. Basisty N et.al. found that cellular senescence alters
the proteomic profile of EVs [37]. Based on their proteomic
data, it was revealed that senescent cells released a greater
number of EVs and the profile of protein cargoes in EVs

@ Springer

GSDMD-N, and IL-1B. C Representative Calcein and PI staining
images. D The quantification of PI-positive rate. Data were presented
as the mean £ SD (n > 3). *p < 0.05, **p < 0.01, and ***p < 0.001

were also largely distinct from the soluble protein fraction
of cells. EVs secreted by aging cells may have negative
effects on the recipient cells. Previous studies showed that
aged skeletal muscle secreted senescence-associated EVs
to induce senescence of bone marrow via the delivery of
miRNA cargo [38]. Moreover, EVs secreted by senescent
vascular smooth muscle cells influenced differentiation of
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Fig. 7 Therapeutic effects of exosomes on disc degeneration in vivo.
The discs were injected with TNF-o, TNF-oo with Con-exos, TNF-a
with Quer-exos, Nigericin (Ni), or TNF-o with Compound 59 (C59).
The sham group was punctured but without injection. A Histological

monocytes to facilitate their pro-inflammatory character-
istics, which indicated the EVs as an important inducer of
inflammation in atherosclerosis [39]. Therefore, keeping a
fine state of donor cells will be beneficial for maintaining
the quality of secretory EVs, which is meant to ensure the
effectiveness of their treatment that is of great significance
in EV-based tissue regeneration and repair. Besides, pre-
vious studies have demonstrated that aged cancer cells
seem have stronger secretion ability to secret more EVs,
which mediates pro-tumorigenic function of surrounding
cells [40, 41]. Lei et. al. also found that senescent MSCs
secrete higher levels of microvesicles with smaller size
than younger cells [42]. However, our results showed that
rejuvenated MSCs using specific drugs secret more exo-
somes with a stronger antioxidant capacity. This difference
may be due to the fact that drug-treated younger cells have
a stronger secretion ability than aging cells, while the
specific mechanisms involved still need to be explored.
At present, there still are some problems during EV-
based therapy, one of the issues being the low yield.
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;’I
200 um 1mm 200 um 200 im
200 um 1mm 200pm ) 200 um
7.
200 um 1mm 200 jim 200 um
K.
200 um 1mm 200 pm 7= 200 pum

grades of different groups. B Representative images of Hematoxylin-
eosin staining. C Representative images of Alcian blue staining. Data
were presented as the mean £ SD (n = 10). **p < 0.01, ***p < 0.001,
and “ns” for not significant

Although there are currently some technical methods to
promote EV secretion, the overall effect is not satisfactory
[43]. Previous studies have demonstrated that environ-
mental factors, such as hypoxia, pH and mechanical stress,
could alter the EV secretion, as well as the property of EVs.
Wang et.al. found that mechanical stress contributed to the
fusion of autophagic vesicles with multivesicular bodies,
resulting in the increased release of EVs [44]. Other
chemical compounds also have been used in stimulating
EV secretion. One study has revealed that metformin
treatment could stimulate the release of EVs via the acti-
vation of autophagy, as well as the increase of anti-oxidant
proteins in EVs [31]. In the present study, we used a natural
drug quercetin, which also promotes the release of exo-
somes in MSCs. Further results showed that anti-oxidant
proteins are enriched in quercetin-induced exosomes. Our
results may recommend the quercetin as the effective drug
for boosting exosomes secretion. However, the concentra-
tion and duration of these drugs still need to be explored to
ensure safety. In the practical application process, we need
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Fig. 8 Therapeutic effects of exosomes on disc degeneration in vivo. A Representative images of Safranin O-fast green staining.
B Representative images of Masson green staining

to ensure both the quantity and quality of EVs. Maybe it is There still some limitations of this present study. The
reasonable to optimize the functional state of donor cells to  limited exosome isolation technology accounts for the low
promote the secretion of EVs under the premise of not  purity of the exosomes obtained. Our study utilizes exo-
altering the therapeutic efficacy of EVs. somes obtained through ultracentrifugation method, while
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Fig. 9 The diagram depicts the concept of this research. Quercetin
stimulates the rejuvenation of MSCs and triggers the formation of
vesicles mediated by Rab27a. SODI is specifically loaded into
MVBs, which are then released as exosomes. These exosomes

optimized purification methods are needed in the future to
confirm the conclusion. This research focuses on the
alterations in antioxidant proteins present in the exosomes.
Although the data supports the credibility, further research
is needed to investigate additional potential molecular
mechanisms. This study employed solely a model of disc
degeneration in rats, while conducting additional models of
IDD would enhance the credibility of our experiments.

In conclusion, pre-treatment of MSCs with quercetin
enhances exosome production and modifies the therapeutic
impact of their exosomes. Enhancing the functional con-
dition of donor MSCs is instrumental in obtaining benefi-
cial paracrine substances. Exosomes derived from
quercetin-treated MSCs exhibit notably increased levels of
antioxidant proteins, and their anti-inflammatory capabili-
ties are significantly improved. This optimization is a
crucial factor in boosting the therapeutic effect of exo-
somes in IDD. This study aims to enhance comprehension
of exosomes in IDD treatment and to introduce novel
approaches for exosome application.
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