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Abstract. An increasing number of individuals are suffering
from lower back and neck pain caused by intervertebral disc
degeneration each year. Although the application of mesen-
chymal stem cells (MSCs) has provided desirable results in the
treatment of intervertebral disc degeneration, there are multiple
risks associated with the directed application of MSCs. An
increasing number of studies have suggested that stem cells,
through the release of extracellular nanovesicles, have vital
functions in tissue regeneration and repair with low risk. The
present study investigated the effect of extracellular nanovesicles
derived from adipose-derived stem cells (ADSCs) on nucleus
pulposus (NP) cells from patients with intervertebral disc
degeneration. Human NP cells were obtained from patients with
intervertebral disc degeneration undergoing surgical procedures
in addition to ADSCs from liposuction patients. ADSC-derived
extracellular nanovesicles were isolated and characterized.
The differentiation and biological activity of NP cells cultured
with or without ADSC-derived extracellular nanovesicles were
assessed and inflammatory factors and intervertebral disc
degeneration-associated markers were also measured. The
results indicated that extracellular nanovesicles derived from
ADSC:s increased the migration and proliferation of NP cells
and inhibited inflammatory activity, suggesting their utility for
the treatment of intervertebral disc degeneration.

Introduction

Intervertebral disc degeneration is a debilitating condition of
the joints that affects millions of individuals and remains an
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unresolved problem (1). Intervertebral disc degeneration pres-
ents a global public health and economic burden, causing pain
in the back or neck and frequently in the arms and legs, leading
to increased morbidity and disability (2). It is reported that
~5.9 million people are affected by intervertebral disc degen-
eration (3) and 1-2% of the adult population becomes disabled
secondarily to back pain in the USA per year (4). Intervertebral
disc degeneration is thought to be mainly characterized by
degenerative spinal changes and the gradual formation of
osteophytes, disc narrowing and spinal stenosis (5).

Conservative therapies for intervertebral disc degeneration
include non-invasive therapies, such as physical therapy, weight
reduction and anti-inflammatory medication, or corticosteroid
injection; the non-invasive treatments frequently fail and
further result in chronic lower back pain (6). Surgical interven-
tions include lumbar spinal fusion surgery and artificial disc
replacement surgery (7).

Due to their ease of harvesting, chondrogenic differen-
tiation capacity and high proliferation ability, as well as their
paracrine and immune-modulating effects through the produc-
tion of cytokines and growth factors, mesenchymal stem cells
(MSCs) represent a promising option as a regenerative medical
treatment that may potentially replenish defective tissue and
regenerate healthy tissue in the degenerated intervertebral
disc (8,9). Yang et al (10) indicated that bone marrow-derived
stem cells (BMSCs) were able to arrest the degeneration of
the murine notochordal nucleus pulposus (NP) and contribute
to the augmentation of the extracellular matrix in the NP by
both autonomous differentiation and stimulatory action on
endogenous cells. Centeno et al (11) reported that patients with
degenerative disc disease treated with autologous cultured
MSC:s for lower back pain with radicular symptoms demon-
strated significant improvements in pain and function, as well
as overall subjective improvement with only minor adverse
events through 6 years of follow-up.

However, studies have reported a series of risks that limit
the direct application of MSCs in tissue repair and tissue regen-
eration. The intrinsic risk factors include cellular rejection and
immunosuppression, infusion toxicity and the risk of iatrogenic
tumor formation, and the extrinsic risks caused by human
handling, such as culture conditions, cryopreservation and
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various other cell manipulations, remain a big challenge (12).
In addition, the ossification of neo-cartilage differentiated
from stem cells, as well as abnormalities in the proliferation
and differentiation ability and cell phenotype (undesired
hypertrophy), remain unresolved (13).

It was demonstrated that the repair and regeneration
potency of MSCs in injured tissues or organs may not be
attributed to their differentiation ability but rather to their
paracrine signaling effects (14). Evidence has indicated that
extracellular nanovesicles (40-100 nm in diameter) released
from cells carry microRNAs (miRNAs), nRNAs and proteins
that mediate cell-cell microcommunication and the transport
of paracrine factors, which may have a significant role during
tissue repair and tissue regeneration, as well as immune regu-
lation, leading to a therapeutic effect (15).

However, the effect of adipose-derived stem cell
(ADSC)-derived extracellular nanovesicles on intervertebral
disc degeneration has remained largely unexplored. The
present study aimed to evaluate the effectiveness of extracel-
lular nanovesicles isolated from ADSCs on NP cells from
patients with intervertebral disc degeneration. It was indicated
that ADSC-derived extracellular nanovesicles were able
to stimulate chondrocyte migration and proliferation, and
downregulate intervertebral disc degeneration-related inflam-
matory cytokines, indicating their potential therapeutic utility
in intervertebral disc degeneration.

Materials and methods

Cell isolation and culture. The ADSCs were harvested from
patients undergoing liposuction surgery for abdominoplasty
(patients in good condition without hypertension, hyperlipid-
emia, diabetes and coronary heart disease; 3 male and 3 female
patients; age range, 40-60 years). In total, 2,000-4,000 ml was
taken from each patient, and the samples from all patients were
not pooled together. ADSCs were isolated by digestion and
centrifugation at 300 x g, and were re-suspended and cultured
in DMEM (Gibco; Thermo Fisher Scientific, Inc.) containing
10% (v/v) FBS (Hyclone; GE Healthcare Life Sciences) in
100-mm? tissue culture flasks at 37°C in a humidified incu-
bator with 5% CO, (16). After 24 h, the non-adherent cells
were removed. After 10-14 days, adherent cells were trypsin-
ized and subcultured.

NP cells were harvested from intervertebral disc degenera-
tion patients undergoing lumbar spinal fusion surgery to relieve
lower back pain (patients in good condition without hyperten-
sion, hyperlipidemia, diabetes and coronary heart disease;
3 male and 3 female patients; age range, 40-60 years) and the
tissues were treated with 0.1% collagenase (Sigma-Aldrich;
Merck KGaA) and 2 U/ml hyaluronidase (Sigma-Aldrich;
Merck KGaA) for 6-8 h in the incubator with 5% CO, at 37°C.
Next, the digested tissues were passed through a 200-ym
filter to remove any undigested particles. The suspension was
centrifuged at 1,000 x g for 5 min at 4°C, washed three times
with sterile PBS and cultured in DMEM with 10% FBS and
antibiotics (1% penicillin/streptomycin) in the incubator with
5% CO, at 37°C. When confluent, the NP cells were harvested
using 0.25% trypsin-EDTA (Gibco; Thermo Fisher Scientific,
Inc.) and re-seeded onto 10-cm? culture plates at a density of
1x10° cells per plate. The complete medium was replenished

every other day (17). ADSCs and NP cells at passage 2 were
used in the present study.

Extracellular nanovesicle isolation and identification.
ADSC-derived extracellular nanovesicles were isolated as
described previously (18). In brief, when ADSCs at passage 2
reached 75% confluence, they were cultured in a-MEM (Gibco;
Thermo Fisher Scientific, Inc.) with extracellular nanoves-
icle-depleted FBS for 48 h, and extracellular vesicle-depleted
FBS was also used in the subsequent functional assays.
Following the incubation, the supernatant was obtained and
centrifuged at 500 x g for 10 min twice, at 2,000 x g for
15 min twice, and at 10,000 x g for 30 min twice, all at 4°C.
The supernatant was then transferred to Ultra-Clear tubes
(Beckman Coulter, Inc.) and centrifuged at 70,000 x g for 1 h
at 4°C. The pellet containing extracellular nanovesicles was
washed with PBS and centrifuged at 70,000 x g for 1 h at 4°C.
The pellet was then carefully resuspended in 200 pl PBS and
used immediately or stored at -80°C.

The ultrastructure of the ADSC-derived extracellular
nanovesicles was analyzed using transmission electron
microscopy. ADSC-derived extracellular nanovesicle pellets
were transferred to carbon-coated 200-mesh copper electron
microscopy grids and incubated for 10 min at room tempera-
ture. Subsequently, the extracellular nanovesicles were stained
with uranyl acetate and washed with PBS three times. After
drying at room temperature, they were observed under a trans-
mission electron microscope (19).

Particle size distributions were measured via NanoSight
analysis. The concentration and size distribution of
ADSC-derived extracellular nanovesicles were measured
using tunable resistive pulse sensing analysis with gNano
(Izon Science, Ltd.). ADSC-derived extracellular nanovesicles
were placed in the Nanopore (NP150; cat. no. A37355; Izon
Science, Ltd.) at a 47.0-mm stretch with a voltage of 0.6 V. 1zon
Control Suite software v.2.2 (Izon Science, Ltd.) was used for
data analysis.

Cell proliferation and migration. A Cell Counting Kit-8
(CCK-8; Dojindo Molecular Technologies, Inc.) was used to
evaluate NP cell proliferation. In brief, 10* NP cells in 100 pl
were seeded into each well of a 96-well plate. After 12 h,
50 ug/ml extracellular nanovesicles were added to the wells
in the experimental group, while no extracellular nanovesicles
were added to the wells of the control group. The medium was
replaced every 2 days using fresh medium with or without
extracellular nanovesicles and medium with extracellular
vesicle-depleted FBS was used in the functional assays. At
different time-points (1, 3, 5 and 7 days), 10 ul of CCK-8 solu-
tion was added to each well, along with 90 ul of high-glucose
DMEM without FBS (Gibco; Thermo Fisher Scientific, Inc.).
After another 3 h of incubation, the absorbance was measured
spectrophotometrically at a wavelength of 450 nm with a
microplate reader.

Scratch wound assays were used to evaluate the effects of
extracellular nanovesicles on NP-cell migration, as described
previously (20). In brief, 2x10° cells/well were seeded into
6-well plates and incubated for 12 h. A sterile 200-ul pipette
tip was used to make a scratch when the cells were 80%
confluent and non-adherent cells were removed by washing
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Figure 1. Characterization of exosomes isolated from the mesenchymal stem cell. (A) Transmission electron microscopy indicated that the size of the exosomes
ranged from 40 to 200 nm (scale bar, 200 nm). (B) NanoSight analysis indicated that the peak of the distribution of the diameters of the exosomes was 120 nm.

with PBS. The cells were cultured with or without 50 pg/ml
extracellular nanovesicles. Images were acquired at 0, 12 and
24 h, and Image-Pro Plus 6.0 software (Media Cybernetics)
was used to measure the scratched areas.

Chondrocytic gene expression. The total RNA was extracted
from each specimen using TRIzol® reagent and complemen-
tary DNA was obtained by reverse transcription (RT) using
the SuperScript First-Strand Synthesis system (Thermo
Fisher Scientific, Inc.) for PCR. RT-quantitative PCR was
performed to evaluate the expression levels of collagen-II
(forward primer, 5'-GAGCCAAAGGATCTGCTGGT-3")
and reverse primer, 5"-TTGGGGCCTTGTTCACCTTT-3"),
aggrecan (forward primer, 5~AAAAGGAGGCCACAGTGC
TT-3' and reverse primer, 5-GGCCGTACCAATCTCACA
CA-3") and Sox-9 (forward primer, 5'-~AGGAGAACCCCA
AGATGCAC-3' and reverse primer, 5'-GAGGCGTTTTGC
TTCGTCAA-3"). The expression of GAPDH (forward primer,
5'-GAGAAGGCTGGGGCTCATTT-3' and reverse primer,
5'-AGTGATGGCATGGACTGTGG-3) was quantified as
an internal control. The PCR was performed using SYBR
Green PCR master mix (Thermo Fisher Scientific, Inc.) and
an ABI Prism 7000 Sequence Detection system with ABI
Prism 7000 software (Applied Biosystems; Thermo Fisher
Scientific, Inc.). The PCR thermocycling conditions were as
follows: 95°C for 15 min; 35 cycles of 94°C for 1 min, 59°C
for 1 min and 72°C for 1 min; and 72°C for 10 min. The
specificity of the amplification of the expected DNA frag-
ments was confirmed using 2% agarose gel electrophoresis
and by analysis of the melting curves. An amplification
reaction control with no RT enzyme was performed in order
to assess the interference of potential genomic DNA in the
RNA solution. The relative gene expression was calculated
using the 2722°4 method (21).

Telomerase activity detected by PCR-ELISA. Telomerase
PCR-ELISA (Thermo Fisher Scientific, Inc.) was used to
determine the telomerase activity following the manufac-
turer's protocols and as described previously (22). After 7 days
of incubation, the NP cells cultured with or without extracel-
lular nanovesicles were digested, collected and homogenized

in a lysis buffer, and centrifuged at 100 x g for 10 min at 4°C.
The extracts were sent to an internal department for telomeric
repeat amplification. Subsequently, the elongated fragments
were amplified by PCR and the PCR products were quanti-
fied by ELISA, as previously described (22). The results were
normalized to those obtained for a standard.

Levels of inflammatory cytokines. ELISAs were performed to
evaluate the expression levels of inflammatory cytokines in the
two groups. Media were collected and centrifuged at 168 x g
for 5 min at 4°C to remove cellular debris, and subsequently,
IL-1a (cat. no. SLAS0, R&D Systems), IL-1f (cat. no. SLB50,
R&D), IL-6 (cat. no. S6050, R&D), IL-17 (cat. no. S1700,
R&D), NF-kB-p65 (cat. no. ab176648, Abcam) and TNF-a
(cat. no. STAOOD, R&D) in the supernatant were measured
using Quantikine ELISA kits according to the manufacturer's
protocols.

Statistical analysis. Cell proliferation, gene expression and
protein levels are presented as the mean + standard deviation
and were analyzed by one-way ANOVA followed by Tukey's
post-hoc test. Statistical analysis was performed using
GraphPad Prism version 5.0 (GraphPad Software, Inc.). P<0.05
was considered to indicate statistical significance.

Results

Characteristics of exosomes. Observation by transmission
electron microscopy indicated that ADSC-derived extracel-
lular nanovesicles were characterized by diameters in the range
of 40-200 nm and most of them presented with a round shape
(Fig. 1A). It was observed by NanoSight analysis that the peak
of the distribution of diameters of extracellular nanovesicles
was 120 nm (Fig. 1B).

Effects of ADSC-derived extracellular nanovesicles on the
proliferation and migration of human NP cells. As presented
in Fig. 2A and B, the migration of NP cells cultured in the
presence of ADSC-extracellular nanovesicles in the experi-
mental group was increased compared with that of the control
group (P<0.05). It was also indicated that human NP-cell
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Figure 2. Proliferation and migration of human NP cells treated with exosomes. (A) Light microscopy images of the scratch wound assay (scale bar, 100 ym)
and (B) quantified migration distance indicating that ADSC-derived exosomes significantly stimulated the migration rate of human NP cells. (C) The Cell
Counting Kit-8 assay demonstrated that the proliferation rate of human NP cells grown with ADSC-derived exosomes was higher than that in the control
group. ‘P<0.05 vs. 0 h. NP, nucleus pulposus; ADSC, adipose-derived stem cell; Ctrl., control; Expe., experimental; OD, optical density.

proliferation was significantly increased in the presence of
extracellular nanovesicles from days 1-7 (Fig. 2C).

ADSC-derived extracellular nanovesicles promote the
chondrocytic gene expression in human NP cells. Tt was
observed that ADSC-derived extracellular nanovesicles
significantly promoted the mRNA expression of chondrocytic
genes (collagen-II, aggrecan and Sox-9) in human NP cells
in the experimental group compared with that in the control
group (P<0.05) at day 7 (Fig. 3A), day 14 (Fig. 3B) and day 21
(Fig. 3C).

Telomerase activity in human NP cells. The effects of
ADSC-derived extracellular nanovesicles on the telomerase
activity in human NP cells were examined. Compared with
that in the control group, a significant increase in telomerase
activity was observed in human NP cells treated with extracel-
lular nanovesicles in the experimental group (P<0.05; Fig. 4).

Levels of inflammatory cytokines. Human NP cells were
cultured with or without extracellular nanovesicles for 7 days.
Inflammatory cytokine levels were measured by ELISAs. As
indicated in Fig. 5, IL-1a, IL-1f, IL-6, IL-17, NF-xB-p65 and

TNF-a were significantly reduced after 7 days culture with
exosomes (P<0.05), indicating that the extracellular nanovesi-
cles inhibited the secretion of inflammatory cytokines (Fig. 5).

Discussion

Emerging evidence has indicated that MSCs are promising
options for the treatment of human intervertebral disc
degeneration (11,23). Cao et al (24) reported that co-culture
of BMSCs may be able to delay NP-cell matrix degeneration
and co-culturing BMSCs with NP cells appeared to result in
the promotion of the gene expression of aggrecan, collagen-I1
and Sox-9. Leung et al (25) demonstrated that MSCs are
able to suppress abnormal deposition of collagen-I in the NP
and modulate the profibrotic mediators matrix metallopro-
teinase-12 and heat shock protein 47, thus reducing collagen
aggregation and maintaining proper fibrillar properties and
function. However, the mechanisms underlying the thera-
peutic effects of MSCs have remained elusive. A recent study
indicated that the therapeutic action of MSCs is not dependent
on the engraftment of MSCs at the site of injury or the differ-
entiation capability of the transplanted MSCs, but rather the
secretion of paracrine factors (26).
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Figure 3. Chondrocytic gene expression of human NP cells. Analysis of the mRNA expression of collagen-II, aggrecan and Sox-9 suggested that exosome
stimulation significantly induced chondrocytic gene expression at (A) day 7, (B) day 14 and (C) day 21. “P<0.05 vs. Ctrl. group. NP, nucleus pulposus;

Ctrl., control; Expe., experimental.
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Figure 4. Telomerase activity. Detection of telomerase activity by PCR-ELISA
in proteins from NP cells with or without exosomes, and the results indicated
that exosomes stimulated the telomerase activity of human NP cells. "P<0.05
vs. control group. NP, nucleus pulposus; Ctrl., control; Expe., experimental.

It has been reported that the therapeutic efficacy is attrib-
uted to the secretion of extracellular nanovesicles, secreted
bilipid membrane vesicles of 40-100 nm in diameter that have
the natural ability to transmit intercellular signals, such as
carrying small RNAs, DNA and proteins (27). In the present
study, the isolated ADSC-derived extracellular nanovesicles
were characterized and transmission electron microscopy and
laser diffraction demonstrated the cup-shaped morphology
of the isolated extracellular nanovesicles with diameters of
40-100 nm. NP cells have been reported to have a low capacity
for proliferation and migration (28) and the effect of extracel-
lular nanovesicles on the proliferation and migration of NP
cells was evaluated in the present study. The results suggested
that ADSC-derived extracellular nanovesicles improved
the proliferation and migration activity of the degenerated

NP cells. Lu et al (29) reported that in their experiment,
BM-MSC-derived exosomes promoted NP-cell proliferation.

Intervertebral disc degeneration is characterized by
decreased expression of chondrogenic genes, such as
aggrecan, collagen-II and Sox-9. Kim ez al (30) demonstrated
that co-culture with adipose-derived stem cells restored the
chondrogenic properties of degenerative NP cells. In the
present study, the expression levels of chondrogenic genes
were significantly higher in extracellular nanovesicle-treated
degenerative NP cells than those in the degenerative NP cells
cultured alone, indicating that extracellular nanovesicles
improved the viability of degenerative NP cells. This was
further supported by the results for telomerase activity, which
suggested that extracellular nanovesicles improved telomerase
activity.

Intervertebral disc degeneration is a chronic degenerative
disease characterized by back, neck and/or radicular pain (31).
It is well known that increases in the levels of inflammatory
cytokines secreted by intervertebral disc cells have a role in the
occurrence of disc degeneration disease, such as IL-1a, IL-18,
IL-6, IL-17, NF-kB-p65 and TNF-a. (32). The release of these
inflammatory cytokines stimulates chemokine production and
extracellular matrix degradation and then causes degeneration
of the intervertebral disc tissues, further resulting in lumbar
disc herniation and radicular pain (33). Recent evidence has
demonstrated that MSCs have great potential for application
in the treatment of intervertebral disc degeneration, as MSCs
have chondrogenic differentiation potential, but also have a
vital role in immunoregulation and tissue repair/regeneration
through the secretion of various soluble factors, such as extra-
cellular nanovesicles (34). The present study indicated that
ADSC-derived extracellular nanovesicle treatment decreased
the secretion of inflammatory cytokines (IL-1a, IL-1p, IL-6,
IL-17, NF-kB-p65 and TNF-0).

As a limitation to the present study, only one dose of extra-
cellular vesicles was used when performing functional assays,
as the quantity of extracellular vesicles that may be isolated
from MSCs is low. Multiple doses of extracellular vesicles
should be used when performing functional assays in future
studies.
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Figure 5. Analysis of inflammatory cytokines. A relative decrease in the inflammatory cytokines (A) IL-1a, (B) IL-1f, (C) IL-6, (D) IL-17, (E) NF-xB-p65 and
(F) TNF-o was determined at day 7 in the experimental group as compared to the control group. ‘P<0.05 vs. control group. Ctrl., control; Expe., experimental.

In conclusion, ADSC-derived extracellular nanovesicles
improved the proliferation and migration of degenerative NP
cells and inhibited inflammatory activity, which may provide
a promising option for the treatment of intervertebral disc
degeneration disease.
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