Materials Today Bio 18 (2023) 100512

Contents lists available at ScienceDirect

;;aterialstoday
BIO

Materials Today Bio

journal homepage: www.journals.elsevier.com/materials-today-bio

Platelet-derived extracellular vesicles ameliorate intervertebral disc R

Check for

degeneration by alleviating mitochondrial dysfunction

Zhanqiu Dai ab,6.d 1" Chen Xia bed 1 Tingxiao Zhao &1 Haoli Wang b.e Hongsen Tian b.e
Ouyuan Xu®, Xunbin Zhu®""", Jun Zhang®"", Pengfei Chen™%""

 Department of Orthopaedics, The Second Affiliated Hospital of Bengbu Medical College, Anhui, China

Y Department of Orthopaedic Surgery, Sir Run Run Shaw Hospital, Zhejiang University School of Medicine, Hangzhou, China

€ Key Laboratory of Musculoskeletal System Degeneration and Regeneration Translational Research of Zhejiang Province, China

9 Department of Spine Surgery, Zhejiang Provincial People's Hospital, Hangzhou Medical College People's Hospital, Hangzhou, Zhejiang, China
€ College of Animal Sciences, Zhejiang University, Hangzhou, Zhejiang, China

f Hangzhou OrigO Biotechnology Co. Ltd., Hangzhou, Zhejiang, China

ARTICLE INFO ABSTRACT

Keywords:

Intervertebral disc degeneration
Nucleus pulposus

Platelets

Vesicles

Reactive oxygen species
Mitochondrial dysfunction

Mitochondrial dysfunction causes the production of reactive oxygen species (ROS) and oxidative damage, and
oxidative stress and inflammation are considered key factors causing intervertebral disc degeneration (IVDD).
Thus, restoring the mitochondrial dysfunction is an attractive strategy for treating IVDD. Platelet-derived extra-
cellular vesicles (PEVs) are nanoparticles that target inflammation. Moreover, the vesicles produced by platelets
(PLTs) have considerable anti-inflammatory effects. We investigate the use of PEVs as a therapeutic strategy for
IVDD in this study. We extract PEVs and evaluate their properties; test their effects on HyOz-induced oxidative
damage of nucleus pulposus (NP) cells; verify the role of PEVs in repairing HaOz-induced cellular mitochondrial
dysfunction; and demonstrate the therapeutic effects of PEVs in a rat IVDD model. The results confirm that PEVs
can restore impaired mitochondrial function, reduce oxidative stress, and restore cell metabolism by regulating
the sirtuin 1 (SIRT1)-peroxisome proliferator-activated receptor gamma coactivator lao (PGCla)-mitochondrial
transcription factor A (TFAM) pathway; in rat models, PEVs retard the progression of IVDD. Our results

demonstrate that the injection of PEVs can be a promising strategy for treating patients with IVDD.

1. Introduction

Lower back pain (LBP) is one the most common musculoskeletal
disorders in modern society [1]. Earlier epidemiological studies have
confirmed that the prevalence of LBP increases with age, which can lead
to significant family and social burden [1,2]. Intervertebral disc degen-
eration (IVDD) has been identified as a major cause of LBP. Disc
degeneration is characterized by disc collapse, fracture of the fibrous
annulus (AF), disc dehydration, which includes loss of proteoglycans and
water in the nucleus pulposus (NP), calcification of the cartilage end
plate, and changes in the extracellular matrix (ECM) [3-6]. The current
conservative treatment and surgical interventions for IVDD cannot halt or
reverse the progression of disc degeneration, and they are more likely to

exacerbate adjacent disc injury [7-10]. Treatment strategies to prevent
or delay the progression of degeneration at an early stage while pro-
tecting the physiological stability of the intervertebral disc (IVD) remain
under investigation [11]. Although there is a wide range of pharma-
ceutical drugs available for treating IVDD, there are certain drawbacks,
which include the absence of an abundant blood supply to the IVD [12],
prolonged failure caused by extracellular expansion of the drug, failure to
target delivery in a timely manner, and side effects such as the inflam-
mation of the adjacent tissue after the local administration of the treat-
ment [13]. In the field of basic research, several reports have been
published on cellular exosome therapy for IVDD; this therapy has rela-
tively good biocompatibility and low immunogenicity [14-16]. Howev-
er, the active protein component in exosome therapy cannot be clarified,
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and it remains a great challenge to accurately, effectively, and selectively
identify and isolate the exosomes [17].

Platelet-rich plasma (PRP) is an autologous cell-derived therapy [18].
At present, PRP and pure PRP without leukocytes are being used in the
clinical treatment of various diseases [19,20]. Despite the large variety of
applications, the efficacy of regenerative treatments using PRP remains
controversial owing to the absence of large controlled clinical trials [21].
PRP comprises a complex list of components, including pro-inflammatory
factors, anti-inflammatory factors, chemokines, and transforming growth
factors. During the study on the specific molecular efficacy of PRP, the
exact effective proteins of PRP involved in clinical treatment are unclear
[22]. Moreover, the underlying mechanisms, principles, and safety of
PRP therapy for clinical use remain to be elucidated [18]. An autologous
product that does not specify its formulation and composition [23,24]
has variations in its composition in terms of platelets (PLTs), white blood
cells (WBC), and red blood cells (RBC) [25,26]. Consequently, the
consensus on PRP bio-formulations is nonexistent at present. Sufficiently
powered and well-documented clinical research is needed to determine
the full potential and therapeutic molecular efficacy of PRP in a variety of
indications [18].

Platelets (PLTs) are anucleate blood cells produced by the cyto-
plasmic lysis of mature megakaryocytes in the bone marrow [27]. These
cells are increasingly recognized as pivotal participants in numerous
pathophysiological processes, including thrombosis, inflammation,
atherogenesis, and tumor growth, and metastasis [28,29]. In addition,
related research has reported that PLTs can enhance the wound-healing
activity of mesenchymal stem cells (MSCs) and provide them with en-
ergy for metabolism by functional mitochondria [30,31]. These studies
have demonstrated that PLTs can be used as an adjuvant for improving
therapeutic efficacy. However, PLTs are easily affected by various con-
ditions (such as temperature, shake, and pollution) during storage and
transportation, resulting in an inflammatory response [32]. In these
states, PLTs can be positively primed to reach an activated condition
[33]. Thrombin-activated PLTs release a-granules and dense granules
located in the PLT cytoplasm. The a-granules contain pro-inflammatory
cytokines, such as IL-1f, IL-6, and TNF-a, which can aggravate the
local inflammatory response [34-36] and further affect the therapeutic
effect of PLTs [37-39]. Thus, further studies are required to prevent the
pro-inflammatory effects of PLTs and better utilize their therapeutic
efficacy.

Nanomaterial therapy is a current trend in nanomedicine [40].
PLT-derived extracellular vesicles (PEVs), also known as PLT dust and
PLT-derived particles, are a heterogeneous group of small, lipid-bound
nanoparticles that play a key role in mediating pathological and physi-
ological processes [41-45]. In recent years, PEVs have been identified as
unique therapeutic modalities that demonstrate advantages in hemosta-
sis, inflammation, and tissue repair, as well as drug delivery carriers [45].
A study has reported that PEVs secreted lower levels of inflammatory
cytokines (IL-1p, IL-6, and TNF-a) compared to activated PLTs. The low
level of cytokine releases from PEVs may be due to the fact that
a-granules do not exist in PEVs [39,46]. Notably, PEVs can penetrate
tissue barriers, such as the synovium, lymph, and bone marrow, to ach-
ieve specific therapeutic effects [37]. Moreover, the majority of PEVs are
stable structures with diameters in the range of 100-200 nm; such
structures retain some effective mitochondrial proteins and are more
easily ingested by cells [47-49]. Thus, PEVs exhibit non-negligible
therapeutic potential for injury, inflammation, and tissue repair
[50-52]. However, mesenchymal stem cell (MSC)-derived EVs are
currently the main research direction in nanomedicine [53,54], and
limited attention has been focused on the study of PEVs in the treatment
of degenerative diseases. We believe that this nanomaterial therapy may
provide more potential therapeutic prospects in the future.

Oxidative stress in NP cells is a cause of irreversible IVDD [55].
Mitochondria are the target organelles of intracellular reactive oxygen
species (ROS), and mitochondrial dysfunction leads to intracellular
metabolic imbalance [55,56]. As the powerhouse of the cell [57],
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mitochondria can provide energy for a range of activities in the form of
adenosine triphosphate (ATP) molecules [58,59]. The impairment of
mitochondrial function is strongly associated with degenerative diseases
[60-62]. Inflammatory degeneration is exacerbated because of an
insufficient ATP supply when mitochondria are impaired [63,64]. Fen
et al. demonstrated that the mitochondrial structure and function were
damaged in the pathological process of IVDD [65,66]. Inflammation or
mechanical injury alters the mitochondrial membrane potential, which
further reduces cell proliferation and induces apoptosis; this ultimately
leads to IVDD [67]. Therefore, repairing damaged mitochondria by
inhibiting oxidative stress is considered a valid option for delaying IVDD.

AMP-activated protein kinase (AMPK) is a highly conserved sensor
that detects elevated levels of AMP and ADP caused by mitochondrial
ATP depletion [68]. It is an important molecular target for the treatment
of degenerative diseases. During inflammation, AMPK activation protects
mitochondrial function by promoting the expression of sirtuin 1 (SIRT1)
[69,70]. In addition, peroxisome proliferator-activated receptor gamma
coactivator 1o (PGCla) is a regulatory mechanism required for AMPK in
NP cells [71]. Increased PGCla expression reverses mitochondrial
biogenesis, oxidative phosphorylation, and intracellular ATP levels in
degenerative cells [72]. Mitochondrial transcription factor A (TFAM) is a
gene regulator that mitigate ROS production by wrapping around mito-
chondrial DNA complexes [73]; nuclear respiratory factors 1 and 2 (Nrfl
and Nrf2, respectively) are also essential for the mitochondrial biological
function [25,54].

In this study, we isolated and characterized platelet-derived vesicles
and investigated the role of PEVs in Hy0»-induced oxidative stress and
mitochondrial dysfunction in NP cells. Further, we used a rat IVDD model
to verify the therapeutic effect of PEVs on IVDD (Fig. 1). We hypothesize
that PEVs can restore mitochondrial function in NP cells through the
SIRT1-PGClo-TFAM pathway and prevent the progression of degener-
ative changes in IVDD.

2. Materials and methods
2.1. Materials

Dulbecco's modified Eagle's medium (DMEM) and fetal bovine serum
(FBS) were purchased from Gibco BRL (Gaithersburg, MD, USA).
Aggrecan (ab3778) and Adamts5 (ab41037) were purchased from
Abcam (Cambridge, USA). TSG101 (28283-1-AP), CD9 (20597-1-AP),
CD63 (25682-1-AP), CD41 (24552-1-AP), Col2a (28459-1-AP), SOX9
(67439-1-Ig), MMP3 (18165-1-AP), MMP13 (17873-1-AP), SIRT1
(13161-1-AP), PGCla (66369-1-1g), TFAM (22586-1-AP), Nrfl (12482-
1-AP), Nrf2 (16396-1-AP), pactin (20536-1-AP), and GAPDH (10494-1-
AP) were purchased from Proteintech® (Beijing, China).

2.2. Preparation and characterization of isolated PLTs and PEVs

PRP was prepared using a previously described method with minor
modifications [74,75]. All blood specimens used in the present study
were approved by the Ethical Committee of the Sir Run Run Shaw Hos-
pital, School of Medicine, Zhejiang University. Informed consent was
obtained. In brief, whole blood samples were collected from healthy
donors and mixed with acid citrate dextrose solution A (ACD-A) antico-
agulant (1 mL ACD-A/9 mL blood). After centrifugation at 100xg for 15
min, the PLT-containing plasma was collected and centrifuged at 800xg
for 20 min. The supernatant plasma was discarded, and the PLT pellet
was resuspended in residual plasma to obtain PRP (SI Fig. 1). To prepare
PEVs, PLTs were mixed in phosphate buffered saline (PBS) containing
ethylenediamine tetraacetic acid (EDTA, 5 mM, Sigma Aldrich) and
prostaglandin el (PGE1, 1 mM, MCE). Next, PLTs were passed through
1000 nm and 500 nm filters, and then thrice through a 200 nm filter to
obtain PEVs. Finally, the supernatant was collected for ultracentrifuga-
tion, and PEVs were enriched at 100,000 rpm for 2 h. We observed the
morphology and size of PLTs and PEVs using cryo-transmission electron
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Fig. 1. (A) Illustration and technical theory of preparation of PEVs in vitro. (B) A schematic diagram of the IVDD retarding pathway by the local injection of PEVs

reduce oxidative stress and activate the mitochondrial functional protein pathway.

microscopy (cryo-TEM, 200 kV, FEI Tecnai G2 F20, USA), and we
quantified their particle size and zeta potential using dynamic light
scattering (DLS). We tested the stability of the PLTs and PEVs by
measuring the particle size changes at 0, 1, 3, 5, and 7 days using DLS. In
addition, we extracted PLTs and PEVs proteins using a protein isolation
kit (Invitrogen, Carlsbad, USA), and we quantified the protein concen-
tration using a BCA kit (Beyotime, China). The protein expression levels
of PLTs and PEVs were detected using SDS-PAGE and western blotting,
respectively. Coomassie brilliant blue staining (Beyotime, China) was
used to detect differences in protein expression between the PLTs and
PEVs.

2.3. Evaluation of materials for cytotoxicity and proliferation

The toxicity and proliferation of NP cells incubated with PEVs were
tested for 1, 3, 5, and 7 days using a CCK-8 detection kit (MCE, USA). The
toxicity of the different concentrations of each inhibitor (chlorproma-
zine, filipin III, wortmannin, and cytochalasin D) in NP cells by CCK-8 kit
assay. We added a 10 pL CCK-8 solution to the serum-free medium of the
cells, and then incubated them at 37 °C for 2 h. The absorbance at 450 nm
was measured using a Varioskan LUX microplate reader (Thermo Fisher
Scientific, USA). All experiments were performed in triplicate.

2.4. Cytokine detection

Production was provided by the manufacturer; 100 pg/mL PLTs and
100 pg/mL PEVs were activated with or without thrombin, respectively.
The levels of IL-1p and IL-6 were detected using ELISA assay kits
(BMS224-2, BMS213-2, Thermo Fisher Scientific). All experiments were
performed in triplicate.

2.5. Cell culture and handling

The NP cells were obtained from Sprague-Dawley rats purchased

from Cyagen Biosciences, Inc. (Shanghai, China). First, the NP tissue was
macroscopically isolated from the caudal disc of 4 weeks male SD rats.
Then, the tissue was digested with collagenase II for 4 h at 37 °C. The cell
mixture filtered through the cell sieve was centrifuged at 1000 rpm for 5
min to obtain primary NP cells. The NP cells were cultured in DMEM
supplemented with 10% FBS in a humidified incubator with 5% CO». The
second passage of the cells was used for subsequent experiments. All cells
were seeded in six-well plates and 10 cm plate. Then, the cells were
divided into four groups: control group (normal control group), 200 pM
H0, treatment for 12 h (HyO3 group), HyOy + 100 pg/mL platelets
(PLTs group), and H2O3 + 100 pg/mL PEVs (PEVs group).

2.6. ROS detection and evaluation

The ROS levels in the NP cells were detected using an ROS detection
kit (Beyotime, China). The NP cells were pre-treated with 200 pM H20,
for 6 h, and then each group was added with 100 pug/mL of PLTs or PEVs
for 24 h. Then, the NP cells were incubated with 20 mM 2’,7’-dichlor-
odihydrofluorescein diacetate (DCFH-DA, Beyotime, China) for 37 °C,
20 min. Before flow cytometry analysis, the cells were washed three
times with a serum-free medium. Fluorescence signal intensity was
determined by the oxidative conversion of DCFH-DA. Finally, changes in
intracellular ROS levels were detected by fluorescence microscopy and
flow cytometry. We analyzed the results using FlowJo software. All ex-
periments were performed with four replicates each.

2.7. Flow cytometry and TUNEL staining for cell apoptosis

The apoptosis rate of NP cells was detected using a fluorescein iso-
thiocyanate-annexin V and propidium iodide (FITC/PI) Apoptosis
Detection Kit (Yeasen, China) according to the manufacturer's in-
structions. NP cells were pre-treated with 100 pg/mL of PLTs and 100 pg/
mL of PEVs for 24 h, respectively. Then, 400 pM H,0, were added for 4 h
to induce apoptosis in NP cells. NP cells were centrifuged and then
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resuspended in 300 mL of PBS supplemented with annexin V-Alexa FITC
(5 pL) and PI (10 pL). Following incubation (10-15 min, 20 °C) in the
dark, cell apoptosis was detected using a flow cytometer after adding
400 pL 1 x binding buffer. The total apoptosis rate is the sum of the early
stage of apoptosis (Annexin V-positive/PI-negative) and late stage of
apoptosis (Annexin V-positive and PI-positive). For apoptosis phenotype,
NP cells were labeled with the terminal deoxynucleotidyl transferase-
mediated dUTP nick end labeling (TUNEL) Apoptosis Detection Kit
(Yeasen, China). The changes in apoptosis levels in the NP cells were
detected by fluorescence microscopy, and the TUNEL-positive cells were
counted. We analyzed the results using FlowJo software. All experiments
were performed with four replicates each.

2.8. Senescence-associated f-gal (SA-p-gal) staining

The senescence phenotype of NP cells was analyzed using SA-B-Gal
staining kit (Beyotime, China) and a microscope. Specifically, NP cells
were pre-treated with 100 pM H303 for 48 h to induce senescence in NP
cells. Subsequently, 100 pg/mL of PLTs and 100 pg/mL of PEVs were
added for 24 h, respectively. NP cells were fixed with 0.2% glutaralde-
hyde for 15 min at room temperature. Following 3 washes with PBS, NP
cells were stained with X-gal staining solution overnight. Blue-stained
cells showing high SA-B-gal activity were defined as senescent cells.
Representative images were captured under a microscope, and the SA-
f-gal-positive cells were counted. All experiments were performed with
four replicates each.

2.9. PEVs uptake and mitochondrial localization

The mitochondria of NP cells were labeled with a MitoTracker Green
fluorescent probe (Beyotime, China) and cultured in DMEM for 24 h. For
uptake studies, the 1’-dioctadecyl-3,3,3’,3'-tetramethylindocarbocyanine
perchlorate (Dil) fluorescent probe (Beyotime, China) was incubated
with PEVs for 12 h and washed three times with PBS to remove unlabeled
particles. Dil-loaded PEVs were incubated with NP cells for 24 h and 4,6-
diamidino-2-phenylindole (DAPI) with the NP cell nuclei for 10 min.
Then, the cells were fixed with 4% paraformaldehyde. Finally, the
localization of Dil and MitoTracker x Green fluorescent probe was
observed using fluorescence microscopy.

2.10. Quantitative real-time polymerase chain reaction (qPCR) analysis

Total RNA was extracted from lysed NP cells using TRIzol reagent
(Invitrogen) and an RNA purification kit (CW0581, Kangwei) according
to the manufacturer's instructions. The cDNA was reverse transcribed
using the MMLV reverse transcription reagent (Takara). factin was used

Table 1
Summary of PCR primers used.
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as an internal reference. Real-time PCR was performed using a SYBR
Master Mix qPCR kit (Takara). The primers used are listed in Table 1. All
experiments were performed in triplicate.

2.11. Western blot analysis

Proteins were extracted from the NP cells using a RIPA buffer con-
taining a 1% protease inhibitor (PMSF) (Boster, China). The protein
concentration in each group of cells was quantified using a BCA protein
concentration kit (Beyotime, China). Proteins were separated using 10%
SDS-PAGE and transferred from the gel to a polyvinylidene fluoroether
membrane (Millipore, Shanghai, China). The fluoroether membrane was
blocked with 5% non-fat milk for 1 h. After blocking, the membrane was
washed with Tris-HCl-buffered saline (TBS) containing 0.1% Tween-20
three times for 5 min each. Subsequently, the membranes were incu-
bated with Col2a, SOX9, Aggrecan, MMP3, MMP13, Adamts5, SIRT1,
PGCla, TFAM, Nrfl, Nrf2, and pactin at 4 °C for 12 h; the internal control
was Pactin. The membrane was incubated with a specific horseradish
peroxidase-conjugated secondary antibody (Beyotime, China) for 1 h at
18-25 °C after washing with TBST three times for 5 min each. Excess
secondary antibody was washed away with TBST three times for 5 min
each. Finally, the signal intensity of the reactive bands on the membrane
was visualized using the ChemiDoc Touch imaging system (Bio-Rad,
USA). All above experiments were performed in triplicate.

2.12. Immunofluorescence staining

Each group of the NP cells was fixed on a control dish with 4%
paraformaldehyde for 20 min, washed three times with PBS for 3 times,
and the cells were permeabilized with 0.5% Triton X-100 (diluted in PBS)
for 20 min. The NP cells were blocked with 5% bovine serum albumin
(BSA) for 30 min Adamts5 (1:100, Proteintech, China), MMP13 (Pro-
teintech, China), Col2a (1:100; Proteintech, China), Aggrecan (1:100,
Sigma, USA), and PGCla (1:100, Proteintech, China) were incubated
with NP cells at 4 °C for 12 h. Then, the cells were incubated with a
fluorescent secondary antibody (goat anti-rabbit Alexa Fluor 488 (1:500,
Beyotime, China)) at room temperature for 1 h, which is followed by
DAPI for 10 min. Images were obtained using a fluorescence confocal
microscope (Nikon, Tokyo, Japan). All above experiments were per-
formed with four replicates each.

2.13. Assessment of mitochondrial function

According to the manufacturer's instructions, the MitoTracker Green
(Beyotime, C1048, China), MitoSOX-Red (Beyotime, C1045, China), and
JC-1 fluorescent probe (Beyotime, C2006, China) were used to detect

Gene Name Used for Primer sequence Product length Amplicon Size

Col2a mRNA quantification F: CAGGATGCCCGAAAATTAGGG 21 132
R: ACCACGATCACCTCTGGGT 19

Sox9 mRNA quantification F: GAGCCGGATCTGAAGAGGGA 20 151
R: GCTTGACGTGTGGCTTGTTC 20

Acan mRNA quantification F: CCTGCTACTTCATCGACCCC 20 150
R: AGATGCTGTTGACTCGAACCT 21

Mmpl3 mRNA quantification F: CTTCTTCTTGTTGAGCTGGACTC 23 173
R: CTGTGGAGGTCACTGTAGACT 21

Mmp3 mRNA quantification F: ACATGGAGACTTTGTCCCTTTTG 23 192
R: TTGGCTGAGTGGTAGAGTCCC 21

Adamts5 mRNA quantification F: GGAGCGAGGCCATTTACAAC 20 110
R: CGTAGACAAGGTAGCCCACTTT 22

Pactin mRNA quantification F: CCTCTATGCCAACACAGT 18 230
R: AGCCACCAATCCACACAG 19

P16(Cdkn2a) mRNA quantification F: GTGTGCATGACGTGCGGG 18 127
R: GCAGTTCGAATCTGCACCGTAG 22

P21(Cdknla) mRNA quantification F: CCAGGCCAAGATGGTGTCTT 20 103

R: TGAGAAAGGATCAGCCATTGC 21
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mitochondrial membrane potential changes in NP cells. The morphology
of mitochondria of NP cells was observed by transmission electron mi-
croscopy (TEM; H-9500; Hitachi, Tokyo, Japan). The decrease in mito-
chondrial membrane potential is a hallmark event in the early stages of
apoptosis [76,77]. JC-1 (5,5,6,6'-tetrachlorol,1’,3,3'-tetramethylbenzi-
midazolylcarbocyanine iodide) is an ideal fluorescent probe widely used
to detect mitochondrial membrane potential (A¥m). JC-1 monomers
can produce green fluorescence (A\¥Ym|) while JC-1 aggregates can
produce red fluorescence (A¥mt) [78,79]. We measured the proportion
of mitochondrial depolarization by comparing the relative proportions of
red and green fluorescence. Therefore, the transition of JC-1 from red
fluorescence to green fluorescence can detect the decrease of cell mem-
brane potential and serve as an early detection indicator of apoptosis.
Then we used the selective SIRT1 activator (SRT-1720, Beyotime,
SC0267) and the selective SIRT1 inhibitor (EX-527, MCE, HY-15452) to
verify the mechanism of PEVs repairing impaired mitochondria in
pathological NP cells. All experiments were performed with four repli-
cates each.

2.14. ATP detection evaluation

The ATP levels of NP cells were assessed using the luminescent ATP
detection assay kit (Abcam, Ab113849). All above experiments were
performed with four replicates each.

2.15. Lactic acid detection

According to the manufacturer's instructions, the lactic acid assay kit
(Nanjing Jiancheng, A019-2-1) was used to measure the lactic acid
concentration in the cell culture serum to reflect the cellular metabolic
state. All experiments were performed with four replicates each.

2.16. Manufacture of rat IVDD model

In this study, an IVDD rat model was induced via fine needle punc-
ture. Male Sprague-Dawley rats (200-250 g, 12 weeks old) were
randomly allocated into 4 groups (n = 9): NC group, Puncture + vehicle
group, Puncture + PLTs group, and Puncture + PEVs group. All rats were
treated according to the standard guidelines approved by the Institu-
tional Animal Care and Use Committee of Zhejiang Center of Laboratory
Animals. In detail, the rats were anesthetized via the intravenous injec-
tion of pentobarbital sodium (40 mg/kg) and then positioned prone on a
platform. The IVDD rat models were established using a 26G needle
(diameter = 0.45 mm) puncture to coccyx spaces Co7-8. The selected
coccygeal intervertebral plane was confirmed using manual palpation
and X-ray fluoroscopy. After disinfection with iodate alcohol, a 26G
needle was inserted at the level of the annulus fibrosus by palpation,
passing through the NP to the contralateral annulus fibrosus. After
incomplete penetration, the needle was rotated by 360° twice for 30 s.
The depth of needle penetration was controlled by the resistance of
contralateral ring fibers. One week after the initial puncture, injured
discs injected with 5 pL vehicle (PBS), 5 pL PLTs (100 pg/mL), or 5 pL
PEVs (100 pg/mL) were set as the vehicle, PLTs, or PEVs group, respec-
tively. Normal IVD Co7-8 was the NC group. Each group of segment
treatments was labeled. No deaths or diseases were recorded during the
experiment process. After 4 or 8 weeks, the discs were harvested and
investigated. All experiments were performed under sterile conditions;
the rats were transferred to a warm and ventilated environment after
surgery until recovery from anesthesia. Then, the rats were given free
access to water and food. The selected coccygeal intervertebral plane was
confirmed by digital palpation and fluoroscopy at 4 and 8 weeks after the
first surgery.

2.17. Radiological assessment analysis

The micro-computed tomography (micro-CT, Skyscanl1275) and
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magnetic resonance imaging (MRI) were performed at 4- and 8-weeks
post-operation with a GE Sigma CV/I (1.5 T) to evaluate changes in the
NP signal and height of the intervertebral space. Image J software was
used to measure the signal intensity of the IVD at Co7-8 on T2-weighted
central images. According to the modified Thomson classification, the
MRI images are classified into grades I to IV (I, normal; II, signal intensity
is slightly decreased but the high signal area is significantly narrowed; III,
signal intensity is moderately decreased; and IV, signal intensity is
severely decreased); they were evaluated by three experienced radiolo-
gists and three orthopedic surgeons. Further, the IVD height was
measured by micro-CT analysis and calculated as the disc height index
(DHI) that represents the average height of the anterior, middle, and
posterior discs. The change in the DHI was calculated using the value at
0 week as a reference. The CT images were measured using Data-viewer
software, and DHI was calculated using the following equation: disc
height index (DHI) =2 x (A+ B+ C)/(D+ E+ F+ G+ H+ I); DHI% =
measured DHI/NC group DHI x 100% for each group).

2.18. Histological analysis and immunofiuorescence staining

The Digital Pathology Slide Scanner (KFBIO) were performed at rats
intervertebral disc (IVD). The IVD tissues were stripped from the IVD
segments of the rats. The IVDs were fixed in 4% buffered para-
formaldehyde and decalcified in a decalcification solution (14% EDTA)
at 18-25 °C for 4 weeks. The decalcified discs were paraffin-embedded to
obtain sections; the sections were then stained with hematoxylin and
eosin (H&E), Alcian blue (A&B), Safranin O-fast Green (S&O), and Sirius
Red (S&R). The specimens were examined and photographed using a
digital microscope (KFBIO, KF-PRO-120). According to the definition of
histological grade (Table 2), the histological images of each group are
classified into 0 to 15 scores. For immunofluorescence staining, discs
were blocked by incubation with 5% BSA (Fdbio science); incubated with
primary antibodies against Col2a, MMP13, and PGCla; and this was
followed by incubation with the corresponding secondary antibodies
conjugated with Alexa Fluor 488 fluorescent dye (Proteintech) and
stained with DAPI (Beyotime). Discs were blocked by incubation with 5%
BSA (FDbio Science), followed by incubation with the DHE fluorescence
and MitiSOX Red fluorescence probes and staining with DAPI (Beyo-
time). The morphology of mitochondria of IVD was observed by trans-
mission electron microscopy (TEM; H-9500; Hitachi, Tokyo, Japan). All
experiments were performed with three replicates each.

Table 2
Definition of histological grade.
Category Grade
1. Matrix of the nucleus pulposus 1. Normal gelatinous appearance
2. Slight condensation of the extracellular
matrix

3. Moderate/severe condensation of the
extracellular matrix.
1I. Cellularity of the nucleus 1. Normal cellularity with large vacuoles in the
pulposus gelatinous structure of the matrix
2. Slight decrease in the number of cells and
fewer vacuoles
3. Moderate/severe decrease (>50%) in the
number of cells and no vacuoles
III. Structure of anulus fibrosus 1. Normal, pattern of fibrocartilage lamellae
without ruptured fibers and without a
serpentine appearance anywhere within the
anulus.
2. Slight ruptured or serpentined patterned
fibers (<30%)
3. Moderate/severe ruptured or serpentined
patterned fibers (>30%).
IV. Border between the nucleus 1. Normal
pulposus and anulus fibrosus 2. Minimally interrupted
3. Moderate/severe interruption.
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2.19. Systemic toxicity experiments in vivo

After rats were sacrificed, the main organs (heart, liver, spleen, lung,
and kidney) were collected for H&E staining to evaluate systematic
pathological changes.

2.20. Statistical analysis

All study results are presented as the mean =+ standard deviation (SD).
Statistical analyses were performed using GraphPad Prism (v5.0) to
perform one-way or two-way analysis of variance (ANOVA). Duplicate
groups were included in all experiments. The differences between the
groups were further assessed using Tukey's multiple comparison test. The
difference in the results was significant when the p-value was <0.05. The
significance of these numbers is indicated by asterisks: *p < 0.05, **p <
0.01, ***p < 0.005, and ****p < 0.001. All signal intensity and fluo-
rescence expression levels were quantified using ImageJ software.

3. Results
3.1. PEVs preparation and characterization

PEVs were obtained from PLTs through extrusion method (extrusion
through 1000, 500, and 200 nm filters) (Fig. 1A) and were injected into
the intervertebral disc of rats (Fig. 1B). A previous study reported that
cells can release a large number of cell-derived extracellular vesicles
(CEVs) in a short period of time through mechanical extrusion [80-83].
The technical theory of the method is that CEVs are formed as a result of
the disruption of the cell membrane using shear or frictional forces and
the reorganization of lipid bilayer-forming vesicles in seconds [80,84].
Meanwhile, vesicles can randomly encapsulate surrounding cellular
components or drugs during the extrusion process; thus, part of the
unencapsulated protein or components would be lost [85]. Then we drew
the schematic diagram of the preparation and injection of PEVs (Fig. 2A).
In this study, we compared the properties of PLTs and PEVs using
cryo-TEM. The PEVs have a smaller size of ~200 nm compared with PLTs
with a size of ~1 pm (Fig. 2B). Then, we measure PEVs and PLTs using
DLS, and the results show that PLTs have a particle size of 1.1 pm and a
zeta potential of —22.8 mV, whereas the PEVs have a particle size of
195.6 nm and a zeta potential of —4.3 mV (Fig. 2C). Subsequently, we
place PEVs and PLTs at 37 °C for 1, 3, 5, and 7 days and find that the size
of PEVs remained stable during this period using DLS; the size of the PLTs
gradually decrease (Fig. 2D). We then examine the proliferative effect of
PEVs on NP cells using the CCK-8 kit. The results of CCK-8 depicted that
the most suitable concentration of PEVs to promote NP cell proliferation
is 100 pg/mL (Fig. 2E). We selected 100 pg/mL PEVs and 100 pg/mL
PLTs in the subsequent cellular experiment. The cell proliferation assay
elucidated that NP cells had a good proliferative capability after PEVs
treatment. In addition, no apparent biological toxicity was examined in
all groups at rats after administration of PEVs and PLTs after 4 and 8
weeks (SI Fig. 2), which was consistent with the outcome of CCK-8 assay.

Furthermore, we determined the protein composition of PLTs and
PEVs to study the reasons for this result, and we found that their com-
positions are similar in the Coomassie Brilliant Blue staining (Fig. 2F).
The membrane marker proteins (CD9, CD41, and CD63) were signifi-
cantly enriched in PEVs, and cytoplasmic proteins of PLTs (GAPDH and
Bactin) were lower in PEVs (Fig. 2G).

Then we compared the abilities of PLTs and PEVs to produce in-
flammatory cytokines following thrombin activation. We observed a
significant increase in IL-1, IL-6, and TNFa production in platelets after
thrombin addition. In contrast to PLTs, PEVs exhibit no significant
changes in inflammatory factor levels before and after thrombin addition
(Fig. 2H). The results indicate that activated platelets can accelerate
inflammation through the release of inflammatory factors (IL-1f, IL-6,
and TNFa); by contrast, PEVs do not release these pro-inflammatory
factors to aggravate inflammation, thus making them a more promising
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option for targeting inflammatory diseases. The reason why PEVs do not
cause inflammation may be that their cytoplasmic proteins are reduced
and the pathways for releasing inflammatory factors are disturbed.
Referring to a previous study, the low level of cytokine releases from
PEVs may be attributed to the fact that a-granules (particle size ranging
between 200 and 300 nm) do not exist in PEVs [39,86].

3.2. PEVs alleviate oxidative stress in NP cells

We used DCFH-DA as a probe to assess ROS levels in untreated NP
cells (control group), HpoO, pretreated NP cells (H2O3 group), 100 pg/mL
platelet-treated NP cells (PLTs group), and 100 pg/mL platelet vesicle-
treated NP cells (PEVs group). Fig. 3A and B depicted that there is a
low ROS level in the control group, whereas a high ROS level elucidated
that strong green fluorescence can be clearly observed after HyO stim-
ulation. The addition of PLTs resulted in a decrease in cellular fluores-
cence intensity. Interestingly, the effect of PEVs on reducing ROS levels
was more pronounced than that of PLTs. These results indicate that PEVs
have a better ability to scavenge intracellular ROS. Further, we quantified
H05-induced ROS production by flow cytometry. The percentages of
DCF-positive NP cells were 6.9%, 38.25%, 27.65%, and 16.25% in the
control, HyO,, PLTs, and PEVs groups, respectively (Fig. 3C and D).
Together, these results suggest that PEVs have a better antioxidant ca-
pacity than that of PLTs.

3.3. PEVs inhibit apoptosis and senescence in NP cells

We utilized the methods of FITC-annexin V/PI apoptosis assay,
TUNEL staining, SA-B-Gal staining, and P16 and P21 mRNA detection to
verify the effect of PEVs on the apoptosis and senescence phenotype of
NP cells. The flow cytometry results of the PI/FITC apoptosis assay
yielded apoptosis rates of NP cells of 5.7%, 55.7%, 41.69%, and 17.21%
in the NC, H,0,, PLTs, and PEVs groups, respectively (Fig. 3E and F) The
results of TUNEL staining depicted a low apoptosis rate in the NC group,
whereas a strong, clearly observable green fluorescence of HyOy group
elucidated a high apoptosis rate. The addition of PEVs and PLTs resulted
in a decrease in cellular fluorescence intensity. PEVs exerted superior
reducing effect on the apoptosis rate of NP cells compared with PLTs
(Fig. 3G and H). Taken together, these data indicate that PEVs inhibit the
apoptosis of NP cells. Regarding the result of Sa-f-Gal staining, the
senescence of NP cells started to be considerably reduced by the action of
PEVs, whereas the effect of PLTs was not significant (Fig. 3I and J).
Additionally, the qPCR results illustrated that HoO5 stimulation increases
the mRNA expression levels of cell senescence markers (P16, P21),
whereas PEVs notably downregulated them (Fig. 3K). These data indicate
that PEVs inhibit senescence in NP cells. Mitochondrial dysfunction is an
essential part of the senescence and apoptosis phenotype, which is linked
with the major building blocks of senescence and apoptosis via multiple
feedback loops [87-90]. Because PEVs contain mitochondria-related
proteins such as sirtuin-1 (SIRT1), we suppose that PEVs may inhibit
senescence and apoptosis in NP cells by regulating mitochondrial
function.

3.4. Effect of PEVs on the metabolism proteins of NP cells

We examined the expression of genes related to ECM synthesis and
degradation using qPCR to study the effect of PEVs on the metabolism of
NP cells. The results illustrated that HoO5 stimulation increased the
expression of catabolic genes (Mmp3, Mmpl3, and Adamts5) and
decreased the expression of anabolic genes (Col2qa, Sox9, and Acan). After
PEVs treatment, the expression of catabolic genes in the NP cells is
downregulated and that of anabolic genes is upregulated (Fig. 4A and B).
Then, we examined the protein levels involved in cell anabolism and
catabolism using western blotting. Considering the mRNA expression
data, the PEVs increased anabolic protein (Col2a, Sox9, and Aggrecan)
levels and reduced catabolic protein (MMP3, MMP13, and ADAMTS5)
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levels in HyO9-stimulated NP cells (Fig. 4C and D). According to the result
and reference [91], we draw a schematic of the effect of PEVs in NP cells
by repairing damaged mitochondria and regulating ECM-degrading en-
zymes (Fig. 4E). The immunofluorescence confirmed that PEVs enhanced
the fluorescence intensities of Col2a and Aggrecan and attenuated the
fluorescence intensities of ADAMTS5 and MMP13 in HyO,-stimulated NP
cells (Fig. 5A and B). The results indicate that PEVs can enhance cellular
anabolism and attenuate cellular catabolism in pathological NP cells.

3.5. PEVs uptake and mitochondrial colocalization

We first labeled the mitochondria of NP cells with a MitoTracker
Green probe to test the ability of NP cells to take up PEVs. Then, we
labeled the PEVs with a Dil membrane probe. Finally, we incubated the
labeled NP cells with PEVs (Fig. 6A). The confocal microscopy pictures a
partial overlap of Dil and MitoTracker Green fluorescence, and this in-
dicates that PEVs can co-localize with the mitochondria of NP cells after
being endocytosed by NP cells (Fig. 6B). Subsequently, we drew a figure
of distribution of PEVs (Red) and NP cells (Green) using Image J soft-
ware. Fig. 6C illustrated PEVs colocalized with mitochondria. Then, we
validated the endocytic pathway of PEVs in NP cells using chlorproma-
zine, filipin III, wortmannin, and cytochalasin D to inhibit clathrin-
mediated endocytosis, caveolae-mediated endocytosis, micro-
pinocytosis, and actin-mediated endocytosis, respectively. We used Dil to
label PEVs and DiO to label NP cells. According to flow cytometry, the
percentage of Dil/DiO-positive NP cells is 38.20%, 36.40%, 35.05%,
16.32%, 30.95%, and 1.02% in the control, chlorpromazine, filipin III,
cytochalasin D, wortmannin, and 4 °C groups, respectively (Fig. 6D and
E). The results showed that the cellular uptake of PEVs was suppressed at
4 °C by cytochalasin D or by wortmannin, but not by Filipin III or
chlorpromazine. Therefore, the uptake of PEVs with diameters of
100-200 nm by NP cells is mediated by actin-mediated endocytosis.
Further, a small number of PEVs are endocytosed by micropinocytosis
because of their larger size. The previous study demonstrated that
chlorpromazine, filipin III, wortmannin, and cytochalasin D are toxic
[92]. To obtain CCK-8 results, the chosen concentrations were 25, 3, 5,
and 5 pM for chlorpromazine, filipin III, wortmannin, and cytochalasin D,
respectively.

3.6. Effects of PEVs on mitochondrial function of cells in vitro

We detected the abundance of PGCla (a regulator of mitochondrial
genesis) in NP cells using immunofluorescence staining to confirm that
PEVs could restore mitochondrial function in degenerated NP cells. The
results illustrated that the HpO, stimulation significantly downregulated
the abundance of PGCla, whereas the treatment of PEVs restored the
abundance of PGCla (Fig. 7A and B). Treatment with PLTs resulted in
only slight upregulation of PGCla. Studies have suggested that the
activation of AMPK can promote the expression of SIRT1, PGCla, and
TFAM, which can help maintain mitochondrial function in cells [58].
Then, we examined the levels of these mitochondria-related proteins
(SIRT1, PGCla, TFAM, Nrfl, and Nrf2) by western blotting. The results
elucidated that these proteins were downregulated following H,O,
stimulation (Fig. 7C and D). In contrast, PLTs and PEVs increased the
abundance of these proteins, and the PEV treatment was more effective
than the PLTs treatment. Next, we used MitoSOX Red staining to observe
the effect of PEVs on mitochondrial ROS levels. MitoSOX Red staining
results showed low ROS level in the mitochondria of the NC group and
significantly increased levels in the HoO5 group (Fig. 7E and F). The ROS
level of PEVs group was significantly lower than those in the H,O2 and
PLTs groups. These data indicate that PEVs can reduce mitochondrial
ROS levels in NP cells.

We evaluated the mitochondrial mass and mitochondrial membrane
potential (A¥m) of NP cells after PEVs treatment to further investigate
the effect of PEVs on mitochondrial function. Compared with the HyO,
group, PEV-treated NP cells showed enhanced mitochondrial mass, as
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depicted by the increased MitoTracker Green staining (Fig. 8A and B).
Furthermore, decreased A¥m is a hallmark event of cellular oxidative
stress in early apoptosis, and it can be easily detected by the trans-
formation of JC-1 from red to green fluorescence [78]. Normal NP cells
emit strong red and weak green fluorescence using the JC-1 probe and
indicate a higher A¥m (Fig. 8C and D). After HoO, stimulation, the green
fluorescence started to increase, and the red fluorescence diminished,
which indicate a lower A¥m. We found a significant increase in red
fluorescence and a decrease in green fluorescence in the PEVs group,
which indicates an increased A¥m. These results suggest that PEVs can
attenuate oxidative stress-induced mitochondrial dysfunction in NP cells.

We further detected the content of lactic acid and ATP produced by
NP cells under H,O5 stimulation to further observe mitochondrial func-
tion of cells. The increase in the lactic acid induced by HoO; stimulation
reflected an elevated level of glycolysis as the main product of the
glycolysis; this was attenuated by PEVs treatment (Fig. 8E). In addition,
the ATP concentration of NP cells decreased after H,O, stimulation.
Interestingly, this concentration increases in PEVs group (Fig. 8F). In
conclusion, PEVs can correct the mitochondrial dysfunction in
H50,.treated NP cells.

Then, we observed the mitochondrial morphology of NP cells by TEM
and quantified the percentage of mitochondrial vacuoles (Fig. 8G). The
TEM results revealed that the percentage of mitochondrial vacuoles/
mitochondria in the PEVs group is markedly lower than those in the HyO»
and PLTs groups. These data suggested that PEVs can restore mito-
chondrial function in NP cells. Therefore, we considered the supplement
of mitochondrial related proteins by PEVs results in restoring the mito-
chondrial function of NP cells.

3.7. Proteomic analysis

We evaluated PEVs and PLTs using proteomics to further clarify the
reasons for the therapeutic effects of PEVs. The results showed that the
PEVs contained 1732 PLTs parental proteins. Compared with PLTs, there
are 790 upregulated proteins and 942 downregulated proteins (Fig. 9A).
Through GO enrichment analysis, we classify these parental proteins into
biological processes, molecular functions, and cellular components
(Fig. 9B). The proteomic analysis elucidated that the proteins in PEVs are
derived from the cytosol (1085), extracellular exosome (854), plasma
membrane (678), nucleoplasm (444), and mitochondrion (318) (Fig. 9C).
The GO biological process analysis revealed that 17.26% of PEVs proteins
are involved in metabolic processes, 3.47% in vesicle-mediated trans-
port, 2.8% in mitochondrial electron transport, and 2.14% in mito-
chondrial ATP synthesis biological processes (Fig. 9D). The GO molecular
functional analysis revealed that these components are involved in the
binding of specific proteins, ATP, ATPase, actin, and platelet-derived
growth factor receptors, and this can contribute to the phagocytosis
and localization of PEVs by NP cells (Fig. 9E). Next, the mitochondrial
protein contents of PEVs are similar with PLTs (Fig. 9F), which suggests
that PEVs retain the mitochondrial components of platelets. In addition,
PEVs and PLTs contained SIRT1 proteins (P48047), which can play an
essential role in the protection of mitochondrial function both in vitro and
in vivo. Compared with PLTs, PEVs retain partial mitochondrial ATP and
ROS proteins (Fig. 9G). Moreover, enrichment analysis illustrated that
different parts of mitochondria were enriched in PEVs, including mito-
chondria, mitochondrial inner membrane, mitochondrial complex,
mitochondrial matrix, mitochondrial intermembrane space, mitochon-
drial outer membrane, and mitochondrial nucleoid (Fig. 9H). These re-
sults suggest that PEVs may repair impaired mitochondria by
replenishing mitochondria-related proteins after endocytosis by NP cells,
which can restore the mitochondrial function of NP cells. The data helped
our follow-up focus on investigating the role of SIRT1 in NP cells, as
further demonstrated by PEVs restoring mitochondrial function in NP
cells.
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A Fig. 5. Effects of PEVs on metabolic
proteins of NP cells. (A) Immunofluo-
CONTROL rescence assay was performed to assess
expression of Col2a, Aggrecan,
ADAMTSS5, and MMP13. Scale bars =
50 pm. (B) Quantification of specific
immunofluorescence intensities ac-
cording to (A). Significance between
four groups was calculated using one-
way ANOVA with Tukey's post-hoc
test. Data are presented as mean + SD
(n = 4). (Scale bars are listed above; *:
P < 0.05, **: P < 0.01, ***: P < 0.005,
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Fig. 6. PEVs uptake and mitochondrial colocalization. (A) Fluorescence confocal microscopy image of PEVs uptake. Scale bar = 50 pm. (B-C) Fluorescence confocal
microscopy images and line-scanning profiles of NP cells mitochondria colocalized with PEVs. Red: PEVs, Green: mitochondria, Blue: DAPI-labeled nuclei. Scale bar =
50 pm. (D) NP cells measured by flow cytometry after cells were pretreated with each inhibitor (chlorpromazine, filipin III, wortmannin, and cytochalasin D) for 0.5 h
and cultured with PEVs for 24 h at 37 °C or at 4 °C. (E) Quantification of specific Inmunofluorescence intensities (MFI) and the percentage of Dil positive cells by flow
cytometry. (F) The toxicity of different concentration of each inhibitor (chlorpromazine, filipin III, wortmannin, and cytochalasin D) in NP cells by CCK-8 kit assay.
Significance between six groups was calculated using one-way ANOVA with Tukey's post-hoc test. Data are presented as mean + SD (n = 4). (Scale bars are listed
zibove; *: P < 0.05, **: P < 0.01, ***: P < 0.005, and ****: P < 0.001).

3.8. Effects of inhibitor and activator on pathological NP cells in vitro. To this end, we established a rat IVDD model by needle puncture
of the rat caudal IVD. First, we confirmed the selected caudal interver-

According to the result of immunofluorescence staining, PGCla was tebral plane for puncture using manual palpation and X-ray fluoroscopy
present at a low protein level in pathological NP cells (H205 group), and (Fig. 12A). Second, we injected the PEVs and PLTs into the IVD. Finally,
its fluorescence intensity almost disappeared after the addition of the the IVD disc height and index of the CT images are measured and

selective SIRT1 inhibitor (HoO2+EX-527 group). Compared with the calculated, respectively (Fig. 12B). Repair of the nucleus pulposus (NP)
H,0,+EX-527 group, the HyO2+EX-527+PEVs group exhibited elevated was observed by magnetic resonance imaging (MRI). At 4 and 8 weeks,
protein levels of PGCla, while the HoO2+PEVs group showed a signifi- the NC group showed a high T2-weighted signal, which indicated high
cant increase in PGCla protein abundance (Fig. 10A and B). The Western water content in the NP by measuring the signal intensity of NP
blot analysis results indicated that the mitochondria-related protein (Fig. 12C). The vehicle group showed a progressively lower T2-weighted
abundances of PGCla and TFAM were lower in the HyO2+EX-527 group signal. Compared to the vehicle group, the PEVs group showed a rela-
compared with those in the HoO5 group (Fig. 10C and D). Compared with tively stable T2-weighted signal at 4 and 8 weeks after injection, whereas
those in the HyO +EX-527 group, the proteins in the HyO2+PEVs group the PLTs group showed a significant lower in the signal. Statistical

were effectively increased. Then, we examined the abundances of the analysis results indicated significant difference in T2-weighted signal
mitochondria-related proteins PGCla and TFAM with the addition of the between the PEVs and vehicle groups at 4 and 8 weeks (Fig. 12D);
SIRT1 activator (Fig. 10E and F). The results indicate that these proteins meanwhile, no significant difference was observed between the signals of
are upregulated following SRT-1720 stimulation (HyO2+SRT-1720 the PLTs and vehicle groups. These results demonstrated that PEVs can
group). Moreover, the mitochondria-related protein abundances were alleviate the inflammatory microenvironment to retard IVDD and restore
increased significantly in the HyO2+SRT-1720+PEVs group. The result of the water content of NP, whereas PLTs do not exert a significant effect.
PGCla immunofluorescence staining illustrated that SRT-1720 stimula- Subsequently, we used microcomputed tomography (micro-CT) and disc
tion significantly upregulated the abundance of PGCla, whereas the ef- height index (DHI) analyses to assess disc space height (Fig. 12E).
fect of treatment of PEVs was same as that of SRT-1720 (Fig. 10G and H). Throughout the time course, no significant change in the intervertebral
Treatment with SRT-1720 and PEVs (H302+SRT-1720+PEVs group) space height was observed in the NC group. At 4 and 8 weeks, the IVD
resulted in a significant upregulation of PGCla. Taken together, the data height of rats in the vehicle and PLTs groups started to decrease, whereas
demonstrate that PEVs restoring mitochondrial function in pathological this phenomenon was not apparent in the PEV group. The statistical re-
NP cells by activating the SIRT1-PGCla-TFAM pathway via SIRT1 sults of micro-CT were similar to those of MRI (Fig. 12F), and these data
supplementation. indicated that PEVs can maintain the stability of the IVD and retard the
development of IVDD.
3.9. Effects of rotenone on PEVs-treated pathological NP cells Then we stain IVD from 4- and 8-weeks rats with H&E, A&B, and S&O
(Fig. 13A, B, C). The NC group exhibited a normal gel-like appearance of
We used rotenone to suppress electron transport in the mitochondria the NP, normal morphology of the fibrocartilage, no AF breakage, no
to verify that PEVs exerted a therapeutic effect on cells by repairing serpentine appearance within the AF, and a clear border between the NP

mitochondria. The protein level of PGCla was low in pathological NP and the AF. However, the Vehicle and PLTs groups showed gradual NP
cells (H204 group), and the fluorescence intensity of PGCla diminished atrophy and AF breakage at 4 and 8 weeks. The structure and NP content
to almost zero after the addition of rotenone (HoOx+rotenone group). of the IVD in the PEVs group were significantly repaired compared to the
Although the Hy02+PEVs group exhibit the elevated protein levels of Vehicle and PLTs groups. S&R staining revealed that the IVD height was
PGCla compared with the HoOy group, the HyO2+PEVs + rotenone obviously reduced in the Vehicle group at 4-8 weeks; the AF was severely
group showed a significant decrease in PGCla protein abundance broken, and the NP was replaced by AF (Fig. 13D). In contrast, the PEVs
compared with the HyO2+PEVs group (Fig. 11A and B). The results of group showed a normal appearance of AF and a clear boundary between
western blotting revealed that the mitochondria-related protein abun- the NP and AF regions. The histological grade results suggest that intact
dances of SIRT1, PGCla, and TFAM were decreased in the NP tissue is observed in the NC group at 4 and 8 weeks (Fig. 13E and F).
H,02+rotenone group compared with those in the HyO5 group (Fig. 11C The Vehicle group exhibited severely degenerated NP tissue with a nar-

and D). In contrast, these proteins were effectively increased in the rowing of the IVD height. The PLTs group showed moderately degen-
H,0,+PEVs group compared to the HyO, group. However, rotenone erated NP tissue; the PEVs group promoted NP tissue repair and IVD
significantly inhibited the elevating effect of PEVs on these proteins. height restoration. These data indicate that PEVs can retard IVDD in vivo.

Further, the effect of PEVs on the mitochondrial function (lactic acid and
ATP) of pathological NP cells was tested; the concentration of lactic acid 3.11. Effects of PEVs on the mitochondrial function of IVD in vivo
decreased in HyO2+PEVs group compared with HyO»+PEVs + Rotenone

group (Fig. 11E), and the ATP concentration increased in HyO2+PEVs The IVDD tissues are characterized by a loss of ECM and the high
group compared with HyO2+PEVs + Rotenone group (Fig. 11F). These expression of matrix-degrading enzymes such as matrix metal-
data indicated that HyO,-induced cellular was mitochondrial function loproteinases (MMPs). We used the immunofluorescence to detect Col2a
inhibited by rotenone, and the therapeutic effect of PEVs protected and MMP13 expression in the different groups. Compared to the NC
mitochondrion of NP cells by alleviating the oxidative stress damage. group, the Vehicle and PLTs groups showed significantly lower Col2a

levels (Fig. 14A and B). The PEVs treatment significantly elevated Col2a
3.10. PEVs retard disc degeneration in the rat IVDD model levels compared to the Vehicle and PLTs groups. Meanwhile, the fluo-

rescence intensity of MMP13 was significantly higher in the Vehicle and
We hypothesized that PEVs could be an effective strategy to treat PLTs groups compared with that for the NC group (Fig. 14C and D). In
IVDD because PEVs could restore the mitochondrial function of NP cells contrast, PEVs dramatically reduced the fluorescence intensity of MMP13
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Fig. 7. Effects of PEVs on mitochondrial functional proteins. (A) Fluorescence expression of mitochondrial functional protein PGCla. Scale bar = 50 pm. (B)
Quantification of specific immunofluorescence intensities according to (A). (C) Western blot analysis showing SIRT1, PGCla, TFAM, Nrfl, and Nrf2 protein levels after
treatment with 100 pg/mL PEVs (with 200 uM H,0, stimulation) and 100 pg/mL PLTs. pactin was used as a loading control. Uncropped gel is in SI Fig. 4C. (D)
Quantitative analysis of mitochondrial functional protein expression differences in each group. (E-F) Fluorescence intensity and quantitative analysis of mitochondria
using MitoSOX Red staining. Scale bar = 50 pm. Significance between four groups was calculated using one-way ANOVA with Tukey's post-hoc test. Data are presented
as mean =+ SD (n = 3). (Scale bars are listed above; *: P < 0.05, **: P < 0.01, ***: P < 0.005, and ****: P < 0.001).
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above; *: P < 0.05, **: P < 0.01, ***: P < 0.005, and ** P < 0.001).
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Fig. 10. Regulation of mitochondrial function by PEVs via SIRT1 in pathological NP cells. (A) Effects of EX-527 (the selective SIRT1 inhibitor) on the fluorescence
expression of mitochondrial functional protein PGCla in each group. Scale bar = 50 pm. (B) Quantification of specific immunofluorescence intensities according to
(A). (C) Western blot analysis showing the effects of EX-527 on PGCla and TFAM protein levels in pathological NP cells. pactin was used as loading control. Uncropped
gel is in SI Fig. 4D. (D) Quantitative analysis of mitochondrial functional protein levels in each group. (E) Western blot analysis showing the effects of SRT-1720 (the
selective SIRT1 activator) on PGCla and TFAM protein levels in pathological NP cells. factin was used as loading control. Uncropped gel is in SI Fig. 4E. (F)
Quantitative analysis of mitochondrial functional protein levels in each group. (G) Effects of SRT-1720 on the fluorescence expression of mitochondrial functional
protein PGCla in each group. Scale bar = 50 pm. (H) Quantification of specific immunofluorescence intensities according to (G). Signiﬁcance between four groups was
calculated using one-way ANOVA with Tukey's post-hoc test. Data are presented as mean + SD (n = 3). (Scale bars are listed above; *: P < 0.05, **: P < 0.01, ***: P <
94005, and ****: P < 0.001).
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Fig. 11. Effect of rotenone on PEVs treated pathological NP cells. (A) Effects of the inhibitor rotenone on the fluorescence expression of mitochondrial functional
protein PGCla in each group. Scale bar = 50 pm. (B) Quantification of specific immunofluorescence intensities according to (A). (C) Western blot analysis showing the
effects of rotenone on SIRT1, PGCla, and TFAM protein levels in pathological NP cells. pactin was used as loading control. Uncropped gel is in SI Fig. 4F. (D)
Quantitative analysis of mitochondrial functional protein levels in each group. (E) Detection of lactic acid concentration in supernatant of pathological NP cells culture
medium. (F) ATP levels of pathological NP cells was detected. Significance between four groups was calculated using one-way ANOVA with Tukey's post-hoc test. Data
are presented as mean + SD (n = 3). (Scale bars are listed above; *: P < 0.05, **: P < 0.01, ***: P < 0.005, and ****: P < 0.001).

compared to that in the PLTs group. Overall, these data suggested that reducing the ROS level. The result suggested that PEVs can attenuate ROS

PEVs can suppress matrix degradation in vivo. levels of NP tissue in vivo.

Then we used DHE fluorescent probe to evaluate the effect of PEVs on Next, we performed frozen histological section experiments to
ROS levels of NP tissue in rat IVD (Fig. 14E and F). The ROS level of NP observe ROS levels of mitochondria in rat IVD. We utilized MitoSOX Red
tissue, which is indicated by the red fluorescence intensity, was low in staining to detect the effect of PEVs on the ROS levels of mitochondria of
the NC group and significantly increased after the puncture. The PEVs rats IVD (Fig. 14G and H). The ROS level of mitochondria is low in the NC
group showed a significantly downregulated ROS level compared with group and gradually increased in the vehicle group. Moreover, ROS

the PLTs group although the PLTs group exhibited a slight effect in production indicated by MitoSOX Red staining in the PEVs group was
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Fig. 12. Radiological data of IVDD rat ex-
periments by the imaging system. (A) Over-
view of animal experiments and x-ray view
of the puncture modeling in the IVDD rat. (B)
Measurement and calculation formula of
intervertebral disc height index in rat. (C)
Representative MRI images of rat caudal
vertebrae at 4 and 8 weeks. (The arrow
represents the nucleus pulposus (NP)). (D)
Quantitative analysis of T2-weighted signal
intensity of the NP in each group. (E)
Representative Micro-CT images of the
caudal vertebrae of rats at 4 and 8 weeks. (F)
Change in DHI% in each group. Significance
between four groups was calculated using
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significantly lower than that in degenerated IVD group (vehicle group)
and PLTs group. These results indicate that PEVs can reduce ROS levels of
mitochondria in rats IVD.

PGCla is the major regulator of mitochondrial biogenesis in the
AMPK-SIRT1-PGCla-TFAM pathway, and it is the most representative
mitochondrial functional protein [93]. Then, we detected PGCla abun-
dance in the rat IVD to determine the repairing effect of PEVs on the
mitochondria in vivo. Compared to the NC group, which showed higher
levels of PGCla, the vehicle and PLTs groups showed a significant
reduction in PGCla levels (Fig. 14G, I). However, the PEVs group showed
significantly higher PGCla fluorescence intensity than the Vehicle and
PLTs groups. These results suggest that PEVs promote the restoration of
the mitochondrial function to maintain the homeostasis of IVD tissues.

19

We also evaluated mitochondrial morphology on NP tissue after 8 weeks
by TEM and quantified the percentage of mitochondrial vacuoles
(Fig. 14J). The results showed that the percentage of mitochondrial
vacuoles/mitochondria in PEVs group was markedly lower than in the
vehicle and PLTs groups. In other words, the data suggest that PEVs can
reduce ROS level and restore mitochondrial function in vivo. A schematic
of PEVs regulating mitochondrial pathway to promote the repair of
damaged mitochondria (Fig. 15).

4. Discussion

In this study, we developed an efficient strategy for IVDD treatment
by injecting PEVs. The three major findings are as follows: 1. “Artificial
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Fig. 13. Histological evaluation of the IVDD rat experiment. (A) The H&E staining images of intervertebral discs of rats at 4 and 8 weeks. (B) Alcian blue staining
images. (C) Safranin O-Fast Green staining images. (D) Sirius Red staining images. (E-F) Changes of histological grades evaluation at 4 and 8 weeks in each group.
Significance between four groups was calculated using one-way ANOVA with Tukey's post-hoc test. Data are presented as mean =+ SD (n = 6). (Scale bars = 400 pm; *:
P < 0.05, **: P < 0.01, ***: P < 0.005, and ****: P < 0.001).
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Fig. 14. Effects of PEVs on the mitochondrial function of IVD in vivo. (A) Immunofluorescence staining images of Col2« of intervertebral discs (IVD). (B) Quantifi-
cation of specific immunofluorescence intensities according to Col2a. (C) Immunofluorescence staining images of MMP13 of IVD. (D) Quantification of specific
immunofluorescence intensities according to MMP13. (E) Immunofluorescence staining images of DHE on ROS levels in nucleus pulposus in rat IVD. (F) Quantification
of specific immunofluorescence intensities according to DHE. (G) Fluorescent staining images of MitoSox Red and PGCla in rats IVD. (H) Quantification of intensities
according to MitoSox Red. (I) Quantification of specific immunofluorescence intensities according to PGCla. (J) Transmission electron microscopy (TEM) images of
mitochondrial morphology in NP cells in rats IVD. Scale bar = 0.5 pm. Significance between four groups was calculated using two-way ANOVA with Tukey's post-hoc

test. Data are presented as mean + SD (n = 6). (Scale bars = 400 pm; *: P < 0.05, **: P < 0.01,

: P < 0.005, and ****: P < 0.001). Complete slides (A, C, E, G, and H)

are in SI Fig. 5.
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EVs” prepared by membrane extrusion are good substitutes for cell-
derived natural extracellular vesicles. 2. PEVs can alleviate oxidative
stress damage and promote the repair of damaged mitochondria in NP
cells by activating the SIRT1-PGCla-TFAM pathway in vitro. 3.
Currently, no related research on PEVs in treating rat IVDD exists. We
injected PEVs into IVD of rats and validated the retardation effect of PEVs
on the degeneration of NP in rats. These findings suggest that the in-
jection of PEVs may be a promising strategy for the treatment of IVDD.

Recent studies have found that PEVs possess molecular markers on
their surface such as CD9, CD81, and CD63, which promote intercellular
and intracellular signaling and mediate the targeting of PEVs to sites of
inflammation, thrombosis, and tumors [94]. Further, studies have re-
ported that PEVs can regulate cell function by delivering proteins, lipids,
nucleic acids, and other biologically active molecules to target cells for
intercellular communication [45]. Moreover, the function of PEVs in the
regulation of tissue repair has been evaluated [95]. The PEVs can cross
tissue barriers in the human body, such as the synovium, lymph, and
bone marrow because of their 100-200 nm size and phospholipid bilayer
structure, and therefore, they are easily absorbed by tissues or cells [37].
Our study found that PEVs can be internalized by NP cells through the
actin-mediated endocytosis pathway and localized to the mitochondria.

During bone metabolism, the NP cells utilize glucose and other me-
tabolites as energy sources. These cells generate energy through glycol-
ysis and oxidative phosphorylation of glucose to maintain optimal
mitochondrial function [91]. We found that PEVs regulated cellular
metabolism by activating the AMPK-SIRT1-PGClo-TFAM pathway to
maintain mitochondrial homeostasis. The mitochondria are the main
producers of ROS in the cells [64]. The accumulation of intracellular ROS
can regulate cellular metabolism, ATP production, and synthesis of

Fig. 15. The schematic of PEVs regulating mito-
chondrial function to promote the repair of impaired
mitochondria. Glycolysis, oxidative phosphorylation,
and the AMPK-SIRT1-PGClo-TFAM pathway helps

Nucleus to maintain an optimal level of mitochondrial function

and intracellular homeostasis in healthy NP cells. In

—> Nrf1 Nrf2 degenerated NP cells, oxidative distress damage and
reactive oxygen species (ROS) accumulate, causing

0 Normal/Disrupted damage to the mitochondria, thereby inhibiting

<—|

T ~<—— Rotenone
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energy homeostasis  ANPK signaling and activity, downregulating SIRT1,

decreasing levels of PGCla and TFAM, and further
impairing the mitochondrial function in NP cells.
GLUT1, glucose transporter type 1; TCA, tricarboxylic
acid; ETC, electron transport chain; ROS, reactive
oxygen species; ATP, adenosine-5'-triphosphate;
AMPK, AMP-activated protein kinase; SIRT1, NAD-
dependent protein deacetylase sirtuin-1; PGCla,
peroxisome proliferator-activated receptor y co-
activator 1o; TFAM, Mt transcription factor A; Nrfl,
nuclear respiratory factor 1; Nrf2, nuclear respiratory
factor 2; PEVs, platelet-derived extracellular vesicles;
SRT-1720, the selective SIRT1 activator; EX-527, the
selective SIRT1 inhibitor.
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nuclear and mitochondrial DNA-encoded genes [96]. However, excessive
ROS levels can lead to oxidative stress damage, which further results in
mitochondrial dysfunction [97]. Anabolic proteins are upregulated, and
catabolic proteins are downregulated when intracellular ROS levels are
elevated [98,99]. Depolarized mitochondria are characterized by an
imbalance in A¥m, and this is an early event in apoptosis [100]. More-
over, aging-related diseases are caused by dysfunctional mitochondria
that fail to provide cellular energy [101]. In this study, we verified that
H>0- stimulation causes ROS accumulation in NP cells. Moreover, HoO5
induced the upregulation of Mmp3, Mmp13, and Adamts5 protein levels
and downregulated Col2a, Aggrecan, and Sox9 protein levels. Further,
the levels of mitochondria-related proteins (SIRT1, PGCla, TFAM, Nrfl,
and Nrf2) were reduced in NP cells after HyO, stimulation. H,O5 could
impair cellular metabolism by disrupting mitochondrial protein levels,
which leads to the degeneration of the ECM and eventually IVDD.
Based on previous studies and references [71,91], AMPK, SIRTI,
PGCla, and TFAM were defined as mitochondrial-related proteins. These
proteins are key regulators of metabolism in the mitochondrion of NP
cells. The key protein to regulate mitochondrial function of cells is AMPK,
which regulates energy metabolism and intracellular homeostasis
through the downstream mediators, SIRT1, PGCla, which is the expert
regulator of mitochondrial biogenesis and TFAM [102]. The mitochon-
drial dysfunction in cells is linked to the decreased expression of SIRT1,
PGCla, TFAM, Nrfl, and Nrf2, respectively. The activation of the
AMPK-SIRT1-PGCla-TFAM pathway promotes the homeostasis of en-
ergy metabolism and mitochondrial function in cells, further limiting the
progression of degenerative diseases [71,103,104]. Moreover, a study
has demonstrated that SIRT1 can play an essential role in the protection
of mitochondrial function both in vitro and in vivo [105]. The increased
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expression of SIRT1 might be a new therapeutic approach for degener-
ative diseases [106-108].

After a series of in vitro and in vivo studies, we found that PEVs could
modulate the SIRT1-PGCla-TFAM pathway, which helps maintain the
homeostasis of the IVD. We showed that PEVs could attenuate oxidative
stress and inflammation in NP cells. Further, we showed that PEVs
decreased the levels of catabolic proteins and elevated those of anabolic
proteins. In addition, PEVs can retain some growth factors and mito-
chondrial proteins from PLTs [30]. We found that their mitochondrial
proteins were similar by comparing the proteomic analyses of PEVs and
PLTs. Therefore, we tested the effect of PEVs on the expression of
mitochondria-related proteins in NP cells, and the results showed that
PEVs promoted the abundance of these mitochondrial proteins. In rat
IVDD models, we verified that PEVs could retard IVDD, and these results
were consistent with those of cellular experiments.

Over the past few years, studies have consistently concluded that
PEVs can be inflammation-targeted and play an important role in inter-
cellular communication [37,45]. However, the current therapeutic stra-
tegies for PEVs continue to face a few challenges in basic research. The
cellular origin of PEVs is critical; we must identify the safest cell source
for PEVs to avoid immunogenicity issues and ensure that PEVs do not
produce toxic components. In addition, we must minimize off-target ef-
fects by balancing the natural processing and degradation processes of
PEVs when designing therapeutic strategies for specific targets. Appro-
priate preclinical models must be established, and specific biological
processes, cellular components, and molecular functions must be selected
to address these issues. The current study demonstrated that PEVs can be
phagocytosed and targeted to the mitochondria in NP cells, which helps
provide mitochondria-associated proteins to restore their function. Dur-
ing this process, the PEVs alleviate oxidative stress, inhibit cellular
inflammation, and restore mitochondrial function to maintain homeo-
stasis in the IVDD. This was similar to previous studies showing that PEVs
could enhance wound or tissue healing by improving mitochondrial
function and promoting musculoskeletal or nerve regeneration by
inducing cell differentiation [44,109,110]. In the emerging field of
nanomaterial therapy research, PEVs provide pivotal insights into
degenerative diseases associated with the homeostasis of mitochondrial
function.

5. Conclusion

We demonstrated that PEVs with high antioxidant activity and in-
flammatory targeting could retard the progression of IVDD by reducing
oxidative stress and inflammatory response. Moreover, PEVs could acti-
vate the SIRT1-PGCla-TFAM pathway to maintain mitochondrial
function. Our results showed that the injection of PEVs can be a prom-
ising strategy for treating patients with IVDD.
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