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Human mesenchymal stem cells (MSCs) hold tremendous
potential in cell-based therapies and regenerative medicine
[1]. These cells can be readily isolated from multiple sources
including bone marrow, fat, umbilical cord, and menstrual
blood, enabling the ease of their procurement [2, 3]. They
are relatively free from ethical concerns and have the capa-
bility of secreting bioactive factors and differentiating into
specialized cells of the tissues they reside in [4, 5]. These
make them a prospective medical therapy to treat diseases
such as musculoskeletal, ischemic, and respiratory diseases
[6–8]. While numerous preclinical and clinical studies sug-
gested the therapeutic potential of MSCs in various clinical
fields, multiple challenges are yet to be addressed to achieve
successful clinical translations [9, 10]. This special issue
highlights the recent advances in the clinical use of MSCs,
which allows better understanding of their therapeutic
impact. The development of new strategies to improve their
therapeutic effects especially in the aspects of bioprocessing,
safety and efficacy assessment, cell administration route, and
delivery strategies has been discussed.

A total of 14 articles introduced the use of MSCs for the
treatment of multiple types of diseases, including musculo-
skeletal, ischemic, respiratory, neurological, autoimmune,

and retinal degeneration diseases. A number of comprehen-
sive review articles highlighted the current status and per-
spectives of MSC therapy in diverse scientific areas
including tissue engineering, dentistry, and ischemic and
autoimmune diseases. For example, R. E. B. Fitzsimmons
et al. reviewed the recent advances of MSC therapy in tissue
engineering. The history of MSCs, their sources, and the
challenges remained in cell bioprocessing, including cell
isolation, cell expansion, and downstream processes for
clinical applications, were comprehensively discussed. A.
G. Paz et al. reviewed the use of stem cell therapy in den-
tistry. Various sources and unique properties of MSCs
and their potential clinical applications in the field of den-
tistry, including regeneration of tooth, salivary glands, and
mandibular condyle, were briefly discussed.

W. Chen et al. reviewed the use of MSCs for the treat-
ment of primary Sjögren’s syndrome (pSS). MSCs are
known to suppress autoimmunity and improve the secretory
function of the salivary gland in patients with pSS by upreg-
ulating regulatory T cells, inactivating proinflammatory T
cells, and differentiating themselves into salivary epithelial
cells. Furthermore, K. W. Yong et al. discussed the potential
therapeutic roles of human MSCs in ischemic diseases.
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Generally, MSCs repair ischemic tissues and restore the tis-
sue function mainly via angiogenesis and immunomodula-
tion through paracrine secretion of bioactive factors.
However, there are some remaining formidable challenges,
including poor engraftment and persistence in the host and
limited accessibility of the functional in vitro ischemic dis-
ease model. The possible solutions and future perspectives
were discussed for ischemic disease therapy. Moreover, B.
Xie et al. performed meta-analysis on randomized controlled
clinical trials of critical limb ischemia (CLI) to assess the effi-
cacy and safety of human autologous stem cell therapy,
including bone marrow-derived MSCs (BMMSCs) in CLI.
It was found that stem cell therapy reduces the ulcer size
and the limb amputation rate, improves angiogenesis, and
restores limb function and limb perfusion without any
adverse effects. The authors also revealed that cell adminis-
tration route, cell dosage, and cell type are critical factors
in stem cell therapy of CLI.

A number of research articles in this issue have reported
the therapeutic effects of MSCs in several diseases, such as
ischemic stroke, neurological disease, acute lung injury, reti-
nal degeneration, and cartilage repair. Y. Guan et al. demon-
strated the use of BMMSCs to reduce the overall number of
infiltrated monocytes (Ly6C+ cells) in rat ischemic stroke
models induced by distal middle cerebral artery occlusion.
Interestingly, there was an increase in the proportions of
Ly6C+ cells that express brain-derived neurotrophic factor
or proinflammatory cytokines (tumor necrosis factor-α or
interleukin-1β) in the ischemic areas, which could contribute
to the neuroprotection and recovery of ischemic stroke. In
addition, D. Y. Lee et al. reported the use of BMMSCs to sup-
press inflammatory activity of activated microglia for the
treatment of neurological diseases. Interestingly, coculturing
BMMSCs with lipopolysaccharide-stimulated primary rat
microglia increases the migration of BMMSCs to the
microglia and hence reduces the inflammatory response.
The outcome of this study will improve understanding of
the relationship between activated microglia and MSCs,
which may lead to a new therapeutic strategy using MSCs
for neurological diseases.

In another study, H. Ren et al. compared the therapeutic
effects of umbilical cord- and menstrual blood-derived MSCs
using the mouse acute lung injury models. The authors found
that both sources of MSCs are able to repair the lung tissues
by suppressing the inflammation via paracrine release of bio-
active factors. Interestingly, umbilical cord-derived MSCs
secreted higher levels of anti-inflammatory cytokines (kerati-
nocyte growth factor and interleukin-10) as compared to
those derived from menstrual blood, resulting in a better
recovery of the lung tissues. A. Barzelay et al. demonstrated
that adipose-derived MSCs are able to migrate to retinal pig-
ment epithelial cells to protect them against cell death
induced by oxidative stress. This finding suggests that MSCs
are extremely useful in future retinal degeneration treatment.
Besides that, S. Zheng et al. reported that type 3 transforming
growth factor-beta receptor (TGF-βR3) plays a vital role
in regulating chondrogenic differentiation of BMMSCs.
Silencing the activity of TGF-βR3 using TGF-βR3 RNA
interference increased TGF-β-smad2/3 signaling and hence

enhanced the chondrogenic differentiation of MSCs. It was
suggested that MSCs could be modified by TGF-βR3
knockdown, which serves as a potential strategy for carti-
lage regeneration.

Other research articles have suggested some effective
methods to improve therapeutic efficacy of MSCs. For
instance, S. Baig et al. used chitosan nanoparticles as a car-
rier for Thymus serpyllum extract to evaluate its protective
effects on BMMSCs against oxidative stress. This herb
extract was able to reduce oxidative stress-induced apopto-
sis of MSCs as it contains antioxidant compounds (e.g.,
polyphenol). This finding suggests that chitosan nanoparti-
cles can be used to control the release of Thymus serpyllum
extract for improving the survival rate of MSC transplant
and hence enhancing therapeutic efficacy of MSCs. Further-
more, X. Yang et al. investigated the effects of hydroxyapa-
tite nanoparticles (HA NPs) on osteogenesis of BMMSCs. It
was found that HA NPs enhanced osteogenic potential of
MSCs in a size-dependent manner. HA NPs with sizes of
50 nm and 100nm were particularly effective in promoting
osteogenic differentiation of MSCs, which appear promising
for bone regeneration. S. Sancilio et al. developed a scaffold
made up of alginate and HA NPs for encapsulating dental
pulp-derived MSCs to create a dental pulp construct. This
scaffold supported osteogenic differentiation of MSCs and
enhanced bone mineralization, suggesting its potential use
in developing dental pulp tissue construct for tooth regen-
eration. Additionally, H. Y. Nam et al. applied uniaxial
cyclic stretching on BMMSCs to induce tenogenic differen-
tiation. It was observed that 8% tensile strain at 1Hz
specifically mediates tenogenic differentiation of MSCs for
tendon regeneration.

In summary, this special issue has provided unprece-
dented insights into the roles of human MSC in treating
numerous diseases and highlighted the remaining chal-
lenges and possible strategies to enhance their therapeutic
potential. Despite significant advancements in MSC ther-
apy, a deeper understanding of the nature, function, mech-
anism, mode of isolation, and route of administration as
well as experimental handling of MSCs is critical to
improve the therapeutic efficacy of MSCs. While there are
many obstacles remain to be overcome, we envision that
the therapeutic potential of MSCs will attract further
research investments in this area to resolve the challenges
and improve the effectiveness of medical treatment.

Jane Ru Choi
Kar Wey Yong
Hui Yin Nam
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We have determined the protective effects of Thymus serpyllum (TS) extract and nanoparticle-loaded TS on hydrogen
peroxide-induced cell death of mesenchymal stromal cells (MSCs) in vitro. Gas chromatography–mass spectroscopy confirmed
the spectrum of active components in the extract. Out of the three different extracts, the hexane extract showed significant free
radical scavenging activity. Treatment of MSCs with H2O2 (hydrogen peroxide) significantly increased intracellular cell death;
however, pretreatment with TS extract and nanoparticle-loaded TS (200 μg/ml) suppressed H2O2-induced elevation of Cyt-c
and MMP13 and increased the survival rates of MSCs. H2O2-induced (0.1mM) changes in cytokines were attenuated in the
extract and nanoparticles by pretreatment and cotreatment at two time points (p < 0 05). H2O2 increased cell apoptosis. In
contrast, treatment with nanoparticle-loaded TS suppressed the percentage of apoptosis considerably (p < 0 05). Therefore, TS
may be considered as a potential candidate for enhancing the effectiveness of MSC transplantation in cell therapy.

1. Introduction

Thymus serpyllum is traditionally used as a culinary herb.
In folk medicine, it is used for the prevention or treatment
of certain diseases [1]. The phenolic monoterpenes, thymol
and carvacrol, are the major components of the plant. Some
studies have indicated that this herb contains a polyphenol
which is the main reason for its antioxidant effect when used
as an aqueous tea [2]. For decades, naturally derived antiox-
idants have been gaining more attention in the natural med-
ical domain. Among the antioxidants, polyphenols are widely
used as a source of alternative and complimentary therapy
for various diseases, including cancers. Polyphenols extracted
from rice or isolated polyphenols manifest specific biological
properties such as antimicrobial, antifungal, anti-inflammatory,
and free radical scavenging activities in vitro and in vivo.

Previous studies have shown that the water extract of the plant
Thymus serpyllum has potential antioxidant and antihypersen-
sitive effects in vitro. In traditional practice, plants rich in
polyphenols have been consumed in the form of water extracts,
especially as herbal teas. Despite the advantage of these
plant-based polyphenols, some limitations do exist, like loss
of its biological property due to poor storage conditions and
the unpleasant taste of phenol. These limitations were resolved
by encapsulating plant extracts into nanoparticles which would
reduce the decomposition of the polyphenol and improve the
slow release of polyphenols in the gastrointestinal system [3].

Encapsulated formulations of T. serpyllum have a poten-
tial to be used as additives to new functional food products.
Upon intake of such products, it is possible to achieve a syn-
ergistic action of different polyphenolic compounds. Numer-
ous studies have proved the pharmacological properties
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of polyphenols, including antioxidative, anti-inflammatory,
and antimutagenic properties. Polyphenols are plant metab-
olites which act as powerful antioxidants, i.e., they neutralize
the harmful effects of free radicals and thus provide support
to the immune system. Among the more than 8000 phenolic
compounds, each one is structurally very different, and the
majority are presented in the form of phenolic acids, flava-
nols, flavonoids, and dihydrochalcones. The main feature of
these compounds is the presence of one aryl ring attached
with the hydroxyl group [4, 5].

Oxidative stress is one of the major factors underlying
the pathogenesis of many diseases. Hence, the excessive
production of free radicals could have a negative effect
on the survival of transplanted stromal cells. Increased
levels of reactive oxygen/nitrogen species (ROS/RNS) are
associated with tissue injury and inflammation; they affect
a number of cellular processes, including cell adhesion,
migration, and proliferation; and they have been linked to
cellular senescence in MSCs, potentially compromising their
activities [6]. Though the use of stem cells as a therapeutic
tool has shown great promise for treating various ailments
such as cornea repair, blood vessel damage linked to heart
attacks, or diseases such as critical limb ischemia, the efficacy
of these treatments has not been established yet. Neverthe-
less, the major limitation seems to be the poor viability of
the transplanted stromal cells in the injured site affecting
its therapeutic efficacy [7]. Naturally occurring polypheno-
lic compounds (polyphenols), such as epigallocatechin-3-
gallate (EGCG) and curcumin, block ROS/RNS and are
potent inflammation-modulating agents [8].

A previous study has stated that chitosan/polyphenol sys-
tems could be a very promising functional food additive when
used in combination with polymers with protective and
mucoadhesive properties. In addition to the existing studies,
incorporation of polyphenolic compounds in chitosanmicro/-
nanoparticles has been achieved by spray drying or ionic gela-
tion in the presence of polyphenolic compounds [9, 10], while
other encapsulation technologies have not yet been explored
enough. This study was designed to investigate the protective
effect of Thymus serpyllum extract and nanoparticle-loaded
plant extract on H2O2-induced damage of MSC.

2. Materials and Methods

2.1. Reagents. Analytical grade n-hexane and ascorbic acid
were purchased from Sigma-Aldrich (Karlsruhe, Germany).
All spectrophotometric data were collected using a Jasco
V-530 UV-vis spectrophotometer (Jasco International Co.
Ltd., Tokyo, Japan).

2.2. Preparation of Extract- and Nanoparticle-Loaded
Thymus serpyllum. Dried plant material (Thymus serpyllum)
was purchased during the flowering period (June-August)
from a local market and was stored under cool and dark con-
ditions. For the purpose of extract preparation, 60 g of dried
plant material (flowers and leaves of Thymus serpyllum) were
ground and weighed. The plant material was soaked in
800ml of n-hexane for 72hr at room temperature with occa-
sional shaking. This was repeated five times and the mixture

was subsequently filtered (Whatman Filter Paper No. 1, UK).
The extract was concentrated to dryness using a rotary evap-
orator. The extract was stored at 4°C till further use. Chitosan
beads were synthesized by applying the emulsion technique,
with the addition of a crosslinking agent. For the preparation
and encapsulation of Thymus serpyllum in chitosan nano-
particles, the protocol of Kata et al. [11] was followed. Briefly,
chitosan microparticles (about 0.25 g) were immersed in
10ml of thyme extract and the pH was adjusted to 3.5 with
itaconic acid and left for 24h in a mild orbital shaker. This
will improve the capacity of the nanomaterials to absorb
polyphenols from the aqueous extract. After that, the micro-
particles were filtered from the solution and dried in an oven
at 37°C and subsequently in a vacuum until reaching con-
stant weight; then, it was stored in a desiccator at room
temperature.

2.3. Bone Marrow Stromal Cell Culture. Human bone mar-
row mesenchymal cells were isolated from bone marrow
samples from donors at the University of Malaya Medical
Center. The patient samples were collected based on written
informed consent, and other approved guidelines were
followed. 2.5ml of bone marrow was diluted with 2ml of
phosphate-buffered saline (PBS; pH7.2), and Ficoll-Paque
Premium was used to layer the sample (GE Healthcare Life
Sciences, Sweden). The sample was subjected to gradient cen-
trifugation at 1800 rpm for 30min (Eppendorf 5810R). The
collected monolayer was washed twice with low-glucose
Dulbecco’s modified Eagle’s medium (DMEM) (Invitrogen--
Gibco, USA) containing 1% antibiotic/antimycotic (v/v; Invi-
trogen-Gibco). The isolated mononuclear cells were cultured
in a low-glucose DMEM containing 10% fetal bovine serum
with antibiotics and GlutaMAX (Invitrogen-Gibco). Cells
were transferred into tissue culture flasks (Nunc™, USA)
and cultured periodically every 3 days of media change.

Human bone marrow-derived mesenchymal stromal
cells were isolated in accordance with the standard laboratory
protocol. For the control group, cells were untreated.
Another group of cells were treated with H2O2 (0.05mM
and 0.1mM for a 2 hr incubation period). Following isola-
tion, these cells were cultured in the DMEM medium (Invi-
trogen, Carlsbad, CA, USA) and supplemented with 10%
stem cell-specified fetal bovine serum (FBS, Invitrogen),
100U/ml penicillin (Sigma-Aldrich, USA), and 100mg/ml
streptomycin (Sigma-Aldrich). Cells were cultivated in tissue
culture flasks at 37°C in a humidified atmosphere of 5% CO2.
Upon achieving 80% confluence, cells were harvested with
trypsin (Cell Applications, San Diego, CA, USA) and pas-
saged. Cells used in this study were obtained from a control
donor (28- to 40-year age group). Exclusion criteria include
the following: emergency operation for infection (skin, soft
tissue, or bone) and chronic osteoarthritis, history of oste-
osarcoma, medical history contraindicating bone marrow
aspiration, history of prior or concurrent diagnosis of HIV,
hepatitis-B, or hepatitis-C infection, and diagnosis of diabe-
tes or autoimmune disease. Inclusion criteria include the
following: patients under total knee replacement, ACL recon-
struction, and fracture treatment and patients whose donors
are able to understand and accept the aspiration procedure.
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2.4. Cell Seeding. Human mesenchymal stromal cells were
trypsinized and detached at passage 3 and seeded onto a
35mm petri dish with a cell density of 30,000–40,000 cells.
The medium was changed at specific time points (24, 48,
and 72 hr) according to the respective treatment plan.

2.5. Gas Chromatography–Mass Spectroscopic (GC–MS)
Analysis. An Agilent Technologies 7890A Network Gas
Chromatographic (GC) system equipped with a TOF-MS
(mass selective) detector and an Agilent Technologies 7693
series automatic liquid sampler were used for the analysis
of the hexane extract. The injection volume was 1.0μl with
split ratio of 1 : 10. An electron ionization system producing
an ionization energy of 70 eV was used for GS-MS analysis
of the sample. Initial temperature was set at 40°C (hold time
of 5-minute interval). Furthermore, the settings of 4°C/min at
160°C and 5°C/min at 280°Cwith a 10-minute hold time were
used. Gas (helium) was provided at a flow rate of 1.0ml/min
and at the mass scanning range (50–1000m/z). The temper-
atures for the injector (250°C) and MS transfer line (300°C)
were set.

2.5.1. Free Radical Scavenging Activity. The free radical scav-
enging potential of the hexane extract was assessed by mea-
suring its ability to scavenge 2,2′-diphenyl-1-picrylhydrazyl
stable radicals (DPPH). The samples (2 to 10mg/ml) were
mixed with 1ml of 90μmol/l DPPH solution and made up
with 95% methanol to attain a final volume of 4ml. Ascorbic
acid was used as control. After an incubation period of 30
minutes at room temperature, the absorbance was recorded
at 515nm. Percent of radical scavenging concentration was
calculated using the following formula:

Radical scavenging % = 100 × A blank − A sample
A blank , 1

where (A blank) is the absorbance of the control (ascorbic
acid)—containing all reagents except the test extract—and
(A sample) is the absorbance of each tested extract. IC50
values representing the concentration of the extract that
caused 50% scavenging were calculated from the plot of
percentage scavenging against concentration.

2.6. Immunocytochemistry.Cells on each grid plate were fixed
with 4% (w/v) paraformaldehyde (PFA, Sigma-Aldrich) in 1x
phosphate-buffered saline for 20min at room temperature.
Cells were treated for 5min and thrice washed with the PBS
0.1% (v/v) Triton X-100 (Sigma-Aldrich) in 1×PBS. To
block nonspecific binding, the cells were incubated with 2%
(v/v) goat serum (Sigma-Aldrich) in 1×PBS for 30min at
room temperature and washed thrice with the PBS. The cells
were incubated with primary antibodies at 4°C for 3 h. The
following primary antibodies (anti-FN antibody IST-9) were
used for incubation (1 : 1000; Abcam, England): B-cell lym-
phoma 2 (BCL2), cytochrome c (Cyt-c), and matrix metallo-
proteinase 13 (MMP13). After the incubation, the cells were
washed thrice with 1×PBS for 5min each. Polyclonal sec-
ondary antibody (chicken) was added to Anti-Mouse IgG
FITC labelled (Abcam, England), and 1×PBS was added

for double staining. These cells were incubated for 1 h at
room temperature and counterstained using Hoechst dye
and kept for 15 minutes. The signals were observed under a
microscope (Nikon C-HGFI, Japan), and the images were
taken documented NIS elemental imaging software using
the NIS-Elements Documentation software.

2.7. Cytokine Assay and Flow Cytometry. ProcartaPlex™Mul-
tiplex Immunoassays for serum, plasma, and cell culture
supernatants were used to examine the cytokine levels. The
cells were collected by centrifugation, and the supernatant
was aspirated. The cells were resuspended in 0.5–1.0ml
1×PBS, and formaldehyde was added to obtain a final con-
centration of 45%. This was fixed for 10min at 37°C. The
tubes were chilled on ice for 1min. Cells were permeabilized
by adding ice-cold methanol slowly to prechilled cells, while
gently vortexing to a final concentration of 90% methanol. It
was further incubated for 30min on ice. Immunostaining
was done with Section D, or cells were stored at −20°C in
90% methanol. 0.5–1× 105 cells were aliquoted into each
assay tube, and 2–3ml incubation buffer was added to each
tube and washed by centrifugation. Cells were resuspended
in 100μl of primary antibody (prepared in incubation buffer
as directed) and incubated for 1 hour at room temperature.
Washing by centrifugation in 2–3ml of incubation buffer
resuspended the cells in 0.5ml 1×PBS and this was analyzed
on a flow cytometer. Cells were resuspended in 0.5ml of
DNA dye (propidium iodide) and incubated for at least
30min at room temperature. Cells were analyzed in DNA
staining solution on a flow cytometer.

2.8. Statistical Analysis. All the experiments were performed
in triplicate and the data are presented as mean values± stan-
dard deviation of triplicate findings. Statistical analysis of the
data was performed using the SPSS Program, and a probabil-
ity value of p ≤ 0 001 was considered to show a statistically
significant difference.

3. Results

The extract was subjected to GC-MS chromatography. The
list of the chemical compositions is shown in Table 1, and
their respective spectra are shown in Figure 1. In vitro free
radical scavenging activity was examined using a different
extra hexane extract, dichloromethane extract, and methanol
extract, with ascorbic acid used as a positive control as shown
in Figure 2(d). The concentration of 10,000μg/ml showed
approximately 90% free radical scavenging activity, while
5000μg/ml of hexane extract (Figure 2(a)) showed approx-
imately 40–50% free radical scavenging activity. While
dichloromethane (Figure 2(b)) and methanol (Figure 2(c))
extract at 5000μg/ml showed around 20–25% free radical
scavenging activity, increased concentrations showed around
80–90%, respectively.

Initially, bone marrow stromal cells were exposed to each
of the two concentrations of hydrogen peroxide (0.05mM
and 0.1mM, 2h) at 37°C to test the potential of the extract
and nanoparticle-loaded plant extract (Figures 3–6). Expres-
sion of BCL2, MMP13, and cytochrome c was examined. The
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control group showed no or very less percentage of cells pos-
itive for FITC BCL2 expression. The H2O2 treatment induced
40–50% of cells to be positive for FITC BCL2 expression,
when compared with those of the extract treatment group.
The cells treated with nanoparticle-loaded plant extract
showed BCL2 expression, however it was statistically not sig-
nificant. We also examined the expression of the other two
important factors of apoptosis, cytochrome c and MMP13.
The bone marrow stromal cells treated with H2O2 induced
72–86% cell expression of cytochrome c, while the cotreat-
ment with extract and nanoparticles induced 47% and 38%
cell expression, respectively, which was statistically (p < 0 05)
less significant when compared to cells treated with H2O2
alone. The percentage of cells that appeared to be positive
for FITC cells of the MMP13 antibody was around 88–98%,
while for the cotreatment groups, either extract or nanopar-
ticles, it was around 45% and 38%, respectively. These results
indicated that the extract and nanoparticles cotreated against
hydrogen peroxide were effective. When the concentration of
hydrogen peroxide was increased and cotreated with the
extract and nanoparticles, the expression of BCL2 was almost
similar with the H2O2-treated group. However, the Cyto-c

and MMP13 expression was considerably less when com-
pared with the H2O2-only group. This is indicative that the
extract and nanoparticles could be protective against apopto-
sis in cells. However, the nonexpressive level of BCL2 against
apoptosis was not evident which needs further investigation.

Isolated human bone marrow stromal cells were pre-
treated with extract and nanoparticles and challenged
against H2O2. There was no difference between the cells pos-
itive for FITC (BCL2) when treated with H2O2 only and pre-
treated with extract and nanoparticles. However, the extract
pretreatment significantly reduced the expression of Cyt-c
(26%–31%) and MMP13 (39%–43%), while the nanoparticle
pretreatment showed the expression of Cyt-c (27%–30%)
and MMP13 (32%–39%) when compared with the cells
treated with H2O2.

Furthermore, the levels of cytokines were examined in
bone marrow stromal cells treated with H2O2 at two time
points, namely 24h and 72 h. The cells treated with H2O2
induced the release of IL8 (Figure 7(a)) by approximately
2-fold when compared to the untreated control cells. Fur-
thermore, the cells cotreated with nanoparticles inhibited
the release when compared with those that were treated with

Table 1: List of chemical compounds identified in the hexane extract of Thymus serpyllum using GC-MS.

Compounds Formula Retention time (s) Similarity Weight Area %

Benzene, 1-methyl-3-(1-methylethyl)- C10H14 926.85 971 134 2.3176

Thymoquinone C10H12O2 1444.55 950 164 8.8140

Thymol C10H14O 1540.2 956 150 35.2661

Carvacrol C10H14O 1559.65 954 150 30.9641

p-tert-Butyl catechol C10H14O2 1830.75 788 166 9.8301

2(4H)-Benzofuranone, 5,6,7,7a-Tetrahydro-4,4,7a-trimethyl- C11H16O2 1984.85 899 180 1.4065

2-Methyloctacosane C29H60 3840.35 931 408 1.5172

Hexacosane C26H54 4127.25 961 366 2.3650

Heptacosane C27H56 4310.75 960 380 7.4996
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Figure 1: Gas chromatography–mass spectroscopy chromatogram of Thymus serpyllum hexane extract. Peak numbers indicate the type of
active component present in the extract.
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Figure 2: Free radical scavenging potential of (a) hexane extract, (b) dichloromethane extract, (c) methanol extract, and (d) ascorbic acid
(control). The percentage of scavenging activity has been compared with ascorbic acid used as control.
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H2O2 only. At 72h, the release was considerably reduced
(p < 0 05) in extract pretreatment and nanoparticle cotreat-
ment. No significant changes were observed in the levels of
IL2 (Figure 7(b)). ILβ1 was significantly increased by 2-fold
in the cells treated with H2O2 at 24h and 72 h time points
compared to the control (Figure 7(c)). It was also observed
that the cotreatment and pretreatment with extract and
nanoparticles significantly reduced the increase in IL2 by
2-fold (p < 0 05). Next, the vascular endothelial growth factor
was significantly decreased by 2-fold when compared with
the control. The levels were considerably reduced in cotreat-
ment and pretreatment with extract and nanoparticles at 72 h
(Figure 7(d)). Cells cotreated with nanoparticles did not pre-
vent the decrease significantly at 24 h time, while the extract
cotreatment, extract pretreatment, and nanoparticle pretreat-
ment prevented the decrease.

In addition, we examined the levels of IL6 (Figure 8(a)),
which showed that the cells treated with H2O2 induced
the release of IL6, a proinflammatory factor, by approxi-
mately 3-fold in comparison to the control. In response
to this, the levels were reduced in nanoparticle cotreat-
ment and pretreatment while the extract showed a protec-
tive role at 72 h (p < 0 05) when compared with the cells
treated with H2O2 only.

The levels of TNF-α in the cells treated with H2O2
(Figure 8(b)) increased significantly when compared to

control cells. In contrast, the levels did not increase signif-
icantly in the cells treated with extract and nanoparticles
in both cotreatment and pretreatment. The levels of
MCP in the cells treated with H2O2 considerably decreased
(Figure 8(c)) when compared with the untreated control
cells. These decreases were significantly prevented when the
cell extract or nanoparticles were cotreated or pretreated.
The levels of IL3 in the cells treated with H2O2 decreased
when compared with the control cells. In contrast, extract
and nanoparticle-loaded plant extract were not decreased
(p < 0 05) compared with untreated cells at the 24 h and
72 h time points (Figure 8(d)).

All the hMSCs were treated similarly with both nanopar-
ticle and extract preparations, and the distribution of cells in
different phases of the cell cycle was analyzed (Figure 9(a)–
9(e)). Treatment with nanoparticle-loaded plant extract led
to a marginal accumulation of cells in the G2/M phase fol-
lowing pretreatment time. However, after 72 h of similar
treatment, the arrest of the cells in the G1 and S phases of
the cell cycle was observed. In the case of cotreatment with
extracted cells, both 24h and 72h had no effect on the
G2/M phase of the cell cycle, except for a marginal increase
in the S phase (in case of 72 h). Together, these results clearly
show that the observed cell growth effects of both nanoparti-
cle and extract preparations were associated with their cell
cycle arrest activity. The percentage of apoptosis was also
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calculated from FACS data, as shown in Figure 9(f). The
control- (H2O2) treated cells showed a high percentage of
cells undergoing apoptosis, while nanoparticle-loaded plant
extract-treated cells and plant extract-treated cells showed a
low apoptosis percentage at 72 h; however, no effect was
observed at 24 h.

4. Discussion

For decades, the use of polyphenols involves an aqueous
extraction process of herbs and preparation of herbal tea
[7]. During this preparation, the biological effects may be
affected due to the presence of oxygen moisture and storage
conditions. In addition, the consumption of polyphenols is
limited due to their taste. Such limitations can be improved
via encapsulation methods like converting liquid to solid
forms for easier consumption. A further advantage of encap-
sulation is having a slow release formula. These methods
have potential in new functional food products [12]. Previous
studies on aqueous Thymus serpyllum L. extract have proved
that it has a pronounced antioxidant and free radical scav-
enging activity in vitro and an antihypertensive effect. So,
for different compounds like PLGA and PLA, hydrogen
has been used for the encapsulation of active molecules
[13]. Although chitosan/polyphenol systems could be very

promising as a functional food additive, to our knowledge
there has been only one report on the entrapment of thyme
polyphenols into chitosan microbeads. In addition, in the
existing studies, incorporation of polyphenolic compounds
in chitosan micro/nanoparticles has been performed by spray
drying or ionic gelation in the presence of polyphenolic
compounds, while other encapsulation technologies have
not yet been explored adequately enough. A previous study
attempted to load polyphenolic compounds into chitosan
microbeads that were obtained by an emulsion crosslinking
technique (ready-made support) by the so-called postloading
entrapment. They have examined the physiochemical prop-
erties of the bead, while the biological property or radical
quenching property was not examined [14, 15].

Among different cell sources, mesenchymal stem cells
show an extensive differentiation potential abundant in bone
marrow tissue, adipose tissue, and several other tissues. The
adipose or bone marrow stromal cells are a good source for
potential applications due to their abundance, accessibility,
and low immunogenicity [16]. Their survival and rate of dif-
ferentiation at the injured site of transplantation is limited
due to apoptosis in the stress environment. Therefore, the
identification of a strategy for the protection of transplanted
MSCs is key for the development of MSC-based therapy for
regenerative therapy [17].
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In the present study, the HPLC chromatogram detected
polyphenols in the Thymus serpyllum extract. Despite the
wide spectrum of attractive biological properties, the protec-
tive effects of Thymus serpyllum on hydrogen peroxide-
induced changes in MSCs have yet to be fully elucidated.
The BCL2 family of proteins is composed of the antiapopto-
tic proteins and proapoptotic proteins, of which their relative
proportions control the fine balance between cell survival
and cell death via the intrinsic apoptotic pathway [18]. The
present study indicated that fluorescence microscopy could
reverse the reduction of the antiapoptotic protein BCL2 fol-
lowing treatment with H2O2, but the level of reduction was
not significant. In addition, cotreatment with extract and
nanoparticle-loaded extract with H2O2 significantly reduced
the Cyto-c and MMP13 levels compared with cells treated
with H2O2 alone, showing the protective effects of the extract
or nanoparticle of Thymus serpyllum. Reactive oxygen spe-
cies (ROS) excessively produced by the respiratory chain
can also cause progressive mitochondrial damage leading to
apoptosis. All of the proposed cytochrome c releasing mech-
anisms, however, remain hypothetical, and fail to provide a
physiological basis for the underlying naturally occurring
apoptosis. In support of our data, the change in the expres-
sions of MMP13 was remarkably directly upregulated by
the oxidant, and their activities were implicated in the

invasive potential induced in cells [19]. The activation of
MMP probably occurs by the reaction of ROS with thiol
groups in the protease catalytic domain. In addition to their
role as key regulators of MMP activation, ROS have been
implicated in MMP gene expression [20]. Since treatment
reduced their elevation in the MMP, it is an indication of
its protective role on oxidative stress-mediated damage to
the cells.

Interleukin (IL8) is a cytokine with potent chemotactic
properties for neutrophils and T lymphocytes, and thus
serves to amplify the inflammatory cascade. IL8 is produced
by a wide variety of cell types including mononuclear cells,
endothelial cells, and epithelial cells [21], and it has been
implicated as an important mediator of neutrophil infiltra-
tion. However, some studies have shown no direct relation
with apoptosis in other cell lines, and the increase in stromal
cells upon H2O2 treatment was indicative of apoptosis in
relation with the increase in TNF-alpha when compared to
the control group left untreated. As shown in the previous
study on other cell lines, we speculate that as a potent che-
moattractant IL8 secretion stimulated by the Fas ligation
might be associated with inflammation, and that it might
participate in the pathophysiology of apoptosis. MSCs secrete
cytokines either “spontaneously” or after induction by other
cytokines, the most important being IL6, TNFα, and IL1β
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[22, 23], and it should be underlined that MSCs are not
always immunosuppressive. It is assumed that their effects
are determined by the local conditions of the microenviron-
ment, and sometimes the proinflammatory IL6, TNFα, and
IL1β cytokines may induce cell death upon H2O2 treatment,
which could have been considerably prevented upon the
treatment with Thymus serpyllum, indicative of protective
property. However, the mechanism of action is undis-
closed and further studies are warranted. The induction
of other proinflammatory factors by IL6 has been regarded
as part of an attempt to maintain homeostasis. Similarly,
the coincidence of the induction of necrotic cell death sig-
naling with the induction of proinflammatory signaling

molecules, such as IL6, may function to alert the cells of the
occurrence of necrotic cell death with consequent removal
of the necrotic cells during the cell cycle. Thymus serpyllum
treatment showed considerable protection in maintaining
the homeostasis against hydrogen peroxide-induced changes
in cytokine levels.

Previous studies have demonstrated that MSC secreted
paracrine factors that are able to induce angiogenesis and
affect cellular migration. Unique to our study, we quantified
the secretion of VEGF and MCP1 by MSCs into the sur-
rounding media, and we were able to detect the same factors
in MSCs, while these factors declined after H2O2 treatment.
A report has shown that [24] human embryonic stem cells
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Figure 7: (a–d) Levels (pg/ml) of IL8, IL2, IL1beta, and VEGF in control (untreated) and experimental groups (S—cotreatment,
P—pretreatment), as well nano- and extract-treated cells at two different time points, 24 hr and 72 hr.
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released paracrine factors that reduced apoptosis in H9c2
cells, and it focused on TIMP-1 (tissue inhibitor of metallo-
proteinase) as an important molecule in this process. Other
investigators have identified a number of factors secreted by
cord blood-derived [25] and embryonic stem cell-derived
[26] MSCs including VEGF and MCP1, but they did not
determine their specific biological effects. The treatment with
extract and nanoparticles showed a positive improvement in
the levels of antiapoptotic factors. Interleukin (IL3), a cyto-
kine secreted by activated T lymphocytes, is known to regu-
late hematopoiesis. Previously, reports have shown that IL3
prevents bone and cartilage damage in animal models of
human rheumatoid arthritis and osteoarthritis [27, 28]. IL3
also promotes the differentiation of human MSCs into

functional osteoblasts and increases their in vivo regenerative
potential in immunocompromised mice. However, the role
of IL3 in the migration and motility of MSCs is not yet
known. In this study, we investigated the role of IL3 on
human MSCs isolated from BM treated with H2O2 following
pre- and cotreatment with extract or with nanoparticles of
Thymus serpyllum. We found that IL3 significantly enhanced
the migration and motility of MSCs, which can help the cells
treated with the extract or nanoparticles.

5. Conclusion

Both Thymus serpyllum extract and nanoparticles showed
considerable protection against hydrogen peroxide-induced
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Figure 8: (a–d) Levels (pg/ml) of IL6, IL2, TNF-alpha, MCP1, and IL3 in control (untreated) and experimental groups (S—cotreatment,
P—pretreatment), as well nano- and extract-treated cells at two different time points, 24 hr and 72 hr.
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mesenchymal stromal cell damage in vitro. Hence, this
nanoparticle-loaded Thymus serpyllum can be a poten-
tial candidate to use as an adjuvant treatment with stem
cell treatment.
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The present study was conducted to establish the amount of mechanical strain (uniaxial cyclic stretching) required to provide
optimal tenogenic differentiation expression in human mesenchymal stromal cells (hMSCs) in vitro, in view of its potential
application for tendon maintenance and regeneration. Methods. In the present study, hMSCs were subjected to 1Hz uniaxial
cyclic stretching for 6, 24, 48, and 72 hours; and were compared to unstretched cells. Changes in cell morphology were observed
under light and atomic force microscopy. The tenogenic, osteogenic, adipogenic, and chondrogenic differentiation potential of
hMSCs were evaluated using biochemical assays, extracellular matrix expressions, and selected mesenchyme gene expression
markers; and were compared to primary tenocytes. Results. Cells subjected to loading displayed cytoskeletal coarsening, longer
actin stress fiber, and higher cell stiffness as early as 6 hours. At 8% and 12% strains, an increase in collagen I, collagen III,
fibronectin, and N-cadherin production was observed. Tenogenic gene expressions were highly expressed (p < 0 05) at 8%
(highest) and 12%, both comparable to tenocytes. In contrast, the osteoblastic, chondrogenic, and adipogenic marker genes
appeared to be downregulated. Conclusion. Our study suggests that mechanical loading at 8% strain and 1Hz provides exclusive
tenogenic differentiation; and produced comparable protein and gene expression to primary tenocytes.

1. Introduction

Bone marrow-derived mesenchymal stromal cells (MSCs)
have the ability to undergo multilineage differentiation and,
when introduced into damaged tendon, have been shown to
result in superior repair outcomes [1, 2]. Despite demonstrat-
ing good efficacy, there have been concerns that undifferenti-
ated cells may possibly progress towards unwanted cell
lineages when transplanted into tissues, resulting in patient
morbidity [3, 4]. An example to demonstrate such phenom-
enon would be in the formation of osteoblastic cells when
human MSCs (hMSCs) are transplanted into the cartilage
tissue [5]. It has been suggested that lineage-committed or
predifferentiated hMSCs may be the answer to this problem
[6]. Several methods can be employed to direct hMSCs

towards a particular lineage. In the past, these have included
hormonal, ionic, and environmental manipulation [7].
However, one of the mechanisms that can be readily used
on these cells but not often described in literature is mechan-
ical signalling [8].

It is suggested that the ability of cells to respond to
mechanical stimuli is controlled by a series of mechano-
sensitive receptors or structures that sense and convert
mechanical signals into biochemical signalling events [9].
This process, commonly known as mechanotransduction,
translates mechanical cues that are perceived from the
environment into intracellular signals. This ultimately reg-
ulates the complex processes involved in cell proliferation
and differentiation [10]. It has been described that during
this process, the complex interaction of signals generated

Hindawi
Stem Cells International
Volume 2019, Article ID 9723025, 16 pages
https://doi.org/10.1155/2019/9723025

http://orcid.org/0000-0002-7898-325X
http://orcid.org/0000-0001-5567-1141
http://orcid.org/0000-0003-4423-4653
http://orcid.org/0000-0001-6442-8776
http://orcid.org/0000-0002-6028-1313
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1155/2019/9723025


from the binding of integrins to signalling molecules, the
opening of stretch sensitive ion channels, and the resultant
cytoskeletal deformation are simultaneously activated [11].
However, the order of sequence of these events, as well as
the relationship between the activated pathways and out-
come, remains to be rationalized [12, 13].

Although previous works have indicated that mechanical
stimulation in general guides MSC differentiation in different
ways, these studies have predominantly involved cells other
than those found responsible for tendon or ligament homeo-
stasis, such as osteoblast, neuron-like cells, and chondrogenic
cells [14–16]. In addition, there appears to be very few studies
investigating the effects of cyclic uniaxial tensile loading on
progenitor cells, although this stimulus is physiologically rel-
evant to the musculoskeletal system. It is worth noting that
this stimulus is probably the single most important signal
that regulates the proliferation and functions of both ligament
and tendon cells [17, 18]. However, we also need to be mind-
ful that because of their multipotential ability, it is possible
that stimulating stem cells mechanically at an inappropriate
manner can result in undesirable outcomes as previously
mentioned. It is therefore paramount that the characteristics
of themechanical loading applied be established so as to elim-
inate these unwanted outcomes. Sadly, studies related to this
area appears lacking as previous studies have been mainly
focused on a narrow range of frequency and strain rates
which do to mimic the scenario observed during physiologi-
cal loading [19–22].

In order to establish these characteristics, the present
study was conducted to examine the effects of uniaxial cyclic
stretching in different durations and strain rates on hMSCs.
The focus of this study is to determine the mesenchymal lin-
eage differentiation potential of these cells using gene expres-
sion and extracellular matrix (ECM) production related to
mesenchymal lineage-related specific markers. These were
also compared to tenocytes in order to determine if the
tenogenic expression potential of hMSCs subjected to these
loading conditions was comparable to that of native tendon
cells. These would then indicate that progenitor cells would
have undergone tenogenic differentiation. Tenogenic differ-
entiation is defined as cells that exhibit tenocyte-lineage
marker genes at both mRNA and protein levels [23].
Amongst the genes that have been identified as described in
many literatures include scleraxis, tenomodulin, tenascin-C,
collagen type I, collagen type III, and decorin [19, 23–25].
Protein expressions for tenogenic differentiation on the other
hand are less specific and not well described. However, from
available literature, frequently quoted proteins that appear to
be relevant to the tenogenic differentiation process have
included collagen I and collagen III [23, 26].

We hypothesize also that the regulation of extracellular
matrix remodelling as well as the expression of the differenti-
ation of hMSCs to a particular cell lineage is dependent on
the degree of tensile forces; the morphology and stiffness of
the cells were also investigated. Since the focus of this study
is relating to the tenogenic differentiation potential of
cyclic-loaded hMSCs, the expression of tenogenic genes and
proteins as mentioned above was thus investigated. It is
hoped that by determining the effects of mechanical stretch

on hMSCs using quantitative measurements, we may be
able to have better understanding on the mechanical char-
acteristics that govern tendon homeostasis thus enabling
future potential therapies for tendons and ligaments to
be advocated.

2. Materials and Methods

All experimental protocols were approved by the University
MalayaMedicalCentre Institutional ReviewBoard (Reference
no: 369.19) and performed in accordance with the guidelines
for Medical Ethics Committee of the University Malaya
Medical Centre.

2.1. Isolation and Culture of Human Bone Marrow-Derived
MSCs. To isolate bone marrow-derived MSCs, the bone
marrow was aspirated from the femoral canal of 10
patients/donors undergoing orthopaedic-related surgeries
such as total joint arthroplasty in the University Malaya
Medical Centre. Each bone marrow sample was kept on ice
throughout the transportation to the laboratory and proc-
essed for cell isolation as described in our previous publica-
tion [27]. The cells were subcultured until passage 2 to be
used in our experiments.

To determine whether the cells obtained were hMSCs,
various tests including flow cytometry analysis for specific
cell surface markers, cell morphological images, and the abil-
ity of the isolated cells to undergo trilineage differentiation
were conducted. The methods used in this study are
described in our previous publications [27, 28]. The isolated
cells appeared to conform to the characteristics expected
of MSCs (Figure 1), i.e., (1) spindle-shaped plastic adher-
ent features; (2) positive markers for CD29, CD44,
CD73, CD90, and CD105 while being devoid of CD14,
CD34, CD45, and HLA-DR [28]; and (3) able to undergo
trilineage differentiation, namely, chondrogenic, osteogenic,
and adipogenic differentiation.

2.2. Isolation and Culture of Human Tenocytes. Human pri-
mary tenocytes were isolated from hamstring tendons of
adult donors, who underwent surgery for joint arthroplasty.
Tendon tissues were harvested to the required size by the
operating surgeon and transferred aseptically into containers
and immersed with saline solution. Once the tendons were
harvested, cell isolation was immediately performed, using
the methods modified from the study of Zhang and Wang
[29]. Briefly, the tendons were minced into approximately
1mm3 in size under a sterile condition, and then phosphate
buffered saline (PBS) was added (Gibco, USA). Subsequently,
the mixture was added with 0.4mg/mL type I collagenase and
incubated at 37°C for 2 h to allow the enzymatic digestion
process to occur. After digestion, the suspension was centri-
fuged at 1800 rpm for 5min to remove the collagenase solu-
tion, then the pellet was washed 2 times with PBS by
centrifugation. The pellet was then resuspended with 1mL
of DMEM high glucose (4.5 g/L glucose) supplemented with
10% fetal bovine serum (FBS), 1% penicillin-streptomycin,
and 1% GlutaMAX™-I (Gibco, USA), and transferred into a
T25 flask which was added with 5mL of culture medium.
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Figure 1: Characterization of hMSCs was confirmed. (a) Density gradient separation of human bone marrow: (A) plasma, (B) mononuclear
cells, (C) ficoll paque, (D) erythrocytes, and granulocytes. (b) Morphology of replated cells showed homogeneous and fibroblastic shape.
(c) Representative images of multicolour CD markers by flow cytometry. The results showed that hMSCs expressed at least 90% of
double-positive expression, double-negative, or coexpressed positive and negative markers. (d) Trilineage differentiation potential of
the hMSCs into osteogenic, adipogenic, and chondrogenic lineage.
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Cultures were incubated at 37°C and 5% CO2 incubator for
24 h. The digested tissues were then removed from the cell
culture flask and discarded completely. The culture medium
was changed every third day, until 80–85% confluency for
subculture using trypsin digestion. These primary native
human tenocyte cultures (passage 3) were used as positive
controls in the subsequent experiments.

2.3. Application of Cyclic Uniaxial Tensile Strain. A commer-
cial loading device (STREX, Japan) fitted with elastic silicone
chambers was used to conduct experiments that determine
the effect of cyclic uniaxial strain on hMSCs. hMSCs were
seeded on the collagen type I (Sigma, USA)-coated silicone
chamber at the density of 104/cm2 and allowed to set at
37°C in complete growth medium for 48 h. The medium
was then changed to 1% FBS for 24 h and proceeded with
complete growth medium before being assembled into the
uniaxial strain device. Control cells were treated similarly
but were not subjected to cyclic stimulation. The medium
and cells were harvested after 6, 24, 48, and 72h of cyclic
loading for downstream analyses, which included (1) bio-
chemical assay, (2) immunostaining, (3) immunophenotyp-
ing, (4) topography imaging and elasticity measurement,
and (5) gene expression assay.

2.4. Cellular Morphology by Microscopy. Phase-contrast
microscopic images of unstrained and strained hMSCs were
obtained (Olympus, Japan) in at least four randomly selected
sites from our visual field. To observe the effect of cyclic load-
ing on cytoskeletal actin arrangements, hMSCs at all condi-
tions were stained with fluorescent phallotoxins (Molecular
Probes, Oregon, USA) for 30min and then the nucleus
stained with Hoechst (Molecular Probes, Oregon, USA) for
10min in the dark. Fluorescence was recorded using a laser
scanning confocal attachment (Leica TCS SP5 II, Germany)
and measured by LAS AF image software (Leica, Germany).
Images of unstrained MSCs on silicone membrane served
as control.

2.5. Quantification of ECM Components. At the end of each
time point of the experiment, the total amount of collagen,
sulfated glycosaminoglycan (sGAG), and elastin of the result-
ing samples was determined using Sircol™ Collagen assay kit,
Blyscan™ sGAG assay kit, and Fastin™ Elastin assay kit,
respectively. The technique used in each measurement was
according to the manufacturer’s (Biocolor, UK) protocol.
These kits used quantitative dye-binding methods to deter-
mine the total quantity of the respective ECM component
in the sample which released to medium. An enzyme immu-
noassay kit (Chondrex Inc., USA) was used to measure the
levels of type I collagen in strained hMSC lysate (1Hz, 8%)
following the manufacturer’s instructions. The concentration
of collagen type I was obtained by measuring the absorbance
at 490 nm on the microplate reader.

2.6. Immunocytochemical and Fluorescent Immunostaining
for ECM Analysis. Membranes with hMSCs subjected to the
uniaxial straining or in unstrained conditions were rinsed
using PBS, followed by fixation process in methanol for 20
min. After rinsing using Tris-buffered saline (Dako,

Denmark), peroxidase block was applied for 5 min to reduce
nonspecific background signalling. Cells were then incu-
bated with primary antibodies, which included rabbit
anti-collagen type I, rabbit anti-collagen type II, or rat
anti-collagen type III (Calbiochem-Daiichi Fine Chemical
Co., Japan) diluted at 1 : 100 for 30 min. The cells were then
incubated with streptavidin-peroxidase secondary antibody
(Dako, Denmark) for 30 min. At last, the collagens in the
cells were visualized by reaction with diaminobenzidine
(Dako, Denmark).

For direct visualization of the adhesion molecules fibro-
nectin matrix and N-cadherin, 4% paraformaldehyde was
used to fixed cells and was permeabilized with −20°C acetone.
Cells were then incubated with 1% bovine serum albumin to
block nonspecific binding of antibodies, before being incu-
bated with primary antibody, anti-fibronectin (Abcam, UK)
diluted 1 : 300 for 1 h. The primary antibody was then
detected by a secondary antibody specific to rabbit IgG
(Abcam, UK) diluted 1 : 600 for 1 h. Hoechst staining was
performed at the end of the staining process and examined
under laser scanning confocal microscope (Leica TCS
SP5 II, Germany).

2.7. Stimulated Cell Surface Antigen Analysis by a
Fluorescence-Activated Cell Sorter (FACS).Antibodies against
the human antigen, CD44, CD73, CD90, and CD105 (BD
Biosciences, USA), were used to characterize the surface anti-
gen expressions of stretched hMSCs. Briefly, the loaded cells
were resuspended in 100 μL of PBS and incubated with
fluorescein isothiocyanate- (FITC-) or phycoerythrin- (PE-)
conjugated antibodies in the dark for 15 min at room tem-
perature. The fluorescence intensity of the cells was evaluated
using a flow cytometer (BD FACS Cantor II, BD Biosciences,
USA). Data were analysed using CELLQUEST software (BD
Sciences, USA). The presence or absence of staining in cells
was determined by comparing strained cells to the matched
unstrained control.

2.8. Histologic Assessment of Differentiation after Mechanical
Stimulation. The presence of bone-forming nodules was
used to determine the occurrence of osteoblast differentia-
tion. This was further assessed using Alizarin Red S dye
(Sigma, USA), which stains calcium phosphate deposits.
The accumulation of lipid droplets was used to denote adi-
pocyte differentiation. It was determined by incubating
paraformaldehyde-fixed cells with 60% isopropanol and
followed by freshly prepared Oil Red O solution (Sigma,
USA). Unstrained samples were treated as controls. All sam-
ples were then captured using a light microscope (Nikon
Eclipse TE2000-S, Japan).

2.9. Atomic Force Microscopy Measurement of Young’s
Modulus. Atomic force microscopy (AFM) images were
obtained by scanning the cell surface under ambient condi-
tions using AFM (Bruker Nano, USA) that was set at
PeakForce QNM mode. The AFM measurements were
obtained using ScanAsyst-air probes. However, the spring
constant (nominal 0 4N/m) and deflection sensitivity were
first calibrated but not the tip radius (the nominal value has
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been used, 3 5 nm). AFM images were collected from each
sample and at random spot (at least five areas per sample).
The quantitative mechanical data was obtained by measuring
DMT modulus/Pa using Bruker software (NanoScope
Analysis). To obtain Young’s modulus, the retracted curve
was fit using the Derjaguin-Muller-Toporov model or abbre-
viated as DMT modulus [30].

2.10. Multiplex Gene Expression Assay. Total RNA was
extracted from unstrained and strained hMSCs using RNeasy
mini kit (Qiagen, USA). The purity and concentration of the
RNA were assessed by determining the absorbance ratio,
measured at 260 and 280 nm wave bands. RNA integrity
was assessed by visualizing 18S and 28S rRNA bands on
formaldehyde-agarose gels. Only samples with high quality
were selected for microsphere-based multiplex-branched
DNA downstream analysis. The mRNA expression of mes-
enchymal lineages (Table 1) was quantified by the Quanti-
Gene 2.0 Plex assay (Panomics/Affymetrix Inc., USA).
Individual bead-based oligonucleotide probe sets specific
for each gene examined were developed by the manufacturer
(the 2.0 plex set 12082). In this assay, each lysate was mea-
sured in triplicate wells. Controls are also included for geno-
mic DNA contamination, RNA quality, and general assay
performance. The housekeeping gene was PGK1 (phospho-
glycerate kinase 1) previously validated as the best house-
keeping for accurate gene expression analysis in our study.

2.11. Statistical Analysis. The assays were carried out with a
minimum number of technical triplicates (n = 3) per experi-
mental run, using six independent samples from different
donors (N = 6) for each group of the experiments. Data
were presented as mean ± standard deviation (SD). For
Young’s modulus experiment, Student’s t-test was carried
out to compare the differences in mean values. While for
the other experiments, statistical significance was analysed
by one-way analysis of variance (ANOVA), using the least
significant difference (LSD). A confidence level of 95%
(p < 0 05) was chosen for determining statistical significance
using the SPSS 15.0 software (SPSS Inc., USA).

3. Results

3.1. Uniaxial Mechanical Strain Induces MSC Alignment
Perpendicular to the Direction of Stretching. To determine
the effects of uniaxial cyclic strain on cell morphology and
organization, hMSCs were exposed to uniaxial strain under
predetermined experimental conditions. The degree of cells’
responsiveness was affected at different strain magnitude
and duration (Figure 2(a)). Cells that were exposed to the
highest strain magnitude (12%) aligned themselves faster
than cells at other strain rates. After 72 h, cells under cyclic
strain aligned themselves perpendicular to the direction of
strain and these cells look more elongated and were slender
in shape, while unstrained cells remain randomly oriented.

Confocal images showed the reorganization of actin fil-
aments perpendicular to the direction of strain whilst ran-
dom organization of actin filaments for unstrained cells. It
also showed that stained actin filaments were denser in the
stimulated hMSCs compared to the nonstimulated groups
(Figure 2(c)). hMSCs on 8% uniaxial strained at 1Hz
(Figure 2(b)) lead to spindle-shaped cells similar in shape
to tenocytes in vitro. All these results indicated that the
cellular cytoskeletal development was associated with
strain magnitude.

3.2. Uniaxial Tensile Loading Enhances Collagen and Elastin
Production but Not GAG. The total collagen and elastin pro-
duction appears to be influenced by the strain magnitude.
Our results showed that uniaxial stretching increased col-
lagen production (Figure 3(a)), with the exception of the
4% strained group. Higher collagen production was mea-
sured as early as 6 h in the 12% strained group. For the
8% strained group, the collagen production was enhanced
significantly only after 48 h, which is close to the collagen
content in tenoctyes (ratio of human tenoctyes/unstrained
hMSCs = 1 43, graph not shown). Compared to collagen,
elastin was only increased after 72 h at the higher strained
group (Figure 3(c)). However, no enhancement of GAG
production in any of the strained groups was observed
(Figure 3(b)).

Since collagen type I was reported to be abundant in ten-
don, ligament, and muscle cells, the 8% strained cells at 1Hz
were further tested using ELISA assay. The results showed
that the collagen type I level in medium was increased in
mechanically stimulated cells as compared to unstrained

Table 1: The genes of interest were determined in this study.

Related marker Gene name Abbreviation

Matrix metallopeptidase 3
(stromelysin 1, progelatinase)

MMP3

Proline rich 16 PRR16

ECM component

Collagen type I, α1 COL1

Collagen type III, α1 COL3

Decorin DCN

Tendon lineage

Tenascin C TNC

Scleraxis homolog A SCX

Tenomodulin TNMD

Bone lineage

Runt-related transcription
factor 2

RUNX2

Alkaline phosphatase,
liver/bone, kidney

ALP

Osteocalcin OCN

Cartilage lineage

Collagen type II, α1 COL2

Cartilage oligomeric
matrix protein

COMP

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

SOX9

Fat lineage
Peroxisome

proliferator-activated
receptor, gamma

PPARG

Smooth muscle
lineage

Transgelin TAGLN

Housekeeping gene Phosphoglycerate kinase 1 PGK1
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cells. The content of collagen type I increased with the dura-
tion of stretching (Figure 3(d)).

3.3. Mechanical Stimulation Promotes Collagen Type I,
Collagen Type III, Fibronectin, and N-Cadherin Expressions.
Immunocytochemical assay showed that the uniaxial cyclic
straining promoted the synthesis of collagen type I in MSCs.
In the unstrained control group, there was only a light brown
collagen staining in the cytoplasm, while a more intense
staining was observed in the 72 h strained group for collagen
type I (Figure 4(a)). This was in line with the result of colla-
gen type I obtained from ELISA. Collagen I and collagen III
staining showed positive protein expression on both
unstrained and strained hMSCs but denser in strained cells
especially in the 8% and 12% groups. In contrast, collagen
II was not expressed when hMSCs were stretched. These

results appear comparable to the level of collagen expressed
from primary tenocytes.

When unstretched, fibronectin was arranged in random
web-like structures, which distributed mainly at the cell
periphery. The peripheral fibronectin staining appears to be
upregulated when cells are stretched. Fibronectin fibril for-
mation also appears to be enhanced with the increase in
strain magnitude (Figure 4(b)). Furthermore, unstimulated
or unstretched cells appeared to have thin fibronectin fibrils
clustered and distributed throughout the entire basal surface
of the cell, while cells exposed to 72 h at 8% and 12% uniaxial
stretching appeared to form thicker fibronectin fibrils and to
have an observable increase in fibronectin fluorescence
intensity (Figure 4(c)). To view cell-cell contacts after
stretching, we found that the expression level of N-cadherin
was higher on strained cells (Figure 4(b)). However, this level
of expression was lower in the 12% strained group.

6 h

24 h

48 h

72 h

Unstrained 4% strained 8% strained 12% strained 

(a)

Unstrained

8% strained 

Tenocytes

(b)

Unstrained 4% strained 8% strained 12% strained 

(c)

Figure 2: Microscopy images of unstrained and strained hMSCs. (a) Phase-contrast photomicrographs of hMSCs subjected to cyclic uniaxial
stretching in different magnitude and duration of stretching. (b) Higher magnification of phase contrast of unstrained and 8% strained
hMSCs at 72 h and tenocytes. (c) Confocal laser scanning micrographs showing actin stress fibers (green) and nuclei (blue) of unstrained
cells and 4%, 8%, and 12% strained cells at 72 h. The substrate was stretched in the red arrow direction.
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3.4. Mechanical Stretching Induces the Alteration in hMSC
Surface Antigen Expression. The expression of the CD
markers in hMSCs appears positive in nonstimulated cells
on silicone chambers, as with hMSCs cultured on plastic cul-
ture flasks. After 72 h of cyclic loading, CD markers in 4%
strained cells appear comparable to unstrained cells. How-
ever, when subjected to 8% and 12% strains, the expression
of CD markers was reduced, suggesting that appropriate
levels of mechanical stretch may induce the alterations in
MSC surface antigen expression (Figure 5(a)). It was observed
that CD44 and CD105 were significantly reduced in both 8%
and 12% strained groups, while CD73 and CD90 reduced sig-
nificantly at 8% and 12% strains, respectively. Figure 5(b)
demonstrates examples of the expression of the multicolour
CD markers in different strain magnitude.

3.5. Mechanical Stretching Did Not Express Osteogenesis
and Adipogenesis Histological Staining. Mineralization of
hMSCs was observed in the osteogenic medium induction
hMSCs (21 days) after being stained with Alizarin Red S

(Figure 5(c)A), but this was not shown in mechanical
induction hMSCs (8% strained, 72 h), with only slightly
brown stained around the nucleus of the cells (Figure 5(c)B).
Negative results were shown in 4% and 12% strained cells
(figure not shown). The effect of tensile loading on adipogenic
differentiation of hMSCswas studied usingOil RedO staining
of the lipid droplets. The lipid droplet formation under
adipogenic differentiation was found in adipogenic medium
induction hMSCs (14 days) (Figure 5(c)C), whereas the
mechanical-stimulated hMSCs showed no lipid droplet
(8% strained, 72 h) (Figure 5(c)D). Similar result also
appeared on the other 2 strained groups (photo not shown).

3.6. Topographical Changes Observed in Mechanically
Stimulated Cells. The changes in cell topography of
unstrained and strained hMSCs were analysed using an
AFM. Topographical images were obtained in both height
and deflection channels (Figure 6(a)). Results of AFM analy-
sis revealed that strained cells appeared elongated, with
spindle-like morphology and microfilament bundles running

0.6

0.8

1.0

1.2

1.4

4 8 12

Ra
tio

 o
f s

tr
ai

ne
d/

un
str

ai
ne

d

Strain magnitude (%)

6 h
24 h

48 h
72 h

⁎ ⁎ ⁎
⁎ ⁎ ⁎

(a)

0.6

0.8

1.0

1.2

1.4

4 8 12

Ra
tio

 o
f s

tr
ai

ne
d/

un
str

ai
ne

d

Strain magnitude (%)

6 h
24 h

48 h
72 h

(b)

0.6

0.8

1.0

1.2

1.4

4 8 12

Ra
tio

 o
f s

tr
ai

ne
d/

un
str

ai
ne

d

Strain magnitude (%)

6 h
24 h

48 h
72 h

⁎ ⁎

(c)

0.6

0.7

0.8

0.9

1.0

1.1

1.2

1.3

1.4

6 24 48 72

Ra
tio

 o
f s

tr
ai

ne
d/

un
str

ai
ne

d

Duration of stimulation (hours)

Unstrained
Strained

⁎

(d)

Figure 3: Biochemical analysis of MSCs subjected to various mechanical stimuli for different duration of stimulation. Content of (a) total
collagen, (b) GAG, and (c) elastin of strained cells was measured to determine the total quantity of the respective ECM component in the
sample which released to medium. (d) The level of collagen type I in the medium was measured by ELISA. The ratio of the
ECM expression was counted by normalizing to the expression amount of corresponding unstrained groups (indicated as 1). Significance
p < 0 05 was represented by ∗ which compared to unstrained. N = 6, n = 3, error bar± SD.
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parallel to their long axes, while unstrained cells appeared
large and flat. Height image showed larger height scale for
strained cells than unstrained cells. This was apparently
related to the thicker actin stress fibers of the strained cells
than the unstrained hMSCs, which could be visualized in
detail in the deflection channel. In unstrained cells, deflection
image revealed the fine cytoskeletal structure (presumably
actin) just under the cell membrane at detail. The fine
cytoskeleton structure began integrating when mechanical
stimulation was applied on the cells. The cytoskeleton of
the stimulated cells became more pronounced. This effect
was much evident with the higher magnitude strain to
hMSCs, compatible with tenocytes.

The elasticity measurements (Young’s modulus) were
performed on the cytoskeleton regions surrounding the
nuclei. Figure 6(b) shows the average Young’s modulus of
fixed unstrained and strained hMSCs from 3 independent

cultures with 5 different areas. The Young’s moduli values of
strained hMSC groups were greater than those of unstrained
hMSC groups, with a significant increase observed in the
8% and 12% strained group. These results demonstrate
that as the strain rate is increased, Young’s modulus and
therefore stiffness of the cytoskeleton of hMSCs increase.
The unstrained hMSCs are supple when compared to
strained hMSCs, especially in the 8% strained group.

3.7. Mechanical Stimulation Influences the Expression of
MMP3 and PRR16. The mRNA expression of PRR16, an
indicator of stem cell differentiation, when cells were sub-
jected to mechanical loading is shown in Figure 7(a). At 1
Hz stretching, downregulation of the PRR16 gene was noted
in both 8% and 12% strained groups. This effect was more
obvious after the cells were stretched for a longer period.
These results appear to occur in parallel to the reduction in

Unstrained

Collagen I

4% strained

Collagen II

Collagen III

8% strained 12% strained Tenocytes

(a)

4% strainedUnstrained 8% strained 12% strained

72 h

6 h

Fibronectin

72 h

6 h

N-cadherin

(b)

18.7 �휇m 

50.3 �휇m 

Unstrained

Strained

(c)

Figure 4: ECM expression on unstrained and strained cells. (a) Comparison of different collagen staining on various mechanical stimuli
hMSCs at 72 h and tenocytes as positive control. (b) Immunofluorescence staining of fibronectin and N-cadherin on unstrained and
strained hMSC for 6 h or 72 h. The expression of fibronectin and N-cadherin was enhanced by the cyclic stretch and magnitude strain
dependent. The substrate was stretched in the red arrow direction. (c) Thicker fibronectin fibrils were formed by cyclic mechanical stimulation.
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Figure 5: Mechanical stretching altered hMSC surface antigen expression but did not express osteogenesis and adipogenesis. (a) Expression
levels of the CDmarkers of hMSCs cultured in mechanical stretching with different strains. Significance (p < 0 05) was represented by ∗ which
compared to unstrained. n = 3, error bar± SD. (b) Percentage of multicolour expression for lymphocyte adhesion molecule CD44 and
endoglin CD105. Fluorescent expression intensity and area of CD44 and CD105 in (A) 4%, (B) 8%, and (C) 12% strain
magnitudes. (c) Representative images of Alizarin Red- and Oil Red O-stained hMSCs: (A) positive Alizarin Red staining on
osteogenic medium cultured hMSCs, (B) negative Alizarin Red result on mechanical stimulated hMSCs, (C) positive Oil Red O
staining on adipogenic medium cultured hMSCs, (D) negative Oil Red O result on strained hMSCs.

9Stem Cells International



the expressed CD markers described previously. Although
there is a downregulation of PRR16, the mRNA expression
of MMP3 was upregulated in 8% strain (Figure 7(a)). The
exhibitory effect on MMP3 mRNA expression was not
obvious in the 12% strained group after 48 h.

3.8. High Mechanical Strain Upregulated Genes for
Macromolecular Components of ECM and Induced
Differentiation Markers for Tendon-Like Cell. Uniaxial strain
regulated matrix remodelling, as observed from the
increasing levels of COL1 and COL3 expression, in a liner
fashion and parallel to the amount of strain (Figure 7(b)).
A significant increase was induced by strains of 8% and
12%, but this upregulation was not significant for the 4%
strained group. The expression of COL3 showed a pattern

similar to that of COL1, but the increase was slightly
higher than that of COL1 at 8% strain (at 24 h). DCN
expression was significantly upregulated at 8% and 12%
strains (>24 h and 48 h), respectively.

The differentiation of hMSCs towards tendon-like cells
was further examined by measuring the expression of several
genes (Figure 7(c)). The results demonstrated that the teno-
genic marker (TNC, SCX, and TNMD) expression was upreg-
ulated in all groups. However, this was only significantly
increased in the 8% and 12% strained groups, most notable
being in the 8% group after 24 h, i.e., which was closer
to the gene expressions from tenoctyes (DCN=1.50,
COL1=1.59, COL3=1.37, TNC=2.22, SCX=2.65, and
TNMD=1.80; fold change of human tenoctyes vs. unstrained
hMSCs; graph not shown). After 2 days of stretching, the
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Figure 6: The comparison of cell surface topography between the unstrained hMSCs, strained hMSCs, and tenocytes, visualized by AFM.
(a) Representative AFM height and deflection scans of unstrained hMSCs and 4%, 8%, and 12% strained hMSCs, and tenocytes. In height
images, brighter colour indicates higher distance of substrate. In deflection images, the detailed structure of presumably the stress fiber
could be observed with AFM in different cell groups. The direction of uniaxial strain was in the red arrow direction. (b) Young’s
modulus on the cytoskeleton of the cells subjected to 4%, 8%, or 12% cyclic stretching for 72 h as indicated. The ratio was counted by
normalizing to the expression amount of corresponding unstrained groups (indicated as 1). Statistical significance (p < 0 05) was
represented by ∗ relative to the unstrained group. n = 3, error bar± SD.
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Figure 7: mRNA expression level of different genes subjected to different strain for different time point. (a) mRNA expression ofMMP3 and
PRR16. (b) ECM component (COL1, COL3, and DCN). (c) Tendon cell lineage (TNC, SCX, and TNMD). (d) Bone cell lineage (RUNX2, ALP,
and OCN). (e) Cartilage cell lineage (COL2, SOX9, and COMP). (f) Adipose cell (PPARG) and smooth muscle cell (TAGLN). The expression
level of each gene was normalized with the level of housekeeping gene. The value of fold change was presented as the ratio of strained group
with unstrained group. Statistical significance (p < 0 05) was represented by ∗ which compared to unstrained. N = 6, n = 3, error bar± SD.
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gene expression levels of SCX returned to the basal level as
with the unstrained group, suggesting that the observed
increase in gene expression was transient.

3.9.UniaxialMechanical StrainDidNot InduceChondrogenic,
Adipogenic, and Osteogenic Differentiation Markers. To
determine the global differentiation responses of hMSCs
when subjected to uniaxial mechanical strain and to ascer-
tain the possible expression of nontendon differentiation
markers, the expressions of nontendon genes were also
investigated in this study. These included gene markers for
the bone, cartilage, and fat. We found that at 4% strain, oste-
ogenic genes (RUNX2, ALP, and OCN) were transiently
upregulated (Figure 7(d)). However, at 8% and 12% strains,
these genes were downregulated suggesting that at low
mechanical strain levels, osteoblastic differentiation is tran-
siently enhanced. Consistent with our immunostaining
results, uniaxial strain did not increase COL2 (Figure 7(e))
and PPARG (Figure 7(f)) genes related to chondrogenesis
and adipogenesis processes in these progenitor cells. Several
molecules involved in chondrogenesis (i.e., SOX9 and
COMP) were influenced by the changes in strain magnitude
and duration of cyclic stretching (Figure 7(e)). SOX9 gene
was downregulated when uniaxial strain was applied,
although at 12% it was observed that a transient increase
can be expected at the early stages of stretching (6 h) but is
not present thereafter. In contrast, COMP was upregulated
in the 12% strained group at 72 h. One reason to this may
be due to the fact that COMP is not a specific gene for chon-
drogenesis and can be found in tendon cells as per observed
in other studies [16]. Uniaxial cyclic stimulation also
increased the smooth muscle contractile marker, TAGLN,
transiently at 12% strain (Figure 7(f)).

Despite the evidences from this study suggesting that a
transient increase in nontendon-related genes can occur
when hMSCs are subjected to cyclic loading, the functional
significance of these changes may be insignificant since only
low levels and short duration of these genes were expressed
throughout our experiments. We can therefore conclude that
uniaxial cyclic loading generally results in tenogenic differen-
tiation and results in the insignificant increase in other
downstream musculoskeletal lineages.

4. Discussion

Our current study demonstrates that uniaxial stretching over
a period of time provides exclusive tenogenic lineage differ-
entiation ability in hMSCs. The genes and proteins expressed
from these cells were within the defined characteristics of
tenogenic differentiation, as mentioned earlier. We can also
conclude that the action of cyclic stretching also stimulates
superior cell proliferation based on our previous pilot study
[28]. However, an increase in strain magnitude does not nec-
essarily result in higher differentiation as demonstrated in
this study, where 8% strain resulted in the highest tenogenic
expression and not at 4% or 12% strain. Yet, based on our
previous pilot study [28], hMSCs subjected to 4% strain at
1Hz provides the best cell proliferation. The choice of strain
rate, i.e., 1Hz in this study was based on our previous study

which showed that at this rate the best cellular differentiation
in hMSCs was observed [28]. It is worth noting that uniaxial
cyclic loading does not result in chondrogenic, adipogenic, or
osteogenic differentiation and that, at the prescribed loading
regime, cells tend to form distinctive tendon-like cell pheno-
type. As far as the authors of this paper are aware, these
observations have not been previously reported. Another
novelty of this study is that specific combinations of strain
amounts and rate of tensile loading provide specific hMSC
tenogenic differentiation responses as mentioned earlier. It
is important to note here that as far as the authors of this
paper are aware, there is no consensus on the proper defini-
tion of tenogenic differentiation. In trying to ensure that
the work done in our study incorporates any characteristics
of tenogenic differentiation possible using gene and protein
expressions, the work of several studies from different labora-
tories was used as reference [25, 26, 31, 32]. It is hoped that in
doing this, a more global definition of what defines tenogenic
differentiation can be made [23].

Our study corroborates previous findings that cell orien-
tation is altered when subjected to cyclic loading [20, 33]. The
cell appears to reorientate in a longitudinal axis perpendicu-
lar to its original orientation as well as the direction of cyclic
loading. This phenomenon appears to be necessary for the
reduction of excessive strain that is applied to the cellular
structures. In addition, this also results in the increase in spe-
cific phenotypic expressions from these cells as previously
described [34, 35]. It has been suggested that the mechanisms
involved in promoting cellular realignment are dependent on
various factors, which includes the rearrangement of intra-
cellular stress fibers due to energy dissipation and the fluctu-
ations in the ionic exchange mechanisms such as the
depolarization of voltage-gated channels [36, 37]. Based on
our observations, it is likely that the actin stress fibers, which
are a major cytoskeletal constituent, may be responsible for
the proliferation and differentiation of hMSCs [38, 39]. The
AFM and confocal fluorescence microscopic analyses dem-
onstrate these changes occurring in the actin stress fibers
which, if based on previous findings, suggest that the change
in Young’s modulus was ascribable to the development of the
cellular cytoskeleton during the differentiation process [40].

Another finding that corroborates previous studies is the
fact that hMSCs subjected to tensile cyclic loading result in
the apparent increase in the synthesis of collagen type I and
type III, and potentially other tenogenic protein expressions
[31, 32, 41]. However, whilst our study did not demonstrate
any chondrogenic, osteogenic, or adipogenic expressions,
these have been reported in others [42–45]. We hypothesized
that these differences may be attributable to the different
loading types, magnitude, rates, and even the device used
to create the mechanical strained environments employed
in each of these studies, since it has been shown that dif-
ferent types of mechanical signals will produce different
outcomes, i.e., resulting in the differentiation of hMSCs
towards a specific lineage [46]. For example, low-amplitude
or low-frequency mechanical loading has been shown to pro-
mote osteogenic (1Hz, 3%, 48 h) [31], myogenic (1Hz, 4%,
24 h) [47], and neuronal (0.5Hz, 0.5%, 8 h) [15] differentia-
tion of hMSCs. In addition, the action of cyclic compression
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appears to be a major contributing factor required for MSCs
to undergo chondrogenesis [48]. Apparently, loading cells in
a uniaxial and biaxial manner will result in different out-
comes. In another study using similar rate and magnitudes
to ours but employing biaxial loading, MSCs tend to differen-
tiate towards osteogenic lineage [49]. Thus, it is not unex-
pected that uniaxial cyclic stretch is believed to be of
paramount importance in the development of functional
musculoskeletal tissues [50] especially for the differentiation
of MSCs into tendon/ligament fibroblasts. One aspect that
needs to be considered is that the differences observed
between our study and that of previous reports [51–53]
may have been related to the Flexcell system used in their
studies. In contrast to the Strex machine used in our study,
this device employs a suction mechanism at the centre of
the elastomeric cell culture surface to create the stretching
effect. It may be the case that the radial stretching effect of
the Flexcell system could have produced compounding
compressive forces to the attached cells thus resulting in
the osteogenic lineage differentiation. This however remains
speculative and would require further supportive findings in
future studies. Thus, it can be concluded that different types
of mechanical signals will produce different outcomes,
i.e., resulting in the differentiation of hMSCs towards a
specific lineage [54].

The clinical implication of the study is apparent and
may lead to several potential applications. Although fur-
ther studies are required, it is now possible to extrapolate
the data obtained from our study to be applied into
patients. In fact, this is not new since many studies have
demonstrated that mechanical loading is beneficial to the
musculoskeletal system [55]. This particularly applies to
the tendon which has been shown to undergo tissue repara-
tive process when subjected to stretching exercises [56, 57].
What is new here in this study is the fact that only a certain
combination of strain and cyclic loading rates may be benefi-
cial for multipotent cells such as hMSCs, while other combi-
nations may not be or in fact quite the opposite, may even
result in detrimental outcomes. Once the optimal combina-
tion has been established, such as that which is observed in
the present study, stretching will elicit anabolic responses
from the tendon cells. This in turn increases the production
of type I collagen in the peritendinous tissues as demon-
strated previously [58].

Tendons, being viscoelastic tissues that are stiffer than
most other soft tissues, allow the transfer of large tensile
forces to occur without causing tissue or cell damage [59].
Indeed, although resistant to tensile forces, tenocytes are still
subjected to high mechanical stresses enclaved within a
highly mechanoactive environment [60]. However, to study
the mechanical processes underpinning the cellular response
within an in vivo environment would be technically unman-
ageable; hence, a model such as the one employed in the
present study may be more realistic, appropriate, and infor-
mative. We recognize the limitations of a system that do
not truly mimic the in vivo environment; however, these have
been considered during our analyses and have not overstated
the findings of the present study. We also recognized that
although the present study was well designed, several

limitations were unavoidable and thus need to be highlighted
here. Firstly, it needs to be reminded that as with any in vitro
studies, the present study does not take into account the com-
plexities of surrounding tissues, and thus, translating the
findings into clinical applications would need to be done with
caution. Secondly, the present study assumes that the effect of
the stretching occurs in a uniform manner, which in reality
may not be the case. More so when certain areas within
the substrate are subjected to a phenomenon known as
differential stretching, as suggested in previous studies
[61–64]. Limited by the size of the cell culture flask and
the maximal rate of which cells can proliferate, the present
study could only be conducted up to 72 hours. There is a
downside to this, since it is possible that certain gene
expressions such as osteogenic expressions may not have
been detected. In previous studies, it appears that culturing
MSCs up to 14 days may be needed for these changes to
be observed. Hence, it may be the case that the tests from
our experiment may have shown false-negative results. It
needs to be reminded however that these changes may
be better applied for static cultures and probably not
applicable to our stretching cultures [65, 66]. Results from
other studies seem to suggest that this is the case [53, 67, 68].
Notwithstanding these limitations, the findings of the present
study are still valid and useful owing to the robust study design
employed. It is however hoped that future studies can be con-
ducted usingmore advanced techniques that are not subjected
to the limitations mentioned above.

5. Conclusions

Cells subjected to 1Hz cyclic uniaxial stretching demon-
strated significant maximal tenogenic expression observed
but not of other mesenchyme lineages when stretched at
8% strain. No dose-related responses were observed as the
result of increased strain magnitude, and it is more likely to
be the case that a specific combination of rate and strain
magnitude will elicit specific cell responses as demonstrated
from our present and previous studies.
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Oxidative stress leads to the degeneration of retinal pigment epithelial (RPE) and photoreceptor cells. We evaluated the potential of
adipose-derived mesenchymal stem cells (ASCs) as a therapeutic tool by studying the migration capacity of ASCs in vitro and their
protective effect against RPE cell death under oxidative stress in vitro and in vivo. ASCs exhibited enhanced migration when
exposed to conditioned medium of oxidative stressed RPE cells obtained by hydrogen peroxide. Migration-related axis SDF-1/
CXCR4 was studied, and upregulation of SDF-1 in stressed RPE and of CXCR4 in ASCs was detected. Moreover, ASCs’
conditioned medium prevented H2O2-induced cell death of RPE cells. Early passage ASCs had high expression level of HGF,
low VEGF levels, and unmodulated IL-1β levels, compared to late passage ASCs. Thus, early passage ASCs show the potential to
migrate towards damaged RPE cells and protect them in a paracrine manner from cell death induced by oxidative stress. In vivo,
mice received systemic injection of NaIO3, and 72 h later, ASCs were transplanted in the subretinal space. Seven days after ASC
transplantation, the eyes were enucleated fixed and frozen for immunohistochemical analysis. Under such conditions, ASC-
treated mice showed preservation of nuclear layers in the outer nuclear layer and stronger staining of RPE and photoreceptor
layer, compared to PBS-treated mice. Taken together, our results indicate that ASCs are able to home in on damaged RPE cells
and protect against damage to the RPE and PR layers caused by oxidative stress. These data imply the potential that ASCs have
in regenerating RPE under oxidative stress, providing the basis for a therapeutic approach to retinal degeneration diseases
related to oxidative stress that could help save the eyesight of millions of people worldwide.

1. Introduction

Retinal degeneration diseases related to oxidative stress and
inflammation, such as age-related macular degeneration
(AMD), are characterized with RPE injury and cell death
[1–3]. Oxidative stress is associated with the release of reac-
tive oxygen species as a result of high oxygen tension in the
macula, phagocytosis of high concentrations of polyunsatu-
rated fatty acids from photoreceptor outer segments by the

retinal pigment epithelium (RPE), and finally, decreased
antioxidant capacity with advanced age [4, 5]. Degeneration,
apoptosis, and necrosis of the RPE are related to both inflam-
mation and oxidative stress by several mechanisms [6–9].
Photoreceptors (PR), whose normal function and survival
are strongly related to the activity of the RPE by various
metabolic functions, such as phagocytosis of PR outer
segments, are highly susceptible to oxidative damage due to
their constant exposure to light and oxygen. Thus, RPE

Hindawi
Stem Cells International
Volume 2018, Article ID 9682856, 11 pages
https://doi.org/10.1155/2018/9682856

http://orcid.org/0000-0002-1906-9871
http://orcid.org/0000-0003-4623-0429
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1155/2018/9682856


degeneration leads to secondary death of PR and their nuclei,
concentrated in the outer nuclear layer (ONL).

Cell therapy for retinal degeneration diseases has recently
gained attention. Among different sources of stem cells, adi-
pose tissue-derived mesenchymal stem cells (ASCs) have
emerged as a promising therapeutic modality, in light of their
advantages: they can be easily isolated from subcutaneous fat
by minimally invasive techniques [10], produced in larger
quantities, as compared to bone marrow-derived mesenchy-
mal stem cells [10], and additionally, characterized by high
viability and reproducibility.Moreover, they serve as an autol-
ogous source for stem cells, thus precluding the need for
immunosuppressive therapy, which may not be well tolerated
by elderly patients [11]. Furthermore, ASCs, which bear
migratoryandhomingabilities, alsohave immunomodulatory
properties and secrete cytokines and growth factors [11, 12],
thus facilitating replacement of dying cells, immunomodula-
tory capacity [12], and promotion of tissue remodeling and
regeneration [11, 13]. Interestingly, mesenchymal stem cells
have shown resiliency to oxidative stress, possibly due to low
baseline levels of reactive oxygen species (ROS) andhigh levels
of glutathione [14]. Therefore, this population of stem cells
mayserveasa therapeutic tool in the future treatmentof retinal
degeneration diseases that manifest with oxidative stress.

Taken together, ASCs may be a potential source of autol-
ogous stem cells with prosurvival and antioxidative activities.
The aims of this study were to evaluate the migratory ability
of ASCs under RPE-oxidative stress conditions, as well as the
protective role of ASCs on RPE cell death and degeneration
of surrounding tissues.

2. Materials and Methods

The purpose of the study and the procedures used were pre-
sented to all of the subjects, and a signed informed consent
was obtained from each. This study was approved by the
ethics committee for clinical trials of Tel Aviv Sourasky Med-
ical Center, and the procedures used conformed to the tenets
of the Declaration of Helsinki.

2.1. Isolation, Characterization, and Culture of ASCs

2.1.1. Isolation and Culture of Human Adipose Tissue-
Derived Stem Cells (ASCs). Human adipose tissue was har-
vested from 5 healthy patients with a mean age of 38± 4.3
and body mass index of 28.2± 3.9 who had abdominoplasty
for aesthetic reasons at Tel Aviv Sourasky Medical Center.
No metabolic diseases, HIV, hepatitis, or other systemic
complications were reported from these patients.

The isolation and culture of ASCs were performed as
previously described [15]. Briefly, 60 to 120ml of the raw
lipoaspirates was washed with phosphate-buffered saline
(PBS) and enzymatically digested with 0.75% collagenase
type I (Cat. no. C1639, Sigma) at 37°C for 1 hour. The
digested lipoaspirates were centrifuged at 400 g for 15
minutes, and the pellet was resuspended and passed through
a 100μmmesh filter (Cat. no. 542000, EASYstrainer, Greiner
Bio-One) to remove debris. Subsequently, 1× 106 cells were
plated in 100mm culture dishes in ADSC medium and

incubated at 37°C in a humidified 8% CO2 atmosphere
[16]. The medium was changed twice weekly, and cells were
passaged with 0.25% trypsin/0.1% EDTA (Biological Indus-
tries, Israel) upon reaching 90% confluency. Experiments
were performed at passages 3–4.

2.1.2. Characterization of ASCs for Mesenchymal Stem Cell
(MSC) Markers by Immunostaining and FACS Analysis.
Characterization of cultured ASCs was performed at pas-
sage three as follows: after reaching 100% confluence, cells
were trypsinized and collected in FACS tubes in aliquots
(1× 105 cells/tube). Cells were then stained with fluorescein
isothiocyanate (FITC) and phycoerythrin- (PE-) conjugated
monoclonal antibodies against human CD34 (Dako), CD45
(Dako), CD90 (Dako), CD105 (eBioscience), and CD73 (BD
Pharmingen). Cells were subsequently analyzed by FACS
Canto II flow cytometer (BD Biosciences). Isotype-matched
FITC and PE-conjugated antibodies were used as controls.

2.1.3. Multipotency of ASCs by Differentiation to Osteocytes
and Adipocytes. ASCs at passage 3 were studied for their abil-
ity to differentiate to osteocytes and adipocytes. Cells were
seeded in a 24-well plate at a density of 1× 104 cells per well.
At confluency of 100%, differentiation media were added to
the cells and changed twice a week (adipose: 10% FBS,
1μM dexamethasone, 0.5mM 3-isobutyl-1-methylxanthine,
10μg/ml insulin, and 100μM indomethacin in high glucose
(HG) DMEM; bone: StemPro® osteocyte differentiation basal
medium (Gibco)). Protocol lasted either two or three weeks
to induce bone and adipose differentiation, respectively.

Differentiation to adipocytes was assessed using an Oil
Red O stain as an indicator of intracellular lipid accumu-
lation. The cells were fixed for 20min at room temperature
in 4% paraformaldehyde. Cells were incubated in 0.5%
(wt/vol) Oil Red O reagent in 100% Isopropanol (Sigma)
for 10min at room temperature. Excess stain was removed
by washing with distilled water.

Bone differentiation was assessed using Alizarin red
(Sigma). Cells were fixated with 4% paraformaldehyde for
20minand then stainedwithAlizarin red2%solutionadjusted
to pH 4.2 for 15min at room temperature. Excess stain was
removed by washing with several changes of distilled water.

Images of stained cells with both Oil Red O and Alizarin
red were taken by light microscopy. Results are presented as
the percent of stained cells from the total number of cells
counted in a high-power field.

2.2. Primary RPE Culture. 5.5× 105 cells of human pRPE cells
(Lonza) were plated in 100mm culture dishes (Falcon) in
RtEGM BulletKit Medium (Lonza) and incubated at 37°C in
a humidified 5% CO2 atmosphere. The medium was replaced
twice weekly, and cells were passaged with 0.25% trypsin/
0.1% EDTA (Biological Industries, Israel) upon reaching
90%confluence. Experimentswereperformedat passages 3–4.

2.3. Scratch Assay

2.3.1. Oxidative Stress Induction. RPE cells were seeded at
1× 104 cells/cm2 in RtEGM medium containing 2% FBS
(Lonza). After adhesion of the cells to the dish, the medium
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was changed to FBS-free RtEGM and renewed every two days
until treatments. To induce oxidative stress, subconfluent
RPE cells were treated for 16 h with 0.5mM H2O2 (Cat. no.
216763, Sigma) in ADSC serum-free medium; the medium
was collected and centrifuged at 1500 rpm for 5min, and
the supernatant was collected (stressed RPE-CM).

2.3.2. Scratch Assay. ASCs were seeded in 6-well plates
(Falcon) until confluence. Cells were cultured in ADSC
serum-free conditions to prevent proliferation [17], and the
monolayers were then scored with a sterile pipette tip to leave
a scratch. The culture medium was immediately removed
along with any detached cells and replaced with either fresh
ADSC serum-free medium (non-CM), stressed RPE-CM, or
conditioned medium of RPE cells not treated with H2O2
(RPE-CM). All scratch assays were performed in quadrupli-
cates, and images were taken at the beginning of the treat-
ments (time zero) and after 24 h (H2O2 treatments). The
number of cells migrating to the scratched area was counted
under high-power magnification and in a blinded fashion.
ASCs as well as RPE cells were then harvested for mRNA
analysis by qRT-PCR.

2.4. Quantitative RT-PCR. Total RNA was extracted from
ASCs or RPE cell cultures using High Pure RNA Isolation
Kit (Roche) according to the manufacturer’s instructions.
Total RNA concentration was determined by NanoDrop™
1000 Spectrophotometer (Thermo Scientific) and was reverse
transcribed using Verso cDNA synthesis kit (Thermo Scien-
tific). The mRNA expression levels of the growth factors,
hepatocyte growth factor (HGF), vascular endothelial
growth factor (VEGF), interleukin-1β (IL-1β), stromal-
derived factor-1 (SDF-1), the chemokine receptor CXCR4,
and normalizing housekeeping genes GUSB and RLP27
(see Table S1 for sequence information) were measured by
real-time reverse transcription polymerase chain reaction
(RT-PCR) (StepOnePlus, Applied Biosystems) using SYBR®
Green qPCR Mastermix (Qiagen). The cycling RT-PCR
conditions were as follows: 10min at 95°C, 40 cycles for
10 s at 95°C, 15 s at 60°C, followed by gradient stage from
60 to 95°C to obtain a melting curve. The results were
calculated by the ΔΔCT method of relative quantitation.

2.5. Rescue Studies

2.5.1. Preparation of ASC Conditioned Medium. ASCs
(1× 106 cells/cm2) at passage 3 or passage 5 were seeded on
a 100mm dish (Falcon) and cultured in ADSC BulletKit™
Medium (Lonza). At 100% confluence, ASCs were washed
with phosphate-buffered saline (PBS) and cultured with
ADSC serum-free medium (Lonza) for 48 h. Medium was
collected, filtered using a 0.22mm syringe filter, and either
immediately transferred to RPE cells or maintained in
−80°C for further protein analysis using ELISA assay. In turn,
ASCs were harvested for mRNA level detection using RT-
PCR. ASCs at passage 5 showed aspects of senescence evident
by low proliferation rate and morphology changes (data not
shown). The condition medium of ASCs at passage 5 (P5-
CM) was used in this study as negative control to the condi-
tion medium collected from ASCs at passage 3 (P3-CM).

2.5.2. Rescue Study. RPE was preincubated with ASC-CM
followed by treatment with H2O2. RPE cells were seeded
as described above in a 6-well plate (Falcon); after reaching
approximately 90% confluence, RPE cells were preincu-
bated for 48h with either P3-CM, P5-CM, or with noncon-
ditioned ADSC serum-free medium (non-CM). RPE cells
were then washed with PBS followed by exposure to
1mM H2O2 or without H2O2 as a control. After 7 h, RPE
cell death was monitored by propidium iodide (PI) using
FACS analysis and by ethidium bromide and acridine
orange fluorescent staining.

2.5.3. Propidium Iodide Staining and Flow Cytometry
Analysis. Following rescue studies as described above, RPE
cells (3× 105) at passage 3 were harvested with 0.25% tryp-
sin/EDTA (Biological Industries). Cells were collected by
centrifugation at 500g for 5min, washed twice with PBS,
and resuspended in 400μl of PBS to which 1μl of propidium
iodide (Sigma) 1mg/ml was added immediately before flow
cytometry measurements. At least 10,000 events were col-
lected and labeled; fluorescence cells were detected by BD
FACS Canto™ II cytometer (BD Pharmingen, USA). Analysis
of cell death distribution was conducted by FCS Express 4
software (De Novo Software, Canada).

2.5.4. Ethidium Bromide and Acridine Orange Fluorescent
Staining. Following rescue studies as described above, RPE
cells were collected by trypsinization; the apoptosis and
necrosis rates of RPE were assessed using ethidium bromide
and acridine orange fluorescent staining as follows: fluores-
cent staining solution (0.5μl) containing an equal volume
of 100μg/ml acridine orange and 100μg/ml ethidium bro-
mide (Sigma) was added to each cell suspension sample
and then covered with a coverslip. 150,000 cells were counted
and the morphology of cell death was examined and analyzed
immediately at room temperature.

2.6. Enzyme-Linked Immunosorbent Assay (ELISA). Condi-
tioned media were prepared as described above; briefly,
ASCs’ medium was changed to serum-free medium; follow-
ing 48 h of incubation, medium was collected and centrifuged
at 2500 rpm for 5min, filtered, and stored at −80°C until it
was assayed. Levels of HGF were measured by ELISA accord-
ing to manufacturer protocols (HGF, R&D Systems), and
results were compared to the control group comprising
senescent ASCs evident by high passage, phenotype, and
low proliferation.

2.7. Animal Procedure. Wild-type C57BL mice received
intraperitoneal (IP) injection of 50mg/kg of sodium iodate
(NaIO3) (Sigma-Aldrich) (n = 8 mice in each group, ASC
treatment versus PBS). The sodium iodate model manifests
oxidative stress, acute injury to RPE, and consequently
progressive ongoing retinal damage [18, 19]. Seventy-two
hours after injection, mice were anesthetized and a small
self-sealing sclerotomy was performed with the tip of a 30-
gauge needle. A 33-gauge needle attached to a Hamilton
syringe (Hamilton Company, Reno, Nevada, USA) was
inserted through sclerotomy into the subretinal space, and
an injection of 1.5μl of PBS containing 4× 104 cells ensued.
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The injection was unilateral in all animals. To note, mice
received cyclosporine in drinking water after the transplanta-
tion, at a concentration of 210mg/l [20]. Animal handling
and experiments were performed following institutional care
guidelines with the approval of the Tel Aviv Sourasky Medi-
cal Center Animal Ethics Committee.

2.8. Tissue Preparation. One week following subretinal injec-
tion, mice were euthanized; the eyes were enucleated and
fixed in 3.7% formaldehyde (Merck, Darmstadt, Germany)
in PBS overnight. The eyes were then infiltrated for cryopro-
tection with 5% sucrose (Sigma-Aldrich) in PBS at room
temperature for 1 h, followed by 30% sucrose in PBS over-
night at 4°C. Fixed tissue was embedded in OCT Tissue
Freezing Medium (Scigen Scientific, Gardena, CA, USA)
and frozen on dry ice. Cross-sections (10μm) were placed
on X-tra adhesive slides (Leica Biosystems, Peterborough,
UK) and stored at −20°C.

2.9. Immunocytochemical Analysis. Sections were washed in
PBS for 20 minutes and blocked with 1% bovine serum albu-
min (BSA) (Sigma-Aldrich), 10% normal goat serum (NGS)
(Jackson ImmunoResearch, Baltimore, MD), and 0.25%
Triton X-100 (Sigma-Aldrich) in PBS for 1 h at room tem-
perature. The sections were incubated overnight with the pri-
mary antibodies in blocking solution at 4°C. The slides were
washed three times with PBS, incubated with the secondary
antibodies for 1 h at room temperature, and washed again
three times with PBS. The sections were then incubated with
the nuclear dye DAPI (Molecular Probes, Thermo Fisher Sci-
entific) for 10 minutes, washed once in PBS, and mounted
with ProLong Gold antifade reagent (Invitrogen, Thermo
Fisher Scientific). Observations and photography were carried
out with a Zeiss LSM 510 confocal microscope in a blinded
manner. Analysis was carried out by ImageJ software. ONL
thickness was assessed by counting the number of nuclei rows
at different points along the retinal length [21]. RPE65 inten-
sity was quantified by marking the RPE layer and measuring
the fluorescence intensity compared to the image’s back-
ground using ImageJ software. The size of the PR layer was
quantified by measuring the width of the layer at different
points along the layer using ImageJ software.

2.9.1. Primary Antibodies. Mouse anti-rhodopsin monoclo-
nal antibody, 1 : 200 (EMD Millipore, Merck, Darmstadt,
Germany), and anti-RPE65 antibody, mouse monoclonal,
ab78036 1 : 500 (Abcam), were used.

2.9.2. Secondary Antibodies. Alexa Fluor 488 Goat anti-
mouse IgG and Alexa Fluor 546 Goat anti-mouse IgG were
used. All the secondary antibodies (Invitrogen, Thermo
Fisher Scientific) were diluted 1 : 400 in PBS.

2.10. Statistical Analysis. For the in vitro experiments, each
experiment was performed a minimum of 3 samples from
3 different patients. Each experiment was performed a mini-
mum of 3 times. For the in vivo experiments, each experi-
mental group included 8 mice. Statistical analysis was
performed using paired t-test. p value≤ 0.05 was considered
statistically significant.

3. Results

3.1. Phenotypic Characterization and Multipotency of ASCs.
ASCs were isolated from lipoaspirate of donors’ subcutane-
ous fat. Phenotypic characterization was studied at passage
3 using immunostaining and FACS analysis. ASCs expressed
classic MSC markers (CD90: 100± 1.98, CD73: 97± 5.2,
and CD105: 97.8± 1.7% of population) and were negative
for hematopoietic markers (CD45:1.5± 0.9, CD34:0.7± 0.6)
(Figure 1). ASCs exhibited multipotency evident by their
ability to differentiate into osteocytes and adipocytes, as evi-
denced by the percentage of cells stained with Alizarin red
and Oil Red O, respectively (Figures 1(b) and 1(c)).

3.2. Early Passage ASCs Express High Levels of the
Neurotropic Protein HGF but Not the Angiogenesis-Related
VEGF Factor and Proinflammatory Cytokine IL-1β. Exami-
nation using quantitative RT-PCR of the expression levels
of several cytokines and growth factors secreted by ASCs
revealed that ASCs at passage 3 (P3), compared to passage
5 (P5), showed consistently high levels of HGF, lower levels
of VEGF, and unchanged expression levels of IL-1β (HGF:
2.55± 0.26-fold, VEGF: 0.31± 0.14-fold, and IL-β: 1.18±
0.1-fold) (Figure 2(a)). The expression of HGF was further
validated at the protein level by ELISA and was demonstrated
to increase by 2.9-fold at P3 compared to P5 (Figure 2(b)).

3.3. Enhanced Migration of ASCs following Exposure to
Stressed RPE-CM Corresponds to SDF-1 and CXCR4
Upregulation in RPE Cells and ASCs, Respectively. As
described above, ASCs were exposed to non-CM, RPE-CM,
and stressed RPE-CM and their migration was assessed.
ASC migration capacity was significantly enhanced upon
exposure to stressed RPE-CM as opposed to exposure to
RPE-CM or non-CM (2.33- and 2.14-fold increase, respec-
tively, p value< 0.05) (Figures 3(a) and 3(b)).

Using qRT-PCR, we analyzed the expression levels of
SDF-1 and CXCR4. In stressed RPE cells, SDF-1 was signifi-
cantly upregulated when compared to the expression of SDF-
1 in nonstressed RPE cells (2.4± 0.09-fold) (Figure 3(c)).
Accordingly, exposure of ASCs to stressed RPE-CM resulted
in the upregulation of the SDF-1 receptor, CXCR4, compared
to non-CM (12.6± 4.5-fold) (Figure 3(d)).

3.4. ASCs Inhibit RPE Cell Death under Oxidative Stress.
Next, we assessed the protective role of ASC-CM on RPE
cells exposed to H2O2. RPE cells were preincubated for 48h
with either ASCs’ conditioned medium at passage 3 (P3-
CM), ASCs’ conditioned medium at passage 5 (P5-CM), or
nonconditioned ADSC serum-free medium (non-CM),
followed by H2O2 (1mM, 7 h) treatment. RPE cells exposed
to P3-CM prior to H2O2 treatment exhibited a significant
decrease in cell death compared to non-CM, as evidenced
by FACS analysis for propidium iodide (50.6%± 1.6 cell
death reduction), while P5-CM had no effect on cell viability
(Figures 4(a) and 4(b)). Furthermore, stressed RPE cells res-
cued by P3-CM were also detected by ethidium bromide and
acridine orange staining assay (51.5% cell death reduction
from total cell death counted in RPE cells exposed to H2O2
only) (Figure 4(c)).
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3.5. Sodium Iodate Induces RPE Damage. To examine the
potential of ASCs in repairing damage caused by oxidative
stress, adult C57BL mice were injected with sodium iodate
(NaIO3), which serves as a model for acute RPE injury and
retinal degeneration by inducing oxidative stress [19] and
progressive ongoing damage [18] [22]. NaIO3 was injected
intraperitoneally and induced damage to the RPE and PR
layers in all mice examined, compared to mice that did not
receive NaIO3 (data not shown).

3.6. Effect of ASC Treatment on the RPE Layer. The eyes
treated with ASCs showed significantly higher levels of
RPE65 staining compared to PBS-treated eyes, indicating a
protective effect of ASCs from NaIO3-induced damage
(Figure 5).

3.7. Effect of ASC Treatment on the PR Layer.NaIO3 injection
damages the RPE layer that nourishes the PR layer. The size
of the PR layer in the eyes treated with ASCs was larger com-
pared to that in the PBS-treated eyes (Figures 6(a) and 6(b)),

indicating that ASC treatment prevents damage not only to
the RPE layer but also to the PR layer.

3.8. Effect of ASC Treatment on ONL Thickness. ONL thick-
ness was positively affected in ASC-treated mice, evident in
the preservation of nuclear layers of the ONL in ASC-
treated mice when compared to the PBS-treated group
(6.94± 1.2 ONL layers in PBS-treated mice, 8.4± 1.0 ONL
layers in ASC-treated mice, p value= 0.0013) (Figure 6(c)).

4. Discussion

Oxidative stress has been shown to be one of the cardinal
pathogenesis of RPE damage in several retinal degenerative
diseases [3, 23], leading to the degeneration of the RPE and
subsequently to PR loss [1, 2, 8]. ASC-based regenerative
therapy for RPE shows great promise in providing a protec-
tive effect from oxidative stress-induced RPE cell death.

In this study, we demonstrated that oxidative stressed
RPE-CM promoted ASCmigration capacity, possibly by acti-
vating the migration associated-SDF-1/CXCR4 axis.
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Figure 1: Characterization of ASCs by surface phenotype and differentiation potential at passage 3. Cultured ASCs at passage 3 were detached
with trypsin, equally dispensed into FACS tubes (1× 105 cells per tube), and incubated with monoclonal antibodies against human CD34,
CD45, CD90, CD73, and CD105. Cells were then analyzed by flow cytometry for the expression of cell surface markers. CD: cluster of
differentiation. Each experiment was performed a minimum of 3 samples from 3 different patients. Each experiment was performed a
minimum of 3 times.
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Figure 2: Early passage ASCs overexpress the neurotropic protein HGF but not VEGF nor the proinflammatory cytokine IL-1β. ASCs at
passage 3 that were cultured in serum-free conditions for 48 hours were compared to the control group of ASCs at passage 5. Both cells
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Figure 3: Enhanced migration of ASCs following exposure to stressed RPE-CM corresponds to SDF-1 and CXCR4 upregulation in RPE and
ASCs, respectively. The migratory ability of ASCs was studied by scratch assay after exposure to stressed RPE-CM (RPE treated with H2O2) or
to controls comprising ASCs exposed to RPE-CM (RPE cultured without H2O2) and non-CM (nonconditioned ADSC medium). (a) ASCs
were monitored at 0 and 24 hours postscratch (×10 magnification). (b) Quantification of ASCs’ migration by counting invasive cells in
scratch boundaries. All scratch assays were performed in quadruplicates, and images were taken at the beginning of the treatments (time
zero) and after 24 h (H2O2 treatments). ASCs and RPE cells were harvested and mRNA levels were analyzed using RT-PCR. (c) SDF-1
mRNA in RPE cells incubated with or without H2O2. (d) CXCR4 mRNA in ASCs incubated with stressed RPE-CM, RPE-CM, or non-
CM. CXCR4: chemokine receptor type 4; SDF-1: stromal cell-derived factor 1; RPE: retinal pigment epithelium; ASCs: adipose-derived
stem cells; CM: conditioned medium.
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We also demonstrated that ASCs were able to prevent
primary human RPE cell death caused by oxidative stress
induced with H2O2. Interestingly, ASC-CM inhibition of
RPE cell death was coupled with upregulation of the prosur-
vival HGF growth factor in RPE cells. Finally, transplantation
of ASCs to the subretinal space in NAIO3 mice resulted in the
preservation of RPE and photoreceptor layers with mild
preservation of the ONL at one week.

SDF-1 is a chemo-attractant known to be involved in
the migration and homing of stem cells [24]. Under chronic
hypoxia and oxidative stress, MSCs were shown to express
the SDF-1 receptor CXCR4 in vivo and in vitro, suggesting
that SDF-1 serves as a mediator in the migration and homing
of MSCs [14, 24]. This study reports that consequent to

incubation of ASCs with stressed RPE-CM, CXCR4 is upreg-
ulated in ASCs as a possible response to SDF-1 overexpres-
sion in oxidative stressed-RPE cells. However, this study
did not examine the direct correlation between an upregula-
tion of SDF-1/CXCR4 expression and ASC migration or the
direct effect between the migration in vitro and the protective
effect of ASCs seen here in vivo. This enhanced migratory
capability of ASCs upon exposure to oxidative stressed
RPE-CM could provide the basis for an important future
study, examining whether ASCs have a potential of homing
to the site of injury once transplanted in vivo.

The retina is highly susceptible to oxidative stress through
the increase in reactive oxygen species (ROS) followed by
RPE cell death, leading to photoreceptor degradation, which
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construct the pathophysiology of retinal degeneration [23].
Although it is recognized that RPE apoptosis is one of the
major events in the pathogenesis of retinal diseases, several
reports have demonstrated RPE cell death not only via
apoptosis [7] but also necrosis and necroptosis [9, 25]. In
the current study, the exposure of RPE to H2O2 induced
RPE cell death, while preincubation of RPE cells with ASC-
conditioned medium reduced remarkably RPE cell death
caused specifically by oxidative stress. The ability of ASCs
to prevent cell death was also demonstrated by Singh et al.
[26]; however, cell death was induced by the proliferation
inhibitor, chemotherapeutic drug, Mitomycin C, i.e., via
mechanisms different from oxidative stress and using the
commercially immortalized cell line ARPE19 which is known
to have lost some of the key features of primary RPE [27].
Furthermore, we show that P3 ASCs overexpress the neuro-
tropic growth factor HGF compared to P5 ASCs. HGF is well
linked to the MSC regenerative activity [28, 29] and was
shown to protect RPE from oxidative stress-induced cell
death by various mechanisms [30, 31]. To note, it was
reported that HGF correlated with CNV progression in ani-
mal laser model of choroidal neovascularization (CNV)
[32]; however, clinical data failed to exhibit HGF levels in vit-
reous of AMD patients [33–35]. Here, we demonstrated that
an increase in HGF levels in ASC-CM correlated with ASCs’

rescue of RPE from cell death, as the protective effect was
abolished in the control group of ASCs at passage 5 which
exhibited low HGF expression accompanied with no rescue
effect on RPE. Similarly, the results of our animal experi-
ments, in which we used P3 ASCs, provide further support
to the protective, and potentially regenerative, capabilities
of ASCs, possibly mediated via secretion of HGF.

Concomitant with HGF overexpression by P3 ASCs,
we further demonstrate that P3 ASCs express significantly
lower levels of VEGF compared to P5 ASCs. To be noted
is that although a CD34+/CD90+ subpopulation of ASCs was
shown to express high levels of VEGF [13, 36], ASCs used in
this research were spontaneously CD34 negative, in line with
low expression level of VEGF. Elevated VEGF secretion is
known to contribute to additional deterioration in AMD
[37]. Finally, the proinflammatory cytokine IL-1β remained
unmodulated between P3 and P5. IL-1β was shown to be a
neurotoxic and proinflammatory mediator in the retina
[38]. High HGF secretion, accompanied with low or unmod-
ulated VEGF and IL-1β levels, is a highly valued property in
in vivo transplantation of ASCs.

Indeed, our mouse model for acute injury to RPE com-
bined with oxidative stress [19, 39] provided further support
for ASCs’ ability to protect the RPE and PR layers from oxi-
dative stress damage. The stronger staining of RPE65 in the
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Figure 5: Retinal pigment epithelium layer. (a) Retinal slices were stained with RPE65 antibody (red) and the nuclear dye DAPI (blue).
(b) RPE65 intensity was quantified by marking the RPE layer and measuring the fluorescence intensity compared to the image’s background
using ImageJ software. RPE layer staining was stronger in the eyes that received treatment with ASCs (p value = 0.0073). Yellow arrows
indicate the RPE layer. Bar = 50μm. ONL: outer nuclear layer; INL: inner nuclear layer; RGC: retinal ganglion layer. n = 8 for each
studied group.
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RPE layer, as well as the larger size of the PR layer, com-
pared to PBS treatment indicates that the damage induced
by NaIO3 was significantly reduced in the eyes treated
with ASCs. Moreover, the ONL layer thickness was pre-
served in ASC-treated mice. However, to note, these data
relate to a short treatment of 1 week, and the effect seen
in RPE, PR, and ONL layers did not translate to a full
recovery in retinal morphology to a healthy state. Thus,
future study will include observation of the therapeutic
effect of ASCs after a longer time in vivo as well as the
addition of functional studies such as ERG recordings
and fundus photographs to better characterize the protec-
tive effect shown here.

Thus, taken together, our results demonstrate the
potential of ASCs in treating stressed RPE by acting in
two distinct manners, one by protecting the RPE cells from
oxidative stress damage and the other by preventing fur-
ther damage, possibly via their regenerative capabilities,
as indicated in our animal experimentation. Combined with
the increase in ASCs’ migration in vitro in response to
stressed RPE medium, ASCs hold great promise as a poten-
tial therapeutic approach to treat retinal pathologies in
which RPE cells suffer an oxidative stress and cell death,

eventually allowing millions of people worldwide to main-
tain their eyesight.

Data Availability

The entire data used to support the findings of this study are
included within the article.

Conflicts of Interest

The authors have no conflicts of interest to declare.

Acknowledgments

This study was supported by a grant from the Moxie
Foundation and the Claire and Amédée Maratier Institute
for the Study of Blindness and Visual Disorders, Tel Aviv
University. We would like to acknowledge Dr. Michal Roll
PhD of Tel Aviv Medical Center for the strategic support
of this study.

Control

ONL
INL

PR

RGC
NalO3 +PBS NalO3 +ASC

50um 50um 50um

(a)

160

120

80

40

0
PBS ASC

Re
lat

iv
e s

iz
e o

f p
ho

to
re

ce
pt

or
 la

ye
r

(b)

10

8

6

4

2

0

N
o.

 o
f O

N
L 

la
ye

rs

PBS ASC

(c)

Figure 6: Photoreceptor layer size, rhodopsin labeling intensity, and ONL thickness. NaIO3 injection damages the RPE layer that nourishes
the photoreceptor layer. Rhodopsin is a light-sensitive protein found in rod cells. (a) Retinal slices were stained with propidium iodide
(nuclear dye) and rhodopsin antibody (green). The size of the photoreceptor layer (b) was measured by ImageJ software. The
photoreceptor layer in the retinas treated with ASCs was larger compared to that in the PBS-treated retinas (p value = 0.0505). (c) ONL
thickness was assessed by counting the number of nuclei rows at different points along the retinal length. ASC-treated eyes had
significantly more photoreceptor cells than PBS-treated mice (p value = 0.0013). Bar = 50 μM; yellow arrows indicate the PR layer. PR:
photoreceptor layer; ONL: outer nuclear layer; INL: inner nuclear layer; RGC: retinal ganglion layer. n = 8 for each studied group.

9Stem Cells International



Supplementary Materials

Table S1: primers used in quantitative RT-PCR experiments.
(Supplementary Materials)

References

[1] N. G. Bazan, “Cell survival matters: docosahexaenoic acid
signaling, neuroprotection and photoreceptors,” Trends in
Neurosciences, vol. 29, no. 5, pp. 263–271, 2006.

[2] J. S. L. Tan, J. J. Wang, V. Flood, E. Rochtchina, W. Smith, and
P. Mitchell, “Dietary antioxidants and the long-term incidence
of age-related macular degeneration: the Blue Mountains Eye
Study,” Ophthalmology, vol. 115, no. 2, pp. 334–341, 2008.

[3] T. Masuda, M. Shimazawa, and H. Hara, “Retinal diseases
associated with oxidative stress and the effects of a free radical
scavenger (edaravone),” Oxidative Medicine and Cellular Lon-
gevity, vol. 2017, Article ID 9208489, 14 pages, 2017.

[4] N. G. Bazan, J. M. Calandria, and C. N. Serhan, “Rescue and
repair during photoreceptor cell renewal mediated by docosa-
hexaenoic acid-derived neuroprotectin D1,” Journal of Lipid
Research, vol. 51, no. 8, pp. 2018–2031, 2010.

[5] S. E. G. Nilsson, S. P. Sundelin, U. Wihlmark, and U. T.
Brunk, “Aging of cultured retinal pigment epithelial cells:
oxidative reactions, lipofuscin formation and blue light dam-
age,” Documenta Ophthalmologica, vol. 106, no. 1, pp. 13–16,
2003.

[6] F. Q. Liang and B. F. Godley, “Oxidative stress-induced mito-
chondrial DNA damage in human retinal pigment epithelial
cells: a possible mechanism for RPE aging and age-related
macular degeneration,” Experimental Eye Research, vol. 76,
no. 4, pp. 397–403, 2003.

[7] J. L. Dunaief, T. Dentchev, G. S. Ying, and A. H. Milam, “The
role of apoptosis in age-related macular degeneration,”
Archives of Ophthalmology, vol. 120, no. 11, pp. 1435–1442,
2002.

[8] Y. Wang, D. Shen, V. M. Wang et al., “Enhanced apoptosis in
retinal pigment epithelium under inflammatory stimuli and
oxidative stress,” Apoptosis, vol. 17, no. 11, pp. 1144–1155,
2012.

[9] J. Hanus, H. Zhang, Z. Wang, Q. Liu, Q. Zhou, and S. Wang,
“Induction of necrotic cell death by oxidative stress in retinal
pigment epithelial cells,” Cell Death & Disease, vol. 4, no. 12,
p. e965, 2013.

[10] A. Barzelay, R. Levy, E. Kohn et al., “Power-assisted liposuc-
tion versus tissue resection for the isolation of adipose tissue-
derived mesenchymal stem cells: phenotype, senescence, and
multipotency at advanced passages,” Aesthetic Surgery Journal,
vol. 35, no. 7, pp. NP230–NP240, 2015.

[11] W. Tsuji, J. P. Rubin, and K. G. Marra, “Adipose-derived stem
cells: implications in tissue regeneration,” World Journal of
Stem Cells, vol. 6, no. 3, pp. 312–321, 2014.

[12] S. Ghannam, C. Bouffi, F. Djouad, C. Jorgensen, and D. Noel,
“Immunosuppression by mesenchymal stem cells: mecha-
nisms and clinical applications,” Stem Cell Research & Ther-
apy, vol. 1, no. 1, p. 2, 2010.

[13] G. A. Ferraro, F. De Francesco, G. Nicoletti et al., “Human
adipose CD34+ CD90+ stem cells and collagen scaffold con-
structs grafted in vivo fabricate loose connective and adipose
tissues,” Journal of Cellular Biochemistry, vol. 114, no. 5,
pp. 1039–1049, 2013.

[14] G. Y. Rochefort, B. Delorme, A. Lopez et al., “Multipotential
mesenchymal stem cells are mobilized into peripheral blood
by hypoxia,” Stem Cells, vol. 24, no. 10, pp. 2202–2208,
2006.

[15] P. A. Zuk, M. Zhu, H. Mizuno et al., “Multilineage cells from
human adipose tissue: implications for cell-based therapies,”
Tissue Engineering, vol. 7, no. 2, pp. 211–228, 2001.

[16] V. Morad, M. Pevsner-Fischer, S. Barnees et al., “The myelo-
poietic supportive capacity of mesenchymal stromal cells is
uncoupled from multipotency and is influenced by lineage
determination and interference with glycosylation,” Stem Cells,
vol. 26, no. 9, pp. 2275–2286, 2008.

[17] C. C. Liang, A. Y. Park, and J. L. Guan, “In vitro scratch assay: a
convenient and inexpensive method for analysis of cell migra-
tion in vitro,”Nature Protocols, vol. 2, no. 2, pp. 329–333, 2007.

[18] M. Moriguchi, S. Nakamura, Y. Inoue et al., “Irreversible
photoreceptors and RPE cells damage by intravenous sodium
iodate in mice is related to macrophage accumulation,”
Investigative Opthalmology & Visual Science, vol. 59, no. 8,
pp. 3476–3487, 2018.

[19] B. A. Berkowitz, R. H. Podolsky, J. Lenning et al., “Sodium
iodate produces a strain-dependent retinal oxidative stress
response measured in vivo using QUEST MRI,” Investigative
Opthalmology & Visual Science, vol. 58, no. 7, pp. 3286–
3293, 2017.

[20] J. Sun, M. Mandai, H. Kamao et al., “Protective effects
of human iPS-derived retinal pigmented epithelial cells in
comparison with human mesenchymal stromal cells and
human neural stem cells on the degenerating retina in rd1
mice,” Stem Cells, vol. 33, no. 5, pp. 1543–1553, 2015.

[21] H. Song, C. Vijayasarathy, Y. Zeng et al., “NADPH oxidase
contributes to photoreceptor degeneration in constitutively
active RAC1 mice,” Investigative Opthalmology & Visual Sci-
ence, vol. 57, no. 6, pp. 2864–2875, 2016.

[22] R. Kannan and D. R. Hinton, “Sodium iodate induced retinal
degeneration: new insights from an old model,” Neural Regen-
eration Research, vol. 9, no. 23, pp. 2044-2045, 2014.

[23] H. Mao, S. J. Seo, M. R. Biswal et al., “Mitochondrial oxidative
stress in the retinal pigment epithelium leads to localized reti-
nal degeneration,” Investigative Opthalmology & Visual Sci-
ence, vol. 55, no. 7, pp. 4613–4627, 2014.

[24] S. Li, Y. Deng, J. Feng, and W. Ye, “Oxidative preconditioning
promotes bone marrow mesenchymal stem cells migration
and prevents apoptosis,” Cell Biology International, vol. 33,
no. 3, pp. 411–418, 2009.

[25] J. Hanus, C. Anderson, and S. Wang, “RPE necroptosis in
response to oxidative stress and in AMD,” Ageing Research
Reviews, vol. 24, no. Part B, pp. 286–298, 2015.

[26] A. K. Singh, G. K. Srivastava, M. T. Garcia-Gutierrez, and
J. C. Pastor, “Adipose derivedmesenchymal stem cells partially
rescue mitomycin C treated ARPE19 cells from death in
co-culture condition,” Histology and Histopathology, vol. 28,
no. 12, pp. 1577–1583, 2013.

[27] C. S. Alge, S. M. Hauck, S. G. Priglinger, A. Kampik, and
M. Ueffing, “Differential protein profiling of primary versus
immortalized human RPE cells identifies expression patterns
associated with cytoskeletal remodeling and cell survival,”
Journal of Proteome Research, vol. 5, no. 4, pp. 862–878, 2006.

[28] S. Neuss, E. Becher, M.Woltje, L. Tietze, andW. Jahnen-Dech-
ent, “Functional expression of HGF and HGF receptor/c-met
in adult human mesenchymal stem cells suggests a role in cell

10 Stem Cells International

http://downloads.hindawi.com/journals/sci/2018/9682856.f1.docx


mobilization, tissue repair, and wound healing,” Stem Cells,
vol. 22, no. 3, pp. 405–414, 2004.

[29] L. Bai, D. P. Lennon, A. I. Caplan et al., “Hepatocyte growth
factor mediates mesenchymal stem cell-induced recovery in
multiple sclerosis models,” Nature Neuroscience, vol. 15,
no. 6, pp. 862–870, 2012.

[30] M. Jin, J. Yaung, R. Kannan, S. He, S. J. Ryan, and D. R.
Hinton, “Hepatocyte growth factor protects RPE cells from
apoptosis induced by glutathione depletion,” Investigative
Opthalmology & Visual Science, vol. 46, no. 11, pp. 4311–
4319, 2005.

[31] R. Kannan, M. Jin, M. A. Gamulescu, and D. R. Hinton,
“Ceramide-induced apoptosis: role of catalase and hepatocyte
growth factor,” Free Radical Biology and Medicine, vol. 37,
no. 2, pp. 166–175, 2004.

[32] W. Hu, M. H. Criswell, S. L. Fong et al., “Differences in the
temporal expression of regulatory growth factors during cho-
roidal neovascular development,” Experimental Eye Research,
vol. 88, no. 1, pp. 79–91, 2009.

[33] E. J. Duh, H. S. Yang, J. A. Haller et al., “Vitreous levels of
pigment epithelium-derived factor and vascular endothelial
growth factor: implications for ocular angiogenesis,” American
Journal of Ophthalmology, vol. 137, no. 4, pp. 668–674, 2004.

[34] M. Funk, D. Karl, M. Georgopoulos et al., “Neovascular age-
related macular degeneration: intraocular cytokines and
growth factors and the influence of therapy with ranibizu-
mab,” Ophthalmology, vol. 116, no. 12, pp. 2393–2399, 2009.

[35] Y. Y. Tsai, J. M. Lin, L. Wan et al., “Interleukin gene polymor-
phisms in age-related macular degeneration,” Investigative
Opthalmology & Visual Science, vol. 49, no. 2, pp. 693–698,
2008.

[36] F. De Francesco, V. Tirino, V. Desiderio et al., “Human CD34/
CD90 ASCs are capable of growing as sphere clusters, produc-
ing high levels of VEGF and forming capillaries,” PLoS One,
vol. 4, no. 8, article e6537, 2009.

[37] J. L. Kovach, S. G. Schwartz, H. W. Flynn, and I. U. Scott,
“Anti-VEGF treatment strategies for wet AMD,” Journal of
Ophthalmology, vol. 2012, p. 7, 2012.

[38] H. Oh, H. Takagi, C. Takagi et al., “The potential angiogenic
role of macrophages in the formation of choroidal neovascular
membranes,” Investigative Ophthalmology & Visual Science,
vol. 40, no. 9, pp. 1891–1898, 1999.

[39] Y. Yang, T. K. Ng, C. Ye et al., “Assessing sodium iodate-
induced outer retinal changes in rats using confocal scanning
laser ophthalmoscopy and optical coherence tomography,”
Investigative Opthalmology & Visual Science, vol. 55, no. 3,
p. 1696, 2014.

11Stem Cells International



Review Article
Mesenchymal Stem Cell Therapy for Ischemic Tissues

Kar Wey Yong ,1,2 Jane Ru Choi ,3,4 Mehdi Mohammadi,2,5 Alim P. Mitha,6

Amir Sanati-Nezhad,2,7 and Arindom Sen 1,7

1Pharmaceutical Production Research Facility, Department of Chemical and Petroleum Engineering, Schulich School of Engineering,
University of Calgary, 2500 University Drive NW, Calgary, AB, T2N 1N4, Canada
2BioMEMS and Bioinspired Microfluidic Laboratory, Department of Mechanical and Manufacturing Engineering, Schulich School
of Engineering, University of Calgary, 2500 University Drive NW, Calgary, AB, T2N 1N4, Canada
3Department of Mechanical Engineering, University of British Columbia, 2054-6250 Applied Science Lane, Vancouver, BC,
V6T 1Z4, Canada
4Centre for Blood Research, Life Sciences Centre, University of British Columbia, 2350 Health Sciences Mall, Vancouver, BC,
V6T 1Z3, Canada
5Department of Biological Sciences, University of Calgary, 2500 University Drive NW, Calgary, AB, T2N 1N4, Canada
6Department of Clinical Neurosciences, Foothills Medical Centre, University of Calgary, 3330 Hospital Drive NW, Calgary, AB,
T2N 4N1, Canada
7Center of Bioengineering Research and Education, Schulich School of Engineering, University of Calgary, 2500 University Drive NW,
Calgary, AB, T2N 1N4, Canada

Correspondence should be addressed to Arindom Sen; asen@ucalgary.ca

Received 2 March 2018; Revised 1 August 2018; Accepted 29 August 2018; Published 8 October 2018

Academic Editor: Leonora Buzanska

Copyright © 2018 Kar Wey Yong 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.

Ischemic diseases such as myocardial infarction, ischemic stroke, and critical limb ischemia are immense public health challenges.
Current pharmacotherapy and surgical approaches are insufficient to completely heal ischemic diseases and are associated with a
considerable risk of adverse effects. Alternatively, human mesenchymal stem cells (hMSCs) have been shown to exhibit
immunomodulation, angiogenesis, and paracrine secretion of bioactive factors that can attenuate inflammation and promote
tissue regeneration, making them a promising cell source for ischemic disease therapy. This review summarizes the pathogenesis
of ischemic diseases, discusses the potential therapeutic effects and mechanisms of hMSCs for these diseases, and provides an
overview of challenges of using hMSCs clinically for treating ischemic diseases.

1. Introduction

Ischemic diseases are usually characterized as a reduced
blood flow to a tissue or organ due to undesirable vascular
conditions, such as blood vessel stenosis or aneurysm rupture
[1]. Myocardial infarction, ischemic stroke, and critical limb
ischemia are the three most common ischemic diseases [2].
Reperfusion therapy (pharmaceutical or surgical approach)
is typically used to counteract these diseases. The clinical
administration of pharmaceuticals, such as thrombolytic
agents (e.g., recombinant tissue plasminogen activator or
streptokinase) and anti-inflammatory agents (e.g., statins),

is a common approach to treat the symptoms of these
diseases [3, 4]. However, the systemic administration of
such agents can cause a host of undesirable side effects
[5]. Surgical interventions are also commonly used (e.g.,
stent placement to block stenotic arteries) [6]. Surgical
approaches also suffer from several disadvantages: surgery
always has an associated risk, disease sites may be difficult
to manually access, and certain conditions are prone to
recurrence (e.g., restenosis of vessels). Thereby, surgical
approaches need long-term mentoring and repeated surgical
procedures [7]. Although both the pharmacotherapy and
surgical approaches may restore the functions of arteries,
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they cannot promote regeneration and functional recovery
of the surrounding tissues affected by ischemia. Thus,
alternative approaches are required.

Human mesenchymal stem cells (hMSCs) can be isolated
from various locations of the human body, e.g., bone
marrow, adipose, and umbilical cord [8, 9]. They are capable
of secreting bioactive factors for immunomodulation and
angiogenesis, which can help to promote tissue repair and
regeneration [10–12]. It has been shown that hMSCs may
suppress the activation and functions of leukocytes actively
involved in atherosclerosis, indicating their great potential
in repairing injured blood vessels for the prevention of tissue
ischemia [13]. If the injured blood vessel is beyond repair,
hMSCs can secrete angiogenic factors (especially vascular
endothelial growth factor (VEGF)) and differentiate into
endothelial cells for inducing angiogenesis in ischemic
regions and promote regeneration and functional recovery
of injured tissues [10, 14]. In addition, protocols to expand
hMSCs in culture to clinically significant levels have been
reported in both the presence and absence of animal serum
[15, 16]. With such fascinating properties, hMSCs can be
potentially used for clinical applications in vessel repair and
ischemic diseases and may be able to successfully treat
ischemic tissues (Figure 1). To date, positive outcomes have
been demonstrated for the treatment utility of hMSCs in
preclinical trials using animal models of ischemic diseases
[17–19]. Although preclinical trials have contributed much
to our understanding of the pathophysiological and thera-
peutic mechanisms of various diseases, translation of these
results to clinical trials have remained controversial [20].
There remains a lack of published clinical trials revealing
the therapeutic effectiveness of hMSCs in ischemic diseases,
such as myocardial infarction, ischemic stroke, and critical
limb ischemia, as most of the ongoing clinical trials still
remain at phase 1 for safety evaluation (http://www
.clinicaltrials.gov). Both evaluation of safety (phase 1) and

therapeutic efficacy (phase 2) are time-consuming due to
the lack of a suitable human in vitro ischemic disease model
for assessing the safety and effectiveness of stem cell therapy
from different aspects of cell dosage, cell source, and cell
administration methods and timing prior to clinical trials.

There exist several review articles focused on stem cell-
based therapy for stroke [21], peripheral arterial diseases
[22], and cardiovascular diseases [23]. In view of the rising
demand for the use of hMSCs in ischemic disease therapy,
there is a strong need for a timely review on therapeutic
mechanisms of hMSCs in ischemic diseases and challenges
in translating hMSCs to ischemic tissue-related clinical
applications. In this review, the pathogenesis of ischemic
diseases is first summarized. The potential therapeutic effects
and mechanisms of hMSCs in treating myocardial infarction,
ischemic stroke, and critical limb ischemia are highlighted.
Lastly, the challenges associated with the future translation
of hMSCs to the clinical settings in ischemic diseases are
briefly discussed.

2. Understanding Pathogenesis of Ischemic
Diseases for hMSC Therapy

Most ischemic diseases are caused by atherosclerosis, which
is a chronic arterial inflammatory disease resulted frommany
risk factors, including hypertension, hypercholesterolemia,
smoking, diabetes, and aging [24, 25]. Atherosclerosis is
associated with pathologic injury and dysregulation of the
endothelial cells lining the luminal wall of arteries, accumula-
tion of lipids, smooth muscle cells, leukocytes, “foam cells”,
and aggregated platelets at the arterial luminal wall, resulting
in plaque formation [26–28]. Both macrophages and platelets
actively secrete matrix metalloproteinases (MMPs) to induce
degradation of the collagenous extracellular matrix (ECM) of
a blood vessel [29, 30]. To counterbalance the MMP-
mediated degradation of ECM, smooth muscle cells migrate
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Figure 1: Main mechanisms of human mesenchymal stem cells (hMSCs) in the treatment of ischemic tissue. hMSCs repair ischemic tissues
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from the outer layers of the arterial wall (tunica media and
adventitia) to the tunica intima to increase the collagen pro-
duction rate [31]. However, it often results in undesirable
remodeling as macrophages secrete cytokines (e.g., tumor
necrosis factor (TNF)-α, interleukin (IL)-6, and IL-1β) to
induce apoptosis of smooth muscle cells [32]. Failure of
collagen production rate to offset the ECM degradation rate
results in the formation of atheromatous plaques with a thin
fibrous collagenous cap [33]. At this stage, transplantation of
hMSCs may suppress the functions of immune cells (MMP
activity and secretion of proinflammatory cytokines) and
restore collagen homeostasis, suggesting that hMSCs could
be explored to treat atherosclerosis for the prevention of
tissue ischemia [34].

Due to high shear stress in response to hemodynamic
alteration, ruptures may easily develop in atheromatous pla-
ques, causing bleeding which results in more recruitment of
platelets and triggering of a cascade of coagulation events
that leads to thrombus formation [35]. This in turn can cause
stenosis of arteries, resulting in the reduction of anterograde
blood flow and subsequently ischemic damage to down-
stream tissues [35]. For example, myocardial infarction and
ischemic stroke are ischemic diseases caused by the stenosis
of coronary arteries and cerebral arteries, respectively, which
cause high rates of morbidity and mortality in patients [36].
Owing to the ability of hMSCs to secrete angiogenin factors
and undergo endothelial differentiation, hMSCs may pro-
mote angiogenesis to restore blood flow to the ischemic
tissues for tissue regeneration and functional recovery [37].

3. Potential Therapeutic Effects and
Mechanisms of hMSCs in Ischemic Diseases

3.1. Myocardial Infarction. Myocardial infarction occurs
upon partial or complete blockage of coronary arteries in
the heart, leading to ischemia and possibly death of cardiac
tissues supplied by those arteries [38]. Preclinical trials of
myocardial infarction induced by coronary artery occlusion
in animals have shown that hMSCs can induce angiogene-
sis and promote regeneration and functional recovery of
the ischemic heart tissues. Local transplantation of hMSCs
in animal models has been effective in inducing angiogene-
sis by differentiating into endothelial cells to form new
blood vessels at the border zone of infarcted cardiomyo-
cytes. These cells have shown the expression of endothelial
markers CD31, CD34, CD36, Egr-3, vWf, and VEGF recep-
tor [37, 39]. The in vivo differentiation of hMSCs to endothe-
lial cells is particularly efficient when they are administered as
a three-dimensional spherical cell mass (3DCM) composed
of cells within a substrate containing basic fibroblast growth
factor (bFGF). In fact, bFGF enhances 3D clustering of
hMSCs. The cell aggregates not only support survival or per-
sistence of hMSCs in the host but also are capable of trapping
hMSC-secreted VEGF for further inducing their endothelial
differentiation via the Rho/myocardin-related transcription
factor-A signaling pathway [37, 40]. In addition, hMSCs
may augment endogenous neovascularization through para-
crine secretion of soluble factors (e.g., VEGF and bFGF) or
extracellular vesicles containing proteins (e.g., platelet-

derived growth factor receptor) and microRNAs that con-
tribute to angiogenic activity [17, 41–44]. To improve the
angiogenic properties (endothelial differentiation and angio-
genic factor secretion), hMSCs can be genetically modified by
overexpressing granulocyte chemotactic protein 2 (GCP-2),
angiopoietin-1 (Ang-1), or hepatocyte growth factor to
enhance their therapeutic effects on myocardial infarction
[45–47]. Moreover, hMSCs may activate endogenous cardiac
stem cells for myocardial regeneration through the paracrine
mechanisms or direct cell-to-cell contact with cardiac stem
cells [41, 48]. Combination cell therapy of hMSCs and
human cardiac stem cells was more effective in reducing
myocardial infarct size as compared to using either cell ther-
apy alone [49].

On the other hand, it has been suggested that hMSCs may
provide myocardial protection by suppressing inflammation
within the ischemic cardiac tissue through their potent
immunomodulatory capabilities [50]. hMSCs were found to
promote M2 monocyte polarization (a conversion process
from cardiotoxic M1 monocytes to anti-inflammatory and
cardioprotective M2 monocytes) by enhancing expression
of CD73 on monocytes. These CD73+ monocytes produce
adenosine (a strong anti-inflammatory purine nucleoside)
that is capable of inhibiting activation of other immune cells
[51, 52]. Evidence has demonstrated that transplanted MSCs
promote CD73 expression on host macrophages in the
animal models of myocardial infarction [52].

Recently, cardiac adipose tissue has been identified as a
novel source of MSCs. Unlike other MSCs, they possess
cardiac-like and endothelial phenotypes that may greatly
enhance their therapeutic potential in myocardial infarction
[53]. Interestingly, it was found that transplanted cardiac
adipose-derived MSCs are superior to MSCs derived from
bone marrow and subcutaneous adipose tissues in the
reduction of myocardial infarct size in the animal models
of myocardial infarction under similar experimental condi-
tions [54]. Like other hMSCs, cardiac adipose-derived
MSCs repair infarcted myocardial tissues by promoting
endogenous neovascularization through paracrine mecha-
nisms or endothelial differentiation [53]. Evidence has
shown that cardiac adipose-derived hMSCs are more effec-
tive than those isolated from subcutaneous adipose tissues
in terms of inducing neovascularization [55]. Since cardiac
cells are constantly subjected to electrical and mechanical sig-
nals, electromechanically stimulated cardiac adipose-derived
hMSCs could be a promising therapeutic strategy for
myocardial infarction [56].

Taken together, following a successful reperfusion ther-
apy, transplantation of hMSCs may restore blood flow to
the ischemic heart, reduce infarct size, and restore the left
heart ventricular function through angiogenesis, myocardial
protection, and regeneration (Figure 2). To date, several
published clinical trials of myocardial infarction have
revealed that transplanted hMSCs reduce the infarct size,
improve the heart contractility, or improve the left ventricu-
lar ejection fraction with a low risk of adverse effects [57].
The clinical trial database (http://www.clinicaltrials.gov)
demonstrates 33 ongoing registered clinical trials of hMSCs
at phase 1 or phase 2 for myocardial infarction.
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3.2. Ischemic Stroke. Ischemic stroke is one of the leading
causes of human mortality and morbidity (e.g., permanent
neurological disability) worldwide. It is resulted from occlu-
sion of the artery supplying the blood to the brain due to
embolus or thrombus, leading to loss of neural cells and
disruption of brain function [21, 58]. Preclinical trials of
ischemic stroke using animal models of cerebral artery
occlusion have shown that implanted hMSCs may trigger
angiogenesis, which in turn can enhance neurogenesis and
neurological functional recovery. Implantation of hMSCs
has been demonstrated to induce angiogenesis at the border
zone of ischemic neural tissues through the paracrine mech-
anisms. In overall, hMSCs were found to secrete various
angiogenic factors, including VEGF and Ang-1, to promote
endogenous neovascularization [18, 59, 60]. Upon depriva-
tion of oxygen and glucose, neurons release γ-secretase, a
protease which upregulates the expression of key Notch-1
signaling components in hMSCs, such as Notch-1, Notch-1
intercellular domain, and Hes-1, resulting in activation of
Notch-1 signaling. This signaling enhances the expression
of hypoxia-inducible factor (HIF)-1α and increases the secre-
tion of VEGF from hMSCs [59]. In addition, Hes-1 may
inhibit the activity of phosphatase and tension homolog
(PTEN) and thus further upregulating the secretion of VEGF
[61]. Ang-1 released by hMSCs stabilizes the new blood
vessels formed in response to VEGF by inducing vessel
sprouting and branching. These vessels become resistant
to leak and damage by inflammatory cells and soluble
factors [60].

Besides VEGF and Ang-1, in response to HIF-1α,
hMSCs secrete neurotrophic factors (e.g., glial-derived neu-
rotrophic factor and brain-derived neurotrophic factor) to
support survival and proliferation of endogenous neural
progenitor cells and subsequently mediate their differenti-
ation into mature neurons or glial cells [62, 63]. More-
over, hMSCs may secrete platelet-derived growth factor
(PDGF) to promote M2 macrophage polarization (a conver-
sion process from neurotoxic M1 macrophage to anti-
inflammatory and neuroprotective M2 macrophage) for
neurovascular and neuronal remodeling [13]. PDGF may
also induce proliferation of vascular smooth muscle cells
for arteriogenesis [13]. In short, hMSCs may secrete various
soluble factors to promote endogenous angiogenesis for
restoring blood to the brain, support endogenous neurogen-
esis, and restore the neurological functions (as indicated
by the improved motor function, coordination, and reflex
response) (Figure 3). To date, several published clinical
trials of ischemic stroke have shown that transplantation
of hMSCs into patients with successful reperfusion therapy
reduce the stroke lesion volume and promote the neurologi-
cal functional recovery. This success is indicated by improve-
ment in the human functional behavioral and sensorimotor
assessments, such as modified Rankin scale score, Barthel
index, Fugl-Meyer scale, European stroke scale, and National
Institutes of Health Stroke Scale [64, 65]. The clinical trial
database (http://www.clinicaltrials.gov) demonstrates 15
ongoing registered clinical trials of hMSCs at phase 1 or
phase 2 for ischemic stroke.

Damaged
myocardium

Improved cardiac
function

Autocrine

Paracrine

Stem cell renewal

Paracrine
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cardiac stem cells

Myocardial
regeneration

Myocardial
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Neovascularization

Figure 2: Implantation of hMSCs may repair damaged myocardium via the paracrine mechanisms. hMSCs can secrete various angiogenic
factors to support neovascularization, myocardial protection, and regeneration, leading to improved cardiac function in myocardial
infarction models. This image is adapted from [108] published under the Creative Common Attribution License.
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3.3. Critical Limb Ischemia. Critical limb ischemia is an
obstruction of the arteries that reduces blood flow to the
limbs, leading to permanent disability and eventually, limb
loss [66]. Preclinical trials of critical limb ischemia using
the animal models of hindlimb ischemia have demonstrated
that hMSCs may induce angiogenesis and rescue the ische-
mic hindlimbs. For instance, transplanted hMSCs were
found to undergo in vivo differentiation into endothelial cells,
as indicated by the presence of human endothelial markers,
such as CD31, CD34, vascular endothelial cadherin, endothe-
lial nitric oxide synthase and vWf, and the formation of new
blood vessels [67, 68]. It was shown that hindlimb ischemia
models treated with hMSCs isolated from adipose tissues
have a better recovery of blood flow and higher limb salvage
rate than those treated with hMSCs derived from bone
marrow [69]. It was found that hMSCs isolated from adipose
tissues express a high level of MMP-3 and MMP-9, which
may increase the release of VEGF, enabling hMSCs to
efficiently differentiate into endothelial cells [69]. Further
improvement of the limb salvage rate was observed in the
ischemic hindlimb models treated with 3DCM composed of
hMSCs on a substrate with immobilized bFGF [68]. Hypoxic
conditioning and genetic modification of hMSCs can further
increase the secretion of angiogenic factors, such as VEGF,
bFGF, PDGF, and Ang-1, resulting in an enhanced angio-
genesis and recovery of blood flow to the ischemic hindlimbs
[19, 70–72]. Collectively, hMSCs may restore blood flow to
the ischemic hindlimb and thus, prevent limb loss via

endothelial differentiation and paracrine mechanisms. To
date, several published clinical trials of critical limb ischemia
have shown that transplantation of hMSCs into patients
with successful reperfusion therapy reduce leg ulcer size,
restore limb perfusion (as indicated by improvement in
ankle-brachial index and transcutaneous oxygen measure-
ment at the limbs), or recover limb function (as indicated
by improvement in pain-free walking distance and time)
[22, 73]. The clinical trial database (http://www.clinicaltrials
.gov) demonstrates 10 ongoing registered clinical trials of
hMSCs at phase 1 or phase 2 for critical limb ischemia.

4. Challenges Associated with Future
Translation of hMSCs to Ischemic
Disease Therapy

There are some advantages and limitations of using hMSCs
for the treatment of ischemic tissues (Table 1). Overall, many
positive outcomes have been reported in preclinical trials
utilizing hMSCs to treat ischemia-related medical conditions.
These results have spurred ongoing clinical trials. However,
the benefits observed in preclinical animal models have not
yet been reproduced consistently in humans using conven-
tional cell therapies. Conventional cell infusion approaches
have been associated with complications, such as poor cell
engraftment, short duration of cell persistence in the host,
and low cell survival rate, in both animal models and human
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Figure 3: Implantation of hMSCs may repair damaged neural cells induced by stroke through the paracrine mechanisms. hMSCs can
secrete various angiogenic and neurotrophic factors to support endogenous angiogenesis, neurogenesis, and gliogenesis, leading to
improved neurological function in ischemic stroke models. This image is adapted from [109] published under the Creative Common
Attribution License.
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[74, 75]. These are likely due in part to the loss of homing and
engraftment potential in cultured hMSCs after expanding
under conventional cell culture conditions [74, 76]. Addi-
tionally, some animal models may not accurately mimic the
conditions of human diseases [20]. Taken together, these
may lower the successful rate of translation from animal
models to clinical trials. Hence, there are increasing number
of studies focused on techniques involving bioprocessing and
tissue engineering (e.g., in vitro human tissue models, scaf-
fold, and cellular imaging) to improve the translation rate
of hMSCs. For example, a bioactive construct can be created
by combining hMSCs with natural or synthetic scaffolds that
possess similar characteristics as the native tissues to improve
its integration into target ischemic tissues for tissue repair
and regeneration. Moreover, such bioactive construct can
be used on human in vitro ischemic disease models to
evaluate its effectiveness prior to clinical trials.

4.1. Bioprocessing of hMSCs. There are a number of chal-
lenges that need to be addressed before hMSCs can achieve
their widespread clinical applications. For example, in studies
published to date, the MSC cell populations used were
isolated from a number of varieties of tissues using different
methodologies and expanded in culture using nonstandard
protocols. In addition, many of the reported studies utilized
cells exposed to animal-based serum. Standard culturing
methods need to be developed, tested, and implemented to
adhere to regulatory standards, achieve safe and reproducible
results in a clinical setting, and make them translational.
Important bioprocessing considerations include identifica-
tion of proper cell source (autologous versus allogeneic),
cell locations (e.g., bone marrow, adipose tissue, and syno-
vial membrane), culture medium, static versus dynamic
(bioreactor-based) culture, and long-term storage. More-
over, other considerations related to the administration of
cells include optimization of cell dosage, cell administration
method (cell alone versus cell-laden scaffold), and timing.
Although work to address some of these important concerns
is already well underway [15, 16, 77–81], it would take a
considerable amount of time before these cells can be widely
implemented clinically to treat ischemic tissues.

To date, significant efforts have been devoted towards the
translation of hMSC-based therapy such as using bioreactors
for cell population expansion and differentiation, developing
animal component-free growth media, and generating cell

banking protocols [82–84]. First, it is essential to optimize
the procedures for isolation, expansion, and storage of
hMSCs to ensure that only hMSCs are expanded within a
specific duration for avoiding long-term expansion, which
would increase the risk of harmful genetic transformation.
For instance, a microcarrier-based stirred suspension biore-
actor has demonstrated its capability to expand hMSCs from
5× 105 cells to a clinically relevant cell number (6× 108 cells)
within a short duration (33 days) [16]. Besides that, hMSCs
can be stored in master cell banks and comprehensively
characterized at the time prior to clinical use. The large-
scale production of safe and effective hMSCs should be
in compliance with current good manufacturing practice
(GMP) regulations. With the use of bioreactors incorporated
with in-process control, this may automate the workflow and
monitor the culture conditions, resulting in a good yield of
clinical-grade cells. Additionally, the growth medium of
hMSCs must be free of animal products, and the media for-
mulations must be fully well-defined [15, 80]. For adminis-
tration of hMSCs treatment in patients, a strictly accessible
environment is required to reduce batch-to-batch variations
of hMSCs and reduce the risk of contamination.

4.2. Development of a Functional Human In Vitro Ischemic
Disease Model. One notable challenge has been the lack of a
functional human in vitro ischemic disease model in which
research can be easily undertaken to determine the details
and efficacy of hMSC implementation. The only viable
option to date has been the use of animals, which has ethical
concerns and is costly and only available as an option to
those who have the proper animal care facilities. Develop-
ment of human in vitro ischemic disease tissue models is
certainly a crucial need to overcome this research bottleneck.
Three-dimensional biomimetic in vitro tissue models are
conducive to the investigation of tissue or cell physiology in
a systematic and repetitive manner, less time consuming, less
expensive, allow high-throughput testing, and can be used in
a standard manner across different research facilities [85].
This could facilitate the rapid translation of promising lab
results to the clinic.

With the advances in microfluidic and hydrogel fabrica-
tion technologies, multiple techniques (e.g., needle-based
molding, dissolvable network-based sacrificial molding,
and bioprinting) have tremendous potential to generate
3D biomimetic blood vessels that can be used to develop

Table 1: The advantages and limitations of hMSCs for the treatment of ischemic tissues.

Advantages Limitations

hMSCs may repair injured vessels and ischemic tissues through their
unique immunomodulation properties and paracrine mechanisms [13].

It is difficult to obtain sufficient numbers of healthy autologous
hMSCs from elderly patients or patients with severe diseases [101].

hMSCs can be isolated from various locations within the human body
and easily expanded in vitro [102].

The successful rate of differentiation of transplanted hMSCs into
fully functional cardiomyocytes or neurons in a recipient remains

elusive [103].

hMSCs provide a less invasive treatment procedure with low risk
of adverse effects compared to surgical and pharmacological
approaches [104]. hMSCs have a limited replicative lifespan [107].
hMSCs are relatively well characterized, and its clinical use can avoid the
ethical concerns related to embryonic stem cells [105, 106].
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an in vitro ischemic disease and atherosclerotic models [86].
Among the microfabrication techniques, needle-based mold-
ing has been mostly utilized to develop biomimetic blood
vessels for many applications, e.g., drug permeability testing
and mechanical studies [87, 88]. A cylindrical vessel is gener-
ated by preinserting a cylindrical object (e.g., wire, needle, or
rod) followed by casting a hydrogel (e.g., collagen type I and
fibrin) around it and finally removing the cylindrical object
after gel polymerization. This simple method is constrained
to the fabrication of simple linear cylindrical vessels [89].
This vessel can, however, be functionalized with human
endothelial cells cultured at the inner wall of the vessel while
human perivascular cells (e.g., vascular smooth muscle cells,
pericytes, and astrocytes) cultured in the wall surrounding
the vessel [89, 90]. Following functionalization, this blood
vessel can be subjected to biochemical cues (e.g., low-
density lipoprotein, high-density lipoprotein, and human
whole blood) and mechanical cues (e.g., flow-induced shear
stress) to create functional human in vitro atherosclerotic
models [91, 92]. This biomimetic model would be useful for
exploring potential therapeutic effects of hMSCs in athero-
sclerosis for the prevention of tissue ischemia. If hMSCs
can successfully treat atherosclerosis and repair injured blood
vessels, hMSC transplant may be able to replace reperfusion
therapy. Moreover, with the addition of organ-specific cells
(e.g., cardiomyocytes and neurons) and blood components
into these atherosclerotic models, in vitro functional human
ischemic heart or brain disease tissue models can be devel-
oped. Such biomimetic in vitro disease models may assist in
comprehensively elucidating the therapeutic mechanisms of
hMSCs in the ischemic diseases, which allows for optimiza-
tion of their cell processing procedures and improvement
of their therapeutic benefits for ischemic diseases.

For dissolvable network-based sacrificial molding tech-
nique, a preformed cylindrical vessel made by sacrificial
material (e.g., gelatin or Pluronic F127 fugitive ink) is first
encapsulated in a hydrogel. Gelatin or Pluronic F127 fugi-
tive ink is eventually liquefied by incubation at 37°C or
4°C under a modest vacuum, respectively, and removed
from the hydrogel after gel polymerization to form a hol-
low cylindrical vessel in the hydrogel [93, 94]. In recent,
bioprinting integrated with the dissolvable network-based
sacrificial molding and layer-by-layer bonding technique
is developed to print living cells in a 3D structure with a
vessel. However, some limitations (e.g., repeatability and
resolution for 3D vascular structure construction, required
cell density, and cell damage due to high-speed deposition)
still remain unresolved [86]. These methods can also be
used to generate a functional human in vitro ischemic
disease model for hMSC therapy.

4.3. Engraftment and Persistence of Transplanted hMSCs in
the Host. Engraftment and persistence of transplanted
hMSCs in a host are major challenges to be solved in stem-
cell based therapy [76]. It seems that the engraftment rate
of hMSCs is low, and hMSCs may not persist for longer
periods in a host, thereby may reduce their therapeutic
efficacy. For instance, whereas a majority of hMSCs were
found to be dead within 3 days after implantation in the

animal models of myocardial infarction, positive outcomes
were still observed [75, 95]. Treatment of hMSCs on a func-
tional human ischemic disease model can enable researchers
to determine hMSC engraftment rates, and evaluate the per-
sistence of these cells within tissues by using a noninvasive
cellular imaging modality. Imaging modalities, such as mag-
netic resonance imaging and bioluminescence imaging, have
been shown to be capable of tracking transplanted stem cells
in animal models of ischemic stroke and myocardial infarc-
tion, respectively, in real-time [96, 97]. This may help to
explore the underlying mechanisms of stem cell therapy
for ischemic diseases. Moreover, both engraftment and
persistence of hMSCs can be improved with various methods
(e.g., cytokines, hypoxia, and material-based approach)
which may potentially improve their therapeutic efficacy
[95, 98, 99]. For instance, 3D fibrin-cell patches were found
to improve persistence duration and survival of transplanted
hMSCs in the animal models of myocardial infarction,
thereby improved the cardiac functions [100]. This scaffold
may protect hMSCs from anoikis and improve interaction
between hMSCs and ischemic tissues for effective stem cell
therapies. By having the human in vitro ischemic disease
models, these modified hMSCs are readily to be tested
in vitro, which is something that is difficult to be performed
in a clinical trial.

5. Conclusions

hMSCs have demonstrated their potential therapeutic
effects on the ischemic diseases (including myocardial
infarction, stroke, and critical limb ischemia) due to their
excellent properties in immunomodulation, angiogenesis,
and paracrine secretion of bioactive factors. The mode of
action of hMSCs on the ischemic diseases is by means of
paracrine mechanisms, endothelial differentiation, or direct
cell-to-cell contact. However, their comprehensive therapeu-
tic mechanisms in ischemic diseases, especially in attenuating
atherosclerosis (main culprit for the ischemic diseases),
remain elusive which requires further investigation. With
the advances in microfluidic and hydrogel fabrication tech-
nologies, human in vitro ischemic disease tissue models are
expected to be developed rapidly to accelerate the develop-
ment of efficient hMSC-based therapeutics. With the excep-
tional and fascinating properties of hMSCs, it is envisioned
that hMSCs would be an excellent cell source for a wide
variety of clinical applications, including but not limited to
ischemic diseases.
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The resident microglial and infiltrating cells from peripheral circulation are involved in the pathological processes of ischemia
stroke and may be regulated by mesenchymal stem/stromal cell (MSC) transplantation. The present study is aimed at
differentiating the neurotrophic and inflammatory roles played by microglial vs. infiltrating circulation-derived cells in the acute
phase in rat ischemic brains and explore the influences of intravenously infused allogeneic MSCs. The ischemic brain injury was
induced by distal middle cerebral artery occlusion (dMCAO) in SD rats, with or without MSC infusion in the same day
following dMCAO. Circulation-derived infiltrating cells in the brain were identified by Ly6C, a majority of which were
monocytes/macrophages. Without MSC transplantation, among the infiltrated Ly6C+ cells, some were positive for BDNF, IL-1β,
or TNF-α. Following MSC infusion, the overall number of Ly6C+ infiltrated cells was reduced by 50%. In contrast, the
proportions of infiltrated Ly6C+ cells coexpressing BDNF, IL-1β, or TNF-α were significantly enhanced. Interestingly, Ly6C+

cells in the infarct area could produce either neurotrophic factor BDNF or inflammatory cytokines (IL-1β or TNF-α), but not
both. This suggests that the Ly6C+ cells may constitute heterogeneous populations which react differentially to the
microenvironments in the infarct area. The changes in cellular composition in the infarct area may have contributed to the
beneficial effect of MSC transplantation.

1. Introduction

Mesenchymal stem/stromal cells (MSCs) have a potential for
treatment of neurological diseases, such as stroke. Bone
marrow-derived MSCs (BM-MSCs) show merits in that they
can be allogeneically or autologously transplanted without
raising ethical or immunological problems.

The therapeutic mechanisms of intravenous MSC trans-
plantation have been mainly ascribed to the neurotrophic
and anti-inflammatory effects [1]. MSCs are capable of

secreting a lot of cytokines and eliciting the host to pro-
duce many kinds of neurotrophic factors, including brain-
derived neurotrophic factor (BDNF) [2], glial cell-derived
neurotrophic factor (GDNF) [3], and insulin growth factor-1
(IGF-1) [4].

Inflammatory responses in stroke, including immune
cells, cytokines, and chemokines, are important for stroke
development and recovery. Local microglial cells and
periphery circulation-derived cells, such as monocytes/mac-
rophages, are important participants in stroke-induced
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inflammation and can be both beneficial and detrimental
after stroke injury. Despite extensive studies on microglia in
stroke, the roles of periphery-derived cells during ischemic
stroke have not been fully characterized [5, 6].

We have previously shown a rapid accumulation of
ionized calcium binding adaptor molecule-1- (Iba-1-) posi-
tive microglia in the injured cerebral cortex two days after
dMCAO in rats [7]. After intravenous MSC transplantation,
the concentrations of neurotrophin BDNF and proinflam-
matory cytokines TNF-α and IL-1β are all increased [7]. It
will be interesting to examine the respective contribution
from microglial vs. infiltrated cells in production of BDNF,
TNF-α, and IL-1β.

However, microglial and infiltrating monocytes/macro-
phages share many features. Iba-1 expression does not
allow complete discrimination of resident microglia from
infiltrated monocytes/macrophages. Other commonly used
pan-markers for microglia, such as CD11b, isolectin (IB4),
and F4/80, are not specific enough either [6]. CD45 alone
is not sufficient because although infiltrated hematopoietic
cells express high levels of CD45, activated microglia express
low levels of CD45 too [8].

It is therefore important to find a marker that can differ-
entiate microglia from infiltrated monocytes/macrophages in
rats. Ly6C+ cells represent circulation-derived monocytes/
macrophages in mice and human [9, 10]. Whether the same
holds true in rats is one of the questions that will be
addressed in the current study.

One of the main therapeutic effects of MSCs after stroke
is the neurotrophic effects [11]. Neurotrophins, such as
BDNF, may be derived from the MSCs that have migrated
into the brain, the endogenous neurons, and/or microglia/
macrophages. BDNF is distributed in substantial amount
in the ischemic core, peri-ischemic core cortex, ipsilateral
striatum, and contralateral hemisphere [2, 12]. BDNF plays
a crucial role in neuronal survival and plasticity, and its
importance for stroke recovery has been demonstrated in
Kurozumi’s study. MSCs are transfected with BDNF, ciliary
neurotrophic factor (CNTF), or neurotrophin 3 (NT3) vec-
tors. Rats that undergo middle cerebral artery occlusion
(MCAO) and receive MSC-BDNF exhibit significantly better
functional recovery than do control stroke rats. MCAO rats
that have received MSC-CNTF and MSC-NT3 do not show
significant improvement vs. control stroke rats [13, 14].

We have previously found that in the ischemic brain,
BDNF is expressed in NeuN-positive neurons and CD68-
positive microglia/macrophages in the peri-infarct areas,
but mainly by Iba-1-positive microglia in the infarct core
[7]. Whether BDNF production can be derived from infil-
trated cells and regulatable by MSC treatment is still unclear,
and the current studywill try to address thesequestions aswell.

The other main therapeutic mechanism underlying MSC
effect in stroke is the immunosuppressive effects, including
downregulation of proinflammatory cytokines produced by
microglia/macrophages [15]. Macrophage infiltration is nor-
mally thought to exacerbate focal inflammatory responses
and further damage the brain by producing proinflammatory
cytokines, such as TNF-α and IL-1β [16, 17]. As the most
studied cytokines in adult stroke, IL-1β and TNF-α have

been found to exacerbate brain damage by directly induc-
ing neuronal injury and via consequent production of addi-
tional cytokines/chemokines and upregulation of adhesion
molecules [18, 19]. Some groups found that IL-1β and
TNF-α are expressed in largely segregated populations of
CD11b+CD45dim microglia and CD11b+CD45high macro-
phages in mice [20].

In the current study, we will investigate whether neuro-
trophic factor BDNF and proinflammatory factors IL-1β
and TNF-α are produced by infiltrated cells and how the pro-
duction is regulated by MSC treatment.

2. Materials and Methods

2.1. DistalMiddle Cerebral Artery Occlusion (dMCAO)Model,
Peripheral Macrophage Depletion, and Cell Transplantation.
The performance of allogeneic bone marrow MSC culture,
cell transplantation, dMCAO model establishment, and
behavioral tests have been described in our previous study
[7]. In brief, 1× 106 MSCs in 1mL 0.9% saline were adminis-
tered via intravenous injection one hour after ischemia. One
mL of 0.9% saline was given to the ischemia vehicle group
(n = 10 per group).

Intravenous administration of clodronate liposomes was
widely used for depletion of the monocyte/macrophage pop-
ulation in blood circulation. Clodronate liposomes do not
affect CNS-resident microglia because they cannot pass the
blood-brain barrier (BBB). In this study, clodronate lipo-
somes (Liposoma BV, Amsterdam, Netherlands) were intra-
peritoneally injected 1, 2, and 3 days before the dMCAO. The
dose of clodronate liposomes was 50mg/kg according to the
manufacturer’s instructions. PBS injection was used as a neg-
ative control [21, 22].

The SD rats used in this study were divided into three
groups, “sham” controls (skullwas openedbutwithout arterial
occlusion), “ischemia + vehicle” group (dMCAOmodels with
saline injection), and “ischemia +MSC” group (dMCAO
models with MSC infusion). Three time points, 3, 24, and
48 h post-ischemia, were chosen. Under each condition, 5–10
rats were included.

2.2. Immunohistochemistry. The rats were anesthetized and
transcranially perfused with 0.9% saline, followed by cold
4% formaldehyde (PFA). The brains were removed, postfixed
in 4% PFA for 24h, and stored in 30% sucrose/PBS at 4°C. All
brains were sectioned on vibrating microtome at 40μm
thickness. Free-floating sections across the entire brains
were collected.

Immunohistochemistry and cell counting were per-
formed as previously described [7]. In brief, floating brain
sections were incubated in 0.3% Triton-100 PBS for 30min
and blocked with 2% donkey serum in PBS for 30min at
room temperature (RT). Sections were incubated overnight
with Ly6C primary antibody (1 : 500 dilution, Santa Cruz
Biotechnology, CA, USA). In the following day, sections were
rinsed 3× 15 minutes in TBS and incubated with FITC- or
Cy3-conjugated secondary antibodies (1 : 300; Immune-
Jackson Inc., CA, USA) for 2 h at RT. The sections were
reblocked by 2% donkey serum in PBS for 30min, then
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incubated with anti-CD45 (1 : 200 dilution, eBioscience, CA,
USA), anti-CD68 (1 : 500 dilution, Chemicon, Temecula,
CA, USA), biotin-conjugated anti-BDNF (1 : 500 dilution,
R&D Systems, Minneapolis, USA), biotin-conjugated anti-
TNF-α (1 : 500 dilution, R&D Systems, Minneapolis, USA),
or biotin-conjugated anti-IL-1β antibodies (1 : 500 dilution,
NeoBioscience Technology Co., Ltd, Shanghai, China). Other
primary antibodies used included rat anti-rat Ly6C primary
antibody (1 : 500 dilution, Santa Cruz Biotechnology, CA,
USA), mouse anti-rat neutrophil elastase (1 : 500 dilution,
Santa Cruz Biotechnology, CA, USA), and mouse anti-rat
CD3 (1 : 500 dilution, NeoBioscience Technology Co., Ltd,
Shanghai, China).

After being washed by PBS for 3 times, secondary anti-
bodies were applied for 2 hours, followed by DAPI treatment
for 20min. Control reactions for antibody specificity were
performed by omission of the primary antibodies. After
being mounted onto slides, the positive cells were counted
using a TCS SP5 II confocal laser scanning microscope
(Leica, Wetzlar, Germany) at 200x magnification. The con-
focal settings, such as gain and offset, were designed to
ensure that all pixels of all the selected sections were
within the photomultiplier detection range. The setting was
maintained to ensure all images were collected with the
same parameters.

2.3. Cell Counting. In our experiments, the distribution of
Ly6C, Iba-1, and BDNF was not restricted within the infarct
area. For analysis, we counted the cells only in the cortical
infarct areas.

The border zone between infarcted and healthy brain tis-
sue is compartmentalized into an inner macrophage-rich
part and a more peripheral zone dominated by reactive
astrocytes [23, 24]. Based on this concept and the demarca-
tion method of Gelosa et al. [25], we outlined the inner
infarct boundary zone (IBZ) as within 400μm to the bound-
ary line between the normal and infarct areas. The counting
region is a 1.6mm × 0.8mm rectangle (rectangle in
Figure 1(i)), which is located in the infarct cortex area and
adjacent to the inner IBZ.

The selection of sections for each rat was in accordance
with Simsek and Duman [26]. For each section, the Ly6C-
positive and Ly6C/BDNF-, Ly6C/TNF-α-, and Ly6C/IL-1β
double-positive cells that were located in the counting
region were counted as previously described [26, 27].
The numbers of neurotrophils (neurotrophil elastase+) and
T cells (CD3+) coexpressing BDNF, TNF-α, and IL-1β were
also counted. The number of labeled cells was calculated in
3 coronal sections from each rat, located between −2.0mm
and 2.0mm to the bregma and expressed as the mean num-
ber of cells per view field (20x objective). The estimated cell
numbers were determined using the method of Simsek and
Duman [26]. All analyses were performed by investigators
blinded to the sample identity and treatment groups.

2.4. Statistics. The data of cell counting were expressed as m
ean ± SEM. The comparisons were analyzed by one-way
analysis of variance (one-way ANOVA) and Bonferroni-

Dunnett corrections using SPSS 10.0. The level of signifi-
cance of all comparisons was set at p < 0 05.

3. Results

The success of ischemia model generation was validated by
HE staining. The mortality rates of animals following
dMCAO for the sham control, “ischemia + vehicle,” and
“ischemia +MSCs” groups were 0, 16.7%, and 13.3%,
respectively. There was no significant difference of mortal-
ity rates between the groups.

3.1. Ly6C+ Cells at the Infarct Area in Rat Brains Are
Circulation-Derived Cells. Accumulation of Ly6C+ cells in
the infarct area boundary zone (IBZ) was induced continu-
ously over time following ischemia (Figures 1(a)–1(d)). The
lineage identification is shown in Figures 1(e)–1(h), and the
demarcation of inner IBZ and counting region was demon-
strated in Figure 1(i).

Brain slices of naïve rats (no surgical operation, no
dMCAO, and no MSC infusion) were stained, and no
Ly6C+ cells in the cerebral cortex was detected, suggesting
that the Ly6C+ cells observed in the dMCAO brains were
derived from peripheral circulation (Figure S1A–D).

To further confirm the origin of Ly6C+ cells in dMCAO
brains, we deleted the monocytes/macrophages in the
periphery by i.p. injection of clodronate liposomes, which
cannot cross BBB and therefore do not affect brain-resident
microglia. Two days after dMCAO, the number of Ly6C+

cells in the cerebral cortex was reduced by 80–90% as com-
pared with the sham group (Figure S1E–H).

In sham control rats, almost no Ly6C-expressing cells
were found in the ischemia core cortex. Only after ischemia
occurred did the Ly6C+ cells emerge in the infarct boundary
zone (Figure 1(a)). Three hours after ischemia, Ly6C+ cells
began to appear in the infarct area (Figure 1(b)). At 24
and 48 h, more and more Ly6C+ cells accumulated around
almost the entire cerebral ischemia core cortex and striatum
and were distributed widely in the ischemic hemisphere
(Figures 1(c) and 1(d)). In contrast, few Ly6C+ cells were
located in the ipsilateral cortex in the sham group 3, 24,
and 48 h after ischemia.

At two days after the onset of ischemia, immunohistolo-
gical examination showed strong expression of Ly6C in the
infarct area (Figure 1(e)). The strong expression of CD45
(Figures 1(f)–1(h)) together with Ly6C reactivity confirmed
that the cells were derived from periphery circulation.

3.2. Ly6C+ Cells Represent a Population Partly Overlapping
with Iba-1+ Cells. To delineate the histological distribution
and find out to what extent the two markers are over-
lapped, we performed double immunohistochemistry for
Iba-1 and Ly6C.

A large portion of Ly6C+ cells were found accumulated in
the inner infarct boundary zone and in the infarct area
(Figures 2(a)–2(d)) after ischemia induction. The distribu-
tion of Iba-1+ cells was wider than that of Ly6C+ cells.
Plenty of Iba-1+ cells were detected not only in the infarct
area but also in the intact ipsilateral cortex (Figures 2(e)–2(h)),
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striatum, and corpus callosum (Figures 2(i)–2(l)) and even in
the contralateral hemisphere. In the intact areas of both
contra- and ipsilateral hemispheres, the majority of the
Iba-1+ cells were of magnified morphology, and in the
infarct, the predominant morphology of Iba-1+ cells was
amoeboid-like round (Figures 2(d), 2(h), and 2(l)).

Only in the infarct cortex and the inner IBZ were a
few Ly6C+ cells reactive for Iba-1 (Figures 2(a)–2(d)).
The percentage of double labeled Iba-1+/Ly6C+ cells in
the infarct area and the inner IBZ was 30.18 ± 8.57%
and 30.91 ± 15.56% among the Iba-1+ cells, respectively
(Figures 2(m) and 2(n)). Among the Ly6C+ cells, about
25.35 ± 3.26% coexpressed Iba-1 in the infarct area and
24.68 ± 4.14% coexpressed Iba-1 in the IBZ. There was
no significant difference between the numbers at the infarct
area and the inner IBZ. After MSC transplantation, the over-
lapping percentage of Iba-1+ and Ly6C+ cells was not chan-
ged in the infarct area and inner IBZ.

In peri-infarct area (Figures 2(e)–2(h)), striatum, and cor-
pus callosum (Figures 2(i)–2(l)), few Ly6C+ cells were found,
and they were negative for Iba-1 (Figures 2(o) and 2(p)).

When all of the Iba-1+ cells, including the contra- and
ipsilateral cortices, striatum, and corpus callosum, were taken
into account, the overlapped proportion with Ly6C was less
than 0.01% among the Iba-1+ cells.

3.3. Ly6C+ Cell Is One of the Major Contributors for BDNF
Production. We have shown that in the ipsilateral ischemia
core cortex, Iba-1+ cells are one of the main sources for the
production of BDNF [7]. Other cell types, such as CD68+

microglia, and NeuN+ neurons, are partly responsible for
production of BDNF, even after the induction of ischemia.
But all of these cells together do not represent the entire
BDNF+ population. These results strongly suggest that
there are other cell types as the source of BDNF in the
infarct region.

Sham 

Ly6C/DAPI

(a)

dMCAO 3 h

Ly6C/DAPI

(b)

dMCAO 24 h

Ly6C/DAPI

(c)

dMCAO 48 h

Ly6C/DAPI

(d)

dMCAO 48 h

Ly6C

(e)

dMCAO 48 h

CD45

(f)

dMCAO 48 h

DAPI

(g)

dMCAO 48 h

Ly6C/CD45/DAPI

(h)

Peri-infarct Inner infarct boundary zone 

Counting region 

Striatum 

(i)

Figure 1: Ly6C+ cells in the ischemic core cortex. The number of Ly6C+ cells gradually increases at the IBZ of infarct dMCAO in rats. (a)
Ly6C staining of the sham group. (b) Ly6C staining of the infarct area 3 h after the onset of ischemia. (c) 24 h. (d) 48 h. (e) Ly6C staining
in the infarct area at 48 h. (f) CD45 staining in the same view field as (e). (g) DAPI nucleus staining. (h) Merged image of (e), (f), and (g),
showing that Ly6C-positive cells are all CD45-positive. Arrow: double-labeled cells. (i) Cerebral infarct of the “ischemia + vehicle” group,
as stained by triphenyltetrazolium chloride (TTC). Rectangle: the area where cell counting was performed. Dotted lines: the boundary of
the infarct areas. Scale bar, 50 μm.
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We performed double immunohistochemistry for BDNF
and Ly6C (Figure 3) and found that, two days after ischemia
onset, BDNF expression was enhanced in infiltrating Ly6C+

cells in the ischemia core cortex as compared with the sham
control group, and only in the infarct area was BDNF

staining found overlapped with Ly6C (Figures 3(a)–3(d)).
The numbers of Ly6C+ cells, BDNF single-positive cells,
Ly6C+/BDNF+ double-positive cells were 93.8 ± 14.56,
40.2 ± 9.59, and 29.7 ± 6.18 per view field, respectively
(Figure 3(k)).

Ly6C

Infarct

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

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

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

(m) (n) (o) (p)

Iba-1 DAPI Ly6C/Iba-1/DAPI

Ly6C

Peri-
infarct

Iba-1 DAPI Ly6C/Iba-1/DAPI

Ly6C

Striatum
&

corpus
callosum

Iba-1 DAPI Ly6C/Iba-1/DAPI

Ly6C/Iba-1/DAPI Ly6C/Iba-1/DAPI Ly6C/Iba-1/DAPI Ly6C/Iba1/DAPI

Figure 2: Few Ly6C+ cells are double-stained with Iba-1 in the ischemia core cortex at day 2. (a–d) Distribution of Ly6C+ and Iba-1+ cells in
the infarct areas. (e–h) Distribution of Ly6C+ and Iba-1+ cells in the peri-infarct area of the ipsilateral cortex. (i–l) Distribution of Ly6C+ and
Iba-1+ cells in the ipsilateral striatum and corpus callosum. (a, e, i) Ly6C staining. (b, f, j) Iba-1. (c, g, k) DAPI nucleus staining. (d, h, l)
Double-stained Ly6C+/Iba-1+ cells. (d) Ly6C+/Iba-1+ cells scattered in the infarct area (right square) and the inner infarct boundary zone
(left square). (h) Very few Ly6C+ cells were found in the ipsilateral peri-infarct area (to the left of the dashed line). (l) Very few Ly6C+

cells were found in the ipsilateral striatum (to the left of the dashed line) and corpus callosum (to the right of the dashed line), and no
double stained Ly6C+/Iba-1+ cells were spotted in the striatum or corpus callosum. Arrow: double-labeled cells. Scale bar, 50 μm. (m) (left
square in (d)): in the inner infarct boundary zone, 30–40% of Ly6C+ cells were Iba-1-positive. (n) (right square in (d)): in the infarct area,
20–30% of Ly6C+ cells were Iba-1-positive. (o, p) (squares in (h) and (l)): very few or no double-stained Ly6C+/Iba-1+ cells was spotted in
the striatum or corpus callosum. Scale bar: (a–l) 250 μm and (m–p) 50μm.
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MSC treatment reduced the quantity of Ly6C+ cells that
had infiltrated into the brain to 35.7 ± 7.04 per view field,
but increased the number of BDNF+ cells to 55.7 ± 10.10
(Figures 3(e)–3(k)). MSC transplantation did not change the
number of Ly6C+/BDNF+ double-positive cells (25.5 + 4.45),
but increased the proportion of Ly6C+ cells coexpressing
BDNF from 32.40 ± 7.25% before MSC treatment to 71.65 ±
4.26% after treatment (Figures 3(i), 3(j), and 3(l)).

We have previously reported that BDNF expression was
enhanced in Iba-1+ cells following ischemia [7]. Although
around 25% of Ly6C+ cells were also Iba-1-positive in the
infarct area, the current study strongly suggested that
Ly6C+ cells may be another major contributor for BDNF

production since the proportion of Ly6C+ cells coexpressing
BDNF was dramatically enhanced to 71.65 ± 4.26% after
MSC treatment.

3.4. Ly6C+ Cells Positive for IL-1β Are Upregulated by MSC
Treatment. We examined IL-1β reactivity in Ly6C+ cells in
the ischemia vehicle group (Figures 4(a)–4(d)) and in the
ischemia +MSC group (Figures 4(e)–4(h)). The ischemia
vehicle group showed a higher level of IL-1β compared to
the sham control group (data not shown, p < 0 01), as evi-
denced by the increased number of IL-1β+/Ly6C+ cells in
the infarct area.
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Figure 3: Ly6C+ cells are one of the major contributors for BDNF production at day 2. (a–d) Distribution of Ly6C+ and BDNF+ cells in the
infarct before MSC transplantation. (e–h) Distribution of Ly6C+ and BDNF+ cells in the infarct after MSC transplantation. (a, e) Ly6C
staining. (b, f) BDNF. (c, g) DAPI nucleus staining. (d) Double-stained Ly6C+/BDNF+ cells scattered in the infarct area after dMCAO. (h)
Ly6C+/BDNF+ cells 2 days after MSC transplantation. (i, j) Squares in (d) and (h). Ly6C+ cell number was reduced in the infarct area 2
days after MSC transplantation, and the quantity and percentage of double-stained BDNF+ Ly6C+ cells were increased in these areas. (k)
The cell counting results of Ly6C+, BDNF+, and Ly6C+/BDNF+ cells before and after MSC transplantation. (l) The percentage of Ly6C+/
BDNF+ cells among Ly6C+ cells was increased by MSC treatment. (∗p < 0 05 and ∗∗p < 0 01, as compared with the ischemia vehicle
group). Arrow: double-labeled cells. n = 5; scale bar: (a–h) 250μm and (i, j) 50μm.
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MSC transplantation reduced the number of Ly6C+ cells
infiltrated into the brain but increased the number of IL-1β+

cells from 24.75 ± 7.35 per view field before MSC transplan-
tation to 41 ± 6.82 after transplantation (p < 0 01,
Figure 4(k)). After all, the quantity of IL-1β+/Ly6C+

double-positive cells was increased by MSC treatment from
12.5 ± 2.18 to 23.75 ± 3.16 per view field (p < 0 01,
Figure 4(k)). The percentage of IL-1β+/Ly6C+ double-
positive cells in the entire Ly6C+ cells was also increased by
MSC treatment from 12.30 ± 2.03% to 38.62 ± 7.99%
(p < 0 01, Figure 4(l)).

We have previously reported that IL-1β protein level
was enhanced in the infarct area 48 h after MSC trans-
plantation [7]. The results from the current study suggest
that Ly6C+ infiltrated cells in the brain may have contrib-
uted to this enhancement.

3.5. MSC Treatment Induces TNF-α Expression in Ly6C+

Cells. It was previously reported that in mouse stroke
models, microglia are the main producer of TNF-α while
macrophages are of IL-1(b) [20]. We examined TNF-α reac-
tivity in Ly6C+ cells in the ischemia vehicle group and in the
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Figure 4: MSC treatment reduces the quantity of Ly6C+ cells but increases the proportion that produces IL-1β at day 2. (a–d) Distribution of
Ly6C+ and IL-1β+ cells in the infarct before MSC treatment. (e–h) Distribution of Ly6C+ and IL-1β+ cells in the infarct after MSC treatment.
(a, e) Ly6C staining. (b, f) IL-1β staining. (c, g) DAPI nucleus staining. (d) Double-stained Ly6C+/IL-1β+ cells scattered in the infarct area 2
days after dMCAO. (h) Ly6C+/IL-1β+ cells in the infarct area 2 days after MSC transplantation. (i) The magnified image of the square in (d).
(j) The magnified image of the square in (h). (k) Ly6C+ cell number was reduced in the infarct area 2 days after MSC transplantation, but the
quantity of IL-1β+ cells and IL-1β+/Ly6C+ cells was increased in the infarct area. (l) The percentage of Ly6C/IL-1β double-positive cells
among the whole Ly6C+ cells was increased by MSC treatment. (∗p < 0 05 and ∗∗p < 0 01, as compared with the ischemia vehicle group).
Arrow: double-labeled cells. n = 5; scale bar: (a–h) 250 μm and (i, j) 50 μm.

7Stem Cells International



ischemia +MSC group. In the ischemia vehicle group
(Figures 5(a)–5(d)), few TNF-α+/Ly6C+ double-positive cells
were detected in the infarct area (Figures 5(d) and 5(i)). The
numbers of TNF-α single-positive and TNF-α+/Ly6C+

double-positive cells were 31 ± 7.87 and 1.0 ± 1.73 per
view field in the ischemia vehicle group, and the propor-
tion of Ly6C+ cells coexpressing TNF-α was 0.9 ± 1.2%
(Figures 5(k) and 5(l)).

After MSC treatment, TNF-α expression was upregulated
(Figures 5(e)–5(h)). The distribution of TNF-α+/Ly6C+ cells
was still restricted within the infarct area and was not chan-
ged by MSC treatment (Figure 5(j)). The proportion of

Ly6C+ cells coexpressing TNF-α was significantly increased
(19.67 ± 6.54%) vs. the ischemia vehicle group (0.9 ± 2.2%,
p < 0 01) (Figure 5(l)). Also, the number of TNF-α+/Ly6C+

double stained cells was enhanced to 7.5±0.87 per view
field (Figure 5(k)).

3.6. Iba-1+ Cells Are Not the Source of TNF-α or IL-1β
Production in Rat Ischemia Brains and Cannot Be Induced
by MSC Treatment. After the onset of ischemia in rats, in
the contralateral hemisphere of the ischemia vehicle group,
the Iba-1+ cells with resting morphology were found in the
intact cortex, striatum, and corpus callosum, but in these
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Figure 5: MSC increases the proportion of Ly6C+ cells coexpressing TNF-α in the ischemia core of the cortex at day 2. (a–d) Distribution of
Ly6C+ and TNF-α+ cells in the infarct area before MSC treatment. (e–h) Distribution of Ly6C+ and TNF-α+ cells in the infarct area after MSC
treatment. (a, e) Ly6C staining. (b, f) TNF-α staining. (c, g) DAPI nucleus staining. (d) Double-stained Ly6C+/TNF-α+ cells scattered in the
infarct area 2 days after dMCAO. (h) Ly6C+/TNF-α+ cells in the infarct area 2 days after MSC transplantation. (i) The magnified image of the
square in (d). (j) The magnified image of the square in (h). (k) The quantities of Ly6C+, TNF-α+, and TNF-α+/Ly6C+ double-positive cells
were increased in the infarct area. (l) The percentage of TNF-α+/Ly6C+ double-positive cells among the entire Ly6C+ cells was increased
by MSC treatment. (∗p < 0 05 and ∗∗p < 0 01, as compared with the ischemia vehicle group). Arrow: double-labeled cells. n = 5; scale bar:
(a–h) 250 μm, (i, j) 50 μm.
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areas, TNF-α or IL-β reactivity was not detected (image not
shown). In the ipsilateral hemisphere, Iba-1+ microglia of
both activated and resting forms were detected, but the rest-
ing phenotype existed in the infarct core cortex and intact
striatum, whereas the active form was only found in the
infarct core cortex.

In the infarct area, the spatial distribution of Iba-1 signals
was correlated with those of TNF-α (Figures 6(a)–6(h)),
although the two signals were never overlapped, whether in
the infarct area (Figures 6(a)–6(d)) or the intact striatum
and corpus callosum (Figures 6(e)–6(h)). Some CD68+ cells
in the infarct area (possibly activated microglia) were positive
for TNF-α (Figures 6(i)–6(l)).

Similarly, the distribution of Iba-1+ and IL-β+ cells was
spatially correlated but not overlapped (Figures 7(a)–7(h)).
We have previously reported that the number of Iba-1+ cells
can be regulated by MSC infusion [7]. The current results
indicated that in mild damage such as dMCAO, MSC

treatment did not alter production levels of TNF-α or IL-β
from Iba-1+ cells. Iba-1+ cells might not be the target of
MSC regulation with respect to secretion of proinflammatory
cytokines TNF-α and IL-β.

3.7. BDNF-Positive Cells Do Not Overlap with TNF-α- or IL-
1β-Positive Cells. Ischemia-induced accumulation of Ly6C+

cells was localized in the ischemia core cortex and the sur-
rounding areas, the same region where BDNF+ cells resided.
Here raises a question of whether BDNF and proinflamma-
tory cytokines, such as TNF-α or IL-β, can be produced in
the same cell positive for Ly6C.

We examined BDNF reactivity in TNF-α+ and IL-β+ cells
(not restricted to macrophages) two days after stroke. No
BDNF+ cells were double labeled with TNF-α+ or IL-β+ cells
in the brain, whether at the ischemia damaged areas or the
intact areas (Figure 8).
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Figure 6: CD68+ microglia but not Iba-1+ cells express TNF-α in the ischemia ipsilateral hemisphere at day 2. (a–d) Distribution of Iba-1+

and TNF-α+ cells in the infarct areas after MSC transplantation. (e–h) Distribution of Iba-1+ and TNF-α+ cells in the striatum after MSC
transplantation. (i–l) Distribution of CD68+ and TNF-α+ cells in the infarct areas after MSC transplantation. (a, e) Iba-1 staining. (i)
CD68 staining. (b, f, j) TNF-α. (c, g, k) DAPI nucleus staining. (d) No double-stained Iba-1+/TNF-α+ cells were found in the infarct area
after dMCAO. (h) No Iba-1+/TNF-α cells was found 2 days after MSC transplantation in the striatum. (l) Some CD68+ cells in the infarct
areas were positive for TNF-α. Arrow: double-labeled cells. Scale bar, 250μm.
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3.8. Ly6C+ Cells Are Partly Positive for Neutrophil Antigen
Neutrophil Elastase (NE) or T Cell Antigen CD3.We also tried
to identify the cell populations that comprise the Ly6C+ cells
in the ischemic brain. Since most of the granulocytes are neu-
trophils in the blood of rats, we selected neutrophil elastase
(NE), to identify neutrophils in the brain. Approximately
8.62 ± 2.62% of Ly6C+ cells coexpressed NE in the infarct
areas (Figure S2A–D). MSC transplantation did not change
the proportion significantly (9.31 ± 2.45%).

We also examined the coexpression of Ly6C and T cell
marker CD3. Around 15.21 ± 4.62% of Ly6C+ cells in the infarct
areas coexpressedCD3 (Figure S2E–H).MSC transplantation did
not significantly change the proportion either (17.31 ± 5.45%).

Here raised another question—could these overlapping
cells also contribute to the production of BDNF, TNF-α,

and IL-1β following dMCAO? We found that very few
NE- or CD3-positive cells were double-stained with BDNF
(<1%) (Figure S3A–H). In terms of IL-1β, it was expressed
by nearly 2% NE+ neutrophils and 3–5% CD3+ T cells
(Figure S4A–H). Only 1–2% NE+ neutrophils and 2–4%
CD3+ T cells expressed TNF-α (Figure S5A–H).

The results suggest that it is probably the infiltrating
monocytes/macrophages that are the major contributors for
Ly6C+ cells that coexpress BDNF, TNF-α, or IL-1β.

4. Discussion

In the acute and subacute phases, resident microglial activa-
tion [28] and infiltration of circulating leukocytes to the
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Figure 7: CD68+ microglia but not Iba-1+ cells express IL-β in the ischemic ipsilateral hemisphere at day 2. (a–d) Distribution of Iba-1+ cells
and IL-β+ cells in the infarct areas after MSC transplantation. (e–h) Distribution of Iba-1+ cells and IL-β+ cells in the striatum after MSC
transplantation. (i–l) Distribution of CD68+ cells and IL-β+ cells in the infarct areas after MSC transplantation. (a, e) Iba-1 staining. (i)
CD68 staining. (b, f, j) IL-β. (c, g, k) DAPI nucleus staining. (d) No double-stained Iba-1+/IL-β+ cells were found in the infarct area after
dMCAO. (h) No Iba-1+/IL-β+ cells were found 2 days after MSC transplantation in the striatum and corpus callosum after MSC
transplantation. (i–l) Some CD68+ cells were positive for IL-β. Arrow: double-labeled cells. Scale bar, 250μm.
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ischemic brain [29] are the key features of the neuroimmuno-
logical responses to brain ischemia.

Previously, both microglia and infiltrated circulating leu-
kocytes have been considered by many researchers to be
harmful to the brain, since inhibition of some of these
inflammatory responses improved the outcome in animal
experiments. However, clinical trials aimed at inhibiting
microglial activation or preventing leukocyte trafficking into
the ischemic brain were unsuccessful [30]. It is nowadays
accepted that the roles of inflammation in stroke are com-
plicated in that they play both harmful and protective
functions. This may be one reason why previous clinical
trials of inhibiting immunological responses in stroke uni-
formly failed [30, 31].

Immune cells present in the healthy CNS and those
recruited into stroke lesions are heterogeneous, including
neutrophils, monocytes, macrophages, dendritic cells, T and
B lymphocytes, and natural killer cells. Among these cells,
monocytes/macrophages are important in the development
of cerebral ischemia damages.

Given the importance of microglia and monocytes/mac-
rophages in the stroke damage and that the marker “Iba-1”
is normally expressed by both microglia and macrophages,
it is important to identify a specific marker for infiltrated
monocytes/macrophages in the ischemic brain.

Since Ly6C is widely used as the marker of mouse and
human monocytes/macrophages, we selected Ly6C in this
rat stroke study. Firstly, Ly6C+ cells were not detected in
brains of naïve rats and were only detected in brains of
dMCAO rats. Secondly, depletion of peripheral immune cells
by treatment with clodronate liposomes led to 80–90%
reduction in the number of Ly6C+ cells in dMCAO brains.

Together with the observation that Ly6C+ cells were also
CD45+ in infarcted rat brains, it is suggested that Ly6C+ cells
in the brain represent circulation-derived infiltrated cells.

In ischemic brains, around 25% of Ly6C+ cells were
double-positive for Iba-1, and these double-stained cells were
only detected inside the infarct areas. It is possible that some
of the infiltrating Ly6C+ immune cells may become Iba-1+

over time.
CD68 is another important microglial marker. In our

study, although, functionally, CD68+ cells were a separated
population from Iba-1+ cells, morphologically, CD68+ cells
were part of Iba-1+ cells (Figure S6). Less than 5% of Ly6C+

cells were double-positive for CD68 (Figure S6), indicating
that Ly6C+ cells are mostly a different population than acti-
vated microglial cells.

Our results also suggest that Ly6C+ cells in the ische-
mic brains were not purely monocytes/macrophages and
included approximately 10% NE+ neutrophils and 15%
CD3+ T cells. However, the infiltrated neutrophils and T
cells did not produce BDNF, and only few of them (1–5%)
were positive for TNF-α or IL-1β two days after dMCAO.
Among the Ly6C+ infiltrated cells, it is probably mono-
cytes/macrophages that are the major contributors for pro-
duction of BDNF, IL-1β, and TNF-α.

The spleen was reported to be a major reservoir of undif-
ferentiated Ly6C+ cells and proinflammatory cytokines that
are readily mobilized during inflammatory processes, includ-
ing stroke [5]. In this study, we found that dMCAO leads to
infiltration of Ly6C+ cells into the brain after stroke. It was
reported that systemic administration of human umbilical
cord blood progenitor cells (HUCBC) significantly reduces
the number of macrophage/microglia in the injured brain
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Figure 8: BDNF-producing cells do not overlap with TNF-α-or IL-1b-expressing cells at day 2. (a–d) Distribution of BDNF+ cells and IL-β+

cells in the infarct areas after MSC transplantation. (e–h) Distribution of BDNF+ cells and TNF-α+ cells in the infarct area after MSC
transplantation. (a, e) BDNF staining. (b) IL-β. (f) TNF-α. (c, g) DAPI nucleus staining. (d) No double-stained BDNF+/IL-β+ cells were
found in the infarct area after dMCAO. (h) No BDNF+/TNF-α+ cells were found 2 days after MSC transplantation in the striatum and
corpus callosum after MSC transplantation. Scale bar, 250μm.
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and maintains the size of the spleen [14]. In our study, the
number of infiltrated Ly6C+ cells was significantly reduced
after MSC infusion. The MSCs that had migrated into the
spleen may be responsible for these effects by an immune-
inhibitory mechanism [32].

On the other hand, inflammation can also be seen as part
of a protective response indispensable for limiting stroke-
induced brain damage and inducing repair. The beneficial
effects of inflammation at least include direct neuroprotec-
tion through neurotrophins.

One of the best understood trophic factors in the context
of stroke is BDNF, which promotes neurological recovery fol-
lowing middle cerebral artery occlusion [33]. BDNF can be
produced by neurons through neuronal activity-dependent
exocytosis. Our previous study showed that BDNF can also
be secreted by Iba-1+ microglia [7]. Now we have demon-
strated that monocytes/macrophages are probably another
important participant that mediates the neurotrophic effects
after dMCAO. At 48 h after ischemia onset, nearly 32.40% of
Ly6C+ cells were BDNF-positive. Although MSC infusion
reduced the total number of Ly6C+ cells in the brain, MSC
treatment nevertheless enhanced the total number of
BDNF+/Ly6C+ cells and increased the percentage of BDNF-
producing cells among the infiltrated monocytes/macro-
phages in the infarct area two days after ischemia onset.

In our previous study, we have shown that in the infarct
areas, proinflammatory cytokines IL-1β and TNF-α levels
are increased [7]. However, the cell types that have contrib-
uted to production of these two cytokines have not been
carefully examined. In the current study, we looked mainly
into monocytes/macrophages and microglia for cytokine
production. Quantification of cells using secretory proteins
such as cytokines and growth factors by immunostaining is
challenging. Perhaps a better approach to overcome the lim-
itation is quantifying the transcript as validation, which will
be employed in our future studies.

In terms of IL-1β, 12.30 ± 2.03% of infiltrated Ly6C+ cells
were positive for IL-1β after ischemia, and MSC treatment
increased the percentage to 38.62 ± 6.99%. MSC treatment
also increased the numbers of IL-1β+ and IL-1β+/Ly6C+ cells
from 24.75 ± 7.35 and 12.5 ± 2.18 to 41.00 ± 6.82 and
23.75 ± 3.16 per view field, respectively.

Interestingly, very few Ly6C+ cells expressed TNF-α
before MSC transplantation (0.9 ± 1.0 per view field).
After MSC treatment, although the quantity of Ly6C+ cells
decreased in the brain, the number of TNF-α+/Ly6C+ cells
and its proportion among Ly6C+ cells both increased.

Ritzel et al. have shown that, in mice, 72 h after a 90min
MCAO, monocytes/macrophages accumulated in the ische-
mic brain compared to sham controls. Microglia produce rel-
atively higher levels of reactive oxygen species and TNF-α,
whereas monocytes/macrophages are the predominant IL-
1β producer [20]. Unexpectedly, in the current study,
Iba-1+ microglial cells did not express any significant level
of TNF-α or IL-1β, whether in the infarct area, the intact
cortex and striatum, or the corpus callosum. Some CD68+

cells (possibly activated microglia in our study) were positive
for TNF-α or IL-1β (Figures 6 and 7). Ischemic damage and
MSC transplantation after stroke did not induce the Iba-1+

cells to produce TNF-α or IL-1β either. It seems that, in the
current experimental setting and with respect to only
microglia and monocytes/macrophages, infiltrated mono-
cytes/macrophages, rather than microglia, are the predomi-
nant contributors for IL-1β and TNF-α production.

In our study, intravenous transplantation of mesenchy-
mal stem cells reduces the number of infiltrated macrophages
but enhances the proportions positive for BDNF, TNF-α,
and IL-1β in the infarct cortices of dMCAO rats. The pos-
sible mechanisms may include, but may not be limited to,
the following.

The majority of infused MSCs are trapped in the lung
and spleen. Spleen is one of the organs that play an
important role in the periphery after stroke. In the case
of severe ischemia, the spleen contracts under the regula-
tion of the hypothalamic-pituitary-adrenal axis and the
sympathetic nervous system. This reduction in spleen size
is associated with increased release of immune cells and
proinflammatory cytokines into the blood, a greater extent
of infiltration of leukocytes and monocytes, and a higher
level of microglial activation in the brain. It seems that
intravenous infusion of MSCs may suppress the “overacti-
vated” inflammation and immune reaction in the spleen,
reduce the influx of immune cells, prevent the exhaustion
of immune capacities of spleen, and eventually avoid
immunosuppression in stroke patients [34].

A noteworthy phenomenon was that only the Ly6C+ cells
located in the infarct area were positive for BDNF or proin-
flammatory cytokines IL-1β and TNF-α. The majority of
Ly6C+ cells surrounding the infarct area were negative for
BDNF, TNF-α, and IL-1β. Two interesting aspects were
implicated in this observation. First, after infusion, MSCs
mostly accumulated at the peri-infarct areas too. The spatial
correlation suggests that MSCs may have influenced the infil-
trated cells through a paracrine and/or cell-cell contact
mechanism. Second, Ly6C+ cells in the infarct areas could
be positive for either BDNF or proinflammatory cytokines
(IL-1β and TNF-α), but not for both, whereas Ly6C+ cells
at the peri-infarct areas were mostly negative for all three.
These results suggest that the infiltrated cells, including
monocytes, may be intrinsically heterogeneous and can react
differentially to different microenvironments. Microglia can
be categorized into M1 and M2 subtypes, and the two sub-
types can be switched in a certain context [34, 35]. Microglia
originate from the hematopoietic lineage and are derived
from the infiltrated monocytes during embryo development
[21]. Like microglia, monocytes are possibly heterogeneous
as well. Further efforts are warranted to identify the molecu-
lar cues in the infarct and peri-infarct areas that can induce
infiltrated monocytes to assume different phenotypes. Once
identified, these cues may offer a potential candidate for
manipulating the functions of macrophages and improve
the treatment of stroke.
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Primary Sjögren’s syndrome (pSS) is a chronic systemic inflammatory autoimmune disease characterized by lymphocytic infiltrates
in exocrine glands. Current approaches do not control harmful autoimmune attacks or prevent irreversible damage and have
considerable side effects. Mesenchymal stem cells (MSCs) have been effective in the treatment of several autoimmune diseases.
The objective of this review is to illustrate the potential therapeutic role of MSCs in pSS. We summarize the recent advances in
what is known about their immunomodulatory function and therapeutic applications in pSS. MSC transfusion can suppress
autoimmunity and restore salivary gland secretory function in mouse models and patients with pSS by inducing regulatory T
cells, suppressing Th1, Th17, and T follicular helper cell responses. In addition, MSCs can differentiate into salivary epithelial
cells, presenting an option as a suitable alternative treatment. We also discuss current bioengineering methods which improve
functions of MSCs for pSS. However, there remain many challenges to overcome before their wide clinical application.

1. Introduction

Primary Sjögren’s syndrome (pSS) is a chronic, systemic
autoimmune disease characterized by lymphocytic infiltrates
in salivary and lacrimal glands which lead to the destruction
of these glands. It affects globally 0.05–1% of people, with
manifestations including xerostomia (dry mouth), dental
caries, and xerophthalmia (dry eye) [1]. Activated B lym-
phocytes are another hallmark of the disease [2]; many
antibodies appear in the circulation and tissues. Accord-
ingly, systemic extraglandular involvement is common,
including synovitis, interstitial lung disease, neuropathy,
renal disease, vasculitis, and autoimmune cytopenias [3].
Furthermore, approximately 5–10% of patients may develop
lymphoma, mainly the mucosa-associated lymphoid tissue
non-Hodgkin lymphoma, which represents the most severe
complication of the disease [4]. Although the exact etiology
is unclear, it is known that adaptive and innate immune cell
imbalances are involved in the pathogenesis of pSS [5–7].

Current approaches such as traditional disease-modifying
antirheumatic drugs and biologic agents do not cure this dis-
ease and have considerable side and toxic effects [8]. Thus,
the development of novel treatments is critically important
for pSS.

Mesenchymal stem cells (MSCs), a group of mesodermal
and ectodermal origin multipotent stromal cells, are first dis-
covered by Friedenstein et al. [9]. MSCs have a capacity of
self-renewal and differentiation into osteoblasts, adipocytes,
and chondrocytes [10, 11]. They are of interest due to their
rapid proliferation in vitro and strong immunomodulation
[12]. Notably, MSCs have been successfully isolated from
almost all adult tissues, including bone marrow, umbilical
cord blood, adipose tissue, dental tissue, skin, and placenta
[13–17]. Until now, bone marrow MSCs (BMSCs) and
umbilical cord MSCs (UMSCs) have been most widely stud-
ied. Subsequently, other types of MSCs are reported, such as
gingiva-derived MSCs (GMSCs) and adipose-derived MSCs
(AMSCs). Unlike MSCs in bone marrow and umbilical cord
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blood, GMSCs and AMSCs are both abundant and easily
accessible, and they can often be obtained as a discarded bio-
logical sample following dental procedures or abdominal sur-
gery. GMSCs and AMSCs are relatively easy to isolate,
homogenous and proliferate rapidly in vitro [18]. Interest-
ingly, no tumor is observed in the mice which are injected
with GMSCs. It indicated GMSCs are nontumorigenic [19].
AMSCs also show a low tendency to develop a tumor [20].

Here, we describe the therapeutic role of MSCs in pSS
based on recent relevant publications. Indeed, MSCs have
been effective in treating autoimmune diseases such as sys-
temic lupus erythematosus, rheumatoid arthritis, systemic
sclerosis, and type 1 diabetes mellitus. Moreover, these treat-
ments have no significant side effects [21–27]. Several years
ago, scientists summarized the preliminary studies of MSC
treatment for salivary gland dysfunction and xerostomia
[28, 29]. A recently published review focuses on MSCs for
treating autoimmune dacryoadenitis but not the other
aspects of pSS [30]. Existing evidence supports the crucial
role of MSCs in the treatment of animal models and patients
with pSS. MSCs may also differentiate into salivary epithelial
cells, presenting an option as a suitable alternative treatment
[31, 32]. In this review, we summarize the immunomodula-
tory effects of MSCs both in the adaptive and the innate
immune responses. The defective function of MSCs in pSS
is then discussed, followed by a summary of the use of MSCs
in the treatment of patients with pSS or animal models.
Finally, the role of bioengineering in enhancing MSC treat-
ment is discussed.

2. Immunomodulatory Properties of MSCs on
Adaptive and Innate Immune Responses

The most attractive property of MSCs is their immuno-
suppression on both adaptive and innate immune responses.
MSCs exert major immunomodulatory effects through cell to
cell contact and release of soluble factors such as prostaglan-
din E2 (PGE2), indoleamine 2,3-dioxygenase (IDO), nitric
oxide, transforming growth factor-beta (TGF-β), human
leukocyte antigen-G5 (HLA-G5), CD39/CD73, hepatic
growth factor (HGF), interleukin- (IL-) 10, IL-6, adenosine,
kynurenic acid, TNF-α-stimulated gene 6 (TSG-6), heme
oxygenase-1 (HO-1), IL-1 receptor antagonist (IL-1Ra), pro-
grammed death-1 ligand 1 (PD-L1), and galectins [33–36].
The mechanisms are illustrated (Figure 1).

2.1. Immunomodulatory Functions on Adaptive Immune
Cells. The essential cell populations in the adaptive immune
system are effector T cells, regulatory T cells (Tregs), and B
cells. Abundant evidence supports a role for MSCs to exert
immunoregulatory functions on T cells by suppressing
proliferation and activation or regulating differentiation
[15, 16, 22, 27, 35–48]. Murine BMSCs inhibit naive and
memory T cell responses to their cognate antigens [37].
Murine BMSCs markedly suppress xenogeneic graft-versus-
host disease (x-GVHD)-derived T helper (Th) 1 cells through
adenosine accumulation [38] and also curb experimental
autoimmune encephalomyelitis- (EAE-) derived Th17 cell
activation in a CC chemokine ligand 2-dependent manner
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[27]. Recently, it is reported that human BMSCs-derived IL-
1Ra can inhibit inflammation via suppressing the Th17 dif-
ferentiation [39]. Interestingly, human BMSCs and murine
BMSCs themselves can produce IL-17, but IL-17+ MSC
displays an impaired immunosuppressive capacity [40]. Fur-
thermore, BMSCs could induce Tregs and IL-10-producing T
cells through the release of soluble factors such as PGE2,
TGF-β, and HLA-G5 or cell-cell contact [41–43]. Moreover,
human BMSCs can express Toll-like receptors (TLRs).
Engagement of different TLRs in MSCs enhances their
immunosuppressive properties by inducing IDO or impair-
ing Notch signaling [46, 47]. Other MSCs, for example,
UMSCs and AMSCs, can also significantly suppress T cell
proliferation and activation [16, 44]. AMSCs inhibit the
proliferative response and the production of inflammatory
cytokines by antigen-specific CD4 and CD8+ T cells. Also,
the numbers of IL-10-producing T cells and monocytes are
significantly augmented upon AMSC treatment [16]. It is
demonstrated that GMSCs suppress T cell proliferation and
activation via interferon-γ- (IFN-γ-) induced stimulation of
IDO and IL-10 [15]. Moreover, GMSCs ameliorate colonic
inflammation by enhancing Tregs and IL-10 expression in
mice [15]. GMSCs could significantly inhibit Th1 and Th17
cells and reduce the production of inflammatory cytokines
(IFN-γ, IL-17A) via CD39/CD73 signaling [22, 45].

T follicular helper cells (Tfh) are recognized as crucial
effector cells for B cell maturation and immunoglobulin
production. UMSCs are found to suppress the differentia-
tion of Tfh via the secretion of IDO [26, 49]. Most impor-
tantly, BMSCs can inhibit the Tfh response in lupus-prone
mice [50]. Furthermore, it is suggested that BMSCs and
UMSCs could indirectly affect the maturation and immu-
noglobulin production of B cells by inhibiting the Tfh
immune reaction.

As we know, B cell development is dependent on the
interaction of B cell progenitor and stromal cells, which
provides a supportive microenvironment for B cells. BMSCs
can suppress B cell proliferation, differentiation toward plas-
mablast, and immunoglobulin production dependent on
galectin-9 or IL-1Ra signaling [51, 52]. BMSCs and AMSCs
both suppress activation of blood B cells by phytohemagglu-
tinin stimulation, but UMSCs do not display an inhibitory
effect [53]. Besides, BMSCs could affect chemotactic proper-
ties of B cells, because chemokine receptors (CCR) and CXC
chemokine receptors (CXCR), such as CXCR4, CXCR5, and
CCR7, are decreased after B cell-BMSC coculture. However,
B cell costimulatory molecules CD40, CD80, and CD86 and
production of various cytokines are unaffected by BMSCs
[54]. Interestingly, BMSCs do not inhibit B cell proliferation
but only in the presence of inflammatory cytokine IFN-γ
[55]. The suppressive effect of IFN-γ is related to its ability
to stimulate the release of IDO by BMSCs, which in turn
inhibits the proliferation of B cells [55]. Another group finds
that enhanced autoantibody production is companied by
increased plasma cells after BMSC administration [56].

Several years ago, a new regulatory subset called B
regulatory cells (Bregs) was identified. These cells can inter-
act with pathogenic T cells to inhibit harmful immune
responses [57]. Transfer of UMSCs ameliorates experimental

colitis by inducing Bregs [58]. AMSC treatment expands the
Breg population in lupus mice in vivo [59]. Further study
finds that murine BMSCs promote Bregs through stromal
derived factor-1α (SDF-1α) and its receptor CXCR7-
mediated signaling [60].

2.2. Immunomodulatory Functions on Innate Immune Cells.
The innate immune system is the first line of host defense
and consists of several types of immune cells including den-
dritic cells (DC), macrophages, natural killer T cells (NK),
and mast cells (MC). MSCs exhibit potent immunomodula-
tory effects on these cells which may play an important role
in the pathogenesis of pSS [5]. Human BMSCs can suppress
activation and maturation of DC and impair their antigen-
presenting ability through the release of TSG-6 [61–63].
Other research finds that the soluble factor IL-6 is involved
in the immunomodulatory mechanism mediated by murine
BMSCs through partial inhibition of DC differentiation
[64]. Murine BMSCs impair TLR4-induced activation of
DC resulting in downregulation of antigen presentation to
T cells [65]. Human GMSCs can significantly blunt the mat-
uration and activation of DC via PGE2-dependent mecha-
nisms [66]. Human UMSCs can facilitate the shift of
monocytes toward IL-10 producing phenotypes through the
production of IL-6 and HGF [67].

MSCs reprogram macrophages into the anti-
inflammatory M2 phenotype through the production of
IL-6, granulocyte-macrophage colony stimulating factor
(GM-CSF), PGE2, kynurenic acid, TSG-6, or IL-1Ra [52,
68–71]. Human BMSCs are activated by TNF-α to produce
an anti-inflammatory mediator, TSG-6, and thereby create
a negative feedback loop that attenuates inflammation by
reducing TLR2-mediated signaling in resident macrophages
[72]. MSCs have been shown to interact with NK cells depen-
dent on their activation state. When resting NK cells are
exposed to IL-2, the expression levels of activating receptors
such as NKG2D, NKp30, and NKp44 are increased. Human
BMSCs could inhibit IL-2-induced proliferation of resting
NK cells, whereas they partially affect proliferation of acti-
vated NK cells. Human BMSCs also downregulated the
activation and cytotoxicity of NK cells by mechanisms
involving PGE2, IDO, TGF-β, HLA-G5, adenosine, or cell
contact [43, 53, 73–75]. Interestingly, human NK cells secrete
NAP-2 (CXCL7), a chemokine that can induce MSC migra-
tion to repair damaged tissue [76]. And GMSCs are capable
of exerting suppressive effects on mast cells through the
release of PGE2 and cell-cell contact both in vitro and
in vivo [66, 77].

Recently, it has been thought that the immunomodula-
tory capabilities of MSCs are not constitutive but rather
are subject to the inflammatory milieu or different signals.
MSCs primed with IFN-γ or the stimulation of TLR sig-
naling is required to induce their immunosuppressive phe-
notype [47, 55]. Proinflammatory cytokines such as TNF-α
and IL-1 have been shown to enhance the effect of IFN-γ
on MSC priming through the production of IDO or PGE2
[55, 78, 79]. The activation of TLR3 may promote the polar-
ization of MSCs into immune-suppressive phenotype, while
TLR4 stimulation may induce polarization of MSCs toward
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proinflammatory phenotype [80]. Therefore, MSCs show a
plastic behavior and switch into an immunosuppressive
phenotype depending on microenvironmental conditions.

3. BMSCs and Salivary MSCs Are Both
Defective in pSS

Some evidence shows that BMSCs are defective in immuno-
regulatory functions in animal models and patients with pSS
[81]. BMSCs have a significantly lower proliferative capacity
and less osteogenic and adipogenic differentiation potentials
in nonobese diabetic (NOD) mice. BMSCs derived from
NOD mice fail to suppress T cell proliferation. CD4+Foxp3+-

Treg cells are much lower when splenocytes are cocul-
tured with BMSCs from NOD mice. Furthermore, BMSCs
obtained from pSS patients show an impaired suppressive
effect on PBMC proliferative responses. Interestingly, acti-
vated T cells can induce BMSC apoptosis via the Fas/Fas
ligand pathway [82]. IFN-γ synergistically enhances TNF-
α–induced BMSC apoptosis [83, 84]. Furthermore, proin-
flammatory T cells inhibit the ability of BMSCs to repair
damaged tissue. When the concentrations of IFN-γ and
TNF-α are decreased, it significantly improves the function
of BMSCs in repairing the tissue [83]. As we know, Th1
(IFN-γ and TNF-α)-mediated inflammation is a key feature
in the salivary gland pathology [85]. T cells are activated in
patients with pSS [86]. These findings suggest that T cell-
induced BMSC apoptosis may contribute to BMSC impair-
ment in pSS. Collectively, these results demonstrate that the
biological and regulatory functions of BMSCs are impaired
in pSS [81].

Recently, MSCs have been also found in the salivary
glands of patients with pSS. Such organ-specific MSCs
may have advantages for treatment of the specific tissue
of origin since they could directly act on the target cell.
Jeong et al. [87] efficiently isolates and amplifies MSCs in
large amounts from human parotid and submandibular sal-
ivary glands in vitro. These cells express the same charac-
teristic MSC markers; they are negative for hematopoietic
stem cell and salivary gland epithelium markers. They are
able to differentiate into adipogenic, osteogenic, and chon-
drogenic cells and notably into amylase-expressing cells.
Transplantation of SGSCs restores salivary gland function
in radiation-damaged rat salivary glands [87]. However,
MSCs from the labial glands of patients with pSS have a
deficiency in salivary gland-like cell differentiation [88].
Taken together, BMSCs and salivary MSCs are both defec-
tive in patients with pSS disease condition, meaning that it
is not ideal to treat patients using their own MSCs. We may
use allogeneic MSCs for the treatment of pSS, due to non-
immunogenic characteristics and low or absent expression
of non-major histocompatibility complex- (MHC-) I and
MHC-II [12].

4. The Application of MSCs in the
Treatment of pSS

pSS is a disease triggered by the breakdown of self–nonself dis-
crimination and a subsequent autoreactive immune response.

Salivary gland pathology is mainly a Th1-mediated immune
reaction [85]. Th17 and Tfh cells are also associated with
inflammation and clinical profiles in pSS [49, 86]. The Treg
percentage is altered in the peripheral blood [89–91], and
their suppressive function is compromised in pSS [92]. In
contrast, another group reports that the Treg subset did not
change in patients with pSS [93]. Therefore, the imbalance
of these immune cells contributes to the pathogenesis of
pSS. It is clear that MSCs could possess potent immuno-
modulatory functions on both adaptive and innate immune
cells and especially reset the immune imbalance by upregu-
lating Tregs and downregulating Th1, Th17, or Tfh cells. In
addition, MSCs can differentiate into salivary epithelial cells,
presenting an option as a suitable alternative treatment for
pSS. The unique immunomodulatory and biological proper-
ties of MSCs make them candidates for cell therapy to repair
tissue and organ damages caused by pSS. We have summa-
rized the applications of MSCs in the treatment of patients
with pSS or in animal models (Table 1).

MSC treatment ameliorates sialadenitis in the mouse
model and in patients with pSS partly through reducing the
proliferation of T cells, decreasing Th1, Th17, and Tfh cells,
and increasing Tregs [44, 49, 81, 94–98]. The pSS patients
tolerate the allogeneic UMSCs well, have an improvement
in symptoms and a decrease in serum anti-SSA/anti-SSB
antibody without significant adverse events [81]. Interest-
ingly, infused allogeneic BMSCs could migrate toward the
inflammatory regions in an SDF-1-dependent manner, as
neutralization of SDF-1 ligand CXCR4 abolishes the effec-
tiveness of BMSC treatment. Therefore, allogeneic BMSCs
might target local sialadenitis and systemic inflammatory
responses in pSS patients by a mechanism that is dependent
on SDF-1/CXCR4 signaling [81]. Another team finds that
treatment with BMSCs prevents a decline in the salivary flow
rate and lymphocytic infiltrations in the salivary glands of
NOD mice [94]. Furthermore, BMSCs enhance tear produc-
tion in the NOD mouse model, due to decreased inflamma-
tion and increased expression of aquaporin 5 [95]. Although
the number of lymphocytic foci in the lacrimal glands of
treated animals did not change, the size of the foci decreased
by 40.5% [95].

As we know, bone marrow mesenchymal cells can be
easily contaminated with hematopoietic cells. Researchers
isolate CD45−/TER119− cells from murine bone marrow
by depleting CD45+ cells or TER119+ hematopoietic cells.
CD45−/TER119−cells are identified as BMSCs because they
are positive for stem cell surface markers and have multiple
differentiation potentials. Treatment with CD45−/TER119−-

cells could prevent loss of saliva flow and reduce lymphocytic
infiltrations in SG of NOD mice through downregulation
of inflammatory cytokines such as TNF-α. Notably, the
infiltrations of T and B cells are decreased in all foci, while
the frequency of Tregs is increased. Investigators speculate
enhanced Tregs inhibit the inflammation in SG. Mean-
while, fibroblast growth factor-2 (FGF-2) and epidermal
growth factor (EGF) involved in the growth, regeneration,
and maintenance of salivary glands are both increased
after CD45−/TER119− MSC treatment. This suggests the
CD45−/TER119− BMSCs are effective in both preventing
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deterioration of saliva secretion and reducing lymphocytic
influx in salivary glands with a systemic effect [96].

Tfh cells are recognized as crucial for B cell maturation
and differentiation. Unlike BMSCs, UMSCs are found to sup-
press the differentiation of Tfh cells via the secretion of IDO
in patients with pSS [49]. Therefore, UMSCs could provide a
novel therapeutic approach for pSS by targeting Tfh cells.
Other investigators find that human UMSCs inhibit prolifer-
ation of healthy T cells, but not T cells from pSS patients.
Interestingly, they develop a new microencapsulation tech-
nique to make a coculture system separating UMSCs from
T cells. This approach avoids a systemic immune reaction
in the host. The specialized UMSCs could suppress pSS T cell
proliferation and restore the Tregs/Th17 ratio, suggesting a
drug delivery system able to enhance the immunomodula-
tory effects of UMSCs in pSS [44].

A small preclinical study regarding the application of
AMSCs shows that when allogeneic AMSCs are implanted
around the lacrimal glands in 12 dogs (24 eyes) with refrac-
tory keratoconjunctivitis sicca (KCS), improvement is
observed in the Schirmer tear and ocular surface integrity
tests during nine months follow-up. No systemic or local
complications appear. However, a caveat is that no control
cells are mentioned in this study [97].

Interestingly, it has been demonstrated that human
BMSCs could temporarily change into salivary gland epithe-
lial cells (SGEC) in a coculture system. BMSCs have compa-
rable cellular structures and expressed several salivary genes
such as aquaporin 5, E-cadherin, and α-amylase (α-AMY)
when cocultured with SGEC. These BMSCs can secrete α-
AMY. Moreover, they have comparable cellular structures
to SGEC, such as tight junctions and numerous secretory
granules, as shown by electron microscopy [99]. Some pro-
teins such as ankryin-repeat-domain-containing-protein
56, high-mobility-group-protein 20B, and transcription fac-
tor E2a are the putative regulatory factors involved in the
transdifferentiation of BMSCs into SGEC in an animal study
[31]. These data suggest that cocultured BMSCs can generate
a salivary gland acinar phenotype, meaning that this
approach has potential application to treat salivary gland dis-
eases such as pSS [31, 32, 99]. However, we still do not know
whether pSS disease-derived BMSCs switch into acinar epi-
thelial cells. Further study is needed to answer this question.

5. Perspectives: Learn from
Bioengineering Strategies

In order to improve the function of MSCs, novel methods
such as retroviral transduction, electroporation, or CRISPR-
associated protein-9 nuclease (Cas9) of foreign genes have
been utilized to engineer MSCs [100–103]. In cancer, MSCs
have been successfully modified with a tumor suppressive
gene to inhibit progress or metastasis of tumor cells. Simi-
larly, current bioengineering strategies could be applied in
pSS. For instance, IL-10 is a powerful cytokine to suppress
inflammation. One team engineered mouse BMSCs with an
IL-10 gene (called IL-10-BMSCs) through retroviral trans-
duction. They demonstrated that IL-10-BMSCs, but not
BMSCs alone or PBS, could modulate inflammatory arthritis

and decrease the histological scores [100]. Besides, MSCs
transfected with minicircles encoding CXCR4 are more likely
to migrate to the injury site [102]. Moreover, it is possible to
track the MSCs which are transfected with minicircles and
monitor their elastic properties with noninvasive microscopy
technologies. Recently, a novel gene-editing technology
based on a bacterial CRISPR-associated protein-9 nuclease
(Cas9) has been successfully used to target important genes
in many cell lines and organisms [103]. It may be possible
to develop a successful MSCs-derived therapy for pSS if we
target crucial genes involved in MSC immunomodulation,
such as soluble factor production and chemokine receptors
using Cas9 methods.

Recently, extracellular vesicles (EVs) have been consid-
ered as a functional molecule with their potential for treat-
ment of pSS. As we know, extracellular vesicles are secreted
by many cells, including MSCs, and are classified into two
types of particles: exosomes, with a size of 50 to 100nm
derived from the endosomal compartment, and microvesi-
cles (MVs), with a size between 100nm and 1000nm. It has
been reported that BMSCs, UMSCs, and AMSCs may be a
suitable source for therapeutic EVs [104–107]. EVs can
mediate cell-to-cell communication and participate in many
processes including inflammation, proliferation, cell differ-
entiation, and immune signaling [106, 108]. They can also
act directly with the target cell membrane by fusion, transfer-
ring components into intracellular compartments or causing
endocytosis. MVs have a role in antigen presentation and
activation of endosomal receptors such as Toll-like receptors
[109]. EVs can carry autoantigens, cytokines, and tissue-
degrading enzymes. Collectively, EVs could repair damaged
tissue or serve as agents for drug delivery in autoimmune dis-
ease [106, 108, 110]. Recently, it has been reported that MSCs
derived from human-induced pluripotent stem cells (MSCs-
iPSCs) can prevent the onset of sialadenitis in NOD mice.
Furthermore, EVs derived from MSCs-iPSCs are shown to
suppress activation of immune cells in vitro. And the infusion
of these EVs at the predisease stage reduces the lymphocyte
infiltration in salivary glands and serum autoantibody levels
in NOD mice [111].

We focus on the therapeutic effect of GMSCs in autoim-
mune disease, especially in pSS. GMSCs are relatively easy
to isolate, homogenous and proliferate rapidly in vitro, and
have a strong immunomodulation via suppression of Th1
and Th17 cells and enhancement of Treg differentiation
[22]. We further find that GMSCs suppress human T cell-
mediated diseases in the x-GVHD model via CD39/CD73/
adenosine and IDO signals [112]. In addition, GMSC popu-
lations existing within the inflamed gingival tissue are func-
tionally equivalent to those derived from healthy gingival
tissue, indicating the possibility of treatment with the
patient’s GMSCs [113]. Furthermore, our unpublished data
have documented that GMSCs could inhibit the proliferation
and IFN-γ production of peripheral T cells from patients
with pSS in vitro. Next, we plan to study whether the patient
with pSS will benefit from GMSC transfusion.

There remain many challenges to overcome for clinical
application of MSCs in pSS. First, there are great variations
in the MSC isolation protocols, culture systems, MSC dose,
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cell delivery methods, and transfusion frequency in the
reported studies. Secondly, the quality control of diverse
MSCs is not defined. It will be necessary to establish stan-
dardized protocols for cell culture, differentiation, and
expansion, as well as recommended transfusion schedules
and evaluation of responses. Thirdly, the number of enrolled
patients reported in published papers is small and may not be
sufficient to provide a reliable conclusion. Fourthly, another
restriction in the field of clinical application of MSCs is the
biosafety issues relevant to tumorigenicity [114]. Some
papers report that MSCs enhance tumor angiogenesis and
promote tumor formation in mice [115, 116]. Finally,
whether MSC transfusion will have a long-term effect in
pSS is unknown.

6. Conclusions

In summary, MSCs can be obtained from different sources
and are especially abundant in adipose and dental tissues.
They possess potent immunomodulatory functions and act
on both adaptive and innate immune responses. They may
repair damaged tissue via suppressing Th1/Th17/Tfh cell
responses and upregulating Tregs. Furthermore, MSCs could
induce Breg cells and modulate innate immune cells such as
DC, macrophages, mast cells, and NK cells. Moreover, new
bioengineering approaches, such as Cas9 methods, may
improve the function of MSCs. Currently, there is no curative
clinical therapy for pSS, so MSCs-based therapies show great
potential in this area, with the expected capacity to signifi-
cantly suppress the inflammation and preserve salivary func-
tion in pSS. As of now, no conclusive evidence to support the
use of MSC-based therapies has been published. In the near
future, randomized controlled trials of the therapeutic use
of MSCs in pSS will be of considerable interest.
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As a result of over five decades of investigation, mesenchymal stromal/stem cells (MSCs) have emerged as a versatile and frequently
utilized cell source in the fields of regenerative medicine and tissue engineering. In this review, we summarize the history of MSC
research from the initial discovery of their multipotency to the more recent recognition of their perivascular identity in vivo and
their extraordinary capacity for immunomodulation and angiogenic signaling. As well, we discuss long-standing questions
regarding their developmental origins and their capacity for differentiation toward a range of cell lineages. We also highlight
important considerations and potential risks involved with their isolation, ex vivo expansion, and clinical use. Overall, this
review aims to serve as an overview of the breadth of research that has demonstrated the utility of MSCs in a wide range of
clinical contexts and continues to unravel the mechanisms by which these cells exert their therapeutic effects.

1. Introduction

By merit of their regenerative secretome and their capacity
for differentiation toward multiple mesenchymal lineages,
the fibroblastic cell type termed mesenchymal stromal/stem
cells (MSCs) shows promise for a wide range of tissue engi-
neering and regenerative medicine applications (Figure 1).
As a result of their therapeutic versatility and the multitude
of promising clinical results thus far, MSCs are poised to
become an increasingly significant cell source for regenera-
tive therapies as medicine evolves to focus on personalized
and cell-based therapeutics. Given their emerging impor-
tance, this review aims to provide an overview of historical
and ongoing work aimed at understanding and better utiliz-
ing these cells for therapeutic purposes.

2. Initial Discoveries and the Evolving
Definition of “MSC”

The initial discovery of MSCs is attributed to Friedenstein
et al. who discovered a fibroblastic cell type derived from
mouse and guinea pig bonemarrow that could produce clonal
colonies capable of generating bone and reticular tissue when
heterotopically transplanted [1, 2]. The subsequent discovery
that colonies of this cell type can generate cartilage and
adipose tissue, in addition to bone, gave rise to the descriptor
mesenchymal stem cells, as originally coined by Arnold
Caplan [3]. Finally, Pittenger et al. established that human
bone marrow also contains a subpopulation of stromal cells
that are genuinely multipotent stem cells by demonstrating
single colonies have trilineage mesenchymal potential [4].
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Over time, the acronym MSC has come to take on
multiple meanings including, mesenchymal stem cell, mes-
enchymal stromal cell, and multipotent stromal cell. To
help clarify this, the International Society for Cellular
Therapy (ISCT) has officially defined MSCs as multipotent
mesenchymal stromal cells and suggests this to mean the
plastic-adherent fraction from stromal tissues, while
reserving the term mesenchymal stem cells to mean the
subpopulation that actually has the two cardinal stem cell
properties (i.e., self-renewal and the capacity to differentiate
down multiple lineages) [5]. Furthermore, ISCT has also
defined MSCs as meeting several criteria including (i) being
plastic adherent, (ii) having osteogenic, adipogenic, and
chondrogenic trilineage differentiation potential, (iii) and
being positive (>95%) and negative (<2%) for a panel of cell
surface antigens. Positive markers for human MSCs include
CD73 (also present on lymphocytes, endothelial cells,
smooth muscle cells, and fibroblasts), CD90 (also present
on hematopoietic stem cells, lymphocytes, endothelial
cells, neurons, and fibroblasts), and CD105 (also found on
endothelial cells, monocytes, hematopoietic progenitors,
and fibroblasts) [6]. Negative markers include CD34 (present
on hematopoietic progenitors and endothelial cells), CD45 (a
pan-leukocyte marker), CD14 or CD11b (present on mono-
cytes and macrophages), CD79-α or CD19 (present on B
cells), and HLA-DR unless stimulated with IFN-γ (present
on macrophages, B cells, and dendritic cells) [5]. It should
be noted, however, that the validity of CD34 as a negative
marker has recently been called into question and may
require reexamination [6, 7].

As these elaborate inclusionary and exclusionary cri-
teria highlight, no single MSC-specific epitope has been
discovered, unlike for some other stem cell populations
(e.g., LGR5, which labels resident stem cells in hair follicles
and intestinal crypts) [8, 9]. However, some markers may
be used to enrich for the stem cell population, including
Stro-1, CD146, CD106, CD271, MSCA-1, and others
(Table 1) [6, 10–13]. This unfortunate lack of a single
definitive marker continues to confound the interpretation
of a broad range of studies given that sorting out the
canonical MSC population from the adherent fraction is
rarely done, leading to the perennial question of which
subpopulation in the adherent stromal fraction is actually
eliciting the observed effects. This lack of a definitive MSC
marker has also contributed to the challenge of delineating
the exact in vivo location, function, and developmental origin
of MSCs.

3. MSC Adult Anatomical Location

In the bone marrow, where MSCs were first discovered,
MSCs have been reported to typically localize near the
sinusoidal endothelium in close association with the
resident hematopoietic stem cells (HSCs) [14, 15]. In addi-
tion to serving as osteogenic progenitors, such MSCs have
been shown to play an important role in regulating HSC
function by maintaining the HSC niche and by secreting
trophic factors such as angiopoietin 1 (Ang1), stem cell
factor (SCF), and CXC ligand 12 (CXCL12) [10]. Beyond
the bone marrow, MSC/MSC-like populations have also

MSC harvested from bone
marrow or adipose tissue

+/− addition of phenotype-
modulating factors

Implantation of
engineered tissue

(e.g., bone defects)

Local injection
(e.g., myocardial infarct)

Systemic infusion
(e.g., graft versus host disease)

Figure 1: Strategies for mesenchymal stromal/stem cell- (MSC-) based therapies. MSCs may be isolated from a number of tissues (e.g., bone
marrow, adipose tissue, and umbilical cord) and optionally cultured prior to clinical use. Depending on the specific application, MSC
suspensions may then be introduced intravenously or by local injection to achieve the desired therapeutic effects, such as treating
autoimmune diseases or stimulating local tissue repair and vascularization, respectively. MSCs may also be utilized for engineering tissues
by first promoting their differentiation toward a desired cell type (e.g., osteoblasts, chondrocytes, and adipocytes) prior to being surgically
implanted, often along with scaffold material.
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been found in many adult tissues (e.g., skin, pancreas, heart,
brain, lung, kidney, adipose tissue, cartilage, and tendon)
[16–19]. Such a broad anatomical distribution would suggest
a common and ubiquitous MSC niche exists throughout the
body. Indeed, evidence suggests that many MSC populations
are specifically located near blood vessels and are in fact a
subpopulation of pericytes that reside on capillaries and
venules [20]. Supporting observations include the fact that
pericytes andMSCs express similar surface antigens, and that
cells in perivascular positions were found to express MSC
markers in human bone marrow and dental pulp [16, 21].
Perhaps most definitively, Crisan et al. found that cells posi-
tive for NG2, CD146, and PDGFR-β specifically stained peri-
cytes in multiple human tissues, and when cells with these
markers were isolated, they were shown to have trilineage
potential in vitro and were osteogenic once transplanted

in vivo [22]. The converse, that all pericytes are MSCs, is
not thought to be the case [20].

In addition to being abluminal to microvessels, it should
be noted that a Gli1+ MSC-like population has also been
found to reside within the adventitia of larger vessels in mice.
The Gli1+ population exhibits trilineage differentiation
in vitro and is thought to play a role in arterial calcification
in vivo [23–25]. Similarly, a MSC population with a CD34+

CD31− CD146− CD45− phenotype has been discovered to
reside within the adventitia of human arteries and veins
suggesting that not all perivascular MSCs are pericyte-like
cells in humans [7]. Furthermore, a MSC population has also
been isolated from the perivascular tissue of umbilical cords
(human umbilical cord perivascular cells (HUCPVCs))
which shows promise for tissue engineering applications
given the cells’ noninvasive extraction and their relatively

Table 1: Potential markers for MSC identification and enrichment.

Selection type (and comments) CD No. Name Acronym Reference

Negative CD11b Integrin subunit alpha M ITGAM [5]

Negative CD14 CD14 molecule CD14 [5]

Negative CD19 CD19 molecule CD19 [5]

Negative (not in all MSC populations) CD34 CD34 molecule CD34 [5]

Negative CD45 Protein tyrosine phosphatase, receptor type C PTPRC [5]

Negative CD79a CD79a molecule CD79A [5]

Negative (unless stimulated with IFN-γ) — Human leukocyte antigen, antigen D Related HLA-DR [5]

Positive CD9 CD9 molecule CD9 [172]

Positive CD10 Membrane metalloendopeptidase MME [173]

Positive CD13 Alanyl aminopeptidase, membrane ANPEP [174]

Positive CD29 Integrin subunit beta 1 ITGB1 [175]

Positive CD44 CD44 molecule (Indian blood group) CD44 [176]

Positive CD49f Integrin subunit alpha 6 ITGA6 [177]

Positive CD54 Intercellular adhesion molecule 1 ICAM1 [178]

Positive CD71 Transferrin receptor TFRC [179]

Positive CD73 5′-nucleotidase ecto NT5E [5]

Positive CD90 Thy-1 cell surface antigen THY1 [5]

Positive CD105 Endoglin ENG [5]

Positive CD106 Vascular cell adhesion molecule 1 VCAM1 [11]

Positive CD146 Melanoma cell adhesion molecule MCAM [10]

Positive CD166 Activated leukocyte cell adhesion molecule ALCAM [180]

Positive CD200 CD200 molecule CD200 [181]

Positive CD271 Nerve growth factor receptor NGFR [12]

Positive CD349 Frizzled class receptor 9 FZD9 [173]

Positive CD362 Syndecan 2 SDC2 [182]

Positive (a disialoganglioside, nonpeptide) — Ganglioside GD2 G2 [183]

Positive (also known as nucleostemin) — G protein nucleolar 3 GNL3 [184]

Positive (target of anti-STRO1 antibodies) — Heat shock protein family A (Hsp70) member 8 HSPA8 [185]

Positive — Heat shock protein 90 beta family member 1 HSP90B1 [186]

Positive (a glycosphingolipid, nonpeptide) — Stage-specific embryonic antigen-4 SSEA-4 [187]

Positive — Sushi domain containing 2 SUSD2 [188]

Positive — Alkaline phosphatase, liver/bone/kidney ALPL [13]

Bolded text indicates markers recommended by the International Society for Cellular Therapy (ISCT) for minimally defining humanmultipotent mesenchymal
stromal cells by positive and negative selection.
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high abundance and proliferative capacity, compared to bone
marrow-derived MSCs [26–28].

Finally, despite the prevalent view that MSCs reside in
perivascular niches, some MSC populations may reside in
avascular regions as well. For example, a lineage tracing study
focused on murine tooth repair demonstrated that while
some odontoblasts descend from cells expressing the pericyte
marker, NG2, the majority of odontoblasts did not, sugges-
tive of a nonpericyte origin (or at least not from NG2-
positive pericytes) [29]. Additionally, MSCs have been
isolated from tissues that are typically avascular, including
human synovial tissue [30–32] and porcine aortic valve
[33]. However, there are fenestrated capillaries localized near
the synovial surface [34], and diseased sclerotic and stenotic
valves can be partially vascularized [35, 36], raising the
possibility of MSCs trafficking from one anatomical loca-
tion to another (e.g., synovium-associated vasculature to
avascular cartilage) and innate differences in the local
presence or absence of perivascular MSCs. Future work
focused on these questions will have important implica-
tions for understanding disease progression and potential
regenerative avenues.

4. MSC Developmental Origins

Presently, there are considered to be multiple developmental
origins of MSCs. Unsurprisingly, given their mesenchymal
differentiation potential, certain subsets of MSCs are
derived from mesodermal precursors, such as lateral plate
mesoderm- (LPM-) derived mesoangioblast cells from the
embryonic dorsal aorta [37, 38]. Support for this comes
from the observation that mesoangioblast cells isolated
from the mouse dorsal aorta and then grafted into chick
embryos incorporated into several mesodermal tissues
(bone, cartilage, muscle, and blood) [39].

Other reports suggest MSCs partly descend from a sub-
population of neural crest cells, with the remaining MSCs
descending from unknown origins. Support for this comes
from the observation that a population of murine Sox1+

trunk neuroepithelial cells could undergo clonogenic expan-
sion and maintain adipogenic, chondrogenic, and osteogenic
differentiation in vitro [40]. This neural crest origin may
help explain why MSCs have neural differentiation poten-
tial and why human bone marrow-derived MSCs can be
enriched for using antibodies against nerve growth factor
receptor [12, 38]. Given their lineage tracing results, the
authors claimed that neural crest-derived MSCs are the
earliest MSCs to arise in the embryo, but they did note that
other MSCs must also arise later on in development as not
all MSCs detected were found to be of a neural crest origin.
Corroborating this, a lineage tracing study using the pro-
moter from Protein-0, a neural crest-associated marker,
found that only a portion of bone marrow-derived MSCs
were labeled in adult mice, suggestive of both a neural crest
and nonneural crest origin [41].

It is possible that the indefinite nonneural crest source of
MSCs observed in these studies may be mesoangioblasts or
another mesoderm-derived cell type. It has also been
suggested that data indicative of a mesoangioblast origin

may alternatively be explained by simply “contamination”
of neural crest cells as the neural tube is close to dorsal aorta
at day 9.5 [38]. With regard to human MSC origins, similar
dual mesoderm and neural crest origins may also exist given
that human iPSCs differentiated toward these two lineages
can both give rise to MSC-like cells [42, 43]. Further study
will be required to resolve these issues and to elucidate if
any lasting functional dissimilarities exist between MSC
subpopulations that arise from differing time periods and
locations during development.

5. MSC Expansion in Culture

Once isolated from their respective in vivo locations,
human MSC populations can be expanded up to several
hundredfold while maintaining their multipotency and
capacity to form fibroblastic colony-forming units (CFU-F)
provided the cells are seeded at a satisfactorily low seeding
density (~10–100 cell/cm2) [44]. When cultured at low clonal
density, MSCs take on a highly proliferative phenotype and
maintain their trilineage potential; such cells have become
commonly referred to as RS-MSCs (rapidly self-renewing
MSCs). This proliferative phase is thought to be dependent
on Dickkopf-related protein 1 (Dkk-1) autocrine signaling
which inhibits Wnt signaling that would otherwise pro-
mote differentiation [45]. Favorable for minimizing risk to
patients, in vitro proliferation of human MSCs exhibits
a relatively low frequency of oncogenic transformation
(<10−9) [46–48]. This is in stark contrast with murine MSCs
which frequently gain chromosomal defects in vitro and often
produce fibrosarcomas when injected back into mice [49].

With time, sparsely plated human MSCs create colonies
with distinct in vitro niches with the inner cells expressing
differentiation markers and the outer cells exhibiting a
more RS-MSC phenotype with high motility and prolifera-
tion [50, 51]. Yet, when replated, both inner and outer
regions create colonies similar to the original, implying
differentiation of the inner colony is reversible to some
extent [51]. If MSCs are seeded at a higher density (~1000
cell/cm2) and/or are cultured to confluence, RS-MSCs will
decrease and SR-MSCs (slowly replicating MSCs) will
increase over time, while both the CFU-F and proportion of
multipotent cells will gradually decline [44, 51]. This
dynamic nature during culture underlines the importance
of properly maintaining MSC cultures to ensure maximum
self-renewal and the maintenance of differentiation potential
for downstream applications.

6. MSC Differentiation Potential

As mentioned earlier, by definition, MSCs have trilineage
potential with the capacity to undergo osteogenesis, adipo-
genesis, and chondrogenesis contingent on their exposure
to the particular soluble factors in their microenvironment.
Differentiation protocols for driving differentiation toward
these lineages have been routinely utilized and extensively
optimized [52, 53]. For example, osteogenesis typically
involves the use of dexamethasone, β-glycerolphosphate,
and ascorbic acid. Adipogenesis protocols also utilize
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dexamethasone, in addition to isobutylmethylxanthine and
indomethacin. Chondrogenesis protocols, on the other hand,
typically utilize dexamethasone, ascorbic acid, sodium pyru-
vate, TGF-β1, and a combination of insulin-transferrin-
selenium (ITS). However, variations of the components and
their concentrations exist and the optimal formulations
may depend on the subpopulation of MSC used and the
ultimate therapeutic goal. MSCs predifferentiated toward
these three lineages have been investigated extensively in
the context of tissue engineering wherein cells are implanted
at the site of desired repair or replacement, often along with a
scaffold (Figure 1) [54–58].

Beyond the standard trilineage potential of MSCs,
differentiation has also been observed toward other cell types,
such as tenocytes, skeletal myocytes, cardiomyocytes, smooth
muscle cells, and even neurons [59–61]. However, some of
these claims have courted a degree of skepticism in regard
to the frequency of differentiation and the functionality of
the terminal cells produced, especially for nonmesenchymal
and nonmesodermal cell types. For example, while MSCs
have been shown to differentiate into neuron-like cells, the
functionality of rat MSC-derived neurons has been called
into question in terms of their capacity to generate normal
action potentials [62, 63]. Similarly, human MSCs have also
been reported to differentiate into endothelial-like cells;
however, such cells have lower expression of endothelial
markers compared to mature endothelial cells [64]. Further
study into the differentiation frequency and normal func-
tioning of MSC-derived terminally differentiated cells will
be necessary, in addition to determining if different MSC
populations are better suited to differentiate into some cell
types than others. With regard to the latter, a recent study
comparing human CD146+/CD34−/CD45− MSCs isolated
from different anatomical locations (bone marrow, perios-
teum, and skeletal muscle) revealed that each subpopulation
differed considerably in their transcriptomic signature and
in vivo differentiation potential, hence suggesting that MSCs
are not a uniform population throughout the body [65].
Moreover, MSC heterogeneity may not only exist between
tissue types but also within individual tissues. For example,
locationally and transcriptionally distinct subpopulations of
CD34+/CD146− “adventitial MSCs” and CD34−/CD146+

“pericyte-like MSCs” have been found to reside in human
adipose tissue, a commonly used cell source for regenerative
medicine [66]. Similar findings have also been noted in
horses and canines, suggesting these dual perivascular
subpopulations are conserved in mammals [67, 68]. Interest-
ingly, both equine and human adipose-derived CD34−/
CD146+ MSCs display greater angiogenicity compared to
CD34+/CD146− MSCs indicative of a relatively conserved
functional phenotype as well, possibly due to their pericyte-
like differentiation state [67, 69]. Heterogeneity amongMSCs
may also have important implications for treating disease
resulting from inappropriate differentiation and prolifera-
tion. Of note, subsets of PDGFRβ+ and/or PDGFRα+ MSC-
like progenitor cells with fibro-adipogenic potential have
been found to be present in multiple tissues (e.g., tendon,
myocardium, and skeletal muscle) and may prove to be use-
ful targets for reducing fibrotic damage after injury [70, 71].

Further investigation into MSC heterogeneity will be
required to resolve if such differences are solely a result of
innate differences arising from different developmental ori-
gins or if differing local microenvironments also play a role.

Unlike some other stem cell populations (e.g., hemato-
poietic stem cells), which have a well-established and
relatively straight-forward unidirectional differentiation
hierarchy, the hierarchy of MSC differentiation is currently
poorly defined. To date, one of the MSC-like populations that
have been most vigorously investigated in terms of hierarchy
are human umbilical cord-perivascular cells (HUCPVCs).
Such cells have been found to differentiate from quintipo-
tential stem cells (with osteogenic, adipogenic, chondro-
genic, myogenic, and fibrogenic potential) to a restricted
fibroblast-state in a deterministic manner with a predictable
order of loss in potency [72]. Whether this is true for all or
some MSC populations remains to be examined, but this
study should serve as a useful template for future investiga-
tion. As well, computational approaches that cluster cells
according to differentially expressed genes may also help
clarify the hierarchy of MSC subpopulations and their
progeny cells [66] and may serve as a guide for future lineage
tracing studies. That said, transdifferentiation toward non-
mesodermal lineages and bidirectional phenotype switching
between different mesenchymal cell types (e.g., transitions
between fibroblasts and myofibroblasts or between synthetic
and contractile smooth muscle cells) may further complicate
any MSC hierarchical differentiation model established [73].
Regardless of any specific hierarchy and the potential for
phenotypic plasticity, it should be emphasized that ulti-
mately, the microenvironment dictates MSC behaviour, in
terms of both their differentiation and their interaction with
other cell types.

7. MSC Immunomodulatory
Paracrine Signaling

Recently, a paradigm shift has occurred in the understanding
of the therapeutic effects of MSCs. Despite the differentiation
potential these cells exhibit and contrary to initial assump-
tions, in many therapeutic contexts, MSCs exert their healing
effects not through engraftment and differentiation but
rather through paracrine signaling and communication
through cell-cell contacts [51, 74]. The significance of this
paradigm change is reflected in the recent recommendation
to rebrand MSCs as medicinal signaling cells by Arnold
Caplan, who had originally coined the term mesenchymal
stem cells [75]. Notable examples of MSC paracrine/juxta-
crine-mediated treatments currently in preclinical and
clinical development include injections into the myocardium
after infarction, treatments for graft versus host disease
(GvHD), and therapies for autoimmunity disorders (such
as Crohn’s disease and type I diabetes) [76–79]. Given these
successes, it is becoming increasing clear that the MSC secre-
tome has broadly beneficial effects that can be exploited for a
wide range of therapeutic applications.

The MSC secretome contains a large range of molecules
that are beneficial for tissue repair, including ligands that
promote the proliferation and differentiation of other stem/
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progenitor cells, chemoattraction, antifibrosis, antiapoptosis,
angiogenesis, and immunomodulation [80]. Currently,
perhaps the most impactful of these properties from a clinical
perspective is their capacity for immunomodulation, which
has motivated the development of intravenous injections of
MSCs, such as Osiris Therapeutics’ Prochymal®, which is
approved for GvHD in Canada and currently in clinical trials
for several autoimmune disorders in Canada and the USA.
This immunomodulatory capacity has been partly attributed
to the ability of MSCs to inhibit effector T-cell activation and
proliferation, both directly through various cytokines and
indirectly through modulating the activity of regulatory T-
cells [81, 82]. MSCs have also been described as modulating
the behaviors of natural killer cells, dendritic cells, B-cells,
neutrophils, and monocytes/macrophages through the
actions of a number of molecules, including prostaglandin
E2 (PGE2), indoleamine 2,3-dioxygenase (IDO), nitric oxide
(NO), interleukin-10 (IL-10), and many others [8, 80].
Notably in the context of localized tissue repair, MSCs have
been implicated in promoting alternative activation of
macrophages toward a regenerative and proangiogenic M2
phenotype, as opposed to a classical proinflammatory M1
phenotype [83–86]. Consequently, given the many roles
MSCs play in therapeutic immunomodulation and regenera-
tion, it is becoming increasingly acknowledged that one of
the main roles of adult MSCs in vivo may be to coordinate
healing responses and to help prevent autoimmunity after
injury [8, 74, 80].

Lastly, it should be noted that MSCs are not solely anti-
inflammatory. Under certain conditions, MSCs can elicit an
inflammatory response by presenting antigens to induce
CD8+ T-cell responses, and increasing expression of
MHCDII and presenting antigens to CD4+ T-cells [87–89].
The “switch” between eliciting an inflammatory or anti-
inflammatory response generally seems to be whether the
activating signals are associated with infections or tissue
injury, respectively [90].

8. MSC Angiogenic Paracrine Signaling

In addition to being proangiogenic by promoting a regenera-
tive microenvironment via immunomodulation, MSCs also
directly secrete angiogenic factors that affect endothelial cell
survival, proliferation, and migration. Such factors include
key growth factors critical for initial vessel formation and
subsequent stabilization, such as VEGF, FGF2, SDF1,
ANG1, MCP-1, HGF, and many others [91, 92]. Beyond
these classical angiogenic growth factors, MSCs also secrete
microvesicles (>200μm) and exosomes (~50–200μm) that
can carry both growth factors and miRNAs and have been
demonstrated to have proangiogenic activities both in vitro
and in vivo [93]. Such extracellular vesicles have been shown
to enhance angiogenesis and healing in a number of contexts,
including murine and rat models of burn injury, cutaneous
wounds, myocardial infarction, and limb ischemia [94–99].
Recent proteomic analysis has found human MSC-derived
exosomes contain a number of proteins associated with
angiogenesis that were upregulated when MSCs were

exposed to ischemic-like conditions, including PDGF, EGF,
FGF, and NF-κB pathway-affiliated proteins [100].

Similarly, recent qPCR screening of exosomes derived
from murine MSC-like cells revealed they contain a number
of known proangiogenic microRNAs, several of which were
found to be preferentially internalized by endothelial cells,
including miR-424, miR-30c, miR-30b, and let-7f [101].
Relatedly, miR-210 has also been implicated in the therapeu-
tic effect of MSC-derived extracellular vesicles in a mouse
model of cardiac infarction, as siRNA knockdown reduced
the angiogenic effect of the vesicles [102]. Delineating which
specific MSC-derived exosomal miRNAs are responsible for
particular aspects of angiogenesis is an ongoing area of
research. Recently, for example, exosomal miRNA-125a
from human adipose-derived MSCs has been implicated in
enhancing angiogenesis specifically by promoting tip cell
formation through the inhibition of delta-like 4 (DLL4)
[103]. Ultimately, however, as is the case with angiogenic
growth factors, multiple miRNAs may have to work in
concert to achieve maximal effects and interrogating which
subsets are critical for different stages of angiogenesis will
require further inquiry.

9. Direct Cellular Involvement of
MSCs in Angiogenesis

In addition to their interaction via various paracrine routes,
MSCs also participate in direct cell-cell contact with endo-
thelial cells. When cocultured on or embedded within
hydrogels (e.g., fibrin or Matrigel), endothelial cells form
capillary-like structures on which MSCs may adhere and
assume an abluminal position akin to their perivascular
position in vivo [104]. This maintained mural cell behavior
after culture may be exploited for microvascular tissue
engineering as it has beneficial effects for the nascent
endothelial tubules. For example, the permeability of these
in vitro structures is decreased in the presence of MSCs
relative to simply coculturing endothelial cells with fibro-
blasts potentially due to tighter cell-cell junctions and VE-
cadherin expression [105]. This effect may also be attributed
to increased basement membrane formation, as extensive
studies of pericyte-endothelial cell cocultures have demon-
strated that both the expression and deposition of base-
ment membrane proteins is upregulated through cell-cell
contact in vitro [106, 107]. However, any specific effects
of MSCs on basement membrane formation and its com-
position, compared to non-multipotent pericytes, has yet
to be elucidated.

Under in vivo contexts, MSCs can also assume a perivas-
cular cell phenotype and have beneficial effects on vessel
stability and permeability. For example, when collagen-
fibronectin gels containing EGFP-labeled human MSCs and
HUVEC (human umbilical vein endothelial cells) were
implanted in cranial windows of SCID mice, implants with
MSCs resulted in a higher vessel density compared to
HUVEC-only implants, and EGFP colocalized with staining
for the smooth muscle cell- (SMC-) related markers, αSMA
and SM22α [108]. Similarly, when embedded within submil-
limeter collagen rods coated with endothelial cells and then
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implanted in an omental pouch within rats, GFP-labeled rat
MSCs were found to migrate out of the modules and began
to associate with blood vessels and express αSMA at day 7
postimplantation, while at day 21, all GFP+MSCs were found
to be in a perivascular position [109]. Strikingly, when
examined by microCT after Microfil® injection, including
MSCs within the implant created vasculature with reduced
leakiness compared to endothelial cell-only controls which
exhibited a leaky core.

Similarly, after subcutaneous injection of HUVEC and
fibrin hydrogel into SCID mice, HUVEC-derived vessels
formed after 7 and 14 days showed decreased permeability
to 70 kDa dextran in conditions including human adipose
and bone marrow-derived MSCs, compared to lung fibro-
blasts or endothelial cells alone [110]. Correspondingly, with
this improved barrier function, only implants with ASCs and
BMSCs contained vessels with abluminal calponin staining,
suggestive of SMC differentiation of the implanted stromal
cells. Collectively, it is clear that not only is the presence of
a mesenchymal cell type advantageous for vessel formation
and stabilization, but the identity of the mesenchymal cell
type and its propensity to take on an abluminal position
and perivascular cell phenotype has an impact on the
functionality of the resulting vessels.

10. Clinical Considerations for Using Bone or
Adipose MSC Sources

As noted previously, MSCs can be isolated from many dif-
ferent human tissues; however, the most common adult
sources for clinical use are bone marrow and adipose tissue.
This is due to a number of reasons, including the total cell
numbers that can be harvested, the frequency of the cells of
interest, and the relatively small procedural risk associated
with obtaining cells from these locations compared to other
anatomical locations. As well, in the case of adipose tissue
removal, if the procedure is being carried out for other
purposes (e.g., elective cosmetic surgery), there is no
additional risk associated with the harvesting of progenitor
cells which would otherwise be discarded.

In the case of bone marrow aspirate, the procedure is
generally carried out at the bedside using a local anesthetic
(e.g., lidocaine) with the posterior superior iliac spine being
the preferred collection site owing to its relative ease of access
[111]. After sterilization of the overlying skin, a fine gauge
trocar is used to gain access to the marrow space, which then
permits the subsequent aspiration of marrow by syringe
[111]. For the purposes of stem cell harvesting, it is possible
to harvest as much as 20mL of marrow from a single aspirate
site [112].

Bone marrow sampling is generally considered to be safe
but can frequently result in pain during and after the proce-
dure [113]. Preventative measures, such as first ensuring that
the periosteum is adequately anesthetized, can be used to
reduce the pain to acceptable levels [113]. Other adverse
events during bone marrow sampling are rare, with an
estimated event rate of 5/10,000 and a fatality rate of 1-2/
100,000 [114]. In a 2013 survey conducted by the British
Society of Haematology, out of a total of 19,259 bone marrow

aspirates with or without trephine biopsies, clinically sig-
nificant hemorrhage occurred in only 11 patients, while
infections were seen in just two [114]. The risk of bleeding
can be mitigated through careful patient selection and
correction of underlying coagulopathies if necessary. When
bleeding does occur, it is usually mild and can often be
controlled by the manual application of pressure to the site
[111]. In the event of more significant bleeding, arterial
embolization has been demonstrated to be an effective hemo-
static therapy [115]. The risk of infection can be mitigated by
first ensuring an absence of any overlying skin or soft tissue
infection or presence of osteomyelitis. In suspected occur-
rences of infectious complications, topical antimicrobials
are generally considered to be adequate in most cases.

In contrast to bone marrow aspirate, adipose tissue—in
the form of liquid fat from liposuction or solid fat from
abdominoplasty—is obtained under general anesthetic with
a greater risk of procedural morbidity and mortality [116].
In the case of liposuction, the targeted fat is removed via
aspiration after injection of a sterile saline solution containing
epinephrine and a topical anesthetic [116]. The process may
be facilitated by the liquefaction of fat using ultrasound- or
laser-assisted liposuction [116]. Conversely, abdominoplasty
involves the surgical excision of excess solid adipose tissue
and dermis.

Common adverse events for liposuction include post-
operative nausea and vomiting, local nerve damage and
paresthesias, intra- and postprocedural bleeding and
hematomas, persistent edema, surgical wound infection,
skin necrosis, and unplanned hospitalization or increased
length of stay [117]. The risk of fatality of liposuction is
conservatively estimated to be 1/5000 with deaths being
attributable to pulmonary embolism, visceral perforation,
cardiorespiratory complications associated with anesthesia,
and hemorrhage (in order of decreasing frequency) [118].
Abdominoplasty is a more invasive procedure with higher
rates of surgical complications, including wound dehiscence
and necrosis, infection, and a fatality rate approaching
1/600 [119].

Given the relatively unfavorable risk profile associated
with surgical collection of adipose tissue, the harvesting of
adipose-derived MSCs is ideal for patients who are already
planning on undergoing such a procedure. Otherwise, bone
marrow aspirate remains a preferred option as it can permit
the ad hoc collection of MSCs at a lower risk of morbidity
and mortality. However, such clinical risks must be weighed
against certain practical requirements as well.

In addition to considering the risks associated with the
different anatomical sites and any contraindications specific
to a certain patient, the preference for one tissue source over
the other may also be affected by the number of desired cells
that can be collected from a certain source and the quantity of
cells requisite for a particular application. As summarized
by Murphy et al., in the case of a bone marrow aspirate,
approximately 109–664CFU-F/mL can be obtained at a
frequency of 10–83CFU-F/106 nucleated cells [120]. In
contrast, lipoaspirate typically yields far more cells of
interest per milliliter of tissue, with 2058–9650CFU-F/mL
at a frequency of 205–51,000CFU-F/106 nucleated cells
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[120]. Hence, if the quantity of cells that can be obtained
via bone marrow aspirate are insufficient for a particular
autologous application, relying on an adipose cell source
instead may be a sensible option. This is especially true
in situations where ex vivo culture must be limited to
preserve a desired cellular phenotype or when culture is
not utilized at all (i.e., immediate autologous use of the
stromal vascular fraction (SVF) after harvesting).

Beyond differences in the quantity of cells obtainable
from either bone or adipose tissues, innate differences in
differentiation ability between cell types may also affect the
preference of one MSC population over the other for a
particular application. Unsurprisingly, given their develop-
mental and anatomical origins, adipose-derived MSCs have
been demonstrated to have an increased capacity for
in vitro adipogenic differentiation by Oil Red O staining,
possibly due to their relatively higher expression of the
adipogenesis-regulating transcription factor, PPAR-γ, after
exposure to adipogenic stimuli [121, 122]. Similarly, bone
marrow-derived MSCs have been demonstrated to have an
increased capacity for osteogenic differentiation over MSCs
derived from adipose tissue via alizarin red staining
[121, 122]. This may be partly attributable to their higher
expression of the key osteogenic transcription factor,
Runx2, during osteogenic differentiation [122]. Moreover,
bone marrow-derived MSCs have also been shown to have
a higher capacity for chondrogenic differentiation (by
alcian blue staining and collagen II expression), as may
be expected considering the close relationship between
chondrogenesis and osteogenesis in the generation of
osseous tissues [121–123]. It should be noted, however,
that some conflicting reports to these general findings also
exist and suggest that whether adipose or bone-derived
MSCs have the higher capacity to differentiate toward a
particular lineage may depend on the characteristics of
the patient (e.g., sex, age, and disease state), the isolation
protocol, and the differentiation conditions [90].

Other notable functional differences between the two cell
types have been documented. For example, in a comparison
of the immunomodulatory capacity of adipose and bone
marrow-derived MSCs isolated from the same donor,
Valencia et al. found that MSCs from bone marrow had
a higher capacity to inhibit natural killer cytotoxic activity,
whereas adipose-derived MSCs had a higher capacity to
inhibit dendritic cell differentiation [124]. Corroborating
this, other reports have also described similar findings
regarding these differential effects on natural killer cells
and dendritic cell differentiation [125, 126]. Similarly,
differences in growth factor expression between the two
cell types have also been noted and may influence which
cell type to use in clinical applications where MSCs are
intended to provide trophic support. For example, bone
marrow-derived MSCs have been shown to produce sig-
nificantly more HGF compared to adipose-derived MSCs,
which may be an important consideration for regenera-
tive therapies involving the liver [122]. Overall, the choice
of bone or adipose sources is complex and is influenced
by factors specific to the application and the patient. As
the use of MSCs becomes increasingly common, the

optimal choice of cell source for specific clinical circum-
stances will likely become clearer.

11. iPSC Sources and Epigenetic
Reprogramming of MSCs

Despite the clinical promise of MSCs in allogeneic applica-
tions (or the use of HLA-matched donor cells), some
therapies may necessitate an autologous approach, such as
long-term implantation of MSC-derived engineered tissues.
However, this presents a significant challenge in cases where
the desired cell type cannot be obtained in sufficient numbers
to be clinically useful. This may occur in the case of needing
to engineer particularly large replacement tissues, as MSCs
have limited expansion capability in culture, partly due to
their low to absent expression of telomerase [127, 128]. As
well, this may occur when patients have insufficient MSCs
of adequate quality due to age or disease. With regard to
aging, CFU-F frequency within the bone marrow generally
declines with age, and the capacity of the remaining MSCs
to withstand oxidative stress appears to also decline along
with their function and therapeutic efficacy [129–131].
Such functional changes may be the result of progressively
shortening telomeres, accumulated molecular damage, and
stochastic genetic and epigenetic changes over time [132–
136]. Such age-associated epigenetic dysregulation may
also contribute to alterations in the differentiation poten-
tial and heterogeneity of MSCs [137, 138]. In addition to
age-induced functional decline, conditions such as type 2
diabetes and metabolic syndrome may similarly limit the
therapeutic potential of MSCs for autologous use due to
increased oxidative stress, mitochondrial dysfunction, and
increased senescence [139].

One potential solution to address this issue is iPSC
(induced pluripotent stem cell) technology in which somatic
cells from a patient are first reprogrammed to a pluripotent
state, usually by the overexpression of transcription factors
(e.g., KLF4, c-MYC, OCT4, and SOX2) [140, 141]. Favorably,
such cells can then be expanded in vitro extensively prior to
differentiation, partly due to their expression of telomerase.
Also favorably, especially for cells harvested from aged
patients, once harvested cells are differentiated into the
desired cell type after having been in a transient pluripotent
state results in longer telomeres compared to the starting
donor cell along with a “rejuvenated” epigenetic landscape
with reduced aging-associated epigenetic marks and
increased resistance to oxidative stress [142, 143].

Multiple studies have explored methods for differenti-
ating MSC-like cells from iPSCs [143–149]. These reports
have described iPSC-MSCs as being largely comparable to
mature MSCs in terms of trilineage potential, immunomodu-
lation, and trophic support. However, some minor differ-
ences have also been noted, such as differences in adipose
differentiation, T-cell regulation, sensitivity to NK cells, and
their expression levels of certain genes (e.g., interleukin-1
and TGFβ receptors) [143, 150–153]. Interestingly, a recent
study by Chin et al. reported that differentiation of human
pluripotent stem cells into MSCs results in two distinct
subpopulations with different trophic phenotypes [149].
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One subpopulation with higher expression of CD146 and
CD73 could maintain HSCs (hematopoietic stem cells)
ex vivo and expressed HSC niche-related genes, while a
second subpopulation with lower expression of CD146 and
CD73 displayed poor maintenance of HSCs. Such in vitro
findings using iPSCs are intriguingly reminiscent of in vivo
MSC heterogeneity and may not only help provide a source
of MSCs for clinical use but may also help elucidate the
developmental origins of different MSC subpopulations.

While iPSCs are a promising source of MSCs, they do
carry the risk of malignant transformation during culture
and teratoma formation after transplantation due to resid-
ual pluripotent cells [154]. Alternative means for returning
aged or diseased MSCs to a more therapeutically effective
state without relying on a transient pluripotent stage may
also exist. One option may consist of using the pluripo-
tency genes used for creating iPSCs but for a shorter dura-
tion in order to elicit partial reprogramming and reverse
age-associated epigenetic marks but not loss of cellular
identity. Such an approach yielded impressive results in
mice in terms of improving recovery from metabolic dis-
ease and increasing muscle regeneration after transient
in vivo overexpression [155]. It remains to be seen, how-
ever, if this approach has a beneficial effect on MSCs as
well. Future work will need to focus on determining the
optimal dosing regimen for human cells and examining
if this method is useful for the ex vivo rejuvenation of
human MSCs.

Alternatives for rejuvenating cells that do not rely on
pluripotency genes at all also exist, which may be preferable
for further mitigating tumorigenic risks. One option may be
to alter the levels of beneficial or detrimental miRNAs within
cultured MSCs prior to transplantation. For example, Okada
et al. unveiled that miR-195 plays a key role in inducing
senescence in murine bone marrow-derived MSCs by inhi-
biting the expression of telomerase [156]. When the authors
inhibited miR-195, telomere lengths and cellular prolifera-
tion were increased compared to control cells. Most impor-
tantly though, using a mouse model of acute myocardial
infarction, the authors demonstrated that when transplanted
the rejuvenated cells resulted in reduced infarct size and
improved left-ventricle function.

Conversely, upregulation of certain molecules, such as
miR-543 and miR-590-3p may also be useful in preventing
senescence given their inhibitory roles in senescence onset
in MSCs [157]. Upregulation of SIRT1, a NAD+-dependent
deacetylase, has also been shown to prevent MSC senes-
cence possibly through increasing telomerase activity and
reducing DNA damage [158]. Strikingly, overexpression
of telomerase and myocardin in aged murine MSCs
resulted in improved therapeutic efficacy when used in a
model of hindlimb ischemia, in terms of stimulating arterio-
genesis and increasing blood flow [159]. Regardless of
whether particular factors are upregulated or downregulated,
it should be stressed that any approach that alters regulators
of senescence, telomere length, and/or pluripotency will
require extensive investigation in order to ensure that
rejuvenation of MSCs does not come at the cost of
increasing tumorigenesis.

12. Clinical Risks and Challenges

As of May 2018, there are currently 82 active and recruiting
trials involving “mesenchymal stem cells” listed by Clinical-
Trials.gov in the United States alone, in addition to 44
already completed studies; moreover, there are also 27
active/recruiting trials involving “mesenchymal stromal
cells” with 9 already completed. Of these ongoing studies,
the majority are currently in phase 1 followed by phase 2 tri-
als. Given these appreciable number of trials and their early
stages, it will be crucial to discern if any patterns of adverse
effects can be detected among MSC clinical trials in order
to develop effective solutions to these issues. The risks
involved in these trials are partly dependent on the route of
administration of MSCs (Figure 1).

In terms of risks involving the systemic infusion of MSCs,
Lalu et al. conducted a meta-analysis of clinical trials with
both autologous and allogeneic MSCs and concluded that
this route of administration appears generally safe as their
analysis did not find any significant association between
MSC infusion and acute toxicity, infection, organ system
complications, malignancy, or death [160]. There was, how-
ever, a significant association with transient fever in some
patients. Other studies have also identified chill, infection,
and liver damage as potential adverse effects of systemic
administration [161, 162]. Lalu et al. also commented on
the frequent absence of reporting follow-up duration for
long-term adverse events in the studies they examined and
noted that it is critical that future studies investigate both
short-term and long-term adverse events given that experi-
mental cell-based therapies may have serious long-term con-
sequences (e.g., immunological complications, causing/
enhancing neoplastic growth). Favorably for risk mitigation,
however, there is evidence to suggest that MSCs that are
infused systemically generally do not persist over the long-
term [163]. Also favorably, of the 13 studies examined by
Lalu et al. that used unmatched allogeneic MSCs, none
reported acute infusional toxicity. Such findings bode well
for systemically administered therapies requiring large quan-
tities of cells that cannot be acquired from a single patient
and for cases in which a patient’s own MSCs may be func-
tionally inadequate and/or inaccessible due to underlying
disease.

Regardless, while MSCs themselves appear generally safe
for systemic infusion, biological and chemical components
associated with the ex vivo culture and storage of MSCs, such
as fetal bovine serum (FBS) and dimethylsulfoxide (DMSO)
may introduce risks in the clinical use of MSCs. Such compo-
nents warrant caution due to the possibility of infectious
contamination, immunogenicity, and/or infusional toxicity
[164, 165]. With regard to zoonotic concerns regarding
FBS, such risks may be addressed through the use of human
platelet lysate in place of FBS for supporting the ex vivo
growth of MSCs [164, 166].

Risks and their associated challenges regarding more
experimental interventions involving the local injection of
MSCs and implantation of engineered tissues are currently
less well defined compared to the more commonly used sys-
temic administration route. Currently, challenges associated
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with these approaches often relate to first establishing
clinically significant efficacy in order to justify these more
invasive procedures. Some key challenges for local injections
include maintaining cell viability, increasing MSC perma-
nence after injection, and optimizing delivery to a specific
location [161, 167, 168]. In regard to this, rapidly gelling
injectable hydrogels have shown promise in targeting MSCs
to specific anatomical locations and in maintaining their
viability after injection to prolong therapeutic function
[169]. Currently, investigations into generating engineered
tissues are primarily focused on ensuring comparable
function to native tissues (or at least, similar enough to be
therapeutically useful). Key challenges include optimizing
the differentiation process, developing effective scaffold
materials, and ensuring sufficient maturation of the nascent
tissues through chemical and mechanical cues [73, 170,
171]. As well, depending on the tissue type and its dimen-
sions, the issue of vascularization either pre- or postimplan-
tation must also be addressed in order to preserve function
and to avoid ischemia-induced inflammation. As discussed
previously in this review, MSCs themselves may be of use
in this regard given their proangiogenic signaling and native
perivascular phenotype. Ostensibly, some engineered tissues
may be optimally composed of MSC-derived terminally
differentiated cells along with angiogenic undifferentiated
MSCs, in order to fully take advantage of both their differen-
tiation and angiogenic capabilities.

13. Concluding Remarks

Efforts into understanding and exploiting MSCs for thera-
peutic use have garnered a multifaceted view into the capabil-
ities of these cells, albeit sometimes in a nonlinear and even
serendipitous manner. Contrary to many other clinical
successes for drugs and cell therapies alike, where a compre-
hensive understanding of the therapeutic mechanism(s) is
first established before being employed clinically, MSCs have
had remarkable successes despite a limited understanding of
their in vivo function under normal physiological conditions.
To further improve and build on these early successes, future
work will need to be directed toward understanding the more
nuanced aspects of these cells. As alluded to earlier, this will
partly involve developing an improved understanding of
the differences between MSCs found in different anatomical
locations and the heterogeneity that exists within these sub-
populations, in addition to performing rigorous investigation
into the functional differences between cells differentiated
from MSCs and native terminal cells. By building on the
body of MSC research that has been produced thus far,
potential risks in downstream clinical applications can be
mitigated and the therapeutic potential of MSCs may be
further expanded upon to benefit patients in a wide range
of clinical settings.
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The type III transforming growth factor-β (TGF-β) receptor (TβRIII), a coreceptor of the TGF-β superfamily, is known to bind
TGF-βs and regulate TGF-β signaling. However, the regulatory roles of TβRIII in TGF-β-induced mesenchymal stem cell
(MSC) chondrogenesis have not been explored. The present study examined the effect of TβRIII RNA interference (RNAi) on
TGF-β3-induced human MSC (hMSC) chondrogenesis and possible signal mechanisms. A lentiviral expression vector
containing TβRIII small interfering RNA (siRNA) (SiTβRIII) or a control siRNA (SiNC) gene was constructed and infected into
hMSCs. The cells were cultured in chondrogenic medium containing TGF-β3 or control medium. TβRIII RNAi significantly
enhanced TGF-β3-induced chondrogenic differentiation of hMSCs, the ratio of type II (TβRII) to type I (TβRI) TGF-β
receptors, and phosphorylation levels of Smad2/3 as compared with cells infected with SiNC. An inhibitor of the TGF-β signal,
SB431542, not only inhibited TβRIII RNAi-stimulated TGF-β3-mediated Smad2/3 phosphorylation but also inhibited the
effects of TβRIII RNAi on TGF-β3-induced chondrogenic differentiation. These results demonstrate that TβRIII RNAi
enhances TGF-β3-induced chondrogenic differentiation in hMSCs by activating TGF-β/Smad2/3 signaling. The finding points
to the possibility of modifying MSCs by TβRIII knockdown as a potent future strategy for cell-based cartilage tissue engineering.

1. Introduction

Cell-based cartilage tissue engineering provides a feasible
way of regenerating damaged cartilage tissue caused by
trauma or joint diseases. Mesenchymal stem cells (MSCs),
common precursor cells of chondrocytes, are the basis for
the development of cartilage and represent promising cells
for use in stem cell therapy [1, 2]. However, cartilage tissue
formed by MSC-derived chondrocytes is not the same as
that of native articular cartilage and has poor functional
properties [3, 4]. Understanding the molecular mechanisms

that control chondrogenic differentiation of MSCs and
enhancing chondrogenic activities of cells are crucial to
improve cartilage regeneration by MSCs.

Chondrogenic differentiation is potently induced by
growth factors [2, 5]. Transforming growth factor-β3
(TGF-β3), a member of the transforming growth factor-β
(TGF-β) superfamily, induces chondrogenic differentiation
of MSCs [6]. TGF-β signaling is initiated by the binding of
TGF-β to type II TGF-β receptors (TβRII) and then forms
heteromeric complexes with type I receptors (TβRI) [7].
These complexes further phosphorylate cytoplasmic effector
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molecules Smad2 and Smad3, which are translocated to the
nucleus, where they modulate the expression of target genes,
such as SOX9 and collagen type II (COL II) [8].

In addition to kinase receptors, the type III TGF-β recep-
tor (TβRIII), also known as betaglycan, participates in ligand
binding of the TGF-β superfamily and signaling [9, 10].
TβRIII is a membrane-anchored proteoglycan found in
many cell types. The main function of this receptor was
thought to be binding members of the TGF-β family, includ-
ing TGF-β isoforms TGF-β1–TGF-β3, and presenting them
to type II receptors [11, 12]. However, according to the recent
literature, TβRIII seems to play complex roles in cellular pro-
cesses. For example, studies reported that in some cell lines,
TβRIII significantly enhanced the response to TGF-β by
increasing the affinity of TβRII for TGF-β [12, 13]. Studies
also showed that TβRIII functioned as a potent inhibitor of
TGF-β signaling in other types of cells, such as renal epithe-
lial cells [14, 15]. Our previous study demonstrated that
human MSCs (hMSCs) expressed abundant TβRIII and that
TGF-β3 stimulation clearly repressed TβRIII expression in
MSCs and induced MSC chondrogenic differentiation [16].
These results suggested that the effect of TGF-β3 on MSC
chondrogenesis might be associated with low expression of
TβRIII. However, the role of TβRIII in TGF-β-induced
chondrogenic differentiation of MSCs is unknown.

In the present study, we studied the biological effects of
TβRIII on TGF-β3-induced MSC chondrogenesis. We dem-
onstrated that TβRIII RNA interference (RNAi) enhanced
TGF-β-induced chondrogenic differentiation of hMSCs by
activating TGF-β and Smad2/3 signaling.

2. Materials and Methods

2.1. Isolation and Culture of hMSCs. The study was approved
by the ethics committee of the First Affiliated Hospital of Sun
Yat-sen University in accordance with the Declaration of
Helsinki, and all the subjects provided written informed
consent. hMSCs were isolated and purified from bone
marrow samples of 3 healthy volunteer donors by density
gradient centrifugation, as described previously [17]. Briefly,
bone marrow samples (8–10ml) were diluted with 10ml
phosphate-buffered saline (PBS). Cells were then fraction-
ated using a Lymphoprep (MP Biomedicals LLC., Santa
Ana, CA, USA) density gradient by centrifugation at 500×g
for 20 minutes. Interfacial mononuclears were collected and
cultured in low-glucose Dulbecco’s modified Eagle medium
(L-DMEM) (Gibco; Invitrogen Corporation, NY, USA),
supplemented with 10% fetal bovine serum (FBS) (Gibco;
Invitrogen Corporation, NY, USA) under 37°C and 5%
CO2. Cells were passaged when they reached approximately
80% confluence. Passages 3 to 5 cells were used for the
experimental protocols.

2.2. TβRIII Small Interfering RNA (siRNA) Design and
Lentiviral Vector Construction. The human TβRIII cDNA
sequence (GenBank accession number: NM_003243) was
searched for siRNA target sequences. Four target sequences
were selected, AAGCATGAAGGAACCAAAT, TGCTTT
ATCTCTCCATATT, ACCTGAAATCGTGGTGTTT, and

AGTTGGTAAAGGGTTAATA. A scrambled sequence,
TTCTCCGAACGTGTCACGT, was used as a negative
control (NC). DNA oligos containing the target sequence
were synthesized, annealed, and inserted into a green fluores-
cent protein (GFP) lentiviral expression vector GV248
(GeneChem, Shanghai, China). The ligated production was
transformed into Escherichia coli DH5α cells. Briefly, 100 μl
of DH5α cells was mixed with 2 μl ligated product at 42°C
for 90 s. The mixtures were added on Luria-Bertani (LB)
media (ATCC, USA) containing ampilillin (50 μg/ml) and
incubated at 37°C for 16h. The transformant was identified
by polymerase chain reaction (PCR) and DNA sequencing.

2.3. Lentiviral Production and Infection. A lentivirus TβRIII
(LV-TβRIII) siRNA-mix and lentivirus normal control
(LV-NC) virus were produced by plasmid cotransfection of
293T cells. Briefly, 293T cells were transfected with DNA
mix (pGC-LV vector, 20μg; pHelper 1.0 vector, 15μg; and
pHelper 2.0 vector, 10μg) (GeneChem, Shanghai, China)
and 100μl of Lipofectamine 2000 reagent (Invitrogen, NY,
USA), according to the manufacturer’s instructions. The viral
supernatant was harvested 48 hours (h) after transfection,
and the concentrated viral titer was determined. The viral
supernatant was added into target MSCs at multiplicity of
infection (MOI 10). Before infection, 5× 104/ml of MSCs
were seeded onto a 60 cm2 cell culture dish overnight. The
cells were then infected with 100μl of 1× 108 TU/ml virus
and 5μg/ml of polybrene, following the manufacturer’s
instructions. Then, 10 h after infection, the cells were incu-
bated with L-DMEM containing 10% FBS. Three days after
infection, GFP expression in cells was observed by a fluores-
cence microscope (Olympus, Japan). TβRIII expression was
detected by the real-time polymerase chain reaction (PCR)
and Western blot analysis.

2.4. Chondrogenic Differentiation of hMSCs in Micromass
Culture. Chondrogenic differentiation of hMSCs was per-
formed using amodifiedmicromass culture system according
to a previously described method [18]. Briefly, MSCs being
infected with TβRIII siRNA (SiTβRIII) or control siRNA
(SiNC), or without infection, were harvested and resuspended
at 2× 107 cells/ml. Cell droplets (4× 105/20μl) were placed
carefully in each well of 24-well plates for 2 h, followed by
the addition of control medium or chondrogenic medium
at 37°C/5% CO2. The control medium consisted of high-
glucose DMEM (H-DMEM), supplemented with 50μg/ml
of vitamin C, 100nM dexamethasone, 1mM sodium pyru-
vate, 40μg/ml of proline, and ITS+Universal Culture Supple-
ment Premix (BD Biosciences, NY, USA). The chondrogenic
medium consisted of the control medium, added by 10ng/ml
of TGF-β3 (PeproTech, Rocky Hill, USA). After 24 h, the
cell droplets became spherical. The medium was changed
every 3 days.

Cell pellets from uninfected MSCs were divided into a
control group and TGF-β3 group according to the control
medium and chondrogenic medium and used for TβRIII
analysis. The cells were harvested on day 7 after chondro-
genic induction. The pellets from infected MSCs were
divided into the following four groups for identification of
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chondrogenic differentiation and TGF-β/Smad signaling:
C-SiNC group (SiNC-infected cells cultured in control
medium), C-SiTβRIII group (SiTβRIII-infected cells cul-
tured in control medium), T-SiNC group (SiNC-infected
cells cultured in chondrogenic medium), and T-SiTβRIII
group (SiTβRIII-infected cells cultured in chondrogenic
medium). The cells were harvested on day 14 for identifi-
cation of chondrogenic differentiation, and on day 7 for
TβRI and TβRII analysis. All experiments were performed
by using 3 biological replicate samples each group.

2.5. RNA Extraction and Real-Time PCR Analysis. Total RNA
was isolated from transfected MSCs or pellets using an
RNAsimple Total RNA Kit (Tiangen, Beijing, China). Total
RNA was then converted into cDNA using a PrimeScript®
RT Reagent Kit (Takara, Osaka, Japan) according to the
manufacturer’s instructions. Real-Time PCR assay was per-
formed in triplicate in a Real-Time PCR system (Bio-Rad
Laboratories, Hercules, CA, USA) by using SYBR Green I
Master Mix (Takara, Osaka, Japan). The following genes
were examined: COL II, alpha 1 (COL2A1), SRY- (sex deter-
mining region Y-) box 9 [SOX9], TβRI, TβRII, and TβRIII.
The primer sequences are listed in Table 1. The relative
expression levels for each target gene were calculated by
referencing to the internal controls glyceraldehyde-3-
phosphate dehydrogenase (GAPDH) and β-actin using the
2–ΔΔCT method.

2.6. Histology and Immunohistochemistry. The pellets were
fixed in 4% paraformaldehyde and embedded in paraffin.
4μm sections were deparaffinized, rehydrated through
decreasing concentrations of ethanol, and stained with
0.1% Alcian blue (Sigma-Aldrich, St. Louis, USA) for glycos-
aminoglycan (GAG) analysis. For immunohistochemistry
analysis, the sections were blocked with 1/100 diluted goat
serum for 15min and then reacted overnight at 4°C with
the appropriate primary antibody against human COL II
polyclonal antibodies (Abzoom Biolabs, Dallas, TX, USA)
and human TβRIII antibody (Santa Cruz, Dallas, USA)
followed by biotinylated goat anti-rabbit immunoglobulin
G (IgG) (EarthOx, SFO, USA) for 30min. The sections
were incubated with peroxide-conjugated streptavidin and

stained with 3,3′-diaminobenzidine tetrahydrochloride
(DAB) (Jinshan Jinqiao, Beijing, China).

For fluorescent immunohistochemistry, the pellets from
transfected MSCs were frozen and then sectioned using a
Leica CM1950 microtome (Leica, Germany) on day 7 after
chondrogenic induction. Tissue sections that were 4μm thick
were permeabilized with 0.1% Triton X for 5min and blocked
with 5% BSA for 1 h. The sections were then incubated with
primary antibodies against TβRI (Santa Cruz, Dallas, USA)
and human TβRII antibody (RD Systems, USA), diluted at
1 : 50 at 4°C overnight. FITC-conjugated secondary antibody
(K00018968; Dako North America Inc., Dako, Denmark)
diluted at 1 : 100 was applied for 1 h. The sections were then
stained with 4′-6-diamidino-2-phenylindole (1mg/ml) and
visualized using a Zeiss LSM 710 confocal microscope (Carl
Zeiss, Heidelberg, Germany).

2.7. Glycosaminoglycan (GAG) Quantitation. The pellets
were harvested on day 14 and papain-digested for 16h at
65°C. An aliquot of 40μl lysate was reacted with 1,9-
dimethyl-methylene blue (DMMB) (Sigma-Aldrich, St.
Louis, USA) for GAG analysis. The absorbance at 525nm
was measured using an Automatic Microplate Reader (Bio-
Tek, Winooski, Vermont, USA). Total GAG was calculated
by a standard curve obtained with shark chondroitin sulfate
(Sigma-Aldrich, MO, USA). The total amount of DNA was
quantified by reacting with 0.7μg/ml Hoechst 33258 solution
(Sigma-Aldrich, St. Louis, USA). The reaction product was
measured using a Synergy Microplate Reader (BioTek,
Winooski, Vermont, USA). The results ofGAGquantification
were normalized to the DNA content.

2.8. Western Blot. For TβRIII RNAi identification, proteins
were extracted from MSCs 72h after transfection. For detec-
tion of Smad2/3 phosphorylation, proteins were extracted
from pellets after 24 h of chondrogenic induction. The pro-
tein concentration was quantified by a BCA Protein Assay
Kit (CWBio, Beijing, China). 100 μg proteins was subjected
to 6% SDS-PAGE and electrotransferred onto PVDF mem-
brane (Millipore, Boston, USA) at 250mV for 100min. After
blocking with 5% skimmilk and Tris-buffered saline contain-
ing 0.1% Tween-20, the PVDF membranes were incubated
with antibodies against human TβRIII antibody (Santa Cruz,

Table 1: Primers used for real-time PCR.

Gene Forward primer (5′ to 3′) Reverse primer (5′ to 3′)
GAPDH 5′-AGAAAAACCTGCCAAATATGATGAC-3′ 5′-TGGGTGTCGCTGTTGAAGTC-3′
β-Actin 5′-GACTTAGTTGCGTTACACCCTTTC-3′ 5′-GCTGTCACCTTCACCGTTCC-3′
Col2A1 5′-GGCAATAGCAGGTTCACGTACA-3′ 5′-CGATAACAGTCTTGCCCCACTT-3′
SOX 9 5′-AGCGAACGCACATCAAGAC-3′ 5′-GCTGTAGTGTGGGAGGTTGAA-3′
TβRI 5′-ATTACCAACTGCCTTATTATGA-3′ 5′-CATTACTCTCAAGGCTTCAC-3′
TβRII 5′-ATGGAGGCCCAGAAAGATG-3′ 5′-GACTGCACCGTTGTTGTCAG-3′
TβRIII 5′GTGTTCCCTCCAAAGTGCAAC-3′ 5′-AGCTCGATGATGTGTACTTCCT-3′
GAPDH: glyceraldehyde-3-phosphate dehydrogenase; COL2A1: collagen type II; SOX9: SRY- (sex determining region Y-) box 9; TβRI/II/III: recombinant
human transforming growth factor-β receptor type I/II/III.
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Dallas, USA), rabbit anti-phospho-Smad2 (Ser465/467)/
Smad3 (Ser423/425) (Cell Signaling, Danvers, USA), rabbit
anti-Smad2/3 (Cell Signaling, Danvers, USA), and anti-
GAPDH monoclonal antibody (EarthOx, SFO, USA)
followed by incubation with HRP-conjugated correspond-
ing secondary antibodies. The signals were detected using
SuperSignal West Pico Chemiluminescent Substrate (Pierce,
NY, USA). Protein levels in phosphorylated-Smad2/3
(P-Smad2/3) were normalized to those of total Smad2/3
quantities or GAPDH.

2.9. Inhibition of TGF-β/Smad Signaling. The infected cells
were treated with or without SB431542 (Sigma-Aldrich, St.
Louis, USA), a selective inhibitor of activin receptor-like
kinase 5 (ALK5) (TβRI) [19], for 2 h before being cultured
in chondrogenic medium or control medium. After 24h of
chondrogenic induction, the cells were collected, and the
expression of P-Smad2/3 and that of Smad2/3 was detected
by a Western blot. After 14 days of chondrogenic induction,
the chondrogenic differentiation ability of hMSCs was
assayed by detecting protein and gene expression.

2.10. Statistical Analysis. All quantitative data were presented
as mean values± standard errors (S.E.). All the statistical
analysis was performed using SPSS 16.0 statistical software
(SPSS, Chicago, IL, USA). For comparisons of two groups,
independent student’s t-test was performed; for comparisons
of multiple groups, one-way ANOVA followed by an LSD
t-test was performed. P < 0 05 was chosen as the threshold
of significance.

3. Results

3.1. TGF-β3 Inhibited the Expression of TβRIII in hMSCs. To
ascertain whether hMSCs express TβRIII and TGF-β3 could
regulate TβRIII expression level, we detected the expression
of TβRIII during TGF-β3-induced hMSC chondrogenesis
by immunohistochemistry staining and quantitative PCR.
The results showed that hMSCs expressed abundant TβRIII
protein (Figure 1(a), left panels) and high TβRIII mRNA
(P < 0 01, Figure 1(b)). Exogenous TGF-β3 clearly reduced
TβRIII expression in hMSCs at protein and mRNA levels
(Figures 1(a) and 1(b)).

3.2. Viral Infection and Suppression of TβRIII Expression at
mRNA and Protein Levels. In order to investigate the role of
TβRIII in hMSC chondrogenesis, we infected hMSCs with
LV-TβRIII siRNA-mix and identified the silencing effect on
TβRIII. Following viral infection for 72 h, most of the cells
exhibited high GFP expression under fluorescence micros-
copy (Figure 2(a)). As compared with the control group,
the expression profile of TβRIII mRNA and that of the
TβRIII protein decreased significantly in the SiTβRIII
groups, with mRNA expression decreased by 77.65%
(Figures 2(b) and 2(c)).

3.3. TβRIII RNAi Enhanced TGF-β3-Induced Chondrogenic
Differentiation of hMSCs. We then investigated the effects
of TβRIII RNAi on the TGF-β3-induced chondrogenic dif-
ferentiation of hMSCs. As shown in Figure 3, TβRIII RNAi
had no obvious effects on GAG and COL II secretion
(Figures 3(a) and 3(b); P > 0 05) or any noticeable effects
on the expression of cartilage-specific genes (SOX9 and
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Figure 1: TGF-β3 inhibited the expression of TβRIII during chondrogenic differentiation of hMSCs. (a) hMSCs were cultured in
chondrogenic medium including TGF-β3 or control medium without TGF-β3 for 7 days and subjected to immunohistochemistry analysis
for TβRIII (upper panel, scale bar = 100 μm; lower panel, scale bar = 20 μm; the TβRIII is stained in brown, cell nucleus is stained in
blue). (b) qPCR analysis of TβRIII mRNA level in hMSCs cultured in chondrogenic medium or control medium for 7 days. The TβRIII
mRNA level was lower in hMSCs cultured in chondrogenic medium containing TGF-β3 as compared with that of cells cultured in control
medium. Error bars represent the means± SD, n = 3. ∗∗P < 0 01 versus control.
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COL2A1) when hMSCs were cultured in control medium
(Figure 3(c); P > 0 05). However, TβRIII RNAi significantly
enhanced TGF-β3-induced chondrogenic differentiation of
hMSCs as compared with that of cells infected with SiNC
(Figures 3(a)–3(c); P < 0 05).

3.4. TβRIII RNAi Increased the Ratio of TβRII to TβRI.
To explore the mechanism on TβRIII RNAi regulating
TGF-β3-induced chondrogenic differentiation of hMSCs,
we further analyzed the effect of TβRIII RNAi on TβRI
and TβRII expression and downstream Smad2/3 signaling
during TGF-β3-induced chondrogenesis. Analysis of TβRI
and TβRII expression revealed that both TβRI mRNA levels
and protein expression had no difference between the cells
in the C-SiNC, C-SiTβRIII, and T-SiNC groups (Figures 4(a)
and 4(b); P > 0 05). However, TβRI mRNA and protein
expression levels were decreased in the T-SiTβRIII group as
compared with those in the other groups (Figures 4(a) and
4(b); P < 0 05). Neither the expression of the TβRII gene
(Figure 4(a)) nor that of the protein (Figure 4(b)) was

increased in the C-SiTβRIII group as compared with that in
the C-SiNC group (P > 0 05). However, as compared with
the C-SiNC group, both the T-SiNC and T-SiTβRIII groups
had enhanced mRNA levels of TβRII (Figure 4(a); P < 0 05)
and TβRII expression (Figure 4(b)). The expression of the
TβRII gene, as well as that of the TβRII protein, was higher
in the T-SiTβRIII group as compared with that in the
T-SiNC group. The ratio of TβRII to TβRI in the T-SiNC
and T-SiTβRIII groups was higher than that in the C-SiNC
and C-SiTβRIII groups (Figure 4(a); P < 0 05 and P < 0 01,
resp.). TβRII/TβRI levels increased dramatically in the
T-SiTβRIII groups as compared with those in other groups
(Figure 4(a); P < 0 05).

3.5. TβRIII RNAi Strengthened TGF-β3-Mediated
Phosphorylation of Smad2/3. Analysis of phosphorylation of
Smad2/3 revealed that TβRIII-RNAi did not affect the
expression of P-Smad2/3 in control medium. However,
phosphorylation of Smad2/3 was obviously activated in
T-SiNC and T-SiTβRIII groups. Interestingly, when cells
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Figure 2: Identification and efficiency of lentiviral infection. (a) GFP fluorescence imaging confirmed that the majority of hMSCs were GFP
positive 72 h after they were infected by TβRIII siRNA (SiTβRIII) or SiNC virus. Scale bar = 100 μm. (b) Western blot showed that TβRIII
siRNA clearly inhibited the expression of the TβRIII protein. (c) qPCR confirmed that the expression profiles of TβRIII mRNA decreased
significantly in the SiTβRIII groups as compared with those in the SiNC group. Error bars represent the means± SD, n = 3. ∗∗P < 0 01
versus SiNC group.
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were infected with SiTβRIII, the activation of P-Smad2/3
was further enhanced (Figures 5(a) and 5(b)).

3.6. SB431542 Blocked TβRIII RNAi-Activated TGF-β3-
Mediated Phosphorylation of Smad2/3. SB431542 was identi-
fied as a specific inhibitor of TβRI and TGF-β signaling [19].
Therefore, we tested whether SB431542 blocked TβRIII
RNAi-activated TGF-β signaling. The results showed that
SB431542 inhibited both TGF-β3-activated Smad2/3 phos-
phorylation and TβRIII RNAi-activated TGF-β3-mediated
Smad2/3 phosphorylation (Figure 6(a)). The results of the
statistical analysis revealed decreased ratios of P-Smad2/3
to Smad2/3 and P-Smad2/3 to GAPDH in the T-SiNC+SB
and T-SiTβRIII + SB groups as compared with those in the
T-SiNC and T-SiTβRIII groups (P < 0 05), as shown in
Figure 6(b). There was no statistical difference in P-Smad2/
3 levels in the T-SiNC+SB group versus those in the T-SiT-
βRIII + SB group (P > 0 05) (Figure 6(b)). These data showed
that SB431542 completely inhibited TGF-β3-mediated
Smad2/3 phosphorylation, activated by TβRIII RNAi.

3.7. SB431542 Inhibited TβRIII RNAi-Enhanced TGF-β3-
Induced Chondrogenic Differentiation of hMSCs. We have
shown that SB431542 blocked TβRIII RNAi-activated TGF-

β signaling. We next investigated whether it was sufficient
to inhibit the ability of TβRIII RNAi-enhanced TGF-β3-
induced chondrogenic differentiation of hMSCs. As shown
in Figure 7, GAG and COL II secretion increased signifi-
cantly in the T-SiTβRIII group (Figures 7(a) and 7(b)), as
well as mRNA levels of cartilage-specific genes (SOX9 and
COL2A1), as compared with that in the T-SiNC group
(Figure 7(c); P < 0 05). Cartilage-specific protein and gene
expression decreased in the T-SiNC+SB and T-SiTβRIII +
SB groups as compared with cartilage-specific protein and
gene expression in the T-SiNC and T-SiTβRIII groups
(Figures 7(a)–7(c); P < 0 05).

4. Discussion

TβRIII is an abundant TGF-β receptor, which is present in
many cell types [9, 13]. We previously demonstrated that
hMSCs expressed high levels of TβRIII and that TGF-β3
reduced the expression of TβRIII at mRNA and protein
levels [15]. Other studies demonstrated the specific role of
TGF-β1 in decreasing TβRIII mRNA and protein levels in
cancer cells [20, 21]. These findings were similar to those of
our own study. Hempel et al. [21] showed the TGF-β1-medi-
ated downregulation of TβRIII mRNA expression by
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Figure 3: TβRIII RNAi enhanced TGF-β3-induced chondrogenic differentiation of hMSCs. SiNC- or SiTβRIII-infected cells were cultured in
control medium (C-SiNC group; C-SiTβRIII group) or chondrogenic medium containing TGF-β3 (T-SiNC group; T-SiTβRIII group) for 14
days. (a) Upper panels show glycosaminoglycan (GAG) expression by Alcian blue staining; lower panels show COL II expression by
immunohistochemistry. Scale bar = 100 μm. (b) GAG content was quantitatively analyzed and normalized by DNA content. (c) Real-time
PCR analysis of COL2A1 and SOX9 mRNA levels in hMSCs from different groups. Error bars represent the means± SD, n = 3. ∗P < 0 05
versus C-SiNC group; #P < 0 05 versus T-SiNC group.

6 Stem Cells International



exerting effects on the ALK5/Smad2/3 pathway of the
TGFβR3 gene proximal promoter. Three highly homologous
isoforms of TGF-β in humans (TGF-β1, TGF-β2, and TGF-
β3) share a similar receptor complex and signaling pathway
[20]. Therefore, the mechanism underlying the suppression
by TGF-β3 on TβRIII may be the same as that involved in
TGF-β1-mediated downregulation of TβRIII.

In recent years, many studies have investigated the effects
of altering the expression level of TβRIII and its roles on
mediating cell migration, invasion, growth, and differentia-
tion in several cell types, including cancer and epithelial cells
[13, 20, 22, 23]. However, the regulatory roles of TβRIII in
MSCs have not been explored. RNAi is a powerful tool for
studying protein function [24]. Lentiviral vectors encoding
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Figure 4: TβRIII RNAi increased the ratio of TβRII to TβRI. SiNC- or SiTβRIII-infected cells were cultured in control medium (C-SiNC
group; C-SiTβRIII group) or chondrogenic medium containing TGF-β3 (T-SiNC group; T-SiTβRIII group) for 7days (n = 3). (a) The
expression of TβRI and that of TβRII were visualized by immunofluorescence staining using anti-TβRI (green) and anti-TβRII (red)
antibodies. Nuclei were counterstained using DAPI (blue). The far right panels show merged images. Scale bar = 20μm. (b) mRNA
expression of TβRI and TβRII and the ratio of TβRII to TβRI by real-time RT-PCR. ∗P < 0 05 versus C-SiNC group; #P < 0 05
versus T-SiNC group.
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short hairpin RNAs (shRNAs) or microRNAs (miRNAs) can
be used to specifically knock down target mRNAs [25].
Besides the ability to transfer vectors in primary and nondi-
viding cells, the reverse-transcribed lentiviral vector is inte-
grated in the genome, allowing stable expression of the
gene or shRNA of interest [26]. We used GV248-based lenti-
viral vectors for delivery of shRNAs, precursors of TβRIII
siRNA, into MSCs to suppress TβRIII gene expression. This
vector coexpressed enhanced GFP, a reporter gene, permit-
ting infected cells to be detected by fluorescence microscopy.
Three days after infection with Lenti-siTβRIII or Lenti-NC,
fluorescence microscopy images revealed efficient infection
of MSCs with lentiviral vectors. The data also demonstrated

that the lentiviral vector-based shRNA vector effectively
downregulated mRNA and protein expression of TβRIII.
These data indicated that Lenti-siTβRIII MSCs could be used
as a powerful tool for studying the effect of the siTβRIII gene
on MSC chondrogenesis.

Our study is the first to demonstrate that TβRIII
knockdown in MSCs enhanced TGF-β3-induced chondro-
genic differentiation, indicating a role for TβRIII as a neg-
ative modulator of MSC chondrogenesis. Previous research
reported that the functional impact of TβRIII on TGF-β
ligand signaling was cell-type dependent [9]. Li et al.
[13] demonstrated that transfection of TβRIII-containing
plasmid DNA dramatically promoted a TGF-β1-induced
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Figure 5: TβRIII RNAi strengthened TGF-β3-mediated Smad2/3 phosphorylation. SiNC- or SiTβRIII-infected cells were cultured in control
medium (C-SiNC group; C-SiTβRIII group) or chondrogenic medium containing TGF-β3 (T-SiNC group; T-SiTβRIII group) and harvested
after 24 h. (a) A Western blot of protein levels of P-Smad2/3, total Smad2/3, and GAPDH. (b) Quantification of protein levels of P-Smad2/3
normalized to total levels of Smad2/3 or GAPDH. Error bars represent the means± SD, n = 3. ∗P < 0 05 versus C-SiNC group; #P < 0 05
versus T-SiNC group.
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Figure 6: SB431542 blocked TβRIII RNAi-activated TGF-β3-mediated phosphorylation of Smad2/3. SiNC- or SiTβRIII-infected hMSCs
were cultured in chondrogenic medium, supplemented with TGF-β3 (T-SiNC group or T-SiTβRIII group) and exposed to SB431542
treatment for 2 h before treatment with TGF-β3 (T-SiNC+ SB group or T-SiTβRIII + SB group). Samples were harvested after 24 h.
(a) Western blot of protein levels of P-Smad2/3, total Smad2/3, and GAPDH. (b) Quantification of protein levels of P-Smad2/3
normalized to total levels of Smad2/3 and GAPDH. Error bars represent the means± SD, n = 3. ∗P < 0 05 versus T-SiNC group, #P < 0 05
versus T-SiTβRIII group.
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decrease in cell viability, apoptosis, and cell arrest. On the
other hand, Eickelberg et al. indicated that the expression
of TβRIII in renal epithelial LLC-PK1 cells resulted in
inhibition of TGF signaling [27]. They also suggested that
TβRIII with larger proteoglycans negatively modulated
TGF-β1-induced cellular responses, whereas TβRIII con-
taining smaller proteoglycans enhances TGF-β1-induced
cellular responses [27]. These results suggested that TβRIII
in MSCs may contain larger proteoglycans.

TGF-βs (TGF-β1, TGF-β2, and TGF-β3, resp.) are small
secreted signaling proteins, each of which signals through
TβRI and TβRII. In contrast to TβRI and TβRII, TβRIII is
a membrane-anchored nonsignaling receptor, and its func-
tion is to bind and concentrate TGF-β isoforms on the cell
surface and promote the binding of TβRII and recruitment
of TβRI [11]. Chen et al. [15] demonstrated that TβRI was
recruited to form TβRIII/TβRII/TβRI ternary complexes
that it had two forms: complex I and complex II. Complex I
contained more TβRII than TβRI, underwent clathrin-
mediated endocytosis, and transduced signals in endosomes.
Complex II, which contained more TβRI than TβRII, under-
went caveolae/lipid-raft-mediated endocytosis and rapid
degradation. The formation of these complexes was regulated
by the proteoglycan moiety of TβRIII and altered the expres-
sion of TβRII or TβRI [15]. Herein, we demonstrated that
TβRIII RNAi decreased TβRI expression and increased

TβRII expression in the T-SiTβRIII group when MSCs were
cultured with TGF-β3 as compared with the T-SiNC group
(Figure 4). The data, combined with the findings of previ-
ous reports [15], indicated that TβRIII RNAi increased the
ratio of TβRII to TβRI of the receptor complex and
formed complex I, therefore enhancing TGF-β3 signaling
in MSC chondrogenesis.

TGF-β signals predominantly bind to the ALK5 receptor
(TβRI) and subsequently activate C-terminal Smad 2/3 phos-
phorylation. This signaling route stimulates the production
of matrix components [19]. The present study also showed
that TβRIII RNAi further enhanced the TGF-β3-activated
downstream Smad2/3 signaling pathway (Figure 5). In
addition, SB431542, a TβRI inhibitor, as well as dominant
negative Smad2/3 specifically [28], significantly reversed
TβRIII RNAi-mediated increases in TGF-β3-induced MSC
chondrogenesis (Figures 6 and 7). These data indicated that
TβRIII knockdown enhanced TGF-β3-induced MSC chon-
drogenesis via the Smad2/3 signaling pathway.

5. Conclusions

This study demonstrated that TGF-β3 inhibited the expres-
sion of TβRIII. TβRIII RNAi enhanced TGF-β3-induced
chondrogenic differentiation of hMSCs by increasing the
ratio of TβRII to TβRI in the receptor complex and further
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Figure 7: SB431542 inhibited TβRIIIRNAi-enhanced TGF-β3-induced chondrogenic differentiation of hMSCs. Cells from T-SiNC,
T-SiNC+ SB, T-SiTβRIII, and T-SiTβRIII + SB groups were cultured for 14 days. (a) Alcian blue staining for GAG expression and
immunohistochemistry staining for COL II expression. n = 3, scale bar = 50 μm. (b) GAG content was quantitatively analyzed and
normalized by DNA content. (c) mRNA levels of SOX9 and COL2A1 were measured by real-time PCR. Error bars represent the
means± SD, n = 3. ∗P < 0 05 versus T-SiNC group, #P < 0 05 versus T-SiTβRIII group.
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activating downstream Smad2/3 signaling. These findings
contribute to the understanding of themolecularmechanisms
that control chondrogenic differentiation of MSCs and pro-
vide a potential strategy (i.e., modification ofMSCs by TβRIII
knockdown for cell-based cartilage tissue engineering).
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Tissue engineering is widely recognized as a promising approach for bone repair and reconstruction. Several attempts have been
made to achieve materials that must be compatible, osteoconductive, and osteointegrative and have mechanical strength to
provide a structural support. Composite scaffolds consisting in biodegradable natural polymers are very promising constructs.
Hydroxyapatite (HAp) can support alginate as inorganic reinforcement and osteoconductive component of alginate/HAp
composite scaffolds. Therefore, HAp-strengthened polymer biocomposites offer a solid system to engineer synthetic bone
substitutes. In the present work, HAp was incorporated into an alginate solution and internal gelling was induced by addition of
slowly acid-hydrolyzing D-gluconic acid delta-lactone for the direct release of calcium ions from HAp. It has been previously
demonstrated that alginate-based composites efficiently support adhesion of cancer bone cell lines. Human dental pulp stem
cells (DPSCs) identified in human dental pulp are clonogenic cells capable of differentiating in multiple lineage. Thus, this study
is aimed at verifying the mineralization and differentiation potential of human DPSCs seeded onto scaffolds based on alginate
and nano-hydroxyapatite. For this purpose, gene expression profile of early and late mineralization-related markers,
extracellular matrix components, viability parameters, and oxidative stress occurrence were evaluated and analyzed. In
summary, our data show that DPSCs express osteogenic differentiation-related markers and promote calcium deposition and
biomineralization when growing onto Alg/HAp scaffolds. These findings confirm the use of Alg/HAp scaffolds as feasible
composite materials in tissue engineering, being capable of promoting a specific and successful tissue regeneration as well as
mineralized matrix deposition and sustaining natural bone regeneration.

1. Introduction

Tissue engineering is widely recognized as one of the most
promising approaches for bone repair and reconstruction in
orthopaedics [1]. Bone is a complex and hierarchical tissue
with nano-hydroxyapatite and collagen representing the
major portions [2]. Several attempts have been made in order
to achieve feasible materials with osteoconductive and

osteointegrative properties to provide a structural support
[3]. Indeed, the major role of bone is to provide a morpholog-
ical framework, mechanical strength, blood pH regulation,
and maintenance of calcium and phosphate levels to assist
metabolic processes [2]. As far as dental restoration is
concerned, regenerative endodontics is a promising field of
tissue engineering that is aimed at achieving results using
stem cells associated with responsive molecules and scaffolds.
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In particular, the combination of composite materials and
stem cells in the site of implantation is considered an ideal
alternative treatment to traditional root canal therapy [4].
Thus, growing cells from a small biopsy, followed by their
culture in porous scaffold to form a new tissue, is the goal
of tissue engineering [3]. Artificial scaffolds are temporary
structures designed to sustain and promote cell adhesion,
migration, proliferation, and differentiation through their
chemical and physical properties [2]. Both bioactive ceramics
and polymers have been developed for use as bone composite
scaffolds. Composite scaffolds consisting in biodegradable
natural polymers are very promising constructs, endowed
with excellent biocompatibility and suitable mechanical
properties. Moreover, they can be loaded with growth and
differentiation factors involved in bone formation. Natural
polymers offer the advantage of being very similar to the
physiological macromolecular environment of cells [1, 5].
Among natural polymers, polysaccharides are very versatile,
able to be decorated with signal molecules and to interact
with inorganic components. Alginates belong to a family of
linear copolymers capable of forming stable gels in the
presence of millimolar concentrations of calcium or other
divalent cations [6]. Alginates can be effectivelymanufactured
into porous three-dimensional biodegradable networks, and,
in combination with hydroxyapatite (HAp) as inorganic
reinforcement and osteoconductive element and/or with
other bioactive components, they can constitute solid systems
sustaining natural bone regeneration [1, 7, 8].

Over the last decade, the discovery of different types of
multipotent stem cells from human adult tissues has led to
a rapid breakthrough in the field of regenerative medicine.
They can potentially regenerate different types of tissues
when loaded on suitable scaffolding structures that direct
stem cell fate [9]. Adult mesenchymal stem cells (MSCs),
primarily isolated from the bone marrow, were identified to
be multipotent stem cells with the ability of differentiating
into cells of mesodermal (osteocytes, chondrocytes, and
adipocytes), ectodermal (neurons), and endodermal origins.
Other eminent sources of adult MSCs include placenta,
umbilical cord, amniotic fluid, adipose tissue, dental pulp,
breast milk, and synovium [10]. The oral cavity as well as
the extracted teeth constitute a remarkable source since they
produce a variety of somatic stem cells [11]. The major differ-
ences in the stem cells arising fromdifferent sources are exhib-
ited in their immunophenotypes. These differences have
implications on proliferation, differentiation, and immuno-
modulation of MSCs from the respective sources. Dental
pulp stem cells (DPSCs) have been reported to have higher
proliferative ability than bone marrow- and adipose tissue-
derived MSCs [10, 12–14]. They continuously divide and
differentiate into various cell types, for instance, cells belong-
ing to osteogenic, dentinogenic, adipogenic, neurogenic,
chondrogenic, and myogenic lineage. Moreover, dental pulp
can be easily isolated from the surgical waste derived from
deciduous tooth or wisdom tooth extraction [15]. The very
low morbidity of the anatomical site after the collection of
the pulp, the high efficiency of the extraction procedure of
stem cells from the pulp tissue, the differentiation ability,
and the demonstrated interactivity of stem cells derived

from dental pulp with biomaterials for tissue engineering
applications hold to DPSCs a great potential for clinical
purposes [11, 16]. Although it has been well demonstrated
that MSCs from various sources are able to sustain bone
regeneration [17], only recent tissue engineering approaches
have shown that DPSCs constitute a valuable cell source for
the healing of bone tissue when supported by a suitable
scaffold [18–20].

Also compared to equal volumes of bone marrow, dental
pulp contains a higher number of mesenchymal stem cells
[21, 22]. In this light, due to the presence of a higher undiffer-
entiated population, DPSCs are a suitable stem cell source in
order to obtain different kinds of tissue including dental pulp
tissues, dentin, or bone. These cells proliferate and differenti-
ate into mature cells that produce an extracellular mineral-
ized matrix. Remarkably, it seems that redox homeostasis
might be essential for osteogenic differentiation [23]. MSCs
are known to have low levels of intracellular ROS and high
levels of glutathione, a key antioxidant. They also constitu-
tively express high levels of enzymes required to manage oxi-
dative stress. In terms of redox regulation, numerous recent
reports describe the importance of oxidants on MSC differ-
entiation into osteoblast-like cells. Elevated levels of ROS,
defined as oxidative stress, lead to arrest of the MSC cell cycle
and apoptosis [23, 24].

The differentiation stage of DPSCs greatly influences
both the speed of matrix deposition and the quality of the
newly formed one [22, 25]. Among several components,
water with some dissolved noncollagenous organic matter
is the third component of the mineralized matrix, while the
ratios of hydroxyapatite-to-collagen-to-water volume and
weight fraction are not constant. Wet collagen and hydroxy-
apatite mineral crystal agglomerations interpenetrate each
other, forming the mineralized fibril at a scale of several
hundred nanometers [2]. The aim of this study is to verify
the mineralization potential of human DPSC growth in the
presence of composite scaffolds based on alginate and
nano-hydroxyapatite, which has been already described and
characterized by Turco et al. [1]. It has been shown that these
scaffolds can efficiently sustain adhesion, colonization, and
matrix deposition of osteoblast-like cells without any addi-
tional chemical modification of alginate. Moreover, they
have adequate structural and physical-chemical properties
for being used as scaffolds in bone tissue engineering strat-
egies. In the present paper, the gene expression profile of
early and late mineralization-related markers, extracellular
matrix components, viability parameters of DPSCs, and
expression of bone sialoprotein II (BSP II) were evaluated
and analyzed. We further provide experimental evidence that
the activation of the enzymatic antioxidant catalase is crucial
for cell survival.

2. Materials and Methods

2.1. Preparation of Alginate and HAp Composites (Alg/HAp
Scaffolds). Alg/HAp composite scaffolds were prepared after
having mixed alginate 2% (w/v) and HAp at different con-
centrations in water using the calcium release method. HAp
in powder was homogenously dissolved into a stirred
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solution of alginate in water, followed by the addition of GDL
60mM to release calcium ions from HAp. Aliquots of this gel
were then pipetted and incubated in a 24-well tissue culture
plate (Costar, Cambridge, MA) for 24h at room temperature
in order to achieve a complete gelification. Hydrogels were
then stepwise cooled, immersing tissue culture plates in a
liquid cryostat using an aqueous solution of ethylene glycol
(3 : 1 in water) as refrigerant fluid. Temperature was lowered
stepwise from 20 up to −20°C using 5°C steps with a 30min
interval for equilibration. Samples were then freeze-dried
for 24 h to obtain porous scaffolds. As a control, pure alginate
gels (HAp-free) were prepared by replacing HAp with
CaCO3 (30mM of Ca2+). Hap-free gels were then processed
as their counterpart with HAp. Alg/HAp scaffolds were
further characterized as previously described [1].

2.2. Alg/HAp Scaffold Sterilization and Preparation for Cell
Culture. Alg/HAp scaffolds underwent two cycles of steriliza-
tion under a UV light (15W) for 1 hour. After that, they were
rehydrated in a sterile aqueous solution of 5mM CaCl2 and
1% penicillin/streptomycin under weak magnetic agitation
for 20 minutes. Next, every scaffold was gently squeezed by
means of a clamp and placed in a Falcon® 12-Well Clear Flat
Bottom Not Treated Multiwell Cell Culture Plate. MEM
ALPHA medium supplemented with 10% FBS and 1%
penicillin/streptomycin (all purchased by EuroClone, Milan,
Italy) was immediately added up to the brim of each well in
order to cover up the entire scaffold surface. Then scaffolds
were conditioned by the medium overnight, placing the
multiwell plate at 37°C and 5% CO2.

2.3. Isolation and Cultivation of DPSCs. According to the
Italian Legislation and the code of ethical principles for med-
ical research involving human subjects of the World Medical
Association (Declaration of Helsinki), young donors who
underwent extraction of the third molar signed an informed
consent. This project has received the approval of the Local
Ethical Committee of the University of Chieti-Pescara
(approval number 1173, date of approval 31/03/2016). After
having obtained dental pulp samples from surgical proce-
dures, DPSCs were handled and cultivated as previously
described [22].

DPSCs were then analyzed by flow cytometry in order to
characterize the cells by their immunophenotype. Molecular
markers commonly applied to identify mesenchymal stem
cells were detected as described in a previous work from
our group [26].

2.4. Cell Seeding on Alg/HAp Scaffolds. After being character-
ized by flow cytometry, DPSCs were cultured and expanded
in MEM ALPHA medium supplemented with 10% FBS and
1% penicillin/streptomycin (all purchased by EuroClone,
Milan, Italy) up to passage 7. Cell cultures were then trypsi-
nized (Trypsin/EDTA 1x, EuroClone, Milan, Italy), and cells
were collected by centrifugation at 1200 rpm for 10 minutes
at room temperature. DPSCs were counted by Trypan blue
dye exclusion, and 5× 104 cells resuspended in 130μl of com-
plete MEM ALPHA medium were used for cell seeding on
each scaffold. The same cell number was used to seed DPSCs

on polystyrene (named in figures as DPSCs). After having
discarded the medium from the overnight conditioning, scaf-
folds were once again squeezed to eliminate the excess of
medium and placed on a fresh Falcon 12-Well Clear Flat
Bottom Not Treated Multiwell Cell Culture Plate. Next,
DPSCs were seeded drop by drop on the scaffolds and imme-
diately placed at 37°C and 5% CO2 for 3 h. Finally, a complete
MEM ALPHA medium was added (named in figures as
“Scaffold”, i.e., DPSC-laden scaffolds). Where necessary,
the complete MEM ALPHA medium supplemented by dif-
ferentiation agents (named in figures as DPSCs +DM and
Scaffold +DM, i.e., DPSC-laden scaffolds in the presence
of differentiation medium) was added. Complete DM was
supplemented by L-ascorbic acid 100μM, dexamethasone
10 nM, β-glycerol phosphate disodium salt pentahydrate
5mM (all purchased by Sigma-Aldrich, MI, USA), and
potassium phosphate monohydrate 1.8mM (Alfa Aesar,
MA, USA). DPSCs seeded on polystyrene and DPSCs onto
Alg/HAp scaffolds with or without DM were incubated for
1, 3, 7, 14, 21, and 28 days, refreshing the medium every 72 h.

2.5. Alizarin Red S Staining. To assess calcium deposition,
Alizarin Red S staining was carried out on DPSC cultures.
On days 7, 14, 21, and 28, the cell supernatant was discarded
and cells were washed twice with PBS with Ca/Mg. After that,
cultures were fixed with 4% paraformaldehyde (PFA) for
30minutes and then washed with PBS. Samples were after-
wards incubated with Alizarin Red S (40mM in deionized
water) for 30 minutes in the dark. After that, DPSCs were
washed three times with deionized water and samples were
observed under a phase-contrast light microscope (Leica,
Wetzlar, Germany) equipped with a CoolSNAP camera to
acquire computerized images (Photometrics, Tucson, AZ).

2.6. Alkaline Phosphatase Activity. Alkaline phosphatase
(ALP) catalyzes the hydrolysis of phosphate esters in alkaline
buffer and produces an organic radical and inorganic phos-
phate. The activity of ALP was analyzed in cell supernatants
using the Alkaline Phosphatase Assay Kit (Colorimetric)
(Abcam, Cambridge, UK). The kit uses p-nitrophenyl phos-
phate (pNPP) as a phosphatase substrate which turns yellow
(λmax = 405 nm) when dephosphorylated by ALP. Cell super-
natants were collected after 1, 3, 7, 14, 21, and 28 days of
culture. After collection, 80μl/well of sample was loaded in
a Falcon 96-Well Clear Flat Bottom TC-Treated Culture
Microplate in duplicate. Next, 50μl of pNPP 5mM/well
was added and the plate was incubated for 1 hour at room
temperature in the dark. After that, 20μl of stop solution
was pipetted into each well and the absorbance output was
measured at 405nm by means of a microplate reader
(Multiskan GO, Thermo Scientific, MA, USA). Each test
was performed in triplicate. The calculation of ALP activity
(U/l/min) was carried out following the manufacturer’s
specifications, and each obtained value was normalized on
its protein content (μg of proteins/sample) measured by the
BCA assay.

2.7. Quantification of Human Collagen Type I. Levels of
collagen type I in the culture medium were quantified by
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means of ELISA (human collagen type 1 ELISA, Cosmo Bio,
Tokyo, Japan). After 1, 3, 7, 14, 21, and 28 days, cell superna-
tants were collected and ELISA assay was performed. Cell
supernatants were pipetted, and the blue conjugate and the
yellow antibody were added. After 2 h of incubation at room
temperature on a plate shaker, wells were washed and then
incubated with the pNPP substrate for 45min. Finally, a stop
solution was added and optical density (OD) was measured
at 450nm by means of a microplate reader (Multiskan GO,
Thermo Scientific, MA, USA). Each test was performed in
triplicate. The concentration of collagen type I was calculated
using a standard curve generated with specific standards
provided by the manufacturers. Each obtained collagen con-
centration (μg/ml) was normalized on the protein content
(μg of proteins/sample) measured by the BCA assay.

2.8. Protein Extraction and BCA Assay. After having dis-
carded the supernatants, DPSCs cultured on polystyrene
were washed twice with PBS, trypsinized, and collected by
centrifugation at 1200 rpm for 10 minutes. Pellets were then
washed twice with cool PBS and kept on ice. As regard
DPSCs’ growth onto scaffolds, they were put in a sodium
citrate buffer solution at pH = 7 4 under vigorous magnetic
agitation in order to decompose scaffolds without damaging
cells. This buffer solution was made by 50mM sodium citrate
tribasic dehydrate, 100mM sodium chloride, and 10mM
sucrose (all purchased from Sigma-Aldrich, MI, USA). After
being dissolved in the buffer solution, scaffolds and DPSCs
were collected by centrifugation at 1500 rpm for 10 minutes
and pellets were washed twice with cool PBS. After having
discarded the washing solution, 0.5ml of lysis buffer enriched
with a protein inhibitor cocktail (PBS, 1% IGEPAL CA-630,
0.5% sodium deoxycholate, 0.1% SDS, 10mg/ml PMSF,
1mg/ml aprotinin, 100mM sodium orthovanadate, and
50μg/ml leupeptin, all purchased from Sigma-Aldrich, MI,
USA) was added and samples were kept on ice for 30min.
Then, the lysed pellets were resuspended and kept on ice
for a further 30min. Following centrifugation for 15min at
20,000g, the supernatant was collected as the whole cell
fraction. Protein concentration in the whole cell lysate was
determined using bicinchoninic acid assay (QuantiPro™
BCA Assay Kit for 0.5–30μg/ml protein, Sigma-Aldrich,
Milan, Italy) following the manufacturer’s instructions.
Briefly, cell lysates were diluted 1 : 150 in 150μl of deionized
water and an equal volume of QuantiPro BCA assay mix was
added. Samples were incubated 2 h at 37°C, and the absor-
bance signal generated was measured at 562nm in a micro-
plate reader (Multiskan GO, Thermo Scientific, MA, USA).
Each test was performed in triplicate. Analyses of the obtained
OD were carried out using GraphPad Prism version 5.01 for
Windows (GraphPad Software, San Diego, CA). The concen-
tration of protein was calculated using a standard curve gen-
erated with specific standards provided by themanufacturers.

2.9. Cytotoxicity Assay. Cytotoxicity occurrence was assessed
by means of the CytoTox 96® Non-Radioactive Cytotoxicity
Assay (Promega, WI, USA). The kit measures lactate dehy-
drogenase (LDH), a stable cytosolic enzyme that is released
upon cell lysis. Released LDH in culture supernatants is

measured with coupled enzymatic assay, which results in
the conversion of a tetrazolium salt (iodonitrotetrazolium
violet (INT)) into a red formazan product. The amount of
color formed is proportional to the number of lysed cells.
After having collected supernatants at days 1, 3, 7, 14, 21,
and 28, 50μl was transferred to a Falcon 96-Well Clear Flat
Bottom TC-Treated Culture Microplate in triplicate. An
equal volume of CytoTox 96 Reagent is added to each well
and incubated for 30 minutes. When a provided stop solution
was added, the absorbance signal was measured at 490nm
and 690nm (background) in a microplate reader (Multiskan
GO, Thermo Scientific, MA, USA). Each test was carried out
in triplicate. Assessment of the percentage of relative cytotox-
icity was calculated subtracting the background value and
normalizing the obtained OD with the protein content
(μg of proteins/sample) measured by the BCA assay.

2.10. Catalase Activity. To indirectly assess oxidative stress
occurrence, the analysis of the antioxidant enzyme catalase
activity was carried out. For this purpose, the Amplex® Red
Catalase Assay Kit was used (Molecular Probes, Invitrogen
Corporation, CA, USA). Catalase is a heme-containing redox
protein which prevents excess of intracellular hydrogen
peroxide (H2O2) converting this compound to water and
oxygen. In the assay, catalase—if working in samples—first
reacts with H2O2 to produce water and oxygen (O2). Next,
the Amplex Red reagent reacts with a 1 : 1 stoichiometry with
any unreacted H2O2 in the presence of horseradish peroxi-
dase (HRP) to produce the highly fluorescent oxidation
product, resorufin. Therefore, as catalase activity increases,
the signal from resorufin decreases. The absorbance was
measured at 560nm in a microplate reader (Multiskan GO,
Thermo Scientific, MA, USA). The results are typically plot-
ted by subtracting the observed fluorescence from that of a
no-catalase control (complete MEM ALPHA medium and
complete medium with DM). Assessment of the relative cat-
alase activity (mU/ml) was calculated using a standard curve
generated with specific standards provided by the manufac-
turers and normalizing the obtained values with the protein
content (μg of proteins/sample) measured by the BCA assay.

2.11. RNA Extraction. Total RNA was extracted using TRI
Reagent (Sigma-Aldrich, St. Louis, MO). Briefly, cell growth
onto Alg/HAp scaffolds was suspended in 500μl of TRI
Reagent and then centrifuged at 10,000 rpm for 10min at
4°C. The supernatant was added to 100μl of chloroform, then
shaken vigorously, incubated on ice for 15min, and centri-
fuged at 13,200 rpm for 20min at 4°C. RNA in aqueous phase
was precipitated with 250μl of isopropanol, stored for 30min
at −20°C, and pelletted by centrifugation at 13,200 rpm for
20min at 4°C. RNA pellet was washed with 500μl of 75% eth-
anol, air-dried, and finally resuspended in RNAse-free water.
In order to avoid the contamination of samples, DNA was
removed using a DNA-free kit (Life Technologies, Carlsbad,
CA). RNA concentration was determined by spectrophotom-
eter reading at 260 nm, and its purity was assessed by the
ratio at 260 and 280nm readings (BioPhotometer Eppendorf,
Hamburg, Germany). Samples were afterwards tested by
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electrophoresis through agarose gels and visualized by
staining with ethidium bromide, under UV light.

2.12. Reverse Transcription (RT) and Real-Time RT-
Polymerase Chain Reaction (Real-Time RT-PCR). In order
to reverse-transcribe 1μg of RNA, a high-capacity cDNA
Reverse Transcription Kit (Life Technologies) was used.
Twenty microliters of these solutions was stepwise incubated
in a 2720 Thermal Cycler (Life Technologies) initially at 25°C
for 10min, then at 37°C for 2 h and finally at 85°C for 5min.
Gene expression was determined by quantitative PCR using
TaqMan probe-based chemistry. Reactions were performed
in 96-well plates on an ABI PRISM 7900 HT Fast Real-
Time PCR System (Life Technologies). TaqMan probes and
PCR primers were obtained from Life Technologies (Taq-
Man Gene Expression Assays (20x): Hs00154192_m1 for
BMP2, Hs00231692_m1 for RUNX2, and Hs01866874_s1
for SP7), and glyceraldehyde 3-phosphate dehydrogenase
(GAPDH) (Life Technologies, part number 4333764 F) was
used as a housekeeping gene. Each amplification reaction
was performed with 10μl of TaqMan Fast Universal PCR
Master Mix (2x), No AmpErase UNG (Life Technologies),
1μl of primer-probe mixture, 1μl of cDNA, and 8μl of
nuclease-free water. No-template control was used to check
for contamination. A reverse transcriptase minus control
was included for SP7 gene assay. Thermal cycling conditions
were 95°C for 20 s, followed by 40 cycles of amplification at
95°C for 1 s and 60°C for 20 s. Sequence Detection System
software, ver. 2.3 (Life Technologies), elaborated gene
expression data. The comparative 2−ΔΔCt method was used
to quantify the relative abundance of mRNA (relative quan-
tification). Real-time PCR analysis was performed in three
independent experiments. In each experiment, we included
one cDNA sample for each experimental condition. Amplifi-
cation was carried out in triplicate for each cDNA sample in
relation to each of the investigated genes.

2.13. Immunoblotting. DPSC lysates (20μg/sample) were
electrophoresed on a 4–20% SDS-PAGE gel (ExpressPlus™
10x8, GenScript Biotech Corporation, China) and trans-
ferred to nitrocellulose membranes further blocked in 5% of
nonfat milk, 10mmol/l Tris pH7.5, 100mM NaCl, and
0.1% Tween 20. Membranes were then probed for mouse

anti-β-actin monoclonal antibody (Sigma-Aldrich, St. Louis,
MO, USA) (primary antibody dilution 1 : 10,000) and mouse
monoclonal anti-BSP II (Santa Cruz Biotechnology, CA,
USA) (primary antibody dilution 1 : 200) and incubated in
the presence of specific conjugated IgG horseradish perox-
idase. Immunoreactive bands were identified using the
ECL detection system (Amersham Int., Buckinghamshire,
UK) and analyzed by densitometry. Densitometric values,
expressed as the percentage of the integrated optical inten-
sity ratio of BSP II and β-actin, were estimated by the
ChemiDoc XRS system using the QuantiOne 1-D analysis
software (Bio-Rad, Richmond, CA, USA).

2.14. Statistics. Statistical analysis was performed using the
analysis of variance (one-way ANOVA) with post hoc test
(Tukey) for RT-PCR analysis and the t-test. Results were
expressed as mean ± SD. Values of p < 0 05 were considered
statistically significant.

3. Results

3.1. Formation of Mineralized Nodules in DPSCs Exposed to
Differentiation Medium. The production of the extracellular
mineralized matrix by DPSCs was evaluated through
Alizarin Red S staining. As shown in Figure 1, cells cultured
in the presence of differentiation agents (DM) are crowded
by a mineralized matrix rich in calcium precipitates stained
in red (lower panel), revealing that the generation of calcium
precipitates is time-dependent. Quite the opposite, cells from
the control group show fewer Alizarin Red-positive regions
starting from 7 days of culture up to 28 days (upper panel).

3.2. Alkaline Phosphatase Activity and Collagen Type I
Release in DPSCs Exposed to Medium Enriched with
Mineralizing Agents. In order to evaluate mineralization
occurrence and to confirm Alizarin Red S staining observa-
tion, ALP activity was quantified in DPSCs committed to
osteogenic differentiation (DPSCs+DM) compared to cells
cultivated in normal growth medium (DPSCs) (Figure 2(a)).
After 1 day of culture, only a slight difference among DPSCs
and DPSCs +DM in terms of ALP activity is detectable
(5.33× 10−4 U/l/min and 4.6× 10−4 U/l/min, resp.). As
far as DPSC culture is concerned, ALP activity decreases

DPSCs

DPSCs
+

DM

50 �휇m 

50 �휇m 

50 �휇m 

50 �휇m 

50 �휇m 

50 �휇m 

50 �휇m 

50 �휇m 
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Figure 1: Mineralization of dental pulp stem cells (DPSCs) assessed by Alizarin Red staining. The upper panel shows the Alizarin Red
staining of pulp cells after 7, 14, 21, and 28 days of culture without differentiation medium (DM). The presence of mineralized nodules in
cultures exposed to DM after 7, 14, 21, and 28 days is displayed in the lower panel. Magnification 40x.
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in a time-dependent manner, being assessed at 3.88× 10−4
U/l/min after 3 days of culture and at 1.54× 10−4 U/l/min
after 28 days. A similar tendency can be observed for
DPSCs exposed to DM, being significantly dropped after 7
and 14 days (5.13× 10−5 U/l/min and 7.75× 10−5 U/l/min,
resp.). Cells exposed to differentiation agents for 28 days
produce the highest peak in terms of ALP activity, being sig-
nificantly increased compared to DPSCs cultivated in normal
growth medium (1.28× 10−3 U/l/min versus 1.54× 10−4).

After that, collagen type I secretion was quantified to
evaluate the extracellular matrix modifications and the
osteogenic commitment (Figure 2(b)). As regard DPSCs cul-
tivated in normal growth medium, after a slight decrease
occurred up to 7 days, the levels of secreted collagen type I
arise again to the level of the first day of culture. In parallel,
cells exposed to differentiation agents show a decrease in col-
lagen type I production reaching the lowest values after 7 and
14 days (0.311μg/ml and 0.349μg/ml). After 21 days, this
tendency is reversed and the production of collagen type I
is significantly higher with respect to the first day of culture
(1.98μg/ml).

3.3. Protein Quantification and Cytotoxicity. As a measure
of cell seeding efficiency, the BCA assay was performed on
the whole cell lysates derived from DPSCs cultivated onto
Alg/HAp scaffolds compared to the ones from DPSCs under
normal cell conditions with or without differentiation agents
(Figure 3(a)). As regards control group (DPSCs), the protein
content gradually arises over the time of the experiments,
being almost 9-fold augmented after 28 days compared to 1
and 3 days of culture (315.17μg, 36.57μg, and 47.40μg, resp.).
A similar tendency can be observed for DPSCs cultivated in
the presence of differentiation agents up to 14 days when the
absolute highest protein content is registered (27.97μg,
51.18μg, 238.45μg, and 251.87μg). After that, a slight
decrease occurs, with the protein content assessed at

171.35μg after 21 days and at 203.84μg after 28 days.
Although this fall is significant compared to 14 and 7 days of
culture, the amount of proteins remains consistent with
respect to early stages (Figure 3(a)). When DPSCs were culti-
vated onto Alg/HAp scaffolds, the protein pool is significantly
reduced compared to DPSCs alone after 1 day of culture
(11.95μg and 36.57μg, resp.). The shrinkage in terms of pro-
tein content can be observed up to 14 days, when the absolute
lower value is registered (7.64μg). Surprisingly, a 7-fold
increase is detected (54.61μg) after 21 days of culture. Never-
theless, the protein pool is once again lowered after 28 days. A
similar tendency can be registered when DPSCs are cultivated
onto scaffolds in the presence of differentiation agents (scaf-
fold +DM). For instance, the amount of protein after 21 days,
when there is the peak for DPSCs and scaffold, is even lower
(44.57μg).

After having monitored cell seeding efficiency by means
of protein quantification, the cytotoxicity of Alg/HAp scaf-
folds on DPSCs was assessed in terms of LDH release
(Figure 3(b)). There are no significant changes in the per-
centage of LDH released from cells exposed to DM or culti-
vated alone, as the highest peaks for these experimental
conditions are assessed at 1.18% after 28 days of culture of
DPSCs alone. Quite the opposite, a substantial elevation in
the percentage of LDH released can be detected when DPSCs
are grown onto Alg/HAp scaffolds. More in detail, the
amount of enzyme secreted after 1 day is 11-fold higher than
the one released from DPSCs alone (11.06% versus 1.06%).
After 3 days of cell culture on the scaffold, this rise is even
more enhanced, reaching a 32.7-fold increase if compared
to DPSCs alone (26.20% versus 0.80%). After this peak, the
percentage of LDH released gradually decreases, being
assessed at 0.68% after 21 days of culture (Figure 3(b)). Once
again, a rise in terms of LDH release is observed after 28 days
of culture (15.57%). A similar progress can be registered
when DPSCs are cultivated onto scaffolds in the presence of
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Figure 2: Alkaline phosphatase (ALP) activity and collagen type I release in dental pulp stem cells (DPSCs). (a) Bar graph showing the
enzymatic activity of ALP (U/ml) normalized on the protein content (μg/sample) after 1, 3, 7, 14, 21, and 28 days of culture. ∗p < 0 05,
7, 14, and 28 d of DPSCs +DM versus DPSCs. (b) The bar graph represents collagen type I secretion from DPSCs with or without DM after
1, 3, 7, 14, 21, and 28 days of culture. Results are normalized on values obtained from DPSCs cultured for 1 day without DM after being
proportioned on the protein content (μg/sample). ∗p < 0 05 28 d DPSCs +DM versus DPSCs. ∗∗p < 0 01 21 d DPSCs +DM versus DPSCs.
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DM, with the exception of the 14 days of culture, when the
percentage of LDH is quite higher with respect to DPSCs
and scaffold alone (15.52% versus 6.93%).

3.4. Formation of Oxidative Stress. To correlate the elevated
cytotoxicity to an oxidative stress occurrence, the activity of
catalase was monitored and quantified (Figure 4). When
DPSCs are cultured alone, the activity of the antioxidant
enzyme gradually decreases, being 27.04mU/ml after 1 day
of culture and 1.31mU/ml after 28 days. Very likely, when
DPSCs are exposed to DM, the activity of catalase lowers
with respect to DPSCs without DM up to 14 days of culture.
After 21 days of culture in the presence of DM, catalase activ-
ity is doubled with respect to DPSCs alone (4.54mU/ml ver-
sus 2.14mU/ml) and the difference is even more enhanced
after 28 days (4.31mU/ml versus 1.31mU/ml). Observing
catalase activity in DPSCs growth onto scaffolds, a dramatic
rise can be detected compared to both DPSCs exposed to
DMandDPSCs alone (Figure 4).More in detail, values appear
similar as regard 1 and 3 days of culture (38.21mU/ml and
37.58mU/ml, resp.). At 7 days of culture onto scaffolds, the
absolute highest value of catalase activity is registered
(91.12mU/ml). After that peak, the activity of the enzyme
progressively decreases, reaching 24.94mU/ml after 28 days.
When DM is added to the DPSCs/scaffold culture, the
tendency results to be very similar to the previous one. The
catalase activity after 7 days is slightly lower (87.70mU/ml)
but still consistent compared to DPSCs +DM. As above,
the activity of the enzyme lessens, being 21.05mU/ml after
28 days of culture.

3.5. Gene Expression Profile ofMineralization-RelatedMarkers.
To demonstrate that a commitment to mineralization is

established, relative gene expression of BMP2, RUNX2,
and SP7 was analyzed by RT-PCR on DPSCs alone and
growth onto Alg/HAp scaffolds along with their counter-
part exposed to DM (Figure 5). At length, the expression
of the early differentiation gene BMP2 (Figure 5(a)) is not
significantly changed after 3 days of cell culture in the
presence of DM. Notably, there is a consistent elevation
of BMP2 when DPSCs are exposed to DM for 7 days.
After that, values revert to the ones of the control group.
When cells grow onto scaffolds, a significant positive peak
is registered after 7 days of culture (1.805 fold increase).
As regard DPSCs/scaffold culture +DM, the expression
of BMP2 is dramatically increased earlier than 7 days,
being elevated already after 1 day of culture and even
more after 3 and 7 days (1.357-, 1.402-, and 2.798-fold
increase, resp.).

Next, gene expression of RUNX2 was analyzed, which is
found expressed here at later stages than BMP2
(Figure 5(b)). For instance, there is a climax after 21 days
when DPSCs are grown onto scaffold (1.479-fold increase)
with respect to both DPSCs alone and DPSCs +DM. When
cells are cultivated in the presence of the scaffold and exposed
to DM, two positive pulses of RUNX2 gene expression can be
registered. The first one is after 3 days of culture, and the
second—more dramatic—is observed after 21 days (1.910-
and 3.233-fold increase, resp.).

Finally, the expression of the late differentiation gene SP7
was evaluated. Generally speaking, there are no significant
differences up to 21 days of culture. After 28 days, the expres-
sion of SP7 is consistently enhanced when DPSCs are culti-
vated onto scaffolds (1.390-fold increase) and this tendency
is even more evident when DM is added to the DPSC/scaffold
model (2.272-fold increase).
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Figure 3: Protein content and cytotoxicity assay on dental pulp stem cells (DPSCs) in the presence of alginate/hydroxyapatite scaffolds. (a)
The bar graph represents the quantification of protein content (μg/sample) measured by the bicinchoninic acid (BCA) assay of DPSCs in the
presence of alginate/hydroxyapatite scaffolds over the different experimental conditions. ∗p < 0 05 7, 14, and 28 d DPSCs +DM versus DPSCs;
1, 3, 7, and 14 d scaffold versus DPSCs; 7, 14, and 21 d scaffold +DM versus DPSCs +DM. ∗∗p < 0 01 7, 14, 21, and 28 d DPSCs versus 1 d
DPSCs; 21 d scaffold versus DPSCs; 28 d scaffold +DM versus scaffold. (b) Lactate dehydrogenase (LDH) released from DPSCs seeded on
alginate/hydroxyapatite scaffolds with or without DM. ∗∗p < 0 01 1, 3, 7, 14, 21, and 28 d scaffold versus DPSCs; 1, 3, 7, 14, 21, and 28 d
scaffold +DM versus DPSCs +DM. Scaffold =DPSC-laden scaffolds; scaffold +DM=DPSC-laden scaffolds in the presence of
differentiation medium.
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3.6. ALPActivity and Collagen Type I Release in DPSCGrowth
onto Alg/HAp Scaffolds. Finally, to further confirm DPSCs’
osteogenic commitment when cultured onto Alg/HAp scaf-
folds in the presence or not of DM, the activity of ALP and
the release of collagen type I were monitored (Figure 6).
The presence of DM does not influence ALP activity after 1
day of culture, with U/l/min being very similar to the one of
DPSCs on scaffold alone (Figure 6(a)). A positive peak can
be observed when DPSCs are cultured onto scaffolds for 3
days. As deduced from the bar graph, this is the highest abso-
lute value registered, being assessed at 0.0493U/l/min. When
DM is added to the culture, ALP activity slightly lowers, but
remaining consistent (0.0401U/l/min). After 7, 14, and 21
days of culture, there are only weak fluctuations of ALP activ-
ity, while it is quite elevated after 28 days when DPSCs are
cultured onto scaffolds without DM.

In parallel, the concentration of collagen type I in cell
supernatants was evaluated comparing all the values to the
concentration after 1 day of culture of DPSCs on scaffold
without DM (Figure 6(b)). A time-dependent concentration
increase can be detected for DPSC growth onto scaffolds,
with the release of collagen 1.32-fold higher after 3 days
and 6.50-fold higher after 28 days with respect to 1 day of
culture. Very likely but even more consistently, the secretion
of collagen type I when DPSCs are grown onto scaffolds in
the presence of DM is time-dependently increased. Indeed,
the release of collagen after 28 days is 13-fold higher if
compared to the one after 3 days (3.01-fold versus 39.46-
fold, resp.).

3.7. BSP II Expression in DPSCs Seeded on HAp/Alg Scaffolds.
To confirm the osteogenic differentiation of DPSCs grown
onto scaffolds in the presence or not of DM, the expression
of the noncollagenous protein BSP II, implied in the regula-
tion of bone mineralization, was analyzed by means of
Western blotting. Densitometric values show a peak after 7
days of culture, registering a significant increased value when
DPSCs are grown onto scaffolds without DM (Figure 7).
After that, BSP II is notably expressed after 21 and 28 days
when the DM is present.

4. Discussion

DPSCs isolated from human postnatal dental pulp tissues
can give rise to multilineage differentiation in vitro and
generate related mineralized tissues in vivo [27]. Bone
and dentine extracellular matrix proteins are similar, con-
sisting primarily of type I collagen, acidic proteins, and
proteoglycans. Although collagen forms the lattice for
deposition of calcium and phosphate assisting formation
of carbonate apatite, noncollagenous proteins are believed
to control initiation and growth of the crystals [28]. For
this purpose, Alizarin Red S staining was carried out on
our system. More in detail, DPSCs cultured on polystyrene
exposed to medium enriched by differentiation agents
show calcium nodule deposition from 7 days of culture
compared to cells from the control group (Figure 1). The
dimension of calcium nodules arises in a time-dependent
manner in DPSCs cultured in the presence of DM with

0

10

20

30

40

50

60

70

80

90

100

1d 3d 7d 14d 21d 28d

DPSCs
Scaffold

DPSCs + DM
Scaffold + DM

Ca
ta

la
se

 ac
tiv

ity
 (m

U
/m

l/�휇
g 

of
 p

ro
te

in
s)

⁎

⁎
⁎

⁎
⁎

⁎⁎

⁎⁎⁎⁎

⁎⁎⁎⁎

⁎⁎⁎⁎

⁎⁎⁎⁎
⁎⁎⁎⁎

Catalase activity
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respect to DPSCs’ growth in normal medium. In parallel,
we evaluated ALP activity and secretion of collagen type I
in the same experimental conditions. Despite different
fluctuations, both parameters increased at late stages of
culture, for instance, at 28 days. This is coherent with pre-
vious studies and literature [29], and the authors of the
present work are quite confident on the functionality of the
experimental system in committing cells to mineralized
matrix deposition.

For most regenerative strategies, an organic scaffold is
used to provide a surface on which cells may adhere, grow,
and spatially organize [30]. In the present paper, a 3D biode-
gradable porous scaffold prepared from a binary mixture
composed by alginate and HAp was used. DPSCs have to
interpenetrate this porous structure and proliferate to give
birth to newly produced mineralized tissue. Due to the
difficult handling of this experimental 3D cell culture and
the difficulty in obtaining data on cell seeding efficiency and
viability with classical and commercially available assays,

we measured the amount of proteins to indirectly evaluate
DPSC attachment and interpolation into scaffolds. Not
surprisingly, DPSCs better adhered on polystyrene, with the
amount of proteins increased over the time of the culture.
In the DPSC/scaffold system, an increment in the amount
of protein was consistent after 21 days. In parallel, the protein
pool was slightly lowered when DM is added. This let us
speculate that DPSCs were more proliferating on scaffolds
alone. Next, to evaluate the cytotoxic response of DPSCs on
Alg/HAp scaffolds, the LDH assay was carried out. Observing
in parallel the amount of proteins and the release of LDH, it is
plausible to assume that nonproliferating DPSCs in the
presence of scaffolds fit on necrotic cell death, especially after
3 days of culture. Quite the opposite, the LDH release, which
gradually lowered from 7 days up to 21 days, let us hypothe-
size a compensatory mechanism. Data on LDH release
agreed with the rise in protein amount at 21 days, when the
release of LDH is very low and very close to the one of the
control group (Figure 3). The hypothesized compensatory
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Figure 5: Gene expression profiles of differentiation- and mineralization-associated marker genes in dental pulp stem cells (DPSCs) in the
presence of alginate/hydroxyapatite scaffolds. Graphs represent the relative gene expression of BMP2 (a), RUNX2 (b), and Osterix (SP7)
(c) in DPSCs over the various experimental conditions. Data are expressed as fold increase on relative mRNA levels of DPSCs cultivated
in growth medium not enriched with differentiation agents. (a) ∗p < 0 05 14 d scaffold +DM versus DPSCs; 7 d DPSCs +DM versus
DPSCs. ∗∗∗∗p < 0 001 7 d scaffold versus DPSCs; 1, 3, and 7 d scaffold +DM versus DPSCs. (b) ∗∗∗p < 0 005 21 d scaffold versus DPSCs; 3
and 21 d scaffold +DM versus DPSCs. (c) ∗∗p < 0 01 28 d scaffold versus DPSCs. ∗∗∗∗p < 0 001 scaffold +DM versus DPSCs.
Scaffold =DPSC-laden scaffolds; scaffold +DM=DPSC-laden scaffolds in the presence of differentiation medium.
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mechanism seems to default after 28 days in the same exper-
imental conditions when a rise of LDH released and a
decrease in the protein amount is registered. Most relevantly,
DM seems to even enhance the reduction of the protein
amount and rise of LDH release as evidenced by bar and
trend graphs after 14 days of culture.

Hydrogen peroxide scavenging is governed by catalase,
which is the enzyme that converts H2O2 in H2O and O2
[31]. To correlate the dramatic LDH release from DPSCs cul-
tured onto scaffolds for 3 days and the recovering of the sys-
tem after 7 days and on, we evaluated the activity of the
antioxidant enzyme catalase (Figure 4). As shown by the
bar graph, oxidative stress was not occurring in both DPSCs
from the control group and the one exposed to DM, with the
activity of catalase being physiologically compatible. On the
other way round, the activity of catalase in DPSCs cultivated
on Alg/HAp scaffolds was consistent already from early
stages. Indeed, after 7 days, the highest absolute value is
registered, making plausible the hypothesis that DPSCs
produced a large amount of H2O2 when growing onto scaf-
folds. To counteract oxidative stress occurrence, cells
respond by activating antioxidant molecules; among them,
catalase is one of the terminal regulators [32]. Redox
homeostasis is crucial for osteogenic commitment, differen-
tiation, and cell survival [23]. Likewise, here DPSCs
escaped from necrotic cell death, through the activation
of catalase, as evidenced by the decrement of LDH released
and the massive increase of catalase activity after 7 days
(Figures 3 and 4).

The tissue engineering goal is not only cell proliferation
and the lack of cell cytotoxic responses against the foreign
material, but overall the production of newly born tissues
and then stem cell commitment to osteogenic differentiation.
Data from literature has demonstrated that seven days
after H2O2 treatment, DPSCs showed significant reduction
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Figure 6: Alkaline phosphatase (ALP) activity and collagen type I release in dental pulp stem cells (DPSCs) in the presence of alginate/
hydroxyapatite scaffolds. (a) Bar graph showing the enzymatic activity of ALP (U/ml) normalized on the protein content (μg/sample) after
1, 3, 7, 14, 21, and 28 days of culture of DPSC growth onto scaffolds. ∗p < 0 05 3 and 28 d scaffold versus 1 d scaffold; 3 d scaffold +DM
versus 1 d scaffold +DM. (b) The bar graph represents collagen type I secretion from DPSCs cultured on scaffolds with or without DM
after 1, 3, 7, 14, 21, and 28 days. Results are normalized on values obtained from DPSCs cultured on scaffolds for 1 day without DM after
being proportioned on the protein content (μg/sample). ∗p < 0 05 14 and 28 d scaffold +DM versus scaffold and scaffold +DM.
Scaffold =DPSC-laden scaffolds; scaffold +DM=DPSC-laden scaffolds in the presence of differentiation medium.
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dental pulp stem cells (DPSCs) in the presence of alginate/
hydroxyapatite scaffolds by Western blotting analysis. Graph
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DPSC-laden scaffolds in the presence of differentiation medium.

10 Stem Cells International



in ALP activity compared with negative control and no
mineralized nodule deposition [34]. Hence, the evaluation
of the gene profile of mineralization-related markers was
mandatory. We therefore analyzed the expression of
BMP2, RUNX2, and Osterix (SP7). The gene expression
of BMP2 is recognized to stimulate mineralization, and it
is considered the most osteogenic bone morphogenetic
protein which implies the early induction of differentiation
[35]. RUNX2 is an important transcriptional modulator of
differentiation, maturation, and homeostasis, downstream
from the BMP2 differentiation pathway [36]. In turn,
Osterix (SP7) is a transcription factor which plays a pivotal
role during the differentiation of progenitors into mature
cells in a step downstream of RUNX2 [37]. In our system,
expression of early, intermediate, and late differentiation
markers is consistent with data in literature [22]. More in
detail, BMP2 expression increased after 3 and 7 days in
DPSCs cultured on scaffolds indifferently from the presence
of DM, in accordance with data of catalase activity. Beside a
spike after 3 days, RUNX2 was enhanced after 21 days mostly
when DM is present, in agreement with LDH release after the
same experimental time. As regards Osterix gene expression,
it was clearly increased after 28 days mainly in DPSCs/
scaffolds +DM, when the LDH amount was slightly
decreased with respect to scaffolds alone (Figure 5). Several
studies have reported the synthesis of many scaffolds
capable of sustaining pulp stem cell differentiation
in vitro in the presence of differentiation media, but only
two of them, namely, a polyvinyl alcohol- (PVA-) poly(ε)
caprolactone- (PCL-) hydroxyapatite-based bioceramic
[38] and a calcium phosphate cement scaffold loaded with
iron oxide nanoparticles [39], have been found to enhance
cell differentiation compared to cell monolayers cultured
on polystyrene due to the osteoinductive property of
the material.

To confirm if DPSC enhanced mineralization when
cultured on Alg/HAp scaffolds, we reevaluated ALP activity
and collagen type I secretion. Data supported gene expres-
sion results, with ALP activity being strongly enhanced after
3 days of culture where DM was not influencing the activity
of the enzyme. This tendency was similar over the
experimental time, up to 28 days of culture (Figure 6(a)).
Conversely, the release of collagen type I seemed to be consis-
tently influenced by DM as shown in Figure 6(b). It is plausi-
ble to assume that this enhancement could be ascribed to the
presence of ascorbic acid present in the DM medium. This is
in agreement with data on literature which correlates the
release of collagen and extracellular matrix deposition with
exposures to ascorbate [40]. Finally, to strengthen DPSC’s
ability to differentiate into osteoblast-like cells, the expres-
sion of BSP II was analyzed. Among all, the dentin-bone non-
collagenous proteins consist in small integrin-binding ligand
N-linked glycoproteins (SIBLINGs). SIBLINGs are secreted
during the formation and mineralization of both dentin
and bone, and BSP is a highly posttranslationally modified
protein that is an abundant noncollagenous component
of the bone matrix. Moreover, in situ hybridization and
immunolocalization experiments have shown that BSP is
expressed in teeth during mineralization [41–43]. Our data

show that BSP II is highly expressed after 7, 21, and 28
days on DPSCs grown onto scaffolds in the presence of
DM in line with PCR results.

In summary, we provide evidence for osteoconductivity
of alginate/hydroxyapatite scaffolds that are able of effi-
ciently sustaining adhesion, colonization, and matrix deposi-
tion of osteoblast-like cells. [1]. We show that DPSCs
express mineralization-related markers and proteins, defi-
nitely promoting matrix deposition. Most importantly, this
physiological function is here related to redox homeostasis
controlled by the activation of catalase which as an enzy-
matic antioxidant enhances cell survival.

4.1. Limitations of the Study. Although the cellular
response towards oxidative stress is driven by a multidi-
mensional network of transcription factors and enzymes
and the measurement of catalase activity is only one aspect
of the molecular scenario occurring intracellularly, catalase
plays a crucial role in adaptive response to H2O2 and it
has been suggested that its role is somehow auxiliary to
that of glutathione peroxidase [33]. Furthermore, the dif-
ferentiation of osteoblasts implies the formation of an
extracellular matrix, which is rich in proteins. Due to the
difficulty in the experimental design, in the handling of
the three-dimensional cell culture and the specific proper-
ties of the material, to normalize ELISA and LDH results
with the amount of proteins was the only appropriate exper-
imental procedure because any other proliferation assays are
not feasible.

Data Availability

The data used to support the findings of this study are
available from the corresponding author upon request.

Conflicts of Interest

The authors declare that they have no conflicts of interest.

Authors’ Contributions

Silvia Sancilio and Marialucia Gallorini contributed equally
to the work.

Acknowledgments

The project was supported by Fondo FAR 2015 (Finanzia-
mento per la Ricerca di Ateneo) of Università degli Studi
G. d'Annunzio Chieti - Pescara of to Professor Amelia
Cataldi and Fondo FAR 2014 (Finanziamento per la
Ricerca di Ateneo) of Università degli studi di Trieste to
Dr. Eleonora Marsich.

Supplementary Materials

S1. DPSC immunophenotyping: data reported show the
representative immunophenotype profile of DPSCs isolated
from the third molar at passage 4. Cells were found negative
for the lymphocyte-related CD45 (protein tyrosine phospha-
tase) and slightly positive for SSEA4 (stage-specific embryonic
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Microglia contribute to the regulation of neuroinflammation and play an important role in the pathogenesis of brain diseases. Thus,
regulation of neuroinflammation triggered by activated microglia in brain diseases has become a promising curative strategy. Bone
marrow-derived mesenchymal stem cells (BM-MSCs) have been shown to have therapeutic effects, resulting from the regulation of
inflammatory conditions in the brain. In this study, we investigated differential gene expression in rat BM-MSCs (rBM-MSCs) that
were cocultured with lipopolysaccharide- (LPS-) stimulated primary rat microglia using microarray analysis and evaluated
the functional relationships through Ingenuity Pathway Analysis (IPA). We also evaluated the effects of rBM-MSC on
LPS-stimulated microglia using a reverse coculture system and the same conditions of the transcriptomic analysis. In the
transcriptome of rBM-MSCs, 67 genes were differentially expressed, which were highly related with migration of cells, compared
to control. The prediction of the gene network using IPA and experimental validation showed that LPS-stimulated primary rat
microglia increase the migration of rBM-MSCs. Reversely, expression patterns of the transcriptome in LPS-stimulated primary
rat microglia were changed when cocultured with rBM-MSCs. Our results showed that 65 genes were changed, which were
highly related with inflammatory response, compared to absence of rBM-MSCs. In the same way with the aforementioned, the
prediction of the gene network and experimental validation showed that rBM-MSCs decrease the inflammatory response of
LPS-stimulated primary rat microglia. Our data indicate that LPS-stimulated microglia increase the migration of rBM-MSCs
and that rBM-MSCs reduce the inflammatory activity in LPS-stimulated microglia. The results of this study show complex
mechanisms underlying the interaction between rBM-MSCs and activated microglia and may be helpful for the development of
stem cell-based strategies for brain diseases.

1. Introduction

Microglia are resident immune cells of the brain that
participate in various physiological functions, such as
pruning, regulating plasticity, and neurogenesis, to main-
tain homeostasis [1]. Multibranched resting microglia exist
in a quiescent state in healthy conditions; however, upon
sensing a disturbance in homeostasis, microglia becomemore
rounded and amoeboid-shaped and increase phagocytosis

and secretion of proinflammatory cytokines [2]. Activated
microglia induce inflammatory environments that are
related to neurological diseases such as neurodegenerative
disorders, multiple sclerosis (MS), stroke, and neuropathic
pain disease [3–6].

Regulation of microglia-mediated inflammation has been
considered a therapeutic strategy in brain diseases. Several
anti-inflammatory drugs such as glucocorticoids, minocy-
cline, endocannabinoids, and nonsteroidal anti-inflammatory
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drugs are effective in controlling microglial activation and
exert neuroprotective effects in the brain following different
types of injuries and neurodegenerative diseases [7, 8].
Although several drugs reduce the symptoms of brain dis-
eases, they are frequently associated with side effects [9, 10].
For the last two decades, the ability of bone marrow-derived
mesenchymal stem cells (BM-MSCs) to reduce symptoms
of brain diseases such as stroke, Parkinson’s disease, and
multiple system atrophy has been investigated [11–14].

In addition, BM-MSCs have a therapeutic effect owing to
their ability to downregulate inflammatory conditions in the
brain [12, 15, 16]. Particularly, the immunomodulatory
properties of BM-MSCs play an important role in the treat-
ment of inflammatory diseases, including neurodegenerative
disorders. Importantly, this immunomodulatory capacity is
highly plastic in response to complex changes in the
inflammatory niche. Given the dynamic inflammation in
neurodegenerative diseases, BM-MSC-mediated immuno-
modulation in cell therapy for these diseases deserves
more attention [17].

Although many studies have reported the effects of
BM-MSC transplantation in animal models of brain dis-
ease in reducing neuroinflammation induced by microglia
[15, 18, 19], the underlying mechanisms of BM-MSCs in
targeting microglia-mediated neuroinflammation and the
cellular network of activated microglia are still unclear.
In addition, even though mutual reactions between BM-
MSC and activated microglia were investigated in vitro
[20], their interactions were analysed in targeted approaches
with limitations to elucidate the corresponding mechanisms.
In this study, we evaluated the relationship between rat
bone marrow-derived mesenchymal stem cells (rBM-
MSCs) and activated microglia using bidirectional tran-
scriptomic analysis.

2. Materials and Methods

2.1. Isolation and Maintenance of rBM-MSCs. rBM-MSCs
were isolated from 8–12-week-old Sprague Dawley (SD)
rats and characterised as previously described [21]. Briefly,
cells were isolated from the tibias and femurs and separated
using 80% Percoll gradient centrifugation at 1300 rpm for
10min at RT. Cells in the low-density fraction were washed
with Dulbecco’s modified Eagle’s medium (DMEM; Gibco,
USA) supplemented with 10% foetal bovine serum (FBS),
100U/mL penicillin, and 100μg/mL streptomycin sulphate
(HyClone, USA). Next, 1.6× 105 cells were seeded onto
10 cm culture dishes (SPL, South Korea) containing a control
medium and cultured as adherent cells in a humidified
chamber at 5% CO2 and 37°C for 3–4 weeks. The media
was replenished every 3 days. Upon reaching a confluence
of 70–80%, cells were subcultured at a ratio of 1 : 4 for up to
four passages. We characterised with anti-CD34 monoclonal
antibody as negative control and anti-CD29 and CD44
antibodies as positive marker for the characterisation of
rBM-MSCs from SD rat. rBM-MSC was highly stained with
only positive markers (data not shown), which is consistent
with previous report [21].

2.2. Rat Microglia Primary Cultures. Microglial primary
cultures were obtained from the midbrain of one-day-old
Sprague Dawley (SD) rat pups purchased from Nara Bio
(Gyeonggi, South Korea). Briefly, mid-brain tissues were
isolated from rat pups and rinsed with minimum essential
medium (MEM; HyClone, USA) containing 10% FBS,
100U/mL penicillin, and 100μg/mL streptomycin sulphate
(HyClone, USA). Tissues were mechanically dissociated,
and the cells were plated in 10 cm culture dishes (SPL, South
Korea). After 13–15 days, the microglia were detached from
the flasks and applied to a nylon mesh to remove astrocytes.
The collected microglia were cultured in control media in a
humidified chamber at 5% CO2 and 37°C. Microglia were
trypsinized and washed twice with PBS and fixed in Cytofix
buffer (BD, USA) for 30min at room temperature. Cells were
incubated 1 h at room temperature with anti-Iba1 mouse
monoclonal antibody (1 : 100, Santa Cruz Biotechnology,
USA) for characterisation of microglia. Cells were washed
twice with PBS and incubated with FITC-conjugated anti-
mouse goat antibody (1 : 100, Vector Laboratories, USA) in
PBS for 1 h in ice. After washing twice with PBS, labeled cells
were analysed by a flow cytometer (FACS Aria II™, BD,
USA). Cells showed high expression (~86.5%) of positive
marker (Supplementary Figure 1).

2.3. Coculture of LPS-Stimulated or Nonstimulated Microglia
and rBM-MSCs. To evaluate the effects of LPS-stimulated
microglia on rBM-MSCs and of rBM-MSCs on LPS-
stimulated microglia, we used a Costar transwell system as
previously reported [15], which consists of coculture without
direct cell contact between both populations. Subject groups
of cells (1–2× 105 cells/well) were seeded in the bottom
chamber, and effector groups of cells (1× 104 cells/well) were
seeded in the insert (0.4μm pore size; Corning, USA). LPS
stimulation of microglia was performed with 100ng/mL
LPS (Sigma, USA) for 4 h prior to coculture. After coculture
for 12 h, rBM-MSCs or microglia of subject groups were
isolated and processed for further evaluations. Microglial
activation was estimated by their morphological differences.
Swelled microglia cells with rounder morphology were
considered as activated microglia based on criteria for
activated microglia [22, 23]. Images were acquired with an
optical lens and an Axiovert 200M fluorescence microscope
(Zeiss, Jena, Germany).

2.4. Transcriptomic Analysis. Differences in gene expression
in subject groups of rBM-MSCs or microglia were examined
using the Illumina system (Illumina, USA) in conjunction
with Sentrix Rat-Ref-12-v1 Expression Bead Chips contain-
ing gene-specific oligonucleotides (~22,000 genes, Illumina,
USA). Differences in data distribution were analysed using
BeadStudio software (Illumina, USA). Probe signals were
quantile normalised, and those with a p value of less than
0.05 were selected for further analysis. Gene ontology and
biological pathways and functions were determined using
the web-based bioinformatics software Ingenuity Pathway
Analysis (IPA; Ingenuity Systems, USA). A fold change
of ±1.2 in expression levels was used as a cut-off to generate
data sets of genes with a significantly altered expression.

2 Stem Cells International



When we applied a stringent cut-off of ±1.5, we cannot com-
pare the groups (experimental and control) and the biologi-
cal function of the gene network cannot be predicted. This
is mainly due to the low abundance of changed genes (Sup-
plementary Figures 2, 3, and 4). Genes with similar molecular
functions were grouped and depicted as a network with indi-
cated direct and indirect relationships as previously
described [24, 25].

2.5. Quantitative Real-Time PCR (qPCR). The expression
levels of genes were quantified with qPCR using SsoAd-
vanced Universal SYBR Green Supermix real-time PCR kit
(Bio-Rad, USA) and cDNA and gene-specific primer pairs
(Supplementary Tables 1 and 2) on a Rotor-Gene Q system
(Qiagen, USA). Reaction conditions were as follows: 95°C
for 5min, followed by 50 cycles of 95°C for 5 s and 60°C for
30 s. The threshold/quantification cycle (Ct/Cq) value was
determined as the point where the detected fluorescence
was statistically higher than the background levels. PCR
products were analysed using melting curves constructed
with Rotor-Gene 1.7 software (Qiagen, USA). PCR reactions
were prepared independently in triplicates. Relative quantifi-
cation of target gene expression was calculated using the
2−ΔΔCt method.

2.6. Migration Assay. Migratory activity of rBM-MSCs was
determined using an 8μm pore-size transwell system
(Corning, USA). The upper side of the insert was coated
with Matrigel (1 : 10 dilution in 0.01M Tris (pH8.0), 0.7%
NaCl, Corning, USA) for 2 h at 37°C. The bottom chambers
contained one of five different conditions for comparison:
MEM with 10% FBS as positive control, MEM without
FBS as negative control, MEM with 100ng/mL LPS,
5× 104 microglia with MEM, and LPS-stimulated 5× 104
microglia with MEM. Inserts containing 2.5× 104 rBM-
MSCs were overlaid onto each conditioned well and
incubated for 12h. The inserts were carefully washed with
cold phosphate-buffered saline (PBS), and nonmigrating
cells remaining in the upper side of the inserts were
removed with a cotton swab. The insert was fixed in Cyto-
fix buffer (BD, San Jose, CA, USA) at 4°C for 30min and
stained with 10μg/mL Hoechst 33342 at RT for 10min.
After washing twice with PBS, images were acquired using
an Axiovert 200M fluorescence microscope (Zeiss, Jena,
Germany). The excitation wavelength for Hoechst 33342
was 405nm. Migrating cells were counted in ten random
378.27mm2 (710.52μm× 532.38μm) microscopic fields
using ImageJ software.

2.7. Statistical Analysis. Results were analysed using one-way
analysis of variance (ANOVA) with Bonferroni’s multiple-
comparison test as a post hoc test and IBM-SPSS software
(IBM, USA). We performed more than three independent
experiments and carried out statistical analysis. Differences
were considered significant for p values < 0 05.

3. Results

3.1. Cellular Movement-Related Transcriptomic Changes in
rBM-MSCs Cocultured with LPS-Stimulated Microglia. To

investigate the effects of LPS-stimulated microglia on
rBM-MSCs, we used an in vitro coculture system
(Figure 1(a)). For this study, we isolated rBM-MSCs from
8–12-week-old SD rats and primary microglia from the
midbrain of 1-day-old rat pups. Groups of rBM-MSCs
were seeded onto the bottom chamber and subjected to
4 different conditions (groups 1–4). Group 1 was the
rBM-MSC-only control, group 2 was the coculture with
microglia, group 3 was the LPS-treated rBM-MSCs, and
group 4 was the coculture with LPS-stimulated microglia.
There were no significant changes in cell density of
rBM-MSCs (data not shown). In a microarray distribution
analysis, gene expression was altered in groups 2, 3, and 4
compared to that of the control (Supplementary Figure 5).
In addition, the most pronounced variation in the pattern
of gene expression was observed in group 4. Gene ontol-
ogy analysis of the transcriptome from group 4 revealed
that genes from several canonical pathways such as inter-
feron signalling, death receptor signalling, hepatic fibrosis,
and neuroinflammation showed variation in expression
levels (Supplementary Table 3). Expression of genes related
to cellular functions, including death, survival, cell cycle,
and cellular movement, was also highly altered in group 4
(Supplementary Figure 6). We focused on the cellular move-
ment function, because the homing of MSCs to the injury site
is important for exerting anti-inflammatory effects [26]. For
detailed transcriptomic analysis of cellular movement, we
selected genes related to cellular movement with altered
expression (Figure 1(b)). Heat map analysis showed clear
differences in the gene expression pattern in group 4
compared to that of the control (Figure 1(c)).

3.2. Functional Prediction of Transcriptomic Networks in
rBM-MSCs Cocultured with LPS-Stimulated Microglia. To
obtain detailed information of the genes showing variation
in expression, we generated cell movement-related gene
expression networks of groups 2, 3, and 4 compared to the
network of group 1 using IPA (Supplementary Figure 7).
The most pronounced changes in the gene expression net-
works were also observed in group 4, and the related genes
were linked with direct relationships. Based on up- or down-
regulation and stream relationships, prediction analysis of
the networks showed that cell migration is predicted to be
activated in group 4 (Figure 2(a)). Four genes with altered
expression levels were identified as being highly related to
the migratory activity of cells, which was confirmed using
quantitative qPCR (Figure 2(b)). The expression levels of
matrix metallopeptidases 3 and 9 (Mmp3 and Mmp9, resp.),
vascular cell adhesion protein 1 (Vcam1), and intercellular
adhesion molecule 1 (Icam1) were significantly higher in
group 4 than in group 2.

3.3. Increased Migratory Activity in rBM-MSCs Cocultured
with LPS-Stimulated Microglia. Based on the transcriptomic
analysis and prediction, we assumed that there were changes
in migratory activity of rBM-MSC influenced by LPS-
stimulated microglia. To test the prediction, FBS-containing
media condition was used as positive control, and the
number of migrating cells was significantly increased in
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rBM-MSCs when cocultured with LPS-stimulated microglia
(Figures 3(a) and 3(b)).

3.4. Transcriptomic Analysis in LPS-Stimulated Microglia
Cocultured with rBM-MSCs. The effects of rBM-MSCs on
LPS-stimulated microglia were also determined via reversed
conditions of the aforementioned coculture system in vitro.
To that end, microglia were seeded on the bottom chamber
as subject groups and subjected to 3 different conditions:
control, LPS stimulation, and LPS stimulation with rBM-
MSC coculture (Figure 4(a)). There were no significant
changes in cell density of microglia (data not shown). The
transcriptome of subject groups was analysed using microar-
rays and IPA. Comparison between LPS stimulation and LPS
stimulation with rBM-MSC coculture showed changes in
expression levels of genes related to cancer, organismal injury
and abnormalities, and cell death (Supplementary Figure 8).

Gene ontology analysis of the transcriptome revealed altered
expression levels of genes related to inflammatory response-
related canonical pathways such as triggering receptor
expressed on myeloid cell 1 (TREM1) signalling, neuroin-
flammation, and rheumatoid arthritis (Supplementary
Table 4 and Figure 4(b)). Expression of genes related to
TREM1 signalling and neuroinflammation was especially
suppressed, as predicted (negative z-score). Focused gene
expression analysis of the inflammatory response showed
significantly altered levels in 65 genes between groups
(Figure 4(c)). Although the differences were more pro-
nounced after LPS stimulation, remarkable changes were also
observed between the presence and absence of rBM-MSCs.

3.5. Functional Prediction of Transcriptomic Networks
and Reduced Inflammatory Response in LPS-Stimulated
Microglia Cocultured with rBM-MSCs. To investigate
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Figure 1: Cellular movement-related gene expression variation in rat bone marrow-derived mesenchymal stem cells (rBM-MSCs) cocultured
with LPS-stimulated microglia. (a) In vitro coculture experimental design. Four different conditions were used (groups 1–4): group 1, rBM-
MSCs only (control); group 2, rBM-MSCs cocultured with microglia; group 3, LPS-treated rBM-MSCs; and group 4, rBM-MSCs cocultured
with LPS-stimulated microglia. (b) Gene categorisation according to subgroups related to cellular movement. Genes involved with cellular
movement were categorised in subgroups (chemotaxis, homing, migration, and infiltration) based on microarrays and Ingenuity Pathway
Analysis. (c) Heat map of genes related to cell migration in the 4 different groups with altered expression levels. Gene expression values
are coloured from green (downregulated) to red (upregulated).
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differences in transcriptomes between LPS-stimulated
microglia with and without rBM-MSCs, we generated
inflammatory response-related gene expression networks
using IPA in the corresponding groups (Supplementary
Figure 9). A total of 65 genes highly related to the
inflammatory response were identified, and the genes

were directly linked. Based on the differential expression
(upregulation or downregulation), prediction analysis of
networks showed that the inflammatory response is
predicted to be inhibited by rBM-MSCs (Figure 5(a)).
Three genes with altered expression levels were highly
related to inflammation, which was confirmed using
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Figure 2: Increase in migration of rat bone marrow-derived mesenchymal stem cells (rBM-MSCs) cocultured with LPS-stimulated microglia.
(a) Gene network related to cell migration was constructed, and cellular function was predicted algorithmically using Ingenuity Pathway
Analysis. Red and green areas indicate up- and downregulated genes, respectively. Differentially expressed genes were obtained from
microarray data (>1.2 fold change). (b) quantitative RT-PCR analysis of gene expression related to cell migration in rBM-MSCs
cocultured with LPS-stimulated microglia compared to rBM-MSCs cocultured with microglia. Data represent the mean of three
independent experiments. (mean ± SD) ∗p < 0 05 versus rBM-MSCs cocultured with microglia.
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qPCR (Figure 5(b)). LPS-induced upregulated levels of
tumor necrosis factor (Tnf), C-C motif chemokine ligand
2 (Ccl2), and toll-like receptor 2 (Tlr2) genes were signifi-
cantly decreased after coculture with rBM-MSCs. These
predicted functional results were confirmed in experiments
using cell cultures, where the number of activated cells
induced by LPS stimulation showing swelled and round
morphology was significantly decreased by rBM-MSCs
(Figure 5(c)). Moreover, the levels of protein markers
for microglial activation, CD40 and CD74, were also
lower in the presence of rBM-MSC than after LPS

stimulation without rBM-MSC, indicating that direct pheno-
typical activation of microglia was reduced by rBM-MSCs
(Supplementary Figure 10).

4. Discussion

To the best of our knowledge, this study is the first
bidirectional comprehensive investigation of the interaction
between activated microglia and MSCs through transcrip-
tomic analysis. We showed that activated microglia increase
migration of rBM-MSCs and that rBM-MSCs reduce
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Figure 3: Migration assays with rat bone marrow-derived mesenchymal stem cells (rBM-MSCs) cocultured with LPS-stimulated microglia.
(a) Images of migrating rBM-MSCs. Migration of rBM-MSCs was investigated in 5 different conditions: media containing foetal bovine serum
(FBS) (positive control), media without FBS (negative control), LPS-treated, cocultured with microglia, and coculture with LPS-stimulated
microglia. Migrating cells are cyan in colour (10x magnification). Representative images of migration for each condition are shown. Scale
bar: 100μm. (b) Quantification of migrating cells was performed by counting coloured dots in the images. Data represent the mean of ten
random 372.23mm2 (710.52μm× 532.38μm) microscopic fields (mean ± SD). ∗p < 0 05 versus negative control (media without FBS).
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inflammation of activated microglia at the cellular network
level. We analysed the bidirectional cellular interaction that
occur between rBM-MSCs and LPS-stimulated microglia
using transcriptomics (Figure 6). The results show that
(i) LPS-stimulated microglia facilitate homing of rBM-
MSCs via inducing transcriptomic changes and that (ii)

rBM-MSCs reduce the inflammatory response of microglia
by decreasing the expression of the relevant genes.

Transplanted BM-MSCs migrate to the ischaemic
border zone in animal models of stroke [27, 28] and
to the substantia nigra (SN) induced by LPS and
MPTP administration in animal models of Parkinson’s
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Figure 4: Inflammation-related gene expression variation in LPS-stimulated microglia cocultured with rat bone marrow-derived
mesenchymal stem cells (rBM-MSCs). (a) In vitro reverse coculture experimental design. Three different conditions were used (group 1–3):
group 1, control (microglia only); group 2, LPS-stimulated microglia; and group 3, LPS-stimulation with rBM-MSC coculture. (b)
Canonical pathway analysis was constructed algorithmically using Ingenuity Pathway Analysis based on microarray data. Bars indicate
canonical pathways containing genes with significantly altered expression. Bar graph colours from blue (inhibition) to orange
(activation) represent gene activity of the corresponding pathway according to z-score. (c) Heat map of genes related to inflammation
with altered expression levels. Gene expression values are coloured from green (downregulated) to red (upregulated).
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disease [15], in which inflammatory regions contain
activated microglia. In addition, BM-MSCs migrate to
LPS-stimulated microglia in vitro in response to chemotactic
factors [20]. These reports indicate that activated microglia
are a possible cause of movement of rBM-MSCs to the site
of injury. However, detailed transcriptomic mechanisms of
how activated microglia induce the movement of BM-
MSCs are not well understood. In this study, we show that
the expression levels of 67 genes were significantly altered
and that network analysis predicted an increase in migration
activity. Meanwhile, CXCR4 receptor and its ligand stromal
cell-derived factor-1 (SDF-1a) play an important role in
homing of MSCs to brain lesions [29]. However, there were
no changes in microarray data and RT-PCR (data not
shown). Further studies concerning the homing effects of
rBM-MSC on microglia in coculture systems are needed.

The prediction was confirmed experimentally in rBM-
MSCs cocultured with LPS-stimulated microglia compared
with control and cells cocultured with microglia. Especially,
Mmp3 and 9 are essential enzymes for migratory activity

and the corresponding genes are induced in inflammatory
conditions via proinflammatory cytokines and oxidative
substrates [30, 31]. Thus, LPS-stimulated microglia might
form a locally conditioned inflammatory region in the
coculture system, and rBM-MSCs move toward this region.

It has been reported that human BM-MSCs (hBM-
MSCs) dramatically reduce neural damages in a LPS-
stimulated mouse brain and reduce inflammation of
microglia owing to the production of cytokines and tro-
phic factors [32]. In addition, cocultured BM-MSCs reduce
the expression of TNF-alpha and iNOS and NO production
in LPS-stimulated microglia compared with noncocultured
BM-MSCs [15, 20]. However, the detailed mechanism of
how BM-MSCs downregulate activated microglia has not
been well studied. In this study, we show that the expression
levels of 65 genes were significantly altered, and network
analysis predicted the suppression of the inflammatory
response. This prediction was experimentally verified in
LPS-stimulated microglia cocultured with rBM-MSCs. The
results show that the levels of most proinflammatory genes
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Figure 5: Reduced inflammatory response in LPS-stimulated microglia cocultured with rat bone marrow-derived mesenchymal stem cells
(rBM-MSCs). (a) Gene network related to inflammatory response was constructed, and cellular function was predicted algorithmically
using Ingenuity Pathway Analysis. Red and green areas indicate up- and downregulated genes, respectively. Differentially expressed genes
were obtained from microarray data (>1.2 fold-change). (b) Quantitative real-time PCR analysis of gene expression-related inflammation
in LPS-stimulated microglia cocultured with rBM-MSCs compared to control (microglia only). (c) Activated microglia were counted in
light microscopy images and quantified as the percentage of activated microglia/total cell number. Cells at the edge of the images were not
counted. Scale bar: 20μm. ∗p < 0 05 and ∗∗p < 0 01 versus control (microglia only).
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were reduced when cocultured with rBM-MSCs. The
expression levels of Ccl2, a key mediator of microglial
activation [33, 34], were significantly decreased in the
presence of rBM-MSCs, indicating anti-inflammatory
effects by rBM-MSC. These phenomena may occur as
a result of secreted molecules from both rBM-MSCs
and LPS-stimulated microglia. Further studies are
needed to identify the secreted molecules, that is, the
secretome, that increase invasive migratory activity of
rBM-MSCs and decrease the inflammatory response of
LPS-stimulated microglia.

There are several limitations to our study. First, we used a
fold change of ±1.2 in expression levels as a cut-off and
identified low level of abundant genes due to the limitation
in an in vitro coculture system. In general, the transwell
coculture system has fundamental limitations, such as
cell density, fluid concentration, and cell-other cell direct
interaction, compared to that in vivo [35]. However, our
transcriptomic analysis for bidirectional effect of each
cells and the above approach cannot be done in the in vivo

system, due to diversity of cells in the organ. We expect that
the implied biological effect in our results might be more
strongly expressed in in vivo. Second, fundamental limita-
tions reside in microarray and bioinformatics analysis.
Although microarray is performed with an additional probe
for compensation of inaccuracies and statistically analysed,
the reduction of false positive or negative is a challenging task
[36]. In addition, bioinformatics tool is constructed with
existing knowledge, hence novel finding is limited [37]. As
a result, a unique pathway cannot be deduced in our analysis
system and individual analysis for genes can be biased, which
could bring about false positive or negative results. Thus,
we focused more in cellular processes than target mole-
cules. Finally, analysing specific pathway/s or molecule/s
is beyond our limitation in this study. To find novel path-
way/s or molecule/s, responsible for attracting rBM-MSCs
or inflammatory response of microglia identified, other
methodological biomolecular approaches are required.

In conclusion, we performed bidirectional transcriptomic
analysis of activated microglia and BM-MSCs. The results

rBM-MSC migration Microglia inflammation

Activated microglia

rBM-MSC LPS treated
microglia

Resting microglia

Figure 6: Schematic representation of bidirectional interaction between rat bone marrow-derived mesenchymal stem cells (rBM-MSCs) and
activated microglia. Activated microglia increased migration of rBM-MSCs in rBM-MSCs cocultured with LPS-stimulated microglia in an
in vitro coculture system. rBM-MSCs decreased the inflammatory response of activated microglia in a reverse coculture system.
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show that activated microglia in a neuroinflammatory
condition modulate the migration of BM-MSCs and that
BM MSCs reduce inflammatory response in microglia.
This study enhances our understanding of the relationship
between activated microglia and transplanted stem cells
and may lead to a new therapeutic strategy using stem cell
therapy for brain diseases.
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Stem cells are undifferentiated cells, capable of renewing themselves, with the capacity to produce different cell types to regenerate
missing tissues and treat diseases. Oral facial tissues have been identified as a source and therapeutic target for stem cells with
clinical interest in dentistry. This narrative review report targets on the several extraoral- and intraoral-derived stem cells that
can be applied in dentistry. In addition, stem cell origins are suggested in what concerns their ability to differentiate as well as
their particular distinguishing quality of convenience and immunomodulatory for regenerative dentistry. The development of
bioengineered teeth to replace the patient’s missing teeth was also possible because of stem cell technologies. This review will
also focus our attention on the clinical application of stem cells in dentistry. In recent years, a variety of articles reported the
advantages of stem cell-based procedures in regenerative treatments. The regeneration of lost oral tissue is the target of stem cell
research. Owing to the fact that bone imperfections that ensue after tooth loss can result in further bone loss which limit the
success of dental implants and prosthodontic therapies, the rehabilitation of alveolar ridge height is prosthodontists’ principal
interest. The development of bioengineered teeth to replace the patient’s missing teeth was also possible because of stem cell
technologies. In addition, a “dental stem cell banking” is available for regenerative treatments in the future. The main features of
stem cells in the future of dentistry should be understood by clinicians.

1. Introduction

Stem cells are undifferentiated cells, capable of renewing
themselves. Via differentiation, they have the potential to
develop into many different cell lineages. There are different
kinds of stem cells, depending on the type of cells they can
create and the location in the body. In recent years, studies
have shown that oral tissues are a source of stem cells.
Structuring of tissue in dentistry has revealed promising
results in the regeneration of oral tissue or organs. There
are multiple factors that can produce alveolar bone resorp-
tion due to tooth extraction or loss because of severe cavities,
trauma, or root fracture or even because of periodontal
diseases. In edentulous patients, bone resorption continues
throughout life particularly in the mandible, which makes
it difficult to substitute the missing teeth with dental
implants [1].

Tissue engineering therapies and stem cells are a promis-
ing way to achieve alveolar bone regeneration and solve large
periodontal tissue defects and finally to substitute a lost tooth
itself. Organs and tissues such as tongue, salivary glands, the
temporomandibular joint condylar cartilage, and skeletal
muscles are set to be used in regenerative dental medicine.

To develop the concept of oral tissue and organ regener-
ation for clinical application in dentistry, several studies have
been carried out in animals including key elements of tissue
engineering such as extracellular matrix scaffolds and stem
cells [2]. Furthermore, clinical trials about jaw bone regener-
ation applied in dental areas such as implantology using stem
cells and tissue engineering strategies have demonstrated
positive results.

Considering the new role of regenerative biology and
stem cells in dentistry, especially regarding the ideal stem
cells for oral regeneration, some confusion can be made
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depending on the various oral and maxillofacial locations
where stem cells can be obtained [3].

The aim of this review is to explain the different kinds
and sources of stem cells from a clinical perspective in
dentistry, regarding their accessibility, immunomodulatory
properties, and differentiation capacity, as well as their
clinical applications. We will focus on the ongoing analysis
and clinical studies in dentistry.

2. Origins

2.1. Pluripotent Stem Cells. The pluripotent stem cells when
applied in dentistry can include investigation on the biology
and regenerative treatments due to their pluripotency and
unlimited self-renewal. Dental research is focused on obtain-
ing oral lineages from the differentiation of pluripotent stem
cells to be applied clinically [4].

2.1.1. ES Cells (Embryonic Stem Cells). ES cells are produced
from the culturing cells, which precede from the blastocyst,
particularly from its undifferentiated inner cell mass (the
early stage of embryonic development after fertilization)
[5]. They are of great interest because of their particular
distinguishing quality of differentiating in vitro into all
somatic cell lineages and germ cells [6]. The main reason
why there are moral and ethical questions about the use of
human ES cells has to do with the embryonic origin.

Research about pluripotent stem cells and its differentia-
tion may help to understand the oral developmental biology
and in future can be useful to create strategies in regenerative
dentistry to fulfill the clinical demands [7]. Nevertheless,
these kinds of studies are expensive, and researchers still have
to deal with ethical issues, unless experts, who can routinely
deal with patient embryos, were included in the team.

2.1.2. iPS Cells (Pluripotent Stem Cells). iPS cells have the
aptitude to develop into various types tissue and organs.
This stem cell technology is very promising, which can
revolutionize medicine and create a biocompatible medi-
cine that uses patients’ cells to supply individual and bio-
compatible treatments.

IPS cells can be obtained from multiple oral mesenchy-
mal cells: SCAP, DPSCs and SHED, TGPCs, buccal mucosa
fibroblasts, gingiva fibroblasts, and periodontal ligament
fibroblasts [8]. It is expected that oral cells can be an ideal
iPS cell source, which can be applied in regenerative proce-
dures for periodontal tissue, salivary glands, missing jaw
bone, and tooth loss [9].

iPSCs are obtained by introducing reprogramming
factors or specific products of pluripotency-associated genes
into a given cell type. The original set of reprogramming
factors are the transcription factors Oct4 (encoded by the
gene POU5F1), Sox2 (sex-determining region Y-box 2),
cMyc, and Klf4 (Kruppel-like factor 4). Each of these factors
can be replaced by related transcription factors, miRNAs,
small molecules, or even nonrelated genes such as lineage
specifiers [10].

Duan et al. described that making the combination
between iPS cells and enamel matrix derivatives can enhance

periodontal regeneration and the cementum formation of the
periodontal ligament and alveolar bone [11]. Other studies
suggested that the ability of iPS cells to differentiate into
ameloblasts and odontogenic mesenchymal cells is promis-
ing in tooth bioengineering [9, 12].

Further research is necessary to understand how to
control their differentiation. It is still unclear whether iPS
and ES cells are equal.

It is necessary to identify iPS cell origins to achieve
adequate guided differentiation. Furthermore, if iPS cells
are clinically applied, it is important to prevent tumor forma-
tion upon in vivo implantation, since its protocol of implan-
tation uses the oncogene c-Myc, which can raise concerns
about possible carcinogenic properties. However, this prob-
lem can be solved by using L-Myc replacing c-Myc and
reprogramming using components which are not viral, such
as proteins, microRNA, synthetic mRNA, or episomal plas-
mids. Nevertheless, remaining undifferentiated iPS cells that
stay among the differentiated target cells can uncontrollably
proliferate to form teratomas in the transplanted location,
being an important clinical problem. To solve this concern,
different methods such as a cell sorting approach or a selec-
tive ablation procedure have been investigated [1].

2.2. Adult Stem Cells. Embryonic stem (ES) and adult stem
cells are two of the leading sources of stem cells present
in humans. Further sources can be obtained synthetically
from somatic cells, which are known as pluripotent stem
(iPS) cells.

Adult stem cells can only develop into a certain number
of kinds of cells. On the other hand, ES cells or IPS cells are
pluripotent stem cells, which means that they can differenti-
ate into all kinds of cells from all three germinal layers.

There are very few adult stem cells existing in adult
tissues that go through self-regeneration and differentiation
to maintain healthy tissue and repair damage tissues. They
are known to be somatic stem cells or postnatal stem cells
[13, 14] that undergo into self-renewal and differentiation
to repair injured tissues. Studies on stem cells have revealed
that there are in the oral and maxillofacial location a number
of adult stem cell sources [15].

2.2.1. Introduction to MSCs. Even though bone marrow was
the original source of MSCs, there are alternatives which have
been drawn from other adult tissues [16–18]. Thanks to their
capacity of self-renewing and their ability to differentiate
along specific lines on stimulation, these types of cells present
promising characteristics for the development of cell-based
approaches in bone regeneration [17].

Friedenstein et al. described in the 70s the approach of
using adherent fibroblastic cells that were drawn from the
bone marrow [19] and their capacity to differentiate into
several mesenchymal tissues. Years later, Pittenger et al.
described human mesenchymal stem cells from the iliac crest
bone marrow as multipotent cells, explaining their isolation,
expansion in culture, and differentiation into chondrogenic,
adipogenic, and osteogenic lineages [20]. Nevertheless, due
to the lack of homogeneity of the population of bone marrow
isolated adherent cells and the inability to identify definitive
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markers for MSCs, this concept of MSCs is still controversial
[21]. Mesenchymal stem cells can be attached to tissue
culture-treated plastic when maintained in standard culture
conditions [22] as stated in ISCT criteria. In addition, MSCs
should express CD105, CD73, and CD90 and lack the expres-
sion of CD45, CD34, CD14 or CD11b, CD79a or CD19, and
HLA-DR surface molecules. In vitro, MSCs must also be able
to differentiate into chondroblasts, adipocytes, and osteo-
blasts [23]. In 2007, studies have identified other cell surface
markers for humanMSCs like CD271 [24] andMSC antigen-
1 [25]. Finally, the selection of MSC’s fixed mRNA markers
shown in MSCs [26, 27] has been reported.

2.2.2. Bone Marrow-Derived MSCs (BMSCs). BMSCs are
multipotent progenitor cells present in adult bone marrow.
Due to their replicative capacity, they can also differentiate
into numerous cells of the connective tissue. BMSCs can be
isolated from the iliac crest [28].

Many studies have demonstrated that BMSCs from the
iliac crest can differentiate into myogenic, osteogenic, chon-
drogenic, adipogenic, and nonmesenchymal neurogenic line-
ages [29]. Even though the process of isolating BMSCs from
the bone marrow is a relatively simple process, a major surgi-
cal and invasive operation will be needed, and this is consid-
ered one of the great drawbacks of BMSCs from the iliac
crest. Nevertheless, this procedure is the most common and
it has been used in dental bone regeneration for many years.

Thanks to the high potential for regenerating bone [30],
BMSCs from the human iliac crest are important for bone
tissue engineering notwithstanding patient age [31, 32].

Still, various reports have described a relation between
age and the reduction in the osteogenic potential of BMSCs
when extracted from the femur and iliac crest [32–34] and
delineate that the age of the donator is an important factor
for bone formation. Furthermore, the expansion capacity
seems to be restricted, since cells tend to age and lose their
properties with repeated passaging and culture time in their
multidifferentiation potential. The disadvantages must be
overcome to apply with success BMSCs for bone regenera-
tion and tissue engineering.

We can obtain BMSCs from orofacial bones as well.
Human BMSCs can be isolated from the maxilla and mandi-
ble bone marrow suctioned during dental treatments like
dental implantation, third molar extraction, orthodontic
osteotomy, or cyst extirpation [35].

These cells have the possibility to be attained from both
young patients (6–53 years old [36]) and from older patients
(57–62 years old [36]), taking into consideration that the age
of the donor can have some influence on the gene expression
pattern of BMSC [37].

Animal [37–39] and human studies [40–42] have
described that grafted bone from the craniofacial area for
autologous bone grafting at craniofacial locations produces
greater results and considerably higher bone volume than
bone extracted from the edochondral bone, such as rib or
iliac crest.

Depending on the BMSC niche and type present in
the graft, distinct skeletal different skeletal tissues have
distinguishing regenerative qualities.

Following embryology, cranial neural crest cells create
maxilla and mandible bones, and the mesoderm originates
the iliac crest bone. This embryological explanation may be
the reason why there are functional differences between the
iliac crest human and orofacial BMSCs [41–44].

Studies revealed that orofacial BMSCs have functional
and phenotype differences compared to the iliac crest
BMSCs. In 2007, a group of researchers described that
BMSCs derived from the orofacial site have a reduced
differentiation potential with distinct expression patterns
for several MSC marker genes when compared to the ones
derived from the ilium, femur, and tibia [26]. Authors like
Akintoye et al. reported specific site properties of the BMSCs
derived from the orofacial and iliac crest of the same indi-
vidual, where a greater proliferation and osteogenic differ-
entiation ability was observed from the BMSCs derived
from the orofacial site compared to the ones from the iliac
crest. Furthermore, orofacial BMSCs’ adipogenic potential
is lower than those of the iliac, [43] which can lower the
production of fat during bone tissue regeneration. The
properties described from the orofacial BMSCs can be con-
sidered advantageous for bone regeneration. Nevertheless,
the volume collected from the iliac crest bone marrow is
higher than that from the orofacial bone marrow (0.03–
0.5ml) [36–45]. To sum up, authors suggest that, when
applying BMSCs in clinical trials, a safe cell expansion and
more reliable protocol must be rooted.

2.2.3. Dental Tissue-Derived Stem Cells. Epithelial stem cells
and MSC-like cells have been described in dental tissues. In
1999, through organ culture of the apical end of the mouse
incisor, the first epithelial stem cell niche was established.
The cervical loop of the tooth apex where the niche is located
possibly contains dental epithelial stem cells, which have the
ability to turn into enamel-producing amelobasts. There is no
information available about human dental epithelial stem
cells. This niche can be particular to rodents, since their
incisors are different from all human dentition, erupting
continuously throughout the animal’s life.

Having the suitable conditions after dental procedures,
dental tissues such as dental pulp and periodontal tissues
are able to regenerate and form reparative dentine. We can
find mesenchymal progenitor or stem cells in these types of
tissues [46].

Various sources of MSC were verified in dental tissues,
and isolated stem cells were also studied [47].

2.2.4. Periosteum-Derived Stem/Progenitor Cells. Periosteum
is the name given to the specialized connective tissue whose
function is to cover the outer surface of the bone tissue. In
1932, author Fell firstly described the osteogenic potential
of long bones periosteum and its membrane, having sug-
gested its capacity to form a mineralized extracellular matrix
if there were the suitable in vitro circumstances [48]. The
histological periosteum composition is based on 2 different
tears and up to 5 very distinct functional locations when
dissociated enzymatically and cultured [49]. The external
area contains elastic fibers and fibroblasts, and the interior
area is constituted by MSCs, fibroblasts and osteoblasts,
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osteogenic progenitor cells, microvessels, and sympathetic
nerves [50].

These cells have the ability to differentiate into adipo-
cytes, osteoblasts, and chondrocytes and to express the
typical MSC markers. Furthermore, it was described that
single-cell-derived clonal populations of adult human perios-
teal cells have a multipotential mesenchymal property, since
they can turn into adipocytes, chondrocytes, osteoblasts,
and skeletal myocyte lineages in vivo and in vitro. This can
explain why periosteum-derived cells could be used in tissue
engineering, in particular for bone regeneration.

Clinical research has demonstrated positive results when
cells derived from the periosteum were applied for sinus or
alveolar ridge augmentation, which showed reliable implant
insertion, with improved bone remodeling and lamellar bone
production, and also demonstrated that shorter postopera-
tive waiting time was needed after implantation.

As a result, in case of large bone defects, the periosteum
could be a source of stem/progenitor cells [51].

2.2.5. Salivary Gland-Derived Stem Cells. Salivary gland-
derived stem cells have been studied to be used for autolo-
gous transplantation treatment, for gland tissue engineering,
and for cell treatments. The endoderm originates from the
salivary glands, which compose the epithelial cells from the
ductus and acinar cells with exocrine capacity. The epithe-
lium proliferates when the link of the salivary gland duct
occurs, and the acinar cells undergo apoptosis.

Stem cells that can differentiate into all kinds of epithelial
cells within the gland have not yet been identified in literature
[52, 53]. Salivary gland stem/progenitor cells were isolated
from a rat submandibular gland, and it was found that these
cells are highly proliferative and have the ability to express
acinar, myoepithelial, and ductal cell lineage markers [54].

Studies suggest that salivary glands are a promising
source for stem cells that can be used for therapy in patients
that suffer from cancer to the head and neck and who have
undergone radiotherapy.

Human salivary gland primitive MSC-like cells were
isolated that evidence embryonic and adult stem cell markers
and can be guided to differentiate into chondrogenic, osteo-
genic, and adipogenic cells [55]. The selection of a cell’s
particular marker or label with induced reporter proteins is
essential to obtaining a considered actual stem cell culture
for the salivary gland [56].

2.2.6. Adipose Tissue-Derived Stem Cells (ASCs). Adipose
tissue has been studied as a stem cell source in regenerative
medicine, and it is considered an abundant MSC source.
ASCs can be obtained through lipectomy or from lipoaspira-
tion from areas such as the chin, hips, upper arms, and
abdomen with low donor-site morbidity, as liposuction is a
very common cosmetic procedure [57].

ASCs are expected to be an alternative source of MSCS in
bone regeneration in the dental field, as they present a robust
osteogenesis [58].

The practicability of using ASCs in GBR and implant
surgery has already been tested [59].

More studies are needed, focusing on ASCs to be used
clinically with efficacy in periodontal and bone regeneration.

2.3. Regenerative Dentistry with Stem Cell Application. A
suitable stem cell must carry out the control of cell outcome,
guaranteeing patient safety in regenerative medicine.

MSCs currently have been described to have a clinical
potential, since their regeneration potential in bone and
periodontal tissue has been evaluated, and there are some
clinical studies already published.

2.3.1.DifferentiationCapacity.BMSCs, especially periosteum-
derived stem cells or bone marrow-derived stem cells, are
appropriate for alveolar bone growth due to their compatibil-
ity with the target tissue. MSCs can also present promising
results for dental mesenchymal-derived tissue regeneration,
like periodontal tissues, pulp, or dentin. Nevertheless, MSCs’
capacity of differentiating is restricted to mesenchymal
lineages, which can retard the regeneration of complex oral
organ application, since they are formed during development
by epithelial and mesenchymal tissue interaction.

An option to achieve organ regeneration is to identify
specific organ stem cells based on the ability of a single
tissue-specific stem cell to form gastric units or epithelial
components of the mammary glands [60, 61].

Studies have already demonstrated that pluripotent stem
cells are a solution for complex organ renewal [62, 63], since
there are no postnatal stem cells with organogenic capacity in
teeth or salivary glands. Nevertheless, it is necessary to
understand how it leads iPS cells to achieve specific progeni-
tor cells for the tissue and organs targeted for renewal to
obtain successful results. Further studies based on the
development of iPS cell technology are necessary.

2.3.2. Immunomodulation. Immunomodulation has been
identified in MSCs with therapeutic effects in angiogenesis,
anti-inflammation, and antiapoptosis. Studies also described
that MSCs have a short inherent immunogenicity [64]. Other
studies described that MSCs derived from human oral tissue
(SHED, PDLSCs, SCAP, and GMSCs) have immunomodula-
tory characteristics equal to BMSCs [65–68].

Gingiva can be considered a promising origin of stem
cells with future potential for immune-related therapies as
well as for regenerative medicine, since GMSCs promote
the oral mucosa progenitor cells to have a fetal phenotype
with immunomodulation to be recognized by our immune
system [69].

2.3.3. Regeneration. MSCs hold promise in regenerative
therapies due to their multipotency and availability. MSCs
are being considered for the treatment of a wide range of
pathologies, and researchers are especially interested in
their potential to treat musculoskeletal disorders such as
osteoarthritis, osteoporosis, and osteonecrosis [70].

An important MSC application in dentistry is pulp and
dentin regeneration. Cell-based approaches in endodontic
regeneration based on pulpal MSCs have demonstrated
promising results in terms of pulp-dentin regeneration
in vivo through autologous transplantation. Despite that
pulpal regeneration requires the cell-based approach, several
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challenges in clinical translation must be overcome including
aging-associated phenotypic changes in pulpal MSCs,
availability of tissue sources, and safety and regulation
involved with expansion of MSCs in laboratories. Allotrans-
plantation of MSCs can be an alternative in going through
these obstacles; more research needs to be carried out on
the long-term stability of MSCs and efficacy in pulp-dentin
regeneration [71].

3. Clinical Applications

3.1. Evolution in Regenerative Therapy in Dentistry. Stem cell
action contributes as a main factor to the capacity of self-
renewal and differentiation of every organ and tissue.

The regeneration of lost oral tissue is the target of stem
cell research. Owing to the fact that bone imperfections
[72] that ensue after tooth loss can result in further bone
loss which limits the success of dental implants and pros-
thodontic therapies, the rehabilitation of alveolar ridge
height is prosthodontists’ principal interest.

There are already different regenerative therapies based
on stem cell technology available, namely, mesenchymal
stem/stromal cells (MSCs). Although these cells have already
been used in the clinic for alveolar bone augmentation,
hardly anything is known about their in vivo biology [73].

In the clinic, the main approach to the treatment was the
material-based reconstruction without major surgical proce-
dures; nonetheless, the clinical concept was expanded,
including stem cell-based regeneration, as a consequence of
the emerging stem cell technologies and the requirements
of alveolar ridge augmentation associated with implant
dentistry [73].

The development of bioengineered teeth to replace
the patient’s missing teeth was also possible because of
stem cell technologies.

The approach of regenerative dentistry has already been
applied in implantology and periodontology [74]. In this
text, we are going to do an assessment of the progress in
regenerative therapies associated to periodontal tissue and
alveolar bone.

3.1.1. Tissue Regeneration Based on Scaffolds. The periodon-
tal regenerative therapy concept is based on the principal
that, firstly, the source of infection must be removed and,
secondly, a space for the cells to grow must be provided
[75]. Guided tissue regeneration (GTR) is the most docu-
mented material used in periodontal regeneration [76, 77].
In this kind of regeneration, biocompatible barrier mem-
branes are used to cover the bone defects. Using this
technique, connective tissue and bone regeneration occurs
within the bone defect. The bone defect is protected by a
barrier with migration of epithelial tissues into the wound
[78]. Bioinert materials, such as pure titanium membranes,
PLGA, and ePTFE, cannot stimulate bone formation [79].
GBR and socket preservation are alveolar bone augmentation
and preservation techniques that demand the application of
bioactive materials to raise the activity of bone formation
and therefore provide direct bonding with the bone.
Hydroxyapatite, tricalcium phosphate (b-TCP: OSferion 1,

Olympus, Japan), biphasic calcium phosphate, and bovine
bone mineral are CaP-based biomaterials. These materials
are not osteoinductive materials since they cannot stimulate
production of new bone in locations with lack of bone [80].
To permit and speed up bone formation and augment
osteointegration of implants (underrating implant failure),
the osteoinduction using bone grafting substitutes can be a
solution when titanium implants are applied. For that reason,
osteoinductive scaffolds based on CaP were engineered
through osteogenic bioactive factor incorporation and have
been reported to stimulate bone formation [81, 82].

Due to the fact that natural extracellular matrix (ECM)
components modulate MSC osteogenic differentiation, adhe-
sion, migration, and proliferation, it is beneficial for scaffolds
to mimic the ECM [83].

Nevertheless, due to safety issues, it is not possible
to apply them in the clinic animal-derived ECM. Other
encouraging alternatives are synthetic peptide analogues
of ECM components or bioactive small molecules [84].

For ECM-based biomimetic material acquisition, cell-
derived decellularized extracellular matrices are likely to yield
favorable results [85].

3.1.2. Growth Factor Delivery-Based Tissue Regeneration.
Approaches which combine with scaffold-based tissue regen-
eration options have been increased by the growth factor
delivery [86, 87]. The usage of platelet-rich plasma (PRP) is
a well-known therapy which applies growth factor release
to obtain periodontal regeneration. PRP can be utilized to
regenerate periodontal defects, since it contains a variety of
matrix components and growth factors. To obtain predict-
able periodontal regeneration, there is high interest in
considering the application of PRP in combination with bone
grafts or autologous stem cells [88].

A recent innovation in the field of medicine and dentistry
is the development of autologous platelet-rich fibrin (PRF) as
a growth factor delivery system. PRF is a platelet concentrate
next to platelet-rich plasma with an advantage of simplified
preparation and no biochemical blood handling. PRF repre-
sents a new step in the platelet gel therapeutic concept with
simplified processing without artificial biochemical modifica-
tion. The combined properties of fibrin, platelets, leucocytes,
growth factors, and cytokines make platelet-rich fibrin a
healing biomaterial with tremendous potential for bone and
soft tissue regeneration. Interestingly, in 2014, a new protocol
for PRF was introduced (termed Advanced-PRF or A-PRF)
whereby centrifugal forces were decreased and total spin
times were increased. This modification to centrifugation
protocol has previously been shown to increase platelet cell
number and monocyte/macrophage behavior [89].

Differences in growth factor components and platelet
count between different PRP preparation procedures may
be the reason why there are inconclusive results of clinical
trials of PRP [90]. Enamel matrix derivative (EMD) product
has also been extensively applied in periodontology for
regeneration procedures [90, 91].

Some studies already described that EMD inhibits epithe-
lial cell growth and induce periodontal fibroblast growth
which may help in periodontal tissue regeneration [90–92].
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Recombinant growth factors such as PDGF-BB and
FGF-2 and BMP-2 were introduced for bone and periodontal
regenerative treatments [93]. BMPs are known for their abil-
ity to induce bone formation and for playing an important
role in embryonic patterning and early skeletal formation.

Another major factor in platelet-rich plasma is PDGF,
which is known to induce angiogenesis [94, 95].

FGF-2 is a growth factor delivery, as it has several biolog-
ical functions in tissue regeneration, inducing formation and
growth of blood vessels and stem cell proliferation [93, 96].

MSC cultures are reported to stimulate bone formation in
rats [97].

3.2. Stem Cells’ Regenerative Therapy Requirements

3.2.1. Augmentation of Alveolar Bone. Taking into consider-
ation that regular bone grafting materials have no osteoin-
ductive properties, it is difficult to accomplish through
material/growth factor-based procedures such as bone aug-
mentation of the acutely atrophic alveolar ridge, especially
vertical bone augmentation during guided bone regeneration
or sinus-lifting. Activated osteoclasts bring out an unavoid-
able resorption which is the immune response against the
transplants; even when used in combination with scaffolds,
host cells are not able to migrate into a large defect area.

Due to the fact that autologous cancellous bone contains
osteogenic, osteoconductive, and osteoinductive features
provided by a suitable cellular content, it has been applied
for big bone defects [98]. Nevertheless, the limited intraoral
supply and difficulty in harvesting for autologous grafts have
inspired another alternative method: the development of
stem cell-based tissue engineering treatment [99]. Since the
increasing demand of dental implants, there has also been
an increasing demand for techniques related to bone aug-
mentation in atrophic alveolar ridge and maxillary sinus.

Stem cells present an encouraging strategy to accom-
plish the regeneration of large alveolar bone defects, accel-
erate bone formation, and stimulate osteointegration in
implant treatments.

3.3. Treatments Based on Stem Cells. The clinical application
of stem cells has been analyzed in cases of alveolar ridge
augmentation in dental implant rehabilitation. The clinical
applications of stem cell-based bone augmentation are split
into two groups: the chair-side cellular grafting and the tissue
engineering approach. In either case, the most frequently
applied stem cells are BMSCs from the iliac crest [100].

3.3.1. Approach of Tissue Engineering. The regenerative
strategies using stem cells have utilized cell culture tech-
niques to achieve bone tissue engineering [101].

Dental pulp-derived MSCs in combination with a colla-
gen sponge scaffold can be used to restore human mandible
bone defects. Regardless of the fact that stem cell-based tissue
engineering has been suggested to be beneficial, there is
criticism on the absence of characterization of the cellular
component of the graft which can foreseeably produce
consistent cell populations [102].

It is necessary to verify if tissue engineering based on
cells ultimately has advantages for patients and to decide

definitive protocols for stem/osteoprogenitor cell prepara-
tion. Further studies on this subject are needed.

3.3.2. Approach of Chair-Side Cellular Grafting. Cellular graft
derived from patients and prepared clinically or an allograft
bone matrix that contains native MSCs is another alternative
of bone regeneration based on stem cells [103].

There is evidence and good documentation about cel-
lular grafting methods applying the mononuclear fraction
obtained from processed fresh marrow. One of these
methods is called “bone marrow aspirate concentrate
(BMAC).” Stem cells that have the function of hematopoiesis
and MSC population are two of the principal lineages of stem
cells present in the mononuclear fraction [104].

The cells in freshly processed grafts may contain a variety
of cell types, that is, stromal cells, angiogenic cells, MSCs,
osteogenic cells, and hematopoietic cells. Some studies
have reported that when BMSCs are administrated to an
injured tissue or intravenously, it can have a positive
anti-inflammatory effect [105, 106].

Further studies and research are needed to explain in detail
the precise mechanisms of implanting BMSC population.

3.3.3. Tissue Regeneration Based on Cell Sheet. Cell sheet-
based tissue regeneration has been applied successfully in
tissue regeneration [107–110]. Enzymatic cell digestion
and cell-to-cell contact are not needed since they remain
intact, which is an advantage for regeneration of tissue.
In addition, ECM proteins can be applied without requiring
an additional scaffold.

A variety of cell sheets in tissue engineering have been
described, for instance, using the cell sheet as a source of
3D pellet, applying multilayered cell sheet, and using the cell
sheet to wrap a scaffold [111–116].

This technology has already been applied in periodontal
and alveolar bone tissue regeneration [117–119].

Researchers reported that dental follicle cells (DFCs)
could be an alternative for root and periodontal regen-
eration [120].

3.4. Regenerative Therapy Based on Stem Cells: Influencing
Factors. The therapy based on stem cells is a new tech-
nology that has shown promising results for orofacial
bone regeneration; nevertheless, these procedures are still
poorly understood.

More clinical evidence is needed to understand if the new
bone that was formed was provided by the implanted cells
which survived or is from host osteogenic cells [121].

3.4.1. Transplanted Cells’ Survival. Osteogenic cells which
have the ability to retain the cellular activity to allow the
cells that are transplanted to be able to produce ECMs
for tissue regeneration are required for tissue engineering
to be successful through cell transplantation [120].

Nevertheless, the destiny of cells and their clinical results
are still unknown.

It was observed in animal studies that the cells that are
transplanted can migrate out of the transplanted location or
die quickly [122, 123].
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In 2010, Tasso et al. demonstrated in an animal study that
distinct waves of cells (CD31+ endothelial progenitors and
CD146+ pericyte-like cells) migrated from the host to the
BMSC-seeded ceramic to develop new tissue [124].

One year later, Boukhechba et al. proved that BMSC cells
which were grafted did not survive more than a month after
they were implanted [125].

More studies are needed to help understand the inter-
action of cells in bone regeneration treatment.

3.4.2. Donor Cells: The Preculture Condition. The preculture
condition of cells that are transplanted was widely analyzed
on bone formation.

It has been suggested that human BMSCs lose their
in vivo osteogenic capacity in in vitro expansion, when
cultured not regarding the osteogenic induction length [126].

Preculture periosteum-derived cells with biomimetic
calcium and phosphate supplementation resulted in partial
or complete ectopic bone formation, although CaP-based
biomaterials have significant potential for bone regenera-
tion [127].

The period is an important factor of in vitro preculture to
regenerate the bone using BMSCs.

In majority of cases, undifferentiated MSCs were found;
nevertheless, osteogenically induced MSCs were solely found
in fewer cases. Thus, we can conclude that the host immune
system can destroy these.

Optimal conditions for human BMSCs should be
established once the protocol for bone regeneration based
on stem cells is designed.

3.4.3. Cellular Grafting: Local Immune Responses. Ectopic
bone formation applying stem cells that are transplanted in
animal models does not have clinically predictable results
for orthotopic bone formation in individuals.

The donor BMSCs can produce several anti-inflammatory
factors to restrict the capacities of the various types of
immune cells [128]. Even though the results of MSC-
mediated immunosuppression are a restriction of T cell
activation and proliferation, MSCs have also been shown to
induce T cell differentiation into immunosuppressive Tregs
[129, 130]. Furthermore, MSCs provoke recipient T cell
apoptosis, resulting in an augmentation in the number of
Tregs [131]. MSCs may also stimulate dendritic cells and
macrophages to secrete IL, which in turn has an immunosup-
pressive effect on T cells [132].

Future clinical applications will be guided by BMSC
biology, environment, and interactions.

3.5. Complex Oral Tissue/Organ Regeneration: Preclinical
Studies. Due to their developmental and structural complex-
ity, it was not possible to do a clinical trial about regeneration
technologies for complex oral organs and tissues on the head
and neck. Nevertheless, there are some advances based on
animal research that have been known as good strategies to
regenerate these tissues.

3.5.1. Root/Tooth Regeneration. The aim of tooth regenera-
tion is to obtain a functional tooth which can replace the
lost one [133]. Root regeneration is now a more clinical

applicable approach. Studies reported that using the root/
periodontal complex constructed using periodontal and
apical papilla stem cells would be able to support an arti-
ficial crown to provide normal tooth function in a model
of a swine [134]. Additionally, DFCs were successfully
used for tooth root reconstruction together with dentin
matrix scaffold.

Tooth regeneration is one of the most important achieve-
ments in dentistry. Tooth structures frommice, rats, and pigs
have been used in tooth engineering [135].

Bioengineered tooth transplantation has been proven to
be a solution for tooth regenerative treatments, especially
when an important alveolar bone loss exists [136].

This procedure is still an obstacle clinically when
using tooth regeneration technology, and iPS cells can
be considered a cell source [12].

3.5.2. Regeneration of Salivary Glands. Salivary gland regen-
eration is an interesting topic especially for head and neck
oncology experts. Two regenerative approaches to restore
the function of salivary glands have been applied. The first
application is to obtain an artificial salivary gland by tissue
engineering. The second application is to use stem cells in
the damaged salivary tissue. There are some reports in spe-
cialized literature that refer that stem cells such as MSCs
and BMSCS can be applied to reestablish the function of
the damaged salivary glands [137].

A recent review article describes that using genetic
lineage tracing in mice, the DNA label application to mark
label-retaining quiescent cells, in vitro floating sphere assays,
and two-dimensional (2D) or three-dimensional (3D) cul-
tures of both human and rodent salivary glands cells
demonstrated multiple stem/progenitor-like cells in the
salivary glands. These cells can be identified and isolated,
thanks to the expression of proteins and enzymes. These
stem/progenitor cells present at different occasions during
organ development and may compensate cell loss to allow
suitable organ formation. Even during adult salivary gland
homeostasis, multiple reservoir cell types in compartments
have the ability to duplicate, maintain, and/or expand
themselves [138].

3.5.3. Regeneration of Mandible Condyle. Tissue regeneration
can be a solution to temporomandibular joint disc condyle
defects or trauma. El-Bialy et al. reported in their study that
BMSCs could increasingly regenerate a rabbit condyle that
was enhanced by using pulsed ultrasound [139]. All these
findings can help develop the concept for stem cell-based
tissue engineering if there is condyle degeneration in case of
disorders like rheumatoid arthritis.

3.5.4. Tongue Regeneration. Tongue regeneration has already
been reported in animal studies with the objective of
reconstructing tongue defects and reestablishing speech,
swallowing function, and air protection [140, 141]. Cell-
based reconstruction of the tongue was reported in a rat
model, in which myoblast-progenitor cells were implanted
in a hemiglossectomized tongue for muscle regeneration
[140]. Nevertheless, functional regeneration is difficult in
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the tongue. In 2013, Egusa et al. reported in their study that
the application of cyclic strain to BMSCs stimulates the
achievement of aligned myotube structures [142]. More
advanced studies in stem cell engineering may help develop
the regenerative techniques of the damaged or resected
tongue and reestablish its role [142].

3.6. Immunotherapy with MSCs. MSCs have been expanded
for the therapy of immune diseases.

3.6.1. Application BMSCs in Immune-Mediated Diseases.
BMSCs constitute an important HSC niche component in
the bone marrow [143].

They act in the repair process, thanks to cytokine and
growth factors’ secretion and endogenous progenitor cells’
proliferation and differentiation [144]. Thus, transplanted
or endogenous MSCs are stimulated by inflammatory cyto-
kines (TNF-α) [145]. In addition, MSCs express matrix
metalloproteinase to come through ECM barriers [146].
Some studies reported that BMSCs present an important
immunomodulatory action. Therefore, it can be applied as
a treatment for immune disorders [147, 148]. Thus, periph-
eral tolerance is induced by the administration of BMSCs,
and the BMSCs then move to damaged tissues, where the
release of proinflammatory cytokines is inhibited and cell
survival is encouraged [148].

Several animal studies have examined BMSCs’ effect in
immune-mediated inflammatory diseases [149]. Addition-
ally, MSCs’ immunosuppressive effect in patients in case of
refractory inflammatory bowel disease and graft versus host
disease (GVHD) [150, 151] has been proven.

More studies are needed to explain MSCs’ immune-
modulatory effect before applying these cells therapeutically.

3.6.2. Immunotherapy with MSCs in Dentistry: Possible
Applications. Reports demonstrated that transplanted alloge-
neic PDLSC sheets show decreased immunogenicity and
marked immunosuppressive ability [151].

Studies reported the systemic delivery of dental MSCs to
be applied in therapeutic strategies, since they can curb Th17
cell differentiation and an augmentation in the number of
Treg cells [66, 152, 153].

All new MSCs’ immunomodulatory features may be
interesting to dental experts since they can be used for
regenerative therapy and immunotherapy.

3.7. Banking of Stem Cells in Dentistry. Specialized studies
have demonstrated that dental tissues are a rich source of
MSCs, which can be applied in medical fields, particularly
in immune and regenerative therapies [154].

The process of storing stem cells acquired from patients’
deciduous teeth and wisdom teeth, called dental stem cell
banking, is a strategy to realize the potential of dental stem
cell-based regenerative therapy [155].

Stem cell-containing tissues are acquired from the patient
and can be cryopreserved for many years to retain their
regenerative capacity. Whenever required, dental stem cells,
which are tolerated by the immune system, can be isolated
from the cryopreserved tissue/tooth for future regenerative
therapies [156, 157].

4. Conclusions

The oral and maxillofacial regions have been described as a
promising source of adult stem cells. Dental clinicians should
recognize the evolution of the regenerative dentistry field and
take into consideration the possibility of acquiring stem cells
during dental treatments (from deciduous teeth, third
molars, and the gingiva), which can be stored for future
autologous therapeutics.

We obtain iPS cells from discarded oral tissues that can
be used in patient-specific modeling of oral diseases and the
development of tailor-made diagnostic and drug screening
tools for alveolar bone augmentation and oral cancer treat-
ment, apart from the autologous cell-based regeneration of
complex oral tissues. Nevertheless, more studies are needed
to justify the application of these cells in autologous regener-
ative cells in the dental field.

Further studies on adult MSCs and BMSCs are needed to
identify factors that have the responsibility to achieve
successful results of stem cell-based bone and periodontal
tissue regeneration. It is also important that researchers
investigate more about the immunomodulatory properties
of the stem cells, thus facilitating the grafting of transplanted
cells at inflamed sites.

Further studies on adult stem cells and pluripotent stem
cells should be developed to obtain more effective outcomes
in the regenerative dentistry field.

Since it has more predictable regenerative results, future
research areas of stem cell-based therapy in dentistry should
be focused on tissue engineering and chair-side cellular graft-
ing approaches.

To achieve more scientific evidence, more studies, such as
clinical randomized controlled trials with long follow-ups,
must be carried out.

There must also be a complete understanding of biologi-
cal processes on both donor and recipient sides during bone
regeneration which is extremely important to be able to
structure more effective clinical strategies for stem cell-
based bone regeneration.

MSCs’ immunomodulatory function is important in sup-
pressing the local immune response during transplantation
and in achieving optimal tissue regeneration.

Prosthodontists are being motivated to get involved in
stem cell biology by the increased requirement for new
technologies for implant dentistry.

Authorized organizations should establish a link between
stem cell-based dentistry, with standard protocols, so it can
more often be applied in the dental field.
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Mesenchymal stem cells (MSCs) can effectively relieve acute lung injury (ALI) in several in vivo models. However, the underlying
mechanisms and optimal sources of MSCs are unclear. In the present study, we investigated the effects of umbilical cord- (UC-) and
menstrual blood- (MB-) derived MSCs on ALI. MSCs were transplanted into a lipopolysaccharide-induced ALI mouse model, and
the therapeutic effects were determined by histological, cellular, and biochemical analyses. Our results showed that both UCMSC
and MBMSC transplantation inhibited the inflammatory response and promoted lung tissue repair. UCMSC treatment resulted in
reduced damage and inflammation in the lung tissue and enhanced protection of lung function. Furthermore, we found that
UCMSCs secreted higher levels of anti-inflammatory cytokines (interleukin-10 and keratinocyte growth factor) in ALI-related
conditions, which may be due to the greater therapeutic capacity of UCMSCs compared with MBMSCs. These findings suggest
that MSCs protected the lipopolysaccharide-induced ALI model by regulating inflammation, most likely via paracrine factors.
Moreover, MSCs derived from the UC may be a promising alternative for ALI treatment.

1. Introduction

Mesenchymal stem cells (MSCs) are stromal cells that can
differentiate into various cell types such as osteoblasts, chon-
drocytes, adipocytes, myocytes, and hepatocytes [1, 2]. In
addition to their presence in the bone marrow, MSCs have
been found in multiple tissues, including umbilical cord
blood, adipose tissue, placenta, adult muscle, and even men-
strual blood [3, 4]. Promising features such as multipotency,
secretion of growth factors, and immunoregulatory proper-
ties make MSCs suitable candidates for cell-based therapies
[5]. Numerous studies have demonstrated the beneficial
effects of MSC-based therapy for various diseases in animal
models and clinical trials, such as in liver fibrosis, cartilage
regeneration, nerve injury, and wound healing [6–9].

Acute lung injury (ALI) is a major cause of acute respira-
tory failure and has a high mortality rate in critical care med-
icine [10]. Although ALI pathophysiology and treatments

have been investigated in many studies, effective pharmaco-
therapies or therapeutic strategies are limited [11]. MSCs
may be a promising alternative for treating lung diseases
[12, 13], as increasing evidence supports the therapeutic
effects of MSCs in pulmonary fibrosis, bronchopulmonary
dysplasia, chronic obstructive pulmonary disease, and ALI.
Recent studies have also shown that transplantation of MSCs
from the bone marrow, umbilical cord (UC), menstrual
blood (MB), and adipose tissue can attenuate lung injury
and inflammatory responses [14–16]. Mechanistic studies
revealed that MSCs can differentiate into lung tissue cells or
exhibit paracrine functions [17–19]. For further application
in ALI therapy, additional studies are needed to optimize
several parameters of MSC therapy, such as cell sources,
infusion routes, and doses.

In the present study, we compared the effects of UC- and
MB-derived MSCs (UCMSCs and MBMSCs, resp.) on ALI
using a lipopolysaccharide- (LPS-) induced mouse model.
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MSCs were intravenously transplanted into ALI animals, and
their therapeutic effects were determined by histological,
cellular, and biochemical analyses. We also preliminarily
investigated the underlying mechanism by examining several
cytokines secreted from these two types of MSCs.

2. Materials and Methods

2.1. Animals and Cells. Six- to eight-week-old imprinting
control region (ICR) male mice were obtained from the
Laboratory Animal Unit of Zhejiang Academy of Medical
Sciences (Hangzhou, China). All animal experiments were
performed in accordance with legal regulations and were
approved by a local ethics committee. UCMSCs and
MBMSCs were provided by S-Evans Biosciences (Hang-
zhou, China) and characterized as described previously
[20]. Briefly, for UCMSC isolation, umbilical cord tissues
(5–10 cm) were procured from healthy women during labor
(n = 3) and cut into approximately 1mm3 pieces for primary
adherent culturing. MBMSCs were isolated from menstrual
blood samples collected from healthy female donors (n = 3)
with a menstruation cup (S-Evans Biosciences). Cells that
reached 80–90% confluence was digested with 0.25%
trypsin-EDTA (Gibco, Carlsbad, CA) for passaging. UCMSCs
andMBMSCs of passage 3were characterized bymorphology,
surface marker expression, and mesenchymal lineage differ-
entiation (osteogenic, adipogenic, and chondrogenic differen-
tiation), after which they were used for further experiments.

2.2. Experimental Models and Treatments. For the ALI
model, ICR mice were treated with LPS as described previ-
ously [21], with some modifications. Briefly, animals were
anesthetized with pentobarbital (60mg/kg) intraperitoneally
and then intratracheally injected with either 2mg/kg LPS
(Escherichia coli O55 : B5, Sigma-Aldrich, St. Louis, MO) dis-
solved in 100μL phosphate-buffered saline (PBS) or vehicle
(PBS). After 6 h, 1× 106 UCMSCs or MBMSCs in 100μL
PBS were transplanted intravenously into ALI mice through
the tail vein and were defined as UCMSC- or MBMSC-
treated groups. The animals were sacrificed 72 h posttrans-
plantation, and samples were collected for further analysis.

2.3. Histological Analysis. Lung tissues were fixed with 4%
paraformaldehyde and embedded in paraffin. Next, 5μm
tissue sections were deparaffinized and stained with hema-
toxylin and eosin. The extent of lung injury was assessed
under a light microscope (Carl Zeiss, Oberkochen, Germany)
and semiquantified by determining the lung injury score as
described previously [22].

2.4. Wet/Dry Ratio Determination. Lung tissues were col-
lected and weighed immediately to determine wet weight.
The tissues were dried in an oven at 60°C for 48h to deter-
mine dry weight. The wet/dry ratio was then calculated and
defined as the W/D ratio [15].

2.5. Arterial Blood Gas Analysis. Arterial blood gas was
analyzed as descried previously [23, 24]. Briefly, mice were
anesthetized with pentobarbital (60mg/kg) intraperitoneally.
All animals breathed spontaneously during the experiment.

Then, blood samples were obtained from the celiac artery
by heparinized syringes and immediately analyzed for oxy-
gen partial pressure and oxygen saturation (sO2) using an
ABL700 blood gas analyzer (Radiometer, Copenhagen,
Denmark). The oxygen partial pressure/fractional inspired
oxygen (pO2/FiO2) ratio was also calculated.

2.6. Measurements of Bronchoalveolar Lavage Fluid (BALF).
Mice were sacrificed, and the lungs were washed twice with
1mL PBS for BALF sample collection. BALF was centrifuged
at 300×g for 10min. Cell pellets were resuspended in 200μL
PBS for total cell and neutrophil count using a Countstar
IC1000 (Beijing, China). The supernatants were collected to
detect total protein concentrations using a BicinchoninicAcid
(BCA) Protein Assay kit (Beyotime Biotechnology, Jiangsu,
China), andmyeloperoxidase (MPO) activity was determined
using an MPO kit (Nanjing Jiancheng Technology, Ltd.,
Nanjing, China) according to themanufacturer’s instructions.

2.7. Enzyme-Linked Immunosorbent Assay (ELISA) Analysis.
The concentrations of interleukin- (IL-) 1β and tumor necro-
sis factor α (TNFα) in BALF and serum as well as IL-10 and
keratinocyte growth factor (KGF) in lung tissues were mea-
sured using ELISA kits (RayBiotech Inc., Norcross, GA)
according to the manufacturer’s instructions.

2.8. Treatment of MSCs with BALF-S. BALF from ALI mice
were collected and centrifuged as described above. The
supernatants were then passed through a 0.22μm filter
and defined as BALF-S. Next, 1× 106 UCMSCs or MBMSCs
of passage 3 were cultured and treated with 5% (v/v) BALF-S
for 12 h. The cells were further placed in serum-free medium
for another 24 h. Cultured media were collected and passed
through a 0.22μm filter. Secreted IL-10 and KGF in the fil-
trate were examined using ELISA kits (RayBiotech) accord-
ing to the manufacturer’s instructions. Media from normal
cultured UCMSCs or MBMSCs were used as controls.
Furthermore, cell viability was measured using a Cell Count-
ing Kit-8 assay (Beyotime Biotechnology) according to the
manufacturer’s instructions.

2.9. Statistical Analysis. All experiments were conducted
at six times. Data are presented as the mean± standard
deviation. Statistical evaluation of differences between
the values was determined by independent multiple Stu-
dent’s t-tests. P values of less than 0.05 were considered
statistically significant.

3. Results

3.1. MSC Transplantation Attenuated Lung Injury in
LPS-Induced ALI. UCMSCs and MBMSCs of passage 3 were
characterized (Supplementary Figures 1 and 2) and trans-
planted intravenously into ALI mice. The therapeutic effects
of MSCs on ALI were first evaluated by scoring hematoxylin
and eosin-stained lung histological sections. The results
showed that LPS-induced inflammatory infiltrates, interal-
veolar septal thickening, and other structural destruction
were reduced by treatment with both UCMSCs andMBMSCs
(Figure 1(a)). The degree of lung injury was further assessed
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by lung injury score evaluation based on atelectasis, alveolar
and interstitial inflammation, alveolar and interstitial hemor-
rhage, alveolar and interstitial edema, necrosis, and over-
distension. UCMSC administration resulted in a more
significant reduction in lung injury compared with that in
the MBMSC-treated group, as determined by lung injury
score (6.7± 0.3 versus 8.5± 0.2, resp.; Figure 1(b)). These
results suggest that MSCs can improve damaged lung tissue
in ALI, with UCMSCs showing greater efficiency.

3.2. MSC Treatment Improved Pulmonary Function. To
evaluate the role of MSCs in the repair of pulmonary
function [15, 23], W/D ratios and arterial blood gases were
measured. We found that ALI mice treated with UCMSCs
and MBMSCs showed significantly lower W/D ratios
(Figure 2(a)) of 4.7 and 5.3, respectively, versus 7.0 in ALI ani-
mals. This result indicates that treatment with either type of
MSCs can decrease the degree of LPS-induced lung edema.
Arterial blood gas analysis (Figure 2(b)) showed that LPS
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Figure 1: Assessment of histological changes in lung tissue. (a) HE-stained lung histological sections and representative lung histological
changes. (b) Assessment of lung injury scores. The degree of lung injury was assessed from six sections, which conclude atelectasis,
alveolar and interstitial inflammation, alveolar and interstitial hemorrhage, alveolar and interstitial edema, necrosis, and overdistension.
Vehicle: normal mice with PBS injection; ALI: LPS-induced ALI model; UCMSC: ALI mice with UCMSC transplantation; MBMSC: ALI
mice with MBMSC transplantation; HE: hematoxylin and eosin. Scale bars 50μm. ∗p < 0 05, ∗∗p < 0 01; n = 6.
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decreased the sO2 percentage (65.0%) and pO2/FiO2 ratio
(314) compared with that of the vehicle group (95.5% and
519, resp.), whereas UCMSC and MBMSC treatments
resulted in increased levels of both parameters, suggesting
improvements in lung function recovery. Moreover, these
results revealed that UCMSCs and MBMSCs have similar
effects on lung function protection.

3.3. MSC Administration Reduced the Degree of Changes in
BALF.To further analyze lung damage and inflammation, cel-
lular counts and protein concentrations in BALF were exam-
ined. Total protein levels and cell numbers in BALF increased
in LPS-induced ALI mice but decreased in UCMSC- and
MBMSC-treated groups (Figures 3(a) and 3(b)). The numbers
of neutrophils in BALF were significantly elevated by LPS
induction but decreased in both MSC-treated groups. More-
over, we found that UCMSC transplantation resulted in
a greater reduction in neutrophil numbers compared with
MBMSCs (0.6± 0.08)× 106/mL versus (1.6± 0.41)× 106/mL,
respectively (Figure 3(c)). This was further supported by
MPO activity measurements, which gave values of 0.7±
0.11U/L for the UCMSC group and 1.1± 0.22U/L for
the MBMSC group (Figure 3(d)). These results suggest
not only that both types of MSCs do improve lung
damage in ALI but also that UCMSCs can reduce cellular
infiltration in an efficient manner.

3.4. MSCs Regulate the Expression of Inflammatory Cytokines.
To investigate inflammatory regulation byMSCs, we analyzed
expression levels of the proinflammatory cytokines IL-1β
and TNFα in serum (Figure 4(a)) and BALF (Figure 4(b))
via ELISA. The concentration of IL-1β and TNFα in serum
and BALF was clearly elevated in the LPS-induced group
and significantly reduced after MSC transplantation. The
UCMSC-treated group showed a greater reduction in serum
IL-1β (323± 23.9 ng/L) and BALF TNFα (692± 53.9 ng/L)
levels compared with the MBMSC-treated group (368±
36.4 ng/L and 850± 25.4 ng/L, resp.). These results indi-
cate that both types of MSCs decrease the expression of
inflammatory cytokines.

3.5. MSC Treatment Upregulated the Expression of IL-10 and
KGF in Lung Tissues. The expression of IL-10 (Figure 5(a)), a

representative anti-inflammatory cytokine, was elevated both
in MSC-treated groups and in the LPS-induced group. The
results also showed that UCMSCs induced much higher
levels of IL-10 in lung tissues compared with MBMSCs.
Similarly, KGF, a potent mitogenic factor in alveolar epithe-
lial cells, also showed increased expression in the MSC group,
particularly in the UCMSC-treated group (Figure 5(b)).
These findings suggest that MSCs attenuate lung injury and
the inflammatory response by regulating the expression of
several crucial factors.

3.6. BALF-S Stimulates IL-10 and KGF Secretion by MSCs.
We further investigated the secretion of soluble factors
by MSCs which may contribute to the upregulation of
IL-10 and KGF in lung tissues after MSC treatment. Para-
crine factors IL-10 and KGF secreted by UCMSCs and
MBMSCs after BALF-S stimulation were measured in cul-
ture media (Figure 6). The results showed that both types
of MSCs secreted the two factors at comparable levels
under normal culture conditions. After BALF-S treatment,
expression levels of IL-10 and KGF increased to different
extents and without any significant changes in cell viability
(Supplementary Figure 3). BALF-S stimulation resulted in
significantly enhanced secretion of IL-10 and KGF by
UCMSCs (from 731 to 1316pg/mL and 700 to 976 pg/mL,
resp.) but not by MBMSCs. These results indicate that
paracrine factors secreted by MSCs may partially contribute
to the increased levels of IL-10 and KGF in MSC-
treated lung tissues. Moreover, UCMSCs produced increased
levels of cytokines or paracrine factors in response to the
inflammatory condition, resulting in the more efficient in
anti-inflammatory regulation observed in the UCMSC-
treated group.

4. Discussion

The main findings of this study were that MSCs from both
sources reduced lung injury and improved lung function
in LPS-induced ALI mice to different extents, that MSCs
may inhibit inflammatory responses by secreting anti-
inflammatory cytokines to relieve lung injury, and that
UCMSCs exhibited greater therapeutic effects thanMBMSCs.
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Figure 2: Indicator detections of pulmonary function. (a) Wet/dry ratio analysis. (b) The percentage of sO2 and the pO2/FiO2 ratio. Vehicle:
normal mice with PBS injection; ALI: LPS-induced ALI model; UCMSC: ALI mice with UCMSC transplantation; MBMSC: ALI mice with
MBMSC transplantation. ∗p < 0 05, ∗∗p < 0 01; n = 6.
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This difference may be due to the increased secretion of anti-
inflammatory cytokines by UCMSCs after transplantation
in an inflammatory environment rather than differences
in cell retention between MBMSCs and UCMSCs in injured
lung tissue (Supplementary Figure 4). However, the under-
lying mechanism regarding whether secretion of other
anti-inflammatory cytokines or exosomes by UCMSCs are
involved requires further analysis.

Over the past decades, numerous preclinical studies on
MSC-based therapies have been conducted due to the prom-
ising features of MSCs. Studies on lung disease therapies have
focused on the ability of MSCs to secrete soluble factors, such
as anti-inflammatory and cytokine growth factors, which can
stabilize the alveolocapillary barrier, enhance alveolar fluid
clearance, and decrease infection [25–28]. Clinical trials of
lung disease therapies have also been conducted in recent
years. In a double-blind randomized single-center trial, Zheng
et al. [26] found that it is safe to inject human MSCs intrave-
nously in 12 acute respiratory distress syndrome patients. In
2015, Wilson et al. [27] showed that intravenous administra-
tion of human MSCs was well tolerated in 9 patients with
acute respiratory distress syndrome in a phase 1 clinical trial;

based on these promising results, a phase 2 clinical study is
currently underway.

Although the results are promising, the optimal dose,
route of MSC administration, MSC sources, and precise
mechanisms remain unclear. As a potential mechanism, the
therapeutic effect of MSCs may be due to the secretion of sol-
uble factors [28]. In ALI models, IL-10, prostaglandin E2,
and KGF were shown to be secreted by MSCs to inhibit lung
inflammation or protect against alveolar epithelium injury
[29–32]. Our findings support the notion that MSCs secrete
paracrine anti-inflammatory cytokines (IL-10 and KGF) to
attenuate the inflammatory response and ameliorate lung
injury. More importantly, we found that UCMSCs are more
sensitive to inflammatory conditions and produced more
cytokines or paracrine factors for lung repair in ALI.
Although it is theoretically easy to obtain MBMSCs from
monthly menstrual blood, we found that menstrual blood
is prone to microbial contamination during the collection
process (unpublished data). It was also found that MBMSCs
have a weaker amplification capability compared with
UCMSCs [20]. Taking these findings into consideration,
UCMSCs appear to be more feasible for application in future
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Figure 3: Detection of cell numbers and protein levels in BALF. (a) The concentrations of total protein in BALF. (b) Total cell counts
in BALF. (c) Neutrophil counts in BALF. (d) Evaluation of MPO activity in BALF. Vehicle: normal mice with PBS injection; ALI: LPS-
induced ALI model; UCMSC: ALI mice with UCMSC transplantation; MBMSC: ALI mice with MBMSC transplantation. ∗p < 0 05,
∗∗p < 0 01; n = 6.
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Figure 4: Analysis of inflammatory cytokines in serum and BALF. (a, b) The expression levels of IL-1β and TNFα in serum and BALF were
detected by ELISA. Vehicle: normal mice with PBS injection; ALI: LPS-induced ALI model; UCMSC: ALI mice with UCMSC transplantation;
MBMSC: ALI mice with MBMSC transplantation. ∗p < 0 05, ∗∗p < 0 01; n = 6.
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Figure 5: Examine the anti-inflammatory factor levels in lung tissues. (a, b) Expression levels of IL-10 and KGF in the lung tissues were
detected by ELISA. ALI: LPS-induced ALI model; UCMSC: ALI mice with UCMSC transplantation; MBMSC: ALI mice with MBMSC
transplantation. ∗p < 0 05, ∗∗p < 0 01; n = 6.
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ALI therapies. However, uncovering the precise mechanisms
requires further investigation.

5. Conclusions

Our findings strongly support the use of UCMSCs and
MBMSCs in ALI and other inflammatory lung disease thera-
pies. Moreover, UCMSCs showed enhanced therapeutic
effects compared with MBMSCs, indicating that UCMSCs
are more promising for ALI treatment. Nevertheless, the
specific mechanism underlying MSC-based ALI therapy
requires further investigation.
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Figure 6: BALF-S-induced production of anti-inflammatory cytokines in cultured MSCs. (a, b) UCMSCs and MBMSCs were stimulated
by 5% BALF-S (v/v), and the paracrine secretions of IL-10 and KGF in culture media were detected by ELISA. Normal: normal cultured
groups; +BALF-S: 5% BALF-S-treated groups. ∗p < 0 05, ∗∗p < 0 01; n = 6.
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Supplementary Figure 1: characterization of UCMSC and
MBMSC by morphological analysis and measurement of
representative surface markers. Supplementary Figure 2:
characterization of UCMSC and MBMSC by mesenchy-
mal lineage differentiation. Supplementary Figure 3: cell
viability assay for BALF-S-treated UCMSC and MBMSC.
Supplementary Figure 4: detection of retained UCMSC
and MBMSC in lung tissues at 72 h posttransplantation.
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There have been many applications in biomedical fields based on hydroxyapatite nanoparticles (HA NPs) over the past decades.
However, the biocompatibility of HANPs is affected by exposure dose, particle size, and the way of contact with cells. The
objective of this study is to investigate the effect of HA NPs with different sizes on osteogenesis using human mesenchymal stem
cells (hMSCs). Three different-sized HA NPs (~50, ~100, and ~150 nm, resp.) were synthesized to study the cytotoxicity, cellular
uptake, and effect on osteogenic differentiation of hMSCs. The results clearly showed that each size of HA NPs had dose-
dependent cytotoxicity on hMSCs. It was found that HA NPs could be uptaken into hMSCs. The osteogenic differentiation of
hMSCs was evaluated through alkaline phosphatase (ALP) activity measurement, ALP staining, immunofluorescent staining for
osteopontin (OPN), and real-time polymerase chain reaction (RT-PCR) examination. As expected, HA NPs of all sizes could
promote the differentiation of hMSCs towards osteoblast lineage. Among the three sizes, smaller-sized HA NPs (~50 and
~100 nm) appeared to be more effective in stimulating osteogenic differentiation of hMSCs.

1. Introduction

Over the past few decades, nanotechnology and nanoscience
have been emerging with the rise in manufacture of various
nanomaterials [1]. Recently, biomaterials based on nano-
particles have become a very popular research field for appli-
cations in biomedicine, tissue engineering, and health care
system [2–4]. Compared with traditional medicine, nanopar-
ticles exhibit new possibilities for many technological appli-
cations [5]. Hydroxyapatite (HA) with chemical formula of
Ca10(PO4)6(OH)2 is the major mineral constituent of human
hard tissue (bones and teeth) [6]. Owing to the excellent bio-
compatibility [7], hydroxyapatite nanoparticles (HA NPs)

play an important role in various biomedical applications.
For instance, HA NPs can be used for bioimaging, photo-
dynamic therapy, gene/drug delivery, and hard tissue
repair [8–12]. In order to meet the requirements of various
applications in the biomedical field, HA NPs with different
sizes and aspect ratios have been prepared by using surfac-
tant molecules as structure-directing agents [13–15]. These
surfactants are normally toxic for biomedical applications.
To remove the cytotoxic surfactants, several methods have
been proposed [16, 17]. For example, calcination is a com-
mon strategy for removing surfactant molecules from HA
NPs, which will change their morphology and size distribu-
tion [16], while the reaction-dissolution approach can clean
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the surface of HA NPs with unchanged topographic char-
acteristics (shape and size distribution) and improved
biocompatibility [17].

Many researchers have focused on the potential of HA
NPs used for bone repair and regeneration. In a previous
study, Wang et al. prepared the HA NPs/polyamide compos-
ite scaffolds and found that the scaffolds had no negative
effects on osteogenic differentiation of rabbit bone marrow-
derived mesenchymal stem cells [18]. He et al. prepared
micropatterns composed of HA NPs, and osteoblasts were
proven to be well localized on the HA microislands [19]. In
addition, HA NPs were not only used for investigation of
osteogenic differentiation in vitro but also bone defect repair
in vivo as well. Liu et al. confirmed the osteoinductivity of
HA NPs/silk fibroin composite scaffolds through both cell
experiment in vitro and calvarial defect model in vivo [20].
Zhang et al. found that 3D porous scaffold composed of
HA NPs (surface grafted with PLLA) and PLGA enhanced
the in vivo mineralization and osteogenesis through investi-
gation of intramuscular implantation and repairing radius
defects of rabbits [21]. Similarly, the HA NP-coated PLGA
scaffolds have exhibited improved biocompatibility and facil-
itated the bone defect restoration of rabbits [22].

As noted above, HA NPs have been a very attractive
material used in bone repair and regeneration because of
appropriate physicochemical properties and biological char-
acteristics. However, previous researches involving HA NPs
and osteogenesis mainly focused on the influence of coatings
or scaffolds incorporated with HA NPs on osteogenic differ-
entiation of bone-related cells. On the other hand, due to the
different physicochemical characteristics and bioactivity
from bulk materials, HA NPs have also been applied for a
number of applications in biomedicine, such as drug delivery,
transfection, and gene silencing [8]. Among these applica-
tions, HA NPs interacted directly with the related cells and
then were internalized into the cells. Due to the internaliza-
tion of HA NPs, cells incubated with HA NPs directly may
show different responses compared with that cultured on
the surface of HA NPs containing coatings or scaffolds. Some
recent studies showed that the biocompatibility of HA NPs
varied as exposure dose, particle size, and the way of contact
with cells [1, 23–25]. There is a lack of information concern-
ing the bioactivity in the human tissue cells as it relates to the
size of HA NPs. Therefore, it is of great interest to investigate
the effect of internalization of different-sized HA NPs on
human tissue cells. Understanding the cell response to
different-sized HA NPs is beneficial to choose the effective
candidates for bone tissue regeneration.

In the bone tissue, hMSCs play a key role because they
are multipotent cells which can renew themselves and dif-
ferentiate into osteoblast [26, 27]. Osteogenesis is a part of
bone cellular metabolism, which is essential to bone remod-
eling [28]. The hMSCs are usually applied as seed cells for
bone tissue engineering. For these reasons, hMSCs, derived
from bone marrow, are one of the best in vitromodel systems
for investigating the osteogenesis potential of nanobioma-
terials in human.

Hence, the aim of this study is to evaluate the in vitro
uptake of HA NPs with different sizes and their effect on

osteogenic differentiation of bone marrow-derived hMSCs.
Three different-sized HA NPs were prepared by chemical
precipitation method. The hMSCs were exposed to differ-
ent concentrations of HA NPs for 24 h and then induced
to osteogenic differentiation. The potential effects of these
HA NPs on cell viability and expression of several osteogenic
were analyzed.

2. Materials and Methods

2.1. Preparation and Characterization of HA NPs. HA NPs
with three different sizes (designated herein as S50, S100,
and S150, resp.) were prepared by the conventional chemical
precipitation [6, 29]. In brief, calcium chloride (CaCl2) solu-
tion was dropwise added to diammonium hydrogen phos-
phate ((NH4)2HPO4) solution under continuous and gentle
stirring, while the molar ratio of Ca/P was kept at 1.67. Dur-
ing the precipitation, aqueous ammonia was added to adjust
the pH value to 7 for S50, 8 for S100, and 10 for S150. The
temperature was maintained at 30°C for S50, 50°C for S100,
and 90°C for S150. After precipitation, the resultant suspen-
sion was aged at room temperature for 16 h. Finally, the
resulting powders were collected, rinsed with deionized
water, and dried by vacuum freeze drying.

The morphology and size of the synthesized powders
were characterized by transmission electron microscope
(TEM, Tecnai G20, USA). The crystalline phases of the syn-
thesized powders were determined using X-ray diffraction
(XRD, Rigaku D/max-2500 PC, Japan). The Brunauer–
Emmett–Teller (BET) surface area was measured by
Autosorb-IQ2-MP (Quantachrome Instruments, USA). The
hydrodynamic diameter of S50, S100, and S150, dispersed
in basal medium (Cyagen Biosciences Inc., China) with
10% fetal bovine serum, was measured by dynamic light
scattering (DLS, Zetasizer Nano ZS90, UK).

2.2. Cell Culture. Bone marrow-derived hMSCs were cultured
in a growth medium (Cyagen Biosciences Inc., USA) con-
taining 10% fetal bovine serum (FBS), 1% glutamine, and
1% penicillin-streptomycin at 37°C in humid air containing
5% CO2. The growth medium was changed every 48h.

To induce osteogenic differentiation, the culture medium
was changed to osteogenic inductive medium (Cyagen Bio-
sciences Inc., USA) after hMSCs treated with HA NPs for
24 h. The inductive medium was refreshed every 48h.

2.3. Cell Viability Assay. The Cell Counting Kit-8 (CCK-8,
Dojindo, Japan) assay was used to evaluate the effect of
HA NPs on cell viability of hMSCs. Cells were cultured
with different concentrations (0, 5, 10, and 50μg/ml) of HA
NPs for 24h at 5% CO2, 37

°C. After 1, 3, and 5 days of
osteoinduction, the cells were incubated with CCK-8 solution
(consisting of 90% growth medium and 10% CCK-8) for 3 h
at 37°C. Afterwards, the absorbance (OD) of the incubation
solution was measured at 450nm.

2.4. Cellular Uptake of HA NPs. TEM was employed to
observe cellular uptake of HA NPs by hMSCs. After incuba-
tion with 10μg/ml of HA NPs for 24 h, the cells were har-
vested and fixed in 2.5% glutaraldehyde at 4°C overnight.
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Then, the cells were postfixed in 0.1M cacodylate buffer
containing 1% osmium tetroxide for 1 h at 4°C, dehydrated
stepwise in ethanol, and embedded in epoxy resin. Ultra-
thin sections (70 nm) were cut using an ultramicrotome
(Lecia, Germany), collected on copper grids, and observed
by TEM (Hitachi H-7650B, Japan).

2.5. ALP Activity Assay. The cells were incubated with 0 and
10μg/ml HA NPs for 24 h and then induced into osteogenic
differentiation. ALP activity assay was performed on days
7 and 14 after osteogenic induction. Briefly, the cells were
lysed in 100μl RIPA lysis buffer (Beyotime, China). The
lysate was then analyzed according to the manufacturer’s
protocol (ALP assay kit, Jiancheng, China). The ALP activity
was normalized by the total protein content, which was mea-
sured by a bicinchoninic acid assay kit (Aidlab, China).

2.6. Immunofluorescent Staining for Osteopontin (OPN).
Immunofluorescent staining was applied to evaluate the
expression of OPN at protein level. The cells were incubated
with 0 and 10μg/ml HA NPs for 24 h and then induced into
osteogenic differentiation. On day 14 of differentiation, the
cells were washed with PBS, fixed with 4% paraformalde-
hyde, permeabilized with 0.3% Triton X-100, and blocked
with 10% goat serum for 2 h. Thereafter, the cells were incu-
bated with the rabbit polyclonal antibodies against OPN
(Abcam, USA) at 4°C overnight and treated with Dylight
594-conjugated goat anti-rabbit IgG (Abbkine, USA) for
1 h. The cell nuclei were then stained with 4′,6-diamidino-
2-phenylindole (DAPI) at room temperature for 15min.
Subsequently, the samples were viewed using a laser scanning
confocal microscope (LSCM, Zeiss710 META, Germany).

2.7. Real-Time Polymerase Chain Reaction (RT-PCR). The
expression of ALP, OPN, runt-related transcription factor 2
(Runx2), and osteocalcin (OCN) at gene level were quantita-
tively analyzed by RT-PCR (the primers used for the RT-PCR
study are shown in Table 1). The cells were incubated with 0
and 10μg/ml HA NPs for 24h and then induced into osteo-
genic differentiation. On day 14 after osteogenic induction,
total RNA of the cells was extracted using TRNzol Reagent
(Tiangen, China). Then, 400ng of total RNA was reverse
transcribed into cDNA using FastQuant RT kit (Tiangen,
China). RT-PCR was performed on T100 Thermal Cycler
(BioRad, USA) using iTaq Universal SYBR Green Supermix
(BioRad, USA).

2.8. Calcium Ion Release. The degradation experiment
in vitro was performed by immersing 10 μg/ml of HA NPs
in Dulbecco’s phosphate-buffered saline (DPBS) at 37°C for
14 days. The concentration of calcium ions released by HA
NPs was measured by inductively coupled plasma optical
emission spectrometer (ICP-OES).

2.9. Medium pH Measurement. In order to investigate the
effect of HA NPs on the pH of culture medium, 10μg/ml of
HA NPs was immersed in the osteogenic inductive medium
(Cyagen Biosciences Inc., USA) at 37°C in humid air contain-
ing 5% CO2. Since the osteogenic inductive medium was

changed every 2 days, the pH of medium with and without
HA NPs was measured after 2 days of incubation.

2.10. Statistical Analysis. All data were expressed as the
mean± standard deviation (SD) of three independent
experiments and analyzed using one-way analysis of variance
(ANOVA) by SPSS software (15.0.1). A p < 0 05 was con-
sidered statistically significant.

3. Results

3.1. Characterization of HA NPs. Figure 1 shows the TEM
images of HA NPs (S50, S100, and S150). The length of S50,
S100, and S150 was approximately 50, 100, and 150nm
(Figure 1(c)), while the width was around 8, 15, and 20nm,
respectively. The hydrodynamic diameter from DLS analysis
was 567.86± 19.71 nm for S50, 626.10± 14.95 nm for S100,
and 1262.33± 46.5 nm for S150 (Table 2), which revealed
that HA NPs were aggregated in the cell culture medium.
As shown in Table 2, S50 and S100 showed similar specific
surface area, which is much larger than that of S150.

XRD patterns of S50, S100, and S150 (Figure 2) display
typical characteristic diffraction peaks of crystalline HA
phase (25.87°, 31.78°, 46.71°, 49.47°, and 53.14°) according
to the standard card of HA (JCPDS 09-0432) [30, 31]. More-
over, S50 and S100 showed broadening diffraction peaks,
indicating that they consisted of poorly crystalline and small
crystals. In contrast, the diffraction peaks of S150 were
sharper than those of S50 and S100, implying the higher crys-
tallinity of S150.

3.2. Cell Viability Assay. To evaluate the effect of HA NPs
on cell viability of hMSCs, CCK8 assay was applied on
days 1, 3, and 5 after osteogenic induction. As shown in
Figure 3, the cell viability of hMSCs treated with 5 and
10μg/ml of HA NPs was comparable to the control group.
However, there were significant decreases in cell viability of
hMSCs treated with 50μg/ml of HA NPs compared with
that of the control group at each time point. The result
indicated that HA NPs showed cytotoxicity to hMSCs in a
concentration-dependent manner. Based on the result of cell
viability assay, the maximum safety concentration, that is,
10μg/ml, was selected for subsequent experiments.

Table 1: Primers used for RT-PCR study.

Gene Primer (5′ → 3′)

ALP
F: AGCACTCCCACTTCATCTGGAA

R: GAGACCCAATAGGTAGTCCACATTG

OPN
F: CTCAGGCCAGTTGCAGCC

R: CAAAAGCAAATCACTGCAATTCTC

Runx2
F: GCCTTCAAGGTGGTAGCCC

R: CGTTACCCGCCATGACAGTA

OCN
F: CACTCCTCGCCCTATTGGC

R: CCCTCCTGCTTGGACACAAAG

GAPDH
F: GAAGGTGAAGGTCGGAGTC

R: GAAGATGGTGATGGGATTTC
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3.3. Cellular Uptake of HA NPs. As shown in Figure 4, S50,
S100, and S150 were uptaken into hMSCs after incubation
for 24 h at the concentration of 10μg/ml, and they distrib-
uted in some different-sized vesicles in cell cytoplasm. The
HA NPs were irregularly aggregated, and the size of some
aggregation reached several microns (Figures 4(a)–4(c)).
The size and morphology of the HA NPs were further con-
firmed in Figures 4(d)–4(f).

3.4. Osteogenic Differentiation. ALP activity of hMSCs was
qualitatively and quantitatively assayed on days 7 and 14 after
osteogenic induction. The ALP activity of hMSCs increased
from days 7 to 14 (Figure 5). As shown in Figure 5(a), more
intense color was observed for cells of HA NP treatment
groups in comparison with that of the control group. Fur-
thermore, for the cells treated with S50, S100 seemed to stain
more strongly and homogenously than those treated with
S150. The quantitative result (Figure 5(b)) also showed that

the addition of HANPs increased the ALP activity of hMSCs.
In addition, the cells incubated with smaller HA NPs (S50
and S100) showed higher ALP activity compared with the
S150 group at each time point.

The expression of OPN at protein level was detected by
immunofluorescent staining. On day 14 after osteogenic
induction, the cells were strongly positive to OPN for all
groups (Figure 6). Cells incubated with 10μg/ml HA NPs
displayed higher fluorescence intensity compared with those
of the control group. Moreover, the cells showed higher
expression extent of OPN treated with S50 and S100 than
those exposed to S150.

To further investigate the effect of HA NPs on osteogenic
differentiation of hMSCs, the expression of ALP, OPN,
Runx2, and OCN was assessed using RT-PCR after 14 days
of induction (Figure 7). In agreement with the ALP activity
and immunofluorescent staining results, HA NPs increased
the expression of all four bone-related genes. For the cells
incubated with of S50 and S100, the expression levels of
ALP, OPN, Runx2, and OCN all displayed significant
increases compared with that of S150 group.

3.5. Calcium Ion Release. The release of calcium ion (Ca2+)
form HA NPs in DPBS was investigated using ICP-OES. As
shown in Figure 8, Ca2+ concentrations of S50, S100, and
S150 groups were significantly higher than that of the control
group (DPBS only). Moreover, after 14 days of soaking, the
Ca2+ release form S50 and S100 showed a significant incre-
ment of 147% and 117% as compared with that of S150.
The result indicates that HA NPs of all sizes possess degrad-
ability and smaller-sized HA NPs (S50 and S100) appear to
degrade faster than larger-sized S150.

3.6. The Effect of HA NPs on Medium pH. After 2 days of
incubation under standard cell culture condition, the pH
of the control group (medium without HA NPs) was
7.23± 0.02, while the pH of medium with S50, S100, and
S150 was 7.23± 0.02, 7.24± 0.01, and 7.26± 0.02, respec-
tively, all displaying no significant differences compared with
the control group. The result indicates that the addition of
HA NPs does not change the pH of culture medium.

4. Discussion

HANPs have been widely used for applications in the field of
biomedicine and tissue engineering [8, 32], such as hard

(a) (b) (c)

Figure 1: TEM images of S50 (a), S100 (b), and S150 (c). The bar is 50 nm.

Table 2: Hydrodynamic diameter and surface area of HA NPs.
Values are expressed as mean± SD (n = 3 for each sample).

Particle Hydrodynamic diameter (nm) Surface area (m2/g)

S50 568± 20 63.30± 0.94
S100 626± 15 66.73± 0.95

S150 1262± 47 46.80± 1.19
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Figure 2: XRD patterns of S50 (black line), S100 (red line), and
S150 (blue line).
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tissue repair, biomedical imaging, and drug delivery. These
applications associated with HA NPs require that they have
different shapes and sizes. In this study, HA NPs with three
different sizes were prepared by chemical precipitation
method via altering the temperature and pH of reaction solu-
tion (Figure 1). Calcium ions and phosphate anions firstly
formed amorphous calcium phosphate (CaP) or hydrated
orthophosphates, which can subsequently transform to HA
through phase transformation at suitable conditions [33].
Thus, the growth process of HA was prolonged and slow
[34]. Higher precipitation temperature, supplying higher
amounts of energy, allowed HANPs grow faster. The diffrac-
tion peaks S50 and S100 were wide and low, while S150
showed well-differentiated peaks (Figure 2), which may be
caused by the increased c-axis of the unit cells of S150 under
higher precipitation temperature. Murakoshi et al. also pre-
pared different-sized hexagonal CdS nanoparticles through
varying the preparation temperature [35]. In addition, due

to the different pH value, crystallite facets of HA NPs
absorbed different amounts of OH− [36]. The shielding effect
of OH− on the interface could control the growth rate of the
OH−-absorbed crystallite facets [37]. Taken together, the dif-
ferent sizes and aspect ratios of S50, S100, and S150 were
caused by altering pH value and precipitation temperatures.

Cytocompatibility assessment result in this study showed
that S50, S100, and S150 were cytotoxic to hMSCs in a dose-
dependent manner. Many previous researches have already
reported the dose-dependent cytotoxicity of HA NPs to
several cell types through inducing necrosis or apoptosis
[1, 23, 24, 38, 39]. The degree of cell death caused by HA
NPs had a strong correlation with the amount of particle load
[23, 38]. The HA NPs were degraded in cell lysosomes to
increase intracellular Ca2+ concentrations, which might
cause lysosomal rupture to induce cell necrosis [40]. On the
other hand, the anticipated agglomeration and subsequent
sedimentation of HA NPs at relative high concentrations
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Figure 3: Cell viability detected by CCK-8 assay on days 1, 3, and 5 after osteoinduction. The hMSCs were treated with different
concentrations (0, 5, 10, and 50 μg/ml) of HA NPs for 24 h at 5% CO2, 37

°C. Values are expressed as mean± SD (n = 3 for each sample).
∗∗p < 0 01 compared to the control group (hMSCs without HA NP treatment).

(a) (b) (c)

(d) (e) (f)

Figure 4: TEM images of cellular uptake of HA NPs in hMSCs. The cells were incubated with 10 μg/ml of S50 (a, d), S100 (b, e), and
S150 (c, f) for 24 h. The bar is 2μm for (a–c), 500 nm for (d–f).
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might result in mechanical damage to the cells, which could
cause cytotoxicity [1, 41]. These reasons may be possible
mechanisms for the concentration-dependent cytotoxicity
of S50, S100, and S150 to hMSCs.

Previous researches involving HA NPs and osteogenesis
mainly focused on the effect of coatings or scaffolds doped
with HA NPs on osteogenic differentiation of bone-related
cells [18, 20, 21]. For instance, Wang et al. found that the

hydroxyapatite nanoparticles/polyamide (HANPs/PA) com-
posite scaffolds had no negative effects on the adhesion,
proliferation, and osteogenic differentiation of rabbit bone
marrow-derived mesenchymal stem cells (rBMSCs) [18]. In
contrast, this study investigated the in vitro uptake of HA
NPs with different sizes and their influence on differentiation
of hMSCs into osteoblastic phenotype. Amajor finding of the
present study is that S50, S100, and S150 have stimulatory
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Figure 5: ALP staining (a) and ALP activity (b) of hMSCs after 7 and 14 days of osteoinduction. The hMSCs were incubated with 0 and
10μg/ml of HA NPs for 24 h. ∗p < 0 05, ∗∗p < 0 01 comparison between the control group (hMSCs without HA NP treatment) and other
groups. #p < 0 05, ##p < 0 01 comparison between S50 group, S100 group, and S150 group.

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

Figure 6: Immunofluorescent staining for OPN on day 14 after osteogenic induction (scale bar is 50μm). The cells were exposed to HA NPs
for 24 h (a) 0 μg/ml, (b) S50—10μg/ml, (c) S100—10μg/ml, and (d) S150—10μg/ml.
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effect on osteogenic differentiation of hMSCs reflected by
increased ALP activity and enhanced expression of bone-
related markers (Figures 5–7). ALP is an early marker during
the osteogenic differentiation, which can provide phosphate
groups for subsequent hydroxyapatite deposition [42].
Runx2 acts as the initial and most specific marker that can
activate and regulate osteogenic differentiation [43]. OCN,
synthesized only by fully differentiated osteoblasts, is a spe-
cific marker of mature osteoblasts [44]. OPN, which can
enhance mineralization by its calcium and collagen-binding
properties, is also a marker of osteoblasts [45]. Similar results
have been found in previous studies, where HA NPs showed
positive effects on osteogenesis [25, 46, 47]. For instance, HA

NPs with a diameter of about 20 nm have been reported to
promote the type I collagen, OCN, and OPN expressions
of rabbit mesenchymal stem cells [25]. Moreover, Wang
et al. prepared HA nanospheres (~50nm in diameter)
and HA nanorods (~50 nm in length) through the induc-
tion of protein template and found that both nanoparticles
could significantly enhance the osteoblastic differentiation
of rat mesenchymal stem cells, especially the HA nano-
spheres [46]. The enhancement of osteogenic differentiation
of hMSCs may be related to the changes of culture medium
condition caused by HA NPs [25]. HA NP-conditioned
medium (obtained by soaking HA NPs in culture medium
for 3 days and centrifuging to remove HA NPs) has been
proven to promote the osteogenic differentiation of bone
marrow-derived mesenchymal stem cells [48]. Small shifts
in extracellular pH could result in significant changes in the
ability of hMSCs to express markers of the osteoblast pheno-
type [49]. The activity of human osteoblasts has been proven
to increase with the increasing medium pH during the range
from 7.0 to 7.6 [49–51]. It is known that the original pH of
culture medium of most cells varies in the range of 7.2–7.4
due to the physiological pH. In this study, after 2 days of
incubation, the pH of culture medium with and without
HA NPs was comparable during the range of 7.2–7.3. The
addition of HA NPs did not change the medium pH. There-
fore, the positive effects of HA NPs on osteogenesis may be
related to other condition changes of culture medium, such
as the concentration of calcium ions, caused by HA NPs
rather than the medium pH.

Another major finding is that S50 and S150 appear to
have stronger role in stimulating the osteogenic differentia-
tion of hMSCs than S150. The cells treated with S50 and
S100 expressed more ALP, OPN, and Runx2 compared with
that treated with S150 (Figures 5–7). Similar results could be
found in a previous study, where rat bone marrow-derived
mesenchymal stem cells (rBMSCs) expressed higher levels
of osteoblast-related markers by the stimulation of smaller
HA NPs than that of larger ones [33]. The size of HA NPs
is an important factor for affecting the biological behavior
of bone-related cells [32, 52, 53]. Smaller-sized HA NPs
may change the microenvironments of cell culture which
can greatly enhance osteogenesis [54]. Smaller-sized HA
NPs adsorb proteins forming a neomatrix different with
that formed by larger-sized HA, which can greatly impact
osteogenesis [33]. Calcium ions (Ca2+) have been shown to
affect the growth and osteogenic differentiation of stem
cells [55, 56]. Greater concentrations of Ca2+ significantly
increased the extent of cell mineralization [56]. Ca2+ plays
an essential role in maintaining the cell growth and functions
[57]. Futhermore, Ca2+ can activate MAPK signaling path-
way, which is important for inducing cell differentiation
[58, 59]. S50 and S100 released more than two times of
Ca2+ as S150 after 14 days of soaking in DPBS (Figure 8).
The larger specific surface area and aggregation size of S150
(Table 2) may result in its lower degradation speed. Due to
the differences in degradation speed, smaller-sized HA NPs
(S50 and S100) release higher concentration of Ca2+ than
larger-sized HA NPs (S150), which may result in their differ-
ent effects on osteogenic differentiation of stem cells. These
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may be the reasons why the smaller-sized HA NPs show
greater stimulatory effect on osteogenic differentiation of
stem cells.

5. Conclusions

In this study, HA NPs with three sizes (S50, S100, and S150)
were prepared. All the data demonstrated that HA NPs of all
sizes had stimulatory effect on the osteogenic differentiation
of hMSCs in vitro. The hMSCs incubated with smaller-sized
HA NPs (S50 and S100) seemed to have higher differentia-
tion rate compared with that treated with S150, indicating
that the efficiency of osteogenic differentiation of hMSCs
was dependent on the size of HA NPs. This difference may
be caused by the different concentrations of Ca2+ released
by S50, S100, and S150. These suggest that the size of nano-
particles is an important factor needed for consideration in
biological environment and will provide a reference for HA
NPs in biomedical applications.
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Objective. Critical limb ischemia (CLI) is the most dangerous stage of peripheral artery disease (PAD). Many basic researches and
clinical treatment had been focused on stem cell transplantation for CLI. This systematic review was performed to review evidence
for safety and efficacy of autologous stem cell therapy in CLI. Methods. A systematic literature search was performed in the
SinoMed, PubMed, Embase, ClinicalTrials.gov, and Cochrane Controlled Trials Register databases from building database to
January 2018. Results. Meta-analysis showed that cell therapy significantly increased the probability of ulcer healing (RR= 1.73,
95% CI = 1.45–2.06), angiogenesis (RR= 5.91, 95% CI = 2.49–14.02), and reduced the amputation rates (RR= 0.59, 95%
CI = 0.46–0.76). Ankle-brachial index (ABI) (MD= 0.13, 95% CI = 0.11–0.15), TcO2 (MD=12.22, 95% CI = 5.03–19.41), and
pain-free walking distance (MD=144.84, 95% CI = 53.03–236.66) were significantly better in the cell therapy group than in the
control group (P < 0 01). Conclusions. The results of this meta-analysis indicate that autologous stem cell therapy is safe and
effective in CLI. However, higher quality and larger RCTs are required for further investigation to support clinical application of
stem cell transplantation.

1. Introduction

Critical limb ischemia (CLI) is the most dangerous stage of
peripheral artery disease (PAD) caused by distal tissue hyp-
oxia injury and lack of blood supply, including distal extrem-
ity ischemia, ulcers, or gangrene [1, 2]. The prevalence of
PAD in the general population is 3% to 10% [3, 4]. The data
showed that 11.2% of patients with PAD would deteriorate to
CLI each year, and the patient with CLI had the high ampu-
tation and mortality rates [5]. Currently, patients in PAD
could be treated by percutaneous transluminal angioplasty
(PTA) or intravascular thrombolysis [6, 7]; however, 10%–
30% of patients with CLI are not candidates for revasculari-
zation surgery. Many patients lose the chance of PTA, and
the prognosis is poor after surgery, because the patients have

peripheral atherosclerosis obliterans, extensive vascular dis-
ease, and/or serious damage caused by severe ischemic
lesions of limbs [8, 9]. The studies [3, 10] found that vascular
remodeling and other means still cannot alleviate the symp-
toms of ischemia. The amputation rate is 10%–40%, and
the mortality rate is up to 20% in patients with CLI within
6 months [11]. The angiogenesis is the optimal treatment
for CLI, and autologous stem cell therapy is an emerging
alternative treatment [12, 13].

Since 2002, Tateishi-Yuyama et al. [14] have reported
that bone marrow mononuclear cell transplantation was safe
and effective for therapeutic angiogenesis in patients with
CLI and it could significantly promote ulcer healing and
reduce the amputation rate. During the past decades, a large
number of basic researches and clinical treatment had been
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focused on stem cell transplantation for CLI [15]. The
stem cell transplantation may improve pathophysiologic
processes by stimulating the activities of tissue repair cells
and inducing into vascular endothelial cells [16, 17]. How-
ever, only few evidences were available regarding safety and
efficacy of autologous stem cell therapy in CLI. Meta-
analyses have already become supporting evidence-based
medicine. Although, there were some meta-analyses of
stem cell therapy in CLI, the small amount of studies or
incomplete indicators lead to the results of deviation and
unconvinced [18, 19]. Therefore, this study of 23 RCTs with
a total of 962 patients was included in order to acquire high-
quality evidence for the clinical efficacy and safety of autolo-
gous stem cell therapy in CLI.

2. Methods

2.1. Literature Search. We searched the clinical studies,
including SinoMed, PubMed, Embase, http://ClinicalTrials.
gov, and Cochrane Controlled Trials Register databases from
building database to January 2018. Using the terms number 1
“stem cells,” “mononuclear cells,” “granulocyte colony-
stimulating factor,” “G-CSF,” “peripheral blood,” and “bone
marrow,” the above search terms were connected with
“OR”. Number 2 “critical limb ischemia,” “peripheral arterial
disease,” “peripheral vascular disease,” “diabetic foot,”
“revascularization,” “angiogenesis,” or “arteriogenesis”, the
above search terms were connected with “OR”. Number 3
“randomized controlled”. Then, the above search terms of
number 1, number 2, and number 3 were connected with
“AND”. We manually searched the references of the original
and review articles for possible related studies.

2.2. Study Selection. For the systematic review, we searched
23 clinical studies that met the following criteria: (1) patients
with PAD or CLI, (2) received autologous stem cell therapy,
(3) reported as randomized controlled trials (RCTs), (4) the
control group received standard therapy with or without
sham injections, (5) at least 1-month follow-up, and (6)
reported efficacy and safety issues.

2.3. Data Extraction and Quality Assessment. Two of the
authors independently extracted the data of literature and
made a quality assessment process according to the prede-
fined inclusion criteria. Difference among the two authors
was solved by discussion with the third author. We used
the Cochrane risk of bias tool for the quality evaluation
of the included studies. This quality evaluating strategy
included criteria concerning aspects of random sequence
generation, allocation concealment, blinding of participants
and personnel, blinding of outcome assessors, incomplete
outcome data, selective reporting, and other biases [20].

2.4. Statistical Analysis. In this meta-analysis, statistical anal-
ysis was performed using RevMan software version 5.3 and
we used risk ratio (RR) with 95% confidence interval (CI)
for the analysis of dichotomous data, whereas the continuous
data were presented as weighted mean difference (MD) or
standardized mean difference (SWD) with 95% CI. Hetero-
geneity between the studies was determined using the chi-

square test, with the I2 statistic, where I2< 25% represent
mild inconsistency, values between 25% and 50% represent
moderate inconsistency and values> 50% suggest severe het-
erogeneity between the studies. We defined I2> 50% as an
indicator of significant heterogeneity among the trials. We
used random effects’ models to estimate the pooled results
to minimize the influence of potential clinical heterogeneity
among the studies, and the statistical significance was
assumed at P < 0 05. Subgroup analysis was assessed using
the χ2 test. Sensitivity analysis was performed to evaluate
the robustness of merged results, by removing individual
study. Publication bias was assessed by means of funnel plots.

3. Results

3.1. Search Results. A systematic search of studies published
until January 2018 was performed through SinoMed,
PubMed, Embase, http://ClinicalTrials.gov, and Cochrane
Controlled Trials Register databases from building database.
A total of 1130 literatures were searched, 23 RCTs were
included in the inclusion criteria, and the literature search
procedure was shown in Figure 1.

3.2. Study Characteristics. The general characteristics of the
included studies were listed in Table 1. The included studies
were 23 RCTs with a total of 962 patients. In these studies,
the cell therapy group was one of the following stem cells:
bone marrow mononuclear cells (BMMNCs, n = 7 studies),
bone marrow mesenchymal stem cells (BMMSCs, n = 4 stud-
ies), bone marrow stem cells (BMSCs, n = 5 studies), periph-
eral blood mononuclear cells (PBMNCs, n = 2 studies),
peripheral blood stem cells (PBSCs, n = 4 studies), CD34+
(n = 1 study), or CD133+ stem cells (n = 1 study). The trans-
plantation method of stem cell was intramuscular (n = 20
studies) or intra-arterial (n = 3 studies). The patients in the
control group received either placebo or standard care (n =
23 studies). The dose of stem cells was divided into three
groups: high dose (109, n = 5 studies), medium dose (108,
n = 5 studies), and low dose (107, n = 5 studies). The mean
follow-ups of the studies were 3 months (n = 9 studies),
6 months (n = 8 studies), and 12 months (n = 3 studies).

3.3. Quality Assessment. The risks of biases of the included
studies were evaluated by the Cochrane assessment tool,
and these results were summarized in Table 2. Three of
the studies were at high risk of bias for blinding of partici-
pants and personnel and other biases according to the
Cochrane Collaboration tool. Five studies reported methods
of random sequence, and three studies reported the details
of allocation concealment.

3.4. Amputation Rate. Amputation rate was reported in
18 studies with a total of 512 patients treated with cell therapy
and 525 patients in the control groups (Figure 2). Cell ther-
apy was associated with a significant 41% reduction in the
amputation rate, compared with control groups (RR=0.59,
95% CI= 0.46–0.76, P < 0 0001). Subgroup analyses indi-
cated that peripheral blood stem cell (PBSC) was more bene-
ficial than bone marrow stem cell (BMSC) on the amputation
rate (P = 0 03, I2 = 78.6%). Intramuscular of autologous stem
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cell transplantation was better than intra-arterial in reduc-
ing the amputation rate (P = 0 05, I2 = 75%). The mean
follow-ups of the studies were divided into 3 months, 6
months, and 12 months, and the group of 3 months was a
significant difference compared with 6 months and 12
months (P = 0 03). Subgroup analysis among high dose
(109), medium dose (108), and low dose (107) showed that
the group of low dose (107) had a significant effect in reduc-
ing the amputation rate.

3.5. Ulcer Healing and Pain-Free Walking Distance. Ulcer
healing was included in the analysis of 18 studies (Figure 3).
Results of analysis showed that cell therapy could signifi-
cantly increase the probability of ulcer healing (RR=1.73,
95% CI=1.45–2.06, P < 0 00001). Subgroup analyses indi-
cated that the low dose (107) group of autologous stem cell
transplantation was better than the other groups in ulcer
healing (RR=3.55, 95% CI=1.95–6.48, P = 0 02). Pain-free

walking distance significantly increased in cell therapy
(MD=144.84, 95% CI=53.03–236.66, P = 0 002) (Figure 4).

3.6. Ankle-Brachial Index (ABI) and Transcutaneous Oxygen
Tension (TcO2). ABI with 15 studies was included in the
analysis (Figure 5). Results indicated that cell therapy sig-
nificantly improved the ABI by 0.13 (MD=0.13, 95% CI=
0.11–0.15, P < 0 00001). Subgroup analyses indicated that
bone marrow mesenchymal stem cells (BMMSCs) were
superior to bone marrow mononuclear cells (BMMNCs),
but there was no significant difference between bone marrow
stem cells (BMSCs) and peripheral blood stem cells (PBSCs)
in improving the ABI. The TcO2 with 8 studies was included
in the analysis. Results indicated that cell therapy signifi-
cantly improved TcO2 by 12.22mmHg (MD=12.22, 95%
CI=5.03–19.41, P = 0 0009). Subgroup analyses showed that
there was no beneficial effect between BMSCs and PBSCs on
the TcO2 (Figure 6).

Records identified through database
searching
(n = 1130)

PubMed: 537
Embase: 355

Cochrane library: 98
SinoMed: 75
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Records a�er
duplicates
removed
(n = 782)

Records screened
(n = 120)

Records excluded (n = 662),
with reasons

Animal experiment
In vitro study
Case report
Meeting abstract
Review

Full texts excluded (n = 90),
with reasons

Full texts assesed
for eligibility

(n = 23)
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synthesis
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(v)
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Figure 1: Flow chart and strategy of the meta-analysis.
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3.7. Angiogenesis and Blood Flow of 10 Toes. There were
8 studies included in the analysis with angiogenesis
(Figure 7). Analysis by digital subtraction angiography
revealed that autologous stem cell transplantation signifi-
cantly improved the new vessel form (RR=5.91, 95%
CI= 2.49–14.02, P < 0 0001). The number of ischemic limbs
with rich new collateral vessels in the transplant patients
was significantly higher than that in the control group.
Meanwhile, the blood flow of 10 toes significantly in-
creased in cell therapy (SMD=0.83, 95% CI=0.48–1.18,
P < 0 00001) (Figure 8).

3.8. Publication Bias and Heterogeneity. According to this
meta-analysis, the significant symmetry showed that the
ABI did not have obvious publication bias. Furthermore,
the Egger’s test funnel plot also indicated that there was no
obvious publication bias in the ABI (P > 0 363, 95% CI=
−0.57–1.45) (Figure 9). Sensitivity analysis was performed
using a Galbraith plot for all the indicators. The results
showed that there was no substantial change in the ABI and
amputation rate, indicating that the results of meta-analysis
were credible (Figure 10).

4. Discussion

4.1. Main Outcome. The registrations of stem cell clinical tri-
als were retrieved on USA National Institutes of Health
(NIH) clinical trial registration website (http://ClinicalTrials
.gov). We performed the databases from building database
to January 2018. There were 4715 clinical trial registration
information for stem cells all over the world, and there were
2399 studies in America, 1027 studies in Europe, and 574
studies in China. We analyzed the disease of stem cell therapy
and found that there were 1767 studies on neoplasms by his-
tologic type, 1279 studies on immune system diseases, 607
studies on vascular diseases, and 513 studies on bone marrow
diseases. The data showed that stem cell therapy has been
used in various diseases, and stem cell therapy is approved
in the globe. This meta-analysis included 23 RCTs with a
total of 962 patients with CLI who were ineligible for surgical
or percutaneous revascularization. Results indicated that
autologous stem cell therapy had the potential effect to
reduce the risk of amputation by 41% and significantly
increased the probability effect of ulcer healing by 73% com-
pared with the control group. ABI and TcO2 are the basic

Table 1: Characteristics of included clinical studies.

Study
Sample
(T/C)

Age
(T/C)

Intervention
Injection Follow-up

Number
of cells

Evaluation
T C

Huang et al. [37] 14/14 71.1/70.9 PBMNCs Standard care IM 12w 3× 109 ①, ②, ③, ④, ⑥, ⑦

Arai et al. [23] 13/12 62/68 BMMNCs Standard care IM 1mo 1–3× 109 ②, ⑤

Barć et al. [24] 14/15 Unclear BMMNCs Standard care IM 6mo Unclear ①, ②

Lu et al. [38] 22/23 66.6/65.5 BMMSCs Standard care IM 12w
7.32× 108–
5.61× 109 ①, ②, ③, ④, ⑥

Dash et al. [39] 12/12 40 BMMSCs Standard care IM 12w 4.5-6× 107 ②, ⑥

Shi et al. [40] 25/25 Unclear BMSCs Standard care IM 3mo Unclear ②, ④, ⑦

Procházka et al. [30] 42/54 66.2/64.1 BMSCs Standard care IA 4mo 1.96× 108 ①, ②, ③

Wen and Huang [34] 30/30 63 PBSCs Standard care IM 3mo 3× 109 ①, ②, ③, ④, ⑦

Lu [15] 21/41 63 BMMNCs Standard care IM 24w 9.3× 108 ①, ②, ③, ④, ⑤

Lu et al. [15] 20/41 65 BMMSCs Standard care IM 24w 9.6× 108 ①, ②, ③, ④, ⑤

Walter et al. [25] 19/21 64.4/64.5 BMMNCs Standard care IA 6mo 1.53× 108 ①, ④, ⑤

Jain et al. [41] 25/23 54/58 BMSCs Standard care IM 3mo Unclear ②

Benoit et al. [42] 34/14 65.7/72.5 BMSCs Standard care IM 6mo Unclear ①, ②

Losordo et al. [43] 16/12 66.2/67.1 CD34+ Standard care IM 12mo 1× 106 1× 105 ①, ④

Powell et al. [44] 48/24 67.3/69.2 BMSCs Standard care IM 12mo 0.35–2.95× 108 ①

Ozturk et al. [31] 20/20 71.9/70.8 PBMNCs Standard care IM 3mo 2.48× 107 ①, ②, ③, ④, ⑤, ⑥

Gupta et al. [29] 10/10 43/47.6 BMMSCs Standard care IM 6mo 2× 109 ①, ②, ④

Li et al. [26] 29/29 61/63 BMMNCs Standard care IM 6mo 1× 107 ①, ②

Mohammadzadeh
et al. [32]

7/14 63.5/64.2 PBSCs Standard care IM 3mo 2× 107 ①, ②, ④

Szabo et al. [33] 10/10 60.6/63 PBSCs Standard care IM 24mo 6.64× 107 ②, ⑤

Raval et al. [9] 7/3 65/85 CD133+ Standard care IM 12mo 5–40× 107 ①

Teraa et al. [5] 81/79 69/65 BMMNCs Standard care IA 6mo 5-6× 108 ①, ②, ④, ⑤

Skóra et al. [45] 16/16 66.7/68.3 BMMNCs Pentoxifylline IM 3mo 1.58× 109 ①, ③, ④

Lu et al. [46] 20/21 67.2 PBSCs Standard care IM 6mo Unclear ④, ⑤

Note: T = cell therapy; C = control group; IM = intramuscular; IA = intra-arterial; w = week; mo =month; PBMNCs = peripheral blood mononuclear cells;
BMMNCs = bone marrow mononuclear cells; BMMSCs = bone marrow mesenchymal stem cells; BMSCs = bone marrow stem cells; PBSCs = peripheral
blood stem cells; ① = amputation; ② = ulcer healing; ③ = angiographic; ④ =ABI; ⑤ = TcO2; ⑥ = pain-free walking distance; ⑦ = the blood flow of 10 toes.
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indicators of CLI, and the results indicated that cell therapy
significantly improved the ABI by 0.13 and TcO2 by
12.22mmHg. Moreover, the value of the increased ABI and
TcO2 level were meaningful to confirm the truth of the
improvements of amputation and wound healing rates. In
addition, cell therapy could improve the endpoints of limb
perfusion, and the blood flow of 10 toes significantly
increased in cell therapy, compared with the control group.
We speculated that the main reason for the increases of limb
perfusion was angiogenesis. The studies reported that endo-
thelial progenitor cells (EPCs) derived from the bone marrow
can facilitate microvasculature regeneration by paracrine or
direct mechanisms in regions of blood vessel formation
[21, 22]. Therefore, we made a statistics on the use of angiog-
raphy in patients with CLI. There were 8 studies with RCTs
in the analysis, revealing a significant effect of angiogenesis
after autologous stem cell transplantation.

4.2. Subgroup Analysis. A study by Tateishi-Yuyama et al.
[14] reported that transplantation of bone marrow stem cell
therapy in patients with CLI significantly improved TcO2,
ABI, and pain-free walking distance. Hereafter, many studies
with RCTs had investigated the safety and feasibility of autol-
ogous stem cells of BMMNC therapy in CLI [5, 15, 23–26]. In

recent years, a variety of cell types have been studied for
treatment of PAD or CLI, including PBSCs, BMSCs,
BMMNCs, PBMNCs, and BMMSCs. Our subgroup analyses
indicated that PBSCs were more beneficial than BMSCs on
the amputation rates. Dubsky et al. [13, 27] suggested that
there was no significant difference in long-term prognosis
between patients treated with BMMNCs and those treated
with PBMNCs. The trials reported that transplantation of
BMMSCs was safe and no serious adverse events by cell injec-
tion after the follow-up period [28, 29]. RCTs by Lu et al. [15]
suggested that ulcer healing, ABI, TcO2, painless walking
time, and magnetic resonance angiography (MRA) in the
BMMSC group were significantly higher than that in the
BMMNC group in diabetic patients with CLI. The subgroup
analyses indicated that BMMSCs showed beneficial effect than
BMMNCs in improving the ABI. Therefore, BMMSCs could
be more effective than BMMNCs in the treatment of CLI.

In RCTs of patients with CLI, the most common route of
stem cell therapy administration was intramuscular. But,
the potential route of intra-arterial was also injected therapy
[5, 25, 30]. In order to find suitable and beneficial injection
therapy, we conducted subgroup analysis. The results showed
that the amputation rate in the intramuscular group was sig-
nificantly lower than that in the intra-arterial group. The

Table 2: Cochrane risk of bias assessment.

Study
Random
sequence
generation

Allocation
concealment

Blinding of
participants
and personnel

Blinding
of outcome
assessment

Incomplete
outcome data

Selective
reporting

Other
biases

Huang et al. [37] Unclear Unclear Unclear Unclear Low Unclear Low

Arai et al. [23] Unclear Unclear High Unclear Low Low Low

Barć et al. [24] Unclear Unclear High Unclear Low Low Low

Lu et al. [38] Unclear Unclear Unclear Unclear Low Low Low

Dash et al. [39] Unclear Unclear High Unclear Low Unclear Low

Shi et al. [40] Unclear Unclear High Unclear Low Low High

Procházka et al. [30] Low Low High Unclear Low Low Low

Wen and Huang [34] Unclear Unclear Unclear Unclear Low Low High

Lu [15] Unclear Unclear Low Unclear Low Unclear Low

Lu et al. [15] Low Unclear Low Low Low Low Low

Walter et al. [25] Unclear Unclear Low Unclear Low Unclear Low

Jain et al. [41] Low Low Low Unclear Low Unclear Low

Benoit et al. [42] Unclear Unclear Low Unclear Low Low Low

Losordo et al. [43] Unclear Unclear Low Low Low Unclear Low

Powell et al. [44] Unclear Unclear Low Unclear Low Unclear Low

Ozturk et al. [31] Unclear Unclear High Unclear Low Low Low

Gupta et al. [29] Low Low Low Low Low Low Low

Li et al. [26] Unclear Unclear Unclear Unclear Low Unclear Low

Mohammadzadeh et al. [32] Unclear Unclear Unclear Unclear Low Low Low

Szabo et al. [33] Unclear Unclear High Low Low Low Low

Raval et al. [9] Unclear Unclear Low Low Low Low Low

Teraa et al. [5] Low Unclear Low Low Low Low Low

Skóra et al. [45] Low Unclear Low Low Low Low Low

Lu et al. [46] Unclear Unclear High Low Low Low High

Note: low = low risk of bias; unclear = unclear risk of bias; high = high risk of bias.
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Figure 2: Forest plot of meta-analysis of the amputation rate in cell therapy and standard care for critical limb ischemia. (a) Subgroup
analyses of bone marrow stem cells (BMSCs) versus peripheral blood stem cells (PBSCs). (b) Subgroup analyses of intramuscular (IM)
versus intra-arterial (IA). Squares indicate the risk ratio, and horizontal lines represent 95% confidence intervals.
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Figure 3: Forest plot of meta-analysis of ulcer healing in cell therapy and standard care for critical limb ischemia. (a) Subgroup analyses of
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Figure 5: Forest plot of meta-analysis with the ankle-brachial index (ABI) in cell therapy and standard care for critical limb ischemia. (a)
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JUVENTAS trial is the largest RCT to investigate the effects
of BMMNCs by intra-arterial [5]. The study [5] reported that
repetitive intra-arterial of autologous BMMNCs was not

effective in reducing the primary outcome of the amputation
rate at 6 months, ABI, ulcer healing, and TcO2. Therefore, we
suggest that stem cell administration is suitable and beneficial
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difference, and horizontal lines represent 95% confidence intervals.

Study or subgroup

Huang et al. (2005)

Ozturk et al. (2012)

Lu et al. (2008)

Test for overall effect: Z = 4.04 (P < 0.0001)
Heterogeneity: Tau 2 = 0.71, X2 = 14.55, df = 7 (P = 0.04), I2 = 52%

Total (95% CI)

Lu et al. BMMNC (2011)
Lu et al. BMMSC (2011)

Procházka et al. (2010)

Wen et al. (2010)
Skóra et al. (2015)

Total events

Cell therapy
Events

10

9
4

12

11
8

7

76

15

2

5
0
0

2
0

2

11

0

11 4.23 (1.17, 15.35)
5.13 (1.37, 19.19)

32.30 (1.96, 531.32)
62.00 (3.92, 981.34)

1.80 (0.73, 4.43)
11.51 (0.64, 208.04)
25.00 (1.61, 389.35)

3.15 (0.87, 11.42)

5.91 (2.49, 14.02)

17.0%
16.7%
7.1%
7.2%

21.1%
6.7%
7.3%

17.0%

100.0%

20
54
16

14
37

9

198

37

13

20
42
16

15
19

10

153

18

Total Events Total
Control group

Weight
Risk ratio Risk ratio

M-H, random, 95% CI M-H, random, 95% CI

Cell therapyControl group
0.001 0.1 1 10 1000

Figure 7: Forest plot of meta-analysis with angiogenesis in cell therapy and standard care for critical limb ischemia. Squares indicate the risk
ratio, and horizontal lines represent 95% confidence intervals.

Huang et al. (2005)

Wen et al. (2010)
Shi et al. (2009)

Cell therapy
Mean SD Total Mean

Std. mean difference
SD Total Weight

Control group
IV, fixed, 95% CI

Std. mean difference
IV, fixed, 95% CIStudy or subgroup

Test for overall effect: Z = 4.65 (P < 0.00001)
Heterogeneity: X2 = 2.35 df = 2 (P = 0.31), I2 = 15%
Total (95% CI)

4.34 3.84 14 141.21 19.4% 1.04 (0.24, 1.84)
29 9 25 2525 38.8% 0.49 (−0.07, 1.05)

−2−4 2 40

3.89 2.94 30 301.43

1.54
7

1.38 41.8% 1.06 (0.51, 1.60)

6969 100.0% 0.83 (0.48, 1.18)

Cell therapyControl group

Figure 8: Forest plot of meta-analysis with blood flow of 10 toes in cell therapy and standard care for critical limb ischemia. Squares indicate
the standardized mean difference, and horizontal lines represent 95% confidence intervals.

9Stem Cells International



choice by intramuscular injection. In addition, we found that
the low dose (107) group was a significant difference on the
amputation rate compared with high dose (109) and medium
dose (108) groups (P = 0 03), and cell therapy with low dose
(107) significantly reduced the amputation rate. The cell ther-
apy with low dose (107) showed a significant improvement in
ulcer healing in patients with CLI [26, 31, 32]. However, a
degree of heterogeneity may be generated in subgroup analy-
sis, which could negatively impinge upon the assessment on
efficacy of cell therapy. The generated heterogeneity could
mask the true effect of cell therapy [10]. So we think that
the results of subgroup analysis need the large clinical trials
as evidence to support.

4.3. Safety. The studies of 23 RCTs showed that cell therapy
was relatively safe, and the adverse events were mostly mild
and transient. Teraa et al. [5] reported that there was a
patient with inguinal hematoma due to intra-arterial injec-
tion, and the study of Szabo et al. [33] found that the cell

therapy group had three adverse events during 3 months,
but there was no evidence that the adverse events were attrib-
uted to stem cell transplantation. Li et al. [26] reported that
there are three patients with fever in the cell therapy group,
and they were cured after treatment. Lu et al. [15] showed
that a few patients had a short-term response of mild pain
2 hours after cell transplantation, but no complications were
detected, such as immune rejection and allergic reactions.
Wen and Huang [34] reported that some patients felt
uncomfortable of their limbs after intramuscular injection
of PBSCs within 1 week, and the intramuscular injection site
did not appear infected during 3-month follow-up. Similarly,
many studies reported that stem cell transplantation was
safe in long-term follow-up [28, 35]. The study by Molavi
et al. [36] showed no adverse events during the 24-week
follow-up period after cell delivery. No serious adverse events
were found in the 23 studies included in this meta-analysis.
Therefore, autologous stem cell transplantation is safe in
the treatment of CLI.
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In conclusion, this meta-analysis suggests that autolo-
gous stem cell therapy is safe and effective in CLI. Subgroup
analysis indicates that cell types, cell dosage, route of admin-
istration, and follow-up time are the very important factors
in stem cell therapy. However, we still lack high quality and
large scale of RCTs to explore the influence of factors and
the effect of autologous stem cell therapy in CLI.
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