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Ischemic stroke is a serious cerebral disease that often induces death and long-term disability. As a currently available therapy for
recanalization after ischemic stroke, thrombolysis, including intravenous thrombolysis and endovascular therapy, still cannot be
applicable to all patients due to the narrow time window. Mesenchymal stem cell (MSC) transplantation therapy, which can
trigger neuronal regeneration and repair, has been considered as a significant advance in treatment of ischemic stroke. MSC
transplantation therapy has exhibited its potential to improve the neurological function in ischemic stroke. Our review describes
the current progress and future perspective of MSC transplantation therapy in ischemic stroke treatment, including cell types,
transplantation approaches, therapeutic mechanisms, and preliminary clinical trials of MSC transplantation, for providing us an

update role of MSC transplantation in ischemic stroke treatment.

1. Introduction

Stroke is the third leading cause of death and disability
worldwide that brings a huge burden to the healthcare sys-
tem [1]. One in six people will suffer from stroke in their
lifetime, with over 13.7 million occurring strokes every year
and causing 5.8 million people deaths [2]. The major type of
stroke is the ischemic stroke, which approximately accounts
for 70 percent of all strokes [2]. Although advanced methods
for ischemic stroke treatment have been dug up in recent
years, no therapy can efliciently improve the overall progno-
sis of patients [3]. Intravenous administration of recombi-
nant tissue plasminogen activator (rt-PA) thrombolysis is
the only drug approved by the Food and Drug Administra-
tion to treat the acute ischemic stroke within 4.5 hours
[4-6]; however, limited by its therapeutic window, less than
5% patients benefited [7]. Mechanical thrombectomy, as the
alternative treatment for ischemic stroke, entails an intra-

arterial (IA) catheter or stent to remove the occluding
thrombus, has been proven to be effective within 6 hours
of the onset [8]. Both treatments are so highly time-
dependent; thus, new treatment strategy is imminent. As a
new method to treat ischemic stroke, stem cell transplanta-
tion was proved to be a hopeful treatment by a growing body
of animal experiments and a few successful clinical trials [9,
10]. As the most studied subtype of stem cells, mesenchymal
stem cells (MSCs) have been regarded as a promising thera-
peutic option for ischemic stroke [11]. Therefore, this review
is aimed at summarizing the current progress as well as the
future perspective of MSC transplantation in ischemic stroke
treatment.

2. Classification and Characteristics of MSCs

MSCs, also known as mesenchymal stromal cells with prop-
erties of self-renewal and multipotential for differentiation,
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FiGure 1: Application of MSCs for ischemic stroke. MSCs can be isolated from the bone marrow, adipose tissue, placenta, and teeth and
transplanted to the ischemic brain via intracerebral transplantation, intrathecal administration, intravascular administration, and
intranasal administration. MSCs can provide neuroprotection and clinical benefits by inhibiting apoptosis, promoting endogenous repair

and angiogenesis, and regulating immune and inflammatory response.

can be isolated from various tissues. As shown in Figure 1,
varying from cell sources, MSCs can be obtained from the
bone marrow, umbilical cord, adipose tissue, placenta, and
tissues that originated from the neural crest and others. Fur-
thermore, they can be differed from other stem cells like the
hematopoietic stem cells according to the surface molecules
expressed by themselves. MSCs express surface molecules
such as CD73, CD90, and CD105, and they do not express
the surface molecules like CD34, CD45, HLA-antigen D
related, CD14 or CD11b, CD79a, or CD19 [12]. MSCs pos-
sess multipotential differentiation ability that they can be
differentiated into cells like osteoblasts, chondrocytes, and
adipocytes. Moreover, they are easy to be isolated and
amplified with low immunogenicity and trophic properties
[13, 14]. Unlike embryonic stem cells, the collection,
research, and usage of MSCs seldomly raise ethical con-
cerns. Therefore, it is possible to transplanting MSCs to
repair multiple injuries.

In the past, researchers obtained MSCs mainly from the
bone marrow. MSCs were first found in the bone marrow in
1976 and described as fibroblast-like cells [15]. Later studies
revealed that this kind of cells could differentiate into osteo-
genic, chondrogenic, and adipogenic mesenchymal cell line-
ages in vitro [16]. Up to date, MSCs in the bone marrow,
also known as bone marrow mesenchymal stem cells (BM-
MSCs), are the most studied and best characterized MSCs.
Currently, the most frequent way to obtain BM-MSCs is
bone marrow aspiration accompanied by invasion, pain,
and the risk of viral and bacterial contamination [17], of
which the quality of the obtained cells is determined by
age and physical condition of donors [18]. Despite a very
low vyield, the amplification ability of BM-MSCs is very

strong. In the exponential growth period, its doubling time
is about 30 to 33 hours. It is reported that human BM-
MSCs can be propagated in vitro for 40 generations and
about 100 million times which can still maintain the
stemness [16]. A recent investigation suggested that, in rats
underwent acute ischemic stroke, intravenous- (IV-)
injected human BM-MSCs can survive and migrate along
boundary zones adjacent to the ischemic area and differenti-
ate into the neurons and astrocytes in the microenvironment
of the ischemic lesion area, as a result of reduced infarct vol-
ume and improved neurological function [19]. Moreover, it
is reported that transplanting human BM-MSCs into the
infarct area not only stimulates angiogenesis and neurogen-
esis by secreting multiple cytokines like vascular endothelial
growth factor (VEGF), basic fibroblast growth factor
(bFGF), and TIMP-3 but also induces differentiation of
endogenous stem cells, which results in neuroprotection
against ischemic stroke [20, 21]. In addition, transplanted
human BM-MSCs were shown to inhibit inflammation and
neuronal apoptosis in the ischemic brain of rats [22]. The
underlying molecular mechanisms of protective effects
induced by BM-MSCs are complex and not entirely clear.
Interestingly, a study indicated that, shortly after ischemic
stroke in mice, the cell proliferation of BM-MSCs was
triggered and promoted, leading to the production of down-
stream myeloid progenitors and increased presence of
inflammatory monocytes and neutrophils, suggesting that
BM-MSC could be activated by ischemic injury and that the
ischemic injury influenced the primary site of hematopoiesis
besides the local inflammation in the ischemic brain [23].
Human umbilical cord mesenchymal stem cells (hUC-
MSCs) are isolated from the umbilical cord, which are
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featured with the surface molecules of CD29, CD44, CD51,
CD105, SH2, and SH3 except CD34 and CD45 [24]. Lots
of research explored the effectiveness of hUC-MSCs in
ischemic stroke. It was reported that rats underwent middle
cerebral artery occlusion (MCAO) for 2 hours and treated
with intracerebral hUC-MSC transplantation 1d after
MCAQO operation showed enhancement in neurogenesis
and angiogenesis, as a consequence of reduced neurological
functional deficits and infarct volume; besides, the hUC-
MSCs could be detected for at least 5 weeks in the damaged
area [25]. The transplanted hUC-MSCs could differentiate
into neural progenitors and cells [26], promote the prolifer-
ation of neural stem cells and neural differentiation, produce
multiple neurotrophic factors, and prevent inflammatory
reaction through regulating the activity of the spleen [27],
followed by promoted neurological recovery and reduced
mortality in animals underwent ischemic stroke. However,
hUC-MSC therapy in ischemic stroke is currently limited
due to the risk of infection and tumorigenesis [28]. In con-
clusion, as a kind of MSC that possesses the unique advan-
tage of low immunogenicity without ethical controversy,
hUC-MSC is proposed as an excellent candidate in cell ther-
apy for ischemic stroke.

The placenta is thought to be an abundant source that
contains two kinds of MSCs: amniotic mesenchymal stromal
cells (hA-MSCs) and chorionic mesenchymal stromal cells
(hC-MSCs). Both types of cells can be isolated directly from
the placenta at the end of gestation through chorionic villus
sampling during an invasive prenatal diagnosis. The charac-
teristics of hA-MSCs and hC-MSCs, including low immuno-
genicity and powerful proliferation [29, 30], enable both of
them various promising biological properties and make it
possible to culture them under good manufacturing practice
grade, as a result of numbers of clinical trials on placenta-
derived stem cell therapy for ischemic stroke [31].

Adipose tissue-derived mesenchymal stem cells (AD-
MSCs) are abundant, accessible, and easy to obtain using
lip aspiration techniques [32]. Efficacy and safety of human
AD-MSC in the treatment of stroke has been confirmed
in animal models [33]. AD-MSC transplantation was
shown to attenuate the neuronal apoptosis and death to
exert significant neuroprotective effects through inhibiting
the action of KDM6B/BMP2/BMF axis in rats underwent
the MCAO [34].

Dental pulp stem cells (DPSCs), originated from the
embryonic neural crest and oral-derived epithelial stem cells,
are considered as a kind of autologously applicable cells [35].
A report in 2000 first clarified that DPSCs could be isolated
and characterized from the third molar [36]. It is currently
well known that DPSCs are easily extracted and obtained
from human teeth such as deciduous teeth, impacted third
molars, and orthodontically extracted premolars. DPSCs
have the MSC-like characteristics of high growth capacity
and multilineage differentiation potential that they can con-
vert into multiple kinds of cells like neural cells, chondro-
blasts, and endothelium formative cells. For the advantages
of DPSCs, the major one is the easy accessibility without
invasive surgical procedures or ethical concerns; another
one is that they can maintain their stem cell characteristics

after long-term cryopreservation [37, 38]. Moreover, DPSC
culture can also be efficiently established from extracted
human molars after cryopreservation for up to one
month [39].

In addition, DPSCs showed a superior potential for neu-
rogenic differentiation compared with MSCs from other
sources like BM-MSCs and AD-MSCs [40]. Upon induction
under neuronal differentiation conditions, DPSCs can differ-
entiate into functionally active neuronal cells like mature
neurons, dopaminergic-like cells, Schwann cells, and oligo-
dendrocytes [41, 42]. Even without preinduction of neuronal
differentiation, DPSCs can express neural stem cell-like
markers like nestin and S-III tubulin [40]. Studies showed
that DPSCs can express neurotrophic factors like brain-
derived neurotrophic factor (BDNF) and VEGF which have
been proven to exert neuroprotection against ischemic
stroke in both in vitro and in vivo experiments [40].
DPSC-treated primary cortical neurons and astrocytes
underwent the oxygen/glucose deprivation (OGD) exhibited
promoted neurite regeneration and angiogenesis, and
relieved inflammation [19]. DPSC secretion/exosome-
implanted rats with ischemic stroke showed promoted nerve
cell proliferation, reduced infarct volume and brain edema,
and attenuated neurological dysfunction [43, 44]. Moreover,
the culture supernatant of DPSCs that is called dental pulp
conditioned medium (DPCM) has been reported to contain
cytoprotective factor, revascularization factor, and fibrosis
inhibitory factor that contribute to neuronal survival, prolif-
eration, and differentiation [45]; importantly, all of which
are well known to be the key mechanisms of neuroprotec-
tion against cerebral ischemic stroke. Above evidence shows
that both DPSC transplantation and DPCM exert therapeu-
tic effects against ischemic stroke. Furthermore, it was
reported that no immune rejection was observed in the brain
of mice that had been administered with DPSC implantation
derived from rhesus monkeys [46], suggesting that the
degree of transplantation rejection of DPSCs was low. When
combining with neurotrophic factors, DPSCs can repair
both the central nerve and the peripheral nerve once they
were attacked by various injuries [47-51]. However, few
in-depth studies have examined the effects of DPSCs on
the ischemic stroke. Therefore, further research is needed
and worthy.

3. Route of Cell Delivery

To date, MSCs are delivered via intracerebral transplanta-
tion, intrathecal administration, intravascular administration,
and intranasal administration to repair ischemic-damaged
brain tissue, as shown in Figure 1. Despite intracerebral
transplantation and intravascular administration are the
commonly used methods [52], there is no optimal route of
delivery as every method possesses its own vantages and
limitations.

Intracerebral transplantation, also known as stereotactic
transplantation, directly injects the MSCs into brain paren-
chyma or cerebrospinal fluid by stereotactic apparatus.
When injected via parenchyma, in order to provide a good
microenvironment for stem cells to promote graft survival,



delivering the MSCs into penumbra or the hemisphere con-
tralateral to the infarct is suggestive [53, 54]. However, intra-
cerebral transplantation may cause mechanical damage and
the number of MSCs is limited. Research has showed that
not only the endogenous neural stem cells but also exoge-
nous transplanted MSCs are able to migrate to the ischemic
region [55, 56]. Yet, other researchers argue that even the
stem cells successfully arrived at the center of ischemic area,
and some survived the initial ischemic damage, the ideal
regenerative niches might only appear several days after
the stroke in adult mouse brain [57]. Intracerebroventricular
injection delivers the MSCs in cerebrospinal fluid mainly to
treat brain functional diseases, especially in cerebral
ischemia. It was verified that implanted hUC-MSCs by intra-
cerebroventricular injection migrated into the periventricu-
lar tissue, followed by promoted functional recovery in the
rat model of hypoxic-ischemic encephalopathy [58]. In
terms of the timing of administration, both early (12 hours
after stroke) and delayed (7 days after stroke) administra-
tions have been proved effective in improving functional
outcomes of rats underwent ischemic stroke [59, 60]. Owing
to the importance to control the increased intracranial pres-
sure, multiple administrations of intracerebral transplanta-
tion are thought to be impractical, especially for the
patients in critical conditions [61]. Intracerebral injection
bypasses the blood-brain barrier (BBB) and allows more
MSCs into the ischemic lesion. However, as an invasive
operation, it is highly technique-sensitive and equipment-
dependent [62]. For instance, the positioning accuracy of
injection site on MSC transplantation can reach 0.1 mm
using a stereo orientation technique [63].

Intrathecal injection delivers MSCs throughout the
entire neuraxis without the invasive brain surgery, making
it different from the intraparenchymal and intracerebroven-
tricular administrations [64]. Lim et al. found that therapeu-
tic effects of intrathecal injection of hUC-MSCs can be
achieved at a lower dosage in treating cerebral ischemic
stroke of rats, compared with intravenous administration
[65]. A prospective phase II trial has been initiated in 2019
to assess the effectiveness of allogenic BM-MSC transplanta-
tion in severe ischemic stroke, in which eligible patients
received BM-MSCs intrathecally at the subacute phase (30
to 90 days following onset) and follow-up assessment were
conducted at 7, 30, 90, 180, and 360 days after the injection;
after all, the project is in progress with no conclusions
published so far [66]. This study may provide a good knowl-
edge of intrathecally implanted BM-MSC therapy for severe
ischemic stroke.

Intravascular injection is a safe and feasible delivery way
of MSCs, including IV and IA administrations. We find an
interesting phenomenon that most clinical trials have used
IV injection, and studies with smaller case series preferred
IA route [67-69]. Compared with intracerebral injection,
intravascular injection is less invasive and allows higher dose
and bigger volume of MSCs.

Delivered via IV route, cells are expected to pass the BBB
to reach the infarct site of brain and function properly to
regenerate new nerve tissue. A research was conducted that
the neural stem cells were transplanted into mice at 24h

Stem Cells International

after ischemic stroke through IA and IV methods; the results
of which showed that IV route leaved the cells traveling
through the systemic and pulmonary circulations where cells
were more likely to be entrapped in other organs like the
spleen, liver, and lungs that 94% of cells were detected in
the lungs at 1 week after stroke, resulting in only a small part
of injected portion can reach the brain, and that IA route
leaved 69% of MSCs in the brain several hours after injection
and 93% at 7 days [70]. It was reported that, in rats suffering
ischemic stroke, at 14 days after BM-MSC transplantation,
the implanted cells through IV injection could not be
detected in the ischemic brain and most of them were
trapped in the lung, and 35% of intracerebrally injected
MSCs migrated along the corpus callosum to the ischemic
region [21]. In the MCAO model of rats, AD-MSCs were
injected via IA and IV routes at 24 h after onset and results
showed that at 1-7 days after implantation, the expression
level of neurotrophic substance, such as BDNF and VEGF,
was increased and level of proapoptotic factors like
caspase-3 and TNF-a was decreased via IA route compared
with the IV delivery [71]. IA delivery seems to circumvent
the systemic circulation [52], via which the cell number
entering the brain was 5 times higher than IV [72]. However,
IA injection takes the MSCs nearly 24 hours up to 10 days to
reach the brain parenchyma [73, 74].

The intranasal route is another less invasive therapeutic
option. By passing the BBB, BM-MSCs that were trans-
planted 24 h after ischemic stroke in mice could reach the
ischemic cortex as early as 1.5 hours postnasal administra-
tion, which deposit outside the blood vessels [75]. Cell track-
ing techniques indicated that the cells can enter the olfactory
sheath through the extension adjacent to the olfactory fila-
ment after passing through the sieve plate or moving along
the surface of the cortex into cerebrospinal fluid and then
go into the brain parenchyma [76, 77]. This route mini-
mizes, if not eliminates, the cell dispersion in systemic circu-
lation to peripheral organs such as the lung. A study showed
that the 9-day-old mice administered with MSCs intrana-
sally at 10 days after hypoxic-ischemic brain damage
suggested that both of the somatosensory cortex and hippo-
campus were dramatically regenerated and glial scar around
the ischemic site was eliminated at 18 days after the cell ther-
apy [78]. Another study implied that 10-day-old rats
administered with hUC-MSCs intranasally at 24h
posthypoxic-ischemic displayed relieved neuroinflammation
and promoted neural regeneration [79].

4. Treatment Mechanisms of MSCs in
Ischemic Stroke

4.1. MSCs Regulate Immune and Inflammatory Response.
Both of immune and inflammatory responses are proven
to be significantly involved in the pathogenesis of ischemic
stroke. Once the ischemia attacks, the activated innate
immunity quickly triggers and promotes the neuroinflam-
mation (Figure 1), as a result of the migration of immune
cells from periphery into the ischemic brain [80]. At early
stage of ischemic stroke, inflammation limits and relieves
the ischemic stress, which is beneficial for the patients. But
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FIGURE 2: Treatment mechanisms of MSCs in ischemic stroke. MSCs produce NO, IDO, PGE2, TGF-f3, HLA-G5, TSG-6, IL-1Ra, IL-10,
CCL2, etc., to weaken harmful immune and inflammation responses. MSCs induce activation of microglia and persistent reactive
astrogliosis. MSCs interact with microRNAs, like miR-133b, RNA-184, and miR-210, to provide neuroprotective functions. MSCs can
secrete biologically active cytokines or factors including BDNF, GDNF, NGF, cCSF, SCF, bFGF, PDGFAA, angiopoietin-2, NAP2, and
VEGF to promote angiogenic activities and attenuate blood-brain barrier disruption.

the following uncontrolled inflammation induced by
immune cells, for example, the neutrophils, macrophages,
NK cells, and T cells, aggravates the ischemic injury [81,
82]. The ischemic injury is a result of the BBB breakdown,
the expression of harmful molecules produced by neural
cells, production of glia cell activation-derived proinflamma-
tory factors, and the leukocyte accumulation. MSCs are
proven to produce immune regulatory factors such as NO
(in mice), IDO (in human), PGE2, TGF-$, HLA-G5, TSG-
6, IL-1Ra, IL-10, and antagonistic variants of CCL2 that
weaken harmful immune and inflammation responses and
promote tissue repair and regeneration (Figure 2) [83, 84].
The soluble factors derived from MSCs are contributed to
the suppression of T cell proliferation, and the TGF-f
secreted by MSCs prevents the production of PGE2 and
HO-1 and also inhibits the autocrine proliferation of IL-2-
dependent T cells (Figure 2). In cerebral ischemia, hUC-
MSC injection through the tail vein has been shown to
modulate TGF-f, leading to the conversion of naive CD4"
T cells into Th17/Treg and regulation of peripheral immune
response, followed by inhibited neuroinflammation and
attenuated ischemic injury [85]. In addition, MSCs utilize
their property on cell cycle arrest to suppress the IFN-
y*/CD8" T cell proliferation through modulating the
expression of cyclin D2 and p27kip1, both of which deeply
influence the cell cycle of T cells [86]. Moreover, MSC-
derived doleamine 2,3-dioxygenase (IDO), PGE2, and
TGF-p1 can downregulate the expression of activated recep-
tors (NKp30, NKp44, and NKG2D), reduce cytotoxicity,
inhibit the production of inflammatory cytokines (IFN-y
and TNF-a), and inhibit IL cytotoxic T cell and NK cell pro-

liferation (Figure 2) [87, 88]. Early MSC transplantation sig-
nificantly drives the IL-10 expression, following the decrease
in TNF-a production in the ischemic area. BM-MSC trans-
plantations have important roles in attenuating neutrophil
infiltration, astrocyte apoptosis, MMP-9 activation, and
aquaporin-4 (AQP4) upregulation through suppressing
intracellular adhesion molecule 1 (ICAM-1) and activating
the p38 signaling pathway, leading to accelerated and
enhanced glial scar formation, and reduced BBB disruption
and ischemic lesion volume (Figure 2) [89-91].

Splenic inhibition may be another mechanism of MSCs
to lighten the immune inflammation. BM-MSC transplanta-
tion allows a potential approach for BBB protection in cere-
bral ischemia that the cell-based therapy attenuates the
adverse effect induced by the spleen which increases the
BBB permeability and aggravates the BBB disruption [92,
93]. Besides, BM-MSC therapy modulates the peripheral
immune response (Figure 1), which is mainly triggered and
promoted by the spleen through releasing lymphocytes and
proinflammatory factors into the circulatory system at early
stage of ischemia [27, 94, 95].

4.2. MSCs Provide Neurotrophic Functions. At present, the
most widely accepted mechanism how MSCs exert the pro-
tective effects in ischemic stroke is the neurotrophic factor
produced by MSCs through endocrine or paracrine pathway
[96]. It has been clarified that the MSCs produce various
biologically active cytokines or growth factors like BDNF
and bFGF that are crucial for neural regeneration, white
matter remodeling, and synaptic plasticity [97-99]. For
example, studies have shown that BDNF and bFGF



expressed by MSCs inhibit the neural death and apoptosis
partly through interacting with tyrosine kinase receptors in
the animal model of ischemic stroke (Figure 2). As a result,
MSC transplantation significantly increased the number of
multiple nerve cells synaptophysin, as well as synaptic den-
sity, number of myelinated axons, and protuberance growth
in the ischemic border area [100]. The increased intensities
of oligodendrocyte progenitor cells and mature oligoden-
drocytes are observed in the border zone of lesion due
to BM-MSC transplantation [59]. Moreover, BM-MSC
transplantation enhances white matter remodeling through
activation of microglia and persistent reactive astrogliosis
(Figure 2), leading to the better long-term neurological
outcomes [59, 101].

MicroRNAs are strongly linked to MSCs, which play a
neuroprotective role in ischemic stroke. MicroRNA profiling
analysis revealed that many microRNAs were significantly
changed after ischemic stroke [102, 103]. Xin et al. found
that the exosomes from MSCs can modulate the interaction
between various microRNAs and neural cells to the struc-
tural and functional recovery of neural cells in cerebral
ischemia (Figure 2) [104, 105]. It has been proposed that
MSCs comodified by targeted peptide and miR-133b can
be used as potential therapeutic drugs for cerebral ischemia
(Figure 2) [106]. In addition, MSCs act on extracellular ves-
icles (EVs) in region site to mitigate ischemic injury that the
interaction between them promotes neurogenesis and angio-
genesis [107]. There is no doubt that MSC treatment has a
potential therapeutic value in ischemic stroke with the ability
of opening up new avenues and strategies.

4.3. MSCs Induce Angiogenic Activities. Angiogenesis is
highly related to the functional recovery of ischemic stroke
(Figure 1). In response to the attack of the ischemic stroke,
the vascular endothelial cells in the CNS exhibit strong pro-
liferation capability to supply the injured tissue with more
oxygen and nutrition. In the next few months after the
stroke, as vascular remodeling and vascular density increas-
ing, neuroblasts gradually migrate to the damaged brain area
to repair the injured tissue. Existing evidence suggested that
MSCs can acquire angiogenic properties through paracrine
or autocrine production of appropriate cytokines [108,
109]. Implanted BM-MSCs release many angiogenic growth
factors and neurotrophic factors like angiogenin, hepatocyte
growth factor, BDNF, and fibroblast growth factor-2 (FGF-
2), insulin-like growth factor-1, neutrophil activating
protein-2 (NAP-2), and VEGF (Figure 2) [109]. In addition,
some researchers have found that, in the area around the
infarction, BM-MSCs facilitate the production of various
neuroprotective factors, including stromal cell-derived
factor-1 (SDF-1), BDNF, platelet-derived growth factor AA
(PDGEF-AA), basic fibroblast cell growth factor, angiopoie-
tin-2, CXC chemokine ligand 16, NAP-2, and VEGF
receptor-3 (Figure 2) [110]. In rats suffering ischemic stroke,
BM-MSC treatment started at 24h after onset markedly
increases the microvessel density, as a consequence of
enhanced angiogenesis in the boundary zone [101, 111].
Zacharek et al. found that coculture of astrocytes with MSCs
increased the expression of VEGF and Angl/Tie2 and signif-
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icantly increased capillary-like formation of mouse brain
endothelial cells [112], resulting in the promotion of the
angiogenesis to accelerate tissue repair (Figure 1).

5. Clinical Trials

Although preclinical data are promising in terms of both
safety and therapeutic efficacy, clinical verification is inevita-
ble for MSCs to treat patients with cerebral ischemia. Up to
now, about 1000 clinical trials focused on MSC therapy are
currently registered on ClinicalTrials.gov and 20 clinical tri-
als (Table 1) focus on the therapeutic effects of MSCs for
cerebral ischemia, among which 4 have been completed
and 3 have been withdrawn. A phase II clinical trial from
China, in which 10 participants suffering acute ischemic
stroke were treated with AD-MSCs via the IV route within
2 weeks after the onset, concluded that AD-MSC implanta-
tion was safe and efficient and could improve the neurolog-
ical function of patients with severe stroke at two years after
ischemic stroke [113]. Another 4-year open trial in China
involved 18 participants with acute cerebral ischemic stroke
showed that participants in the MSC-treated group had
fewer serious adverse events compared with the vehicle
group and concluded the long-term safety of MSC treatment
for acute cerebral ischemic stroke [114]. In a randomized
controlled trial with a 2-year follow-up, 16 patients received
the MSC transplantation through the IV route showed
improved motor recovery through sensorimotor neuroplas-
ticity, suggesting that MSC treatment was safe and feasible
for ischemic stroke [67].

Moreover, clinical trials of 36 patients from Levy et al.
[115] showed that the proportion of patients that treated
with allogeneic BM-MSCs (1.6 x 10°/kg) via IV route with
good functional recovery (Barthel score > 95) increased from
11.4% of the baseline to 27.3% at 6 months and 35.5% at 12
months. Levy et al. concluded that allogeneic BM-MSC
injection via IV route was accessible and reasonable in treat-
ment of chronic stroke and suggested behavioral gains in
patients with substantial functional defects. In addition, a
randomized controlled clinical trial registered as ChiCTR-
INR-16008908 focused on intrathecal injection of allogeneic
BM-MSC four infusions (1 x 10° cells/kg body weight) once
a week at 1 to 3 months after onset of ischemic stroke is still
in progress [66].

6. Conclusions and Prospects

At present, MSCs are notably available from multiple
sources. Furthermore, they are immunotolerant and hold
unequivocal postnatal multilineage potential. MSC trans-
plantation is indeed an excellent therapeutic technique to
treat ischemic stroke; however, of which the optimal thera-
peutic protocols, in terms of MSC subtype, number, prepa-
ration, and timing, need to be further studied. Although
preclinical studies have shown that MSC therapy occupies
with safety and efficacy in the treatment of ischemic stroke,
some investigators concern that MSC transplantation may
lead to tumor growth, immunodepression, and adverse
events of the respiratory system, particularly the pulmonary
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embolism [63]. In addition to the encouraging phase I and
phase II data, large-scale phase III clinical trials are required
to clear the aforementioned doubts. Hence, we should fur-
ther conduct not only preclinical studies but also clinical
researches to illustrate the effectiveness of MSCs in cerebral
ischemia treatment.
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hUC-MSCs: Human umbilical cord mesenchymal stem
cells

MCAO: Middle cerebral artery occlusion

hA-MSCs:  Human amniotic mesenchymal stromal cells

hC-MSCs:  Human chorionic mesenchymal stromal cells

AD-MSCs:  Adipose tissue-derived mesenchymal stem
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Human dental pulp stem cells (hDPSCs) are the primary cells responsible for dentin regeneration. Typically, in order to allow for
odontoblastic differentiation, hDPSCs are cultured over weeks with differentiation-inducing factors in a typical monolayered
culture. However, monolayered cultures have significant drawbacks including inconsistent differentiation efficiency, require a
higher BMP concentration than should be necessary, and require periodic treatment with BMPs for weeks to see results. To
solve these problems, we developed a 3D-cell spheroid culture system for odontoblastic differentiation using microparticles with
leaf-stacked structure (LSS), which allow for the sustained release of BMPs and adequate supply of oxygen in cell spheroids.
BMPs were continuously released and maintained an effective concentration over 37 days. hDPSCs in the spheroid maintained
their viability for 5 weeks, and the odontoblastic differentiation efficiency was increased significantly compared to monolayered
cells. Finally, dentin-related features were detected in the spheroids containing BMPs-loaded microparticles after 5 weeks,

suggesting that these hDPSC-LSS spheroids might be useful for dentin tissue regeneration.

1. Introduction

In a normal biological system, stem cells undergo intensive
cell-cell contacts to develop tissues with three-dimensional
(3D) structures. This is mediated by the microenvironment
including the extracellular matrix surrounding cells, which
are distinct physiological cues for cell differentiation and pro-
liferation. Two-dimensional (2D) monolayer cultures inade-
quately reproduce the native microenvironment of stem cells
created by intrinsic and extrinsic cellular communications,
resulting in an unnatural spatial distribution of signaling
molecules, oxygen, and nutrients [1]. Moreover, the normal
physiological behaviors of stem cells can be distorted in
monolayer cultures, leading to the loss of the multilineage
potential and replicative ability [2, 3]. To mimic the physio-
logical environment, various methods have been reported
for culturing cells in a 3D structure, including scaffold-free

cultures [4, 5], cultures grown on various scaffold materials
[6-8], and cultures embedded in gel materials [9, 10]. 3D cell
aggregates, known as spheroids, yield a multicellular mass
that mimics the natural cell niche [11]. Scaffold-free 3D cul-
ture systems have advantages in preventing the inflammation
and infection caused by scaffold material degradation [12]
and disadvantages of poor guidance on cells required for cell
proliferation and differentiation. Cell spheroids have been
utilized in various tissue engineering [13-15] and stem cell
applications [10, 16-19]. However, only recently have cell
spheroids been investigated for dental tissue regeneration,
leaving much data on the topic still to be discovered. Spher-
oid culturing of human periodontal ligament stem cells
(hPDLSCs) significantly enhanced stemness and osteogenic
potential compared with hPDLSCs cultured in a monolayer
[11, 20]. In addition, osteo/odontoblastic gene expression
and mineralization are upregulated in immortalized mouse
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dental papilla cells cultured as 3D spheroids when compared
with 2D monolayer-cultured cells [21]. In addition to the 3D
aspects of the cell culture system, the sustained supply of
cytokines or growth factors also plays an important role in
mimicking the natural microenvironment and achieving
effective differentiation. Biomaterial-based delivery systems
in culture have been previously reported to form nanoparti-
cles, microparticles, hydrogels, and tissue engineering scaf-
folds, improving the pharmacokinetics of retained factors
and reducing toxicity [13-15, 22]. Recently, 3D cell culture
models, including cell spheroids, have been assessed in terms
of drug delivery efficacy [5-7]. In previous studies, signaling
pathways stimulated by Wnt proteins, transforming growth
factor-B (TGFf)/bone morphogenetic proteins (BMPs),
and fibroblast growth factor (FGF) were identified to regulate
tooth development [23, 24]; however, the process of dentin
formation is not fully understood. Recently, we reported that
the combinational treatment of BMP-2 and BMP-4 can max-
imize the odontoblastic differentiation efficiency of hDPSCs
[25]. The induction of odontoblastic differentiation in 3D
spheroid cultures via the direct addition of differentiation-
inducing factors to the culture medium can be complicated
compared to monolayer cultures. In monolayered cultures,
oxygen and nutrition are uniformly provided to all cells,
whereas in 3D spheroid cultures, the concentrations of oxy-
gen and nutrients can be quite low at the interior of spheroids
as limited by diffusion [12, 26]. Our aim was to achieve high
efficiency and successful odontoblastic differentiation in a 3D
culture system. For this, we established an hDPSC-spheroid
complex with accompanying LSS microparticles which
allowed for the sustained supply of signaling factors and
improved cell adhesiveness. These hDPSCs-spheroid com-
plexes mimicked the natural microenvironment better than
conventional monolayered cultures, and even larger-scale
structures showed long-lasting differentiation efliciency,
more so than any other structures developed thus far (e.g.,
solid porous matrix- or hydrogel-based scaffold systems
and conventional cell only spheroid systems).

2. Materials and Methods

2.1. Cell Culture. Human dental pulp stem cells were
obtained from the dental pulp tissues extracted from wisdom
teeth under guidelines approved by the IRB of the Dankook
University (DKU-NON2019-004). The dental pulp tissues
were collected after removing the tooth crown. The tissues
were chopped and treated with 3 mg/ml collagenase type-I
(Millipore) and 4 mg/ml dispase (Sigma-Aldrich) for 1h at
37°C. Single-cell suspension was incubated in alpha-
modified minimum essential medium (a-MEM, Hyclone)
containing 20% fetal bovine serum (Hyclone) and antibiotics
(Lonza) at 37°C in 5% CO,. For induction of odontoblastic
differentiation in 2D monolayer culture, hDPSCs were
treated with BMP-2 and BMP-4 as indicated concentrations
in every 3 days. Stemness and differentiation potentials of
independently isolated hDPSCs from patients were verified
by expression of the representative mesenchymal stem cell
markers and odontoblastic markers (Figure S1 and S2).
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Each cell batch was not combined and used separately in
experiments.

2.2. Preparation of Microparticles with BMPs and the Release
Behavior Analysis. Microparticles with leaf-stacked structure
(LSS) were fabricated by a heating and cooling method as
described in our previous studies [27]. In brief, polycaprolac-
tone (PCL, 81 kDa, Lakeshore Biomaterials) was dissolved in
tetraglycol (Sigma-Aldrich) in 15% at 90°C, and the solution
was stored at 4°C to obtain LSS microparticles. LSS particles
in the size range of 25~53 ym were collected using standard
testing sieves. For morphological observation of LSS micro-
particles, a scanning electron microscope (S-4300, Hitachi)
was used. For immobilization of BMP-2 and BMP-4 in LSS
microparticles, a mixture of 1ml LSS particles and 1ml
BMP solution (1 yg/ml BMP in PBS supplemented with 1%
bovine serum albumin) was stored at 4°C for 3 h under posi-
tive pressure. Excess BMP solutions were removed and
freeze-dried. To investigate the release behavior of BMPs
from LSS microparticles, 5 mg BMPs-loaded LSS microparti-
cles were incubated in 1 ml PBS at 37°C, and supernatant was
collected every 24 h. The amount of BMPs released from LSS
microparticles was detected by the ELISA kit (Duoset, R&D
Systems).

2.3. Spheroid Formation. To prepare hDPSC-spheroids con-
taining BMPs-loaded LSS microparticle, suspension of cell
(2.7 x 10% cells) and microparticle (0.3 x 10° particles) was
seeded onto agarose mold with concave microstructure
(800 pm in diameter and 400 ym in depth). A hemocytome-
ter was used to count cells and microparticles. 144 concaves
per experiment were prepared. The spheroids were incubated
in a growth medium for 1 week and, then, incubated for addi-
tional 4 weeks to induce odontoblastic differentiation. Size
and morphological changes of spheroids were observed using
a light microscope (CKX41, Olympus) and a scanning elec-
tron microscope (S-4300, Hitachi).

2.4. Immunocytochemistry and Immunohistochemistry. For
histological observation, cell spheroids were fixed with 4%
paraformaldehyde for 20min at 4°C. After freezing at
-70°C, the specimens were cut into sections of 8-ym thick-
ness and, then, stained with Hematoxylin and Eosin (H&E)
staining for observation by a light microscope (CKX41,
Olympus). To visualize protein expression, immunocyto-
chemical (ICC) staining was conducted on cell spheroids. A
slice cut from spheroid was washed with Tris-Buffered Saline
(TBS), permeabilized with 0.1% Triton X-100 for 5 min, and
blocked with 10% normal serum (in TBS containing 1% BSA)
for 2h, consecutively. Specimens were incubated with anti-
BSP (ab125227, Abcam) and anti-DSPP antibodies (Santa
Cruz, sc-73642) at 4°C for 12 h, followed by incubation with
Alexa Fluor® 488 (Abcam) as secondary antibody for 1 h. Cell
nuclei were stained with 4',6-diamidino-2-phenylindole
(DAPI, Vector Laboratories) and observed using a fluores-
cence microscope (Eclipse Ts2R, Nikon).

2.5. Quantification of Calcium Contents. For quantification of
mineralization, cells or spheroids were collected and incu-
bated in 0.6N HCI for 24h for decalcification. Calcium
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TaBLE 1: Primer sequences.

Genes Forward primers Reverse primers

BSP 5'-TACCGAGCCTATGAAGATGA-3' 5'.CTTCCTGAGTTGAACTTCGA-3'
COL1 5'-GGAGGAGAGTCAGGAAGG-3' 5'“TCAGCAACACAGTTACACAA-3'
DMP-1 5'-GACTCTCAAGAAGACAGCAA-3' 5'-GACTCACTCACCACCTCT-3’
OCN 5'-TGAGTCCTGAGCAGCAG-3' 5'-TCTCTTCACTACCTCGCT-3'
OPN 5'-GTGGGAAGGACAGTTATGAA-3' 5'-CTGACTTTGGAAAGTTCCTG-3'

0SX 5 TTGACATGTACCCCTTTCTG-3’
5 _GTATGACAACAGCCTCAAGAT-3’

GAPDH

5. CAATACCCCTGATGAAGAGG-3’
5'-CCTTCCACGATACCAAAGTT-3’

amounts were quantified using Calcium Colorimetric Assay
Kit (Sigma-Aldrich). A chromogenic complex was formed
between calcium ions and O-cresolphthalein, and its absor-
bance intensity was measured at 575nm. The calcium
amounts were calculated according to the absorbance.

2.6. Real-Time Polymerase Chain Reaction. Total RNA was
extracted from cells or spheroids using Easy-Spin Kit
(Intron), and cDNA was synthesized using ReverTra Ace
qPCR RT Mix (Toyobo). The qRT-PCR was conducted with
iTaq Universal SYBR Green Supermix (Bio-Rad) using spe-
cific primers (Table 1). qPCR amplifying condition consisted
of 1 cycle for 30 sec at 95°C, and 40 cycles for 15 sec at 95°C of
denaturation and 60 sec at 55-60°C of annealing/extension. A
melt curve was constructed in the range of 65°C to 95°C with
0.5°C increments per step. The relative comparison of each
gene was analyzed, and glyceraldehyde 3-phosphate dehy-
drogenase (GAPDH) was used for normalizing gene expres-
sion as an internal control. Three samples were analyzed for
each target gene.

2.7. Statistical Analysis. The differences between two samples
were evaluated by the ¢-test as a statistical method. A P value
of less than 0.05 was considered statistically significant.

3. Results

3.1. Development of BMPs-Loaded Microparticles for
Sustainable Delivery. Microparticles with a leaf-stacked
structure (LSS) were developed to provide an appropriate
microenvironment with a continuous supply of factors and
sufficient surface for cell adhesion [27]. Diameters of these
particles were 25~53 ym. SEM imaging (Figure 1(a)) revealed
that the surfaces of these particles were covered with a lami-
nated structure. Such laminated porous structures not only
can offer a sustained release of bioactive molecules but also
can improve cell adhesion and permeation of oxygen and
nutrients.

To induce odontoblastic differentiation of monolayered
hDPSCs, cultures were cotreated with BMP-2 and BMP-4
[25]. To facilitate odontoblastic differentiation in a 3D cul-
ture system, LSS microparticles loaded with either BMP-2
or BMP-4 were prepared. When 5 mg of microparticles was
resuspended in 10 yg/ml each BMP solution, maximal load-
ing amounts of BMP-2 and BMP-4 were 206.16 ng/5 mg par-

ticles and 194.26 ng/5 mg particles, respectively. After a high
initial release of factors between day 1 and day 7, the total
duration of release above the effective concentration of
0.2 ng/ml was 39 days in case of BMP-2 and 37 days in case
of BMP-4 (Figure 1(b), A and B). Based on the release behav-
ior, total accumulated amounts of released BMP-2 and BMP-
4 were estimated to be 174.93ng/5mg particles and
150.64 ng/5mg particles, respectively (Figure 1(c), A and
B). To sum up, 84.85% and 77.55% of total loading amounts
of BMP-2 and BMP-4 were released over 37 and 39 days,
respectively. These data suggested that BMPs were continu-
ously released from LSS microparticles for at least 37 days,
allowing them to achieve continuous differentiation induc-
tion without an intermittent stimulation.

3.2. Formation of hDPSC Spheroids with BMP-Loaded LSS
Microparticles. To construct cell aggregates, 2.7 x 10°
hDPSCs and 0.3 x 105 BMPs-loaded LSS particles were
mixed in an agarose concave microwell. In our previous
report [25], monolayered hDPSCs required treatment with
both 33.3 ng/ml BMP-2 and 3.3 ng/ml BMP-4 per day to pro-
duce odontoblastic differentiation. To induce odontoblastic
differentiation under conditions similar to a two-
dimensional culture, 3.2mg BMP-2-loaded LSS particles
(0.270 x 10° particles) and 0.32 mg BMP-4-loaded LSS parti-
cles (0.027 x 10° particles) were used for spheroid formation.
These particles released either 1.17ng/ml BMP-2 or
0.12ng/ml BMP-4 per day. One spheroid body was con-
structed per well (Figures 2(a) and 2(b)), resulting in a total
of 144 cell spheroids. Cell spheroids without LSS particles
decreased in size over time. They almost disappeared after
five weeks (Figure 2, A in (a) and (b)). This phenomenon
might be due to cell death as cell necrosis in the central region
of spheroids has been occasionally observed in larger spher-
oid structures [28]. However, cell spheroids with LSS micro-
particles (Cell/LSS and Cell/LSS/BMPs) did not shrink much
during incubation (Figure 2, A and Cin (a) and (b)). To ana-
lyze cell viability, an MTT assay was performed with 30
spheroids containing LSS particles. By the first week, cells
in spheroids without particles sharply decreased in number,
while cells in Cell/LSS and Cell/LSS/BMPs proliferated and
cell numbers increased (Figure 2(c)). Over a period of longer
than three weeks, the number of cells remained somewhat
unchanged except for spheroids with only cells which
showed decreased number over the same period
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FIGURE 1: Sustainable release of BMP-2 and BMP-4 by using the microparticles of the entire leaf-stacked structure (LSS). (a) Scanning
electron microscopic structure of the surface of an ELSS microparticle. (b) Daily release amounts of BMP-2 (A) and BMP-4 (B). The
release behavior was analyzed daily using 5mg of particles and continued until 0.2 ng of each BMP was released. The releases of BMP-2
and BMP-4 were analyzed for 39 days and 37 days, respectively. (c¢) Cumulative release amounts of BMP-2 (A) and BMP-4 (B). Over 39
days and 37 days, the cumulative release amounts of BMP-2 and BMP-4 per 5 mg of particles were 174.93 ng and 194.26 ng, respectively.

(Figure 2(c), bars in 3-5wks). Therefore, mixed hDPSCs and
LSS particle spheroid system was appropriate for a long-term
differentiation of hDPSCs. Hematoxylin and eosin (H&E)
staining revealed cells in the core region of spheroids due to
a high survival rate. It also revealed that the gap between cells
and particles narrowed as the incubation time increased
(Figure 2(d)). In both LSS particles and BMPs-loaded LSS
particles, cells either wrapped close to particles or hung
between particles.

3.3. Enhancement of Odontoblastic Differentiation in
hDPSC/LSS Spheroids Releasing BMP-2 and BMP-4. Odon-
to/osteoblastic differentiation of hDPSCs cultured in spher-
oids was evaluated based on the transcriptional expression
of odonto/osteogenic markers. Overall, gene expression
levels of representative markers were increased in spheroids
even without BMP-2 or BMP-4 (Figure 3(a), LSS in a-f),
although their expression levels were increased more in
spheroids with BMPs-loaded LSS particles (Figure 3(a),
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F1GURE 2: Formation of hDPSC spheroids containing the BMPs-loaded LSS microparticles. (a, b) Photographic and scanning electron
microscopic image of hDPSC spheroids. (A) hDPSC spheroid without particles. (B) hDPSC spheroid with particles. (C) hDPSC spheroid
with BMPs-loaded particles. (c) Cell proliferation of hDPSCs in spheroids containing microparticles after culturing for 1, 3, and 5 weeks.
0wk indicated the cell numbers added for spheroid formation. White bars, cell numbers in spheroids containing particles without BMPs;
black bars, cell numbers in spheroids containing particles loaded BMPs. *P < 0.05; **P < 0.01; ***P < 0.001; NS: not significant. (d) H&E
staining of paraffin section of hDPSC-spheroids containing LSS particles. As well as covering on spheroid by cell layers, cells were detected
inside of spheroid. (A) hDPSC spheroid with particles. (B) hDPSC spheroid with BMPs-loaded particles.

LSS/BMPs in a-f). After 3 weeks of differentiation, expression
levels of osterix (OSX) and dentin matrix protein-1 (DMP-1)
were significantly increased in spheroids with BMPs-loaded
LSS particles than in spheroids without LSS particles
(Figure 3(a), A and B). Expressions levels of osteocalcin
(OCN), bone morphogenetic protein (BSP), and type I colla-
gen (COLI) in spheroids with BMPs-loaded particles were
also increased than in those without BMPs (Figure 3(a), C-
E). Calcium deposition is known to be an important indica-
tor of odonto/osteoblastic differentiation. Thus, calcium con-
tent was quantified for 30 spheroids. It was found that
spheroids containing both LSS and LSS/BMPs particles
showed a significant time-dependent increase in calcium
deposition (Figure 3(b)). However, the amount of calcium
accumulated in spheroids with ELSS/BMPs was more than
doubled compared to that in spheroids without BMPs over
five weeks (Figure 3(b), bars in 5wks). In addition, the immu-
nohistochemical analysis clearly showed that BSP and DSPP
as two representative odonto/osteogenic markers were
strongly increased in spheroids with LSS/BMPs after 5 weeks
(Figure 3(c), A and B).

3.4. Odontoblastic Differentiation of hDPSCs in Monolayered
Cultures and LSS/Cell Spheroid Cultures. In traditional

monolayered cultures, BMP-2 and BMP-4 are added to
hDPSCs once every two or three days to facilitate odonto/os-
teoblastic differentiation [25]. To compare differentiation
efficacies of hDPSCs cultured in 2D monolayers and 3D
spheroid systems, monolayered cells were treated with these
two BMPs at concentrations approximately equal to the con-
centration of BMPs released from LSS microparticles. Aver-
age amounts of BMP-2 and BMP-4 added into the 2D
culture during the first three days at a concentration ratio
of 10:1 were 33.3ng/ml and 3.3 ng/ml, respectively. After
that, monolayered cultures were treated with BMPs once
every three days for five weeks in a manner mimicking the
release behavior from 3D spheroids (Figure 4(a)). Compared
to spheroid cultures, the amount of BMPs required in 2D cul-
tures was doubled. However, they were treated to decrease at
the same ratio with releasing behavior of LSS particles. When
expression levels of odonto/osteogenic markers were evalu-
ated, all markers were significantly increased in 3D
spheroid-cultured hDPSCs after 3 weeks of differentiation
than in monolayered cells (Figure 4(b)). In addition, based
on the same number of cells, the calcium content in 3D
spheroids was increased 1.5 times compared to that in mono-
layered cultures (Figure 4(c)), suggesting a higher differenti-
ation efliciency could be achieved with our LSS/hDPSCs
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F1GURE 3: Odonto/osteoblastic differentiation of 3D spheroid-cultured hDPSCs improves by the sustainably released BMP-2 and BMP-4. (a)
Odonto/osteoblastic marker gene expression of hDPSC spheroids. (A) Osterix. (B) Dentin matrix protein-1. (C) Osteocalcin. (D) Bone
sialoprotein. (E) Collagen type-1. *P <0.05; **P<0.01; ***P <0.001; NS: not significant. (b) Calcium deposition in spheroids. 30
spheroids were collected to analyze the amounts of calcium as followed in Experimental procedures. White bars, cell numbers in spheroids
containing particles without BMPs; black bars, cell numbers in spheroids containing particles loaded BMPs. *P < 0.05; **P < 0.01; ***P <
0.001. (c) Immunohistochemical staining of hDPSCs spheroids for two representative odontoblastic markers such as bone sialoprotein (A)
and dentin sialophosphoprotein (B). The paraffin section of hDPSC-spheroids collected at an indicated time was treated with the primary
antibody, followed by FTIC-conjugated secondary antibody. LSS: spheroids containing particles without BMPs; LSS/BMPs: spheroids
containing particles loaded BMPs.
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F1GURE 4: Comparison of odonto/osteoblastic differentiation of 2D monolayer-cultured hDPSCs and 3D spheroid-cultured hDPSCs. (a) Daily
treat amounts of BMP-2 (A) and BMP-4 (B) in 2D monolayered culture. hDPSCs on culture dish were treated with BMPs once every 3 days.
Based on the release behavior from LSS particles (Figure 1(b)), the daily average value was calculated from the sum of three days’ values and
displayed on the graph as a point. (b) Odonto/osteoblastic marker gene expression in hDPSCs cultured in 2D monolayer and in 3D spheroids.
(A) Osteopontin. (B) Osterix. (C) Dentin matrix protein-1. (D) Osteocalcin. (E) Bone sialoprotein. (F) Collagen type-1. *P < 0.05; **P < 0.01;
***P <0.001; NS: not significant. (c) Calcium deposition in hDPSCs cultured in 2D monolayer and in 3D spheroids. 30 spheroids were
collected to analyze the amounts of calcium as followed in Experimental procedures. White bars, 2D monolayer culture treated with
BMPs; black bars, 3D spheroids containing particles loaded BMPs. *P < 0.05; **P < 0.01; NS: not significant.
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spheroid system using vastly smaller amounts of cytokines
than in traditional monolayered cultures.

4. Discussion

3D spheroid cultures are excellent for enhancing cell-cell and
cell-extracellular matrix (ECM) interactions, mimicking the
natural environment of tissues. In this study, we present an
exciting spheroid culture system combined with a drug deliv-
ery system for the odonto/osteoblastic differentiation of
hDPSCs. Without additional treatment with differentiation
factors, hDPSCs do not differentiate well into odontoblasts
or osteoblasts in traditional monolayered cultures [25]. On
the other hand, it was recently reported that 3D culture sys-
tems can induce differentiation without additional inducing
factors in both spheroids and scaffold-embedded cultures
[11, 20, 21, 26, 29]. Nevertheless, because growth factors
and cytokines are important for modulating cell prolifera-
tion, differentiation, and cell adhesion, the addition of
inducers is still essential for proper differentiation. However,
growth factors and cytokines only act locally and possess
short half-lives and short diffusion distances through ECMs.
For example, FGF and PDGF have a half-life of only 3
minutes and less than 2 minutes, respectively, due to enzy-
matic degradation and inactivation in physiological culture
conditions [15]. Therefore, 3D cultures should be con-
structed in conjunction with additional drug delivery systems
to sustainably release adequate growth factors and cytokines.
The microparticles with the leaf-stacked structure (LSS) used
in this study were suitable for cell attachment as well as the
sustainable release of differentiation-inducing factors. In
our recent study, we demonstrated that the microparticles
with the leaf-stacked structure (LSS) significantly prevent cell
necrosis in human bone marrow-derived mesenchymal stem
cells (hBMSCs) (data not shown). Therefore, we can assume
that cell viability in hDPSCs-spheroids with LSS particles was
greatly improved in this experiment.

As shown in Figure 2, the cells in spheroid structures with
LSS particles had increased viability compared to cell aggre-
gates formed without LSS particles, and the spheroid size
did not shrink even after 5 weeks of incubation. The findings
were very surprising in light of the fact that more than a week
or two of cell differentiation experiments were difficult when
spheroids made from simple lumps of cells were used in pre-
vious studies [20, 21].

Previously, we determined the optimal concentration of
BMP-2 and BMP-4 to maximize the efficiency of odontoblas-
tic differentiation of hDPSCs: 33.2ng/ml BMP-2 and
3.3ng/ml BMP-4 per day [25]. Because the concentrations
of BMP-2 and BMP-4 have treated at 10:1, two types of
LSS particles loaded with BMP-2 or BMP-4 were mixed in
a 10:1 ratio to meet proper differentiation conditions. The
biggest advantage of the LSS/hDPSCs spheroid system was
that it could be applied to experiments by counting the num-
ber of spheroids directly. Other studies that may reflect dual-
delivery systems have recently been published. A novel drug-
delivery system based on double-layered microspheres differ-
entially released SDF-1 and BMP-2 [30]. The mesoporous sil-
ica nanoparticles-embedded core-shell nanofiber membrane

Stem Cells International

provides for an effective delivery of dual drugs [31]. Together
with our results, these reports will provide useful information
for guided tissue regeneration.

Although the amounts of BMPs released from LSS micro-
particles were much less than those required in 2D mono-
layered cultures, the odonto/osteoblastic differentiation and
mineral formation in LSS/cell spheroid-cultured hDPSCs
were significantly increased after 3-5 weeks of culture com-
pared to the monolayered but more heavily treated cells
(Figure 3). These results suggest that the differentiation effi-
ciency of hDPSCs can be enhanced in this 3D spheroid cul-
ture system using much smaller amounts of cytokines
compared to 2D cultures. Previously, Chen et al. reported
that periodontal ligament fibroblasts in scaffolds containing
a mixture of BMP-2 and IGF-1 showed a high osteoblastic
differentiation efficiency [26]. As one step further from the
previous research, our dual-microparticle containing spher-
oids can be used to release multiple growth factors or cyto-
kines in a controlled and independent fashion, thereby
representing a promising 3D culture system for tissue engi-
neering. In the future, multiple cell spheroids constructed
with different cell types and LSS microparticles loaded with
various factors could serve as building blocks in complex tis-
sue engineering applications.

5. Conclusions

We established a 3D-spheroid culture system of hDPSCs for
odontogenic differentiation. In this spheroid system, the
microparticles with leaf-stacked structure (LSS) were used.
LSS-microparticles allowed sustained release of BMPs and
oxygen supply for 40 days. Odontogenic differentiation and
mineralization increase significantly compared to mono-
layered cells, suggesting that these large-scale hDPSCs-LSS
spheroids containing long-lasting viability might be useful
for dentin regeneration.
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Supplementary Materials

Figure S1: verification of stem cell potentials in human dental
pulp primary cells (hDPSCs). CD Antibodies against the fol-
lowing mesenchymal stem cell antigens were treated with
cells: CD44, CD90, CD146, and STRO-1. CD24 and CD106
were used as negative markers. After incubation with the pri-
mary antibodies, FITC labeled anti-mouse secondary anti-
body was treated. CD expression of hDPSCs was analyzed
by Flow cytometry. hDPSCs independently cultivated from
six different patients were used in FACS analysis. Red peaks
indicated cells treated with FITC-secondary antibody only.
Figure S2: verification of odontogenic differentiation poten-
tial in human dental pulp primary cells (hDPSCs). Osteo/o-
dontogenic gene expressions in hDPSCs treated with BMP-
2 and BMP-4 for 2 weeks. hDPSCs independently cultivated
from six different patients were used in Quantitative RT-PCR
analysis. According to the data of relative expression between
undifferentiated and differentiated cells, three cell batches
isolated from patients #165, #280, and #311 were selected
and used in this experiment. (Supplementary materials)
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Objectives. Bones constitute organs that are engaged in constant self-remodelling. Osteoblast and osteoclast homeostasis during
remodelling contribute to overall skeletal status. Orthodontics is a clinical discipline that involves the investigation and
implementation of moving teeth through the bone. The application of mechanical force to the teeth causes an imbalance between
osteogenesis and osteogenesis in alveolar bone, leading to tooth movement. Osteoimmunology comprises the crosstalk between the
immune and skeletal systems that regulate osteoclast-osteoblast homeostasis. Interleukin- (IL-) 20, an IL-10 family member, is
regarded as a proinflammatory factor for autoimmune diseases and has been implicated in bone loss disease. However, the
mechanism by which IL-20 regulates osteoclast differentiation and osteoclastogenesis activation remains unclear. This study
investigated the effects of IL-20 on osteoclast differentiation in a rat model; it explored the underlying molecular mechanism in vitro
and the specific effects on orthodontic tooth movement in vivo. Methods. For in vitro analyses, primary rat bone marrow-derived
macrophages (BMMs) were prepared from Sprague-Dawley rats for osteoclast induction. After BMMs had been treated with
combinations of recombinant IL-20 protein, siRNA, and plasmids, the expression levels of osteoclast-specific factors and signalling
pathway proteins were detected through real-time polymerase chain reaction, western blotting, and immunofluorescence staining.
For in vivo analyses, IL-20 was injected into the rat intraperitoneal cavity after the establishment of a rat orthodontic tooth
movement (OTM) model. OTM distance was detected by Micro-CT and HE staining; the expression levels of protein were detected
through immunofluorescence staining. Results. In vitro analyses showed that a low concentration of IL-20 promoted preosteoclast
proliferation and osteoclastogenesis. However, a high concentration of IL-20 inhibited BMM proliferation and osteoclastogenesis.
IL-20 knockdown decreased the expression of osteoclast specific-markers, while IL-20 overexpression increased the expression of
osteoclast specific-markers. Furthermore, IL-20 regulated osteoclast differentiation through the OPG/RANKL/RANK pathway.
Overexpression of IL-20 could significantly upregulate RANKL-mediated osteoclast differentiation and osteoclast specific-marker
expression; moreover, RANKL/NF-xB/NFATcl1 acted as downstream signalling molecule for IL-20. In vivo analysis showed that
OTM speed was significantly increased after intraperitoneal injection of IL-20; additionally, mechanical stress sensing proteins
were markedly activated. Conclusions. IL-20 augments osteoclastogenesis and osteoclast-mediated bone erosion through the
RANKL/NF-xB/NFATCcl signalling pathway. IL-20 inhibition can effectively reduce osteoclast differentiation and diminish bone
resorption. Furthermore, IL-20 can accelerate orthodontic tooth movement and activate mechanical stress sensing proteins.

1. Introduction are an essential role in the maintenance of skeletal structural
integrity and metabolic capacity [1-3]. The coordinated
Osteoclasts constitute a core component of the bone multi-  functions of skeletal cells are regulated by multiple hor-

cellular unit. They have a vital role in bone remodelling and ~ mones, growth factors, chemokines, and cytokines that act
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via interconnected signalling networks, resulting in the
activation of specific transcription factors and their corre-
sponding target genes [4]. Receptor activator of NF-xB
ligand (RANKL) and macrophage colony-stimulating factor
(M-CSF) are secreted and expressed by various cells includ-
ing osteoblasts; these are key factors in osteoclastogenesis
and bone resorption [5, 6].

In the context of osteoimmunology, cytokine crosstalk
during osteoclast differentiation is receiving increasing atten-
tion. Many studies have indicated that immune cells, such as
macrophages and T cells, secrete proinflammatory cytokines
(e.g., IL-1, IL-6, IL-10, IL-17, IL-18, IL-22, IL-33, and TNEF),
which are involved in mediating osteoclastogenesis [7-13].
IL-20 is considered a proinflammatory factor in the context
of autoimmune diseases; it also acts as an IL-10-related
immunoregulatory molecule [14]. Notably, IL-20 can induce
synovial fibroblasts to produce proinflammatory molecules,
including TNF-a, IL-13, MMP-1, MMP-13, and MCP-1.
This effect activates T cells, monocytes, dendritic cells, and
neutrophils, thus, causing tissue and bone damage [15, 16].
Studies have shown that the median serum levels of IL-20
in patients with osteoporosis and osteopenia are 209.5 pg/mL
and 181.3pg/mL, respectively; however, healthy people
exhibited a median serum level of 15.38 pg/mL. Furthermore,
the use of a mouse anti-human IL-20 monoclonal antibody
protected ovariectomised (OVX) mice against bone destruc-
tion, while facilitating increased bone mineral density. This
antibody also inhibited IL-20-induced RANKL expression
in osteoblasts [17]. These data indicate that IL-20 can inhibit
osteoblasts and promote osteoclast formation. IL-20 is a deci-
sive factor in the balance between osteoclast and osteoblast
differentiation. Bone homeostasis is achieved through com-
bined osteoclast and osteoblast activity. Additionally, we pre-
viously found that IL-20 has an inhibitory effect on the
osteoblast maturation of mouse preosteogenic MC3T3-El
cells [18]. These findings confirmed the influence of IL-20
on osteoclast differentiation and function.

Orthodontic tooth movement depends on the coordi-
nated absorption and formation of surrounding bone and
periodontal ligament tissue. Tooth loading causes local hyp-
oxia and fluid flow, which triggers a sterile inflammatory
cascade that ultimately leads to osteoclast resorption in the
compression side and osteoblast deposition in the tension
side. During orthodontic tooth movement, the imbalance
between osteoblastogenesis and osteoclastogenesis is the
basis for alveolar bone reconstruction and tooth movement
[19-21]. We hypothesise that IL-20 can accelerate the speed
of orthodontic tooth movement.

In this study, we investigated the effects of IL-20 on osteo-
clast differentiation and function through the RANKL/NF-
kB/NFATcl signalling pathway. Notably, IL-20RB knockdown
led to partial inhibition of the ability of IL-20 to promote oste-
oclast differentiation. Although the expression of NF-xB did
not significantly change, the expression levels of TRAF6 and
NFATcl were significantly reduced. These findings showed
that IL-20 affects osteoclast differentiation by regulating the
TRAF6/NFATc1 signalling pathway. Furthermore, in vivo
analyses demonstrated that IL-20 can significantly enhance
the orthodontic movement of teeth, and the expression levels
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of IL-20, TRAP, and YAP in the periodontal ligament were
significantly increased in teeth undergoing orthodontic
movement.

This study proved the effect of IL-20 on the differentia-
tion and function of osteoclasts and its mechanism; it dem-
onstrates that IL-20RB is a key factor in the effects of IL-20
on osteoclast differentiation, while providing important
information for the experimental analysis of orthodontic
tooth movement.

2. Materials and Methods

2.1. Cytokines, Reagents, and Antibodies. Recombinant rat
M-CSF and RANKL were obtained from PeproTech (USA)
and R&D Systems (USA), respectively. Recombinant rat
IL-20 was purchased from Sino Biological Inc. (China).
Dulbecco’s modified Eagle’s medium (DMEM; high glucose
formulation), fetal bovine serum (FBS), phosphate-buffered
saline (PBS), penicillin, and streptomycin were purchased from
Invitrogen (USA). Red blood cell (RBC) lysis buffer was pur-
chased from CWBIO (China). Primary antibodies against
GRB2, ERK, NF-xB, TRAP, CTSK, JNK, TRAF6, IxK, and
p-38 were obtained from Cell Signalling Technology Inc.
(USA). Primary antibodies against RANKL, OPG, MMP-9,
NFATcl, IL-20, IL-20RB, HIF-a, CXCR-4, CCR7, and
VEGEF-R2 were obtained from Abcam (USA).

2.2. Animals and Animal Ethics. Four-week-old Sprague-
Dawley rats (n = 120) were obtained from the Animal Exper-
imental Center of Sun Yat-sen University and used in this
study. Rats were fed, anaesthetised, and killed in accordance
with the guidelines of the Institutional Animal Care and
Use Committee (IACUC) of Sun Yat-sen University. All
experimental protocols were approved by the Animal Ethical
and Welfare Committee of Sun Yat-sen University (SYSU-
TACUC-2018-000099, Guangzhou, China).

2.3. Cell Isolation and Culture. Primary rat bone marrow-
derived macrophages (BMMs) were obtained from the
femurs and tibias of 4-week-old Sprague-Dawley rats. The
methods for BMM collection were performed as described
previously [22], with minor modifications. Briefly, the femur
and tibia of each rat were separated; then, bone marrow cells
were extracted. The cells were centrifuged at 450g for 5
minutes and then resuspended in RBC lysis buffer on ice
for 15 minutes to enable purification of bone marrow cells.
Resuspended cells were centrifuged at 500 g for 10 minutes
to collect BMMs and remove RBCs. Resuspended cells with
primary culture medium composed of 10% FBS and DMEM
(high glucose formulation) and then cultured in a humidified
environment of 5% carbon dioxide and 37°C. After 48 hours
of culture, nonadherent cells were collected and resuspended
in an antibiotic-free complete medium containing 10% FBS
and 15ng/mLM-CSF; cells were plated in 24-well plates
(2 x 10° cells/well) for 2-3 days to induce BMMs to differen-
tiate into preosteoclasts. To induce osteoclastogenesis, the
osteoclast culture medium was replaced with an antibiotic-
free complete medium containing M-CSF (30 ng/mL) and
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RANKL (50 ng/mL) at 2-day intervals for 6-8 days until the
osteoclasts differentiated and matured.

2.4. Cell Viability Assay. Cell Counting Kit-8 reagents were
purchased from Dojindo. Briefly, preosteoclasts were cultured
in 96-well plates with antibiotic-free complete medium supple-
mented with varying concentrations of IL-20 (0.02-100 ng/mL).
The absorbance in each well was measured at 450 nm with a
microplate reader (Tecan SUNRISE microplate reader, Tecan,
Switzerland) after 1, 3, 5, and 7 days of culture.

2.5. TRAP-Positive Staining and Bone Resorption Pit Assay.
After culture with M-CSF and RANKL, mature osteoclasts
were treated in 4% paraformaldehyde and stained with an
Acid Phosphatase Leukocyte (TRAP) Kit (Sigma-Aldrich,
USA), in accordance with the manufacturer’s protocol. Using
an inverted microscope (Zeiss, Germany), the numbers of
TRAP-positive multinucleated cells with >3 nuclei were then
counted to determine the number of osteoclast-like cells. To
observe the bone resorption activity of mature osteoclasts,
BMMs were cultured with M-CSF and RANKL in a 24-well
osteo assay surface multiple-well plate (Corning Life Sci-
ences, USA) coated with a thin inorganic three-dimensional
crystalline material. After 6-8 days of culture, a pit formation
assay was performed, and 100 uL of 10% bleach solution was
added to each well. Cells were then incubated in the bleach
solution for 10 minutes at room temperature. The wells were
rinsed twice with distilled water and allowed to air dry at
room temperature for 2 hours. Using an inverted microscope
(Zeiss), analyses of the individual pits or multiple pit clusters
were performed at 5x magnification.

2.6. qRT-PCR Analysis. Primer pairs were purchased from
Takara and RiboBio, and the primer sequences used for this
experiment are shown in Table 1. Total mRNA was extracted
with an RNA Rapid Purification Kit (ES Science, China), in
accordance with the manufacturer’s protocol. Assessments
of extracted RNA concentration and quality were performed
using NanoDrop ND-1000 Spectrophotometer analysis
(NanoDrop Technologies, USA). PrimeScript™ RT Master
Mix (Perfect Real Time) (Takara, Japan) was used for
reverse transcription to generate cDNA. Quantitative reverse
transcription-polymerase chain reaction (qRT-PCR) was
performed with SYBR® Premix Ex Taq™ (Tli RNaseH Plus)
(Takara, Japan) using a MicroAmp Optical 394-Well Reac-
tion Plate with Barcodes (Thermo Fisher Scientific) on a
QuantStudio 7 Flex Real-Time PCR System (Applied Biosys-
tems™). Relative mRNA expression of target genes was calcu-
lated using the 27" method and normalised against the
expression of the GAPDH housekeeping gene.

2.7. Western Blotting Analysis. Cell lysates were prepared
using ice-cold RIPA lysis buffer in the presence of a protease/-
phosphatase inhibitor cocktail (Cell Signalling Technology),
and the supernatants were collected for further experiments.
Briefly, equal amounts (50 pg) of protein samples were resolved
using sodium dodecyl sulfate-polyacrylamide through 8% gel
electrophoresis and then transferred to an Immobilon®-P
Transfer Membrane (Millipore, USA). The membrane was
blocked with 5% (w/v) bovine serum albumin (BSA) at 4°C

overnight and then incubated with primary antibodies and
secondary antibodies. Immunoreactivity was visualised with
the Immobilon™ Western Chemiluminescent HRP substrate
(Millipore).

2.8. Small Interfering RNA Transfection. Bone marrow-
derived macrophages were transfected with Cy3-conjugated
small interfering RNA (siRNA) targeting IL-20 and IL-
20RB, or comprising negative control siRNA. The IL-20-
and IL-20RB-targeting siRNAs and negative control siRNA
were purchased from RiboBio (Guangzhou, China). The
siRNA sequences are shown in Tables 2 and 3. The siRNA
transfection mixture was mixed with Lipofectamine 3000
transfection reagent (Thermo Fisher Scientific, USA) in
serum-free DMEM. Rat BMMs were inoculated into six-
well plates (2 x 10° cells/well) with antibiotic-free complete
medium. After 4-6 hours, the cells were adherent; the
complete medium was removed and cells were washed twice
with PBS and then incubated with the transfection mixture
for 6-8 hours. After incubation, the transfected cells were
cultured with DMEM containing 10% FBS for 48 hours.
qRT-PCR and western blotting analysis were performed as
described above.

2.9. Plasmid Extraction and Overexpression of IL-20. Design
and synthesis of overexpression gene sequences were per-
formed by RiboBio. Sequence details are provided in Table 4.
An overexpression plasmid was extracted from Escherichia
coli DH5« using an EndoFree Maxi Plasmid Kit (Tiangen,
China), and its concentration and quality were determined
using NanoDrop ND-1000 Spectrophotometer analysis
(Nanodrop Technologies). The plasmid transfection mixture
was mixed with Lipofectamine 3000 transfection reagent
(Thermo Fisher Scientific) in serum-free DMEM. BMM
culture and analysis were performed as described above. The
sequencing blow is cloned fragment sequencing results. The
underlined part of the sequence is the cloned target sequence,
and the upstream and downstream regions are the sequences
of the vector frame.
CTATATAAGCAGAGCTCTCTGGCTAACTAGAGAA
CCCACTGCTTACTGGCTTATCGAAAGCTGTAATACG
ACTCACTATAGGGATCCCAGGAATTCGCCGCCACCA
TGAGAGGCTTTCGTCTTGCCTTTGGACTGTTCTCCGT
TGTGGGTTTTCTTCTCTGGACTCCTTTAACTGGGCTC
AAGACCCTTCATTTGGGAAGCTGTGTAATCACTGCA
AACCTACAGGCGATACAAAAGGAATTTTCTGAGATT
CGGCATAGTGTGCAAGCTGAAGATGAAAATATCGAC
GTCAGGATTTTAAGGACGACTGAGTCCCTGAAAGAC
ACAAAGCTTTCGGATAGGTGCTGCTTTCTCCGCCAT
CTAGTGAGGTTCTATCTGGACAGGGTGTTCAAAGTC
TACCAGACCCCTGACCATCATACCCTGCGAAAGATC
AGCAGCCTCGCCAATTCTTTTCTTATCATCAAGAAG
GACCTCTCAGTCTGTCATTCTCACATGGCATGTCATT
GTGGCGAAGAAGCAATGGAGAAATACAACCAAATTC
TCAGTCATTTCACAGAGCTTGAGCTCCAGGCAGCCG
TGGTGAAGGCTTTGGGGGAACTAGGCATTCTTCTGA
GATGGATGGACTCGAGTCTAGAGGGCCCGTTTAAAC
CCGCTGATCAGCCTCGACTGTGCCTTCTAGTGGCC.
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TaBLE 1: Primer sequences used for real-time PCR.
Gene Forward primer sequence (5'-3") Reverse primer sequence (5'-3")
GAPDH GGCACAGTCAAGGCTGAGAATG ATGGTGGTGAAGACGCCAGTA
IL-20 ACTGCAAACCTACAGGCGATACAA AGAACCTCACTAGATGGCGGAGA
IL-20RB AGCACTTGATGGGTTAACAGCC GAAAACAGAGACACAGCCCTCC
RANK CAGGACAGGGCTGATGCAA TGACTGACGTACACCACGATGA
RANKL CTCATGCAGGAGAATCAAAC TTCCATCATAGCTGGAACTC
OPG GACCAAAGTGAATGCCGAGAG CGCTGCTTTCACAGAGGTCAA

TaBLE 2: siRNA IL-20.

Target gene name Target gene sequence

si-r-1120_001 CAACCAAATTCTCAGTCAT
si-r-1120_002 GGATGGAGGAGATGTTATA
si-r-1120_003 CTTCTCTGGACTCCTTTAA

TaBLE 3: siRNA IL-20RB.

Target gene name Target gene sequence

si-r-1120rb_001 TCTCTGTACGGTCAACCAA
si-r-1120rb_002 ATTCCGGTGCACCTAGAAA
si-r-1120rb_003 CCTGACACCTTGAAAGTAA

TABLE 4: Overexpression plasmid.

r-1120 (NM_001143881.1
complete CDS)-WT

518bp (NM_001143881.1

Target sequence name

Clone length complete CDS)

5' restriction site EcoRI

3’ restriction site Xhol

Vector name pEXP-RB-Mam-EGFP
Frame size 4.8kb

Host bacteria E. coli DH5«
Antibiotic resistance Ampicillin
Copy number High copy

2.10. Gene Ontology (GO) Analysis and Pathway Analysis.
mRNA analysis included GO analysis (http://www
.geneontology.org), which provides three structured net-
works of defined terms that describe gene product attributes.
P values denote the significance of GO term enrichment in
the predicted mRNA list, where P < 0.05 was considered sta-
tistically significant. The most enriched GO terms ranked by
fold enrichment and enrichment score among the three groups
were identified. Pathway analysis was also performed using the
most current Kyoto Encyclopedia of Genes and Genomes
(KEGG) database. This functional analysis allowed the identifi-
cation of biological pathways for which there was a significant
enrichment of differentially expressed mRNAs. As noted
above, P < 0.05 was considered statistically significant.

2.11. Establishment of Rat Orthodontic Tooth Movement
Model. Rats were fixed in the supine position after routine
anaesthesia. We used a custom-designed force applying
device, comprising a tension spring cut into small sections
of approximately 5 mm, with two 0.1 mm diameter ligature
wires tied to the ends of the tension springs, while the ends
were permitted to remain long for ligation and fixation to
the teeth. The left maxillary first molar and left maxillary
incisor were cleaned and dried. One end of the force device
was fixed to the maxillary first molar, and one end of the lig-
ature was passed through the gap between the maxillary first
and second molars; it was then tightened and cut. The max-
illary first molar was then cleaned with alcohol, dried, and
treated with an acid etching agent for 40 seconds. After full
removal of the etching agent, the resin was bonded to the
proximal surface of the first molar and then shaped with an
oral applicator as follows. The connection between the liga-
tion wire and tension spring was wrapped to prevent the
device from loosening; the end of the ligature wire was also
wrapped to prevent the end from damaging the rat’s mouth.
Concurrently, a small amount of resin was bonded to the
occlusal surface of the molar to strengthen the retention.
An orthodontic dynamometer was used to measure and
record the position of the ligature wire at a tension of 50 g.
The other end of the force device was then ligated and fixed
to the maxillary central incisor, and the end was cut to pre-
vent detachment of the device. Then, we used Micro-CT
and HE staining to assess the rat orthodontic tooth move-
ment model.

2.12. Statistical Analysis. All results are expressed as the
mean + standard deviation, and reported values were obtained
from at least three experiments. Statistical differences were
evaluated with GraphPad Prism software, version 7.04, using
Student’s t-test or one-way ANOVA with Tukey’s post hoc
analysis. P < 0.05 was considered statistically significant.

3. Results

3.1. BMM Proliferation Is Influenced by the Concentration of
IL-20. To determine whether IL-20 can affect BMM prolifera-
tion, we treated BMMSs with various concentrations of IL-20
and used a CCK-8 assay to detect cell proliferation activity
on days 1, 3, 5, and 7. We found that an IL-20 concentration
of 20ng/mL was sufficient to promote BMM proliferation
(Figure 1(a)). However, an IL-20 concentration of >100 ng/mL
caused inhibition of BMM proliferation. Western blotting
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analysis confirmed that, at an IL-20 concentration of
20ng/mL, BMM proliferation signalling factors (e.g., GRB2,
ERK, and NF-xB) were significantly upregulated during early
osteoclast differentiation (Figure 1(b)). Using the same cell
treatment method, we administered various concentrations
of IL-20 to M-CSF-induced preosteoclasts with RANKL and
then identified the osteoclast number and size by TRAP
staining after 6-8 days of cell culture. We found that an
IL-20 concentration of 20 ng/mL led to significant increases
in the number and size of TRAP-positive osteoclasts, compared
with the control group; conversely, an IL-20 concentration of
100ng/mL significantly reduced the number of TRAP-
positive osteoclasts (Figure 1(c)). In addition, we incubated
M-CSF-induced preosteoclasts with RANKL in osteo assay sur-
face plates treated with various concentrations of IL-20. Using a
bone resorption pit assay, we found that an IL-20 concentra-
tion of 20 ng/mL significantly enhanced the size of the bone
resorption pit, compared with the pit sizes in other groups;
however, an IL-20 concentration of 100 ng/mL led to minimal
changes in the bone resorption pit area (Figure 1(d)). These
results indicated that IL-20 regulated osteoclastogenesis and
function in a dose-dependent manner.

Subsequently, we treated M-CSF-induced preosteoclasts
with RANKL and IL-20 at a concentration of 20 ng/mL for
6-8 days. Western blotting analyses indicated that IL-20
modulated the expression patterns of osteoclast-specific and
bone resorption functional proteins (e.g., TRAP, CTSK, and
MMP-9) (Figures 1(e) and 1(f)). To confirm the effect of
IL-20 on early osteoclast differentiation, we treated M-CSF-
induced preosteoclasts with RANKL and IL-20 for 2-3 days.
Western blotting analyses revealed the expression of marker
genes (e.g., RANK, CTSK, TRAP, ATP60, and c-Fos) in early
osteoclast differentiation (Figures 1(g) and 1(h)). These
results indicated that, during early osteoclast differentiation,
a low concentration of IL-20 upregulated the expression of
RANK and CTSK, whereas it downregulated the expression
of ¢-Fos; moreover, a high concentration of IL-20 downregu-
lated the expression of RANK, CTSK, and ATP60. Notably,
IL-20 had no effect on TRAP expression. These results
indicated that a low concentration of IL-20 promotes early
osteoclast differentiation. Furthermore, TRAP is a protein
specifically expressed in mature osteoclasts; our results indi-
cate that it exhibits minimal or no expression during early
osteoclast differentiation.

3.2. IL-20 Modulated the Expression of Osteoclast-Specific
Proteins and Promoted Osteoclastogenesis through the
OPG/RANKL/RANK Axis. Using TRAP-positive staining and
bone resorption pit assays, we found that IL-20 influenced oste-
oclastogenesis and bone resorption ability. Cellular immuno-
histochemistry analysis confirmed the presence of IL-20 and
its receptor IL-20RB in bone marrow stromal cells (BMSCs)
and bone marrow monocytes (Figure 2(a)). These results
provided an experimental basis for using siRNA to knock down
IL-20 and its receptor IL-20RB; it also provided a basis for
performing IL-20 overexpression assays with liposomes. The
OPG/RANKL/RANK axis has various cell regulatory func-
tions, but its most well-known point is the osteoclast differen-
tiation upstream signalling pathway. This biological axis

regulates osteoclast differentiation through the antagonistic
action of OPG and RANKL [8, 10, 23-27]. To investigate
whether IL-20 can regulate osteoclast differentiation through
the OPG/RANKL/RANK axis, we constructed an IL-20 over-
expression plasmid using E. coli DH5« and then transfected
the plasmid into BMMs. The expression of IL-20 in BMMs
after transfection was detected by qRT-PCR and western blot-
ting (Figures 2(b) and 2(c)). After transfection, the cells were
stimulated to differentiate into osteoclasts, and the expression
patterns of OPG, RANK, and RANKL were investigated using
qRT-PCR and western blotting (Figures 2(d) and 2(e)).
Compared with the control group, the expression levels of
RANK and RANKL were significantly increased in the IL-20
overexpression group, while the expression level of OPG was
significantly reduced; moreover, the RANKL/OPG ratio was
significantly increased. These results clearly showed that
increased expression of IL-20 could regulate the expression
of RANKL and OPG, indicating that IL-20 can modulate oste-
oclast differentiation through the OPG/RANKL/RANK axis.

3.3. GO Analysis and Pathway Analysis following the
Overexpression of IL-20 in Bone Marrow-Derived Mononuclear
Cells. The above findings indicated that IL-20 can modulate
the OPG/RANKL/RANK pathway to promote osteoclast differ-
entiation. To further investigate the effects of IL-20 on mono-
cytes and osteoclasts, we used high-throughput transcriptome
sequencing (RNA-seq) to detect differences in mRNA expres-
sion between normal BMMs and IL-20-overexpressing BMMs.
The results showed a large difference between groups, indicat-
ing that IL-20 overexpression had a significant effect on preos-
teoclasts (Figure 3(a)). Volcano diagram depiction revealed
that, compared with normal BMMs, IL-20-overexpressing
BMMs exhibited 994 significantly upregulated genes and
1203 significantly downregulated genes (Figure 3(b)). GO
analysis and pathway analysis were performed to evaluate
the roles of IL-20 in biological processes, cellular components,
molecular functions, and pathways. GO analysis demon-
strated that IL-20 overexpression had a strong effect on the
monocyte biological process, and the impact was concentrated
mainly on the cellular immune response and the cellular
response to stimuli. Notably, IL-20 overexpression in BMMs
substantially changed their response to stress, which implies
that IL-20 is important in both distraction osteogenesis and
orthodontic alveolar bone reconstruction (Figure 3(c)). KEGG
analysis demonstrated that IL-20 overexpression in BMMs
had substantial effects on osteoclast differentiation and che-
mokine interactions. It also had robust effects on arthritis
pathogenesis, the downstream osteoclast differentiation path-
way induced by RANKL, and the HIF-« signalling pathway
and apoptosis (Figure 3(d)).

3.4. IL-20 Regulated RANKL-Mediated Osteoclastogenic
Downstream Signal Transduction. To explore the mechanism
by which IL-20 regulates RANKL-mediated osteoclast differ-
entiation, bone marrow-derived mononuclear cells were
transfected with siRNA fluorescence staining showed high
transfection efficiency (Figure 4(a)). qRT-PCR and western
blotting analyses showed that siRNA had significant transfec-
tion efficiency with respect to target genes (Figures 4(b) and
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F1GURE 1: IL-20 concentration differentially regulates BMM activity, and a low concentration of IL-20 can activate ERK signalling to promote
cell proliferation. BMM viability was detected by CCK8 assay. IL-20 concentration differentially regulates osteoclast formation and bone
resorption capacity. (a) Cell viability analysis of IL-20-treated BMMs on days 1, 3, 5, and 7. Bars represent the mean + SEM of six
independent experiments (n = 12). (b) BMMs treated with various concentrations of IL-20 were used to investigate the protein expression
levels of ERK, GRB2, and NF-«B by western blotting during early osteoclast differentiation. Bars represent the mean + SEM of three
independent experiments (n =12). *P <0.05 vs. control group; ns: not significant. (c) M-CSF-induced preosteoclasts were cultured with
30ng/mL RANKL and various concentrations of IL-20. The control group comprised M-CSF-induced preosteoclasts cultured with
30 ng/mL M-CSF, 30 ng/mL RANKL, and 0ng/mL IL-20; TRAP-positive staining was used to examine and measure the number of
TRAP-positive osteoclasts with >3 nuclei. (d) A bone resorption pit assay was performed to examine osteoclast function. M-CSF-induced
preosteoclasts in the control group were treated as described for the TRAP staining assay; the areas of bone resorption pits were
quantified. (e and f) Expression levels of osteoclast-specific proteins (TRAP, CTSK, and MMP-9) were examined using western blotting. (g
and h) Expression levels of osteoclast marker genes (RANK, CTSK, TRAP, ATP60, and c¢-Fos) during early osteoclast differentiation after
supplementation of IL-20 at 20 ng/mL or 100 ng/mL. Bars represent the mean + SEM of six independent experiments (n =18). *P < 0.05 vs.
control group; N.S.: not significant.

4(c)). After transfection, BMMs were cultured in antibiotic-
free complete medium with M-CSF and RANKL for 3 days.
Western blotting revealed that, compared with the control
group, cells in the IL-20 overexpression group exhibited acti-
vation of the RANK/RANKL downstream signalling effectors
in osteoclastogenesis (e.g., JNK, NF-xB, TRAF6, IxK,
NFATc1, and p38) (Figure 4(d)). In contrast, the group that
received siRNA to suppress IL-20 expression showed signifi-
cant inhibition of the above signalling pathways; in particu-
lar, p-Ixka was significantly activated, indicating inhibition
of the NF-«B signalling pathway. In addition, we used siRNA
to reduce the expression of IL-20RB and cultured the cells
with an antibiotic-free complete medium containing
20ng/mL IL-20 (Figure 4(d)). Western blotting demon-
strated that the IxK and NF-xB signalling pathways were
activated, whereas the JNK, TRAF6, NFATcl, and p-38 path-

ways were not (Figure 4(e)). Similar to inhibition of IL-20,
the inhibition of IL-20RB also inhibited the activation of
TRAF6/NFATcI signalling pathways; this indicated that the
key IL-20 receptor, IL-20RB, can regulate activation of the
osteoclast differentiation signalling pathway.

3.5. IL-20 Feedback Regulates BMSC Involvement in
Osteoclastogenesis through the OPG/RANKL/RANK Axis
and Downstream Signal Transduction. BMSCs are cells with
self-renewal ability, capable of producing at least one type
of highly differentiated progeny cell with multidirectional
differentiation potential; BMSCs can also produce cytokines
involved in immune responses. After BMSCs differentiate
into osteoblasts, M-CSF and RANKL can be secreted, and
these factors can induce the formation of osteoclasts [5]. In
this experiment, we used siRNA to knock down IL-20 and
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F1GURE 2: Overexpression of IL-20 regulates the expression of RANKL and OPG, indicating that IL-20 can modulate osteoclast differentiation
through the OPG/RANKL/RANK axis. (a) Expression levels of IL-20 and its receptor IL-20RB in BMSCs and BMMs were determined by
immunohistochemical staining. The use of an overexpression plasmid to enhance IL-20 expression in BMMs led to increased expression
levels of RANKL and RANK, whereas it led to a decreased expression level of OPG. (b and ¢) BMMs were transfected with overexpression
plasmids to increase the expression of IL-20, and the expression level of IL-20 was detected by qRT-PCR and western blotting; the control
group received no plasmid. *P <0.05 vs. control group. (d) mRNA expression levels of RANK, RANKL, and OPG were evaluated
by qRT-PCR after 2 days of transfection. *P < 0.05 vs. control group; (e) protein expression levels of OPG, RANK, and RANKL were
examined by western blotting. Bars represent the mean + SEM of three independent experiments (n = 12). *P < 0.05 vs. control group; N.S.:
not significant.

its key receptor IL-20RB in BMSCs; we also used a plasmid to
induce BMSCs to overexpress IL-20. After transfection,
BMSCs were continuously cultured for 48 hours; we then col-
lected and used BMSC conditioned medium- (CM-) cultured
BMMs. Fluorescence staining showed high transfection effi-
ciency (Figure 5(a)). Western blotting analyses showed that
siRNA had significant transfection efficiency with respect to
target genes (Figures 5(b) and 5(c)). Western blotting analy-
sis of bone marrow-derived mononuclear cells after 3 days of

culture with BMSC CM showed that, compared with the
control group, the expression levels of RANK and RANKL
were significantly increased in BMMs cultured with IL-20-
overexpressing BMSC CM; moreover, the expression of
OPG was significantly reduced and the RANKL/OPG ratio
was significantly enhanced (Figures 5(d) and 5(e)). BMMs
cultured with BMSC CM treated with IL-20 siRNA showed
significantly elevated OPG expression levels. In addition,
BMMs cultured with IL-20-overexpressing BMSC CM
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F1GURE 3: GO analysis and KEGG analysis of the difference between the mRNA of BMMs overexpressing IL-20 and normal BMMs. (a)
Significant differences between cells in the control and IL-20 overexpression groups. (b) Volcano charts of differential mRNA expression.
Red and green denote high and low expression levels, respectively. Each mRNA transcript is represented by a single row of coloured
boxes, and each sample is represented by a single column. (c) Most significantly enriched GO (-logl0 (P value)) terms of mRNA gene
symbols according to biological process, cellular component, and molecular function. (d) Bar plot shows the top ten enrichment scores

(~log10 (P value)) of significantly enriched pathways.

demonstrated activation of downstream osteoclastogenesis
signalling pathways mediated by the RANK/RANKL axis
(e.g., NF-«B and TRAF6 pathways); however, the p38 and
JNK pathways were not activated. BMMs cultured with
IL-20 siRNA-treated BMSC CM exhibited downregulation
of the p38, TRAF6, and JNK pathways. These results indi-
cated that IL-20 could directly induce preosteoclast differen-
tiation into osteoclasts. Moreover, it regulated the expression
of OPG and RANKL by induction of BMSCs and activation
of some downstream signalling pathways that are activated
by the OPG/RANK/RANKL axis in osteoclastogenesis [28],
thereby indirectly promoting preosteoclast differentiation
into osteoclasts.

3.6. IL-20 Can Accelerate the Speed of Rat Orthodontic Tooth
Movement. The above results confirmed that IL-20 promotes
osteoclast differentiation by regulating the upstream RANK/-
RANKL/OPG pathway and the RANKL-mediated down-
stream signalling pathway. “Orthodontic tooth movement”
is a unique bone remodelling process within the jaw, which
mainly manifests through bone formation on the tension side
and bone resorption on the compression side. This mecha-
nism has received extensive attention in the field of oral bio-

mechanics [29]. To investigate whether IL-20 can accelerate
bone resorption and bone remodelling in rats, we established
a rat orthodontic tooth movement model (Figure 6(e)), with
maxillary incisors as a base point, that used an orthodontic
treatment spring with consistent force (50g) along a first
molar. Micro-CT of the maxilla showed that, compared with
the control group, the gap between the first and second
molars was increased in the OTM group; thus, the transverse
and longitudinal sections of the first molars were both visible
in the OTM group (Figure 6(b)). HE staining of the trans-
verse plane of the first molars showed that the compressed
side of the periodontal ligament of the molars was narrower
in the OTM group than in the control group (Figures 6(d),
6(f), 6(h), and 6(i)). Based on the results of vitro experiments,
we injected IL-20 into the intraperitoneal cavities of rats that
had been subjected to orthodontic force. Three days before
modelling, rats in the OTM +IL-20 group received IL-20
solution at a rate of 40 mg/kg body weight. Intraperitoneal
injections were performed at 2-day intervals before 3 days
of modelling; on the 10th day, the rats were sacrificed and
micro-CT was performed (Figure 6(a)) to analyse the first
molar movement distance. Compared with the OTM + vehi-
cle group (Figure 6(c)), the OTM +IL-20 group had greater
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FIGURE 4: Robust expression of IL-20 significantly activated the RANKL-mediated downstream signalling pathway. siRNA reduction of IL-20
expression in BMMs led to significant inhibition of the RANKL-mediated downstream signalling pathway; moreover, siRNA reduction
of IL-20RB, a key receptor for IL-20, in BMMs led to inhibition of IL-20-modulated downstream signalling pathways. (a) Bone marrow-
derived mononuclear cells were transfected with siRNA carrying Cy3 dye and imaged with a fluorescence-inverted microscope to confirm
the presence of siRNA within the cells. (b and ¢) qRT-PCR and western blotting analyses verified the inhibition of IL-20 and IL-20RB
expression by siRNA at different concentrations (10-100 uM of each siRNA sequence); three siRNA sequences were designed and
synthesised for each gene. (d and e) Western blotting analysis was used to detect the RANKL-mediated downstream signalling pathway
protein expression levels in BMMs transfected with IL-20 siRNA, IL-20RB siRNA with 20 ng/mL IL-20, and the IL-20 overexpression
plasmid for 2 days; examined proteins included p-Ixka, p-Ixkp, p-p65, INK, TRAF6, IxK, NF-«B, NFATcl, and p-38. Bars represent the
mean + SEM of three independent experiments (1 = 12). *P < 0.05 vs. control group; N.S.: not significant.

tooth movement distance over 7 days of exposure to similar
force for a similar duration (Figure 6(b)); bone resorption
was also greater in the OTM +1IL-20 group. These findings
suggested that IL-20 accelerates the formation of bone frac-
tures and the speed of bone reconstruction. To test this
hypothesis, double-labelling immunofluorescence staining
of the periodontal ligament of the maxillary first molar was
performed. The results indicated that the expression of
IL-20 in the periodontal ligament increased after orthodontic
tooth movement with IL-20 injection, compared with the
control group; moreover, the expression levels of TRAP and
YAP also increased in the group with IL-20 injection
(Figure 6(g)). TRAP is an osteoclast-specific protein, while
YAP is a protein that responds to mechanical stress. The

increased expression level of IL-20 in the periodontal liga-
ment of teeth undergoing orthodontic movement implied
that IL-20 is important in alveolar bone reconstruction. The
increased expression levels of TRAP and YAP in the region
near IL-20 expression suggest that, while IL-20 promotes
osteoclast differentiation and accelerates bone remodelling,
it can also enable periodontal ligament cells to more robustly
respond to orthodontic force, further accelerating alveolar
bone remodelling.

4. Discussion

IL-20 is a powerful proinflammatory, chemotactic, and
angiogenic cytokine of the IL-10 family. In chronic
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FIGURE 5: IL-20 can induce BMSCs to regulate the expression of OPG and RANKL and then influence osteoclastogenesis through the
OPG/RANKL/RANK axis. (a) BMSCs were transfected with siRNA carrying Cy3 dye and imaged with a fluorescence-inverted microscope
to confirm that siRNA had been transfected into the cells. (b and ¢) Western blotting analysis verified the inhibition of IL-20 and IL-20RB
expression by siRNA and the overexpression of IL-20 using a plasmid. (d and e) Western blotting analysis detected protein levels of
OPG/RANK/RANKL axis components and a subset of RANKL-mediated downstream signalling pathway components in BMMs cultured
with BMSC CM treated with IL-20 siRNA, IL-20RB siRNA, and an IL-20 overexpression plasmid. Bars represent the mean + SEM of three
independent experiments (1 = 12). *P < 0.05 vs. control group; N.S.: not significant.

inflammatory diseases (e.g., psoriasis, atherosclerosis, and
rheumatoid arthritis), IL-20 has been shown to exhibit robust
proinflammatory, vascular regenerative, and cell chemotactic
effects [30, 31]. The IL-20 family of cytokines can strengthen
tissue remodelling and wound healing, maintain tissue integ-
rity, and maintain and restore homeostasis in the context of
infection and inflammation [32]. Some studies have shown
that IL-20 plays important roles in osteoporosis and bone
loss-related diseases; moreover, studies in ovariectomised
mice have shown that anti-IL-20 antibodies can prevent bone
resorption by blocking osteoclast formation and inducing
osteoblast formation [17, 18]. Because of breakthroughs in
the osteoclastogenesis molecular mechanism by means of
coculture systems comprising BMSCs and BMMs or T cells,
many cytokines and chemokines involved in bone remodel-
ling and bone resorption have been identified; these include
TNF-a, IL-1, IL-6, IL-10, IL-17, and IL-22 [33-40].

An IL-20 receptor (IL-20R) cytokine is reportedly
expressed by immune cells. IL-20R cytokines are presumably
related to the pathogenesis of chronic inflammation and
autoimmune diseases. Some studies have shown that IL-
20R cytokines play a suppressive role in regulating immune
cells, such as innate and adaptive T cell responses [41]; thus,
the functions and roles of IL-20R cytokines in autoimmunity
are presumably complex. IL-20 and its family of cytokines
share three receptors (IL-20RA, IL-20RB, and IL-22RA1);
because of the promiscuity of the type I (IL-20RA and IL-
20RB heterodimer) and type II (IL-20RAI and IL-20RB
heterodimer) receptors, IL-20 and its family have some dis-

tinctive features [31]. IL-20 can signal through both type I
receptor heterodimers and type II receptor heterodimers,
and both receptor heterodimers share the common receptor
subunit IL-20RB [42]. Therefore, IL-20RB may have an
important effect on the cellular roles of IL-20.

We used siRNA knockdown to reduce the expression of
IL-20 in rat BMMs and found that RANKL-induced osteo-
clastogenesis decreased. However, our findings demonstrated
that IL-20 has a dual effect on osteoclast differentiation and
function. A low concentration of IL-20 promoted both preos-
teoclast proliferation and osteoclastogenesis, whereas a high
concentration of IL-20 inhibited BMM proliferation and
osteoclastogenesis. Notably, transfection with an IL-20-
overexpression plasmid did not cause inhibition of osteoclast
differentiation; in contrast, it activated the RANKL-mediated
osteoclastogenic downstream signalling pathway and pro-
moted osteoclast differentiation. These findings suggest that
IL-20 binds to two receptor complexes: IL-20R1/IL-20R2 and
IL-22R1/IL-20R2. Both heterodimeric receptor complexes par-
tially signal through the JAK/STAT pathway. Moreover, IL-20
binds to its receptor and enters the cell to activate STAT1. Our
KEGG pathway analyses revealed that this activation of the
JAK/STAT signalling pathway and STAT1 are sufficient to
inhibit the osteoclast differentiation by inhibiting both c-Fos
and TRAF6. We presume that the enhanced expression of
IL-20 can directly upregulate on the TRAF6/NF-«B/NFATcl
signal pathway to promote osteoclast differentiation.

In accordance with previous findings, we added recombi-
nant IL-20 protein to rat BMMs that had knocked down
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FIGURE 6: (a) OTM +1IL-20 group: during the application of orthodontic force, an IL-20 solution with a concentration of 40 mg/kg body
weight was injected at 2-day intervals. Seven days after the application of orthodontic force, micro-CT showed larger gaps between first
and second molars. (b) Micro-CT measurement revealed that the gap between the first and second molars was significantly greater in the
OTM +1IL-20 group than in the OTM group. Bars represent the mean + SEM of three independent experiments (n=12). *P <0.05 vs.
OTM group; ns: not significant. (c) Control group: no orthodontic force was applied, and 0.9% saline alone was injected at 2-day intervals.
Micro-CT showed no obvious gap between first and second molars. (d and f) HE staining showed significant changes in first molar
periodontal ligament thickness. (¢) OTM group: during the application of orthodontic force, 0.9% saline was injected at 2-day intervals.
Seven days after the application of orthodontic force, micro-CT showed obvious gaps between first and second molars. (g) Double-labelled
immunofluorescence staining showed that, in the context of orthodontic force, the expression levels of TRAP and YAP increased in the
first molar periodontal ligament; both showed high expression in the region near IL-20 expression. (h) There was no significant change in
the periodontal ligament in the control group. (i) HE staining was used to measure the periodontal ligament on the compressed and
traction sides of the first molar in the control and OTM groups. The periodontal ligament thickness in the OTM group was significantly
thinner on the compressed side than on the traction side. Bars represent the mean + SEM of three independent experiments (n = 12).
*P <0.05 vs. OTM group; N.S.: not significant.

IL-20RB and cocultured. The results suggested that the expres-
sion of NF-«B was increased, although the RANKL-mediated
TRAF6/NFATCc] signalling pathway did not significantly
change. Thus, in the absence of IL-20RB, IL-20 does not
influence osteoclast differentiation. These data indicate that
IL-20RB has an important effect on the cellular functions of
IL-20. Our findings indicate that IL-20RB offers a potential
therapeutic target for patients with bone loss disease and
osteoporosis, which may effectively inhibit bone loss.
Osteoblast-osteoclast communication, regulated by vari-
ous molecules, cytokines, and signalling pathways, is impor-
tant for bone homeostasis. The OPG/RANK/RANKL axis is

an important signalling pathway in this communication,
and IL-20 is an important regulator of the balance between
osteoblastogenesis and osteoclastogenesis [37, 38]. Studies
have shown that bone-associated immune mediators target
IL-20 in MC3T3-E1 cells (mouse osteoblasts) and mature
osteoclasts; moreover, IL-20 acts as an important regulator
of osteoblasts and osteoclasts by activating OPG/RANK/-
RANKIL, which are essential components in the osteoclast
signalling pathway [43, 44]. In this study, we confirmed that
IL-20 can induce BMSCs to regulate the expression of OPG
and RANKL and then affect osteoclastogenesis through the
OPG/RANKL/RANK axis. Subsequently, we found that the
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RANKL/TRAF6/NF-«B and JNK/p38/MAPK signalling path-
ways were activated during osteoclast differentiation in BMMs,
following culture with CM from IL-20-overexpressing BMSCs.
However, the RANKL/TRAF6/NF-«kB and JNK/p38/MAPK
signalling pathways were not activated during osteoclast differ-
entiation in BMMs, following culture with CM from IL-20 and
IL-20RB knockdown BMSCs. Overall, our findings indicated
that RANKL and OPG in BMSCs were endogenously induced
by IL-20, which supports the notion of regulatory feedback
during osteoclast differentiation through the OPG/RANKL/-
RANK axis.

“Orthodontic tooth movement” is the application of
appropriate “biological force” to the teeth, alveolar bone, and
jaw to cause physiological movement, thereby correcting mal-
occlusion (occlusion) deformities. The imbalance between
osteoblasts and osteoclasts is the biological basis of tooth
movement and alveolar bone reconstruction [29]. Through
in vitro experiments, we clarified the effects of IL-20 and its
key receptor, IL-20RB, on osteoclast differentiation and func-
tions. Additionally, we found that IL-20 stimulates BMSCs to
participate in feedback regulation of osteoclast formation
through the OPG/RANKL/RANK axis. Moreover, IL-20 can
change the local immune environment and affect osteoclast
differentiation. Our in vitro findings implied that IL-20 can
affect orthodontic tooth movement. Using a rat model of tooth
movement, we injected IL-20 solution into the abdominal cav-
ity. Notably, rats that had been injected with IL-20 solution
exhibited significant enhancements of tooth movement speed
and distance. These findings indicate that IL-20 accelerates the
speed of osteoclast differentiation and alveolar bone recon-
struction. Through double-labelling immunofluorescence
staining of the periodontal ligament during orthodontic tooth
movement, we found that IL-20 in the periodontal ligament is
closely associated with the osteoclast-specific protein, TRAP,
and the mechanical stress response protein, YAP. Thus, IL-20
can promote osteoclast differentiation and accelerate the speed
of orthodontic tooth movement; it can also enable the peri-
odontal ligament to better respond to the mechanical force of
the load and accelerate the reconstruction of alveolar bone.

In conclusion, we found that IL-20 can differentially
regulate osteoclast formation and osteoclast-mediated bone
resorption capacity. IL-20 acts on the upstream differential
regulation of primary cell osteoclastogenesis by regulating
the OPG/RANKL/RANK axis. In addition, we demonstrated
that IL-20 may activate the OPG/RANKL/RANK axis, and
we revealed a possible molecular mechanism involving the
RANKL/NF-«B/NFATc] pathway. Using IL-20 at a concen-
tration of 20ng/mL, combined with siRNA transfection to
reduce the expression of IL-20RB, a key receptor of IL-20,
we achieved partial inhibition of the RANKL-mediated
downstream signalling pathway regulated by IL-20. We also
used high-throughput transcriptome sequencing to confirm
that enhanced expression of IL-20 can substantially influence
the cellular immune response, stimulus feedback, and cellular
response to stress; these effects are in addition to its role in
the osteoclast differentiation pathway. Our in vivo analyses
confirmed that IL-20 could promote osteoclast differentia-
tion, thereby accelerating the speed of orthodontic tooth
movement. In addition, IL-20 promoted the expression of
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mechanical force response proteins, which may enable the
periodontal ligament to more effectively adapt to the
mechanical force load and may improve the speed of bone
remodelling. Our findings imply that targeting IL-20 may
be a promising therapeutic approach for diseases with bone
loss; they also support a new perspective regarding the inves-
tigation of orthodontic tooth movement.
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Angiogenesis in the field of tissue engineering has attracted significant attention. Graphene oxide has become a promising
nanomaterial in tissue engineering for its unique biochemical properties. Therefore, herein, a series of chitosan (CS)/graphene
oxide (GO) hydrogel scaffolds were synthesized by crosslinking CS and GO at different concentrations (0.1, 0.5, and 1.0 wt.%)
using genipin. Compared with the CS hydrogel scaffolds, the CS/GO hydrogel scaffolds have a better network structure and
mechanical strength. Then, we used endothelial progenitor cells (EPCs) extracted from human umbilical cord blood and
cocultured these EPCs with the as-prepared scaffolds. The scaffolds with 0.1 and 0.5wt.%GO showed no considerable
cytotoxicity, could promote the proliferation of EPCs and tube formation, and upregulated the expressions of CD34, VEGF,
MMP9, and SDF-1 in EPCs compared to the case of the scaffold with 1.0 wt.%GO. This study shows that the addition of
graphene oxide improves the structure of chitosan hydrogel and enhances the proliferation activity and angiogenic capacity of

EPCs.

1. Introduction

Tissue defects caused by trauma, infection, and tumor resec-
tion have become a serious problem in healthcare worldwide
[1]. Although surgery is the most valid method to treat these
defects, it has certain limitations. In this regard, tissue engi-
neering has attracted significant attention. However, as tissue
regeneration relies on blood vessels for the transport of nutri-
ents and metabolic wastes, engineered tissues cannot be
widely used because they lack a vascular system [2]. Without
perfusion from implanted microvasculature, the thickness of
engineered tissue constructs in vitro is limited to approxi-
mately 200 ym, which is the oxygen diffusional limit [3].
Therefore, sufficient angiogenesis can promote the survival
and repair of damaged tissues [4]. Although several studies
have been reported on the osteogenesis of scaffold materials,

studies on the angiogenesis of these materials are in their
infancy at present [5, 6]. Hence, researchers in the field of tis-
sue engineering have started to focus on improving the
angiogenesis of tissue-engineered structures [7, 8].

A three-dimensional porous structure is conducive to the
growth of endothelial cells and the formation of vascular
structures [9, 10]. Hydrogels, as a three-dimensional porous
structure, acquire good biocompatibility, degradability, and
suitable mechanical properties, and it can be developed and
improved to achieve more potential scaffold materials [11,
12]. Chitosan (CS) is a deacetylated product of chitin, which
has the advantages of widespread availability and nontoxicity
[13]. Hydrogels composed of CS have good biocompatibility
and degradability and are widely used as scaffold materials
for tissue engineering [14, 15]. However, the weak mechani-
cal strength and low bone conductivity of CS limit the
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application of these scaffold materials in tissue engineering
[16]. To overcome these limitations, many researchers have
developed CS composite materials [17, 18] by incorporating
inorganic bioactive materials, such as f-tricalcium phosphate
and hydroxyapatite (HA), using CS to promote bone regen-
eration [19, 20]. However, the application of these materials
is hindered by their insufficient osteoinduction and angio-
genesis [21].

In addition, graphene derivatives have gradually become
aresearch hotspot in the field of nanobiomedicine as they can
provide a favorable physical and chemical environment for
bone formation [22]. Graphene oxide (GO) has shown con-
siderable potential for biomedical applications, including
bone tissue engineering, due to its excellent physical and
chemical properties and biological activity [23, 24]. GO at
an appropriate concentration can induce angiogenesis with-
out significant cytotoxicity [25, 26]. Moreover, GO has abun-
dant oxygen-containing groups, which can increase the
deposition of HA [27]. Many researchers have introduced
GO into tissue-engineered implants and found that GO is
effective in promoting angiogenesis [27-29]. Thus, the addi-
tion of GO nanoparticles to the CS hydrogel can overcome
the abovementioned limitations of this hydrogel.

In addition to having a suitable three-dimensional scaf-
fold, the growth and proliferation of seed cells are crucial.
Endothelial progenitor cells (EPCs), which are precursors of
endothelial cells, can stimulate the growth of collateral vessels
in ischemic tissues and thus promote angiogenesis [30]. EPCs
can be noninvasively obtained from umbilical cord blood and
adult peripheral blood, thereby eliminating immunogenicity
[31]. Therefore, the angiogenic capacity of a tissue-
engineered implant can be enhanced by introducing EPCs
into it.

Furthermore, genipin (GNP) is a nontoxic, easily degrad-
able natural substance, which has been widely used for cross-
linking biological materials [32]. It was predicted that CS can
react with genipin by nucleophilic ring-opening reactions,
which is more conducive to the formation of spatial network
structures in studies [33, 34]. Several studies have shown that
the cytotoxicity of GNP is significantly lower than that of the
classical crosslinking agent glutaraldehyde in vitro [35], and
GNP has been continuously applied to manufacture biopoly-
mer scaffolds in bone tissue engineering [36, 37].

Accordingly, in this study, a series of CS/GO hydrogel
scaffolds were fabricated by crosslinking CS and GO at differ-
ent concentrations using GNP. These hydrogel scaffolds
exhibited significantly improved stability. Subsequently, we
investigated the physical and chemical properties of these
scaffolds. Moreover, the angiogenic potential of these scaf-
folds was evaluated by coculturing them with human EPCs,
and the possible mechanisms have been discussed.

2. Materials and Methods

2.1. Hydrogel Production. Herein, 2.0g CS (degree of
deacetylation > 95%, Macklin, Shanghai, China) was dis-
solved in 100mL aqueous hydrochloric acid (0.1 mol/L,
Sigma-Aldrich, St. Louis, State of Missouri, USA) under ster-
ile conditions. The pH of the resulting solution was adjusted
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to approximately 7.25 by S-glycerophosphate sodium solu-
tion (70% w/v, Solarbio, Beijing, China). Then, appropriate
amounts of GNP solution (1% w/v, Sigma-Aldrich) and GO
aqueous solution (3 mg/mL, Macklin) were added to the
abovementioned solution. By mechanical stirring and ultra-
sonic breaking, CS/GO mixed solutions with different GO
concentrations were prepared. Thereafter, these mixed solu-
tions were centrifuged at 4°C and 3000 r/min for 10min
and then placed in a biochemical incubator at 37°C to form
the hydrogels. Finally, these hydrogels were frozen at -80°C
for 4h and then placed in a vacuum freeze dryer (Biobase,
Jinan, Shandong province, China) to construct hydrogel
scaffolds.

2.2. Scanning Electron Microscopy (SEM). All lyophilized
hydrogel scaffolds were cut into cubes with a side length of
0.5 cm followed by sputter coating with gold in liquid nitro-
gen. The internal structure and morphology of the scaffold
sections were examined by SEM (Hitachi S-3700N, Chiyoda,
Tokyo). Three samples of each group were chosen, and pic-
tures were taken under an electron microscope. Three areas
of each sample were selected randomly and measured by
Image]. Typically, the average pore size was calculated.

2.3. Fourier Transform Infrared Spectroscopy (FTIR). Hydro-
gel scaffolds in appropriate amounts were ground and mixed
with KBr (Macklin) particles in a 1:300 ratio. Then, they
were scanned 64 times using a Fourier transform infrared
spectrometer (TENSOR 27, Bruker, Karlsruhe, Baden-Wurt-
temberg, Germany) in the range of 4000-400 cm™" at a reso-
lution of 2cm™, and Fourier transform infrared spectra were
recorded.

2.4. X-Ray Powder Diffraction (XRD). The abovementioned
samples were analyzed using an X-ray diffractometer (D8X,
Bruker), and the corresponding XRD patterns were acquired.
The scanning area was in the 26 range of 0-40°, and the scan-
ning speed was 2°/min.

2.5. Tensile Properties. Lyophilized scaffolds were cut into 2
cm x 0.5 cm strips, and their tensile properties were mea-
sured using an electronic universal material testing machine
(Qingji Instrument Technology Co., Ltd, Shanghai, China)
and a 100N load cell at a loading rate of 10 mm/min. The
measurement was performed five times, and the average
value was calculated.

2.6. Swelling Rate (SR). Suitable amounts of lyophilized scaf-
folds were weighed, immersed in a large amount of ultrapure
water at 25°C for 24 h, and then weighed again after removing
the surface moisture:

SR = 100% x s~ Wd (1)
R 7 W

where Ws and Wd are the weights of the wet and dry hydro-
gel scaffolds, respectively.

2.7. Porosity (e) Test. The specific method was as follows [38]:
hydrogels (dry mass M0) were immersed in ethanol in a
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weighing bottle. The bottle was weighed before (Ma) and
after (Mb) removing the wet scaffold. Meanwhile, a 50 mL
pycnometer filled with ethanol was weighed with the weight
denoted as MI1. The ethanol was poured out, and the wet
scaffold previously soaked in ethanol was placed in the pyc-
nometer, and ethanol was added until the pycnometer was
filled to the same mark. The pycnometer was weighed again
with weight denoted as M2. Porosity was calculated accord-
ing to the following equations (p is the density of ethanol):

V1= (Ma - Mb - M0)/p,
V2 =[(Ma - Mb) - (M2 - M1)]/p,

£=[V1/V2] x 100% = (Ma — Mb — M0)/[(Ma — Mb)
— (M2 - M1)] x 100%,

(2)

where V1 is the volume of scaffold pores, V2 is the apparent
volume of the scaffold, and ¢ is the porosity of the scaffold.
Measurements were repeated three times for the same sam-
ple, and the average value was obtained.

2.8. Cell Subculture

2.8.1. Subculture of EPCs. After the EPCs (purchased from
the Guangdong Cord Blood Bank, Guangzhou, Guangdong
province, China) adhere to the wall, the medium was chan-
ged every two days. The cells can be subcultured when they
have grown to 80%. After removing the original medium,
rinse with PBS (Thermo Fisher Scientific, Waltham, Massa-
chusetts, USA) twice and add 0.5mL 0.25% trypsin (Sigma-
Aldrich). When the cells are round, add medium to stop
the digestion. After centrifugation at 800rpm for 3 min,
resuspension with Endothelial Cell Growth Medium (EGM)
was used to inoculate in a culture flask and then cultured in
a 37°C, 5% CO, incubator (Thermo Fisher Scientific).

2.9. Cell Identification. Herein, 1 x 10® EPCs were collected,
and fluorescent dyes were used to conjugate cell surface
markers: CD45/FITC, CDI14/PE, CD34/PE, CDI133/PE,
CD31/FITC, CD105/FITC, and KDR-PE (Thermo Fisher Sci-
entific). Cells were fixed with 4% paraformaldehyde (Beyotime
Biotechnology). After being stained and washed with flow
cytometry staining buffer (PBS + 1%BSA + 0.1%NaN,), the
cells were analyzed using a flow cytometer (BD Biosciences,
Franklin Lakes, New Jersey, USA).

2.10. Tube Formation Experiment. Matrigel (Corning, New
York, USA) was melted at 4°C and added to a 96-well plate
precooled at -20°C followed by the removal of air bubbles.
Then, this plate was placed in a cell incubator at 37°C for
1 h. The EPCs were treated with serum-free Endothelial Cell
Growth Medium (EGM) for 1h and then placed on a 96-well
plate covered with Matrigel at 5 x 10* cells/well; thereafter,
this plate was placed in a 37°C, 5% CO, humidified incuba-
tor. After 8h, tube formation was observed using a micro-
scope (Olympus IX51, Japan), and images were acquired.

2.11. Cocultivation and Grouping of EPCs and Hydrogel
Scaffolds. Hydrogel scaffolds were placed in a well plate,
and then, an appropriate amount of EPCs was inoculated
into these scaffolds according to the experimental require-
ments. Based on the concentration of GO in the scaffolds,
the coculture system was divided into five groups: EPCs,
CS; EPCs, CS/0.1wt.%GO; EPCs, CS/0.5wt.%GO; EPCs,
CS/1.0 wt.%GO; and EPCs.

2.12. Cell Counting Kit-8 (CCK-8) Assay. Scaffolds in appro-
priate amounts were fabricated under aseptic conditions
and spread on a 24-well plate; then, 500 mL of a medium con-
taining 5 x 10* EPCs was seeded in each well, and 50 uL
CCK-8 solution (Dojindo, Kumamoto, Japan) was added to
each well every 36h. After incubation at 37°C for 2h,
100 L medium was withdrawn and added to a 96-well plate
for absorbance measurement at 450 nm using a microplate
reader (Bio-Rad, Hercules, California, USA). In each test,
three duplicate wells were set for all specimens.

2.13. Lactate Dehydrogenase (LDH) Toxicity Assay. Scaffolds
were synthesized under aseptic conditions and spread in 96-
well plates. The EPCs were digested and seeded at 1x 10*
cells/well. After 1, 3, and 5 days, three wells of cells for each
group were centrifuged at 400 g for 5min, and the superna-
tants were obtained. LDH working solution (Beyotime Bio-
technology) was prepared according to the instructions of
the LDH. The LDH working solution was completely mixed
with the test solution. Approximately 120 yL of supernatant
was withdrawn from each well and put in a new 96-well plate.
At room temperature, the 96-well plate wrapped with alumi-
num foil was placed on a horizontal shaker for slow shaking
followed by incubation in the dark for 30 min. Then, the
absorbance was measured at 490 nm using the abovemen-
tioned microplate reader.

2.14. Live/Dead Staining. The EPCs were seeded on 12-well
plates at 5 x 10° cells/well. After culturing in a cell incubator,
the culture solution was withdrawn and gently soaked three
times with PBS to ensure the removal of the active esterase
present in the culture medium.

2.14.1. Configuration of the Staining Working Solution
(Beyotime Biotechnology). Calcein and propidium iodide
were equilibrated at room temperature for 30 min, and the
staining working solution was configured according to the
instructions. The staining working solution (200 uL) was
added to each well to cover the bottom of the well plate,
followed by incubation in the dark for 30 min and gentle
washing three times with PBS for 5 min each time. The green
and red fluorescence of the same region was examined using
a fluorescence microscope (Olympus IX51, Japan).

2.14.2. Measurement of the Number of Dead and Live Cells.
Trypsin without ethylenediaminetetraacetic acid was used
to digest the previously seeded and soaked EPCs, followed
by centrifugation and washing twice with PBS to resuspend
the cells. Then, the cells of each group were stained by the
abovementioned process followed by washing and
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TaBLE 1: Sequences of primers for QqRT-PCR.

Gene symbol Forward primer (5'-3" Reverse primer (5'-3"

CD34 AGACTGTGCAGTGATGTGGT CCCTGGTACATTCGGGTCTG
MMP9 CCTGGGCAGATTCCAAACCT GTACACGCGAGTGAAGGTGA
VEGF GGCAAAAACGAAAGCGCAAG GAGGCTCCAGGGCATTAGAC
SDF-1 TGCCCTTCAGATTGTAGCCC GCGTCTGACCCTCTCACATC
GAPDH GGAGTCCACTGGCGTCTTCA GTCATGAGTCCTTCCACGATACC

centrifugation with PBS. Finally, the measurement was con-
ducted using the flow cytometer.

2.15. Tube Formation Assay. Cells were inoculated according
to the instructions provided on the CCK-8 kit and continu-
ously cultured for 7 days. The Matrigel basement membrane
matrix (BD Biosciences, Franklin Lakes, New Jersey, USA)
was thawed at 4°C, mixed with the basal medium in equal
proportion, pipetted into precooled 96-well plates, and incu-
bated at 37°C for 30min. After Matrigel polymerization,
EPCs were treated with serum-free EGM for 1h and then
digested and reseeded on Matrigel in 96-well plates at 1 x
10* cells/well. After being incubated at 37°C for 8 h, the cells
were imaged using a microscope (Leica, Wetzlar, Hesse-
Darmstadt, Germany), and the images were analyzed and
interpreted using Image]J software.

2.16. Quantitative Reverse Transcription Polymerase Chain
Reaction (qRT-PCR). The EPCs were seeded in 6-well plates
at 1x 10° cells/well and continuously cultured for 7 days.
Total RNAs of the cells of each group were extracted with
the TRIzol reagent (Sigma, Missouri, USA) and reverse tran-
scribed into ¢cDNA using an Evo M-MLV RT Premix kit
(Accurate Biology, Changsha, Hunan, China). The SYBR®
Green Premix Pro Taq HS qPCR Kit (Accurate Biology,
Changsha, Hunan, China) was used for PCR amplification,
and the total volume of the reaction system was 20 yL. PCR
was performed employing the ABI PRISM® 7500 sequence
detection system. The reaction conditions were as follows:
95°C for 305, followed by 40 cycles of 95°C for 5s and 60°C
for 30s. Thereafter, the 2-AACT method was used to calcu-
late the relative DNA expression. All primers used in this
experiment were synthesized by TsingKe (Beijing, China)
and are listed in Table 1.

2.17. Western Blot Analysis. Cells were seeded and cultured as
mentioned in Section 2.15. The cells were lysed with RIPA
Lysis Buffer (Sigma, Missouri, USA), placed on ice for
30 min, and then centrifuged at 12000 g for 15min at 4°C,
and the supernatant was aspirated. The bicinchoninic acid
protein kit (China Biyuntian Biotechnology Co., Ltd) was
used to determine the protein concentration of cells. Sodium
dodecylsulphate-polyacrylamide gel electrophoresis (SDS-
PAGE) loading buffer (YongJin, Guangzhou, Guangdong,
China) was added to the cells in a 4: 1 ratio followed by heat-
ing at 100°C for 10 min. The sample (20 pg) was subjected to
SDS-PAGE and then transferred to a polyvinylidene difluor-
ide membrane (Millipore, Billerica, MA, USA), which was
then blocked with 5% skim milk at room temperature for

2h. The resulting membrane was incubated with the primary
antibody at 4°C overnight and then with the specific secondary
antibody at room temperature for 2 h. Thereafter, ChemiDoc
XRS+ (Bio-Rad) was employed to detect the protein band by
chemiluminescence, and the images were analyzed using the
Quantity One software. The following antibodies were used:
CD34 (1:1000; Proteintech, 3C8G12), VEGF (1:1000;
Thermo Fisher, MA5-13182), SDF-1 (1:1000; Abcam,
ab9797), MMP9 (1:3000; Thermo Fisher, PA5-83748), and
GAPDH (1:5000; Fude Biotechnology, FD0063-100).

2.18. Statistical Analysis. Statistical analyses were carried out
using SPSS 22.0 software. All experimental data were
expressed as the mean difference + standard deviation. Com-
parisons between different groups were conducted using an
independent sample ¢-test. Moreover, for multiple speci-
mens, initially, the homogeneity of variance was calculated
by Levene’s test. If the variance was uniform, one-way analy-
sis of variance (ANOVA) was simultaneously performed
using SNK multiple comparisons between groups; if the var-
iance was uneven, Welch’s robust ANOVA was conducted,
and Dunnett’s T3 test was employed for multiple compari-
sons between groups. P <0.05 was considered statistically
significant.

3. Results

3.1. Features and Structural Characterization of CS/GO
Hydrogel Scaffolds. The as-prepared CS/GO hydrogel scaf-
folds were dark blue, jelly-like, and elastic (as observed by
the naked eye), and their internal structure was loose, which
recovered after deformation under light pressure
(Figures 1(a)-1(d)). After vacuum freeze-drying, their tex-
ture became hard and brittle, and the pure CS hydrogel scaf-
fold was not suitable for clamping and had low mechanical
strength (Figure 1(e)).

The structure of the pure CS hydrogel scaffold is disor-
dered and irregularly curled. With an increase in the GO con-
centration, the internal shape of this scaffold slowly became
uniform, and the irregular curling gradually improved
(Figure 2(a)), indicating that the addition of GO improved
the internal structure of the CS hydrogel scaffold. SEM
images also show that all the hydrogel scaffolds are highly
porous and interconnected, with pore size in the range of
100-150 ym (Figures 2(b) and 2(c)).

We used a series of experiments to further characterize
the physical and chemical properties of the CS/GO hydrogel
scaffolds. FTIR spectra of the CS hydrogel scaffold exhibited
two characteristic absorption bands at 1636 and 1597 cm-1,
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FIGURE 1: Features of CS/GO hydrogel scaffolds (from left to right: the hydrogel scaffolds with 0, 0.1, 0.5, and 1.0 wt.%GO): (a) CS/GO
hydrogel scaffolds directly spread on a 12-well plate. (b) CS/GO hydrogel scaffolds crosslinked for 24 h. (c) Front view of the hydrogel
scaffolds. (d) Side view of the hydrogel scaffolds. (e) CS/GO hydrogel scaffolds after vacuum freeze-drying.

corresponding to the C-O tensile vibration of the acetylated
amino group (-NHCO-) and the N-H bending of -NH,,
respectively. In the case of the CS/GO hydrogel scaffolds,
the -NH, absorption band shifted to a lower value, whereas
the intensity of the -NHCO- band increased; this may be
because the -NH, group of CS reacts with the -COOH group
of GO, leading to the formation of an -NHCO- graft point
(Figure 3(a)).

XRD patterns of each group of scaffolds showed the char-
acteristic peak of CS at 20 = 20.1°, which indicated the crys-
tallinity of CS (Figure 3(b)). With an increase in the GO
concentration, the intensity of this peak gradually decreased,
and a new sharp peak appeared near 20=11.0°, which
became more evident with an increase in the GO concentra-
tion. All these results suggest that the introduction of GO
indeed changes the crystal structure of CS and is consistent
with the FTIR results.

3.2. Physical and Chemical Properties of the CS/GO Hydrogel
Scaffolds. The porosity test indicated that the porosity of each
group of scaffolds was ranged from 92% to 95%. However, it

slowly increased with an increase in the concentration of GO
from 0.1 to 1.0 wt.% (Figure 3(c)). There are no differences in
porosity among each group (P =0.095 > 0.05).

As shown in Figure 3(c), the CS hydrogel scaffold has a
higher SR than that of the CS/GO hydrogel scaffolds, and
the SR of the CS/GO hydrogel scaffolds gradually decreased
with an increase in the GO concentration from 0.1 to
1.0 wt.%.

To further explore the influence of GO on the properties
of the CS hydrogel scaffold, the tensile properties of the
CS/GO hydrogel scaffolds were investigated. The tensile
stress-strain curves for each group of scaffolds are shown in
Figure 3(e), and the mechanical properties are summarized
in Table 2. Results suggest that when the GO concentration
was increased from 0 to 1.0 wt.%, the elastic modulus, tensile
strength, and elongation at break increased from 0.829 to
22.026 MPa, from 1.363 to 7.153MPa, and from 61.3 to
161.5%, respectively.

3.3. Identification of EPCs. To verify the hypothesis that the
CS/GO hydrogel scaffold can improve the angiogenesis of
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F1GURE 2: SEM images of the CS/GO hydrogel scaffolds. (a) SEM image of the cross-section of the scaffolds of each group (bar = 500 ym). (b,
c) Aperture size of each group randomly measured by Image]. *P < 0.05 compared with the cases of other groups.

cells, we used EPCs from human umbilical cord blood as seed
cells for investigation. The freshly isolated primary cells were
round (Figure 4(a)). After being cultured for 3-5 days, the
cells proliferated, grew into nearly spindle-shaped cells, and
demonstrated “colony-like growth” (Figure 4(b)). After 7
days, the cells rapidly proliferated and were connected to
each other in a typical “paving stone” pattern (Figure 4(c)).
Flow cytometry results showed that the third-generation

EPCs had low expressions of CD45 (0.11%), CD14 (0.21%),
CD34 (4.21%), and CD133 (1.16%) and high expressions of
the endothelial cell markers CD31 (99.76%), CD105
(98.45%), and KDR (92.55%) (Figure 4(d)). The results of
the tubule formation experiments suggested that the cells
connected end-to-end during incubation with Matrigel to
form a tubule-like structure, and each tubule was connected
to form a tube-like structure similar to that of the vascular
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F1GURE 3: Physical and chemical properties of CS/GO hydrogel scaffolds. (a) FTIR spectra, (b) XRD patterns, and (c) porosity of the hydrogel

scaffolds of each group (*P > 0.05). (d) Swelling rate of the hydrogel scaffolds of each group (*P < 0.05). (e) Tensile properties of the hydrogel
scaffolds of each group.
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TaBLE 2: Physical properties of the CS/GO hydrogel scaffolds with different contents of GO.

Group Tensile strength (MPa) Modulus of elasticity (MPa) Elongation at break (%)

CS 1.363 £0.367 0.829 +0.590 61.3

CS+0.1 wt. %GO 4.053 +0.526 6.863 +£0.940 122.3

CS+0.5 wt. %GO 5.627 £ 0.343 12.460 £2.120 140.6

CS+1.0 wt.%GO 7.153 £ 0.383 22.026 £2.752 161.5

lumen (Figure 4(e)). These results confirm that the EPCs
extracted in this experiment are a class of progenitor cells
that can differentiate into endothelial cells and have the abil-
ity to form tubules.

3.4. Evaluation of the Effect of CS/GO Hydrogel Scaffolds on
the Proliferation of EPCs and Cytotoxicity of These Scaffolds.
During the coculture of the hydrogel scaffolds with EPCs,
we explored the effect of the CS/GO hydrogel scaffolds on
the proliferation of EPCs and the cytotoxicity of these scaf-
folds (Figures 5(a) and 5(b)). First, the proliferation of the
EPCs in the five culture groups was analyzed by the CCK-8
assay on 1, 3, and 5 days after culture. Cell proliferation
was considerably inhibited when the concentration of GO
was increased to 1.0 wt.%, whereas it was promoted when
the concentration of GO was increased from 0 to 0.5wt.%.
The LDH toxicity assay again confirmed that the group con-
taining 1.0 wt.%GO indeed had clear cytotoxicity, which
indicated that GO over a certain concentration caused
cytotoxicity.

To further confirm the cytotoxicity of the hydrogel scaf-
fold with 1.0wt.%GO, a live/dead staining was performed,
and images were obtained using the fluorescence microscope,
and the numbers of dead and live cells were recorded by flow
cytometry (Figure 6). The proportion of dead cells in the
EPCs, CS; EPCs, CS/0.1wt.%GO; EPCs, CS/0.5wt.%GO;
EPCs, CS/1.0wt.%GO; and EPC groups was less than 10%
(P<0.05, compared with the case of the EPCs,
CS/1.0 wt.%GO group), and there was no statistical differ-
ence in the proportion of dead cells between the EPCs; EPCs,
CS; EPCs, CS/0.1 wt.%GO; and EPCs, CS/0.5 wt.%GO groups
(P>0.05). In the EPCs, CS/1.0 wt.%GO group, the propor-
tion of dead cells was up to 16.5% (P < 0.05, compared with
the cases of other groups). All these results clearly confirm
that the hydrogel scaffold with 1.0 wt.%GO has substantial
cytotoxicity.

3.5. Effect of the CS/GO Hydrogel Scaffold on the Angiogenesis
of EPCs. Results of the tube formation analysis (Figures 5(c)-
5(f)) demonstrated that on the seventh day of coculture, the
EPCs in the EPCs, CS/0.5wt.%GO group had most signifi-
cant tube formation ability, whereas those in the EPCs,
CS/1.0 wt. %GO group had the lowest tube formation ability
(P <0.05). Moreover, the tube formation abilities of EPCs
in the EPCs and EPCs, CS groups were not significant (* P
> 0.05).

To further study the role of CS/GO hydrogel scaffolds in
promoting angiogenesis, QRT-PCR and Western blot analy-
sis were conducted, and the results showed that on the sev-
enth day of coculture, the expressions of CD34, VEGEF,

MMP9, and SDF-1 in EPCs were considerably upregulated
with an increase in the GO concentration when compared
with the case of the EPC group. However, the expressions
of CD34, VEGF, MMP9, and SDF-1 were inhibited in the
EPCs, CS/1.0wt.%GO group (Figure 7). As shown in
Figure 7(a), the relative mRNA expressions of the EPCs, CS
and EPC groups were not significant (P >0.05), whereas
those of the other groups had statistical significance in multi-
ple comparisons (*P < 0.05, compared with that of the EPC
group). The results of Western blot analysis are similar to
those of the qRT-PCR (Figures 7(b) and 7(c)). All these
results indicate that in an appropriate concentration range,
GO can promote the proliferation and angiogenic ability of
EPCs, which will contribute to improving angiogenesis in tis-
sue engineering.

4. Discussion

In 1993, tissue engineering was proposed by American
scholars and subsequently brought a new dawn to the recon-
struction and repair of tissue defects [39]. Tissue engineering
is a discipline that covers multidisciplinary fields such as biol-
ogy, medicine, and engineering. It develops new biological
materials to develop biological substitutes that can repair or
improve defective tissues, organs, or parts of the human body
[40, 41]. Although the existing biomaterials have made some
progress in the repair of tissue defects, the angiogenesis of
regenerated tissue is still a research problem. Although cur-
rently different studies promote tissue regeneration through
angiogenesis, none of the methods have been successfully
applied clinically [5, 8, 42]. Therefore, continuous explora-
tion and development of scaffold materials that promote tis-
sue angiogenesis and the success rate of tissue defect repair
have important medical value.

GO was brought into tissue engineering for its good
mechanical properties and angiogenesis properties [43, 44].
So, we added GO into chitosan hydrogel in order to make
an ideal hydrogel scaffold material. A single biomaterial has
limitations due to its own performance. Therefore, the com-
posite materials have their superior performance due to mul-
tiple materials being mutually reconstructed and will play a
vital role in tissue engineering scaffolds to repair tissue
defects. The application of crosslinking and covalent bonding
significantly improves the stability of the hydrogel [45, 46].
So, genipin was used as the crosslinking agent in this study.
Accordingly, a series of CS/GO hydrogel scaffolds were fabri-
cated by crosslinking CS and GO at different concentrations
using GNP in our research.

Analyzing the features and structural characterization of
CS/GO hydrogel scaffolds, we attained the conclusions as
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FIGURE 4: Isolation, culture, and identification of EPCs (provided by Guangdong Cord Blood Bank). Newly isolated primary cells (a) and cells
cultured for 3-5 (b) and 7 (c) days. (d) Flow cytometry identification results of primary cells. (e) Matrigel tubule formation experiment of

primary cells.

follows. With an increase in the GO concentration, the
strength of the scaffold gradually increased. Therefore, the
addition of GO to the CS hydrogel scaffold is effective in
increasing the hardness of this scaffold. Furthermore, the
pore size of the scaffold slowly decreased with an increase
in the concentration of GO. This further showed that the
addition of GO improved the structure of the CS hydrogel
scaffold, making the spatial network structure inside the scaf-
fold more uniform and porous.

We used a series of experiments to further characterize
the physical and chemical properties of the CS/GO hydrogel
scaffolds. From the FTIR and XRD, the introduction of GO
indeed changed the crystal structure of CS. We predicted a

possible schematic diagram of the material structure in the
Figure 8.

The porosity test simply confirms that the introduction
of GO increases the porosity of the CS hydrogel scaffold. Fur-
thermore, a better porosity can promote cell spreading and
facilitate cell proliferation [47, 48]. In addition, SEM images
show that the introduction of GO makes the structure of
the CS hydrogel scaffold more uniform, reduces the pore size,
and increases the porosity. Considering that the porosity
increased and the structure of the hydrogel became more
uniform by adding GO, it is attributed to physical crosslink-
ing between -COOH and -OH of GO and -NH, of CS, which
may even chemically crosslink upon the addition of GNP.
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ability of cells in each group determined using tube formation. *P < 0.05.

Hence, we predict that the cells can expand and grow better
in hydrogel scaffold materials, which would facilitate the
exchange of substances between the implanted body and
the outside environment for providing more energy to pro-
mote the formation of blood vessels and tissues. All these
results suggest that the CS/GO hydrogel scaffold may become
a potential scaffold for tissue engineering.

This implied that the presence of GO enhanced the
swelling rate of the CS hydrogel scaffold possibly owing
to physical crosslinking between -COOH and -OH of
GO and -NH, of CS, which may even chemically crosslink
upon the addition of GNP; however, this requires further
confirmation. Thus, it can be speculated that crosslinking
inhibits the swelling of the CS hydrogel scaffold and
thereby reduces the SR.

Therefore, the addition of GO significantly improved the
tensile properties of the CS hydrogel scaffold. This is consis-
tent with the previously reported results of CS/GO hydrogel
films with different GO concentrations [49, 50]. In summary,
we found that the addition of GO changed the structure of
the chitosan hydrogel, which affected the physical and chem-
ical properties of the material.

To further explore the biocompatibility and angiogenic
effect of chitosan/graphene oxide hydrogel scaffolds, the
EPCs were chosen. ECs (endothelial cells) cannot be widely
used for the vascularization of bone tissue because of their
low proliferation and low utilization [51]. Therefore, we used
EPCs as the seed cells. The CCK-8 and cytotoxicity assay
results showed that when the concentration of GO was
higher than 0.5wt.%, it inhibited the proliferation of EPCs
and caused significant cytotoxicity to the cells. This is consis-
tent with the results reported by Wang et al.; that is, GO has
no considerable cytotoxicity at a suitable concentration,
whereas it exhibits substantial cytotoxicity at doses higher
than 50 yg/mL [52]. Therefore, as a new biomaterial, GO at
an appropriate concentration can be used to prepare tissue
engineering scaffold materials.

During the tube formation experiment, the CS hydrogel
scaffold did not significantly promote angiogenesis, whereas
after the addition of GO, it stimulated tube formation. How-
ever, when the concentration of GO was up to 1.0 wt.%, tube
formation was inhibited. This proves that high concentra-
tions of GO may inhibit angiogenesis of the EPCs. To further
explore the molecular mechanism of blood vessel formation
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by the CS/GO hydrogel scaffolds, we conducted more exper-
iments. CD34, VEGF, MMP9, and SDF-1 were chosen to
explore the mechanism.

CD34 is a transmembrane glycoprotein that is selectively
expressed on the surface of EPCs. SDF-1 and VEGF play a
key role in EPC function. Studies have shown that SDF-1
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promotes the expression of VEGF in ECs and is an important
cytokine to mobilize EPC [53]. Wang et al. confirmed that
metallothionein (MT) promotes the angiogenesis of EPCs
mediated by the HIF-1a/SDF-1/VEGF pathway [54]. Several
studies proved that the SDF-1/VEGF pathway is vital to the
angiogenesis of EPCs [55, 56]. In our research, the expres-
sions of the angiogenesis-related genes CD34, VEGF,
MMPY, and SDF-1 were examined and found to be upregu-
lated at an appropriate concentration of GO. Western blot
analysis results also confirmed this phenomenon. Thus, we
concluded that GO may regulate the angiogenic ability of
EPC through the SDF-1/VEGEF signaling pathway. We found
few studies about the angiogenic mechanism of GO on EPCs,
while different from ECs. Mukherjee et al. [26] found that the
activation of phospho-eNOS and phospho-Akt might be the
plausible mechanisms for GO- and rGO-induced angiogene-
sis of HUVECs. From the research, we concluded that the
immune microenvironment induced by GO at an appropri-
ate concentration promotes the angiogenesis of HUVEC
through the VEGF pathway [57]. However, further investiga-
tion is required to understand the corresponding specific sig-
naling molecular mechanism.

We predict that the suitable concentration of CS/GO
hydrogel scaffolds can promote the proliferation and tube
formation of EPCs and further stimulate the formation of
blood vessels. The long-term prospect of this research is pro-
viding little evidence for the role of CS/GO hydrogel scaffolds
combined with EPCs in promoting angiogenesis and the
repair of tissue defects. We hope that these findings can pro-
vide a new theoretical basis for the application of the combi-
nation of CS/GO hydrogel scaffolds and EPCs in promoting
tissue engineering repair and in tissue regenerative medicine.
However, our research has several limitations. First, we did
not comprehensively study the specific mechanism of CS
and GO crosslinking by GNP. Second, only a few detailed
studies were conducted on the molecular mechanism of
EPC regulation by the CS/GO hydrogel scaffold. Third, as
in vivo experiments were not performed, we cannot verify
the role of this scaffold material in repairing bone defects
in vivo.

5. Conclusion

In this study, we successfully prepared a series of CS/GO
hydrogel scaffolds with different concentrations of GO. The
addition of GO improved the structure of the CS hydrogel
scaffold, facilitated the formation of the spatial network
structure, and improved the physical, chemical, and mechan-

ical properties of the scaffold. At an appropriate concentra-
tion, GO had no significant cytotoxicity and promoted the
extension and proliferation of EPCs, thereby stimulating
the formation of blood vessels. However, research on the role
of GO in basic and clinical medical fields is still in its infancy,
and the molecular mechanism involved in angiogenesis
needs further investigation. In conclusion, our study not only
opens a new path for the future research of CS/GO hydrogel
scaffolds but also provides new ideas for the application of
these scaffolds in promoting the formation of new blood
vessels.

Data Availability

Dr. Zhang, e-mail: summere0615@163.com, will provide the
research data.

Conflicts of Interest

The authors declare that they have no conflicts of interest
with the contents of this article.

Authors’ Contributions

L.F.Z. contributed to the conception of the study, generated
the data, and wrote the manuscript. X.P.L., G.Y.R, and
Y.T.P. contributed significantly to the analysis and manu-
script preparation. C.Y.S. provided the EPCs for this study.
Y.H. provided comments and suggestions for submission.
S.G.Z. revised it critically for important intellectual content
and approved the final version. Lifang Zhang and Xinping
Li are co-first authors of this work.

Acknowledgments

The authors acknowledge support from the Guangzhou
Municipal Science and Technology Project (Grant No.
201707010193) and the Intra-hospital Fund of Southern
Medical University of Stomatological Hospital (PY2020022).

References

[1] B. Bakhshandeh, P. Zarrintaj, M. O. Oftadeh et al., “Tissue
engineering; strategies, tissues, and biomaterials,” Biotechnol-
ogy ¢ Genetic Engineering Reviews, vol. 33, no. 2, pp. 144-
172, 2017.

[2] M. Lovett, K. Lee, A. Edwards, and D. L. Kaplan, “Vasculariza-
tion strategies for tissue engineering,” Tissue Engineering. Part
B, Reviews, vol. 15, no. 3, pp. 353-370, 2009.



16

(3]

(4]

(10]

(11]

(12]

(13]

(14]

(15]

(16]

(17]

(18]

E. B. Peters, “Endothelial progenitor cells for the vasculariza-
tion of engineered tissues,” Tissue Engineering. Part B,
Reviews, vol. 24, no. 1, pp. 1-24, 2018.

K. E. Johnson and T. A. Wilgus, “Vascular endothelial growth
factor and angiogenesis in the regulation of cutaneous wound
repair,” Advances in Wound Care, vol. 3, no. 10, pp. 647-661,
2014.

S.N. Sethu, S. Namashivayam, S. Devendran et al., “Nanocera-
mics on osteoblast proliferation and differentiation in bone tis-
sue engineering,” International Journal of Biological
Macromolecules, vol. 98, pp. 67-74, 2017.

H. D. Kim, S. Amirthalingam, S. L. Kim, S. S. Lee,
J. Rangasamy, and N. S. Hwang, “Biomimetic materials and
fabrication approaches for bone tissue engineering,” Advanced
healthcare materials, vol. 6, no. 23, 2017.

S.Yin, W. Zhang, Z. Zhang, and X. Jiang, “Recent advances in
scaffold design and material for vascularized tissue-engineered
bone regeneration,” Advanced healthcare materials, vol. 8,
no. 10, article e1801433, 2019.

L. Reddy, D. Murugan, M. Mullick, E. T. Begum Moghal, and
D. Sen, “Recent approaches for angiogenesis in search of suc-
cessful tissue engineering and regeneration,” Current Stem Cell
Research & Therapy, vol. 15, no. 2, pp. 111-134, 2020.

Y. C. Chiu, M. H. Cheng, H. Engel et al., “The role of pore size
on vascularization and tissue remodeling in PEG hydrogels,”
Biomaterials, vol. 32, no. 26, pp. 6045-6051, 2011.

M. Schleicher, H. P. Wendel, O. Fritze, and U. A. Stock, “In
vivo tissue engineering of heart valves: evolution of a novel
concept,” Regenerative Medicine, vol. 4, no. 4, pp. 613-619,
20009.

Y. Wu, L. Wang, B. Guo, and P. X. Ma, “Injectable biodegrad-
able hydrogels and microgels based on methacrylated poly(-
ethylene glycol)-co-poly(glycerol sebacate) multi-block
copolymers: synthesis, characterization, and cell encapsula-
tion,” Journal of materials chemistry. B, vol. 2, no. 23,
pp. 3674-3685, 2014.

M. Liu, X. Zeng, C. Ma et al., “Injectable hydrogels for cartilage
and bone tissue engineering,” Bone research, vol. 5, no. 1,
p. 17014, 2017.

J. Ng, K. Spiller, J. Bernhard, and G. Vunjak-Novakovic, “Bio-
mimetic approaches for bone tissue engineering,” Tissue Engi-
neering. Part B, Reviews, vol. 23, no. 5, pp. 480-493, 2017.

Z. Shariatinia and A. M. Jalali, “Chitosan-based hydrogels:
preparation, properties and applications,” International Jour-
nal of Biological Macromolecules, vol. 115, pp. 194-220, 2018.
L.]J. Del Valle, A. Diaz, and J. Puiggali, “Hydrogels for biomed-
ical applications: cellulose, chitosan, and protein/peptide
derivatives,” Gels, vol. 3, no. 3, 2017.

S. Deepthi, J. Venkatesan, S. K. Kim, J. D. Bumgardner, and
R. Jayakumar, “An overview of chitin or chitosan/nano
ceramic composite scaffolds for bone tissue engineering,”
International journal of biological macromolecules, vol. 93, no. -
Part B, pp. 1338-1353, 2016.

J. Venkatesan and S. K. Kim, “Chitosan composites for bone
tissue engineering—an overview,” Marine Drugs, vol. 8, no. 8,
Pp. 2252-2266, 2010.

M. L. Zhang, J. Cheng, Y. C. Xiao, R. F. Yin, and X. Feng, “Ral-
oxifene microsphere-embedded collagen/chitosan/f-trical-
cium phosphate scaffold for effective bone tissue
engineering,” International Journal of Pharmaceutics,
vol. 518, no. 1-2, pp. 80-85, 2017.

(19]

(20]

(21]

(22]

(23]

(24]

(25]

[26]

(27]

(28]

(29]

(30]

(31]

(32]

(33]

Stem Cells International

M. A. Nazeer, E. Yilgor, and I. Yilgor, “Intercalated chitosan/-
hydroxyapatite nanocomposites: promising materials for bone
tissue engineering applications,” Carbohydrate Polymers,
vol. 175, pp. 38-46, 2017.

A. Topsakal, M. Uzun, G. Ugar et al, “Development of
amoxicillin-loaded ~ electrospun  polyurethane/chitosan/
$\beta$ -tricalcium phosphate scaffold for bone tissue regener-
ation,” IEEE Transactions on Nanobioscience, vol. 17, no. 3,
pp. 321-328, 2018.

G. R. Owen, M. Dard, and H. Larjava, “Hydoxyapatite/beta-
tricalcium phosphate biphasic ceramics as regenerative mate-
rial for the repair of complex bone defects,” Journal of Biomed-
ical Materials Research. Part B, Applied Biomaterials, vol. 106,
no. 6, pp. 2493-2512, 2018.

S. F. Kiew, L. V. Kiew, H. B. Lee, T. Imae, and L. Y. Chung,
“Assessing biocompatibility of graphene oxide-based nanocar-
riers: a review,” Journal of controlled release: official journal of
the Controlled Release Society, vol. 226, pp. 217-228, 2016.

M. Thangamuthu, K. Y. Hsieh, P. V. Kumar, and G. Y. Chen,
“Graphene- and graphene oxide-based nanocomposite plat-
forms for electrochemical biosensing applications,” Interna-
tional journal of molecular sciences, vol. 20, no. 12, p. 2975, 2019.

J. Lee, J. Kim, S. Kim, and D. H. Min, “Biosensors based on gra-
phene oxide and its biomedical application,” Advanced drug
delivery reviews, vol. 105, no. Part B, pp. 275-287, 2016.

L. Zhang, J. Xia, Q. Zhao, L. Liu, and Z. Zhang, “Functional
graphene oxide as a nanocarrier for controlled loading and tar-
geted delivery of mixed anticancer drugs,” Small, vol. 6, no. 4,
pp. 537-544, 2010.

S. Mukherjee, P. Sriram, A. K. Barui et al., “Graphene oxides
show angiogenic properties,” Advanced Healthcare Materials,
vol. 4, no. 11, pp. 1722-1732, 2015.

Y. Chen, Z. Zheng, R. Zhou et al., “Developing a strontium-
releasing graphene oxide-/collagen-based organic-inorganic
nanobiocomposite for large bone defect regeneration via
MAPK signaling pathway,” ACS Applied Materials & Inter-
faces, vol. 11, no. 17, pp. 15986-15997, 2019.

S. Chakraborty, T. Ponrasu, S. Chandel, M. Dixit, and
V. Muthuvijayan, “Reduced graphene oxide-loaded nanocom-
posite scaffolds for enhancing angiogenesis in tissue engineer-
ing applications,” Royal Society open science, vol. 5, no. 5,
article 172017, 2018.

E. Lopez-Dolado, A. Gonzélez-Mayorga, M. C. Gutiérrez, and
M. C. Serrano, “Immunomodulatory and angiogenic
responses induced by graphene oxide scaffolds in chronic spi-
nal hemisected rats,” Biomaterials, vol. 99, pp. 72-81, 2016.

T. Asahara, T. Murohara, A. Sullivan et al., “Isolation of puta-
tive progenitor endothelial cells for angiogenesis,” Science,
vol. 275, no. 5302, pp. 964-966, 1997.

R. Samuel, L. Daheron, S. Liao et al., “Generation of function-
ally competent and durable engineered blood vessels from
human induced pluripotent stem cells,” Proceedings of the
National Academy of Sciences of the United States of America,
vol. 110, no. 31, pp. 12774-12779, 2013.

R. A. Muzzarelli, M. El Mehtedi, C. Bottegoni, A. Aquili, and
A. Gigante, “Genipin-crosslinked chitosan gels and scaffolds
for tissue engineering and regeneration of cartilage and bone,”
Marine Drugs, vol. 13, no. 12, pp. 7314-7338, 2015.

F. L. Mi, “Synthesis and characterization of a novel chitosan-

gelatin bioconjugate with fluorescence emission,” Biomacro-
molecules, vol. 6, no. 2, pp. 975-987, 2005.



Stem Cells International

(34]

(35]

(36]

(37]

(38]

(39]

[40]

[41]

[42]

(43]

(44]

[45]

[46]

(47]

(48]

(49]

Y. H.Lin,K. Y. Lu, C. L. Tseng, J. Y. Wu, C. H. Chen, and F. L.
Mi, “Development of genipin-crosslinked fucoidan/chitosan-
N-arginine nanogels for preventing Helicobacter infection,”
Nanomedicine, vol. 12, no. 12, pp. 1491-1510, 2017.

M. E. Frohbergh, A. Katsman, G. P. Botta et al., “Electrospun
hydroxyapatite-containing chitosan nanofibers crosslinked
with genipin for bone tissue engineering,” Biomaterials,
vol. 33, no. 36, pp. 9167-9178, 2012.

K. Zafeiris, D. Brasinika, A. Karatza et al., “Additive
manufacturing of hydroxyapatite-chitosan-genipin composite
scaffolds for bone tissue engineering applications,” Materials
science & engineering. C, Materials for biological applications,
vol. 119, article 111639, 2021.

A. Gilarska, J. Lewandowska-Lancucka, K. Guzdek-Zajac et al.,
“Bioactive yet antimicrobial structurally stable collagen/chito-
san/lysine functionalized hyaluronic acid - based injectable
hydrogels for potential bone tissue engineering applications,”
International Journal of Biological Macromolecules, vol. 155,
pp. 938-950, 2020.

S. Zeng, L. Liu, Y. Shi et al, “Characterization of silk
fibroin/chitosan 3D porous scaffold and in vitro cytology,”
PloS one, vol. 10, no. 6, article 0128658, 2015.

R. Langer and J. P. Vacanti, “Tissue engineering,” Science,
vol. 260, no. 5110, pp. 920-926, 1993.

P. Sharma, P. Kumar, R. Sharma, V. D. Bhatt, and P. S. Dhot,
“Tissue engineering; current status & futuristic scope,” Journal
of Medicine and Life, vol. 12, no. 3, pp. 225-229, 2019.

L. Geris and I. Papantoniou, “The third era of tissue engineer-
ing: reversing the innovation drivers,” Tissue Engineering. Part
A, vol. 25, no. 11-12, pp. 821-826, 2019.

X. Wang, L. Gao, Y. Han et al., “Silicon-enhanced adipogenesis
and angiogenesis for vascularized adipose tissue engineering,”
Advanced science, vol. 5, no. 11, article 1800776, 2018.

X. Jing, H. Y. Mi, M. R. Salick, T. M. Cordie, X. F. Peng, and
L. S. Turng, “Electrospinning thermoplastic polyurethane/gra-
phene oxide scaffolds for small diameter vascular graft applica-
tions,” Materials for biological applications, vol. 49, pp. 40-50,
2015.

B. D. Holt, Z. M. Wright, A. M. Arnold, and S. A. Sydlik, “Gra-
phene oxide as a scaffold for bone regeneration,” Wiley inter-
disciplinary reviews: Nanomedicine and nanobiotechnology,
vol. 9, no. 3, 2017.

H. Zhou, Z. Wang, H. Cao et al., “Genipin-crosslinked polyvi-
nyl alcohol/silk fibroin/nano-hydroxyapatite hydrogel for fab-
rication of artificial cornea scaffolds-a novel approach to
corneal tissue engineering,” Journal of Biomaterials Science.
Polymer Edition, vol. 30, no. 17, pp. 1604-1619, 2019.

F. Campos, A. B. Bonhome-Espinosa, G. Vizcaino et al., “Gen-
eration of genipin cross-linked fibrin-agarose hydrogel tissue-
like models for tissue engineering applications,” Biomedical
materials, vol. 13, no. 2, article 025021, 2018.

Y. Gong, Y. Yu, H. Kang et al., “Synthesis and characterization
of graphene oxide/chitosan composite aerogels with high
mechanical performance,” Polymers, vol. 11, no. 5, 2019.

S. Azizkhani, E. Mahmoudi, N. Abdullah, M. Ismail, A. W.
Mohammad, and S. A. Hussain, “Synthesis and characterisa-
tion of graphene oxide-silica-chitosan for eliminating the
Pb(II) from aqueous solution,” Polymers, vol. 12, no. 9,
p. 1922, 2020.

Y. Zhang, M. Zhang, H. Jiang et al., “Bio-inspired layered chit-
osan/graphene oxide nanocomposite hydrogels with high

(50]

(51]

(52]

(53]

(54]

(55]

(56]

(57]

17

strength and pH-driven shape memory effect,” Carbohydrate
Polymers, vol. 177, pp. 116-125, 2017.

T. Agarwal, R. Narayan, S. Maji et al., “Gelatin/carboxymethyl
chitosan based scaffolds for dermal tissue engineering applica-
tions,” International journal of biological macromolecules,
vol. 93, no. Part B, pp. 1499-1506, 2016.

Z. Gong and L. E. Niklason, “Blood vessels engineered from
human cells,” Trends in Cardiovascular Medicine, vol. 16,
no. 5, pp. 153-156, 2006.

E. Paz, Y. Ballesteros, J. Abenojar, J. C. Del Real, and N. J.
Dunne, “Graphene oxide and graphene reinforced PMMA
bone cements: evaluation of thermal properties and biocom-
patibility,” Materials, vol. 12, no. 19n, 2019.

M. Masyuk, A. Abduelmula, G. Morosan-Puopolo et al., “Ret-
rograde migration of pectoral girdle muscle precursors
depends on CXCR4/SDF-1 signaling,” Histochemistry and Cell
Biology, vol. 142, no. 5, pp. 473-488, 2014.

K. Wang, X. Dai, J. He et al., “Endothelial overexpression of
metallothionein prevents diabetes-induced impairment in
ischemia angiogenesis through preservation of HIF-1a/SDF-
1/VEGEF signaling in endothelial progenitor cells,” Diabetes,
vol. 69, no. 8, pp. 1779-1792, 2020.

G. Yu, P. Liu, Y. Shi, S. Li, Y. Liu, and W. Zhu, “Sitagliptin
stimulates endothelial progenitor cells to induce endotheliali-
zation in aneurysm necks through the SDF-1/CXCR4/NRF2
signaling pathway,” Frontiers in Endocrinology, vol. 10,
p- 823, 2019.

G. Odent Grigorescu, A. M. Rosca, M. B. Preda, R. Tutuianu,
M. Simionescu, and A. Burlacu, “Synergic effects of VEGF-A
and SDF-1 on the angiogenic properties of endothelial progen-
itor cells,” Journal of Tissue Engineering and Regenerative
Medicine, vol. 11, no. 11, pp. 3241-3252, 2017.

D. Xue, E. Chen, H. Zhong et al., “Immunomodulatory prop-
erties of graphene oxide for osteogenesis and angiogenesis,”
International Journal of Nanomedicine, vol. Volume 13,
pp. 5799-5810, 2018.



Hindawi

Stem Cells International

Volume 2021, Article ID 6620811, 12 pages
https://doi.org/10.1155/2021/6620811

Hindawi

Review Article

Mesenchymal Stem Cells: An Overview of Their Potential in
Cell-Based Therapy for Diabetic Nephropathy

Yan Wu,! Chunlei Zhang,1 Ran Guo,” Dan Wu,! Jiayi Shi,! Luxin Li,' Yanhui Chu,’
Xiaohuan Yuan®,' and Jie Gao®?

!Heilongjiang Key Laboratory of Antifibrosis Biotherapy, Mudanjiang Medical University, Mudanjiang, China
Department of Physiology, Mudanjiang Medical University, Mudanjiang, China
*Institute of Translational Medicine, Shanghai University, Shanghai, China

Correspondence should be addressed to Xiaohuan Yuan; yuanxiaochuan@mdjmu.edu.cn and Jie Gao; jmsx2021@shu.edu.cn
Received 20 November 2020; Revised 11 February 2021; Accepted 18 February 2021; Published 17 March 2021
Academic Editor: Adam Ye

Copyright © 2021 Yan Wu et al. This is an open access article distributed under the Creative Commons Attribution License, which
permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

Diabetic nephropathy (DN) is a devastating complication associated with diabetes mellitus, and it is the leading cause of end-stage
renal diseases (ESRD). Over the last few decades, numerous studies have reported the beneficial effects of stem cell administration,
specifically mesenchymal stem or stromal cells (MSCs), on tissue repair and regeneration. MSC therapy has been considered a
promising strategy for ameliorating the progression of DN largely based on results obtained from several preclinical studies and
recent Phase I/II clinical trials. This paper will review the recent literature on MSC treatment in DN. In addition, the roles and
potential mechanisms involved in MSC treatment of DN will be summarized, which may present much needed new drug targets
for this disease. Moreover, the potential benefits and related risks associated with the therapeutic action of MSCs are elucidated
and may help in achieving a better understanding of MSCs.

1. Introduction

Diabetes mellitus (DM) is a global epidemic disease affecting
millions of people. According to the International Diabetes
Federation (IDF), the morbidity rate of DM among adults
aged between 20 and 79 years was estimated to be 9.3% in
2019, and the proportion is expected to rise to 10.9% by
2045. Moreover, the number of people with diabetes (20-79
years) will rise from 463 million in 2019 to 700 million by
2045 [1]. DM characterized with hyperglycemia may lead
to the dysfunction of several major organs. Among them,
diabetic nephropathy (DN) is one of the most significant
microvascular complications for both type 1 and type 2 dia-
betic population. Previous studies have estimated that
approximately 25% to 40% of those individuals living with
both types of diabetes develop DN [2, 3], even when glucose
control is nearly optimal, and it is the leading cause of end-
stage renal disease (ESRD) [4]. In the absence of DN, the
mortality rate among diabetic patients is roughly in line with
that of the general population [5]. Currently, there are three

possibilities for the pharmacological prevention or alleviation
of chronic kidney failure: control cardiovascular risk factors
(often not optimal), avoid potential renal toxins (usually
unfeasible), or use causal treatment for the disease whenever
possible (with unstable curative effect and frequent complica-
tions). Therefore, DN still poses a significant clinical burden
despite the tremendous advances made in its diagnosis and
treatment [6]. Therefore, there is an urgent need to develop
safe and effective therapeutic strategies against the disease.
Fortunately, regenerative medicine provides a potential strat-
egy against DN.

Several studies have reported the potent effects of mesen-
chymal stem or stromal cells (MSCs) for treating kidney dis-
eases. This has led many scientists to pursue treatment of DN
using MSCs. A study conducted in 2006 reported that human
bone marrow MSCs could increase pancreatic islets and beta
cells that produce insulin, and decrease mesangial thickening
and macrophage infiltration in diabetic mice. The study was
the first to provide evidence on the potential of using restor-
ative therapy as a cure for DN [7]. Since then, a growing
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number of research advances have made MSCs a viable
option for DN. Specifically, research has shown that MSCs
may be used to recapitulate several mechanisms that are suf-
ficient for alleviating the progression of DN. This review will
offer an overview of recent research into DN with an empha-
sis on the concrete mechanisms through which MSCs may
enhance the functional regeneration of kidney tissues.

2. Diabetic Nephropathy

Diabetic complications involve the dysfunction of several
organs including the heart, brain, kidney, blood vessels,
peripheral nerves, eyes, and feet leading to serious health
problems such as cardiomyopathy, nephropathy, peripheral
neuropathy, retinopathy, and diabetic foot, respectively [8].
Such health problems are in turn associated with high mor-
bidity rates and can result in a heavy social and financial bur-
den. DN is a long-term major microvascular complication of
type 1 diabetes and type 2 diabetes [9]. Microalbuminuria is
the initial clinical hallmark of established DN followed by
glomerular hypertrophy, moderate expansion of the mesan-
gial matrix, and thickening of the glomerular capillary walls.
Glomerulosclerosis is the primary structural characteristic of
DN which is caused by progressive albuminuria, glomerular
basement membrane (GBM) thickening, mesangial cell
expansion, destabilization of podocyte foot processes, renal
fibrosis, extracellular matrix accumulation, fluid retention,
and blood pressure elevation [10, 11]. As the disease con-
tinues to advance, glomerulosclerosis eventually develops
into irreversible end-stage renal disease over a period of years
or even decades. However, the exact molecular mechanisms
underlying DN progression have not yet been clearly eluci-
dated. This has led to a lack of effective medications for DN
treatment. Presently, the core of DN treatment depends on
optimal control of the renin-angiotensin-aldosterone
(RAAS) system using angiotensin-converting enzyme inhib-
itors (ACEI), angiotensin receptor blockers (ARB), or aldo-
sterone blockers (spironolactone or finerenone) [12].
Combining ACE and ARB into a dual blockade approach
decreases proteinuria, but the blockade strategies cannot
reduce the risk of ESRD and also increase the risk of side
effects [13]. In addition, effective control of hyperglycemia
and hypertension can delay development of DN in the early
stages. Newly developed hypoglycemic agents, such as dipep-
tidyl peptidase-4 inhibitors, glucagon-like peptide-1 receptor
agonist, and sodium-glucose cotransporter 2 inhibitors
(SGLT2), have been proven to have cardiovascular and renal
safety and efficacy [14]. Combination therapy is also a novel
choice with a previous study reporting that using RAAS
blockade with SGLT2 inhibitors can protect the kidney and
the heart of DN patients [15]. However, the high-risk of
hypoglycemia and alterations in the pharmacokinetics of
antihyperglycemic drugs should be taken into account [16].
Renal dialysis can also help in treating kidney failure, but it
cannot retard the gradual deterioration of DN. Kidney trans-
plant is also an effective method for treating ESRD. However,
the immune systems of recipients may reject the transplanted
organ even in instances where the patients are placed on
immunosuppressive therapy. It is worth noting that only a
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few of the abovementioned pharmacological treatment
options can mitigate the symptoms of DN. Regenerative
medicine is a promising treatment option because it offers
possible opportunities for restoring functionality to renal
disease.

3. MSCs

Current research in the regenerative medical field has
focused on MSCs which have been the subject of extensive
investigations. Most researchers believe that MSCs are opti-
mal candidates for cell-based treatment strategies [17]. The
existence of MSCs was discovered in the late 1960s, where
they were reported as occurring in the human body in meso-
dermal tissues. Over the years, the nomenclature of MSCs
has been controversial. Currently, mesenchymal stem cells
or mesenchymal stromal cells are the most commonly used
terminologies for MSCs. However, some scholars have
recently made a proposal to change the terminology to
“medicinal signaling cells” [18, 19]. MSCs, which appear to
be a native constituent of injured tissues, have emerged as a
viable alternative to the standard pharmaceutical treatment
modalities [20]. The following six aspects sum up the advan-
tages of using MSCs as potential alternatives for disease treat-
ment: [21-24] (1) MSCs are easily accessible from a variety of
autologous or allogeneic adult tissues including bone mar-
row, adipose tissue, umbilical cord blood, skeletal muscle,
synovium, spleen, thymus, lung, and amniotic fluid, and they
can also be supplied by commercial providers; (2) the process
of isolating MSCs is simple and rapid, and the cells can be
quickly multiplied using in vitro systems; (3) MSCs can dif-
ferentiate into a wide variety of mesodermal lineage cells
and endodermal or ectodermal cells; (4) MSCs can selectively
migrate to sites of injured tissues; (5) MSCs have low immu-
nogenicity and have shown no adverse reactions whether by
allogeneic or autologous engraftment; and (6) the use of
MSCs does not pose any ethical controversy. The functional
features of MSCs have been well exhibited in several studies,
especially in studies with the aim of promoting tissue repair
by means of cell-to-cell interactions [25-27]. It is worth not-
ing that MSCs have a high metabolic activity, and their secre-
tome processes involve the same mechanisms that are
commonly described for other cell types [25]. Previous stud-
ies have shown that MSCs can secrete chemokines, cytokines,
growth factors, and paracrine factors [26, 27]. In addition,
the produced paracrine molecules consist of extracellular
vesicles, such as exosomes [27]. Therefore, the secreted bio-
materials rebuild a protective environment that enhances
host cell recovery, thereby preserving or even rescuing the
injured tissue from destruction. Several preclinical studies
have revealed that MSCs may have a huge potential for treat-
ing a number of clinical diseases, including Alzheimer’s dis-
ease, myocardial infarction, lung ischemia-reperfusion
injury, and hepatic failure [28-31]. Furthermore, the versatil-
ity of MSCs has also made them an attractive candidate for
clinical translation in all sorts of therapeutic applications.
The most representative MSC product has gained approval
to treat pediatric graft-versus-host disease (GVHD) in New
Zealand, Canada, and Japan (Prochymal® Osiris
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Therapeutics) [32, 33]. Additionally, recent years have seen
several cell products associated with the clinical trials of other
diseases [34]. Accordingly, these major developments suggest
that MSC therapy will have a promising future.

4. MSC-Based Therapy for DN

4.1. Molecular Mechanisms of MSC-Based Therapy for DN.
Experimental studies have demonstrated that MSCs can be
used for relieving DN (Table 1). However, the exact mecha-
nisms of DN have not been fully elucidated, and the molecu-
lar mechanisms for MSC-based therapy for DN is still under
investigation. Regenerative applications for MSCs were ini-
tially heralded by their plastic ability since they are multipo-
tent cells that have the ectopic capability of homing and
differentiating into several cell types according to specific
stimuli, including glomerular endothelial cells [7]. Although
MSCs’ homing processes are still largely unknown, studies
have reported that they involve several molecules, such as
chemokine receptors (CCR2, CCR4, CCR7, CCR10, CXCR5,
CXCR6, and CXCR4) [35, 36], adhesion proteins, and the
matrix metalloproteinase (MMP) family [37]. Among them,
stromal cell-derived factor-1 (SDF-1) and its receptor
CXCR4 are of great importance to MSCs and renal progeni-
tor cell migration to a damaged kidney [38, 39]. An in vitro
study reported that MSCs exhibited nonapoptotic membrane
blebbing activity, similar to metastatic tumor cells, migrating
through the endothelium and overcoming the basal barrier
through the action of MMPs [40], especially MMP2 and
MT1-MMP, which are essential for the migration of MSCs
[41]. The expectation is that MSC infusion can have a long-
term survival in the body, like hematopoietic stem cells,
and accompany the individual throughout a lifetime. How-
ever, most of the studies have shown that only a small frac-
tion of systemically administered cells can migrate to the
injured tissue, and only a small percentage of the trans-
planted cells can differentiate into functional replacement tis-
sue. In addition, the administered cells are almost
undetectable in other organs within 24 hours. A previous
study reported that some human cells were found in the glo-
meruli of human bone marrow MSC-treated NOD/SCID
mice, but only a few of the cells differentiated into glomerular
endothelial cells [7].

Currently, it is common knowledge that the MSCs can
recognize and maintain the mechanical microenvironment
they are exposed to by modifying their phenotype and secre-
tome. When MSCs migrate to the injured tissue, they face a
sophisticated microenvironment that features several chemi-
cal and physical stimuli that influences their biological
behavior. In addition, MSCs strongly affect the organ micro-
environment and local cellular dynamics, and further modu-
late the behavior of relevant cells [42]. The effect of MSCs is
mainly mediated by secreting biologically active molecules
for the reconstruction of the damaged tissues, such as trans-
formed growth factor-f (TGF-f), vascular endothelial
growth factor (VEGEF), epithelial growth factor (EGF), hepa-
tocyte growth factor (HGF), platelet-derived growth factor
(PDGF), and interleukin-6 (IL-6) [25, 43]. Chang et al.
reported that MSCs’ conditioned medium (CM) obtained

from hypoxic cultures promoted neurogenesis and restored
the neurological function of rat models having traumatic
brain injury using VEGF and HGF [44]. The biological rele-
vance of these released growth factors was also justified in our
previous study in which bone marrow-derived MSC (BM-
MSC) conditioned medium (CM) decreased both the prolif-
eration and extracellular matrix production of human keloid
fibroblasts and attenuated skin fibrosis of a mice model [45].
The results obtained indicated that the paracrine effects
induced by the MSCs played a rival role in the progress of
skin repair. Several investigations have also shown that the
paracrine action of MSCs decreased the deposition of fibro-
nectin and collagen I, and cell proliferation in DN models
[46, 47]. At the same time, it was also demonstrated that
the cooperation among the PI3K/Akt, MAPK, and TGF-3
signaling pathways could mediate the attenuation of DN
symptoms. Among the excreted agents, exosomes derived
from MSC-CM exerted an antiapoptotic effect and elevated
the tight junction structure in tubular epithelial cells of dam-
aged kidney tissue [46].

Exosomes, one of the extracellular vesicles (EVs), is an
emerging approach of MSC-based therapies in tissue regen-
eration. Investigations have indicated that these trophic fac-
tors are released from MSCs in a free state or contained
within exosomes that are naturally occurring in secreted
membrane vesicles (30-40 to 100-120 nm diameter). These
extracellular vesicles are believed to be important mediators
of cell-to-cell communication not only through the transfer
of receptors and proteins but also through the transfer of
genetic information (mRNA and microRNAs) [48, 49].
Recent studies have explored the therapeutic use of
exosome-derived MSCs in renal disease. Microvesicles
obtained from MSC supernatants improved renal tissue
injury by inhibiting TGF-B-mediated epithelial-
mesenchymal transition (EMT) in renal proximal tubular
epithelial cells (PTECs) [50]. As an important secreted agent,
exosomes derived from MSCs were reported to prevent apo-
ptosis and degeneration of tubular epithelial cells (TECs) by
repressing the caspase-3 overexpression in diabetic rats.
The therapeutic effect of these microvesicles in acute injury
kidney models seems to be more beneficial when compared
with that of conditioned medium [51], although some con-
tradictory studies illustrated an opposite effect in chronic
kidney disease in rats [52]. The autophagy induction by
MSC-derived exosomes could also markedly improve renal
function in a rat model of streptozotocin-induced diabetes
mellitus, with a dramatic increase of light chain-3 and
Beclin-1 and a significant reduction of mTOR and fibrotic
marker expression [53]. In any event, these trials indicated
a potential mechanism by which MSC-derived microvesicles
ameliorate DN.

Taking a step forward, MSCs may provide a means for
recapitulating several mechanisms in terms of preventing or
treating DN, including immune-modulatory, antioxidant,
and fibrosis-inhibiting mechanisms.

Inflammation, a common characteristic of an injured
site, is capable of affecting the action of MSCs, and it has been
recognized as a key pathogenic factor in the development and
progression of DN where there is a contribution due to the
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imbalance of M1/M2 macrophages. In the context of sepsis,
in vivo studies have been performed to show that MSCs can
elicit macrophages to change into a M2 anti-inflammatory
phenotype by secreting prostaglandin E2 (PGE2) and pro-
moting IL-10 secretion in response to PGE2 [54]. MSCs
reverted macrophages to adopt an anti-inflammatory pheno-
type and prevented renal injury in DN mice, which was
attributed to the activation of transcription factor EB, and
subsequent restoration of lysosomal function and the
autophagy activity of macrophages [55]. Meanwhile, MSCs
have been demonstrated to significantly decrease proinflam-
matory M1 macrophage-associated changes such as in IL-1,
IL-6, TNF-a, and IFN-y [56]. Furthermore, MSCs are capa-
ble of suppressing and altering the function of mature den-
dritic cells (DCs) by reducing the development of CD103+
DC-associated transcription factors including basic leucine
zipper transcriptional factor ATF-like 3, Batf3, DNA-
binding protein inhibitor (ID-2, Id2), and FMS-like tyrosine
kinase-3 (FlIt3) [57]. This finding indicates that the immuno-
modulatory effect of MSCs is crucial for the success of tissue
repair in the inflammatory environment of a DN setting.
Mitochondrial dysfunction is also a major pathogenic
factor in diabetes-induced kidney injury. It was reported that
MSC injection can suppress albuminuria and injury to TECs
by improving mitochondrial function [58]. Konari et al. also
demonstrated mitochondria transfer from MSCs that pre-
vented apoptosis of impaired renal PTECs [59]. The differ-
ence between the two studies is that the mitochondria in
the latter study originated from systemically administered
MSCs. MSCs transferred their mitochondria to injured
PTECs when cocultured in vitro, which rescued impaired
renal cells [59]. Generally, the occurrence of an inflammatory
disease is also accompanied by the release of reactive oxygen
species (ROS) and the depletion of endogenous antioxidants,
but antioxidant enzymes such as superoxide dismutase
(SOD) are widely known to be very effective scavengers of

ROS [60]. MSC-derived isolated mitochondria promoted
the expression of mitochondrial SOD and Bcl-2, and at the
same time inhibited ROS production in vitro [59]. The effi-
cacy of mitochondria transfer from MSCs is probably a result
of their ability to improve the expression of SOD followed by
SOD acting to disproportionate the superoxide radical to
oxygen and hydrogen peroxide, thereby protecting damaged
cells against ROS generated during DN. The abovementioned
study was the first study to show mitochondria transfer to
rescue injured cells, which is a novel action of MSCs in DN.

The accumulation of extracellular matrix proteins, such
as the synthesis and increase of collagen type I or IV, fibro-
nectin, and laminin, is a common feature of DN. It has been
suggested that EMT contributes to the fibrotic process in DN
[61]. Several studies have demonstrated that MSC delivery
improves renal fibrosis in various types of kidney diseases.
For example, Li et al. showed that mouse UC-MSC paracrine
alleviated renal fibrosis by decreasing the deposition of fibro-
nectin and collagen I, and elevated the levels of MMP2 and
MMP9, and the mechanism may be related to TGF-1-trig-
gered myofibroblast transdifferentiation, and PI3K/Akt and
MAPK signaling pathways [47]. Another study conducted
on DN of a type 2 diabetes rat model reported that bone
marrow-derived MSCs induced a significant inhibition of
renal fibrosis, which was involved in inhibiting the TGF-
beta 1/Smad3 pathway and decreasing plasminogen activator
inhibitor-1 [62]. MSC administration therapy also operates
through other several mechanisms, including antiapoptotic
[63] and autophagy-regulating mechanisms [53]. However,
it is worth noting that the mechanisms underlying these
interactions are often involved at one or more levels within
the complex molecular processes of DN, rather than being
viewed separately (Figure 1). Arguably, cell therapy has been
shown to have the most promising clinical therapeutic effects
directly through tissue regeneration as well as through indi-
rect action to enhance the natural regenerative processes on



damaged and diseased tissues. Further studies on MSC action
will contribute to shed light on the clinical impact of the cell-
based therapy in DN. Currently, researchers are conducting
preclinical and clinical studies to explore the application of
MSCs to prevent the progression of DN.

4.2. Preclinical Studies of MSC-Based Therapy for DN. The
published literature provides evidence that MSC engraftment
can significantly ameliorate proteinuria serum creatinine/urea
and improve renal pathological changes, including GBM
thickening, glomerular sclerosis, tubule dilatation, mesangial
proliferation, podocyte foot process effacement, and intersti-
tial fibrosis. However, it is worth noting that not all the studies
demonstrated a reduction in blood glucose after MSC systemic
administration [64, 65], which can be probably attributed to
the blood glucose control of MSC infusion delaying the pro-
gression of DN independent of direct renoprotective effects.
Some studies reported that islet cell regeneration could be
found in the pancreas after MSCs were engrafted. A variety
of explanations, such as the animal model used, the origin of
the MSC tissue, the cell dose factor, and the administration
route, have been proposed to account for the phenomenon
of inconsistencies in the reduction of blood glucose [66].
Moreover, these factors also have an enormous influence on
other clinically relevant indicators of DN. Clarifying these fac-
tors will be critical for maximizing the efficacy of MSC therapy
during application to human DN.

Rodents have always served as the primary animal model
for DN experiments due to their widespread availability, defi-
nite genotypes, abundant associated experimental reagents,
cost advantages, and amenability to genetic modification
[67]. Almost all in vivo studies investigating MSCs for DN
using animal models have been carried out in mice or rats.
However, other animals can also be used as DN models. Pan
et al. used a new DN model in tree shrews to evaluate the effect
of BM-MSCs [68]. After BM-MSC transplantation, levels of
glucose, triglycerides, and total cholesterol were decreased,
and the levels of creatinine and urea nitrogen and 24h pro-
teinuria were also reduced. The study demonstrated that a tree
shrew model of DN can be induced successfully with a high-
sugar and high-fat diet combined with STZ injection, and
BM-MSCs can alleviate the symptom of DN. Taking a step
forward, An et al. developed another animal model—a rhesus
macaque model of DN—and the MSCs administered in the
study ameliorated the early stage of DN potentially by adjust-
ing sodium-glucose cotransporter 2 (SGLT2) expression and
resulted in improved glycemic control and anti-
inflammation [69]. The two species mentioned above have
greater genome homology with Homo sapiens when compared
to rodents. Therefore, they can be used to develop an
improved animal model for the study of human DN.

The different sources of MSCs may also have an effect on
their action. MSCs used for research purposes are mostly
obtained from bone marrow, umbilical cord, or subcutane-
ous adipose tissue owing to their greater accessibility. There
are more studies reporting the use of BM-MSCs than those
that have used umbilical cord-derived MSCs (UC-MSCs)
and adipose tissue-derived MSCs (AD-MSCs). However,
the clinical use of BM-MSCs faces several challenges includ-
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ing morbidity, pain, and low cell number during harvest. On
the other hand, UC-MSCs and AD-MSCs have several advan-
tages including higher stability in culture, higher replicative
potential, lower immunogenicity, and a noninvasive harvest
procedure when compared with those of other stem cells
[70]. Therefore, some researchers have shifted their focus on
the effect of UC-MSCs and AD-MSCs on DN. Chen et al.
proved that UC-MSCs have definite therapeutic effects on
DN [71]. The obtained results indicated that nephrocyte
injury and albuminuria were ameliorated through their antia-
poptotic property in rat models with DN when the animals
received UC-MSCs. Ni et al. found that AD-MSCs could
relieve renal injury in DN via activating klotho and inhibiting
the Wnt/-catenin pathway [72]. In addition, Takemura et al.
directly transplanted AD-MSC sheets into the kidneys of a
DN rat model in order to avoid low engraftment of AD-
MSCs in target organs after intravascular administration
[73]. The results indicated that the method improved the
engraftation efficiency and suppressed the progression of renal
injury. Interestingly, another study reported that stem cells
from human exfoliated deciduous teeth (SHED) significantly
alleviated the pathological changes and clinical manifestations
of DN in Goto-Kakizaki rats [61]. Moreover, the serum levels
of inflammatory factors including IL-1 and TNF-« were dra-
matically downregulated. Additionally, the in vitro coculture
of SHED with AGE-induced HK-2 cells also inhibited EMT
of the epithelial cells. Therefore, SHED provides a novel
potential effective therapeutic approach for attenuating DN.

MSC-based therapy has broad application prospects for
the treatment of DN. However, researchers remain unsatisfied
with the curative effect of the cells. For instance, the cell dose
factor is a crucial aspect of cell therapy. In addition, most
homing and transplantation studies only reported the obser-
vation of a small amount of MSCs upon systemic administra-
tion for long-term engraftment (>1 week) [74]. Representative
studies described that the majority of transplanted MSCs
(>80%) immediately accumulate in the lung tissue and then
are cleared with a half-life of 24 hours [74]. Another major
barrier to the effective application of MSC therapy is that
insufficient MSCs are retained in injured kidneys. Therefore,
Wu et al. developed SDF-1 loaded microbubbles (MBSDF-1)
via covalent conjugation [75]. MSCs were intravenously trans-
planted after MBSDF-1 was released in the targeted kidneys in
combination with diagnostic ultrasound. The obtained results
indicated that the homing efficacy of MSCs to DN kidneys fol-
lowing the target release of SDF-1 was significantly improved
at 24 hours. Zhang et al. adopted a noninvasive ultrasound-
targeted microbubble destruction (UTMD) technique to
enhance the homing of MSCs to kidneys, thereby improving
renal repair in DN rats [76]. It is worth noting that higher
doses of MSCs (4 x 10° cells) may give rise to treatment-
related adverse events, such as vomiting and increased respira-
tory rate, during transplantation of the cells [77].

In addition, some researchers have begun to attempt to
promote the function of MSCs aside from considering the
cell dose. Rashed et al. used new methods to increase the
effect of MSCs for DN as well [78]. MSCs were pretreated
with melatonin before the cells were infused into the DN
model, which showed that pretreatment of MSCs with
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TaBLE 2: Ongoing or completed clinical trials with MSC-based therapy in DN.

ClinicalTrials.gov identifier =~ Cell type  Subject number Cell dosage Route Trial status
NCT01843387 BM-MPC 30 1 dose: 150, 300 x 10° cells v Completed
NCT02585622 BM-MSCs 48 1 dose: 80, 160, 240 x 10° cells v

NCT04216849 UC-MSCs 54 5 doses: 1.5 x 10° cells/kg v Phase 2
NCT03288571 UC-MSCs 20 3 doses: 1 ml cell suspension Renal parenchyma Phase 2
NCT03840343 AD-MSCs 30 2 doses: 2.5, 5 x 10° cells/kg Intra-arterial delivery Phase 1
NCT04125329 UC-MSCs 15 3 doses: 1 x 10° cells/kg v Early phase 1

melatonin improved kidney functions compared with MSC
administration alone. All the abovementioned studies pro-
vided new insights into DN therapy, which may be used as
a new therapy for underlying diabetic nephropathy (DN)
pathogenesis.

The MSC administration route is also a key point that
should not be overlooked. The majority of studies delivered
MSCs through the tail vein because the operation of the
method is simple. Wang et al. demonstrated by meta-
analysis that MSC therapy could induce significant effects
including a greater reduction in serum creatinine and a better
preserved renal function using arterial delivery than when
using the intrarenal delivery and intravenous treatment
[79]. This can be attributed to the fact that the MSCs deliv-
ered by intrarenal injection were just located near the site
of injection, while the infused MSCs by arterial injection
would enter the damaged kidney more quickly owing to the
fact that the artery is rich in blood flow and blood velocity.
This meta-analysis aiming at the delivery route may provide
significant clues for animal experiments even for human clin-
ical applications.

4.3. Clinical Research on MSC-Based Therapy for DN. MSCs
are being clinically explored as a new therapeutic for treating
a variety of diseases. According to the official database of the
U.S. National Institutes of Health (https://ClinicalTrials.gov),
the majority of clinical studies currently focus on nervous
system disorders and bone and cartilage diseases for MSCs
registered as a potential therapy. In contrast, although a
growing number of animal and in vitro studies have indi-
cated good prospects for an MSC-based therapy in DN, only
a handful of clinical studies are evaluating the regenerative
and therapeutic role of MSCs in this condition now. The
findings of these clinical trials serve as essential information,
and the research bases for the later clinical studies are listed
in Table 2 (completed and ongoing trials).

A multicenter, randomized, double-blind, dose-escalat-
ing, sequential, and placebo-controlled trial registered in
ClinicalTrials.gov (NCT01843387) evaluated the safety, tol-
erability, and efficacy of adult allogeneic bone marrow-
derived mesenchymal precursor cells (MPCs) in 30 volun-
teers with moderate-to-severe DN at three Australian cen-
ters. The patients received single intravenous (IV) infusion
(150 x 10° or 300 x 10° allogeneic MPCs), and the trial dura-
tion was 60 weeks. This clinical study demonstrated that
MPC infusion in patients with DN may be considered safe
since there were no acute adverse events (AEs) associated
with administration and no patients developed persistent

donor-specific anti-HLA antibodies. In addition, a more sta-
bilizing or improving eGFR and mGFR was observed at week
12 in the MPC-treated group, thereby providing a potential
mechanistic clue to stem cell actions in this disease [80]. Most
of the clinical trials are in phase I or II studies and they are
aimed at assessing safety and tolerability and exploring the
therapeutic effects of cell-based therapy, thus indicating that
the stem cells and related therapy in clinical application are
still a long way off.

5. The Future Directions for MSCs and MSC
Alternatives in DN

MSC-based therapy is a promising alternative for the treat-
ment of diabetic kidney disease. Despite this review present-
ing an overview of MSC therapy for DN, many questions
have not yet been answered. The key point to consider should
be how to maximize the therapeutic impact of MSCs, which
may potentiate the effects by enhancing their proliferation,
survival, engraftment, and paracrine properties. Several strat-
egies have been tested to heighten the benefits, principally
physical, physiological, and pharmaceutical preconditioning
of stem cells, such as biological cytokine, MSC cell sheet, spe-
cific drug hypoxia, or medical equipment induction, which
have created new chances that should be further explored.
In addition to promoting the therapeutic effect of MSCs
indirectly, some investigations have indicated that MSCs
have typically involved genetic manipulations to alleviate
DN. MSCs modified with the angiotensin-converting
enzyme (ACE) 2 gene could significantly inhibit renin-
angiotensin system (RAS) activation and reduce glomerular
fibrosis [81], yet research literature on treating DN is still
limited. Notably, previous studies have reported that there
is a possibility that MSCs can be modified to express some
peptides or proteins with antitumor properties [82, 83].
MSCs infected with herpes simplex virus thymidine kinase
(TK) gene by lentiviral transduction could exert a great anti-
tumor effect in an animal model bearing a metastastic RIF-1
(fibrosarcoma) tumor. However, the cells did not transform
their stem cell properties [82]. Moreover, nongenetic modifi-
cation of MSCs by incorporating nanoparticles carrying che-
motherapeutics also almost did not alter their viability,
differentiation, and/or migration potential [84]. In the A549
orthotopic lung tumor model, nanoengineered MSCs loaded
with the anticancer drug paclitaxel (PTX) could home in to
tumors and form cellular drug depots that released the drug
load over a prolonged period of time [85]. The nanoengi-
neered MSCs exerted significant inhibition of tumor growth
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and better survival, despite extremely low doses of PTX, indi-
cating that MSCs are an efficient delivery vehicle for specific
drugs to enhance the efficacy of standard chemotherapy.

One of the most important action mechanisms for MSCs
is mediated by exosomes. Exosomes, nanosized membranous
vesicles secreted by an array of cells, were recently introduced
as a new kind of drug delivery system due to their unique and
important performance pharmacologically. Exosomes are
closely associated with the occurrence and progression of a
variety of diseases by participating in physiological processes
such as cell communication, cell migration, angiogenesis,
and antitumor immunity in vivo. And they have a high ability
of penetrating organ interstitium and are endowed with a nat-
ural targeting ability due to their nanosize. MSC-derived vesi-
cles modulate several pathways involved in the
pathophysiological process of DN, including podocyte apo-
ptosis and proliferation, inflammation response, immune reg-
ulation oxidative stress, and ECM remodeling. However, the
number of exosomes released by most mammalian cells is rel-
atively low, and their purification is very tedious, thereby lead-
ing to a relatively low yield [86]. In addition, the potential risks
associated with MSC transplantation should be taken into
account. However, the risks may not be observed in a short
time period following administration. The long-term risks
may comprise potential maldifferentiation, immunosuppres-
sion, and instigation of malignant tumor growth. Therefore,
exosome-mimetic nanovesicles are very compelling for the
development of a nanodrug delivery system. Nanosized cellu-
lar vesicles formed by membrane fusion after cell mechanical
fragmentation feature long circulation time in vivo, small par-
ticle size, high tumor permeability, many kinds of encapsu-
lated drugs (hydrophobic drugs, peptides, and nucleic acids),
and slow drug release, which can achieve the effective load of
nucleic acid drugs [87, 88] and also achieve the payload of che-
motherapeutic drugs [89]. Currently, most experimental stud-
ies are primarily focused on short-term effects of MSC
therapy, while largely ignoring the evaluation of long-term
effects. This review has shown that the novel cell-free therapy
based on MSCs might become an attractive alternative for the
treatment of DN in future clinical applications.

It is projected that, within the next few years, the challenge
for future studies will be to significantly expand our under-
standing of the key molecular mechanisms involved in MSC
action. Elucidation of the key molecular mechanisms of
MSC action will enhance their effects when applied in clinical
trials; in turn, the strategy will be very conducive to reducing
the morbidity and mortality of diabetic kidney disease. It is
our hope that conditioned media, extracellular vesicles, and
nanosized cellular vesicles will be used as cell-free substitutes
for MSCs. In addition, conducting large experimental studies,
registered clinical trials, and individual-data meta-analysis will
help us understand and determine optimal cellular and subcel-
lular therapies to attenuate diabetes-induced kidney injury.

6. Conclusions

DN remains a major clinical complication of diabetes melli-
tus patients, as it reduces the quality of life and overall sur-
vival. Increased academic research has focused on the
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effectiveness of MSCs in the treatment of DN due to the lack
of clinical effective therapeutic strategies and the recent
advances for MSC therapy in regeneration medicine field.
However, the safety profile of MSC-based therapy needs fur-
ther research, as standardized approaches for MSCs are not
yet developed, along with the optimal dosage, time, and route
of administration. Furthermore, the therapeutic effect of
MSCs in preclinical studies has not yielded satisfying out-
comes. These challenges have made it difficult to visualize
the use of the MSC-based therapy in clinical implementation
in the short run. However, cell-free therapy based on MSCs
or therapeutic genes of modified MSCs may become a future
trend of development. The safety and effectiveness MSC
products have not been officially recognized despite the
approval for marketing of several MSC products in some
countries. However, listing does not mean that MSC research
has been terminated. The use of MSCs is fascinating because
it always gives us some surprises, and thus the mystery
behind these surprises should be elucidated. In conclusion,
MSC-based therapy has a high potential for managing DN.
However, the challenges associated with the therapy must
be addressed before its application can be incorporated in
clinical settings. Therefore, there is still a long way to go
before such cell therapy can be used in clinical practice.
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Bone marrow mesenchymal stem cells (BMSCs) play an essential role in osteogenesis and bone metabolism and have already been
recognized as one of the most popular seed cells for bone tissue engineering for bone diseases. However, high-glucose (HG)
conditions in type 2 diabetes mellitus (T2DM) exert deleterious effects on BMSC proliferation and osteogenic differentiation.
Semaphorin 3B (Sema3B) increases osteoblast differentiation in bone metabolism. Here, we determined the role of Sema3B in
the proliferation and osteogenic differentiation of BMSCs in the HG microenvironment. The HG microenvironment decreased
Sema3B expression in BMSCs. Moreover, HG inhibited BMSC proliferation. Furthermore, HG inhibited osteogenic
differentiation in BMSCs by decreasing the expression of bone formation markers, alkaline phosphatase (ALP) activity, and
mineralization. However, the administration of recombinant Sema3B reversed all of these effects. Moreover, our study found
that Sema3B could activate the Akt pathway in BMSCs. Sema3B rescues defects in BMSC proliferation and osteogenic
differentiation in the HG microenvironment by activating the Akt pathway. These effects were significantly reduced by
treatment with an Akt inhibitor. Together, these findings demonstrate that Sema3B promotes the proliferation and osteogenic
differentiation of BMSCs via the Akt pathway under HG conditions. Our study provides new insights into the potential ability
of Sema3B to ameliorate BMSC proliferation and osteogenic differentiation in an HG microenvironment.

1. Introduction become an attractive option as seed cells for the treatment
of osteoblastic diseases [6-8]. However, many pathogenic
factors suppress the proliferation and osteogenic differenti-
ation of BMSCs, which leads to increased bone loss [9-12].

For instance, high-glucose conditions in type 2 diabetes

Bone marrow mesenchymal stem cells (BMSCs) are charac-
terized by differentiation into various types of cells, such as
osteoblasts, chondrocytes, and other cell types [1-3].

BMSCs play a critical role in osteogenesis and bone metab-
olism [1-6]. Inhibition of the proliferation and osteogenic
differentiation of BMSCs induces dysfunction of bone
metabolism and gives rise to multiple bone loss diseases,
including osteoporosis, periodontitis, and dental implanta-
tion failure [2, 7, 8]. Moreover, BMSCs have already

mellitus (T2DM) exert deleterious effects on BMSC prolif-
eration and osteogenic differentiation [9, 13-15].

T2DM is a highly prevalent metabolic disease globally
and is characterized by excessive blood glucose, insulin
resistance, and relative insulin deficiency [16]. T2DM is asso-
ciated with impaired bone remodeling, osteopenia,
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osteoporosis, and other diabetes-related bone diseases [17-
19]. Diabetes mellitus impairs bone metabolism, suppresses
bone formation, and impedes fracture healing [20, 21].
Increasing evidence suggests that a high-glucose environ-
ment inhibits BMSC proliferation and osteogenic differenti-
ation, inducing diabetic bone disease [9, 13, 15, 22-24].
Agents that could promote the osteogenic differentiation
and proliferation of BMSCs may represent promising can-
didates to ameliorate the disorder of BMSCs in diabetic
osteopathy.

As secreted glycoproteins on the cell surface, semaphor-
ins are capable of regulating cell growth, cell differentiation,
and cell migration in various tissues [25, 26]. A few studies
showed that some semaphorin family proteins are crucial
regulators of skeletal homeostasis [25-27]. Former studies
have shown that semaphorin 3B (Sema3B) is associated with
the bone metabolism process [28-30]. 1,25(OH),D, was
suggested to increase transcription of Sema3B in osteoblasts
[28]. Osteoblasts derived from transgenic mice expressing
overexpression of Sema3B could promote osteogenic differ-
entiation of BMSCs in vitro, whereas depletion of Sema3B
impaired BMSC osteoblastic differentiation [29, 30]. More-
over, TNF-a decreased Sema3B expression by inhibiting
Wnt signaling, but Sema3B overexpression reversed the
osteogenic defects of BMSCs treated with TNF-« [29]. Wnt
signaling is involved in this process [29]. However, the role
of Sema3B in BMSC proliferation and osteogenic differenti-
ation in a high-glucose microenvironment has still not been
elucidated. Thus, the present study is aimed at investigating
the effect of high glucose on the proliferation and osteogenic
differentiation of BMSCs and clarifying the role of Sema3B
in this process.

2. Materials and Methods

2.1. Cell Culture. Mouse BMSCs were isolated from six-
week-old male C57BL/6 mice. Briefly, the femur and tibia
bones were aseptically removed. The bone marrow was
rinsed with culture medium consisting of a-MEM (Invitro-
gen, USA) supplement with 20% FBS (HyClone, Rockford)
and 1% penicillin/streptomycin. Then, the cells were allowed
to grow at 37°C with 5% CO,. BMSCs were separated by dif-
ferential adhesion to culture plastic. The attached cells were
grown in culture medium and used for further experiments.
All procedures involving mice were approved by the Animal
Ethical and Welfare Committee of Sun Yat-sen University,
China.

In the high-glucose treatment (HG) group, BMSCs were
subject to high glucose by incubation in a medium with
25mM glucose. The normal-glucose treatment (NG)group
was treated with 5.5mM glucose. For inhibition of the Akt
signaling pathway, cells were pretreated with an Akt inhibitor
(MK2206) at a concentration of 10 uM (Selleck, China).

2.2. Flow Cytometry. Marker expression on the BMSC sur-
face was assessed using FACSCalibur (BD Biosciences,
USA). Briefly, BMSCs at passage 3 were trypsinized,
washed, and resuspended in PBS. Then, 2 x 10° cells were
incubated with PE- or FITC-labeled mouse cell surface

Stem Cells International

TaBLE 1: Primer sequence used for real-time PCR analysis.

Gene forward primer sequence (5'-3")/reverse primer sequence
(5'-3")

CTTCGGCTCTCCTTTCAAGA
Sema3B [29]
CAAGGCTTCATAACAGCAGGT
CTGCGCTCTGTCTCTCTGAC
OCN [43]
TTAAGCTCACACTGCTCCCG
ALP [43] CCGGCTGGAGATGGACAAAT
CTCATTGCCCTGAGTGGTG
AAATGCCTCCGCTGTTATGAA
Runx2 [43]
GCTCCGGCCCACAAATCT
GCAACAGTCGCTTCACCTACA
COL1A1 [44]
CAATGTCCAAGGGAGCCACAT
TGACAGGATGCAGAAGGAGA
B-Actin [42]
CGCTCAGGAGGAGCAATG

marker antibodies against CD29, CD44, CD34, and CD45
(BD Biosciences), as well as isotype control antibodies at
4°C for 30min. Then, the samples were analyzed using
FACSCalibur.

2.3. Real-Time PCR. Total RNA was isolated, and reverse
transcription was performed using an Omniscript Reverse
Transcription Kit (Qiagen, Germany). The primers used for
the target sequence are listed in Table 1. Real-time PCR was
performed by the QuantiTect SYBR® Green PCR Kit (Qia-
gen). The relative mRNA expression levels of the target genes
were quantified in comparison to the expression of $-actin
using the 2°“CT method. Real-time PCR results are pre-
sented as the mean + SEM.

2.4. Western Blotting. Total protein was prepared with M-
PER Protein Extraction Reagent (Thermo Scientific). Pro-
tein concentrations were measured using a BCA protein
assay reagent (Pierce). Briefly, 30 mg of sample was sub-
jected to 10% SDS-PAGE and electrotransferred onto a
PVDF membrane. The following primary antibodies were
used for western blotting: Sema3B (1:1000, Abcam, Cam-
bridge, UK), phospho-Akt (Ser473) (p-Akt) (1:1000, Cell
Signaling Technology, USA), Akt (1:1000, Cell Signaling
Technology), and fB-actin (1:4000) (Santa Cruz Biotechnol-
ogy, USA). PVDF membranes were then incubated with an
appropriate horseradish peroxide-conjugated antibody (Santa
Cruz Biotechnology). The signal was visualized using a chemi-
luminescent reagent kit (Pierce). Relative band densities were
calculated (Image ] 1.8.0, NIH).

2.5. ALP Activity. BMSCs (1 x 10* cells/cm®) were treated
with 100 ng/ml Sema3B (R&D Systems, USA) in NG or HG
medium for up to 14 days. Total protein was extracted from
cells on ice at days 7 and 14 using M-PER Protein Extraction
Reagent (Thermo Scientific). Protein concentrations were
assessed using a BCA protein assay reagent (Pierce). ALP
activity was detected using an ALP activity detection kit
(Sigma-Aldrich).
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F1GuRE 1: Identification of BMSCs. Cells were evaluated by surface markers and their multipotency to differentiate. (a) Cells were stained with
FITC- or PE-conjugated antibodies. The differentiation of BMSCs using an induction medium induces cell differentiation into osteocytes and
adipocytes. The multipotency of BMSCs was confirmed as positive by alizarin red (b) and oil red O staining (c), indicating the differentiation

of BMSC:s into osteocytes and adipocytes, respectively.

2.6. Mineralization Assay. BMSCs were treated with recom-
binant 100 ng/ml Sema3B in osteogenic differentiation media
with NG or HG for 14 days. The culture medium was
renewed every three days. Mineralization was identified by
alizarin red staining on the 14th day as previously described
[31]. Then, the cells were treated with ethylpyridium chloride
and quantified at 550 nm.

2.7. Osteogenic and Adipogenic Differentiation of BMSCs. For
adipogenesis, BMSCs (1 x 10* cells/cm®) were cultured in
adipogenic differentiation medium containing with 0.1 yM

dexamethasone,1 yM insulin, 200 M domethacin, and
250  Misobutylmethylxanthine (Sigma-Aldrich). The
medium was replaced every 3 days. Twenty-one days later,
the cells were fixed with formalin and subjected to 0.5%
(w/v) oil red O staining (Sigma-Aldrich).

For osteogenic differentiation, BMSCs (1 x 10* cells/cm?)
were cultured in osteogenic differentiation medium con-
taining «a-MEM containing 10% FBS, 10mM p-glycero-
phosphate, and 50mg/ml ascorbic acid (Sigma-Aldrich).
Twenty-one days later, the cells were fixed and stained
with alizarin red (Sigma-Aldrich).
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Ficurek 2: Effects of HG onSema3B expression. Sema3B expression levels were measured by real-time PCR and western blotting. (a) HG
treatment suppressed Sema3B mRNA expression in BMSCs at 24, 48, and 72h. (b) Representative western blots. (c) HG decreased
Sema3B protein expression in BMSCs. Data are expressed as the mean + SEM (n = 3). *P < 0.05 compared to the control sample.
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FiGure 3: Effects of Sema3B on BMSC proliferation under HG
treatment. The proliferation of BMSCs cultured under HG
conditions was analyzed by CCK-8 assays at 24, 48, and 72h. The
results are represented the mean+SEM (n=3). *P<0.05
compared to the other sample.

2.8. Cell Proliferation Assay. Briefly, BMSCs were seeded in
and incubated with experimental compounds for 24, 48,
and 72 h. Then, 10 ul of CCK-8 solution (Dojindo Molecular
Technologies, Japan) was added to each well at the end of the
experiment. The absorbance was measured at 450nm 2h
later.

2.9. Statistical Analysis. All data are shown as the mean +
SEM. Statistical comparisons were made by one-way
ANOVA or two-way ANOVA as appropriate. A value of P
< 0.05 was considered statistically significant.

3. Results

3.1. Characterization of Mouse BMSCs. The phenotypic char-
acteristics of BMSCs were analyzed by flow cytometry, dem-

onstrating that the cells were CD29+, CD44+, CD45-, and
CD34-. The results are shown in Figure 1(a).

As pluripotent stem cells, BMSCs were assessed for their
ability to differentiate into osteoblasts using alizarin red and
adipocytes using oil red O staining. The results showed pos-
itive staining, as demonstrated in Figures 1(b) and 1(c).

3.2. HG Suppressed Sema3B Expression in BMSCs. To assess
the effects of HG on Sema3B expression, the mRNA and pro-
tein levels of Sema3B in BMSCs were measured by real-time
PCR and western blotting. Real-time PCR demonstrated that
HG significantly decreased Sema3B mRNA levels in BMSCs
(P <0.05) (Figure 2(a)). Western blotting revealed that HG
significantly reduced Sema3B protein expression (P < 0.05)
(Figures 2(b) and 2(c)).

3.3. The Effect of Sema3B on BMSC Proliferation under
HG Conditions. To detect the effects of Sema3B on BMSC
proliferation, we measured BMSC proliferation under HG
conditions using CCK-8 assays. HG significantly decreased
BMSC proliferation compared with that of any of the other
groups at each indicated time point. Moreover, recombinant
Sema3B reversed the reduction in cell proliferation (P < 0.05)
(Figure 3(a)).

3.4. Sema3B Alleviates the Inhibition of Osteogenic
Differentiation Markers. To investigate the effects of Sema3B
on BMSCs in the HG microenvironment, we assessed the
expression of specific osteogenesis markers by real-time
PCR. The results showed that osteocalcin (OCN), Runx2,
type I collagenal (COL1Al), and ALP mRNA levels in
BMSCs were markedly decreased upon treatment with HG.
Furthermore, Sema3B markedly rescued the decrease in
OCN, Runx2, COL1Al, and ALP mRNA expression levels
in the HG groups (Figures 4(a)-4(d)).

3.5. Sema3B Ameliorates HG-Induced Inhibition of Osteogenic
Differentiation. To investigate the role of Sema3B in osteo-
genic differentiation, we measured ALP activity and
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mineralization in BMSCs with and without Sema3B
(100 ng/ml) treatment.

HG significantly reduced ALP activity in BMSCs at 7
days (1.50IU/ug) and 14 days (2.011U/ug) (P <0.05).
Sema3B administration significantly reversed the decrease
in ALP activity at the indicated time points (3.10IU/ug at 7
days and 4.051U/ug at 14 days) (P < 0.05) (Figure 5(a)).

Mineralization was significantly decreased by HG treat-
ment. The administration of Sema3B significantly rescued

the HG-induced inhibition of mineralization in BMSCs
(P < 0.05) (Figures 5(b) and 5(c)).

3.6. Sema3B Rescues HG-Induced Inhibition of the Akt
Pathway. In this experiment, we investigated the relationship
between Akt signaling and Sema3B in BMSCs proliferation
and osteogenic differentiation under an HG microenviron-
ment. HG significantly decreased Akt phosphorylation
compared with the NG group. However, treatment of cells
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with Sema3B recovered the reduced levels of Akt phos-
phorylation observed under HG conditions (P <0.05)
(Figures 6(a) and 6(b)).

Moreover, Sema3B elevated ALP activity and prolifera-
tion in BMSCs. Inhibition of the Akt pathway abolished the
Sema3B-mediated induction of ALP activity and prolifera-
tion in BMSCs (P < 0.05) (Figures 6(c) and 6(d)).

Furthermore, BMSCs are incubated with MK2206
prior to Sema3B administration. The results demonstrated
that Sema3B restored HG-mediated suppression of ALP
activity and proliferation. However, the protective effect
of Sema3B was inhibited by pretreatment with an Akt
inhibitor (P <0.05) (Figures 6(e) and 6(f)). The results
indicated that Sema3B ameliorates the suppression of
BMSC proliferation and osteogenesis under an HG micro-
environment via the Akt pathway.

4. Discussion

BMSC:s derived from bone marrow stroma or connective tis-
sue are easy to isolate and undergo pluripotent differentia-
tion; thus, these cells are considered useful for applications
in a variety of clinical therapies [8, 32-35]. In recent years,
accumulating studies have demonstrated that BMSCs can
be used in bone defect repair due to their capacity for osteo-
genic differentiation [3, 4, 6, 8]. However, many pathologic
factors decrease proliferation and osteogenic differentiation,
such as inflammation, a high-glucose environment, and
other factors [9, 11-13]. Hyperglycemia is a major cause of
a series of diabetic complications, including diabetic osteop-
athy [15, 20]. High glucose has been reported to inhibit the
proliferation and osteogenic differentiation of BMSCs
through the BMP signaling pathway [36]. Moreover, optimal
glycemic control has been recognized to associate with suc-
cessfully osseointegrated dental implantation in diabetic
patients [37]. In our study, HG decreased BMSC prolifera-
tion. Moreover, HG reduced the expression of osteogenesis
markers and osteogenic differentiation in BMSCs. The results
were consistent with previous studies. However, the osteo-
genic differentiation of BMSCs under HG conditions is not
completely understood. Identifying factors that could pro-
mote BMSC proliferation and osteogenic differentiation in
the HG microenvironment may reveal promising candidates
that can ameliorate the function of BMSCs in hyperglycemia-
induced bone diseases.

The involvement of Sema3B in bone metabolism has
been reported in previous studies [28-30]. Sema3B was con-
firmed to enhance osteogenic differentiation of BMSCs [29,
30]. Moreover, Sema3B was found to be involved in estrogen
deficiency-induced osteoporosis [29]. The effect of HG on
BMSC proliferation was analyzed by CCK-8 assay. Based
on these results, HG caused significant inhibition of BMSC
proliferation compared with that of the NG group. In addi-
tion, Sema3B treatment markedly reversed HG-induced
inhibition of BMSC proliferation.

Our data also demonstrated that Sema3B reversed the
HG-induced decrease in OCN, Runx2, ALP, and COL1A1
mRNA expression in BMSCs. Furthermore, Sema3B attenu-
ated HG-induced reduction of ALP activity and mineraliza-

tion in BMSCs. Therefore, these observations may suggest
that Sema3B is a promising candidate for promoting osteo-
genesis of BMSCs in an HG microenvironment.

The Akt pathway plays an essential role in bone develop-
ment and skeletal remodeling [38, 39]. Recently, numerous
studies have shown that high glucose suppresses proliferation
and osteogenic differentiation by inactivating the PI3K/Akt
signaling pathway in osteoblasts [22, 40, 41]. In this present
experiment, we observed that Sema3B significantly increased
Akt phosphorylation. However, pretreatment with an Akt
inhibitor eliminated the increased proliferation and ALP
activity of BMSCs in the HG microenvironment, suggesting
that Sema3B promotes osteogenic differentiation of BMSCs
under HG conditions by modulating the Akt pathway.

Thus, we found that HG impaired the proliferation and
osteogenic differentiation of BMSCs. Furthermore, our study
demonstrated that Sema3B could prevent HG-mediated
BMSC dysfunction through modulation of the Akt pathway.
Sema3B might represent a promising agent to ameliorate the
proliferation and osteogenic differentiation of BMSCs in an
HG microenvironment. Therefore, our study may lead to
new insights into more effective clinical interventions for
hyperglycemia-related bone diseases.
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