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Chondropathies are increasing worldwide, but effective treatments are currently lacking. Mesenchymal stromal cell (MSCs)
transplantation represents a promising approach to counteract the degenerative and inflammatory environment characterizing
those pathologies, such as osteoarthritis (OA) and rheumatoid arthritis (RA). Umbilical cord- (UC-) MSCs gained increasing
interest due to their multilineage differentiation potential, immunomodulatory, and anti-inflammatory properties as well as
higher proliferation rates, abundant supply along with no risks for the donor compared to adult MSCs. In addition, UC-MSCs
are physiologically adapted to survive in an ischemic and nutrient-poor environment as well as to produce an extracellular
matrix (ECM) similar to that of the cartilage. All these characteristics make UC-MSCs a pivotal source for a stem cell-based
treatment of chondropathies. In this review, the regenerative potential of UC-MSCs for the treatment of cartilage diseases will
be discussed focusing on in vitro, in vivo, and clinical studies.

1. Introduction

Chondropathies are a group of cartilage diseases that deviate
from or interrupt the normal structure and function of carti-
lage, including osteoarthritis (OA), achondroplasia, spinal disc
herniation (SDH), relapsing polychondritis, cartilage tumor
(CT), and chondrocalcinosis [1]. There are over 100 types of
arthritis. The most common forms are OA (degenerative joint
disease) and rheumatoid arthritis (RA, autoimmune form of
arthritis). OA is the most well-known chondropathy in the
world, affecting the health of 343 million of people, while RA
affects 14 million of people [2]. OA is a multifactorial and
complex degenerative joint disease characterized by age-
related “wear and tear,” chondrocytes’ poor response to
growth factors, altered biomechanical properties of articular

cartilage, mitochondrial dysfunction, oxidative stress, and
inflammation [3]. The degenerative lesions in cartilage are sec-
ondary to inflammation associated with hyperplasia and chon-
drocyte apoptosis [4]. Increasing age is linked to a reduction in
subchondral blood vessels resulting in cartilage-related physio-
logical and biochemical anomalies [5]. This pathological pro-
cess results in secondary joint fibrosis, stiffness, pain, and
decreased function, leading to a poor quality of life. Risk factors
for chondropathies include trauma, genetics, age, sex, obesity,
and degenerative pathology. The biological mechanisms of
chondropathies remain largely unknown, and there is no effec-
tive way to treat the cartilage damage because of its nature.

Cartilage is a supportive connective tissue, and it has a
dense and highly organized extracellular matrix (ECM)
embedding chondrocytes [6]. Three types of cartilage tissue
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are present throughout the body at various sites: hyaline,
elastic, and fibrocartilaginous. Hyaline cartilage is the pre-
dominant form of cartilage and is present on the articular
surfaces of synovial joints. Type II collagen is the main com-
ponent in healthy articular cartilage. Other collagens of
cartilage ECM are types III, VI, IX, X, XI, XII, and XIV.
The main proteoglycan present in cartilage is aggrecan, but
other proteoglycans found in cartilage include the synde-
cans, glypican, decorin, biglycan, fibromodulin, lumican,
epiphycan, and perlecan. The chondrocytes are contained
in cavities called lacunae embedded in the network of colla-
gen fibrils and proteoglycans [6].

Cartilage has a decreased ability to self-repair because is
avascular, resulting in a poor replicative capacity of chon-
drocytes. The lack of vascularity, along with the dense pack-
ing of ECM components, hinders the transport of drugs in
the tissue, thus, challenging the treatments of cartilage dis-
eases. In addition, cartilage also lacks nerve cells or endings
and, therefore, cannot directly generate pain that is the main
symptom of a chondropathy [7]. Therefore, symptoms usu-
ally occur only after the significant structural destruction of
the cartilage ECM (with the damage affecting other tissues of
the whole joint that do contain nociceptors), thus, making
treatments difficult.

Current treatment of articular cartilage defects includes
pharmacological management of pain, weight reduction, and
exercises as well as intra-articular treatments with corticoste-
roid or hyaluronan and hylan derivatives injections [8]. Surgi-
cal options consist in bone marrow stimulation procedures
such as subchondral drilling, microfracture, and abrasion
arthroplasty, allowing endogenous mesenchymal stem cells
(MSCs) to migrate into the lesion [9]. However, no treatment
or procedure represents a cure for cartilaginous defects.

MSC-based therapy is beginning to show great potential in
cartilage regeneration through several mechanisms including
homing, angiogenesis, differentiation, and response to inflam-
matory condition. The most widely studied sources of MSCs
are bone marrow (BM) and adipose tissue (AT). However,
umbilical cord-derived MSCs (UC-MSCs) compared to AT-
and BM-MSCs have many advantages such as higher prolifer-
ation rates, greater expansion ability, higher purity, and abun-
dant supply along with no risks for the donor, since the UC is
usually discarded after birth [10]. In Table 1 are listed the
advantages and disadvantages of the different populations of
stem/stromal cells used so far for cartilage regeneration pur-
poses. UC-MSCs can be isolated from different regions of
the UC stromal tissue called Wharton’s Jelly (WJ), and three
different populations of UC-MSCs have been obtained:
perivascular (PV-MSCs), intermediate WJ (WJ-MSCs), and
subamniotic stromal region or cord lining (CL-MSCs) [11].
Notably, ECM components in WJ share several features with
cartilage ECM. To this regard, UC-MSCs express aggrecan,
type II collagen, and SOX-9 [12]. In addition, UC-MSCs
express growth factors, chemokines, and cytokines at similar
levels to those of cartilage [12]. Finally, since UC relies on only
two arteries and one vein to supply oxygen and nutrients,
without any capillary circulation, UC-MSCs are physiologi-
cally adapted to survive in a relatively hypoxic environment
leading to the potential advantage to survive in cartilage. These

results reinforce the concept of UC-MSCs as one of the best
candidates for MSC-based therapy for cartilage regeneration.

2. Regeneration Mechanisms of UC-MSCs for
Cartilage Diseases

There are two main concepts for UC-MSCs’ contribution to
cartilage repair: preventing the degradation of cartilage,
through the secretion of bioactive factors, and/or the differen-
tiative potential of UC-MSCs to become chondrocytes. Several
in vitro and in vivo studies indicated that UC-MSCs can play
crucial roles in cartilage repair and regeneration by several
mechanisms including (i) migration and homing, (ii) adapta-
tion to cartilage hypoxic and nutrient-poor environment, (iii)
chondrogenesis differentiation potential and promotion of
survival, proliferation and differentiation of endogenous
MSCs, (iv) synthesis and prevention of cartilage ECM degra-
dation, and (v) anti-inflammatory and immunomodulatory
properties.

2.1. Homing and Migration. MSCs exhibit certain capabilities
of the homing of local mature leukocytes to inflammatory sites,
such as rolling and adhesion [13]. Migration and homing
ability into injured sites are considered as the primary steps
for tissue repair in regenerative medicine. Different molecules
mediate cell retention or mobilization such as adhesion mole-
cules (E and P-selectin), integrins (particularly α4β1),
stromal-derived factor 1 (SDF-1), and its receptor CXC chemo-
kine receptor 4 (CXCR4) [13]. In addition, other factors play a
key role in damaged joints homing such as CXCR1 and
CXCR2, CC chemokine receptor 1 (CCR1), andmonocyte che-
moattractant protein 1 (MCP-1) through its receptor CCR2,
vascular endothelial growth factor receptor 1 (Flt-1), platelet-
derived growth factor receptor α (PDGFR-α, CD140a),
PDGFR-β (CD140b), and their respective ligands IL-8, macro-
phage inflammatory protein 1α (MIP-1α), placenta growth
factor (PlGF), and PDGF [14]. In Table 2, we reported different
proteins involved in homing and migration of UC-MSCs in
comparison with those expressed by BM- and AT-MSCs. In
particular, BM- and AT-MSCs show similar expression pat-
tern. On the other hand, based on the quantitative data
reported in literature, UC-MSCs express higher levels of dif-
ferent proteins than BM- and AT-MSCs such as HGF, IL-8,
IL-1RA, IGF-1, ICAM-1, bFGF, MCP-1, MIP-1β, PDGF-
AA, PDGF-AB, PDGF-R, CXCR4, CCR2, VEGF-A, and
VEGF-1. Interestingly, unlike cells from BM- and AT-MSCs,
UC-MSCs express integrin α4 and MIP-1β suggesting their
strong ability in homing and migration. In addition, UC-
MSCs show less hematopoietic effects than BM- and AT-
MSCs (low levels of SDF-1 and VCAM-1).

Increased levels of SDF-1, MCP-1, IL-8, MIP-1 α, PlGF,
and PDGF were found in synovial fluid of OA and RA
patients [14]. Shen et al. demonstrated that UC-MSCs
secrete growth factors and chemokines which may contrib-
ute to a chemoattractive environment such as SDF-1,
MCP-1, hepatocyte growth factor (HGF), vascular cell adhe-
sion protein-1 (VCAM-1), IL-8, insulin-like growth factor-1
(IGF-1), and vascular endothelial growth factor (VEGF)
[15]. In addition, UC-MSCs express CXCR4, CCR2, and c-
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Table 2: Expression analysis of different markers involved in homing and migration.

Marker UC-MSCs BM-MSCs AT-MSCs Ref.

Secreted factors

COX-2 ↑ ↓ ↓ [45]

bFGF (FGF-2) ↑↑ ↓ ↑ [45]

HGF ↑↑ ↓ ↓↓ [45, 105]

IGF-1 ↑ ↓ ↓ [54]

IL-1α ↑↑ ↓ ND [54]

IL-1? ↑↑ ↓ ↑ [54, 105, 106]

IL-6
↑ ↓ ↓ [105]

↔ ↔ ↔ [45]

IL-8 ↑ ↓ ↓ [105]

IL-1RA ↑ ↓ ↓ [105]

MCP-1 (CCL2)
↑ ↓ ↓ [45, 105]

↔ ↔ ↔ [45]

MIP-1α (CCL3) ↓ ↑ + [107, 108]

MIP-1? (CCL4) + - - [105]

OPN ↓ ↑ ↓ [109]

PDGF-AA ↑ ↓ ↓ [105, 107]

PDGF-AB ↑ ↓ - [107, 110]

PDGF-BB - ↓ - [105]

PGE2 ↓ ↓ ↓ [106]

PlGF ↓ ↓↓ ↑ [105]

SDF-1 ↑ ↑ ↓ [111, 112]

SDF-1α ↔ ↔ ↔ [45]

TGF-?1 ↔ ↔ ↔ [105]

TGF-?2 ↑ ↓ ↓ [105]

VEGF-A ↑ ↓ ↓ [45]

VEGF-D ↑ ↓ ↓ [105, 107]

MMPs and TIMPS

MMP-1 ↑ ↓ ↑↑ [105]

MMP-2 ↔ ↑ ↔ [113]

MMP-3 ↓ ↓ ↑ [105]

MMP-7 ↓ ↑ - [105]

MMP-8 - ↑ - [105]

MMP-13 - - + [105]

TIMP-1 ↔ ↔ ↔ [113]

TIMP-2 ↔ ↔ ↔ [113]

Adhesion molecules and receptors

CCR2 ↑ ↓ ↓ [54]

CXCR4 ↑ ↓ ↓ [114]

Flt-1 (VEGFR1) ↑ ↓ ND [54]

ICAM-1 ↑↑ ↓ ↑ [45]

Integrin α4 ↑↑ ↓ - [54]

PDGF-Ra ↔ ↔ [107]

PDGF-Rb ↑ ↓ ↓ [107]

VCAM-1 ↓ ↑ ↓ [45]

Immunoregulatory molecules

B7-H3 (CD276) + + + [71]

CD200 ↑ ↓ ↓↓ [54, 115]
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met receptors. Therefore, UC-MSCs are able to migrate
in vitro and in vivo via the SDF-1/CXCR4 and MCP-1/
CCR2 axes, and the secreted factors may induce the recruit-
ment of cells from the surrounding tissues and promote
regeneration of injured tissue [15]. To this regard, the
SDF-1/CXCR4 axis has been shown to play a key role in
endogenous and transplanted stem cell homing in the
injured site promoting the regeneration of different tissues
including cartilage [16, 17].

Another key player in cell adhesion is integrin α4β1
(very late antigen-4, VLA-4). It has been demonstrated a
crucial link between the CXCR4/SDF-1 homing axis and
the VLA-4/VCAM-1 (vascular cell adhesion molecule-1,
CD106) adhesion axis [18]. In particular, SDF-1 (through
CXCR4) increases VLA-4 adhesion to VCAM-1. VLA-4 is
an integrin dimer composed of α4 (CD49d) and β1
(CD29) [19]. Although MSCs lack the expression of selec-
tins, they express integrin β1. Interestingly, in contrast to
BM-MSCs, UC-MSCs express integrin α4, VCAM-1, and
intercellular adhesion molecule-1 (ICAM-1; CD54) support-
ing their stronger potential in homing [20].

One more ligand of integrin β1 is osteopontin (OPN), an
osteogenic marker with several biological functions includ-
ing migration, adhesion, and survival of MSCs [21]. On
the other hand, OPN is also involved in regulation and prop-
agation of inflammatory responses of macrophages, T-cells,
and dendritic cells [22]. Notably, OPN is involved in differ-
ent inflammatory pathologies including RA and OA patho-
genesis [23, 24]. In a study of Schneider et al., UC-MSCs
showed similar osteogenic and migration abilities compared

to BM-MSCs with the lesser expression of OPN and the
major expression of matrix metalloproteinases (MMP)-1
and -2 [25].

Moreover, extensive evidence found that growth factors
play an important role in homing and migration of MSCs,
as seen for basic fibroblast growth factor (bFGF), VEGF,
HGF, IGF-1, PDGF, and transforming growth factor β1
(TGF-β1) [26]. In particular, UC-MSCs are able to migrate
in vitro and in vivo, in response to chemotactic factors such
as EGF, FGF-2, HGF, IGF-1, PDGF-BB, TGF-β, and VEGF,
along with SDF-1, MCP-1, and VCAM-1 [15].

2.2. Capacity of Adaptation to Cartilage Hypoxic Environment.
Because of the lack of vascularization, the physiological oxy-
gen tension (physioxia) within human articular cartilage
ranges between 2 and 5% [27]. Therefore, any MSC candidate
for stem cell therapy of cartilage diseases should be able to
adapt to a hypoxic environment with limited nutrient supply
while maintaining its regenerative properties. Oxygen tension
ranges from 1%-7% in bone marrow and from 10%-15% in
adipose tissue [28, 29]. Regarding perinatal tissues such as
the UC, oxygen tension within the mammalian female repro-
ductive tract is low, between 1.5% and 8%, and lasts through-
out the fetal development with dissolved oxygen in the fetal
circulation rarely exceeding 5% [30]. Moreover, the UC is
supplied by only two arteries and one vein and lacking in cap-
illaries or lymphatics suggesting that UC-MSCs are physiolog-
ically adapted to survive in a hypoxic environment. It has been
shown that low oxygen tension increases UC-MSC prolifera-
tion potential and matrix production and enhanced

Table 2: Continued.

Marker UC-MSCs BM-MSCs AT-MSCs Ref.

Galectin 1 ↑ ↑ ↓ [113]

HLA-ABC ↔ ↔ ↔ [54, 116]

HLA-DR ↔ ↔ ↔ [54, 116]

HLA-G ↑ ↓ ↓ [54, 116]

HLA-E ↑ ↓ ↓ [54, 117]

HLA-F ↑ ↓ - [54, 117]

IDO
↔ ↔ ↔ [45]

↑↑ ↑ ND [118]

IP-10 ↑ ↓ ↓ [105]

LIF ↑ ↓ ↓ [54, 113]

PD-L1 (B7-H1) ↑ ↓ + [54, 119]

PD-L2 (B7-DC/CD273) ↑ ↓ + [54, 119]

RANTES (CCL5) ↑ ↓ ↓ [105]

TLR-1 ↔ ↔ ↔ [106]

TLR-2 ↔ ↔ ↔ [106]

TLR-3 ↔ ↔ ↔ [106]

TLR-4 - ↔ ↔ [106]

TLR-5 ↔ ↔ ↔ [106]

TLR-6 ↔ ↔ ↔ [106]

TLR-9 ↔ ↔ ↔ [106]

Expression: ↑: higher; ↑↑: significantly higher; ↓: lower; ↓↓: significantly lower; ↔: similar; +: qualitatively expressed, but not quantified; -: not expressed; ND:
not detected.
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chondrogenic marker expression in UC-MSCs [31, 32]. This
increased chondrogenic differentiation can lead to hypoxia-
inducible factor-1 alpha (HIF-1α) and HIF-2α increased
expression, NOTCH signaling activation, and the subsequent
Sox-9 induction [33]. In addition, the UC-MSCs cultured
under hypoxic conditions showed increased expression of
energy metabolism-associated genes including GLUT-1,
LDH, and PDK1 suggesting a switching of cell metabolism
from oxidative phosphorylation to anaerobic glycolysis [32].
The yield of lactate production from glucose, however, is
significantly lower in UC-MSCs than it has been reported in
BM- and AT-MSCs in both hypoxic and normoxic conditions
[32]. This finding could be explained by our recent study [34].
We demonstrated that all the three UC-MSC populations
(PV-, WJ-, and CL-MSCs) exhibit low levels of mitochondrial
and glycolytic activities. Moreover, PV-, WJ-, and CL-MSCs
showed comparable mitochondrial respiration parameters in
both normal and oxygen and glucose deprivation followed
by reperfusion (OGD/R) conditions maintaining their prolif-
eration capacity. Interestingly, PV-MSCs showed the highest
oxygen consumption rate and OGD/R affected their metabo-
lism but not their viability suggesting a superiormitochondrial
activity compared to the other UC-MSC populations. While
CL-MSCs were the cells least affected suggesting their robust
survival in ischemic environment. These evidences taken
together suggest that UC-MSCs may be a pivotal source for
stem cell-based therapy of ischemic pathologies including
chondropathies, brain, heart, and lung diseases [35–38].
Further investigations are needed to better understand
whether these slight but significant differences among the
three UC-MSCs are due to the specific region’s composition
of different number of healthy mitochondria or improved
adaptation of mitochondria to ischemic conditions.

2.3. Promotion of Survival, Proliferation, and Differentiation.
MSCs secrete growth factors that are involved in several bio-
logical processes such as homing and migration as well as
promotion of survival, proliferation, and differentiation.
Some of growth factors with a key role in cartilage repair
are bone morphogenetic proteins (BMPs), epidermal growth
factor (EGF), HGF, IGF, PDGF, VEGF, FGF, and TGF
families and UC-MSCs are a rich source of them [39].

EGF is one of the ligands of EGF receptor (EGFR) that
plays a key role in joint homeostasis. In particular, EGFR
stimulates chondrocyte proliferation and survival as well as
maintenance of cartilage in adulthood. On one hand, EGFR
signaling promotes the lubrication of the articular surface by
increasing the boundary lubricants Prg4 and HA from super-
ficial chondrocytes [40]. On the other hand, EGFR signaling
also can play a catabolic action by inhibiting the expression
of the chondrogenic master transcription factor Sox9, thereby
suppressing the synthesis of cartilage matrix proteins, such as
type II collagen (Col II) and aggrecan, as well as by stimulating
the expression of MMPs involved in cartilage degradation,
such as MMP-13 [41]. Interestingly, Zhang et al. recently
showed the UC-MSCs release EGFR ligands TGF-α and EGF
attenuating OA progression via EGFR signaling pathway of
cartilage superficial layer cells [42]. In addition, UC-MSCs
inhibited the apoptosis of chondrocytes, increased the expres-

sion of chondrogenesis-related genes (Col-2, Sox9), and
reduced the expression of cartilage catabolism-related genes
(MMP-13, ADAMTS-5) in vitro and in vivo [42].

HGF is a multifunctional growth factor that affects cell
survival and proliferation, matrix metabolism, inflammatory
response, and neurotrophic action playing an important role
in normal bone and cartilage turnover [43]. In particular,
HGF and VEGF can reduce tissue injury, inhibit fibrotic
remodeling and apoptosis, promote angiogenesis, stimulate
stem cell recruitment and proliferation, and reduce oxidative
stress [44]. A recent comparative study showed that the
secretion of HGF was three times higher in UC-MSCs com-
pared to AT-MSCs and around nine times higher than in
BM-MSCs [45]. In contrast, UC-MSCs secreted the lower
levels of VEGF-A. This is probably due to the fact that
VEGF-A and HGF signaling pathways reciprocally modulate
each other [46].

IGF1 has been implicated in promotion of chondrogen-
esis and accumulation of cartilage-specific ECM molecules
[47]. In addition, the synergy between TGF-β3 and IGF-1
promotes intervertebral disc regeneration [48]. WJ contains
large amounts of IGF-I and IGF-I-binding proteins BP-3
and BP-1 suggesting a key role in stimulation of UC-MSCs
to produce collagen and glycosaminoglycans (GAGs) in
UC matrix as well as influencing the chondrogenic differen-
tiation of these cells [49, 50].

TGF-β superfamily consists of about 30–35 different
proteins including TGF-β proteins (TGF-β1-β2-β3), Bone
Morphogenetic Proteins (BMPs), and Growth Differentiation
Factors (GDFs) involved in chondrogenic differentiation and
production of cartilage extracellular matrix as well as stimula-
tion of cartilage repair [51]. TGF-β1, -β2, and -β3 play key
roles in regulation of chondrocyte differentiation from early
to terminal stages, including condensation, proliferation, ter-
minal differentiation, and ECM synthesis as well as mainte-
nance of articular chondrocytes [52]. All the three isoforms
are expressed in mesenchymal condensations and secreted
by UC-MSCs [53–55]. BMPs play important roles in bone
and cartilage formation, including various aspects of embry-
onic development, such as skeletogenesis, and hematopoietic
and epithelial cell differentiation [56]. Moreover, BMPs can
induce protection against cartilage damage caused by inflam-
mation or trauma, as well as stimulation of regenerative
processes. BMPs are classified into subfamilies, including
BMP subfamily (from BMP1 to BMP15), the osteogenic pro-
tein (OP) subfamily (OP1, OP2, and OP3 also known as
BMP7, BMP8, and BMP8b, respectively), the GDF subfamily
(GDF1, GDF2/BMP9, GDF3, GDF5/BMP14, GDF6/BMP13,
GDF7/BMP12, GDF8, GDF9, GDF10, and GDF11/BMP11),
and the cartilage-derived morphogenetic proteins (CDMP1/
BMP14 and CDMP2/BMP13) [56]. BMP2, 4, 6, 7, and 9 have
been reported to induce in vitro chondrogenesis of human
MSCs [57]. UC-MSCs have been demonstrated to secrete
BMP2 in vitro and to induce the increase of endogenous
BMP4, 5, and 7 levels in vivo [58–60]. In addition, UC-
MSCs induce overexpression of GDF5/BMP14/CDMP1, pro-
moting chondrogenic differentiation in cocultures with
fibroblast-like synoviocytes, thus, suggesting their potential
in cartilage repair [61]. Moreover, UC-MSCs respond to
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BMP6 via decapentaplegic homolog (SMAD) signaling
(SMAD 1/4/5, BMPR1A, and BMPR2 receptors) enhancing
osteogenic differentiation [62]. In particular, BMP-2 stimulates
osteogenesis as well as matrix synthesis, promoting cartilage
repair (by upregulation of tissue inhibitors of metalloprotein-
ases-1, TIMP-1) and reversing chondrocyte dedifferentiation
[63]. BMP-7 promotes cartilage matrix synthesis by acting syn-
ergistically with other anabolic growth factors and also inhibits
catabolic factors, such as matrix metalloproteinase-1 (MMP-1),
MMP-13, IL-1, Il-6, and IL-8 [64].

2.4. Cartilage Extracellular Matrix Repair. UC-MSCs can
increase the ECM synthesis and inhibit the cartilage ECM
destruction supporting the tissue repair. UC stromal tissue
shares a number of features with cartilage ECM: UC-MSCs
are able to synthetize aggrecan, type II collagen, and express
SOX-9 transcription factor [12]. The deposition of ECM
molecules and regulation of MMPs and their inhibitors
(TIMPs) are the main mechanisms involved in cartilage
ECM synthesis. MSCs secrete high levels of TIMP-1 and
TIMP-2, which inhibit MMP-9 and MMP-2, respectively,
thus, suppressing cartilage ECM resorption [65]. UC-MSCs
secrete MMP-2, -8, -9, and -13 as well as TIMP-1 and
TIMP-2 suggesting a balance between protection of ECM
and antifibrotic activity (Table 2) [66–68]. In addition,
UC-MSCs secrete growth factors such as HGF, IGF-1, and
TGF-β superfamily members that stimulate cartilage ECM
synthesis. In particular, HGF has been involved in inhibition
of the fibrosis and apoptosis of chondrocytes and increase
ECM synthesis [65]. IGF-I and IGF-I-BP-3 and -BP-1 stim-
ulate UC-MSCs to produce collagen and glycosaminogly-
cans (GAGs) [49]. BMP-2 increases TIMP-1 expression
while BMP-7 inhibits MMP-1 and MMP-13 suppressing
the ECM degradation [63, 64].

2.5. Anti-Inflammatory and Immunomodulatory Properties.
The microenvironment of damaged articular cartilage is par-
ticularly challenging, due to hypoxia, insufficient blood supply,
and concurrent inflammation. The latter contributes to the
degeneration of the joints because it hampers the proliferation
of chondrocytes and the deposition of cartilage matrix, result-
ing in low efficiency of repair. Immunomodulatory and anti-
inflammatory properties of UC-MSCs have been widely
described (Table 2) [69]. In particular, UC-MSCs express
MHC class I (HLA-ABC) at low levels and lack MHC class
II (HLA-DR, -DP, and -DQ). Moreover, they express other
molecules belonging to noncanonical type I MHC such as
HLA-G, HLA-E, and HLA-F [70–72]. Interestingly, HLA-G
interacts with Ig-like transcript (ILT) receptors (ILT-2, ILT-
3, and ILT-4), which are expressed by T and B lymphocytes,
as well as natural killer (NK) cells and mononuclear phago-
cytes [69]. Through this interaction, HLA-G displays relevant
immune functions which physiologically contribute to
maternal-fetal immunotolerance. In addition, UC-MSCs lack
CD40/CD40L, CD80, CD86, and B7 costimulatory antigens
implicated in the activation of T and B cell responses and
express coinhibitory molecules including B7-H3/CD276,
CD73, Indolamine 2,3-dioxygenase-1 (IDO-1), Galectin-1
(Gal-1), and leukemia inhibitory factor (LIF) [73]. WJ-MSCs

showed an immunosuppressive function by inhibiting the
proliferative response of T helper cells (Th/CD4+) Type 1
(Th1) and Th17 and increasing Th2 and regulatory T cells
(Tregs) [74]. UC-MSCs have been shown to be able to sup-
press the proliferation of both CD4 and CD8 cytotoxic T lym-
phocytes (Tc) and to decrease proinflammatory IFN-γ in
activated peripheral blood mononuclear cells (PBMCs) [54,
75]. Moreover, secreted factors such as HGF and TGF-β1
may function as mediators for T cell suppression [76, 77].
UC-MSCs are also able to inhibit B-cells and natural killer
(NK) cell proliferation as well as regulate monocyte/macro-
phage system by reducing the infiltration of macrophages in
injured tissues and shifting macrophages toward a M2 anti-
inflammatory phenotype [78, 79].

In the synovia of OA patients, various immune cells have
been identified including M1 macrophages, T cells Th1,
Th17 and Tc, and B cells, leading to chronic inflammation,
exacerbation of arthritis, and tissue damage [80]. UC-MSCs
have been shown to reduce synovial inflammatory cells infil-
tration, such as CD4+ T cells and macrophages, as well as
significantly decrease the expression of interleukin- (IL-) 1β
and tumor necrosis factor-α (TNF-α), while increasing anti-
inflammatory factors TNF-α-induced protein 6 (TSG-6) and
IL-1 receptor antagonist (IL-1RA) in rat OA models induced
by monosodium iodoacetate (MIA) [81, 82]. In another study
of MIA-induced OA in rabbits, UC-MSCs showed a promi-
nent cartilage protective effect due to upregulation of growth
factors FGF-2, TGF-β1, and IGF-1, secretion of ECM mole-
cules (collagen type-I alpha-1 chain, collagen type-II alpha-1
chain, and aggrecan), reduction of the expression levels of pro-
inflammatory cytokines Tnf-α, IL-1β, IL-6, and IL-17, and
increase of anti-inflammatory cytokines TGF-β1, IL-10, and
IL-1RA [83]. Interestingly, our group and others showed that
UC-MSCs keep their hypoimmunogenic and immunomodu-
latory properties even when they had undergone in vitro chon-
drocyte differentiation [50, 84].

RA is a chronic inflammatory autoimmune disease char-
acterized by chronic proliferation of synovial cells and pro-
gressive joint damage [85]. Fibroblast-like synoviocytes
(FLS) play an important role in thickening of the synovium
determining arthritis and cartilage degradation as well as
inflammation and degradation of the joints. UC-MSCs
inhibit Cadherin 11 expression in RA FLS by secreting IL-
10. This event precludes the ability of FLS from RA patients
to migrate and erode cartilage of other joints, thereby
improving arthritis [86].

3. Preclinical and Clinical Studies of UC-
MSCs for the Treatment of
Cartilaginous Diseases

Thanks to their chondrogenic potential and immunomodu-
latory and anti-inflammatory properties, as well as their abil-
ity to promote endogenous repair mechanisms, UC-MSCs
have been regarded as potential therapeutic agents against
cartilage degradation. In particular, early evidences that
emerged from in vitro studies on cell cultures (summarized
in Table 3) have been confirmed in several in vivo animal
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models (listed in Table 4) and in recent clinical trials
(reported in Table 5).

Preliminary in vitro studies investigated the chondrogenic
potential of UC-MSCs, demonstrating their ability to achieve
both hyaline, fibrous, and elastic cartilage phenotypes as well
as nucleus pulposus-like cell differentiation capacity [87–90].
In addition, also the osteogenic, adipogenic, and myogenic
differentiation potential have been reported suggesting UC-
MSCs could be a pivotal stem cells source for tissue engineer-
ing applications in orthopaedics [91]. Comparative studies
reported slightly differences in chondrogenesis between the
UC-, BM-, and AT-MSCs. In particular, according to Danišo-
vič et al., BM-MSCs showed the best chondrogenic potential
while Hildner and coworkers showed that differentiated UC-
MSCs present a more fibrous than hyaline cartilage phenotype
compared to AT-MSCs suggesting their role in regeneration of
fibrocartilage-like meniscus [87, 92]. Moreover, the results of
Wu and coworkers indicate that, although nucleus pulposus
stem/progenitor cells (D-NP-MSCs) isolated from degener-
ated intervertebral disc (IVD) shared the MSCs characteristics
with UC-MSCs, the latter showed better proliferation capacity
and differentiation potential, suggesting that UC-MSCs as a
suitable source for regenerative therapy of IVD degeneration
[93]. Furthermore, UC-MSCs may be an attractive alternative
to condylar cartilage cells for temporomandibular joint tissue
engineering applications [94]. Interestingly, UC-MSCs
displayed superior anti-inflammatory, immunomodulatory,
and trophic effects compared to adult MSCs including articu-
lar cartilage (AC), Hoffa’s fat pad (HFP), synovial membrane
(SM), and maintain their immunomodulatory and anti-
inflammatory properties after differentiation [50, 84, 95].
Moreover, coculture experiments of UC-MSCs and articular
cartilage cells (ACs), fibroblast-like synoviocytes (FLSs), and
nucleus pulposus cells (NPCs) showed their suitability for
the treatment of arthritis, synovitis, and IVD degeneration
[61, 96–98]. Finally, there are several cartilage tissue engineer-
ing studies that demonstrated the osteochondral differentia-
tion capacity of UC-MSCs in different scaffold constituted
by acellular cartilage extracellular matrix (ACECM), alginate
enriched in hyaluronic acid (Alg/HA), polycaprolactone/colla-
gen (PCL/Coll), polyglycolic acid (PGA), poly L-lactide/D-lac-
tide/glycolide (PLGA), poly-L-lactic acid (PLLA), polyvinyl
alcohol-polycaprolactone (PVA-PCL), and silk fibroin/hyal-
uronic acid (SF/HA).

In vivo studies in different animal models from mice to
horses confirmed in vitro studies showing the feasibility of
using UC-MSCs for the treatment of IVD degeneration,
OA, RA, and cartilage defects repair. UC-MSC transplanta-
tion promotes chondrogenesis and improves the histology,
cellularity, and ECM proteins content along with reduction
of inflammation in a preclinical model of IVD degeneration.
In the same way, UC-MSCs induce regeneration and repair
of cartilage reducing its destruction, promote recovery from
movement impairment, and reduce joint effusion and
inflammation slowing down the progression of OA animal
models. In addition, preclinical studies on RA treatment
showed that UC-MSCs exerted the best therapeutic effect
in reducing bone resorption, joint destruction, and inflam-
matory factor expression compared to BM-MSCs. Interest-

ingly, several evidences support the regenerative potential
of UC-MSCs in cartilage and osteochondral defects repair.

Following the promising in vitro and in vivo results, clini-
cal applications have been attempted using UC-MSCs for the
treatment of OA and RA (Table 5). In summary, clinical trials
for the treatment of OA showed significant amelioration of
pain and disability at 6 and 12 months of follow-up. No severe
adverse events were reported. The main outcomes for RA
patients treated with UC-MSCs were significant reduction of
RA serological markers and improvement of health index
and joint function index 1 year after treatment. No new or
unexpected safety issues in 1-year follow-up. Despite the
promising results of clinical trials, further basic and transla-
tional research investigations are needed to better understand
the best stem cell candidate, scaffold materials, and/or best cel-
lular derivatives which can be suitable for the different types of
cartilage regeneration. In parallel, there is the need to increase
the knowledge about underlying regenerative mechanisms.
Finally, more research is needed to convert preclinical evi-
dences obtained in animal models, to human-based clinical
applications for cartilage regeneration. Consensus is still lack-
ing in key points such as the methods to obtain the cell source,
the use of scaffolds as well as bioactive molecules in parallel to
the administration of stromal cells. As shown in the human
studies reviewed so far, the achievement of amelioration of
some parameters and confirmation of the safety of the overall
procedure still needs more data generated on the interaction of
the transplanted cells with the host tissue, their proper differ-
entiation in vivo, as well as the long-term achievements of this
cellular replacement strategy.

4. Conclusions

In conclusion, UC-MSCs represent a promising candidate for
the therapy of chondropathies, as highlighted by the encourag-
ing results emerged from in vitro and in vivo investigations
and from the available results from clinical trials. UC-MSCs
are characterized by several potential advantages such as a
frank multilineage differentiation potential, immunomodula-
tory, and anti-inflammatory properties, as well as MSCs the
ability to constitutively produce molecules that are involved
in cartilagematrix biogenesis and in the trophic and reparative
functions. In addition, UC-MSCs are able to migrate, home,
and survive in an ischemic and nutrient-poor environment
like cartilage as well as to produce an extracellular matrix
(ECM) similar to that and induce endogenous repair mecha-
nisms. We believe that these results warrant the need for fur-
ther researches that can better define the criteria leading to
the adoption of UC-MSCs in the stem cell-based therapy of
cartilage diseases, as well as characterizing the mechanism of
repair and increase the knowledge on the biomechanical prop-
erties of the regenerated cartilage tissue in vivo.
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Osteoarthritis (OA) is a heterogeneous disease in which the cross-talk between the cells from different tissues within the joint is
affected as the disease progresses. Extracellular vesicles (EVs) are known to have a crucial role in cell-cell communication by
means of cargo transfer. Subchondral bone (SB) resident cells and its microenvironment are increasingly recognised to have a
major role in OA pathogenesis. The aim of this study was to investigate the EV production from OA SB mesenchymal stromal
cells (MSCs) and their possible influence on OA chondrocytes. Small EVs were isolated from OA-MSCs, characterized and
cocultured with chondrocytes for viability and gene expression analysis, and compared to small EVs from MSCs of healthy
donors (H-EVs). OA-EVs enhanced viability of chondrocytes and the expression of chondrogenesis-related genes, although the
effect was marginally lower compared to that of the H-EVs. miRNA profiling followed by unsupervised hierarchical clustering
analysis revealed distinct microRNA sets in OA-EVs as compared to their parental MSCs or H-EVs. Pathway analysis of OA-
EV miRNAs showed the enrichment of miRNAs implicated in chondrogenesis, stem cells, or other pathways related to
cartilage and OA. In conclusion, OA SB MSCs were capable of producing EVs that could support chondrocyte viability and
chondrogenic gene expression and contained microRNAs implicated in chondrogenesis support. These EVs could therefore
mediate the cross-talk between the SB and cartilage in OA potentially modulating chondrocyte viability and endogenous
cartilage regeneration.

1. Introduction

Osteoarthritis (OA) is a heterogeneous disease that affects
synovial joints, which starts from injury or as a molecular
alteration and results in structural changes, such as loss of
cartilage, bone sclerosis or osteophyte formation, pain, and
other clinical symptoms [1]. OA is one of the most prevalent
joint diseases and frequently causes disability, with high inci-
dence worldwide due to population aging [2–4].

Early OA changes in articular cartilage include regional
proteoglycan loss, chondrocyte clustering, collagen disorga-
nization, and tissue fibrillation [5]. While the catabolic/ana-
bolic imbalance in bone is associated to overloading
microdamages, in cartilage it seems to be associated with
persistent, low-grade inflammation [6]. It begins in the
synovial tissue where it is characterized by cytokine release
and immune cell infiltration and is commonly associated
with pain in OA [7, 8]. With OA progression, subchondral
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bone (SB) gains more influence on OA chondrocytes as
osteochondral junction becomes more porous [5, 6, 9–13].
Bone-targeting treatments have a positive effect on OA
chondrocytes [6] while cocultures of OA subchondral bone
osteoblasts [10] or osteoclasts [14] with OA chondrocytes
have a negative effect on chondrocytes’ viability or anabolic
activity. The bone-cartilage crosstalk is therefore emerging
as a novel therapeutic target for OA [13, 15].

In OA, different types of SB cells enter normally the non-
vascular calcified cartilage through the cracks and fissures or
along the newly formed vessels, all contributing to cartilage
destruction “from below” [12, 16–18]. These SB cells include
osteo/chondroclasts that dissolve the calcified cartilage
matrix [18, 19], neurons that exacerbate joint pain [13, 20,
21], and multipotential stromal cells (MSCs) that may be
involved in both, cartilage formation and cartilage degrada-
tion [12, 18]. Besides the cells themselves, SB-cartilage com-
munication in OA may be mediated via soluble proteins
[22], for example, VEGF or IL6, which are increased in dam-
aged SB areas in OA [23], and or via extracellular vesicles
(EVs); the influence of which on OA chondrocyte homeosta-
sis remains poorly understood [24].

EVs are nonreplicative bilipid-layered particles that are
released naturally from most of the cells, carrying peptides,
miRNAs, lipids, and other molecules in their cargo, which
can be transmitted to other cells. They can be broadly subca-
tegorised based on their biogenesis, size, and markers into
exosomes, microvesicles, and apoptotic bodies [25–27].
EVs have a crucial role in cell-to-cell communication, allow-
ing the cargo transfer through endocytic internalization or
direct fusion to provoke a biological response [28–31].
Recently, studies of EVs in joint diseases and their therapeu-
tic use started to rise [24, 32–35], but these studies are pri-
marily focused on EVs derived from osteoarthritic synovial
fluid rather than SB [36, 37].

The aim of this study was to investigate EV production
from SB MSCs, the cells previously shown to contribute to
disease pathogenesis in OA [18, 38, 39]. We hypothesised
that SB MSC-EVs may have an influence on OA chondro-
cytes’ viability and their anabolic gene expression and that
they contain specific sets of miRNAs that are different from
their parental MSCs.

2. Materials and Methods

2.1. Patients and Cells. Ethical approval for cartilage and
MSC osteoarthritic sample collection was obtained from
the NRES Committees Yorkshire & The Humber—South
Yorkshire (14/YH/0087) and NRES Committees North
East—Newcastle & North Tyneside 1 (14/NE/1212). From
this collection, 11 cartilage samples (6 females and 5 males
with median age 74 years, range 55–83) and 5 subchondral
bone samples (3 females and 2 males with median age 73
years, range 64–83) were collected from total knee
arthroplasty.

Healthy MSC collection was obtained from surplus mate-
rial remaining in 10 bone marrow-processing bags used for
hematopoietic stem cell transplantation (NRES Committee
North East—Newcastle & North Tyneside 2, 14/NE/1136).

Patients were 7 males and 3 females with the median age of
14 years (range 4–44).

2.2. Isolation and Culture of OA Chondrocytes. Articular car-
tilage was harvested from tibiofemoral surfaces, and chon-
drocytes were isolated as previously described [18]. Briefly,
the cartilage was harvested and minced using a scalpel and
digested with collagenase overnight. Chondrocytes were
expanded in a high-glucose Dulbecco’s Modified Eagle
Medium (DMEM; MilliporeSigma, USA) supplemented
with glutamine, 10% fetal bovine serum (FBS; ThermoFisher
Scientific, USA), and 1% penicillin/streptomycin (P/S; Milli-
poreSigma, USA). Media were changed twice a week, and
subculture was performed when chondrocytes reached 80%
confluence, and passaged to passage 2 (p2).

2.3. Isolation and Culture of MSCs. Osteoarthritic MSCs
were obtained from the subchondral bone of medial femoral
condyles after removal of cartilage, as previously described
[18]. Medial condyles were chosen as they commonly dis-
play a more prominent OA phenotype compared to lateral
condyles [18, 40]. Bone was weighted and mechanically
minced into small fragments with a rongeur and digested
with collagenase, as previously described [18]. MSC cultures
were established in StemMACs™ MSC expansion media
(Miltenyi Biotec, Germany) then transferred to DMEM sup-
plemented with 5% human platelet lysate (PL; PLTMax,
MilliporeSigma), 100 IU/ml penicillin, 100ug/ml streptomy-
cin, 2,500 IU/ml heparin and 2mML-glutamine (all from
MilliporeSigma) (5%PL/DMEM).

Healthy control MSCs were cultured from surplus cells
(wash-outs) of hematopoietic stem cell transplantation bags,
as previously described [41]. Briefly, bone marrow mononu-
clear cells (MNCs) were isolated by density gradient centri-
fugation and cultured in 5%PL/DMEM.

Both types of MSCs were previously characterized [18,
41] (Supplementary Figures 1 and 2) according to the
criteria set by the International Society of Cellular Therapy
(ISCT) [42] and expanded in 5%PL/DMEM to passage 3
before changing the media to EV-depleted 5%PL/DMEM,
for EV isolation. EV-depleted MSC media were prepared
by 18-hour ultracentrifugation of 10%PL/DMEM at
100,000 × g followed by 1 : 1 dilution in DMEM.

2.4. EV Isolation from OA and Control MSCs. EVs were iso-
lated from both osteoarthritic (OA-EVs) and control healthy
(H-EVs) p3 MSCs, as previously described [41]. In brief,
when the cells reached 50% confluence, they were washed
twice with phosphate buffered saline (PBS, MilliporeSigma)
and cultured in a 5%PL/DMEM-EV-depleted medium, for
a further duration of 48 hours prior to harvesting the condi-
tioned media and MSC-EV isolation. In addition to collect-
ing the conditioned medium, the number of MSCs in the
flask was counted and an aliquot of cells was frozen as pellets
in a QIAzol lysis reagent (Qiagen, Germany) for RNA isola-
tion. To obtain MSC-EVs, the conditioned medium was cen-
trifuged at 400 × g for 5min, 2,000 × g for 20min at 4°C,
then transferred to ultracentrifuge tubes (Beckman Coulter,
USA) and centrifuged again sequentially at 10,000 × g for
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45min and at 100,000 × g for 90min at 4°C, using a 45Ti
rotor (Beckman Coulter) in a Optima XE-90 ultracentrifuge
(Beckman Coulter). The MSC-EVs pellet was washed in PBS
then resuspended in approximately 200-300μl sterile PBS
and stored at −80°C.

2.5. MSC-EV Characterization. MSC-EV characterization
was performed by electron microscopy (TEM), flow cytom-
etry, and nanoparticle tracking analysis (NTA) [41].

For TEM, 5μl of MSC-EVs was adsorbed for 30 s onto a
carbon-coated, glow-discharged grid. Excess liquid was
removed and samples were stained with 1% uranyl acetate
(Agar Scientific, UK). Excess uranyl acetate solution was
removed, and the MSC-EV-loaded grids were dried then
examined using a Hitachi HT7800 transmission electron
microscope. Digital images were collected using an Emsis
Xarosa camera with Radius software.

EV surface markers CD63, CD9, and CD81 were ana-
lyzed by flow cytometry following coating of 4μm aldehy-
de/sulfate latex beads (ThermoFisher Scientific) with 10μl
of MSC-EVs suspension. The reaction was stopped by incu-
bation with 1M glycine (MilliporeSigma), and the MSC-EV-
bead complex was washed twice with PBS then incubated
with mouse anti-human PE CD63 (clone H5C6),
PerCPCy5.5 CD9 (clone M-L13), and APC CD81 (clone
JS-81) antibodies or corresponding isotype controls (all from
BD Biosciences, USA). Following further washes, cells were
resuspended in particle-free PBS (ThermoFisher Scientific)
and data was acquired using a BD FACS Canto II cytometer
(BD Biosciences) and analyzed with FlowJo 10.0 software
(Tree Star Inc., USA).

For NTA, MSC-EV pellets were diluted with sterile
particle-free PBS and analyzed using Nanosight LM10 (Mal-
vern Panalytical Ltd, UK), as described by the manufac-
turer’s protocol. Three 60 s measurements of the particle
size and concentration were measured for each sample.
The acquired data was processed using NTA 2.3 software
(Malvern Panalytical Ltd).

2.6. ATP-Based Viability Assessment of Chondrocytes
following Coculture with MSC-EVs. The CellTiter-Glo 2.0
Luminiscent Cell Viability Assay (Promega, UK) measures
total ATP levels produced by metabolically active cells. For
this assay, EV-depleted chondrocyte media was first pre-
pared by 18-hour ultracentrifugation of DMEM/Nutrient
Mixture F-12 (DMEM:F12, ThermoFisher Scientific) con-
taining 10% FBS (DMEM:F12/10%FBS) at 100,000 x g and
optimal conditions (5 × 103 chondrocytes/well, 24-hour
treatment duration) established by seeding different cell con-
centrations and determining the ATP levels.

To determine the effect of MSC-EVs (both OA- and H-
EVs) on chondrocytes’ ATP levels, EVs from 6 × 104 MSCs
were added into 300μl of EV-depleted DMEM:F12/10%FBS
containing 1:5 × 104 chondrocytes (MSC to chondrocyte
ratio of 4 : 1 [43], and 100μl of the mix (containing 5 × 103
chondrocytes) was seeded in triplicate wells of the same 96-
well Nunclon delta plates. As a control, 5 × 103 chondrocytes
without MSC-EVs were plated in triplicate wells containing
100μl of the same EV-depleted DMEM:F12/10%FBS media.

A second dose of EVs from 6 × 104 MSCs was added on day
3, and luminescence measurements were performed on day
5. For this, 100μl of equilibrated CellTiter-Glo 2.0 reagent
was added to the wells and luminescence was measured
10min afterwards, using the Spark multimode microplate
reader (Tecan, Switzerland) and the Sparkcontrol method edi-
tor software (Tecan). In these experiments, OA-EVs and H-
EVs were from 3 and 6 MSC donors, respectively.

2.7. Three-Dimensional (3D) Pellet Coculture of MSC-EVs
and OA Chondrocytes. To characterize whether MSC-EVs
(both OA- and H-EVs) have an effect on chondrocytes’
expression of genes implicated in the extracellular matrix
(ECM) metabolism, EVs from 6 × 106 OA or control MSCs
were added to 6 × 105 chondrocytes resuspended in EV-
depleted DMEM:F12/10%FBS media (MSC-EVs to chon-
drocytes ratio 10 : 1). Afterwards, chondrocytes were sepa-
rated into 3 different tubes and centrifuged at 450 × g for
10min to create 3D pellets, for each treatment. In addition,
2 × 105 chondrocytes were pelleted in EV-depleted
DMEM:F12/10%FBS media without MSC EVs and used as
negative controls (No EVs). After 2 and 7 days, EV-
depleted media was half-changed and cell pellets were taken
for RNA isolation. In these experiments, OA-EVs and H-
EVs were from 2 different donors each, and the chondrocyte
cultures (n = 3) were not donor-matched to OA-MSCs.

Longer-term effect of OA and healthy MSC-EVs on
chondrocyte gene expression in the pellet culture was tested
using a single-donor chondrocyte culture and MSC to chon-
drocyte ratio of 4 : 1, with half-change medium every 3-4
days.

2.8. RNA Isolation from OA and Healthy MSC-EVs, Parental
MSCs, and MSC-EV-Treated Chondrocytes. For isolation of
RNA from EVs (60μl of the EVs suspension in PBS), total
Exosome RNA and Protein Isolation kit (ThermoFisher Sci-
entific) were used following the manufacturer’s instructions.
The RNA concentration from EVs was assessed using the
Bioanalyzer 2100 and the RNA 6000 pico kit (Agilent Tech-
nologies, USA).

RNA from parental MSCs (from which EVs were pro-
duced from) and from chondrocyte pellets was obtained
using the miRNeasy Mini kit (Qiagen) following the manu-
facturer’s instructions. The RNA was quantified using the
Nanodrop spectrophotometer (ThermoFisher Scientific).

2.9. miRNA Profiling from OA and Healthy MSC-EVs.
miRNA profiling was carried out using the nCounter®
Human v3.0 miRNA Expression Assay Kit (NanoString
Technologies), based on miRBase v21, from total RNA
obtained from OA-EVs and H-EVs as well as parental MSCs
(the MSCs from which the respective EVs were obtained
from). The code set incorporated 799 mature microRNAs
and included 6 positive controls, 8 negative controls, 6 liga-
tion controls, 5 mRNA housekeeping controls (ACTB, B2M,
GAPDH, RPL19 and RPLP0) and 5 spike-in controls. miRtag
ligation, miRNA CodeSet Hybridization and post-
hybridization were performed following the manufacturer’s
instructions. The resulting miRNA expression profiles were
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analyzed using the nSolver software V4 (NanoString Tech-
nologies). Samples were normalized to the geometric mean
of the Top100 miRNAs taking into account background
thresholding and positive control normalization (geometric
mean). Fold change (FC) expression differences between
groups were calculated using nSolver v2.5 (NanoString
Technologies) ratio data, based on normalized count data.
Further analysis was performed using a pipeline designed
by Newcastle University, Haematological Sciences Depart-
ment. This integrated a number of R (R project) statistical
packages in the R programming language; p values between
two groups were generated using a two-tailed t-test. Analysis
on miRNA targets was performed using mirWalk [44], mir-
Path from DIANA Tools [45], Reactome [46] and miRDIP
[47], utilizing default parameters for Human or Homo
sapiens.

2.10. Quantitative Real Time PCR. Gene expression was
assessed in 2, 7, and 21 day-cultured OA and healthy
MSC-EV-treated pellets and control chondrocyte pellets.
Total RNA was isolated and reverse transcribed with the
High-Capacity cDNA Reverse Transcription kit (Applied
Biosystems). qRT-PCR was performed using the Taqman
assays (ThermoFisher Scientific; Table 1) and Fast Advanced
Master Mix (Applied Biosystems, ThermoFisher Scientific)
in a QuantStudio 3 Real-Time PCR system (Applied Biosys-
tems). Genes for the analysis were selected based on the lit-
erature evidence of their involvement in the chondrogenesis
and chondrocyte catabolic and anabolic activity [12, 48] and
are shown in Table 1.

3. Results

3.1. EV Characterization. EVs isolated from OA-MSCs
(n = 5) showed similar basic characteristics (Figure 1) than
previously shown for control healthy MSCs [41]. Expression
of different markers of small EVs [25] in OA-EV prepara-
tions was first tested using flow cytometry (Figure 1(a)).
CD63 (95:9% ± 7:4%) and CD81 (90:1% ± 13:0%) were the
highest expressed markers followed by CD9 (66:1% ± 23:8%)
indicating presence of small EVs (Figure 1(a)). The morphol-
ogy of OA-EVs observed using TEM was a typical cup-shape
(Figure 1(b)). The concentration of particles and the size of
the EVs was measured using NTA (Figure 1(c), Table 2).
The mode of the OA-EV size ranged between 107.9-

169.8 nm (Table 2) not significantly different to H-EVs
(81.3-132.9), and consistent with the modal size previously
reported for control H-EVs [41]. The mean concentration of
particles per ml in OA-EV preparations was 1:38 × 1011 ±
2:07 × 1010 and is similar to that of the H-EVs
(1:12 × 1011 ± 8:50 × 109) (Table 2). As cell number was
counted after OA and healthy MSC-EV media collection, no
differences (p > 0:05) were found in the mean number of par-
ticles obtained per cell from either OA or control MSCs: 634
± 176 and 709 ± 447, respectively. Neither difference was
observed when comparing mean EV size between healthy
and OA-MSC-EVs (p > 0:05): 112:7 ± 23:50nm and 138:2 ±
25:68nm, respectively, but OA-EVs seemed less variable than
H-EVs (Figure 1(c)). These data indicated that OA-MSCs had
a similar capacity to produce EVs with a comparable modal
size and particle concentration as control healthy MSCs.

3.2. The Effects of OA and Healthy MSC-EVs on Chondrocyte
Viability. An ATP-based viability assessment was performed
following coculture of OA chondrocytes with OA- or H-
EVs. When comparing untreated chondrocytes with those
treated with control H-EVs, an average 6.27% increase in
chondrocyte viability was found (p value = 0.020)
(Figure 2(a)). OA-EV treated chondrocytes also showed
increased viability compared to untreated chondrocytes
(average 5.92%, p value= 0.042) (Figure 2(b)). However,
the difference in the percentage increase of viability
between OA and H-EVs failed to reach statistical signifi-
cance (p value = 0.768) (Figure 2(c)).

3.3. The Effects of OA and Healthy MSC-EVs on Chondrocyte
Gene Expression. In these experiments, pellet culture of
chondrocytes and EVs was used to facilitate EV uptake by
chondrocytes, as reported previously [49]. The media used
in these experiments did not contain any chondrogenic
inducers because the latter could ‘mask’ potentially smaller
effects by EVs. To confirm that pellet culture environment
was sufficient to induce chondrogenic gene up-regulation
in chondrocytes, and to investigate how it affected the
expression of the selected catabolic and anabolic genes, a
time-course experiment in untreated pelleted chondrocytes
from 4 donors was performed (Figure 3(a)).

As expected, gradual increases in chondrogenesis
markers SOX9, COL2 and ACAN, as well as COL1, were seen
from day 2 onwards confirming that pellet culture in the

Table 1: Taqman assays used for qPCR on MSC-EV (both OA- and H-EVs) treated chondrocytes.

Gene name Gene symbol Probe/assay ID

SRY (sex determining region Y)-box 9 SOX9 Hs00165814_m1

Collagen type II alpha 1 chain COL2A1 Hs00264051_m1

Aggrecan ACAN Hs04982230_s1

Collagen type I alpha 2 chain COL1 Hs01028969_m1

Matrix metallopeptidase 13 MMP13 Hs00942586_m1

A disintegrin and metalloproteinase with thrombospondin motifs 4 ADAMTS4 Hs00192708_m1

A disintegrin and metalloproteinase with thrombospondin motifs 5 ADAMTS5 Hs01095518_m1

Glyceraldehyde 3-phosphate dehydrogenase GAPDH Hs02758991_g1
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Figure 1: OA-MSC-EV characterization. (a) Flow cytometry of CD63, CD9, and CD81 surface markers (representative OA-EV sample).
Red and blue histograms illustrate isotype controls and stained samples, respectively. (b) Transmission Electron Microscopy showing the
cup-shape morphology of EVs (representative OA-EV sample, scale bar 200 nm). (c) Scatter plot showing size and number of
particles/cell analysis of OA and control H-EVs, assessed by nanoparticle tracking analysis.
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absence of chondrogenic inducers was sufficient to monitor
the effect of EVs on chondrogenic gene up-regulation. The
up-regulation of other transcripts (MMP13, ADAMTS4
and ADAMTS5) did not similarly continue beyond day 7
(Figure 3(a)).

An average 18% up-regulation of SOX9 transcript com-
pared to untreated chondrocytes was observed in coculture
with H-EVs and the effect was smaller (average 4% increase)
in coculture with OA-EVs however the differences failed to
reach statistical significance (Figure 3(b)). A trend for
lower-level upregulation of SOX9 by OA-EVs compared to
H-EVs, as well as of transcripts for mature cartilage ECM
proteins COL2 and ACAN was evident following longer-
term culture (Figure 3(c)). Higher COL2/COL1 ratio indicat-
ing chondrogenic lineage commitment displayed the same
trend, unlike the expression of cartilage catabolic molecules

where no specific trends were found (both short- and long-
term) (Figure 3(c)).

3.4. miRNA Profiling. Albeit not being statistically signifi-
cant, average of 1.5-fold differences in chondrocytes’ chon-
drogenesis gene expression (SOX9, COL2 and ACAN
expression at 21 days), indicated potential differences in
microRNA cargo between H-EVs and OA-EVs. microRNA
expression profiling was next performed on H-EVs and
OA-EVs (n = 4 cultures each) using NanoString technology
(n = 799 microRNA). Expression of 590 mature microRNAs
was detected across all samples after correcting for back-
ground (Supplementary Data 1). Healthy and OA-EVs
showed distinct microRNA expression profiles, as demon-
strated using unsupervised hierarchical clustering analysis
(Figure 4). There were 75 miRNAs that were significantly

Table 2: Summary of EV characteristics isolated from OA and healthy MSCs: particle size, concentration of particles, and the number of
cells from which EVs were obtained.

Sample
Particle size Concentration of particles

Particles/cell∗
Mean (nm) SD (nm) Mode (nm) Particles/ml∗ Particles/frame∗

OA-EV1 161.6 69.3 169.8 1:19 × 1011 ± 1:64 × 1010 12:1 ± 1:7 692 ± 95
OA-EV2 172.2 75.0 121.1 1:30 × 1011 ± 1:69 × 1010 13:2 ± 1:7 531 ± 69
OA-EV3 177.2 87.4 158.4 1:15 × 1011 ± 1:07 × 1010 11:7 ± 1:1 622 ± 58
OA-EV4 160.0 71.6 133.7 1:35 × 1011 ± 3:20 × 1010 13:7 ± 3:2 433 ± 103
OA-EV5 172.0 71.1 107.9 1:92 × 1011 ± 2:75 × 1010 29:2 ± 4:2 897 ± 128
H-EV1 184.1 89.4 132.9 2:36 × 1011 ± 2:53 × 1010 77:4 ± 8:1 3670 ± 393
H-EV2 152.3 67.4 110.2 7:43 × 1010 ± 4:76 × 109 61:7 ± 4:0 1265 ± 81
H-EV3 125.2 52.9 100.7 5:58 × 1010 ± 2:9 × 109 27:2 ± 1:5 1240 ± 64
H-EV4 154.8 63.6 107.9 9:41 × 1010 ± 1:11 × 1010 46:7 ± 5:7 752 ± 88
H-EV5 129.6 55.3 81.3 5:76 × 1010 ± 3:32 × 109 21:6 ± 1:4 694 ± 40
H-EV6 152.1 79.7 98.4 1:53 × 1011 ± 3:59 × 109 77:7 ± 2:2 3035 ± 71
∗Data shows mean ± SD from measurements of 3 different frames within the Nanosight.
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Figure 2: The effect of EVs on chondrocyte viability in CellTitter-Glo assay. (a) Viability of chondrocytes measured in luminescence units
when treated with H-EVs (+), compared with untreated OA chondrocytes (-). (b) Viability of chondrocytes when treated with EVs from
OA-MSCs (+), compared with untreated chondrocytes (-). (c) Percentage increase in viability above the untreated controls between H-
EVs and OA-EVs. Horizontal bars show medians, and whiskers represent min to max. ∗p value < 0.05. Paired t-test analysis.
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Figure 3: Gene expression of characteristic cartilage catabolic and anabolic genes measured in (a) untreated chondrocytes (no EVs) cultured
for 2, 7, and 21 days. Horizontal bars show medians, and whiskers represent interquartile range. (b) SOX9 expression in untreated and H-EV
or OA-EV treated chondrocytes after 2 and 7 days. Symbols represent individual donor-derived chondrocyte cultures. (c) Chondrogenic
gene expression in untreated (no EVs) and treated (H-EVs and OA-EVs) chondrocytes after 2, 7, and 21 days.
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differentially expressed between H-EVs and OA-EVs, of
which 48 retained significance after FDR correction. A total
of 47 were upregulated in healthy EVs and 1 in OA-EVs
(fold change (FC) range = −12:3 − 26:67, p value range =
0.002-0.037) (Figure 4).

The 48 DE-expressed microRNAs were predicted to tar-
get KEGG pathways [50] using mirPath [45], with key impli-
cations in chondrogenesis or stem cells, including
extracellular matrix interaction (56 genes, 36 microRNAs,
p < 0:001), N-glycan biosynthesis (30 genes, 29 microRNA,
p < 0:001), focal adhesion (133 genes, 43 microRNAs, p <
0:001) and signalling pathways regulating pluripotency of
stem cells (94 genes, 45 microRNAs, p < 0:001). Predicted
gene targets identified with ‘very high’ score class (top 1%)
via the microRNA Data Integration Portal (mirDIP) were
filtered for duplicates, resulting in 10,755 unique gene tar-
gets. Reactome pathways implicated by the target genes
included cell-cell communication (95/133 genes), transcrip-
tional regulation of pluripotent stem cells (38/45 genes),
extracellular matrix organisation (207/329 genes), transport
of small molecules (483/967 genes), and vesicle-mediated

transport (510/824 genes). miRWalk also predicted target
map to signalling pathways “regulating pluripotency of stem
cells” pathway.

In addition to microRNAs that were significantly differ-
entially expressed between OA-EVs and H-EVs, we also
assessed the top 20 most highly expressed microRNAs in
each population, as well as those that were commonly highly
expressed in both OA and H-EVs. 17 microRNA were
expressed at a high level in both populations, while miR-
6721-5p, miR-579-3p and miR-199a-5p were uniquely
highly expressed in OA-MSC-EVs, and miR-145-5p, miR-
126-3p and miR-15b-5p were uniquely highly expressed in
control healthy MSC-EVs (Table 3).

The top 5 most highly expressed microRNAs in each
population comprised over 50% of all microRNA reads
(OA − EVs = 50:2%, H − EVs = 62:0%) (Figure 5), of which
miR-4454/-7975, miR-125b-5p, and miR-21-5p were com-
monly highly expressed.

When we compared miRNAs in OA-EVs with their
parental MSCs (Supplementary Data 2), we found that they
clustered separately (Figure 6). There were 130 miRNAs that
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were significantly differentially expressed between OA-EVs
and parental OA-MSCs, of which 124 retained significance
after FDR correction (Figure 6). A total of 120 were
upregulated in healthy EVs and 4 in OA-EVs (fold change
(FC) range = −75:95 − 68:62, p value range≤ 0.001-0.049)
(Figure 4).

For KEGG pathway analysis [50], 100 miRNA with
higher FC out of the 124 DE expressed microRNAs were
analyzed using mirPath [45]. The same key implications in
chondrogenesis or stem cells were found as above, with the
exception of pathways regulating pluripotency of stem cells:
extracellular matrix receptor interaction (71 genes, 77
microRNAs, p < 0:001), N-glycan biosynthesis (44 genes,
58 microRNA, p < 0:001) and focal adhesion (177 genes,
82 microRNAs, p < 0:001). Other pathways observed were
proteoglycans in cancer (180 genes, 80 microRNAs, p <
0:001), fatty acid metabolism (42 genes, 66 mircroRNAs,
p < 0:001) or cell cycle (111 genes, 77 microRNAs, p <
0:001). Predicted gene targets with ‘very high’ score class
(top 1%) via the microRNA Data Integration Portal (mir-
DIP) were identified, resulting in 100,714 unique gene tar-
gets. Reactome pathways implicated by the target genes
included MECP2 regulated neuronal receptors and channels
(32/32), transcription factor forkhead box O (FOXO)-medi-
ated transcription (85/110 genes), TP53 regulated transcrip-
tion of genes involved in G1 cell cycle arrest (20/20),
transcriptional regulation by RUNX family transcription

factor 3 (RUNX3) (87/118 genes), extracellular matrix orga-
nization (249/329 genes), programmed cell death (170/238
genes), and vesicle-mediated transport (552/824 genes).
miRWalk predicted target map to signalling pathways
related to cartilage and osteoarthritis as “glycolysis_gluco-
neogenesis”, “fatty acid metabolism”, “glycosaminoglycan
biosynthesis”, “autopaghy”, “FOXO signaling pathway”,
“calcium signaling pathway”, “osteoclast differentiation”,
and other pathways like “endocytosis” or “cell cycle”.

Assessing the top 20 most highly expressed microRNAs,
14 microRNAs were expressed at a high level in both paren-
tal OA-MSCs and their EVs, while 6 miRNAs were uniquely
highly expressed in OA-MSC-EVs and other 6 were
uniquely highly expressed in parental MSCs (Table 4).

4. Discussion

Previous studies on EVs in OA have almost exclusively
focused on the synovial fluid (SF) EVs, which mediate
the cross-talk between the damaged cartilage and the
inflamed synovium [51, 52] and have shown their consid-
erable influence on chondrocyte catabolism, senescence,
and death [53–57]. In contrast, the cross-talk between sub-
chondral bone (SB) cells and chondrocytes in OA is com-
paratively less explored, despite the fact that SB pathology
is implicated in all stages of OA progression [13, 58, 59].
Furthermore, in previous studies of SF-resident EVs, their
tissues of origin, as well as the cells of origin, remained
unknown. In contrast, our study is uniquely focused on
the cross-talk between cartilage and SB in OA and investi-
gated EV production from a specific type of SB cells, SB
MSCs, which are directly implicated in SB OA pathology
and cartilage destruction “from below” [60–62]. Although
SB MSCs from healthy amputees would be a better control
than the MSCs from bone marrow used in this work,
these samples are difficult to access while MSCs from
amputated knees from diabetics could carry underlying
negative effects such as described previously [63–65].

In this work, when comparing EV size and yields (par-
ticle/cell) released from OA and control healthy MSCs, no
differences were found, similar to results previously
described for healthy and OA-EVs from SF [55, 57].
Previous works on SF-EVs have presented slightly lower
EV sizes [53–55], which could be explained by different
methods used for EV isolation in these studies: using
ultracentrifugation combined with precipitation [54, 55]
or using immunoaffinity [53]. EVs obtained from ultracen-
trifugation alone, as was in our study, are known to be less
purified due to the overlap in sizes between EVs and
microvesicles [25], however ultracentrifugation is less
harmful for EVs [66].

One of the principal aims of this study was to identify
specific sets of miRNAs in the OA-EVs derived from SB-
MSCs. Depending on the cell of origin, EVs (including exo-
somes) can contain many constituents of a cell including
DNA, RNA, lipids, metabolites, and cytosolic and cell- sur-
face proteins [67]. We have identified several miRNAs that
in our experimental conditions were packaged into their
EVs and may be characteristic of OA-EVs from these cells.

Table 3: microRNAs highly expressed in OA-EVs and control H-
EVs.

Names Total microRNAs

Shared OA-EVs
& H-EVs

17

hsa-miR-142-3p

hsa-miR-199a-3p + hsa-miR-199b-3p

hsa-miR-4286

hsa-let-7a-5p

hsa-miR-16-5p

hsa-miR-21-5p

hsa-miR-29a-3p

hsa-miR-29b-3p

hsa-let-7i-5p

hsa-miR-4454+ hsa-miR-7975

hsa-miR-630

hsa-let-7b-5p

hsa-miR-221-3p

hsa-miR-23a-3p

hsa-miR-100-5p

hsa-miR-125b-5p

hsa-miR-223-3p

OA-EVs 3

hsa-miR-6721-5p

hsa-miR-579-3p

hsa-miR-199a-5p

H-EVs 3

hsa-miR-145-5p

hsa-miR-126-3p

hsa-miR-15b-5p
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% Reads OA-EV

23.0% hsa-miR-4454/-7975
12.1% hsa-miR-579-3p
8.7% hsa-miR-125b-5p
3.3% hsa-miR-199a-3p/-199b-3p
3.1% miR-21-5p

49.2% hsa-miR-4454/-7975
4.9% hsa-miR-125b-5p
3.0% hsa-let-7a-5p
2.5% hsa-miR-4286
2.40% miR-21-5p

Total = 100%

% Reads H-EV

Total = 100%

Figure 5: OA-EV and H-EV miRNA profiling analysis. Diagrams showing the percentages of reads from the top 5 most highly expressed
miRNAs. H-EVs: EVs from control healthy MSCs; OA-EVs: EVs from OA-MSCs.
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Many previous studies compared miRNA expression in
MSC-EVs and their parental MSCs [68–72], but these stud-
ies were all focused on healthy MSCs. Our study has identi-
fied 14 miRNAs that were highly expressed in both OA-
MSC-EVs and their parental SB MSCs. These included
miR-125b, which has been previously shown to regulate
the expression of matrix-degrading enzymes in human
chondrocytes [73–75] as well as regulate MSC osteogenesis
[76], and miR-199a involved in repression of chondrogene-
sis [77], regulation of chondrocyte ageing and cartilage
metabolism [78], and highly expressed in OA SF EVs [57].
Previous studies including ours [18, 61, 79] have described
gene expression profiles of OA SB MSCs as predisposed
towards bone formation and cartilage extracellular matrix
regulation. The current study complements these findings
by showing that highly expressed miRNA in these MSCs,
including those packaged in their EVs, may be regulating
cartilage homeostasis in OA. Although further functional
analysis would be necessary to confirm that these miRNAs
contained in the EVs may produce this chondrogenic effect.

Furthermore, the present study has identified four miR-
NAs that are higher-expressed in OA-MSC-EVs compared
to parental MSCs and may be involved in regulating the via-
bility and the metabolic status of OA chondrocytes. Of a

particular interest are miR-142-3p previously shown to be
selectively packaged into EVs [80] and miR-223-3p that
have been both shown to inhibit cell apoptosis and inflam-
mation in OA chondrocytes [81, 82], as well as miR-630 that
has been earlier documented to regulate chondrogenic line-
age commitment [83]. In our previous work we have used
qPCR and validated the enrichment of miR-142-3p and
miR-223-3p in H-EVs coming from MSCs [41]. The role
of miR-630 and other miRNAs has not yet been explored
in OA and is awaiting further validation.

Pathway analysis has indicated that OA-EVs and/or OA-
MSCs expresses miRNAs implicated in chondrogenesis,
stem cells, or other pathways related to cartilage and OA.
Interestingly, “fatty acid metabolism” points out to the
already known role of fatty acids in OA [84]. Also, FOXO
transcription factors have been described as chondroprotec-
tors and regulating autophagy and inflammation [85]. Alto-
gether, these data suggest that despite their altered gene
expression and predisposition to osteogenesis in OA, SB
MSCs produce miRNAs and release EVs that contain miR-
NAs involved in positive regulation of chondrocyte viability
and differentiation.

MSC-EVs from various human tissues including bone
marrow (BM) and adipose tissue are beginning to be used
as a therapy for OA [52, 86]. In this context, it was interest-
ing to compare the miRNA cargo of OA-EVs with H-EVs
obtained from BM aspirates from healthy individuals.
Amongst top highly expressed miRNAs, 17 were shared in
both types of EVs (Table 3), 13 of which were also abundant
in OA-MSCs (Table 4). Common abundant miRNAs
included miR-16-5p previously used as an endogenous refer-
ence gene for the normalization of urinary exosomal miRNA
expression [87], and some let family members previously
described amongst the top 10 most abundant miRNAs in
humans’ samples [88, 89]. Common miRNAs between
OA-EVs and H-EVs that were not present in OA-MSCs
included previously noted miR-142-3p and miR-630 [86]
that have been described as “cartilage-protective.” Also
miR-29a-3p was described as protective for cartilage [86].
Healthy EVs higher-expressed miR-145-5p (uniquely highly
expressed in H-EVs compared to OA-EVs) described as
having a dual role in OA [90], while OA-EVs higher-
expressed hsa-miR-199a-5p involved in chondrogenesis
regulation and bone formation [91], as well as highly
expressed in OA SF EVs [57] and in plasma of early OA
patients [92]. Our in vitro data have revealed that both
H-EVs and OA-EVs marginally but significantly improved
the viability of OA chondrocytes, with no difference to each
other, which could be a result of consorted activity of mul-
tiple miRNAs.

Recent in vitro studies on MSC-EVs in OA have used
inflammatory stimulation of chondrocytes before cocultur-
ing with H-EVs [93–96], and they obtained a reduction in
the expression of chondrocyte inflammatory markers. It
could be possible that this stimulation made the EV-
effect on chondrocytes stronger than observed in our
study. In our study, we aimed to reflect more closely the
in vivo conditions of chondrocytes based on our previous
findings that OA chondrocytes grown in the same

Table 4: microRNAs highly expressed in OA-MSCs and OA-EVs.

Names Total microRNAs

Shared OA-EVs
& OA-MSCs

14

hsa-miR-199a-3p+ hsa-miR-199b-3p

hsa-let-7a-5p

hsa-miR-16-5p

hsa-miR-21-5p

hsa-miR-29a-3p

hsa-miR-29b-3p

hsa-let-7i-5p

hsa-miR-4454+ hsa-miR-7975

hsa-let-7b-5p

hsa-miR-221-3p

hsa-miR-199a-5p

hsa-miR-23a-3p

hsa-miR-100-5p

hsa-miR-125b-5p

OA-EVs 6

hsa-miR-142-3p

hsa-miR-4286

hsa-miR-6721-5p

hsa-miR-630

hsa-miR-579-3p

hsa-miR-223-3p

OA-MSCs 6

hsa-miR-199b-5p

hsa-miR-15a-5p

hsa-let-7c-5p

hsa-miR-99a-5p

hsa-miR-15b-5p

hsa-let7g-5p
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conditions already present the signs of inflammation, evi-
dent by high-level expression of matrix-degrading enzymes
and pro-inflammatory cytokines [18].

Even though our data on MSC-EV (both OA- and H-
EVs) effects on chondrocyte gene expression are limited,
they point towards a worse induction of chondrogenic gene
expression by OA-EVs compared to H-EVs. The lack of sta-
tistical significance could be explained by donor-to-donor
variation in both chondrocytes and EVs preparations that
we have used. To minimise donor effects and generate larger
EV batches for use in multiple experiments, future studies
could utilise EVs [54] or chondrocytes [49] which are pooled
from several donors.

Smaller than expected effects of EVs on chondrocyte
gene expression could be also explained by the 3D assay con-
ditions we used. Mortati and colleagues [49] added MSC-
EVs to 4-week cultured-chondrocyte pellets and showed that
EVs could diffuse into the matrix. Differently from their
study, we mixed the EVs with the chondrocytes before the
3D pellet formation as investigated their effect at different
time points of chondrogenesis. Also, no chondrogenic
inducers such as TGFβ1 [49] were added to the media in
our study because these strong inducers could “mask” or
conflict with potentially smaller effects from MSC-EVs. In
support of our assay design, previous studies have docu-
mented the presence of TGFβ1 in MSC-EVs [97], which
could explain long-term, enhanced chondrogenic gene
expression with the addition of H-EVs in our experiments.
While some studies report on MSC-EV enhancement of
chondrocyte collagen II expression in 2D formats [94], 3D
pellets [48], cells encapsulated in cartilage-mimicking
hydrogels [49] are likely to provide conditions more repre-
sentative to EV traffic in vivo. Specific to OA osteochondral
pathology, such constructs should take into the account
intercellular distances between SB MSCs and chondrocytes,
which can be established from histological studies [6, 18],
as well as a known heterogeneity of chondrocyte subpopula-
tions in OA [98, 99], which is difficult to re-capitulate in
in vitro systems.

In summary, OA-EVs were capable to enhance the via-
bility of OA chondrocytes; also, the expression of chondro-
genic genes was enhanced in the chondrocytes by the EVs
from OA-MSCs. However, both effects were less evident
than the ones shown for H-EVs. This variation could be par-
tially explained by the differential expression of miRNAs
found in the cargo of H-EVs and OA-EVs.

5. Conclusions

The present study reports on the production, characteriza-
tion and miRNA profile of EVs from SB MSCs in OA. For
the first time, it shows that SB MSCs in OA are capable of
producing EVs that support chondrocyte viability and chon-
drogenic gene expression, although future studies would be
needed to confirm it using functional assays for chondrogen-
esis. This supports the notion that modulation of SB MSCs
represents a valid strategy for endogenous cartilage regener-
ation in OA. This may be achieved via enhancement of their
trophic activity and EV production in addition to triggering

their chondrogenic differentiation, thus representing a new
potential tool for cartilage regeneration.
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Supplementary Materials

Supplementary 1. Supplementary Figure 1: characterization
of MSCs from subchondral bone (SB) of OA patients (OA-
MSCs). (A) Trilineage differentiation of OA-MSCs following
induction and staining with Oil Red O (day 21), Alkaline
phosphatase (day 14) and Toluidine Blue (day 21), for adi-
pogenesis, osteogenesis and chondrogenesis, respectively.
(B) Phenotypic profile of OA-MSCs showing the % expres-
sion of CD73, CD90, CD105, hematopoietic-lineage markers
(CD45, CD34, CD19, CD14) and HLA-DR measured by
flow cytometry. Original magnification x200 for adipo- and
osteo- genesis and x40 for chondrogenesis.

Supplementary 2. Supplementary Figure 2: characterization
of MSCs from healthy controls (H-MSCs). (A) Trilineage
differentiation of H-MSCs following induction and staining
with Oil Red O (day 21), Alkaline phosphatase/Von Kossa
(day 14) and Alcian Blue (day 21) for adipogenesis,
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osteogenesis and chondrogenesis, respectively. (B) Pheno-
typic profile of H-MSCs showing the % expression of
CD73, CD90, CD105, hematopoietic-lineage markers
(CD45, CD34, CD19, CD14) and HLA-DR measured by
flow cytometry. Scale bar 200μm for adipo- and osteo- gen-
esis and 500μm for chondrogenesis.

Supplementary 3. Supplementary Data 1: analysis of miR-
NAs in OA-EVs compared with H-EVs, showing the differ-
ential expression, with and without FDR correction, fold
change (FC) and p value.

Supplementary 4. Supplementary Data 2: analysis of miR-
NAs in OA-EVs compared with their parental MSCs,
showing the differential expression, with and without FDR
correction, fold change (FC) and p value.
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Several tissue engineering stem cell-based procedures improve hyaline cartilage repair. In this work, the chondrogenic potential of
dental pulp stem cell (DPSC) organoids or microtissues was studied. After several weeks of culture in proliferation or
chondrogenic differentiation media, synthesis of aggrecan and type II and I collagen was immunodetected, and SOX9, ACAN,
COL2A1, and COL1A1 gene expression was analysed by real-time RT-PCR. Whereas microtissues cultured in proliferation
medium showed the synthesis of aggrecan and type II and I collagen at the 6th week of culture, samples cultured in
chondrogenic differentiation medium showed an earlier and important increase in the synthesis of these macromolecules after
4 weeks. Gene expression analysis showed a significant increase of COL2A1 after 3 days of culture in chondrogenic
differentiation medium, while COL1A1 was highly expressed after 14 days. Cell-cell proximity promotes the chondrogenic
differentiation of DPSCs and important synthesis of hyaline chondral macromolecules.

1. Introduction

Nowadays, the incidence of articular pathologies is dramati-
cally rising. Factors such as advanced age of the population,
illnesses, lifestyle, or trauma can lead to damage on the artic-
ular cartilaginous tissue [1]. Hyaline cartilage extracellular
matrix (ECM) is a highly hydrated and gelatinous one, due
to the glycosaminoglycan (GAG) component, mainly aggre-
can, and the glycoproteins content [2, 3]. In this tissue, type
II collagen is the most characteristic fibrous component of
the ECM [4]. In addition, articular cartilage has a low regen-
erative capability due to its physiological characteristics, the
absence of vascularization, perichondrium or MSC, and the
limited proliferative capability of mature chondrocytes [5].
Thus, the response of joint cartilage to damage is usually
the formation of a fibrous scar composed of type I collagen
and fibroblast-type cells [6]. This low capability of autono-

mous regeneration has put cartilage in the spotlight of bio-
medical research, being currently one of the goals to be
achieved [3, 7, 8]. In larger lesions, the mosaicplasty tech-
nique can be performed [9], but joint arthroscopic surgery
is required for this procedure, since it is used in lesions
larger than 2 cm2. Furthermore, cartilage cylindrical grafts
have to be harvested from a healthy cartilage from a non-
weight bearing area. The results obtained are favourable in
some cases, with optimal chondral regeneration [9]. How-
ever, although classic therapies or surgical treatments (such
as mosaicplasty) have been developed with acceptable results
in the short term, they have frequently shown fibrocartilage
formation in the repaired damage in the long term, and for
this reason, they are applied only in a limited number of
patients [10, 11].

Tissue engineering (TE) focuses on developing substi-
tutes that help to repair tissue injuries, attempting to achieve
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optimal physiological and mechanical properties similar to
the native tissue [1]. For articular cartilage lesions, this new
interdisciplinary science is based on the use of cells, bioma-
terials, and stimulants such as growth factors [12–16].
Examples of the most popular techniques in which the use
of cells is fundamental are Autologous Chondrocyte Implan-
tation (ACI) and Matrix-induced Autologous Chondrocyte
Implantation (MACI) techniques [17–20]. However, it has
been shown that the use of chondrocytes entails problems
associated with the isolation and proliferation procedures
and the cellular dedifferentiation [21, 22].

The use of mesenchymal stem cells (MSCs), instead of
chondrocytes, is an alternative for TE procedures [21,
23–25]. The plasticity and differentiation potential of these
cells has been demonstrated using differentiation techniques
[5, 26–31] and also their high proliferation capability when
compared to chondrocytes [32–34]. Dental pulp stem cells
(DPSCs) have become one of the most common stem cells
used in several studies [25, 35], because of their easy accessi-
bility, plasticity, high proliferative ability, and their multiple
differentiation capability (chondrogenic, odontogenic, and
neurogenic, among others) compared with other MSCs from
bone marrow or adipose tissue origin [36–38]. The use of
DPSCs in cartilage tissue repair has been reported by several
authors (for a review, see [39]). Furthermore, DPSCs are
good candidates for developing allogenic histocompatible
cell biobanks for research and future clinical applications
due to their aforementioned characteristics and immuno-
modulatory properties [40, 41]. In addition, the use of
growth factors (such as IGF, FGF, or TFGβ [42–45]) as well
as physical and environmental conditions [46] can help to

improve cellular differentiation. In fact, TGF-β1 has an impor-
tant role in chondrogenic differentiation [29, 47]. Most
researchers have chosen chondrogenic in vitro predifferentia-
tion of MSCs, as DPSCs, with positive results [47–49]. Despite
the extended use of biomaterials [29, 50–53], some researchers
have demonstrated that pelleted cell cultures enhance chondro-
genic differentiation of MSCs better than hydrogel cultures
[54–56]. On the one hand, hydrogels are used to repair dam-
aged cartilage [57–62] and can provide cell-matrix interactions
and better mechanical support [52, 63]. However, the hydrogel
matrix that encloses cells can affect the formation of cell-to-cell
contacts, which in turn can influence cell differentiation [64,
65]. On the other hand, scaffold-free cellular organoids also
show similar morphology to native cartilage [63]. The main
inconvenience of pelleted cell cultures, or microtissues, is the
need of a high cellular density per pellet but is tackled by using
MSCs due to their high proliferation capacity [32–34]. For this
reason, scaffold-free cell-based therapy could be a new treat-
ment for cartilage repair and regeneration [64–66].

We hypothesize that a 3D arrangement of human DPSCs
favours their chondrogenic differentiation. Thus, the aim of
this work was to study the capability of human DPSCs cul-
tured in microtissues or cellular organoids to develop a chon-
drogenic phenotype. To assess cellular differentiation, cell
morphology and the expression of characteristic chondral
macromolecules and genes were analysed in those cultures.

2. Material and Methods

2.1. Cell Culture. Human dental pulp stem cells (hDPSCs;
Lonza, Switzerland) on passage 4 were seeded on culture

(a) (b)

(c) (d)

Figure 1: Process of the cell microtissues elaboration in 3% agarose wells. (a) 3% agarose hydrogel after 48h at 4°C; (b) elaboration of wells in
agarose hydrogel; (c) cellular seeding in agarose wells; and (d) completely formed microtissues after 72h of cell culture. Scale bars—A: 12mm;
B-D: 3mm.
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flasks with proliferation medium containing alpha minimum
essential media (αMEM; Gibco, USA) supplemented with
10% foetal bovine serum (Gibco), 1% L-glutamine (Gibco),
and 1% penicillin/streptomycin (Gibco) and cultured in a
humidified atmosphere incubator at 37°C and 5% CO2. Cul-
ture media were changed every 2-3 days. Cells were detached
from the flask with a 0.25% (w/v) trypsin-0.91mM EDTA
solution (Gibco) and cultured at a density of 6 × 105 cells/sam-
ple as shown below. Culture media of half of the samples were
changed for chondrogenic differentiation media (Lonza) sup-
plemented with 5% FBS, 0.2% R3-insulin-like growth factor-1
(R3-IGF-1), 0.5% transforming growth factor beta 1 (TGFβ1),
0.2% transferrin, 0.2% insulin, 0.1% gentamicin/amphoteri-
cin-B (GA), and 70mM ascorbic acid.

2.2. Agarose Hydrogel Preparation, Cytotoxicity Assay, and
Microtissue Formation. Hydrogels of 3% type IX-A agarose
were prepared as previously described [67], with minor
modifications, and allowed to solidify for 48 h
(Figure 1(a)). Cytotoxicity of the agarose hydrogel was tested
using the MTS assay (CellTiter 96 Aqueous One Solution
Cell Proliferation Assay, Promega, Spain). Cell culture
medium was conditioned as follows: proliferation medium
without phenol red was added to 3% agarose hydrogel at a
1 : 2 v/v ratio and incubated for 1, 3, and 7 days at 37°C
and 5% CO2. hDPSCs were seeded in 96-well plates at a den-
sity of 104 cells/well. After 24 h of cell culture, the medium
was removed and conditioned media were added. Latex-
conditioned medium was used as a positive cytotoxic con-
trol, and nonconditioned medium was used as a negative
control. After 24 h of cell culture, the MTS assay was carried
out following the manufacturer’s indications.

Wells of 4mm-diameter and 5mm-deep were created in
3% agarose hydrogel blocks using a laboratory spoon
(Figure 1(b)). Then, 6 × 105 cells were resuspended in
10μL proliferation culture medium and added to each well
created in the agarose (Figure 1(c)); the agarose block was
placed in the cell incubator, and the microtissues were
allowed to form for 72 h (Figure 1(d)). This was considered
the initial, control time (t = 0). Samples were cultured in
proliferation or chondrogenic differentiation media for 3,
14, 28, and 42 days. The corresponding cell culture medium
was changed every 2-3 days.

2.3. Histological Studies. Cell morphology and chondral
components content were evaluated following standard his-
tological procedures. Briefly, samples were rinsed twice with
PBS and fixed with 4% buffered formaldehyde at 4°C for
20min. Samples were rinsed twice again with PBS and

embedded in paraffin (following standard protocols), and
3μm thick sections were obtained, which were stained with
haematoxylin and eosin (H-E) solutions. Stained sections
were analysed under an optical microscope (DM 4000B;
Leica Biosystems, Germany) and photographed using the
Leica DFC 420 camera. Cell density was analysed on stained
samples by cellular counting of 10 randomized fields
throughout the section, using Image-Pro Plus 6.0 software.

Aggrecan and type I and II collagen content were evalu-
ated by immunofluorescence as previously described [25].
Microtissue sections were deparaffined and rehydrated
through graded ethanol and rinsed with PBS, and immuno-
fluorescence was carried out. Specific mouse IgG anti-
human antibodies (sc-166951, aggrecan, Santa Cruz Bio-
technology, dilution 1 : 200; C2456, type I collagen, Sigma,
dilution 1 : 100; and CP18, type II collagen, Millipore, dilu-
tion 1 : 500) and secondary anti-mouse-IgG FITC-
conjugated antibody (F2883, Sigma, dilution 1 : 200) were
used. Some samples were incubated only with the secondary
anti-mouse-IgG antibody as control. For nuclei and actin fil-
ament staining, samples were incubated with 300nM DAPI
(Sigma) and rhodamine-phalloidin (1 : 200 in PBS) (Invitro-
gen, USA), respectively, for 2 h at RT. Samples were analysed
under a fluorescence microscope (DM 4000B; Leica Biosys-
tems) and photographed using the Leica DFC 340FX
camera.

Table 1: Gene marker primers.

Gene ID reference Function

SOX9 Hs00165814_m1 Chondrogenic transcription factor

ACAN Hs00153936_m1 Hyaline cartilage-related ECM component

COL2A1 Hs00264051_m1 Hyaline cartilage-related ECM component

COL1A1 Hs00164004_m1 Fibrous cartilage-related ECM component

GAPDH Hs99999905_m1 Housekeeping gene
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Figure 2: Cell viability assay results. hDPSCs were cultured with
media conditioned for 1, 3, and 7 days with 3% agarose hydrogel.
Nonconditioned medium and latex-conditioned medium were
used as negative and positive cytotoxicity controls, respectively.
MTS assay was carried out as described in Material and Methods,
and bars show the mean ± SD. ∗p < 0:001 compared to negative
control.
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2.4. Gene Expression Analysis. Finally, the expression of
chondrogenic-related genes in chondrogenic-induced
hDPSCs microtissues was evaluated by real-time RT-PCR,
as follows. On the one hand, SOX9, ACAN, and COL2A1
are characteristic genes associated with chondrogenesis; on
the other hand, COL1A1 is related to fibrous tissues. After
microtissue formation, culture medium was replaced by
chondrogenic differentiation medium, and samples were
cultured for different times: 1, 6,and 24h and 3, 7, and 14
days. Culture medium was changed every 2-3 days. Then,
RNA was isolated using Trizol LS reagent (Ambion, Life
Technologies, USA), and RNA was converted to cDNA by
reverse transcription PCR using High-Capability cDNA
Reverse Transcription Kit (Applied Biosystems, USA).
Finally, real-time PCR was performed using primers for
the previously mentioned genes and GAPDH as housekeep-
ing gene (Taqman, Applied Biosystems) as shown in Table 1.
Relative gene expressions were normalized to GAPDH
expression, and the fold change was presented using the
ΔΔCT method by comparing to control samples at initial
time (without chondrogenic differentiation induction).

2.5. Data Presentation and Statistical Analysis. The results
shown correspond to two independent experiments, and in
each of them, experimental samples were replicated 3 times.
The histological study was performed in a double-blinded
manner, and the figures presented are representative images.

For statistical analysis, Tukey’s test one-way ANOVA
was performed to find differences between samples at differ-
ent timepoints, with p value significance threshold of ≤0.05.

3. Results

3.1. Agarose Hydrogel Cytotoxicity. Cell viability of hDPSCs
cultured with media conditioned for 1, 3, or 7 days with

3% agarose hydrogels was maximum with no statistically
significant differences from that of the negative control,
whereas cell viability of hDPSCs cultured with latex-
conditioned media (cytotoxicity-positive control) was signif-
icantly low, as expected (Figure 2).

3.2. H-E Staining. After 2-week culture, no morphological
differences were observed between microtissues cultured
with either proliferation or chondrogenic differentiation
media (Figures 3(a) and 3(d)), showing cells tightly packed
and homogeneously distributed throughout the cellular
organoid without spaces between cells. At this time, cells
showed a polygonal morphology with an eosinophilic cyto-
plasm and a round or elliptic basophilic nucleus with dense
chromatin. Differences were observed at 4 and 6 weeks of
cell culture, when samples cultured with proliferating
medium showed the presence of a single layer of cells at
the organoid periphery, whereas large areas of ECM and a
lower density of cells were observed in the center of the orga-
noid (Figures 3(b) and 3(c)). On the contrary, the samples
cultured with chondrogenic differentiation medium for 4
and 6 weeks did not show differences from those cultured
for 2 weeks with this same medium, and the cells were
tightly packed and homogeneously distributed throughout
the microtissue, with scarce ECM between them
(Figures 3(e) and 3(f)).

3.3. Cell Density Quantification. Table 2 shows the cellular
density of hDPSC microtissues. At the beginning of the cell
culture (t = 0), samples showed a density of 9,400 cells/mm2.
After 3-day culture with proliferation and chondrogenic dif-
ferentiation media, 12,800 and 12,200 cells/mm2 were
counted, respectively, with no significant differences
between both conditions. In 2-week microtissues cultured
with proliferation medium, a slight increase to 13,000

2 weeks

(a) (b) (c)

(d) (e) (f)

4 weeks 6 weeks

Figure 3: H-E staining images of hDPSC microtissue cultures after (a, d) 2 weeks, (b, e) 4 weeks, and (c, f) 6 weeks. Culture media used were
(a–c) proliferation and (d–f) chondrogenic differentiation. Scale bar = 50μm.
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cells/mm2 was observed, while in the samples with differen-
tiation medium 10,500 cells/mm2 were counted. No statisti-
cally significant differences were observed between both
conditions. After 4-week culture, proliferation samples
decreased to 2,500 cells/mm2. On the contrary, chondro-
genic differentiation microtissues reached values of 11,600
cells/mm2, a cell density significantly different when com-
pared to that of the proliferation samples. Finally, samples
maintained for 6 weeks in proliferation culture medium
showed cell density values of 4,600 cells/mm2, while differ-
entiation samples reached a cell density of 12,100 cells/mm2.
Significant differences were observed between both condi-
tions. Microtissues cultured in chondrogenic differentiation
media did not show significant differences in the number
of cells throughout the time of culture.

3.4. Immunodetection. Initial time (t = 0) and 3-day samples
showed a compact formation of the microtissues as previ-
ously described. In these cases, samples did not show aggre-
can or type II and I collagens synthesis with either
proliferation or chondrogenic differentiation culture media
(data not shown).

Cells cultured with proliferation medium did not show
the presence of aggrecan until the 4th week of culture, when
small, scattered regions were labelled (Figures 4(a) and 4(e)).
This labelling increased at the 6th week of culture, but inter-
estingly, it showed different intensity at the different zones of
the microtissue, since it was mainly located at the central
zone of the organoid (Figure 4(i)). Synthesis of type II colla-
gen was first observed at the 4th week in the external zone of
microtissue, right under the layer of peripheral cells, and it

Table 2: Cell density (cells/mm2) of hDPSC microtissues cultured with proliferation or chondrogenic differentiation media for 3 days and 2,
4, and 6 weeks. Samples at initial time (t = 0; cell density: 9,400 ± 600) were taken as control. Values shown (mean ± SD) are ×103. Statistical
significance at p ≤ 0:05 with respect to control (∗) and to samples cultured with proliferation medium for the same period of time (#).

3 days 2 weeks 4 weeks 6 weeks

Proliferation 12:8 ± 0:4∗ 13:0 ± 1:3∗ 2:5 ± 0:4∗ 4:6 ± 0:8∗

Chondrogenic differentiation 12:2 ± 0:7 ∗ 10:5 ± 0:1∗ 11:6 ± 0:6∗,# 12:1 ± 1:3∗,#

Aggrecan

(a) (b) (c) (d)

(e) (f) (g) (h)

(i) (j) (k) (l)

Type II collagen Type I collagen Control

Figure 4: Immunofluorescence microphotographs of hDPSCs microtissue-cultures with proliferation medium for (a–d) 2 weeks, (e–h) 4
weeks, and (i–l) 6 weeks. Control samples were incubated only with the secondary antibody. Cellular nuclei are observed in blue, and the
presence of the different specific macromolecules was analysed in green. To facilitate the visualization of the fluorescence signal, green
channel parameters of some images were modified by PhotoShop: (e, g) saturation + 100% and luminosity + 50% and (f) saturation + 100
% and luminosity + 25%. Scale bar = 25μm.
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increased in the 6-week culture, when it was homogeneously
distributed throughout the organoid (Figures 4(b), 4(f) and
4(j)). Finally, as regards to type I collagen, small areas adja-
cent to the cell nuclei were labelled at 4-week of culture,
while at 6 weeks it was distributed throughout the microtis-
sue (Figures 4(c), 4(g) and 4(k)).

In the case of chondrogenic differentiation cell cultures,
in all microtissues, there was a homogeneous distribution
of the cells throughout the organoids, as mentioned above.
As expected, aggrecan synthesis was observed earlier than
in those cells cultured in proliferation medium, since it was
detected from the 2nd week, increased over time, and became
abundant at 6 weeks (Figures 5(a), 5(e) and 5(j)). The pres-
ence of type II collagen was observed at 4-week cell culture,
increasing throughout the 6 weeks of the microtissue culture
(Figures 5(b), 5(f) and 5(j)). Finally, type I collagen labelling
was also slightly observed at 2-week culture, especially
around cell nuclei (suggesting intracellular location), and
increased mildly its synthesis at 4 and 6 weeks
(Figures 5(c), 5(g) and 5(k)).

3.5. Gene Expression Analysis. Histological results showed a
lower cell density and a peripheral cell distribution in micro-
tissues cultured in proliferation medium. Furthermore, as
expected, chondral components were increased in microtis-
sues cultured with differentiation rather than with prolifera-
tion media. Thus, the former microtissues were chosen for

further analysis of the gene expression. Since gene expres-
sion occurs earlier than protein synthesis, short periods of
culture were included in this study. The analysis of the
expression of gene markers was studied in microtissues cul-
tured for short periods (1, 6, and 24 h) and longer periods (3,
7, and 14 days) with chondrogenic differentiation medium.
Significant differences on COL2A1 and COL1A1 gene
markers were observed. COL2A1 gene expression showed a
10-fold increase with respect to control on the third day of
culture (Figure 6(c)). This increase was close to a 30-fold
change after 7 days of culture and over a 70-fold change after
14 days. Besides, COL1A1 gene expression showed a 2-fold
increase after 14 days of chondrogenic differentiation culture
(Figure 6(d)). No significant differences were observed for
SOX9 and ACAN gene expressions throughout the time of
culture studied (Figures 6(a) and 6(b)).

4. Discussion

Since cartilage has a low regenerative capability [7, 8], a high
number of therapies have emerged to solve chondral pathol-
ogies. These therapies have achieved acceptable results, but
mainly result in the formation of fibrocartilage [10]. For this
reason, tissue engineering approaches do not focus on
repairing but on regenerating these injuries [1]. Different
types of cells have been studied over the years, and
researchers have demonstrated that MSCs [27, 28], such as

(a) (b) (c) (d)

(e) (f) (g) (h)

(i) (j) (k) (l)

Type II collagenAggrecan Type I collagen Control

Figure 5: Immunofluorescence microphotographs of hDPSC microtissue cultures with chondrogenic differentiation medium for (a–d) 2
weeks, (e–h) 4 weeks, and (i–l) 6 weeks. Control samples were incubated only with the secondary antibody. Cellular nuclei are observed
in blue, and the presence of the different specific macromolecules was analysed in green. To facilitate the visualization of the fluorescence
signal, green channel parameters of some images were modified by PhotoShop: (a, c) saturation + 100% and luminosity + 50% and (e–g)
saturation + 100% and luminosity + 25%. Scale bar = 25μm.
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DPSCs and ADSCs, among others, can differentiate to the
chondrogenic lineage [36]. Moreover, 3D environments
such as PLA scaffolds or hydrogels have been used to culture
cells in them, improving cell differentiation and showing
good results considering the synthesis of proteins character-
istic of the chondral extracellular matrix [50, 51]. Finally, it
is known that growth factors can promote an earlier chon-
drogenic differentiation of cells in culture [47].

In this work, hDPSC microtissues were generated and
kept in 3% agarose wells. The results obtained using cell cul-
ture media conditioned with agarose hydrogel demonstrated
that this hydrogel was not cytotoxic, as described by others
[68, 69]. The microtissues formed were cultured for several
weeks, with either proliferation or chondrogenic differentia-
tion media. After that, the content of aggrecan and type II
and I collagens was analysed, and the different culture con-
ditions were compared to study the chondrogenic differenti-
ation potential of this type of mesenchymal stem cell.

We observed that cells forming microtissues synthesized
and secreted aggrecan and type II collagen and, to a lesser
extent type I collagen, either in the presence of proliferation
medium or chondrogenic differentiation medium, in the lat-
ter at shorter times of cell culture. These results agree with
those of Mahboudi et al., where significant deposition of
aggrecan and increased COL2A1 gene expression were
detected in pelleted cultures of induced pluripotent stem
cells (iPSCs) [70]. Therefore, cell-cell proximity, occurring

in these microtissues, induced the production of macromol-
ecules of the extracellular chondral matrix, obtaining better
results than in studies where cells were cultured in a
hydrogel-scaffold matrix [52, 65, 66, 71].

HE staining and cell number quantification showed dif-
ferences in both cell density and distribution when compar-
ing microtissues cultured with proliferation or
differentiation media for several weeks. In the former,
microtissue cell density was lower and cell was distributed
mainly on the surface, while in the latter cell distribution
was homogenous across the microtissue volume. It is tenta-
tive to consider that the different ECM composition, as
deduced from the HE staining and immunofluorescence
results, interferes or makes the growth of the cells in the cen-
tral zone of microtissues cultured with proliferation medium
more difficult. Considering these results, we decided to study
the expression of selected genes in microtissues cultured in
differentiation medium. We observed that the expression
of COL2A1 exhibited an early induction when hDPSC
microtissues were exposed to chondrogenic differentiation
medium, which agrees with the results of Zhang et al., which
demonstrated the chondrogenic potential of MSC microtis-
sues exposed to a chondrogenic inducing medium [54].

It has been demonstrated that a 3D cell niche is impor-
tant to improve chondrogenic differentiation of MSCs, as
DPSCs [72], and many research studies have focused on
developing and optimising 3D architectures for that purpose.
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Figure 6: Relative expression of (a) SOX9, (b) ACAN, (c) COL2A1, and (d) COL1A1 genes after 1, 6, and 24 h and 3, 7, and 14 days of
chondrogenic differentiation medium culture of hDPSC microtissues. Gene expression was normalized to GAPDH expression and
compared to control samples (t = 0). Mean ± SD are shown. Statistical significance at ∗p ≤ 0:05 with respect to control.
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Several polymers, such as PLA (polylactic acid), PCL (polyca-
prolactone), PEGMA (poly(ethylene glycol)methacrylate),
and gelatine, among others, have been used to create suitable
hydrogels or nanofiber-based scaffolds with adequate physical
properties to promote chondrogenic differentiation [72–75].
However, also numerous studies are currently focused on the
development of organoids, creating organomimetic tissues
[67, 76–78], which mimic and improve the functions of the
native tissues where they will be implanted. Our results agree
with those of Torras et al., who reported that pluripotent cells,
as DPSCs, have a high capability for intrinsic organization
when cultured in an organoid or microtissue model, which is
related to different cell functions, such as extracellular matrix
synthesis, among others [76].

Thus, we have observed that the chondrogenic differen-
tiation medium used promoted the early synthesis of these
components, mainly aggrecan and type II collagen, while
maintaining stable architecture of the microtissues. These
results agree with the studies by Meyer-Wagner et al., where
cell organoids exposed to electromagnetic fields (EMF) and
cultured with chondrogenic differentiation medium showed
a higher expression of gene characteristic of the chondral
lineage than those cells exposed to EMF and cultured with
cellular expansion medium [79].

Therefore, not only the cell culture medium but also the
3D environment is essential in chondrogenic differentiation
to obtain good results considering the synthesis of compo-
nents of the chondral matrix such as aggrecan and type II col-
lagen. In this work, hDPSC microtissues cultured with
chondrogenic differentiation medium promoted the onset of
chondral components at shorter times than the same cells cul-
tured with proliferation medium, which is an important point
to improve the regeneration of articular chondral injuries.

5. Conclusions

The choice of the cell type, the culture environment, and the
media are critical to obtain good results in biomedical stud-
ies. Firstly, we have shown that hDPSCs have a high chon-
drogenic potential. Secondly, a 3D environment, such as
microtissues or organoids, favours the chondrogenic differ-
entiation of cells. Finally, culture media with suitable growth
factors, such as those present in the chondrogenic differenti-
ation medium, can accelerate the synthesis of different mac-
romolecules characteristics of the extracellular matrix of the
hyaline articular cartilage, such as aggrecan and type II
collagen.

We are establishing the experimental conditions for
grafting hDPSCs microtissues in an animal model, to evalu-
ate in the near future their in vivo chondrogenic differentia-
tion potential. Furthermore, we are currently studying the
effect of magnetic irradiation and mechanical stimuli on
the chondrogenic differentiation of hDPSC microtissues
formed as described herein.
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Established studies proved that hydrostatic pressure had multiple effects on the biological behavior of the intervertebral disc (IVD).
However, the conclusions of the previous studies were inconsistent, due to the difference in hydrostatic loading devices and
observing methods used in these studies. The current study is aimed at investigating the role of dynamic hydrostatic pressure in
regulating biological behavior of the notochordal nucleus pulposus (NP) and fibrocartilaginous inner annulus fibrosus (AF) and
its possible mechanism using our novel self-developed hydrostatic pressure bioreactor. The differences in the biological behavior
of the rabbit IVD tissues under different degree of hydrostatic pressure were evaluated via histological analysis. Results revealed
that low-loading dynamic hydrostatic pressure was beneficial for cell survival and extracellular matrix (ECM) homeostasis in
notochordal NP and fibrocartilaginous inner AF via upregulating N-cadherin (N-CDH) and integrin β1. In comparison, high-
magnitude dynamic hydrostatic pressure aggravated the breakdown of ECM homeostasis in NP and inner AF via enhancing the
Hippo-YAP/TAZ pathway-mediated cell apoptosis. Moreover, inner AF exhibited greater tolerance to physiological medium-
loading degree of hydrostatic pressure than notochordal NP. The potential mechanism was related to the differential expression
of mechanosensing factors in notochordal NP and fibrocartilaginous inner AF, which affects the fate of the cells under
hydrostatic pressure. Our findings may provide a better understanding of the regulatory role of hydrostatic pressure on the
cellular fate commitment and matrix metabolism of the IVD and more substantial evidence for using hydrostatic pressure
bioreactor in exploring the IVD degeneration mechanism as well as regeneration strategies.

1. Introduction

The intervertebral disc (IVD) consists of two compartments,
nucleus pulposus (NP) and annulus fibrosus (AF) [1], which
connects the adjacent bony vertebral bodies. NP tissue is a

type of gelatinous structure, containing collagen fibrils and
proteoglycan molecules, primarily aggrecan [2]. NP is sur-
rounded by AF, composed of type I and II collagen fibrils,
arranged at alternating oblique angles to form concentric
lamellae [3]. IVD tissue is formed by NP and AF, but they
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Figure 1: Effect of hydrostatic pressure on histomorphology and glycosaminoglycan synthesis of the rabbit notochordal NP and
fibrocartilaginous inner AF: (a) appearance of the self-developed hydrostatic pressure bioreactor and touch-screen control system; (b)
appearance of the tissue culture chamber of hydrostatic pressure bioreactor; (c) gross view of the endplate-removed rabbit IVD: the area
in the blue circle indicates the notochordal NP, and the area between the red and blue circles indicates the fibrocartilaginous inner AF; (d)
HE staining of the notochordal NP and fibrocartilaginous inner AF under graded hydrostatic pressure (200x); (e) alcian blue staining of
the notochordal NP and fibrocartilaginous inner AF under graded hydrostatic pressure (200x); (f) quantification of the notochordal NP
sGAG under graded hydrostatic pressure; (g) quantification of the fibrocartilaginous inner AF sGAG under graded hydrostatic pressure. ∗

P < 0:05. #P > 0:05. Scale bar = 100μm.
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Figure 2: Continued.
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are derived from different embryonic structures. NP is
derived from the notochord, while AF is derived from the
somites [1, 4, 5]. In addition, proteoglycan molecules are
more abundant in NP and inner AF than outer AF [3]. The
high abundance of hydrated proteoglycan helps buffer the
compressive loading of the spine and keep the collagen ultra-
structure together within the tissues [6]. Thus, the cells in the
NP and inner AF live in a unique microenvironment with
hydrostatic pressure.

Some studies that reported the effects of hydrostatic pres-
sure on IVD tissues or cells obtained from different species.
However, the conclusions of the studies are not entirely con-
sistent, due to the different quality of hydrostatic loading
devices and observing methods used in the studies. It has
been reported that the “physiological intensity (0.35-0.75
MPa)” of hydrostatic pressure acts as an anabolic factor for
NP and AF cells, owing to the stimulation of proteoglycan
synthesis [7–9]. In contrast, excessive pressure aggravates
the catabolic metabolism of proteoglycan in NP and AF cells
[7–9]. Another study reported that the proteoglycan synthe-
sis is inhibited at 0.35MPa compared to atmospheric pres-
sure for both NP and AF cells harvested from the lumbar
IVD tissue of dogs [10]. However, collagen synthesis is stim-
ulated in NP cells but inhibited in AF cells [10]. The discrep-
ancy of these experimental results may be caused by the
reason that the cells used in the prior studies are cultured
in dishes or alginate. The matrix stiffness, elastic modulus,
and penetration of nutrients are quite different from the nat-
ural matrix of IVD [7, 8, 10]. Besides, NP tissue goes through
a transition from a notochordal to a fibrocartilaginous one,
which accompanies changes in cell type from notochordal
to fibrochondrocyte-like cell. In humans, the transition usu-
ally is completed before twenty years old [11]. Whereas in
some animals, such as rabbits or dogs, the notochordal NP
is permanently preserved in some proportion [5, 12–14].
According to some studies, the response of mature nucleus

pulposus and notochordal cells to the hydrostatic pressure
is quite different [15, 16]. In addition, it has been reported
that hydrostatic pressure could induce the transition of noto-
chordal NP to fibrocartilaginous NP [15–17].

Given the different cell phenotypes in IVD, the current
study was conducted to demonstrate the response of noto-
chordal NP and fibrocartilaginous inner AF to graded hydro-
static pressure. To that end, we set up a novel hydrostatic
pressure tissue culturing model to investigate the different
biological behavior of the two cohesive tissues in the same
IVD sample. We cut off the cartilage endplates and exposed
the NP and inner AF tissue of the rabbit lumbar IVD, which
is a frequently used model for studying the IVD biological
behavior and degeneration progress [12]. Next, the treated
IVD were cultured in our newly developed hydrostatic pres-
sure bioreactor for four weeks. Our previous study has dem-
onstrated that the physiological degree of hydrostatic
pressure could stimulate cell proliferation and ECM produc-
tion of articular cartilage, which confirmed the feasibility and
reliability of our hydrostatic pressure culturing system [18].
A previous study indicated that N-CDH and integrin-
mediated adhesion interaction modulated YAP-TAZ associ-
ated mechanosensing and fate commitment of cells [19].
Our previous study elucidated that N-cadherin (N-CDH)
played as a protective role in NP cells against overloaded
compression [20]. Additionally, some studies reported that
fibronectin binding to integrin β1 led to elevate the expres-
sion of apoptosis-related proteins [21, 22]. N-CDH and
integrin-associated regulatory roles may involve histologic
and biochemical alterations of disc cells induced by
compression-loading stress. Hence, in the current study, we
aim to figure out the differences and potential mechanism
in the biological behavior of notochordal NP and fibrocarti-
laginous inner AF under different degree of hydrostatic pres-
sure via investigating the histological feature, cellular
survival, and ECM metabolism. The present study may
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Figure 2: Effect of hydrostatic pressure on cellular survival of the rabbit notochordal NP and fibrocartilaginous inner AF: (a) fluorescent
TUNEL staining of the notochordal NP under graded hydrostatic pressure (200x); (b) statistic analysis of TUNEL positive rate of the
notochordal NP under graded hydrostatic pressure; (c) fluorescent TUNEL staining of the fibrocartilaginous inner AF under graded
hydrostatic pressure (200x); (d) statistic analysis of TUNEL positive rate of the fibrocartilaginous inner AF under graded hydrostatic
pressure. ∗P < 0:05. #P > 0:05. Scale bar = 100μm.
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provide a novel hydrostatic pressure-based IVD regeneration
strategy and potential regulating target to treat compressive
loading-related IVD degeneration.

2. Materials and Methods

2.1. Source of Animals.Mature male New Zealand white rab-
bits (160-week-old, weighing 3.5-3.8 kg) were used in the
current study. The lumbar spines were obtained aseptically
from the rabbits after euthanasia by an excess dose of sodium
pentobarbiturates.

2.2. Tissue Dissection and Culture. The spine motion seg-
ments were sharply cut at the proximal and distal vertebrae
in the axial parallel plane close to the adjacent endplates
and washed with phosphate-buffered saline (PBS) five times
in the tissue culture dishes (Jet Biofil, China). Then, the car-
tilage endplates of the IVDs were sharply cut to expose the
NP and inner AF tissues. After that, the treated IVDs were
moved to the culture chamber of our self-developed dynamic
hydrostatic loading organ culture bioreactor. The tissues
were cultured in the chamber with complete culture medium
(DMEM/F-12 (Gibco, USA) containing 10% fetal bovine
serum (FBS, Gibco, USA) and 1% penicillin/streptomycin
(Gibco, USA)) and incubated (5% carbon dioxide, 37°C) for
four days before exerting hydrostatic pressure. Culturing
media were replaced every four days.

2.3. Hydrostatic Pressure Exerting Protocol. During the pres-
sure performing regime, culture chambers were transferred
to our custom-made dynamic hydrostatic pressure bioreac-
tor. We set the pressure apparatus to provide intermittent
hydrostatic pressure. Briefly, every dynamic hydrostatic
pressure exerting cycle contained a 30 seconds pressure
exerting phase and a 30 seconds pressure releasing phase.
The samples were assigned into the following groups: the
control group (hydrostatic pressure = 0MPa) and the gra-

dient dynamic hydrostatic pressure exerting groups
(hydrostatic pressure = 0:5MPa, 0.8MPa, 1.0MPa, 3.0MPa,
5.0MPa). Each group was exerted dynamic hydrostatic pres-
sure for 2 hours per day and then transferred to the incubator
(5% carbon dioxide, 37°C). The culture medium was replaced
every four days. IVD specimens were collected for further
experimental testing after 30 days of culture.

2.4. Histological Haematoxylin and Eosin (HE) Staining. The
treated samples were harvested and fixed with 4% parafor-
maldehyde, embedded in paraffin, and then cut into 5μm
per section. Then, the tissue sections were stained with hae-
matoxylin and eosin. The stained sections were observed
and scanned under an optical microscope (Olympus, Japan).

2.5. Alcian Blue Staining. Alcian blue staining was used to
detect the ECM glycosaminoglycan deposition. Briefly, each
tissue section was incubated in the 0.2% alcian blue solution
before rinsing with deionized water. Then, the stained cells
were mounted and observed under an optical microscope
(Olympus, Japan).

2.6. Sulfated Glycosaminoglycan (sGAG) Quantification. For
quantitative analysis of ECM, the sGAG content of each
group was quantified by the dimethyl methylene blue chlo-
ride (Sigma-Aldrich, USA). Total sGAG was precipitated by
the 0.98mol/L guanidinium chloride solution. After that,
the optical density (OD) was detected at 595nm. The sGAG
contents were determined according to the OD value and the
standard curve.

2.7. Fluorescent TdT-UTP Nick End Labeling (TUNEL)
Assays. TUNEL assays were performed to detect apoptosis
of target cells with the One Step TUNEL Apoptosis Assay
Kit (Beyotime, China) according to the manufacturer’s
instructions. Tissue sections were firstly treated with Triton
X-100 (0.3%) for 5 minutes at room temperature. Then, the
cells were treated with TUNEL for 1 hour at 37°C at the dark.
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Figure 3: Effect of hydrostatic pressure on synthesis of aggrecan of the rabbit notochordal NP and fibrocartilaginous inner AF: (a) aggrecan
IHC staining of the notochordal NP under graded hydrostatic pressure (200x); (b) statistic analysis of IHC aggrecan AOD value of the
notochordal NP under graded hydrostatic pressure; (c) aggrecan IHC staining of the fibrocartilaginous inner AF under graded hydrostatic
pressure (200x); (d) statistic analysis of IHC aggrecan AOD value of the fibrocartilaginous inner AF under graded hydrostatic pressure. ∗P
< 0:05. #P > 0:05. Scale bar = 100μm.
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The sections were imaged via fluorescence microscopy
(Leica, Germany) after the DAPI staining.

2.8. Immunohistochemistry (IHC). To further assess the syn-
thesis of the ECM, IHC staining was utilized to detect the
aggrecan, collagen type I and II content. After rehydration,
tissue sections were blocked by goat serum, treated with hyal-
uronidase (0.8%) for 20 minutes at 37°C, and then incubated
with aggrecan, type I and II collagen antibody (1 : 100,
Abcam, UK) for 60 minutes. After washing in PBS, biotinyl-
ated secondary antibody (1 : 100, Dako, Denmark) was
applied for 30 minutes, washed in PSB, and treated with
avidin-biotin complex reagents. Colour was developed using
3,3-diaminobenzidine reagents (Dako, Denmark), and the
sections were counterstained with Harris’s haematoxylin.
The average optical density (AOD) of five randomly selected
visual fields (per immunohistochemical slice) under high
magnification (400x) was measured using the Image-J analy-
sis system.

2.9. Immunofluorescence Staining. After rehydration, tissue
sections were blocked by goat serum, treated with hyaluron-
idase (0.8%) for 20 minutes at 37°C, and then incubated with
N-CDH antibody, integrinβ1antibody (1 : 100, Abcam, UK),
and YAP-TAZ antibody (1 : 100, Santa Cruz, USA) overnight
at 4°C. Next, after an additional wash step, the sections were
incubated with the fluorescent secondary antibody (1 : 1000;
Proteintech, China) for 2 hours at room temperature, pro-
tected from light. The sections were then stained with DAPI
and imaged using fluorescence microscopy (Leica,
Germany).

2.10. Tissue Protein Extraction and Western Blotting. After
being ground in liquid nitrogen, the tissues were lysed with
RIPA lysis buffer containing 1% PMSF (Beyotime, China)
for 30 minutes at 4°C. Then, the lysates were centrifuged at
12000 × g for 8 minutes at 4°C. The protein samples were

subjected to SDS-polyacrylamide gel electrophoresis and
transferred by electroblotting to PVDF membranes. The
bands were then incubated with the primary antibodies
(anti-N-CDH, anti-integrin-β1 (1 : 1000; Abcam, UK), anti-
YAP (1 : 1000; Santa Cruz, USA), anti-Caspase3, and anti-
GAPDH (1 : 500; Proteintech, China)) overnight at 4°C. After
the bands were washed with TBST thrice, they were incu-
bated with the secondary antibody for 80 minutes at room
temperature. Being washed with TBST thrice, the intensity
of the blots was detected by the Image Lab software (Bio-
Rad, USA).

2.11. Statistical Analysis.All data were analyzed using Graph-
Pad Prism (version 6.0, GraphPad Software, USA), and pre-
sented as mean ± standard deviation with n = 3. Two-tailed
Student’s t-test was used to assess the statistical significance
of results (P < 0:05).

3. Results

3.1. Effect of Hydrostatic Pressure on Histomorphology and
Glycosaminoglycan Synthesis of the Rabbit Notochordal NP
and Fibrocartilaginous Inner AF. According to the study’s
design, we need to use the IVD simultaneously contains
notochordal NP and fibrocartilaginous inner AF as our
researching subject. We harvested IVD from twelve mature
rabbits of same age and sex, and five of the rabbits main-
tained entire notochordal NP with many vacuoles of various
sizes. The occurrence rate of the notochordal NP in mature
rabbits and its tissue gross and histological morphology was
consistent with the previous studies [12, 23]. Next, the IVD
tissues cohesively with notochordal NP and fibrocartilagi-
nous inner AF were divided into six groups and cultured in
chambers with different levels of hydrostatic pressure exerted
by our self-developed bioreactor (Figures 1(a) and 1(b)).
After 30 days in vitro culture, the histological morphology
of the NP and inner AF tissue revealed evident diversity. As
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Figure 4: Effect of hydrostatic pressure on synthesis of collagen type I of the rabbit notochordal NP and fibrocartilaginous inner AF: (a)
collagen type I IHC staining of the notochordal NP under graded hydrostatic pressure (200x); (b) statistic analysis of IHC collagen type I
AOD value of the notochordal NP under graded hydrostatic pressure; (c) collagen type I IHC staining of the fibrocartilaginous inner AF
under graded hydrostatic pressure (200x); (d) statistic analysis of IHC collagen type I AOD value of the fibrocartilaginous inner AF under
graded hydrostatic pressure. ∗P < 0:05. #P > 0:05. Scale bar = 100μm.
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is shown in Figure 1(d), the notochordal NP appeared as a
bubbled island consisted of a cell-vacuole complex in the
homogeneous basophilic ECM. The inner AF exhibited a
fibrocartilaginous morphology, with cells smaller in size than
those of the notochordal NP tissue but larger in size and
more rounded than those of the outer AF (Figure 1(d)).
Moreover, HE staining results indicated that the morphology
of the notochordal NP and inner AF cells was relatively nor-
mal in groups of tissues under ≤1.0MPa hydrostatic pressure
(Figure 1(d)). However, when the grade of hydrostatic pres-
sure was raised to ≥3MPa, the cytoplasm of the cells in NP
and inner AF became shrunken, and staining of the ECM
began subtly to lighten (Figure 1(d)). Alcian blue staining
intensity can reflect the content of glycosaminoglycans in
cartilage or cartilage-like tissue [24–26]. As is shown in
Figure 1(e), both the NP and inner AF exerted 0.5MPa
hydrostatic pressure had the highest intensity of alcian blue
staining. When the pressure level increased over 0.8MPa,
the staining intensity was declined gradually with the rise of
pressure loading (Figure 1(e)). Additionally, quantificational
sGAG assessment further proved that both the NP and inner
AF under 0.5MPa hydrostatic pressure had the highest con-
tent of sGAG (Figures 1(f) and 1(g)). When pressure level
reached ≥0.8MPa, the content of sGAG decreased gradually
in the NP tissues (Figure 1(f)). However, 0.8MPa hydrostatic
pressure did not decline the content of sGAG compared with
the group of tissue exerted 0.5MPa hydrostatic pressure in
inner AF (Figure 1(g)). The results above indicated that
low-loading physiological hydrostatic pressure was beneficial
for glycosaminoglycans synthesis of notochordal NP and
fibrocartilaginous inner AF. However, high-magnitude
hydrostatic pressure markedly attenuated the matrix sGAG
synthesis in both notochordal NP and fibrocartilaginous
inner AF. Noticeably, the diversity of cell morphology was
more evident in NP tissues, whereas the diversity of glycos-
aminoglycans content was more significant in inner AF tis-
sues under different levels of hydrostatic pressure.

3.2. Effect of Hydrostatic Pressure on Cellular Survival of the
Rabbit Notochordal NP and Fibrocartilaginous Inner AF.
Based on the former overall morphology analysis, we further
detected the cell survival rate in notochordal NP and fibro-
cartilaginous inner AF tissues via fluorescent TUNEL stain-
ing. The experimental results revealed that ≥0.8MPa
hydrostatic pressure significantly increased the cell apoptosis
rate in NP tissues (Figures 2(a) and 2(b)), while the apoptosis
rate of inner AF cells was markedly aggravated when exerted
≥0.5MPa hydrostatic pressure (Figures 2(c) and 2(d)). How-
ever, there was no significant difference in TUNEL positive
rate between the 3.0MPa and 5.0MPa groups both for the
NP and inner AF (Figures 2(b) and 2(d)), which indicated
that 3.0MPa was the ultimate hydrostatic pressure level for
the NP and inner AF cell survival.

3.3. Effect of Hydrostatic Pressure on the Synthesis of
Extracellular Aggrecan of the Rabbit Notochordal NP and
Fibrocartilaginous Inner AF. The proteoglycan complex, pre-
dominantly aggrecan, is responsible for the hydrophilic
nature of the NP, which can exert a mechanical influence
upon NP cells through regulating nutrient transport, hydra-
tion, and swelling pressure [1, 27]. Additionally, inner AF
represents a transitional zone and contains great amounts
of aggrecan as it is subjected to compressive loads transferred
from NP [1, 28]. Therefore, content of aggrecan is an impor-
tant indicator to evaluate the degeneration degree of IVD. As
is shown in Figure 3, both NP and inner AF under 0.5MPa
hydrostatic pressure had the highest content of matrix aggre-
can. When the pressure level reached ≥0.8MPa, the content
of aggrecan declined gradually with the rise of pressure load-
ing in the NP tissues (Figures 3(a) and 3(b)). However, 0.8
MPa hydrostatic pressure did not decline the synthesis of
aggrecan in inner AF tissues compared with the group of tis-
sues exerted ≤0.5MPa hydrostatic pressure (Figures 3(c) and
3(d)). In contrast, the expression of aggrecan in inner AF was
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Figure 5: Effect of hydrostatic pressure on synthesis of collagen type II of the rabbit notochordal NP and fibrocartilaginous inner AF: (a)
collagen type II IHC staining of the notochordal NP under graded hydrostatic pressure (200x); (b) statistic analysis of IHC collagen type
II AOD value of the notochordal NP under graded hydrostatic pressure; (c) collagen type II IHC staining of the fibrocartilaginous inner
AF under graded hydrostatic pressure (200x); (d) statistic analysis of IHC collagen type II AOD value of the fibrocartilaginous inner AF
under graded hydrostatic pressure. ∗P < 0:05. #P > 0:05. Scale bar = 100μm.
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significantly attenuated when hydrostatic pressure exceeded
1.0MPa (Figures 3(c) and 3(d)).

3.4. Effect of Hydrostatic Pressure on the Synthesis of Type I
and Type II Collagen of the Rabbit Notochordal NP and
Fibrocartilaginous Inner AF. Besides the abundant content
of proteoglycans, the NP and inner AF also contain randomly
organized collagen, mainly type II, which forms a fibril mesh-
like framework to support structures [28]. However, with the
development of degeneration, the IVD exhibits more charac-
teristics of fibrous tissues and resembles ligament and tendon
with large amounts of type I collagen fibrils [23, 28]. Thus, we
further detected the expression level of collagen types I and II
via IHC analysis. As is shown in Figure 4, the expression of
matrix collagen type I was enhanced when the hydrostatic
pressure reached ≥0.8MPa in NP tissues (Figures 4(a) and
4(b)). In inner AF, the expression level of collagen type I
was enhanced by ≥1.0MPa hydrostatic pressure
(Figures 4(c) and 4(d)). In contrast, the expression of colla-
gen type II in the NP was enhanced by 0.5MPa hydrostatic
pressure but attenuated by ≥0.8MPa hydrostatic pressure
(Figures 5(a) and 5(b)), whereas the expression of collagen
type II in the inner AF was enhanced by hydrostatic pressure
ranged 0.5-0.8MPa but attenuated by hydrostatic pressure
over 1.0MPa (Figures 5(c) and 5(d)).

3.5. Differential Expression of the N-CDH and Integrin in the
Rabbit Notochordal NP and Fibrocartilaginous Inner AF. To
further figure out the possible molecular mechanism causing
the differential response to the hydrostatic pressure in noto-
chordal NP and fibrocartilaginous inner AF, we detected
the expression of N-CDH and integrin β1, which are
acknowledged mechanosensitive factors in IVD cells [29].
Double fluorescent label of N-CDH (red fluorescence) and

integrin β1 (green fluorescence) indicated that the expression
of N-CDH was much higher in the notochordal NP than the
inner AF (Figures 6(a)–6(c)). However, the expression of
integrin β1 was relatively higher in the inner AF than the
notochordal NP (Figures 6(a), 6(c), and 6(d)).

3.6. Physiological Hydrostatic Pressure Affects the IVD Cell
Survival and ECM Homeostasis via YAP/TAZ Pathway.
YAP and its paralogue PDZ-binding motif (TAZ) known as
the regulator of IVD cell survival were related to N-CDH
and integrin-mediated cell-cell and cell-matrix attachment
[30]. As is shown in Figures 7(a) and 7(b), the nucleus, cyto-
plasm proportion of YAP/TAZ was significantly elevated in
the 1.0MPa group compared with the 0.5MPa group. In
addition, the western blots in Figures 7(c) and 7(e) revealed
the differential protein expression in the notochordal NP
under graded hydrostatic pressure, while the western blots
in Figures 7(d) and 7(f) revealed the differential protein
expression in the fibrocartilaginous inner AF under graded
hydrostatic pressure. As is shown in Figures 7(c) and 7(e),
the expression of N-CDH and integrin β1 in NP was elevated
under 0.5MPa hydrostatic pressure but declined under ≥0.8
MPa hydrostatic pressure. The expression of YAP in the
nucleus and Caspase3 was also enhanced by ≥0.8MPa hydro-
static pressure in NP (Figures 7(c) and 7(e)). Correspond-
ingly, the expression of YAP in the cytoplasm was
attenuated by ≥0.8MPa hydrostatic pressure in NP
(Figures 7(c) and 7(e)). The blots in Figures 7(d) and 7(f)
showed that the expression of N-CDH in AF declined under
≥0.8MPa hydrostatic pressure. The expression of integrin β1
was enhanced in AF under the hydrostatic pressure ranged
0.5-0.8MPa but declined under ≥1MPa hydrostatic pressure
(Figures 7(d) and 7(f)). The expression of YAP in nucleus
and Caspase3 was enhanced by ≥1.0MPa hydrostatic

⁎0.8

0.6

0.4

0.2

In
te

gr
in

 𝛽
1 

flu
or

es
ce

nc
e A

O
D

 v
al

ue

0.0

N
ot

oc
ho

rd
al

 N
P

Fi
br

oc
ar

til
ag

in
ou

s N
P

(d)

Figure 6: Differential expression of N-CDH and integrin β1 in the rabbit notochordal NP and fibrocartilaginous inner AF: (a) N-CDH (red)
and integrin β1 (green) fluorescent staining of rabbit notochordal NP (200x); (b) statistic analysis of fluorescent N-CDH AOD value of the
notochordal NP and fibrocartilaginous inner AF; (c) N-CDH (red) and integrin β1 (green) fluorescent staining of rabbit fibrocartilaginous
inner AF (200x); (d) statistic analysis of fluorescent integrin β1 AOD value of the notochordal NP and fibrocartilaginous inner AF. ∗P <
0:05. Scale bar = 100μm.
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Figure 7: Effect of hydrostatic pressure on YAP/TAZ pathway-mediated apoptosis of the rabbit notochordal NP and fibrocartilaginous inner
AF: (a) YAP/TAZ complex (green) fluorescent staining of the fibrocartilaginous inner AF under low-loading (0.5MPa) or high-magnitude
(1.0MPa) physiological hydrostatic pressure (200x); (b) statistic analysis of YAP/TAZ complex nucleus/cytoplasm distribution; (c)
western blotting analysis of the expression levels of N-CDH, integrin β1, and YAP/TAZ-mediated apoptosis markers (YAP/nucleus,
YAP/cytoplasm, Caspase3) of the notochordal NP under graded hydrostatic pressure; (d) western blotting analysis of the expression levels
of N-CDH, integrin β1, and YAP/TAZ-mediated apoptosis markers (YAP/nucleus, YAP/cytoplasm, Caspase3) of the fibrocartilaginous
inner AF under graded hydrostatic pressure; (e) statistic analysis of the western blots of the notochordal NP under graded hydrostatic
pressure; (f) statistic analysis of the western blots of the fibrocartilaginous inner AF under graded hydrostatic pressure. ∗P < 0:05.
#P > 0:05. Scale bar = 100 μm.
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pressure in AF (Figures 7(c) and 7(e)). Correspondingly, the
expression of YAP in cytoplasm was attenuated by ≥1.0MPa
hydrostatic pressure in AF (Figures 7(c) and 7(e)).

4. Discussion

It is commonly held that the overloaded compressive force
applied to the IVD is one of the causes of IVD degeneration
[31, 32], whereas the proper physiological pressure is benefi-
cial for maintaining the cell viability and ECM homeostasis
of IVD [1, 2, 10]. There are still some contradictions in the
prior studies about the effects of different pressure loading
methods or intensities on the biological behavior of the
IVD. The majority holds that the cells in NP and inner AF
tissues mainly suffered hydrostatic pressure, because when
a compressive force is applied to the IVD, the hydrostatic
pressure within NP and inner AF is increased [9, 27]. Hence,
in the present study, we used the self-developed hydrostatic
pressure bioreactor based on a pressure-transmitting mode
achieved by a slight deformation of a flexible membrane in
a completely sealed stainless steel chamber, to imitate
in vivo microenvironment for NP and inner AF tissues.
And the tissues’ responses to the graded hydrostatic pressure
were observed via histological and cytologic analysis. The
results of our study indicated that low-loading physiological
hydrostatic pressure (0.5MPa) was beneficial for cellular sur-
vival and ECM homeostasis both in the notochordal NP and
fibrocartilaginous inner AF tissues, whereas high-magnitude
dynamic hydrostatic pressure (≥1.0MPa) aggravated cell
apoptosis and breakdown of ECM both in the notochordal
NP and fibrocartilaginous inner AF. However, there was still
some diversity in the sensitivity to the hydrostatic pressure
between notochordal NP and fibrocartilaginous inner AF.
Specifically, the cell apoptosis rate was markedly increased

in the NP tissue suffered ≥0.8MPa hydrostatic pressure. In
contrast, the cell apoptosis in the inner AF tissue was signif-
icantly increased by ≥1.0MPa hydrostatic pressure. Addi-
tionally, the expression of sGAG, aggrecan, and type II
collagen was consistent with the trend of the cell apoptosis
rate in the notochordal NP and fibrocartilaginous inner AF.
Furthermore, we detected the expression of N-CDH and
integrin β1, two acknowledged mechanosensitive factors in
regulating the phenotype and function of NP as well as AF
cell. We found that N-CDHwas expressed more prominently
in NP, while integrin β1 was expressed more prominently in
AF. Our results also revealed that YAP/TAZ localization pre-
dominantly transferred to nuclear and triggered cell apopto-
sis via Hippo-YAP/TAZ pathway when the cells suffered
high-magnitude hydrostatic pressure (0.8MPa for NP; 1.0
MPa for AF). These results indicated that notochordal NP
cells were more sensitive to the changes in pressure compar-
ing with the fibrocartilaginous inner AF cells. The potential
molecular mechanism was related to the differential expres-
sion of mechanosensitive factors and Hippo-YAP/TAZ-asso-
ciated cell death.

N-CDH was a notochord-associated gene and also
regarded as an NP-specific biomarker [33]. Embryonically,
the NP originated from the notochord, while the AF arises
from the mesenchyme [1, 34]. Thus, the expression of N-
CDH was more prominent in notochordal NP. However,
notochordal cells are replaced by chondrocyte-like cells of
unknown provenance before skeletal maturity in humans
[1, 2, 5, 34]. Some studies declared that the lack of hydrostatic
pressure or overloaded pressure could induce the disappear-
ance of notochordal cells in the NP tissue [15–17]. The phys-
iological pressure magnitudes in IVD tissue have been
estimated to be approximately 0.1 to 0.5MPa under low-
loading conditions and with values as high as 1.0 to 3.0

Hippo pathway

Apoptosis

YAP TAZ

YAP TAZ

ECM
homeostasis

Integrin 𝛽
Integrin𝛼

Promotive modification Inhibitory modification

N-cadherin

Physiological
hydrostatic

pressure

Figure 8: Schematic diagram shows the potential mechanism of physiological hydrostatic pressure effects the IVD cell survival and ECM
homeostasis: low-loading physiological hydrostatic pressure activates mechanosensitive factors N-CDH and integrin β1, which inhibit
Hippo-YAP/TAZ pathway-mediated cell apoptosis and ECM catabolism.
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MPa under extreme loading conditions [35]. Our research
further confirmed that the medium-loading degree of hydro-
static pressure (0.8-1.0MPa) could even induce the degener-
ation of notochordal NP via attenuating the expression of N-
CDH, exacerbating cell death and catabolism of ECM, espe-
cially aggrecan and type II collagen fibril. Notochordal cell
was reported to have a high potential for proteoglycan pro-
duction and suppressing cell apoptosis via secreting some
functional factors [14, 34, 36]. This is why the time that noto-
chordal NP began to disappear coincided with the occur-
rence of morphologic signs of disc degeneration [34, 36].
Thus, with the accumulation of compressive loading on the
human spine, the degeneration of notochordal NP was
unstoppable.

Nevertheless, we also observed that the inner AF exhibited
relatively higher expression of integrin β1 and greater tolerance
to the physiological medium loading degree of hydrostatic
pressure. Detailedly, the morphology of the chondrocyte-like
cells and the ECM homeostasis of the inner AF under medium
loading degree of hydrostatic pressure (0.8-1.0MPa) revealed
no markedly difference comparing with those cultured under
atmospheric pressure. However, when the pressure level
increased to the high-magnitude degree (>1.0MPa), the cell
death rate was enhanced, and the breakdown of ECM homeo-
stasis was triggered. The characteristic phenotype of the cell in
mature human NP displayed a rounded, chondrocyte-like
morphology, and secreted ECM macromolecules, which more
resembled the typical phenotype of the inner AF cells in none-
rect walking animals, such as rabbit or dog [37]. As the human
spine suffered more magnitude and frequency of axial com-
pressive loading than the nonerect walking animals, the cell
type in human IVD should be more tolerant to compression
stress [6]. A previous study indicated that N-CDH and
integrin-mediated adhesive interactions modulated YAP-TAZ
associated mechanosensing and fate commitment of cells
[19]. Noticeably, N-CDH mainly mediated softer cell-cell
mechanosensing signal, while integrin-mediated stiffer cell-
ECM mechanosensing signal [19]. Our research authenticated
that the cell viability and ECM producing ability of the cartilag-
inous inner AF were superior to the notochordal NP under
medium or high loading degree of hydrostatic pressure. The
possible molecular mechanism was related to the high expres-
sion of integrin and attenuated YAP/TAZ-associated cell death.
Although the transition from the notochordal NP to the carti-
laginous one was considered as a morphologic sign of IVD
degeneration, maintenance of the normal cartilaginous pheno-
type and matrix producing function was more meaningful for
exploring human IVD regeneration strategies.

Although there are some novel findings in the present
study, several limitations also exist. Firstly, the tissue samples
in the present study were cultured under normoxic condi-
tions, because of the lack of hypoxia-culture settings in our
bioreactor. This condition is different from the physiological
hypoxic condition in which the NP and inner AF cells live
[1]. Our team has been working on updating the devices of
our bioreactor and tries to imitate a more bionic microenvi-
ronment for the in vitro IVD tissue culture. Secondly, the
pressure setting precision was relatively rough for the IVD
tissue, because this generation of hydrostatic pressure biore-

actor was designed for imitating the in vivo condition for all
musculoskeletal junctions, such as meniscus and articular
cartilage. Thus, the loading device was designed to exert
high-magnitude pressure (maximal value = 10MPa) for the
chamber, which limited the accuracy regulating the function
of the bioreactor. We have been working on developing a
low-pressure loading device with more accurate pressure set-
ting system for NP culture and tries to figure out a more pre-
cise data about the effect of hydrostatic pressure on NP
biological behavior in future studies.

To conclude, our study reveals that low-loading physio-
logical hydrostatic pressure is beneficial for cell survival and
ECM homeostasis in notochordal NP and fibrocartilaginous
inner AF. Its possible mechanism is related to the upregu-
lated protective mechanosensing factors (N-CDH and integ-
rin β1) under low-loading hydrostatic pressure (Figure 8),
whereas high-magnitude hydrostatic pressure aggravates
the breakdown of ECM homeostasis in NP and inner AF
via downregulating N-CDH and integrin β1, which attenu-
ated the inhibitory action of YAP/TAZ-mediated cell apo-
ptosis and ECM catabolism. Moreover, inner AF exhibits a
more prominent expression of integrin β1 and tolerance to
the medium-loading degree of physiological hydrostatic
pressure than the notochordal NP. This study may provide
a better understanding of the regulatory role of hydrostatic
pressure on the cell survival and matrix metabolism of the
IVD and more substantial evidence for using hydrostatic
pressure bioreactor in exploring the disc degeneration mech-
anism as well as regeneration strategies.
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