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Background. Guided tissue regeneration (GTR) is a powerful modality for periodontal regeneration, but it blocks the periosteum
and gingival stem cells (GMSCs), from supporting periodontal wound by the nutrients, growth factors, and regenerative cells.
The microperforated membrane considered a rewarding solution for this major drawback; GMSCs can migrate through a GTR
microperforated membrane toward a chemoattractant, with the blocking of other unfavorable epithelial cells and fibroblasts. In
the absence of a sole marker for MSC, a homogeneous population of GMSC is difficult to isolate; using CD146 as confirmatory
markers for MSC identification, testing the behaviour of such homogeneous population in migration dynamics was the question
to answer in this study. Materials and Methods. GMSCs from healthy crown lengthening tissue was isolated (n = 3), its stem cell
nature was confirmed, CD146 and CD271 markers were confirmatory markers to confirm homogenous stem cell population,
and magnetic sorting was used to isolate GMSC with CD146 markers. A homogenous CD146 population was compared to
heterogeneous GMSCs of origin; the population doubling time and MTT test of the two populations were compared. Migration
dynamics were examined in a transwell migration chamber through 8 μm perforated polycarbonic acid membrane, and 0.4μm
and 3μm perforated collagen-coated polytetrafluoroethylene membrane (PTFE) and 10% fetal bovine serum (FBS) were the
chemoattractants used in the lower compartment to induce cell migration, were incubated in a humidified environment for 24
hours, then migrated the cell in the lower compartment examined by a light and electron microscope. Results. GMSCs fulfilled
all the minimal criteria of stem cells and showed low signal 10% for CD146 on average and extremely low signal 2% for CD271
on average. Magnetic sorting optimized the signal of CD146 marker to 55%. GMSC CD146 population showed nonstatistically
significant shorter population doubling time. CD146 homogeneous population migrated cell numbers were statistically
significant compared to the heterogeneous population, through 0.4 μm and 3 μm perforated collagen membrane and 8 μm
perforated polycarbonate membrane. Scanning electron microscopy proved the migration of the cells. Conclusions. A subset of
the isolated GMSC showed a CD146 marker, which is considered a dependable confirmatory marker for the stem cells. In terms
of GMSC migration through the microperforated membrane, a homogeneous CD146 population migrates more statistically
significant than a heterogeneous GMSC population.

1. Introduction

Periodontitis is a chronic inflammatory bacterial infection,
where the oral flora organizes a biofilm subgingivally, which
constitutes a continuous challenge to the host immune

system that responds by continuous inflammatory cytokine
shower that affects the body homeostasis; with time,
deregulated immune response eventually results, and a
hyperresponsive immune reaction causes the destruction of
the tooth-supporting apparatus, leading to tooth loss.
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Periodontitis is considered an irreversible degenerative dis-
ease of the odontogenic supporting tissue; this throws light
on the immune-mediated nature of periodontal disease [1].

A historical debate did exist about the periosteum’s role in
bone growth, repair, and regeneration. Two theories have been
contrasting; one postulated that periosteum is an inert mem-
brane covering the bone with no exact role [2]; the other con-
sidered the periosteum as a functioning membrane with
osteogenic potentials, responsible for regeneration and bone
growth. A number of classical experiments created strong evi-
dence that leads to modern literature where the essential role
of periosteum for bone healing was understood. A classical
study when the periosteum surrounding fractures removed
the result was the absence of callus in the fracture [3].

Guided tissue regeneration technique (GTR) was based
on blocking the growth of unfavorable cells from invading
the periodontal wound, namely, the gingival epithelium and
connective tissue, but as collateral damage to this technique,
were scalding the alveolar bone from its periosteum by ele-
vating a full-thickness flap. Blocking the periodontal wound
by a barrier membrane from the periosteum in fact excludes
the wound area from a powerful regenerative source which is
an essential source of blood and nutrient supply; besides that,
the periosteum is a niche of biologic mediators and progeni-
tor cells essential for the regeneration process [4].

Not only periosteum but GTR also deprive the periodon-
tal wound from the gingival connective tissue, to block the
rapidly proliferating fibroblasts which can invade the peri-
odontal wound before the slowly proliferating periodontal
ligament and bone cells, but regrettably, a well-recognized
population of stem cells named the gingival mesenchymal
stem cells (GMSC) is blocked from the wound [5, 6] if
GMSCs allowed migrating to the periodontal defect and
induced to differentiate; using the suitable biological factors
into periodontal ligament cells and osteoblasts with a well-
designed organized scaffold, biological factor release cascade,
such as a system, would satisfy the real aim of GTR. Thus, the
occlusive barrier membrane of the classical GTR is unfavor-
able for periodontal regeneration [4].

In comparison to bone marrow stem cells, the gold
standard, the first stem cell described, and the most stud-
ied, GMSC was superior in nearly every aspect, besides its
ease of harvesting with very low morbidity; no scaring;
homogeneous population; high proliferation rate without
the need for special growth factors; morphology stable
within successive passages; reduced senility; and stable kar-
yotype, maintains its telomerase activity to later passages,
and shows very low tumorigenic potential [5]; this con-
cluded that the gingiva is a very good source of stem cells
compared to the bone marrow, with functionally
competent MSCs, that can be used with a wide range of
medical applications.

Gamal and Iacono’s clinical study tested macroperfo-
rated GTR and posted improved clinical outcome, followed
by a series of studies in 2014 and 2016; they hypothesized
that GTR membrane perforation allowed bone morphogenic
protein (BMP-2) and platelet-derived growth factor (PDGF-
BB), besides vascular endothelial cell growth factor (VEGF)
and other nutrients migrating freely through the membrane,

which was the reason for the improved clinical outcomes [7–
9]. In 2018, Al Bahrawy et al.’s in vitro study concluded that
macroperforation jeopardizes the GTR membrane occlusive
function and its mechanical properties; this study postulated
a new development of Gamal and Iacono’s concept by a
microperforated membrane, a concept was proved, GMSCs
can migrate through the microperforation under chemoat-
tractant influence, and the membrane was occlusive for cell
migration in the absence of a chemoattractant; hence, the
GTR membrane could be a selective occlusive barrier allow-
ing the migration of the desired cells while blocking others,
under the influence of the right chemoattractant [4].

A cell to be considered stem cell must be multipotent, can
differentiate to other cell types than the tissue of origin, must
be clonogenic, and has strong proliferation power. In fact,
only a fraction of the plastic adherent cells showed these
characteristics; this is explained by the heterogeneous popu-
lation of the isolated cells and attributed to the nature of tis-
sue of origin [10]. Another issue to consider is the absence of
one specific marker that can identify stem cells from other
mature cells; many surface markers, for example, CD73,
CD90, CD105, CD146, or even neural crest markers; and
intracytoplasmic markers like STRO-1, OCT-4, Nanog,
Nestin, and Notch-1 that could be used to characterize stem
cells [11, 12], taking into consideration that different stem
cells from different tissue origins show a different set of
markers, but as a minimal criterion, cells must show a high
signal of CD73, CD90, and CD105 together. The main draw-
back with these three markers was that they are expressed by
fibroblast, although in weak signal [13]; besides, fibroblast
morphology was identical to MSCs; both did plastic adher-
ence and fibroblast dipotency, can differentiate to at least
two other cell lines, and made identification of fibroblast
from MSC in vitro not an easy task; this urged the need for
at least additional cell marker.

It was well described that MSC is located around blood
vessels; in 2008, Covas and colleagues compared MSC from
different tissue origins to fibroblasts and pericytes, and they
concluded that 12 MSC populations were very similar to 4
fibroblasts and 2 pericyte populations phenotypically; the
only difference was fibroblast weak signal of the CD146 sur-
face marker compared to MSC and pericytes; both showed a
strong signal of this marker in flow cytometry. Comparing
the 3 cells genetically, they concluded that the gene expres-
sion pattern of MSC is similar to pericytes and stellate hepatic
cells, not fibroblast which showed the gene expression
pattern of myofibroblasts and smooth muscle cells [14].

Another evidence of the pericyte and MSC similarity was
proved in other studies, where the 3 minimal markers of
MSCs CD73, CD90, and CD105 have a vascular and perivas-
cular distribution pattern in vivo [15, 16]; to confirm this
assumption, other MSC-specific markers were examined,
namely, CD146, NG2, Stro-1, and 3G5, which confirmed
the previous results of the vascular and perivascular distribu-
tions of these markers [15, 17]. Connecting all of this data
together, we can conclude the close nature of MSC and
pericytes in vivo in contrast to fibroblast; this data built
strong evidence that CD146 which is essentially a pericyte
marker would be a good candidate to confirm MSC; besides
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the other three fundamental markers, a cell population
expressing them all with a high signal is a homogeneous
MSC population.

From all of what was mentioned, we conclude that
depriving the wound area from GMSC with its multipotent
abilities was not a good idea because it is an important source
of regeneration. It has undenied the breakthrough the GTR
technique had achieved in the periodontal treatment in gen-
eral and in the regeneration concept, in particular, but it is
now clear the GTR by its traditional occlusive membrane is
not the best practice for the regeneration procedure, and
microperforation of this membrane is essential; besides, uti-
lizing a full system of specific chemoattractant in the peri-
odontal wound side of the membrane for GMSCs will let
this powerful cells invade the wound area, to achieve the
optimum outcome of GTR technique, with organized chro-
nologically activated cell differentiation induction biological
factors.

2. Materials and Methods

2.1. Sample Selection.Gingival specimens are healthy gingival
tissue of discarded crown lengthening procedures of outpa-
tients who attended at Stony Brook University dental care
clinics Figure 1(a). A parallel case-control experimental study
of two groups was designed. Four subjects accepted to partic-
ipate in this study, all experiments were done in triplicate
(n = 3), and participants were informed about the nature of
the experiment and verbally accepted the use of their dis-
carded tissue in stem cell research. The ethical committee
of scientific research at School of Dentistry Ain Shams
University and Stony Brook University had approved this
study (IRB 575741).

The gingival epithelium was carefully scalded from the
specimen; the connective tissue was meshed to very small
pieces using the surgical lancet Figure 1(b) then digested in
2mg/ml Dispase II overnight at 4°C (Sigma-Aldrich, St.

Louis, USA) and then in Collagenase IV (Fisher Scientific,
Massachusetts, USA) for 40 minutes at 4°C; the resulted cell
suspension was strained in 40μm strain to remove the impu-
rities, then centrifuged at 1200 rpm for 8 minutes. The
resultant single-cell suspension was inoculated in 10 cm cell
culture dish, in alpha-minimal essential medium (alpha-
MEM 1×, Gibco, Thermo Fisher Scientific, Massachusetts,
USA), supplemented with 10% fetal bovine serum (FBS)
(Hyclone, Thermo Fisher scientific, Massachusetts, USA)
and 50U/ml penicillin G with 50μg/ml streptomycin and
2.5μg/ml amphotericin B (Fungizone, Thermo Fisher
scientific, Massachusetts, USA), at a concentration of 60
cells/cm2.The single-cell suspension plates were incubated
in 37°C, 5% CO2 humidified incubators. Cells reached
confluence after approximately 28 days for the first passage,
then subcultured in a P100 plate for the next passages, and
reached confluence on average in 14 days.

2.2. Colony-Forming Unit. At passage five, cultured cells were
detached using 0.05% trypsin/EDTA, cells were diluted in
alpha-MEM (Gibco, Thermo Fisher Scientific, Massachu-
setts, USA) enriched with 10% FBS (Hyclone, Fisher Scien-
tific, Massachusetts, USA) at a concentration of 103 cell/ml
in P10 dishes, and media were changed every 3 days and
examined under a microscope till typical fibroblast colonies
of 100 cells formed.

2.3. Population Doubling Assay. Menicanin et al.’s protocol
was followed; briefly, GMSCs were seeded in 24-well plate
with a concentration of 5 × 103 cells/cm2; when 90% conflu-
ence was reached, cells were detached using 0.05% trypsi-
n/EDTA and then counted, cells were diluted and reseeded
with the same concentration in another 24-well plate, and
the same procedure was repeated for five passages. Cells were
counted in each passage, and population doubling was calcu-
lated using this formula: log2 final cell number/log2 seeding
cell number [18].

(a) (b)

Figure 1: (a) Healthy gingival tissue specimen of discarded crown lengthening procedures. (b) Gingival connective tissue was meshed to
1mm pieces using a surgical blade.
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2.4. Flow Cytometry Assay. At the 5th passage, cell culture
was washed twice by PBS, then detached using 0.05% trypsi-
n/EDTA; detached cells were resuspended in 1% bovine
serum albumin as a blocking buffer for half an hour. Cells
were aliquoted with a concentration of 1 × 105 cells in two
test tubes, then 2μg/ml of CD73 and its isotype control fluo-
rescein isothiocyanate- (FITC-) conjugated mouse monoclo-
nal antibodies in each tube, and then incubated for 30
minutes in 4°C (BD Pharmingen, San Jose, California, United
States). The same procedure was done with CD90 and its iso-
type using APC-conjugated mouse monoclonal antibodies
(BD Pharmingen, San Jose, California, United States), for
CD105 and its isotype using Alexa 555 gout anti-mouse
monoclonal antibodies (Dako, Agilent, Santa Clara, USA)
and finally, for CD146 and CD271 and their isotype PE-
conjugated mouse monoclonal antibodies(BD Pharmingen,
San Jose, California, United States). After incubation buffer
was aspirated, cells were washed twice by resuspension in
PBS and centrifugation at 1200 rpm for 8 minutes, and cells
were then transferred to a flow cytometry facility for the anal-
ysis of stem cell marker expression. Regarding the hemato-
poietic markers, namely, CD14, CD34, and CD45, the same
protocol was followed with no difference.

2.5. In Vitro Differentiation Assay

2.5.1. Osteogenic Differentiation. Cell suspension at passage 4
was seeded in six-well plates with a concentration of 8 × 103
cells/cm2 in a ready-made osteogenic induction medium
(Gibco StemPro, Thermo Fisher Scientific, Massachusetts,
USA), according to Gronthos et al.’s protocol; the medium
was changed every 3 days for 28 days in humidified incuba-
tors ([19, 20]), the cell cultures were washed twice by PBS,
fixed by 4% paraformaldehyde for 1 hour, washed again twice
by distilled water, finally stained by 2% Alizarin Red for 45
minutes, finally washed 4 times by distilled water and 2 times
by PBS, and checked under a microscope (Figure 2).

2.5.2. Adipogenic Differentiation. Cell suspension at passage 4
was seeded in six-well plates with a concentration of 8 × 103
cells/cm2 in a ready-made adipogenic induction medium
(Gibco StemPro, Thermo Fisher Scientific, Massachusetts,
USA) according to Pittenger et al.’s protocol; the medium
was changed 2 times per week for 28 days [21]. After that
time, the cell cultures were washed twice with PBS, fixed by
4% paraformaldehyde for 1 hour, and washed again twice
by distilled water; the cell culture is washed by 60% isopropa-
nol for 5 minutes, then stained for 5 minutes by Oil Red O in
isopropanol (300mg Oil Red in 100ml isopropanol), washed
by tap water, and finally stained by hematoxylin for 1 minute,
again washed by tap water, and checked under a phase-
contrast microscope (Figure 2).

2.5.3. Chondrogenic Differentiation. Cell suspension at pas-
sage 4 was seeded in six-well plates with a concentration of
8 × 103 cells/cm2 in a ready-made chondrogenic induction
medium (Gibco StemPro Thermo Fisher Scientific, Massa-
chusetts, USA); the medium was changed 2 times per week
for 28 days. After that time, the cell cultures were washed
twice by PBS, fixed by 4% paraformaldehyde for 1 hour,

washed twice by distilled water, then stained in dark with
Alcian blue (10mg in 60ml ethanol with 40ml acetic acid)
overnight; the next day, the cell culture was destained by
120ml ethanol with 80ml acetic acid for 20 minutes, finally
washed 2 times by PBS, and then checked under a micro-
scope (Figure 2).

2.5.4. MTT Assay. Detached cell culture of the fourth passage
was suspended in 500μl alpha-MEM (Gibco, Thermo Fisher
Scientific, Massachusetts, USA) enriched with 10% FBS
(Hyclone, Fisher Scientific, Massachusetts, USA), poured in
spectrophotometer tube, and left in a humidified incubator
(37°C, 5% CO2); the negative control was a medium-
enriched tube without cells, within the same incubator. The
next day, 100μl of MTT stain was added, and tubes were
incubated for another 4 hours; then, media were aspirated
and 1000μl of dimethyl sulfoxide (DMSO) was added, and
tubes were analysed by a spectrophotometer at a 595nm
wavelength.

2.6. Cell Sorting

2.6.1. Flow Cytometry Cell Sorting. The same protocol of cell
characterization was followed; the only difference was not to
fix the cells; it has to be noted that the sorting procedure was
done as soon as possible after cell detachment, as the cells
were suspended in serum-free media; finally, after sorting
by the machine, cells were collected in media enriched with
20% FBS.

2.6.2. Magnetic Sorting. After detaching, cells were counted
and suspended in 1ml of buffer of the cell sorting kit (MACS
cell separation, Miltenyi Biotech, USA). Cells were

Figure 2: Ready-made osteogenic, adipogenic, and chondrogenic
stem cell differentiation media (Gibco StemPro, Thermo Fisher
Scientific, Massachusetts, USA).
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Figure 3: Continued.
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centrifuged at 300 × g for 10 minutes, the buffer was suc-
tioned, 20μl Fc block was added, and 20μl CD146 marker
was labelled with microbeads. Tubes were incubated in 4°C
for 14 minutes, washed in 1ml buffer, and centrifuged at
300 × g for 10 minutes. Cells were suspended in 500μl
MAC buffer solution. The magnetic sorting column was
primed by 500μl MAC buffer solution, the cell suspension
was added in the sorting column, and the column was
washed three times using 500μl MAC buffer solution in each.
Finally, we plunged out the cells from the sorting column
using serum-free alpha-MEM Figure 3.

2.7. Migration Assay

2.7.1. Microscopic Perforated Membranes. In the transwell
chemotaxis migration chamber (Boyden chamber) was the
test used to analyse the migration dynamics of GMSCs
(Corning Life Sciences, New York, USA);2 types were used,
namely, 12mm perforated collagen-coated polytetrafluor-
oethylene (PTFE) membrane with a pore size of 0.4μm and
3μm pores and a 6.5mm perforated polycarbonate mem-
brane with a pore size of 8μm. Cultured heterogeneous
GMSCs were the positive control group, and the homoge-
neous CD146-positive sorted and expanded GMSCs were
the experiment group. Cells were detached using 0.05% tryp-
sin/EDTA, then suspended in serum-free alpha-MEM
diluted to 1 × 104 concentration and added to the upper com-
partment of the chemotaxis chamber inserts. For both
groups, the lower compartment of the chemotaxis chamber
received alpha-MEM with 10% fetal bovine serum as a che-
moattractant (Hyclone, Fisher Scientific, Massachusetts,
USA), The migration chamber plates were incubated for 24
hours in a humidified atmosphere (37°C, 5% CO2).

The next day, the migration inserts were collected from
the plates, and media in the upper compartment aspirated.
The inserts were washed two times in PBS. Using a cotton
swab, the upper side of the membrane was scraped thor-
oughly to remove all the cells still attached to the upper com-
partment. Cells on the lower side of the membrane were fixed
by 4% paraformaldehyde for 2 minutes; inserts were washed
2 times in PBS; cells were then permeabilized by 100% meth-
anol and stained by crystal violet (1% in 80% ethyl alcohol,
Sigma Aldrich) and washed again two times in PBS; mem-
brane was examined under the microscope at 40x magnifica-
tion; migrated cells were counted in 5 different areas; and the
average was counted.

2.7.2. Scanning Electron Microscope.Membranes were cut off
the migration inserts, fixed by 4% paraformaldehyde for 2
minutes, and left to dry. Membranes were soaked in 50%,
70%, 80%, 90%, and 100% ethyl alcohol for 10 minutes each,
finally frozen in minus 80°C overnight, then sent to an elec-
tron microscope facility, were coated by gold, and examined
by the electron microscope.

2.7.3. Statistical Evaluation. All statistical analyses were done
using SPSS v20 program, IBM; the descriptive analysis was
used to determine the distribution of the data, and graphs
were plotted; according to it, the Mann–Whitney U test
was the test of choice according to the data distribution, the
alpha significance of difference was set at p < 0:05, and all
experiments were done in triplicate.

3. Results

3.1. Colony-Forming Potential. Seeded GMSCs in P10 dish
showed typical distinctive fibroblast-like colonies of 50 to

(c)

Figure 3: (a) The confirmatory flow cytometry graph of the magnetic sorted GMSC homogeneous CD146-positive population, which
optimized the signal to 55% purity. (b) The flow cytometry graphs of the negative control isotype, which showed no signal of the CD146
marker. (c) The magnetic sorting kit.
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100 cells/colony after on average 14 days of culturing in vitro;
all experiments were done in triplicate (n = 3) for each group;
no significant difference was noted between the heteroge-
neous GMSC group and CD146-positive homogeneous
GMSCs in shape, form, or number of cells in colonies
(p > 0:05; Mann–Whitney U test); the only difference noted
was that the homogeneous CD146-positive group reached
100 cell colonies 1 day earlier on average compared to the
heterogeneous group (Figure 4(a)).

3.2. Population Doubling Potential. The two groups were
similar in showing strong proliferation capability. The popu-
lation doubling time was nonsignificantly less in the CD146-
positive homogeneous group compared to the heterogeneous
group (p > 0:05; Mann–Whitney U test) (Figure 4(b)).

3.3. Cell Characterization. Both groups lacked the expression
of hematopoietic markers, namely, CD14, CD34, and CD45,
and both groups could express the main MSC markers,

(a) (b)

(c) (d)

Figure 4: (a) Representative image of CFU experiment showing stem cell colony-forming potential. (b) Representative image showing the cell
population doubling potential. (c) Representative image for the MTT essay showing black deposits in the experiment tube compared to the
control group. (d) Representative image showing cell differentiation potential; calcium deposition (upper), cartilage glycoprotein deposition
(middle), and fat droplet deposition (lower).

7Stem Cells International



(a)

Figure 5: Continued.
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(b)

Figure 5: (a) The CD271 flow cytometry graphs of 3 cell lines of the heterogeneous GMSC population, signal percentage of cell line A: 2%
(upper), cell line B: 1% (middle), and cell line C: 4% (lower). (b) The CD146 flow cytometry graphs of 3 cell lines of the heterogeneous GMSC
population, signal percentage of cell line A: 10% (upper), cell line B: 11% (middle), and cell line C: 17% (lower).
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namely, CD73, CD90, and CD105 with a strong signal for the
three; another 2 markers tested the CD146 which showed a
weak signal of 11% on average Figure 5(b) and CD271 which
showed a very weak signal of 2% on an average Figure 5(a);
this was another reason to choose the CD146 as a confirma-
tory marker for the gingival connective tissue stem cells,
where CD271-positive GMSCs were very rare in the gingival
isolated stem cells.

3.4. Flow Cytometry Cell Sorting. Using flow cytometry cell
sorting module, the cells expressing the CD146 marker were
isolated successfully, and the isolated cells were attached to
plastic and started to show a fibroblast-like shape the next
day. Unfortunately, after 3 days, all the isolated cell dishes
showed bacterial contamination, in all the plates; the experi-
ment was repeated three times with the same tragedy; this
forced us to resort to magnetic sorting.

3.5. Magnetic Cell Sorting. Using a magnetic sorting method
for cell isolation, CD146 homogeneous cell population was
isolated successfully, cells showed plastic adherence after a
longer time than expected, and cells did not show
fibroblast-like morphology except after two to three days on
average; an explanation might be that the magnetic sorting
antibodies hinder the MSC attachment to the plastic; after
that, cells behaved normally and showed a colony-forming
unit after 12 to 13 days on average; another confirmatory
flow cytometry assay was done to ensure the homogeneity
of the CD146 cell population, which showed 55% signal
(Figures 3(a)–3(c).

3.6. Cell Metabolic Activity. This MTT test examined the met-
abolic activity of the cultured cells and hence its vitality. Both
the experiment and the heterogeneous cell groups showed no
significant difference between them regarding its metabolic
activity (p > 0:05; Mann–Whitney U test) (Figure 4(c)).

3.7. Multilineage Differentiation Potential. GMSCs of both
groups cultured in osteogenic induction media for 28 days
showed osteogenic differentiation capacity, which was
proved by calcification stained by Alizarin Red stain. Cells
of both groups cultured in chondrogenic induction media
for 28 days showed chondrogenic differentiation capacity
proved by cartilage glycoprotein deposits stained by Alcian
blue stain. Finally, cells of both groups cultured in adipogenic
induction media for 28 days showed lipid deposits proved by
lipid droplets stained by Oil Red stain. Control GMSCs
cultured in alpha-MEM media with 10% FBS for 28 days
did not stain any deposits with three mentioned stains
(Figure 4(d)).

3.8. Transwell Migration Potential

3.8.1. Migration through Polycarbonate Membrane 8μm Pore
Size. A significantly higher number of CD146-positive
homogeneous GMSCs migrated through the membrane
compared to the heterogeneous GMSC population toward
the 10% FBS chemoattractant, (the z-score is 2.50672. The
p value is 0.01208. The result is significant at p < 0:05)
(Figures 6(a) and 6(b), Table 1).

3.8.2. Migration through Collagen-Coated PTFE Membrane
0.4 and 3 μm Pore Size. A significantly higher number of
CD146-positive homogeneous GMSCs migrated through
the 0.4 (the z-score is 2.08893. The p value is 0.03662. The
result is significant at p < 0:05) and 3μm pores (the z-score
is 2.50672. The p value is 0.01208. The result is significant
at p < 0:05) compared to the heterogeneous GMSCs toward
10% FBS in the lower compartment of the transwell migra-
tion chamber as a chemoattractant (Table 1); to be noted,
the migration of cells of both groups through 0.4μm was
nonsignificantly less than the migration through 3μm pores;
both were statistically significantly less than migrated cells
through the 8μm pores.

(a) (b)

Figure 6: (a) Migrated CD146-positive homogeneous GMSC in the lower compartment of 8 μm perforated polycarbonate membrane toward
fetal bovine serum as a chemoattractant; cells stained with crystal violet; 10,000 cells seeded in the upper compartment. (b) Migrated
heterogeneous GMSC in the lower compartment of 8μm perforated polycarbonate membrane toward fetal bovine serum as a
chemoattractant; cells stained with crystal violet; 10,000 cells seeded in the upper compartment (40x magnification).
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3.9. Scanning Electron Microscope. No morphological differ-
ence was noticed in the cell shape or form or migration pat-
tern through the micropores between the two groups. Both
groups’ cells looked to be flatter and spread over a larger area
over the polycarbonate membrane compared to the collagen
membrane. On collagen, the cells of both groups lookedmore
bulbous and extend strands all over the collagen meshwork
Figures 7(a)–7(d).

4. Discussion

The principle of GTR is to block the migration of the gingival
epithelium along the cementum wall of the pocket, creating a
space for stabilization of the blood clot to allow the periodon-
tal ligament (PDL) cells to invade the blood clot for the aim
of periodontal tissue regeneration [22]. The GTR membrane
is hence a physical barrier that has a biologic effect on the
healing process of the PDL, affecting the differentiation and
proliferation of the mesenchyme, and through clot protec-
tion during early stages of healing maintains space for the
growing periodontal tissue, to repopulate the wound area
with selective tissue populations. Hence, the GTR membrane
is considered a biomechanical membrane.

In 2018, Al Bahrawy et al. [4] proved the concept that
GMSCs can migrate through microperforated membranes
of GTR in the presence of a suitable chemoattractant, while
in the absence of the chemoattractant, the membranes were
totally occlusive for cell migration; this can be a basis for a
new generation of the GTR technique, where a selective bar-
rier membrane was employed, which was occlusive for unde-
sired cells in the gingival tissue, namely, the epithelium and
connective tissue cells, and allowed the homing of GMSCs
from the gingival tissue to the periodontal wound by utilizing
a suitable chemoattractant in the wound area [4].

In the present study, the proliferation and the migration
potential of homogeneous CD146-positive GMSC popula-
tion were compared to a heterogeneous GMSC population
of origin; the reason for choosing the CD146 marker to iso-
late the GMSC population was the unique characteristics of
that marker, being not expressed by the fibroblasts and
expressed by nearly all the MSC populations, which made it
a very good candidate as a marker that insured the stemness
of the cell population.

In this study, homogeneous CD146-positive cell popula-
tion migrated significantly more than the heterogeneous

GMSC population, through 0.4μm, 3μm, and 8μm pores
of microperforated membranes toward 10% FBS in alpha-
MEM media as a chemoattractant; also, the homogeneous
population showed nonsignificantly better proliferation
capacity than the heterogeneous GMSC population; this
could prove the hypothesis that the homogeneous CD146
population can showmore proliferation potential and migra-
tion chemodynamics through microperforated membranes
compared to the heterogeneous GMSC population; this
might be explained by a better migration potential of the
CD146-positive cells or the existence of a chemoattractant
factor in the serum more specific for the CD146-positive
cells; this result needs further investigation.

The isolated cells demonstrated all the criteria of the
International Society of Cellular Therapy of stem cells,
namely, plastic adherence; the ability of colony forming;
expression of immunophenotype markers CD105, CD73,
and CD90; lack the expression of hematopoietic markers
CD45, CD34, and CD14; and finally multipotent differentia-
tion potential [6, 21, 23]. In comparison to the heterogeneous
GMSC population, CD146-positive homogeneous GMSCs
were similar in every aspect, except for faster proliferation,
and a significant number of cells migrated to the lower com-
partment of the migration chamber during 24-hour period.

In this study, 10% FBS was utilized as the chemoattrac-
tant for both the homogeneous and the heterogeneous
GMSC populations to assess their migration potential
through microperforated membranes. In both groups, cells
were seeded in the upper compartment with a concentration
of 10,000 cells; this concentration was chosen according to
our previous study which proved that adding a greater
number of cells in the upper compartment made cell identi-
fication and counting absolutely difficult in the lower com-
partment [4].

GMSCs actively migrated irrespective to the effect of
gravitational forces or fluid diffusion forces. In both groups,
the rate of cell migration in 24-hour intervals only varied
according to the sizes of the pores, where the highest migra-
tion rate was through the 8μm pores and the least through
the 0.4μm pores. GMSCs from both groups did not migrate
with statistical significance through the 0.4μm and 3μm
pores within the same group, but with statistically significant
difference between groups in favor of the homogeneous pop-
ulation group; instead, there was a statistically significant dif-
ference in the rate of cell migration through the 8μm

Table 1: The average number of migrated cells counted in five, random fields at 40x light microscope magnification. For 8 microns, the z
-score was 2.50672. The p value was 0.01208. The result was significant at p < 0:05. For 3 microns, the z-score was 2.50672. The p value
was 0.01208. The result was significant at p < 0:05. For 0.4 microns, the z-score was 2.08893. The p value was 0.03662. The result was
significant at p < 0:05.

Experiment
8 microns 3 microns 0.4 microns

CD146+ Heterogeneous CD146+ Heterogeneous CD146+ Heterogeneous

1 202∗ 90 41∗ 25 3∗ 2

2 149∗ 50 40∗ 22 3∗ 2

3 229∗ 45 33∗ 26 2∗ 1

4 223∗ 60 30∗ 24 3∗ 2
∗A statistically significant difference of GMSC CD146 homogeneous population compared to the heterogeneous GMSC population.

11Stem Cells International



compared to 3μm and 0.4μm within the same group and
with a significant difference between the groups in favor of
the homogeneous population group. This peculiar finding
suggests that the 8μm pore size might have a selective
migratory effect on GMSCs according to its population
homogeneity.

The SEM image analysis was indifferent in morphology
between the heterogeneous and the homogeneous groups;
both groups showed a fibroblast-like morphology. GMSCs
from both groups showed a flatter shape with longer pseudo-
podia over the polycarbonate membrane, compared to
GMSCs migrated through collagen membrane which looked
rougher with many extensions to collagen strands; the differ-
ence can be explained by the difference in the membrane
roughness, the rougher collagen membrane, and the flat
polycarbonate membrane [24–26]; this was consistent with
previous researches which proved the effect of different sub-
strates on the shape andmorphology of the attached cells [27,
28] and even specifically investigated the effect of polycar-

bonate and collagen substrates on the morphology of the
attached cells in Rasmussen et al.’s study [28, 29].

5. Conclusion

Homogeneous CD146-positive GMSC populations were
more dynamically active in the migration through microper-
forated membranes and have shorter proliferation time,
where 8μm perforation showed the highest number of
migrated cells compared to 0.4 and 3μm pores. This would
throw light on the importance of chemotaxis on homoge-
neous GMSC migration through the microperforated mem-
brane, using a specific chemoattractant for the homing of
specific GMSC population which would migrate more
rapidly and proliferate better compared to a nonspecific
chemoattractant which would attract less homogeneous or
heterogeneous GMSCs to the periodontal wound, a pivotal
development in the guided tissue regeneration technique.
Studying the effect of different chemotaxis factors on
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Figure 7: (a) Scanning electron microscope image of migrated GMSCs in the lower compartment of 8-micron pore perforated polycarbonate
membrane. (b) Scanning electron microscope image of migrated GMSCs in the lower compartment of 3-micron pore perforated collagen-
coated PTFE. (c) Scanning electron microscope image of 0.4-micron pore perforated collagen-coated PTFE showing a GMSC process
extending between collagen strands. (d) Scanning electron microscope image of 0.4-micron pore perforated collagen-coated PTFE
showing fully migrated GMSC.
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different stem cell lines to choose the best chemoattractive
factor is recommended, besides determining the best stem
cell line within the GMSC heterogeneous population that
can differentiate to multiple cells in the periodontal wound
for optimum regeneration results.
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All the raw data of this study are available for whom is
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A stably established population of mouse bone marrow stromal cells (BMSCs) with self-renewal and multilineage differentiation
potential was expanded in vitro for more than 50 passages. These cells express high levels of mesenchymal stem cell markers
and can be differentiated into adipogenic, chondrogenic, and osteogenic lineages in vitro. Subjected to basic fibroblast growth
factor (bFGF) treatment, a typical neuronal phenotype was induced in these cells, as supported by neuronal morphology,
induction of neuronal markers, and relevant electrophysiological excitability. To identify the genes regulating neuronal
differentiation, cDNA microarray analysis was conducted using mRNAs isolated from cells differentiated for different time
periods (0, 4, 24, and 72 h) after bFGF treatment. Various expression patterns of neuronal genes were stimulated by bFGF.
These gene profiles were shown to be involved in developmental, functional, and structural integration of the nervous system.
The expression of representative genes stimulated by bFGF in each group was verified by RT-PCR. Amongst proneural genes,
the mammalian achate-schute homolog 1 (Mash-1), a basic helix-loop-helix transcriptional factor, was further demonstrated to
be significantly upregulated. Overexpression of Mash-1 in mouse BMSCs was shown to induce the expression of neuronal
specific enolase (NSE) and terminal neuronal morphology, suggesting that Mash-1 plays an important role in the induction of
neuronal differentiation of mouse BMSCs.

1. Introduction

Bone marrow stromal cells (BMSCs) contain mesenchymal
stem cells [1] which are capable of differentiating into various
progenies of mesodermal origins, such as osteoblast, chon-
drocyte, and adipocyte [2]. Studies have demonstrated that
BMSCs can also exhibit neural phenotypes after transplanta-
tion and ameliorate the deficiency of different neuronal dis-
orders [3–6]. BMSCs can be differentiated into various
neural cells by adopting various protocols in vitro [7, 8],
demonstrating the multipotent differentiation capacities
and promising therapeutic values of BMSCs. However, the
differentiation notion has been strongly debated recently as

a stress response to the use of some chemicals adopted in
neuronal differentiation protocols [9, 10]. It has also been
suggested that BMSCs-derived neuronal cells only obtain
partial neuronal features as assessed by the examination of
a set of neuronal genes, compared to that obtained from neu-
ral stem cells [11]. Thus, further determination of neuronal
traits of differentiated BMSCs with an appropriate differenti-
ation strategy would be required for better illustration of this
phenomenon albeit the presence of in vivo transplantation
studies documenting the physiological properties of neuronal
differentiated BMSCs.

Currently, most neuronal genes as examined in differen-
tiated BMSCs were primarily used as benchmark markers for
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neuronal differentiation but seldom use for elucidating the
mechanisms of initiating and/or regulating neuronal differ-
entiation. Recent studies revealed that gene silencing to sup-
press the discordant phenotypes in BMSCs was also
important for neuronal differentiation [12], suggesting that
dynamic gene regulation was involved in neuronal differenti-
ation of BMSCs. Moreover, it is rather difficult to determine
the neuronal phenotypes of BMSCs based on the availability
of a very limited pool of neuronal genes identified [11].
cDNA microarray analysis is a powerful tool for gene profil-
ing analysis and has been widely used in gene expression
kinetics determination. Two studies have applied this
method to unravel the neuronal gene regulation profile in
mouse BMSCs. For instance, Mori studied the neuronal dif-
ferentiation of immortalized human BMSCs [13] and found
that the genes analyzed were from late phase of one-week
neuronal differentiation process, rather than from earlier ini-
tiating stage. This revelation would reflect the neural features
of dominant genes in differentiated BMSCs. Yamaguchi,
whom further studied the neuronal gene expression profile
in DMSO induced neuronal differentiation of BMSCs [14],
fell directly into the previous debate of BMSC differentiation
as a direct result of the addition of certain compound which
triggered an acute nonphysiological stress response thus ren-
dering it unreliable. To study the neuronal differentiation
under proper physiological condition, we have established a
model of basic fibroblast growth factor (bFGF) induced
mouse BMSC neuronal differentiation [15]. In this report,
we intend to further examine the gene expression profile at
early stages of neuronal differentiation as induced by bFGF
with microarray analysis in our attempt to further clarify
the mechanisms underlying neuronal differentiation of
BMSCs.

bFGF, a 154-amino acid peptide, is the first growth factor
employed in pilot study examining the neuronal differentia-
tion capacity of BMSCs [16, 17]. Besides its wide range of
biological activities on cell growth, differentiation, and sur-
vival, FGF evoked signaling pathway has also been shown
to be the prerequisite factor for neural induction in chick
embryo [18] and inducer of posterior neuronal precursors
in the neural tube [19]. In the nervous system, members of
the FGF affect the differentiation and migration of neurons,
the formation and maturation of synapses, and the repair of
neuronal circuits following insults [20]. Basic fibroblast
growth factor increases the transplantation-mediated thera-
peutic effect of bone mesenchymal stem cells following trau-
matic brain injury [21]. In in vitro studies, bFGF could
induce neurotube formation from ES cells [22], and transdif-
ferentiation of the pigmented epithelial cell into retinal neu-
rons [23] has also been reported. Dual delivery of bFGF-
and NGF-binding coacervate confers neuroprotection by
promoting neuronal proliferation [24]. All these findings sin-
gled out bFGF as a potent proneural factor with wide range
capabilities. However, the mechanisms underlying, especially
that of neuronal transdifferentiation, are poorly understood.
BMSCs transfected with the intracellular domain of the
Notch was found to be more effectively induced into
neuron-like cells in the presence of bFGF [9]. The Notch sig-
naling pathway has been demonstrated to play a pivotal role

in neurogenesis of Drosophila [25]. Deregulation of Notch
signaling is involved in many neurodegenerative diseases
and brain disorders [26, 27]. Several groups of molecules,
including the bHLH family, are directly regulated by Notch
pathway, which conventionally regulate neural determina-
tion and differentiation [28, 29]. Furthermore, all genes of
the Notch pathway are found to be preserved in vertebrates
[30]. A clear example would be Mash-1, a bHLH family
member gene, which is obviously affected in mouse by the
mutation of Notch signaling pathway and in which contrib-
uted to neurogenesis [31]. However, it remains unclear how
Notch signaling is involved in regulating the neuronal differ-
entiation of BMSCs.

In our attempt to better understand the genes involved in
the neuronal differentiation of BMSCs, we adopted the
cDNA microarray strategy to sequentially analyze bFGF-
activated neural genes at various time points. We observed
that bFGF-activated neural genes exhibit distinct expression
kinetics and most importantly are involved in various neural
activities. We further demonstrated that the mammalian pro-
neural gene, Mash-1, was induced at an early stage of differ-
entiation, and BMSCs can be driven into neuronal cells by
the overexpression of Mash-1. Our work provides an insight
of the molecular mechanisms of neuronal differentiation of
BMSCs by bFGF.

2. Material and Methods

2.1. Isolation and Culture of Mouse BMSCs. Bone marrow
stromal cells (BMSCs) of 8-week-old male Swiss mice were
initially cultivated in Dulbecco’s Modified Eagle Medium
(DMEM; Invitrogen) supplemented with 10% fetal bovine
serum (FBS; Invitrogen), 10% newborn calf serum (NCF;
Invitrogen), 100U/ml penicillin, and 100mg/ml streptomy-
cin (Invitrogen). The cells were incubated at 37°C in 5%
CO2 in 100mm tissue culture dishes for 2-3 days, and nonad-
herent cells were removed by medium replacement. Adher-
ent cells were further cultured for 7-10 days to reach 90%
confluence and defined as the first passage. After detachment
with 0.25% Trypsin/0.5mM EDTA, around 25% of the cells
were transferred to a new culture flask. A fairly homogeneous
cell population was achieved after 4-5 passages, and these
cells could be continuously cultured for up to 50 passages
without obvious growth retardation.

2.2. Fluorescence Activated Cell Sorting (FACS) Analysis.
Samples containing 1 × 106 cells were resuspended in
300μl of FACS buffer (PBS + 2%FBS) and incubated for
20 minutes at 4°C with 3μl of fluorescein isothiocyanate-
(FITC-), phycoerythrin- (PE-), allophycocyanin- (APC-),
and peridinin chlorophyll protein- (Per-CP-) conjugated
antibodies, respectively, against surface markers CD34,
CD44, CD45, CD90.1, CD117, CD105, and Sca-1. All anti-
bodies were from Pharmingen (BD Pharmingen). After
addition of 6ml FACS buffer, cells were pelleted by
5min centrifugation at 260 × g at 4°C. The labelled cells
were resuspended in 500μl FACS buffer and analyzed by
BD FACS Aria flow cytometer.
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2.3. Adipogenic Differentiation. Flat BMSCs were plated onto
6-well tissue culture plates at a density of 5 × 104 cells per well
and incubated for 24 hours before treatment with adipogenic
differentiation medium (500 nM Dexamethasone, 250μM
isobutyl-methylxanthine (IBMX), 100μM indomethacine,
and 5μM insulin in basal DMEM supplemented with 10%
FBS, 10% FCS, and 1% penicillin-streptomycin). The media
was changed every 3 days, and adipogenic differentiation
was assessed by Sudan Black staining 10 days postinitial adi-
pogenic induction.

2.4. Sudan Black Staining. Cells were rinsed with PBS and
fixed with Baker’s Solution for 10 minutes, followed by 3
minutes exposure to 100% propylene glycol. The cells were
then stained with Sudan Black for 2 hours followed by 3
washes with water. This was followed by another 2 minutes
of exposure to 85% propylene glycol and a final 3 washes with
water. Positive Sudan Black stained cells appear blue black
under light microscopy.

2.5. Chondrogenic Differentiation. Chondrogenic differentia-
tion was induced using the high-density micromass culture
technique [32]. A 10μl drop of a concentrated cell suspen-
sion (1 × 106 cells/ml) was placed onto the centre of the well
(of a 24-wells tissue culture plate) and allowed to attach and
aggregate for 2 hours at 37°C with 5% CO2. Chondrogenic
induction medium (50nM ascorbic acid-2-phosphate,
6.25μg/ml insulin, and 10ng/ml transforming growth factor
β1 in basal DMEM supplemented with 1% FBS and 1% pen-
icillin-streptomycin) was then gently overlaid, avoiding dis-
ruption to the attached cells. The media was then changed
every 3 days, and the chondrogenic phenotype was deter-
mined by Alcian Blue staining 3 weeks postinitial chondro-
genic induction.

2.6. Alcian Blue Staining. Micromass cultures were rinsed
with PBS and fixed in 2% paraformaldehyde for 15 minutes.
They were then rinsed with 3% acetic acid for 5 minutes to
bring down the pH to 2.6 followed by 20 minutes staining
with 1% Alcian Blue (pH2.6). Cells were then washed twice
with water before being observed under light microscopy.
The highly sulfated proteoglycans of cartilage matrices were
positively stained blue.

2.7. Osteogenic Differentiation. 1 × 104 cells were plated onto
a 24-wells plate and cultured in an osteogenic differentiation
medium (50μM ascorbic acid-2-phosphate, 10mM β-glyc-
erophosphate, and 100nM dexamethasone in DMEM basal
medium supplemented with 10% FBS and 1% penicillin-
streptomycin) after 24 hours incubation. The media was
changed every 3 days. Osteogenic differentiation was assessed
by Alizarin Red S staining 3 weeks postinitial osteogenic
induction.

2.8. Alizarin Red S Staining. Cells were rinsed twice with PBS
and fixed in ice-cold 70% ethanol for an hour at –20°C. After
a few rinses with deionised water, cells were incubated with
40mM Alizarin Red S (pH4.1) for 20 minutes at room tem-
perature with gentle shaking. A further 4 washes with deio-
nised water were carried out to clear away unspecific

staining on the cells. Secretion of calcified extracellular
matrix was confirmed as red stains with Alizarin Red S
Staining.

2.9. Neurogenic Differentiation. For neuronal differentiation,
BMSC cells were isolated and split every other day. Neuro-
genic differentiation was induced by exposure to 10 ng/ml
basic fibroblast growth factor. The neuronal differentiation
medium (low glucose DMEM supplemented with 10% of
FBS and 10ng/mL bFGF) was added starting from passage
5. Neuronal differentiation was monitored by microscopic
observation, and the expression of neuronal markers was
analyzed by RT-PCR, western blotting, and
immunohistochemistry.

2.10. cDNAMicroarray Analysis. BMSCs were harvested at 4,
24, and 72 hours post-bFGF treatment, and total RNAs were
extracted using Trizol reagent following the manufacturer’s
instructions (Invitrogen). cDNAs were synthesized and sub-
jected to Agilent’s Mouse Development Oligo Microarray
(Agilent Technologies). The microarray experiment was
repeated twice using RNA samples from independent exper-
iments, and the result reported was based on the average of
these two independent experiments. cDNAs which showed
at least 2-fold difference were selected for further analysis.
cDNA microarray experiment was blinded to investigator,
and microarray data analysis was also assessed by three inde-
pendent investigators who were blinded to the sample.

2.11. Reverse Transcription Polymerase Chain Reaction
Analysis. The expression of ChAT, GAP43, Hes5, Mash1,
NSE, Tau, SERT, MAP2, and β3-tubulin was determined by
reverse transcription polymerase chain reaction (RT-PCR).
Total cellular RNA was isolated using Trizol reagent (Invitro-
gen) and reverse transcribed using Invitrogen’s First Strand
cDNA Synthesis Superscript III RT Kit. PCR amplification
was performed using the following primers (shown in
brackets in the following order: sense and antisense), ChAT
(5′-TGTGAGGAGGTGCTGGACTTA-3′, 5′-GCCAGG
CGGTTGTTTAGATA-3′), GAP43 (5′-GCTAGCTTCCG
TGGACACATA-3′, 5′-AGGCACATCGGCTTGTTTA-3′),
Hes5 (5′-ATGCTCAGTCCCAAGGAGAA-3′, 5′-CGCT
GGAAGTGGTAAAGCAG-3′), Mash1 (5′-GCTCTGGCA
AGATGGAGAGT-3′, 5′-CCAGGTTGACCAACTTGAC
C-3′), Tau (5′-CCCTGGAGGAGGGAATAAGA-3′, 5′
-GCAGACACTTCATCGGCTAGT-3′), and NSE (5′
-TGATCTTGTCGTCGGACTGTGT-3′, 5′-CTTCGCCAG
ACGTTCAGATCT-3′). All primer sequences were deter-
mined through established GenBank sequences. Duplicate
PCRs were amplified using β-actin (5′-TGTTACCAACT
GGGACGACA-3′, 5′-TCTCAGCTGTGGTGGTGAAG-3′,
392 bp) as a control for assessing PCR efficiency and subse-
quent analysis by agarose gel electrophoresis.

2.12. Quantitative Real-Time PCR (qRT-PCR). Total RNA
was extracted using Trizol reagent in accordance with the
manufacturer’s instructions. After the treatment with
RNase-free DNase I (Invitrogen) to remove genomic DNA
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contamination, RNA (1μg) was reverse transcribed into
cDNA using Moloney murine leukemia virus reverse tran-
scriptase (Promega, Madison, USA). Real-time PCR was per-
formed using Power SYBR Green PCR Master Mix (Applied
Biosystems, Foster City, CA, USA) in an ABI PRISM 7500
real-time cycler (Applied Biosystems). The mRNA levels of
the target gene were normalized to that of β-actin. Melting
curves were constructed using the Dissociation Curves soft-
ware to ensure that only a single product was amplified.
According to the method of Livak and Schmittgen, the inten-
sity of the relative expression was based on 2−ΔΔCT equa-
tion. The sequences of primers for PCR are listed as
follows: SERT (5′-TGCCTTTTATATCGCCTCCTAC-3′,
5′-CAGTTGCCAGTGTTCCAAGA-3′), MAP2 (5′-TCAG
GAGACAGGGAGGAGAA-3′, 5′-GTGTGGAGGTGCCA
CTTTTT-3′), β3-tubulin (5′-CATGGACAGTGTTCGG
TCTG-3′, 5′-CGCACGACATCTAGGACTGA-3′), SV2a
(5′-GGTTCACGACACCAACATGC-3′, 5′-ACTTTGGTT
CGGGCTGCATA-3′), and SNAP-25 (5′-CGCAATGAG
CTGGAGGAGAT-3′, 5′-TCCCTTCCTCAATGCGTTCC).

2.13. Western Blot. Cells were lysed with lysis buffer (50mM
Tris-Base, 100mM NaCl, 5mM EDTA, 1mM EGTA, 5mM
MgCl2, 10% glycerol, 1% Triton X-100, and Roche’s Com-
plete Protease Inhibitor tablet) and were centrifuged at
14,000 × g for 20 minutes at 4°C. 50μg of proteins from the
supernatants was separated by 8%-12% SDS-PAGE gel and
transferred to a PVDF membrane. Immunoblotting was car-
ried out with polyclonal antibodies to ChAT, GAP43, Hes5,
Mash1, NSE, Tau, and β-actin, respectively. After incubation
with peroxidase-conjugated secondary anti-immunoglobulin
antibodies, the membranes were developed using Pierce’s
West Pico Chemiluminescence method.

2.14. Electrophysiology. For whole-cell current recording,
cells were patched as previously described (37). The bath
solution contained (in mM) NaCl 150, KCl 5, MgCl2 1,
CaCl2 2.2, Hepes 10, and pH 7.3 with NaOH, and the
osmolarity was adjusted to 310 mOSM with glucose. The
pipette solution contained (in mM) aspartic acid potas-
sium salt 120, MgCl2 5, EGTA 0.5, Hepes 10, ATP 2,
GTP 0.3, and pH7.3 with KOH, and the osmolarity was
adjusted to 295 mOSM. Whole-cell current was obtained
under voltage clamp with Axopatch 200B amplifier (Axon
Instruments); the software used was pClamp 8.1 (Axon
Instruments). The current was sampled at 10 kHz and fil-
tered at 1 kHz. Leak was subtracted on-line using P/4 pro-
tocol. The pipette used was 1-2mΩ, and the series
resistance was typically <5mΩ and compensated by 75%.
The holding potential was set at –70mV and depolarized
to different voltages to evoke channel opening.

2.15. Plasmid Construction. The coding region of mouse
Mash-1 was cloned into the pREP10 vector using convenient
restriction sites. PCR product of Mash1 was digested with
Kpn I and Xho I, purified and ligated to digested pREP10
expression vector. The bHLH domain of Mash-1 was then
fused to the V5 epitope. All constructs generated by PCR

were verified by sequencing prior to use, and protein expres-
sion was confirmed by western blotting with antibodies to
Mash-1 and epitope tag V5.

2.16. Transfection. 5 × 105 cells were seeded to 100mm tissue
culture dishes and allowed to grow overnight prior to trans-
fection. 30μg of plasmid DNA was mixed with 60μl of Lipo-
fectamine 2000 Reagent to initiate the complex forming.
Transfection was initiated by adding the mixture to the cells
directly. Cells were extracted and assayed 3 days
posttransfection.

2.17. Immunofluorescence Staining. For immunofluorescence
staining, cells were seeded on Lab-Tek chamber slides and
fixed with precold methanol at –20°C for 3min. Then, the
cells were permeabilized with 0.2% TritonX-100 in PBS for
15min and blocked with 10% normal goat serum in PBS at
room temperature for 30min. The cells were incubated with
the primary antibodies at 37°C for 1 h, washed with PBS
twice, and then were incubated with the appropriate fluores-
cein isothiocyanate-conjugated secondary antibodies for
30min. Finally, the cells were mounted with an antifluores-
cence quenching sealing liquid for observation under a fluo-
rescence microscope.

2.18. Statistical Analysis. All data are presented as mean ±
standard error of themean (SEM). Student t-test was used
to determine significance between individual comparisons.
One-way ANOVA tests with Bonferroni’s corrections were
used for multiple comparisons. The calculations were per-
formed using the SPSS version 11.0 statistic software. P
values < 0.05 were considered statistically significant.

3. Results

3.1. Multipotency of BMSCs at Different Passages. Mouse
BMSCs were isolated from the femur bones of mice and cul-
tured in DMEM supplemented with 10% FBS, 10% FCS, and
1% penicillin-streptomycin. A fibroblast-like cell population
eventually was obtained after 4-5 passages, and this cell pop-
ulation can grow continuously for more than 50 passages
under our experimental condition without losing much of
its plasticity and appeared healthy. Cell growth rate was
lower at early passages due to competition from other cell
types, and a stable stage of homogenous cell population was
reached after 4-5 passages. Cell morphology as tracked from
passages 6 to 50 showed a consistent phenotype and level of
homogeneity (Figure 1(a)). It has been reported that cell fea-
tures and plasticity may vary for the long-term in vitro cul-
ture [33]. Thus, we examined several cell surface markers of
BMSCs at different passages. The flow cytometry results
showed that these cells exhibited high levels of Sca-1 [34], a
stem cell marker, and CD44 [35], a mesenchymal marker
across passages 6, 25, and 50 (Figure 1(b)). As suspected, all
hematopoietic cell markers, CD90.1, CD45, CD34, and
CD117, were undetectable or poorly expressed in BMSCs at
all passages (Figure 1(b)). We also detected the other marker
CD105 for identification of BMSCs at different passage,
which was positive as suspected (Figure 1(c)). These data
demonstrated that this highly homogeneous cell population
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Figure 1: Characterization of BMSCs. (a) BMSCs from initial isolation to passage 50. Cell morphology became relatively homogeneous from
passage 6 onwards and maintained the appearances till passage 50 or later. (b) Fluorescent-activated cell sorting (FACS) analysis for cell
surface markers. Throughout the passages, markers for mesenchymal stem cells, Sca-1 and CD44, remained highly elevated and slightly
decreased with passage number. The expressions for CD90.1, CD45, CD117, and CD34 were negligible throughout thus excluding
contamination of hematopoietic stem cells from the isolated culture. (c) FACS analysis for CD105 and CD45. The expression of CD105
was positive, and CD45 was negligible.
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at indicated passages exhibit mesenchymal stem cell markers
and is free from obvious hematopoietic cells contamination.

To determine the multilineage differentiation capacity of
BMSCs, cells were subjected to a series of differentiation
towards mesenchymal origins, namely, adipocytes, chondro-
cytes, and osteoblasts. As shown in Figure 2, cells at 6 and 25
passages could differentiate into adipocytes and chondro-
cytes as determined by biochemical tests, while cells at pas-
sage 50 could differentiate into all three cell types. These
results are consistent with earlier observation that BMSCs
with the capacity of adipocyte differentiation have high
capacity of colony forming [36] and probably a longer life
span and plasticity as well. Though the default commitment
of BMSCs is to undergo osteogenic differentiation, this phe-
nomenon is only observed at the early developmental stages
of BMSCs.

3.2. Neuronal Differentiation of BMSCs Induced by bFGF. A
model for mouse BMSC neuronal differentiation by bFGF
[15] has been established to elucidate the molecular mecha-
nism of neuronal differentiation of mouse BMSCs in physio-
logical conditions. Mouse BMSCs treated with bFGF alone
for 3 to 6 days exhibited typical neuronal morphology as evi-
denced by shrunken cell bodies and elongated cell processes
(Figure 3(a)). Choline O-Acetyltransferase (ChAT) is the
enzyme responsible for the biosynthesis of acetylcholine,
which presently the most specific marker for identifying cho-
linergic neurons in the central and peripheral nervous sys-
tems. Growth associated protein (GAP) 43 is a polypeptide

that is induced in neurons when they grow axons. Neuron-
specific enolase (NSE) is a dimeric isoform of the glycolytic
enzyme enolase found mainly in neurons, which is relatively
specific for neuronal cells. A Tau protein is a protein found in
neurons, primarily in the central nervous system, which
interacts with tubulin to strengthen the neural tubes in the
axons of neurons. In order to gather more evidences on neu-
ronal phenotypes, we examined these neuronal differentia-
tion markers by RT-PCR. As shown in Figure 3(b), mRNA
levels for ChAT, GAP-43, NSE, and Tau were significantly
upregulated upon bFGF treatment. Similar expression pat-
terns in protein levels were also observed for these genes
(Figure 3(c)). Full unedited western blot images are supplied
in Supplemental data 1. Consistently, after bFGF treatment,
differentiated neuronal cells exhibited characteristic electro-
physiological properties as determined by whole-cell patch
clamp technique. As shown in Figure 3(d), the typical whole
cell current trace was detected in 6-day neuronal differenti-
ated cells. We also detected other related markers. Serotonin
transporter (SERT) is a critical serotonin transporter in the
function of serotoninergic neurons, as a biomarker of seroto-
nergic neurotransmission in the central nervous system.
Microtubule-associated protein (MAP) 2 is thought to be
involved in microtubule assembly, which is an essential step
in neurogenesis. β3-Tubulin is one of six β-tubulin isoforms,
which is highly expressed during axon guidance and matura-
tion and that is a great neuronal marker. To determine these
markers, qRT-PCR method was employed, and a high level
of SERT, MAP2, and β3-tubulin expression was detected

Adipogenesis

Chodrogenesis

Osteogenesis

P6 P25 P50

Figure 2: Developmental potential ability of BMSCs in vitro. BMSCs at passages 6, 25, and 50 were induced under adipogenic, chondrogenic,
and osteogenic conditions. The presence of clusters of lipid containing adipocytes was detected by Sudan blue staining after adipogenic
induction for 5 days. Cells show chondrocyte morphology and are positive for Alcian black stain after chondrogenic induction for 21 days.
Cells show osteocyte morphology and are positive for Alizarin red stain after osteogenic induction for 21 days.
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Figure 3: Neuronal differentiation induced by bFGF. (a) Morphological observation of BMSCs subjected to 10 ng/ml bFGF for 3 and 6 days.
Typical signs of a developing neuron, such as cell body shrinkage, axonal elongation, and neurite outgrowth, were observed. The distinctive
observation is heightened at day 6 postadministration. (b) RT-PCR representation of marked increase in genes regulating neuronal
development and maturation as evidently shown by increase of ChAT, GAP43, NSE, and Tau. (c) Western blotting results supported the
same observation of increased neuronal gene expression at protein levels which strengthened the deduction of a neuronal development
and eventual maturation. (d) The electrophysiological properties of these differentiated cells were examined by patch clamping method at
day 6 post-bFGF administration. (e) The expressions of SERT, MAP2, and β-tubulin were determined by qRT-PCR at day 6 post-bFGF
administration. Data of qRT-PCR indicate the mean ± SEM of three experiments. (f) Distribution of neuronal differentiation markers.
Immunofluorescence staining using specific antibodies against GAP43, NSE, Tau, MAP2, and β3-tubulin was performed in BMSCs with
bFGF treatment for 3 days. NC: negative control. Images are representatives of at least three experiments.
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(Figure 3(e)). We also used immunofluorescence staining to
test these proteins, and results showed that BMSCs treated
with bFGF exhibited high expression of neurogenesis-
related markers, including GAP43, NSE, Tau, MAP2, and
β3-tubulin (Figure 3(f)). As our data indicated in these fig-
ures, we found both ChAT and SERT were induced in
bFGF-induced BMSCs, which showed these cells have a
potential ability towards cholinergic and neurons serotonin-
ergic neuronal differentiation. All this data indicates after
bFGF treatment, BMSCs differentiate towards at neuronal
direction.

3.3. Overview of bFGF-Induced Gene Expression Profiles in
Mouse BMSCs. The gene expression profiles of mouse
BMSCs were analyzed by microarray analysis in attempt to
gather a more complete picture of genes participating in neu-
ronal differentiation and in determining the molecules
responsible for converting BMSCs into neuronal cells. Since
we have previously observed that neuronal phenotypes can
be strongly induced 72 hours post-bFGF treatment [15], total
RNAs were extracted from BMSCs after 0, 4, 24, and 72 hours
treatment by bFGF, respectively, which was supposedly
representing the neural initiation, differentiation, and matu-
ration stages of these differentiated cell phenotype. Other-
wise, the fibroblast-like BMSCs started to change its
morphology to that resembling neuronal cell phenotype at
around 24 hours posttreatment (Figure 4(a)), and these
changes were tracked further to include observation of
neurite-like structures outgrowth and even to a point of join-
ing and connecting with adjacent differentiated cells at 72
hours, suggesting that the time points designed were suitable
for detecting early expressed genes. Cross-talking of adjacent
cells mimics the action of matured neurons in forming syn-
apses for information transfer and having been able to
observe such a connection in our differentiated neuronal cells
do provide evidences with a glimpse of hope that these differ-
entiated cells might eventually become functional neurons.
After reverse-transcription into cDNA, samples were hybrid-

ized with DNA oligonucleotide chips representing around
21,000 genes (Agilent Technologies). To ensure the results,
two independent neuronal differentiation experiments and
microarray analysis were performed. From the even gene
expression values at different time points, 1148 genes were
identified whose expression levels were more than two-fold
changes at one or more time points compared with that of
untreated sample. These genes were grouped according to
their expression pattern with hierarchical clustering and
shown by colored bar representation (Figure 4(b)).

As stated above, mouse BMSCs started to exhibit neuro-
nal morphology at 24 hours post-bFGF treatment, and we
assume that the selected time points could reflect the neuro-
nal induction, differentiation, and maturation of BMSCs at 0,
4, 24, and 72 hours of bFGF treatments, respectively. Several
typical genes in each group were listed with the concrete
expression ratio at different time point compared to
untreated cells (Figure 5). Accordingly, changes in gene
expression were grouped as early upregulated (Figure 5,
Group A), middle upregulated (Figure 5, Group B), late
upregulated (Figure 5, Group C), and constitutively upregu-
lated (Figure 5, Group D) based on the folds of induction at
these time points. Since the gene downregulation was also
shown to be involved in the neuronal differentiation of
BMSCs [12], two downregulated groups were also listed,
the middle downregulated (Figure 5, Group E) and constitu-
tively downregulated (Figure 5, Group F) gene expressions.

3.4. Neuronal Gene Expression Profiles. From the list of genes
upregulated by bFGF, about 300 neural-related genes with at
least 5-fold upregulation at one or more time point were
identified. These genes can be classified into two groups, early
upregulated neural genes and continuous upregulated neural
genes (Table 1). There are mainly four genes in the first
group, synaptic vesicle glycoprotein 2a (SV2a), chemokine
(C-C motif) receptor 1 (CCR1), synaptosomal-associated
protein 25 (SNAP-25), and gamma-aminobutyric acid
(GABA) receptor. SV2a has been demonstrated to be

4 h 72 hCtrl 24 h

(a)

0

4 h

24 h

72 h

(b)

Figure 4: Cluster analysis of genes associated with neuronal differentiation. Colored bar representation of the cDNA microarray using total
RNAs extracted from BMSCs at 4, 24, and 72 hours post-bFGF treatment. The yellow bars represent the levels of gene in the untreated cells,
and the red ones are the upregulated genes, whereas the blue bars stand for the downregulated genes.
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involved in vesicle trafficking and exocytosis, processes cru-
cial for neurotransmission, and plays a crucial role in modu-
lating epileptogenesis [37]. CCR1-mediated signal
transduction is critical for the recruitment of effector
immune cells to cause neuroinflammation and is an early
and specific marker of Alzheimer’s disease [38]. SNAP-25 is
one of the key proteins involved in the formation of neural
soluble N-ethylmaleimide-sensitive factor attachment pro-
tein receptors (SNAREs), which are responsible for the
calcium-dependent exocytosis of neurotransmitters, that is
a major step in neurotransmission and normal functioning
of brain [39]. GABA receptors are involved in inhibitory syn-
apses within the central nervous system [40]. There are
mainly four genes in the continuous upregulated neural
genes group, including semaphorin 5A, P2-activated kinase
1, putative neuronal cell adhesion molecule, and semaphor-

ing 6A. Semaphorin 5A is a bifunctional axon guidance cue
for axial motoneurons [41]. Putative cell adhesion membrane
molecule Vstm5 regulates neuronal morphology and migra-
tion in the central nervous system [42]. Nrf2 in ischemic neu-
rons promotes retinal vascular regeneration through
regulation of semaphorin 6A [43].

Similarly analyses as above, about 300 neural-related
genes with at least 2-fold upregulation at one or more time
point were also identified. These genes can be classified into
several groups according to likelihood of neural functions
involved (Table 2). The first group participates in neuronal
development, and the representative genes are fibroblast
growth factor receptor (FGFR), Nestin, Chordin, and the
empty spiracles homolog 1. Nestin is a widely used marker
for neuronal stem cell and expressed at early stage of neuro-
nal differentiation [16, 44]. Chordin, a homolog of short-
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4 h 24 h 72 h

18.5 3.1 1.1 Prostaglandin-endoperoxide synthase 2 NM_011198
16.2 4.6 1.0 Solute carrier family 20, member 1 NM_015747
16.0 2.5 2.5 Hypothetical protein 9530076L18 AK035610
14.7 2.4 1.1 Tenascin C NM_011607
10.6 1.6 0.4 Inhibin beta-A NM_008380
9.2 1.3 0.8 Chromodomain helicase DNA binding protein 5 AK015949
7.5 1.7 1.3 Vascular endothelial growth factor A NM_009505
6.1 2.9 0.5 Solute carrier family 29 (nucleoside transporters), member 2 NM_007854

5.1 32.0 24.0 Integrin alpha 6 BC023816
0.9 23.9 22.1 High mobility group AT-hook 2 NM_010441
6.2 33.9 21.1 Integrin alpha 6 AK034186
0.9 6.8 9.5 Putative neuronal cell adhesion molecule AK051027
1.4 8.7 9.0 Mesothelin NM_018857
2.0 5.2 8.2 A disintegrin and metalloprotease domain 8 NM_007403
1.3 3.2 7.8 Recombining binding protein suppressor of hairless (Drosophila) NM_009035
1.1 3.8 5.4 Guanosine diphosphate (GDP) dissociation inhibitor 1 AF251042

1.9 2.2 10.9 Prosaposin NM_011179
2.2 2.5 10.0 Moesin NM_010833
0.7 3.0 8.9 Splicing factor 3a, subunit 2 NM_013651
2.1 2.0 7.9 RAS related protein 1b M79314
1.9 2.4 7.8 MutS homolog 5 (E. coli) NM_013600
4.0 1.9 7.5 Epithelial membrane protein 1 NM_010128
1.5 1.9 7.4 Programmed cell death 6 interacting protein NM_011052
0.4 1.7 7.3 Cyclin-dependent kinase inhibitor 2B (p15, inhibits CDK4) NM_007670

5.1 32.0 24.0 Integrin alpha 6 BC023816
0.9 23.9 22.1 High mobility group AT-hook 2 NM_010441
6.2 33.9 21.1 Integrin alpha 6 AK034186
0.9 6.8 9.5 Putative neuronal cell adhesion molecule AK051027
1.4 8.7 9.0 Mesothelin NM_018857
2.0 5.2 8.2 A disintegrin and metalloprotease domain 8 NM_007403
1.3 3.2 7.8 Recombining binding protein suppressor of hairless (Drosophila) NM_009035
1.1 3.8 5.4 Guanosine diphosphate (GDP) dissociation inhibitor 1 AF251042

1.6 0.3 0.1 WNT1 inducible signaling pathway protein 1 NM_018865
1.0 0.5 0.2 Cysteine and glycine-rich protein 2 NM_007792
0.9 0.7 0.2 Ras-related GTP binding D AK017818
1.5 0.6 0.2 Isopentenyl-diphosphate delta isomerase AK029302
1.3 0.8 0.2 Twist homolog 2 (Drosophila) NM_007855
1.7 0.6 0.2 SRY-box containing gene 1 NM_009234
1.2 0.6 0.2 Farnesyl diphosphate synthetase NM_134469

2.8 0.7 0.2 Nuclear factor of activated T-cells, cytoplasmic, calcineurin-
dependent 1 NM_016791

0.7 0.2 0.1 Four and a half LIM domains 1 NM_010211
0.7 0.2 0.1 Protein tyrosine phosphatase, receptor-type F interacting protein NM_008905
0.7 0.4 0.1 RIKEN cDNA 2610001E17 gene AB075019
0.5 0.4 0.1 Talin 2 AK029828
0.6 0.3 0.1 RIKEN cDNA 9130213B05 gene BC006604
0.6 0.4 0.1 Keratin complex 2, basic, gene 7 NM_033073
0.8 0.4 0.1 Neural cell adhesion molecule 1 X15051
0.7 0.4 0.2 Calponin 1 NM_009922

Group E

Group F

Group A

Group B

Group C

Group D

Fold
Gene name Accession

number

Figure 5: Classification of differentially expressed genes. Classification of top upregulated genes with reference to various neural stage
activities analyzed by cDNA microarray analysis on bFGF-treated BMSCs for 4, 24, and 72 hours. The values at each time points were
obtained by comparing with the level of the untreated. Several typical genes in neuronal developmental function at different six groups
after bFGF treatment were listed.
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gastrulation in Drosophila, has been shown to stimulate neu-
ral induction in Xenopus [45]. FGFR was demonstrated to
play an important role in neurogenesis [46], and we also
found that FGFR-1 is required for the neuronal differentia-
tion of BMSCs induced by bFGF [15]. Genes in the second
group are proneural transcription factors [47], such as
achaete-scute complex homolog-like 1 (Mash-1), hairy and
enhance of split 5 (Hes-5), neuronal PAS domain-2 and -3,
and neuronal D4 (neurogenic differentiation 4). Mash-1,
also known as achaete-scute family bHLH transcription fac-
tor 1 (ASCL1), is regulated by Notch signaling [29]. Mash-1
functions in controlling the generation of progenitors in
central nervous system (CNS) and external sensory organs
in the peripheral nervous system (PNS) [48, 49]. This gene
encodes a member of the bHLH family of transcription fac-
tors. The protein activates transcription by binding to the E
box (5′-CANNTG-3′). Dimerization with other bHLH pro-
teins is required for efficient DNA binding. This protein
plays a role in the neuronal commitment and differentiation
and in the generation of olfactory and autonomic neurons
[50]. Interestingly, Hes-5 gene was shown to suppress the
function of Mash family and promote cell proliferation via
the Notch signaling [51, 52]. Neuronal D4, a member of
NeuroD family, plays a neuronal determination effect in
neural development, and overexpression of Neurogenin1
can induce neuronal-like phenotype in human mesenchymal
stem cells [53, 54]. Neuronal PAS domain proteins are
shown to be involved in bFGF-stimulated adult neurogenesis
[55]. In conclusion, gene upregulation from these two
groups suggests that they may be involved in neurogenesis
of BMSCs. The third group represents axonal, which
includes genes such as Dynein-4 and -10, and Netrin-1 is
involved in axonal genesis. Dynein family factors are the
key motors of axon growth [56]. Netrin is a potent axon
growth factor [57] and has been observed to be induced
more than 20 folds in this study. Overall, these groups of

genes may contribute to the cell morphological changes as
reported here.

Genes involving neural activities or functions can be
grouped into either neurotransmitter molecules (the forth
group) or ion transport (the fifth group) or peptide signaling
(Table 2). A typical molecule of neurotransmitters is Com-
plexin-1, which is a cytosolic molecule and can bind to SNAP
receptor to compete with SNAP [58]. Two syntaxin family
members, Syntaxin 3 and 4A, were also upregulated in this
study. Syntaxin family members are expressed only in the
nervous system and implicated in docking of synaptic vesi-
cles [59]. The highest expressed molecule in ion transport is
Gamma-aminobutyric acid receptor alpha 6. Genes in this
family play a very important role in depolarization of neuro-
nal cells [60]. Several members of semaphorin were upregu-
lated by bFGF in this study. Semaphorin is expressed on
the cell membrane and has been demonstrated to regulate
guidance of growth corns [61].

A group of receptor genes was also clearly upregulated,
such as G-protein-coupled receptors (the sixth group)
(Table 2). G-protein-coupled receptors were also demon-
strated to have nonneuronal functions. GRP54, for instance,
was involved in reproductive development [62] and GRP65
in signaling cascade [63]. Additionally, the opioid receptor
is well known for mediating the morphine action [64].

3.5. Mash-1 Promotes BMSCs Neuronal Differentiation. Neu-
ronal differentiation involves complicated gene regulation, in
which the molecules related to signal transduction and gene
transcription play a crucial role. We thus would like to sug-
gest the following neuronal differentiation model complete
with gene regulation networks after taking into consideration
our findings on neuronal genes as induced by bFGF and the
neuronal differentiation process. In determining the gene
pool which plays a major role in turning BMSCs into neuro-
nal cells, we decided to focus on genes from the first two clas-
ses, which are involved in neurogenesis and are also related to
gene transcription. Amongst proneural genes, the mamma-
lian achate-schute homolog 1 (Mash-1), a basic helix-loop-
helix transcriptional factor, was further demonstrated to be
significantly upregulated. Mash-1 stood out as it was upregu-
lated more than 4 folds at 4 hours and reached another 8
folds at 72 hours posttreatment, respectively (Table 2).

RT-PCR analysis for Mash-1 was carried out to assess the
credibility of our microarray result at the mRNA level. This
step is to ensure that the result obtained from cDNA micro-
array is not due to artifacts or unregulated signal amplifica-
tion when processing the samples. As shown in Figure 6(a)
(left panel), the transcription level of Mash-1 was increased
in response to bFGF. The protein levels of Mash-1 were sig-
nificantly emerging and increased after 24 h, which were
observed as demonstrated by Western blot (Figure 6(a), right
panel). Full unedited western blot images are supplied in
Supplemental data 2. The expressions of neuronal-related
genes, including GAP43 and Hes5, were also detected after
bFGF treatment, which are also upregulated, but later than
Mash-1 at mRNA levels (Figure 6(a)), indicating that
Mash-1 may play an initiating role in driving neuronal differ-
entiation of BMSCs. We also used immunofluorescence

Table 1

Fold
Gene name

Accession
number4 h 24 h 72 h

Early upregulated neuronal genes

9.6 4.0 3.0
Synaptic vesicle
glycoprotein 2a

NM_022030

5.9 3.7 3.4
Chemokine (C-C motif)

receptor 1
NM_009912

5.5 2.1 1.6
Synaptosomal-associated

protein 25
NM_011428

5.3 1.1 1.0
Gamma-aminobutyric acid

receptor
NM_008076

Continuous upregulated neuronal genes

4.4 6.3 11.0 Semaphorin 5A NM_009154

2.0 7.4 8.2 P2-activated kinase 1 NM_011035

0.9 4.7 7.5
Putative neuronal cell
adhesion molecule

AK051027

3.7 5.2 6.1 Semaphorin 6A NM_018744
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Table 2

Fold
Gene name Accession number

4 h 24 h 72 h

Neural development

1.7 1.1 1.9 Syntrophin, acidic 1 NM_009228

2.1 3.0 0.8 Nestin NM_016701

2.2 1.9 2.3 Empty spiracles homolog 1 X68881

0.9 2.4 5.8 Sema domain, immunoglobulin domain NM_013657

2.3 1.5 4.5 Fibroblast growth factor receptor 1 NM_010206

1.6 1.5 2.2 Chordin NM_009893

2.0 1.3 1.4 Sema domain, seven thrombospondin repeats NM_013661

Transcription factor

4.5 2.3 8.5 Achaete-scute complex homolog-like 1 NM_008553

4.4 1.9 9.9 Hairy and enhancer of split 5 NM_010419

1.4 1.5 3.2 Neuronal PAS domain protein 3 NM_013780

1.1 0.7 2.4 Neuronal PAS domain protein 2 NM_008719

3.1 2.1 1.4 Neurogenic differentiation 4 NM_007501

0.9 1.8 5.9 Ets variant gene 1 NM_007960

3.2 1.9 4.6 v-maf muculoaponeurotic fibrodarcoma oncogene NM_010756

Axonal

2.0 1.4 1.7 Kinesin family member 5C NM_008449

2.0 2.2 2.2 Reticulon 4 receptor NM_022982

1.2 1.6 2.7 Dynein, axonemal, light chain 4 NM_017470

2.1 1.8 0.5 Ephrin B1 NM_010110

1.4 1.1 2.1 Slit homolog 1 AF144627

3.1 3.3 2.8 Dynein, axonemal, heavy chain 10 Z83812

21.8 15.2 22.1 Netrin 1 NM_008744

Neurotransmitter

0.1 3.6 5.1 Ral guanine nucleotide dissociation stimulator NM_009058

1.0 2.3 0.8 Amyloid beta precursor protein-binding AF020313

1.4 1.2 3.2 Syntaxin 4A NM_009294

1.4 1.0 2.2 Syntaxin 3 D29797

3.0 1.3 5.3 Complexin 1 NM_007756

3.7 5.3 3.7 Suppressor of cytokine signaling 2 NM_007706

2.4 1.4 2.3 Solute carrier family 6 (neurotransmitter transporter) AK036136

Ion transporter

0.7 2.4 1.8 Gamma-aminobutyric acid receptor, alpha 4 AK013727

3.2 3.3 5.1 Gamma-aminobutyric acid receptor, alpha 6 NM_008068

1.8 1.2 1.9 Sema domain, transmembrane domain NM_013662

2.0 1.3 1.4 Sema domain, seven thrombospondin repeats NM_013661

2.8 4.0 3.7 Cholinergic receptor, nicotinic, alpha polypeptide 7 NM_007390

1.3 1.6 1.7 Cholinergic receptor, nicotinic, beta polypeptide 1 NM_009601

G-protein

0.8 2.6 2.2 CD97 antigen NM_011925

2.8 1.5 4.5 Opioid receptor, mu 1 NM_011013

0.6 2.2 1.0 G-protein-coupled receptor 56 NM_018882

2.9 1.1 1.6 Chemokine receptor 3 NM_009914

3.0 3.1 3.9 G-protein-coupled receptor 50 NM_010340

3.8 2.0 4.1 G-protein-coupled receptor 54 NM_053244
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staining to test Mash1. The results showed that BMSCs
treated with bFGF after 72 h exhibited high expression of
Mash1, and neurogenesis-related markers, including
GAP43 and Hes5, were also expressed on these cells
(Figure 6(b)). To determine the proneuronal effect of
Mash-1 in BMSCs, we cloned and transfected Mash-1 into
mouse BMSCs. After transfection, Mash-1-overexpressing
BMSCs exhibited neuron-like morphology, which was evi-
denced by elongated neurites and cell body shrinkages
(Figure 6(c)). Biochemical analysis revealed a higher expres-
sion of neuronal marker, NSE, in Mash-1-overexpressing
BMSCs (Figure 6(d)). NSE has neurotrophic and neuropro-
tective properties on a broad spectrum in central nervous sys-
tem neurons. We also detected the expression of synaptic-
associated genes, including SV2a and SNAP-25
(Figure 6(e)). SV2a is an essential vesicle membrane protein
expressed in virtually all synapses and could serve as a suit-
able target for synaptic density. SNAP-25 is one of the N-
ethylmaleimide-sensitive fusion protein receptor, which
involved in synaptic vesicle docking and subsequent fusion
with the target membrane. The data show SV2a and SNAP-
25 were highly induced in Mash-1-overexpressing BMSCs,
indicated a potential synaptic capability in these cells. All
these results combined with our earlier observation suggest
that Mash-1 may be a crucial proneuronal differentiation fac-
tor upon bFGF treatment.

4. Discussion

BMSCs were demonstrated to exhibit neural phenotypes
both in vivo and in vitro under favourable conditions. Neural
properties of BMSC generated cells, in most cases, were
determined by measuring the expression of a few neural
markers, which, in our opinion, would not reflect completely
the phenotypes of neural traits [11] and leave the neuronal
differentiation mechanisms much to our own imagination.
In order to get a global pattern of gene expression changes
in neuronal differentiation of BMSC, we investigated the
kinetic changes of gene profiles of neuronal differentiated
mouse BMSCs with the employment of cDNA microarray
analysis. Our study revealed a strong inclination to upregula-
tion of neural genes with various neural functions and prop-
erties. Interestingly, we further demonstrated that the Notch
signaling molecule, Mash-1, plays an important role in driv-
ing BMSCs into adopting neuronal phenotype. These obser-
vations suggest that neuronal differentiation of BMSCs might

mimic or undertake certain conserved neuronal differentia-
tion pathways.

The powerful analytical tool of microarray analysis has
been used to determine the neural properties of bFGF differ-
entiated BMSCs. Mori et al. reported the first neural gene
profiles by using immortalized human BMSCs [13] which
was adopted by Yamaguchi in further determining the neural
gene expression [14]. However, both of them used RNAs
extracted from cells differentiated for more than a week as
their templates, and Yamaguchi had even been using a series
of chemicals including DMSO and beta-mercaptoethanol, to
differentiate BMSCs, which was strictly argued as being a
stress-induced response [10, 65]. Moreover, they covered
only a small pool of genes in their studies where most of
the neural genes identified were neural markers or molecules
expressed in the mature/differentiated cell. In our study, we
used bFGF alone to induce mouse BMSC neuronal differen-
tiation at around 2-3 days, and the differentiated cells
acquired electrophysiological properties [15]. The obvious
upregulations of wide range neural genes suggest that neuro-
nal differentiated BMSCs can adopt many neural phenotypes
under physiological condition and not merely on neural
marker expressions [11].

Neuronal differentiation of BMSCs, especially induced
with various chemicals, was challenged as being a direct
stress-induced response [65], and the cellular neurite-like pro-
cesses of neuronal differentiated BMSCs in most studies were
demonstrated to be formed by cytoplasm shrinkage, rather
than the growth of neurites [10]. However, in our study, many
axonal growths related genes such as Netrin-1 and Dyncine
were obviously upregulated from 4 hours treatment by bFGF
onwards. The high levels of expression of these genes clearly
indicate that the neurite-like cell processes as observed are that
of being an active protrusion and not simply a cell shrinkage
phenomena as argued. Moreover, a large number of genes,
including ion transportation, neurotransmitters, and peptide
signaling such as GABA receptor, complexin, and opioid
receptor, were also upregulated. In agreement to our previous
finding, neuronal cells from bFGF-treated BMSCs exhibit
electrophysiological properties [15], completing with a wide
range of expression of neural genes, and it is clear that this
indicated BMSCs could acquire more complete neuronal traits
under physiological stimulation.

Studies on the development of the nervous system of
Drosophila demonstrated that Notch receptor initiated sig-
naling pathways play a crucial role in neuroblast generations,

Table 2: Continued.

Fold
Gene name Accession number

4 h 24 h 72 h

Others

0.9 4.7 7.5 Putative neuronal cell adhesion molecule AK051027

1.0 2.3 0.8 Amyloid beta precursor protein-binding AF020313

2.3 1.7 1.7 EF hand calcium binding protein 2 NM_054095

1.4 1.0 2.7 Activity-dependent neuroprotective protein NM_009628

2.7 2.1 4.7 Brain glycogen phosphorylase NM_153781.1

1.7 2.4 3.2 Phospholipase C, epsilon 1 BC025027
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of which several groups of genes, including the bHLH family,
are induced to regulate neural determination and differentia-
tion [66]. In Drosophila, bFGF signaling pathway has been
demonstrated to interact with the Notch signaling pathway
in various cell types [67]. All the Notch pathway genes are
preserved in vertebrates and expressed in nervous system
and others [26]. The initiation and differentiation of BMSCs
into neuronal cells by physiological factors were clearly
involved in several neurogenesis pathways which are well

documented in the development of Drosophila and neural
stem cell differentiation. Though a close comparison to the
Drosophila model could be drawn, distinctions of BMSC
neuronal differentiation from that observed in Drosophila
should still be addressed.

In BMSCs, the intracellular domain of Notch (NICD)
was shown recently to be capable of inducing BMSC neuro-
nal differentiation. This function was further demonstrated
to be coordinated with bFGF [9]. Interestingly, bFGF was
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Figure 6: Overexpression of Mash-1 promotes neuronal differentiation of BMSCs. (a) RT-PCR (left) and western blot (right) representation
of selected markers from cDNAmicroarray which showed consistencies with the data as analyzed. (b) Distribution of neuronal differentiation
markers. Immunofluorescence staining using specific antibodies against GAP43, Mash-1, and Hes5 was performed in BMSCs with bFGF
treatment for 24 hours. NC: negative control. Images are representatives of at least three experiments. (c) Mash-1 overexpressing BMSCs
showed a typical neuronal morphology. (d) Western blotting analysis showed a significant increase of the NSE expression in Mash-1
overexpressing BMSCs compared to control cells. (e) The expression of SV2a and SNAP-25 were determined by qRT-PCR in Mash-1
overexpressing BMSCs. Data of RT-PCR indicate the mean ± SEM of three experiments.

13Stem Cells International



shown to promote the activity of Notch pathway in embry-
onic neuroepithelial precursor cells to inhibit differentiation
[67]. The components of the Notch signaling pathways can
be influenced by bFGF to affect the oligodendrocyte differen-
tiation [68]. However, the mechanisms of the cross-talk
between Notch and bFGF signaling pathways are need fur-
ther identified. Adopting screening by microarray, we
observed an astounding upregulation of Mash-1, the verte-
brate homolog of bHLH transcription factor, which was also
known as achaete-scute complex homolog-1 and shown to
control the generation of progenitors for the central nervous
system and external sensory organs in the peripheral nervous
system [69, 70]. Previous study has delineated transcription
factors Mash-1 and Prox-1 played a role in early steps during
differentiation of neural stem cells in the developing central
nervous system [48]. Mash1 has an important role in Notch
signaling and the differentiation of neurons [71]. When we
overexpressed Mash-1, BMSCs exhibited similar neuronal
structures as differentiated by bFGF (Figure 6). These results
suggested that Mash-1 could probably be the key factor to
genes regulated by bFGF responsible for driving BMSC dif-
ferentiation to neuronal cells. Similarly as our studies, Wang
et al. show that under conditions of differentiation, Mash1-
overexpressing BMSCs exhibit an increased expression of
neuronal markers and a greater degree of neuronal morphol-
ogy compared to control (non-Mash1-overexpressing cells)
[72]. Xu et al. also indicated that overexpression of Mash-1
gene in promoting differentiation of mouse embryonic stem
cells into neural cells [49]. Additionally studies showed
Mash1-dependent Notch signaling pathway also regulates
GABAergic neuron-like differentiation of BMSCs [50, 73].

Given so abundant investigations and reviews, various
biomarkers of neuronal cells in characteristics were applied.
Thus, it is necessary to apply multiple markers to the analysis
cell type. In this work, we used these markers to identify the
bFGF-induced neuronal differentiation of BMSCs. Gathering
the analyzed data, we catch many markers were established
in the development of bFGF-induced neurogenesis. While
more neural markers may allow better reflection of neural
traits, others believe that it is also true that science seeks to
synthesize the identification of biological processes with fewer
markers. However, it is difficult, using a single marker, to iden-
tify a single cell type exclusively. This work meets both ends,
and Mash-1 is very useful gene for this purpose to identify
the neuronal origin, which invokes to give a conceptual vision
to the study of the stem cells and regenerative medicine.

In conclusion, our work reveals that the cross-talk is
through the activation of downstream Notch components
though the detail mechanisms of the activation of Mash-1
by bFGF. Concerns over the level of initiation, determina-
tion, and differentiation of BMSCs to proneuronal cells as
induced by bFGF should be further analyzed. It is further
noted that in this study, bFGF-induced neuronal differentia-
tion of BMSCs opened a window of opportunity to studying
the underlying mechanisms involved in the complex process
of neuronal differentiation and maturation at physiological
condition of BMSC neurogenesis. The genetic engineering
of BMSCs will be a useful avenue for obtaining neuron-like
donor cells for the treatment of neurological disorders.
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Mesenchymal stem cells (MSCs) may improve the treatment of acute respiratory distress syndrome (ARDS). However, few studies
have investigated the effects of mechanically stretched -MSCs (MS-MSCs) in in vitromodels of ARDS. The aim of this study was to
evaluate the potential therapeutic effects of MS-MSCs on pulmonary microvascular endothelium barrier injuries induced by LPS.
We introduced a cocultured model of pulmonary microvascular endothelial cell (EC) and MSC medium obtained fromMSCs with
or without mechanical stretch. We found that Wright-Giemsa staining revealed that MSC morphology changed significantly and
cell plasma shrank separately after mechanical stretch. Cell proliferation of theMS-MSC groups was much lower than the untreated
MSC group; expression of cell surface markers did not change significantly. Compared to the medium from untreated MSCs,
inflammatory factors elevated statistically in the medium from MS-MSCs. Moreover, the paracellular permeability of endothelial
cells treated with LPS was restored with a medium from MS-MSCs, while LPS-induced EC apoptosis decreased. In addition,
protective effects on the remodeling of intercellular junctions were observed when compared to LPS-treated endothelial cells.
These data demonstrated that the MS-MSC groups had potential therapeutic effects on the LPS-treated ECs; these results might
be useful in the treatment of ARDS.

1. Introduction

To date, the emerging virus SARS-CoV-2 is causing a world-
wide public health emergency; 17% critically ill patients
developed acute respiratory distress syndrome (ARDS) [1].
Despite numerous efforts towards reducing mortality in
established ARDS, in hospital mortality still remains near
40% [2]. The main pathophysiology associated with ARDS
in critically ill patients is the failure of pulmonary microvas-
cular endothelium barrier integrity [3]. Therefore, maintain-
ing the integrity of the endothelium barrier is critical for
ARDS treatment.

Mesenchymal stem cell (MSC) therapy is a potential
method to treat ARDS [4], and our previous studies [5, 6]

have shown concrete benefits both in vitro and in vivo. How-
ever, clinical trials of allogeneic MSC transplantation have
provided conflicting evidences. In one trial, MSC treatment
in patients with ARDS produced a short-term improvement
in oxygenation [7]. Yet, another trial demonstrated no signif-
icant difference in the 28-day mortality between patients
treated with MSCs and a control group (30% in the MSC
group versus 15% in the placebo group) [8]. When injected
intravenously, MSCs preferentially homed to the lungs and
engrafted at sites of injury in the pulmonary microvascular
endothelium layer [9]. The therapeutic function of MSCs
presents from the beginning of their engraftment on the
endothelium layer to their merger with the layer [10]. During
this period, MSCs are not only affected by biochemical
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factors but also by different kinds of mechanical stimulation
coming from the microenviroment they have lived in [11].
Better integration of experimental and clinical data could
provide further insight into the use of MSC-based therapy
in this setting.

Mechanical stimulation on the lung tissue exists con-
stantly in physiological and pathological states, such as
ARDS [12, 13]. When utilized with mechancial ventilation
to maintain essential oxygenation of ARDS patients,
mechanical stimulation conducted through the lung tissue
microenvironment varies from mild to severe levels and gen-
erates different degrees of lung compliance [14, 15]. Mechan-
ical stretch may approximate the mechanical ventilation with
low tidal volumes that are commonly used in the lung-
protective mechanical ventilation required to treat ARDS
previously [16] and nowadays [17]. When MSCs are intro-
duced into the lung microenvironment to treat ARDS, they
have to encounter different degrees of mechanical stimula-
tion. Evidences have shown that mechanical stimulation
can affect behavior of MSCs, such as morphology [18],
adhension [19], and differentiation [20, 21]. Therefore,
mechanical stretch on MSCs could play an important role
on the treatment of LPS-induced EC injuries.

The aim of the this study was to present evidences of MS-
MSC therapeutic effects on EC injuries treated by LPS. To
test this hypothesis, we conducted a cocultured model of
the EC and MSC medium obtained fromMSCs with or with-
out mechanical stretch. And, we evaluated the repair ability
of the medium from MSCs or MS-MSCs on LPS-induced
EC injuries.

2. Materials and Methods

2.1. Mesenchymal Stem Cell Culture and Mechanical Stretch.
First passage human bone marrow mesenchymal stem cells
(MSCs) were obtained from ScienCell Research Laboratories
(San Diego, California, USA). The cells were characterised by
the supplier. MSCs were maintained in the mesenchymal
stem cell medium (MSCM; 5%FBS, 1% mesenchymal stem
cell growth supplement, and 1% penicillin/streptomycin
solution). The media were purchased from ScienCell
Research Laboratories (San Diego, California, USA). Cells
were cultured at 37°C in an incubator with an atmosphere
of 5% CO2 air. Every 3 to 5 days, cells were passaged when
they reached 70-80% confluency and passages from 3 to 8
of the cells were used for all experiments.

MSCs were preconditioned by mechanical stretch (MS)
in vitro with a BioFlex strain unit (BioFlex, Flexcell Interna-
tional Corporation, Hillsborough, NC, USA) as described
previously [22]. MSCs were seeded onto a six-well plate con-
taining flexible collagen type I-coated silicone rubber mem-
branes at the bottom of each well and incubated at 37°C in
5% CO2 atmosphere with 95% humidity (BioFlex, Flexcell
International Corporation, Hillsborough, NC, USA). MSCs
were cultured for 3 or 5 days to reach 70-80% confluency
and subjected to mechanical stretch of 10% or 20% elonga-
tion for 24 h or 48h using a computer-controlled vacuum
stretch apparatus (FX-5000 Tension Plus System, Flexcell
International Corporation, Hillsborough, NC, USA). The

untreated MSC group did not receive mechanical stretch
and was incubated in the same incubator. MSCs and super-
natant from all groups were collected at scheduled time
points and prepared for use in this study. Supernatants from
the stretched MSC and control groups were collected and
centrifugated to remove dead cells and cell debris.

2.2. Endothelial Cell and Dermal Fibroblast Culture. First pas-
sage human pulmonary microvascular endothelial cells (ECs)
and human dermal fibroblasts (HDF) were obtained from
ScienCell Research Laboratories (San Diego, California,
USA), and the cells were cultured in an endothelial cell
medium (ECM; 5%FBS, 1% endothelial cell growth supple-
ment, and 1% penicillin/streptomycin solution) and fibro-
blast medium (FM; 5%FBS, 1% fibroblast growth
supplement, and 1% penicillin/streptomycin solution),
respectively. All mediums were purchased from ScienCell
Research Laboratories (San Diego, California, USA). Cells
were cultured at 37°C in the incubator with an atmosphere
of 5% CO2 air. Every 3 to 5 days, cells were passaged when
they reached 70-80% confluency.

2.3. Endothelial Cell Intervention with LPS and Coculture
System. ECs at a density of 50,000 per well were seeded in
the upper chambers (0.4μm pore size polyester membrane
from Corning, Inc.) and cultured for 2 to 3 days to produce
a confluent monolayer, and MSCs were seeded in the lower
chambers,. Then, cells were treated with LPS (100 ng/mL,
Sigma) for 6 hours before permeability was tested, as previ-
ously described [23]. After adding 10μL 40 kDa fluorescein
isothiocyanate- (FITC-) Dextran (Sigma-Aldrich) to each
upper insert and incubating for 40 minutes in an incubator,
100μL medium from the upper and lower chambers was
withdrawn. Then, the medium was transferred to a 96-well
plate and read using excitation and emission wavelengths of
490 nm and 530nm, respectively.

2.4. Morphology Assessment of Mesenchymal Stem Cells. To
observe cell morphology, cells were stained with Wright-
Giemsa stain (Sigma Aldrich) according to the manufac-
turer’s protocols as previously described [24]. After air
drying the wells, MSCs were inspected under a light micro-
scope (Olympus, Tokyo, Japan).

2.5. Cell Proliferation Assay. Untreated and mechanically
stretched MSCs were seeded at 2000 cells per well onto 96-
well plates and cultured in an incubator with a humidified
atmosphere of 5% CO2 at 37

°C. 10μL of Cell Counting Kit-
8 (CCK-8) solution (Beyotime, China) was added per well,
and cells were cultured for 1 hour at 37°C, before measuring
absorbance at 450nm with a microplate reader.

2.6. Identification of MSCs by Flow Cytometry.Untreated and
mechanically stretched MSCs were identified by flow cytom-
etry (BD Bioscience, San Diego, CA) as described previously
[25]. Harvested MSCs were washed with PBS and resus-
pended to 1 × 106 cells/mL, and 100μL of cell suspension
was incubated with fluorescein-conjugated monoclonal anti-
bodies against CD90, CD29, and CD45 (BD Pharmingen,
San Diego, CA), respectively. Samples were mixed in the dark
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for 20 minutes, then resuspended and centrifuged at
1000 rpm for 5 minutes at room temperature. Supernatants
were removed, and cells were resuspended with PBS to
200μL for flow cytometry analysis.

2.7. Enzyme-Linked Immunosorbent Assay. The supernatants
from all MSC groups were collected and centrifuged to
remove cell fragments. Levels of tumor necrosis factor
(TNF-α), interleukin-6 (IL-6), and interleukin-10 (IL-10) in
the culture medium were detected by ELISA (ExCellBio,
Shanghai, China). All tests were performed according to the
manufacturer’s instructions. All samples were examined in
duplicate.

2.8. Endothelial Permeability Examination. ECs were seeded
in the upper chamber in 24-well culture plates (0.4μm pore
size polyester membrane from Corning, Inc.) and cultured
for 2 to 3 days to produce a confluent monolayer. Then, cells
were treated with LPS (100 ng/mL, Sigma) for 6 hours before
permeability was tested, as previously described [23]. After
adding 10μL 40 kDa fluorescein isothiocyanate- (FITC-)
Dextran (Sigma-Aldrich) to each upper insert and incubating
for 40 minutes in an incubator, 100μL medium from the
upper and lower chambers was withdrawn. Then, the
medium was transferred to a 96-well plate and read using
excitation and emission wavelengths of 490nm and 530nm,
respectively.

2.9. Apoptosis of Pulmonary Microvascular Endothelial Cells.
An Annexin V-FITC Assay Kit (Sigma–Aldrich) was used to
assess the percentage of ECs undergoing apoptosis, according
to the manufacturer’s instructions. ECs were harvested and
washed with PBS and suspended in 1x binding buffer at a cell
concentration of 1 × 106 cells/mL. Then, 10μL propidiumio-
dide solution (PI) and 5μL annexin V-FITC conjugate
(annexin V) were added to each sample and gently mixed.
After 10 minutes incubation in the dark at room tempera-
ture, samples were analyzed using a flow cytometer (BD
Biosciences, USA).

2.10. Western Blotting Analysis.Western blotting was used to
detect the expression of VE-cadherin and Connexin-43 on
ECs as previously described [26]. Total proteins from ECs
after different treatments were extracted with RIPA lysis
buffer (Beyotime Institute of Biotechnology, Shanghai,
China) supplemented with 1mmol/L phenylmethylsulfonyl
fluoride (PMSF), and then separated with 10% sodium dode-
cyl sulphate-polyacrylamide gel electrophoresis and trans-
fered onto polyvinylidene fluoride membranes (Beyotime,
China). Afterwards, membranes were blocked in 3% BSA
for 2 hours at room temperature and incubated at 4°C over-
night with primary antibodies against VE-cadherin (Abcam)
or Connexin-43 (Cell Signaling Technology). The next day,
membranes were washed in TBS-T and incubated in HRP-
conjugated secondary antibody (Boster biotechnology,
Wuhan, China) for 1 hour at room temperature. Then, ECL
(Beyotime, China) was applied to detect the bands with a
chemiluminescence imaging system (ChemiQ 4800mini;
Ouxiang, China).

2.11. Immunofluorescence Staining. In a transwell system,
ECs were seeded on the upper inserts and cultured to form
a confluent monalayer for 3 or 5 days. After treating with
LPS for 6 hours, cells were then washed with cold PBS and
fixed with 4% paraformaldehyde for 10 minutes. Samples
were permeabilized with 0.25% Triton X-100 for 10minutes,
blocked with 1% bovine serum albumin (BSA), and incu-
bated overnight with VE-cadherin primary antibody (AB)
(1 : 200 rabbit polyclonal anti-VE-cadherin) (Abcam,
ab18058, Ireland) at 4°C. After incubation for 6 hours, sam-
ples were incubated with a secondary FITC-conjugated goat
anti-rabbit IgG (1 : 700 Alexa Fluor 488 IgG) (Biosciences,
Ireland) and stained with (VWR, Ireland) for 1 h at room
temperature. Cell nucleis were stained with DAPI (VWR,
Ireland) for 1min at room temperature, washed in PBS,
and imaged using confocal microscopy (Leica SP8, Ireland).

2.12. Statistical Analyses. Statistical analyses were performed
using the SPSS 20.0 software package (SPSS Inc., Chicago, IL,
USA). Results were presented as the mean ± standard
deviation. Group comparison was analyzed by one-way anal-
ysis of variance, followed by Tukey’s test. p < 0:05 was
considered statistically significant.

3. Results

3.1. MSCs Improved Paracellular Permeability of LPS-
Induced EC Injury. To determine if MSCs protected ECs
from LPS-induced injury, we used a transwell coculture sys-
tem (Figure 1(a)) to assess paracellular permeability when
MSCs were added at varying seeding concentrations, from
1 × 105 cells per well to 5 × 105 cell per well. Permeability sig-
nificantly decreased when MSCs were plated at 3 × 105 cell
per well (Figure 1(b); ∗p < 0:05) and decreased further as
the density of MSCs increased. This suggested that the ther-
apeutic effect of MSCs on endothelial cell permeability
improved as the density of MSCs increased.

3.2. Description of the Mechanical Stretch Method of MSCs.
MSCs were seeded on six-well mechanical stretch plates with
collagen type I-coated flexible silicon rubber membranes
placed at the bottom of each well and were preconditioned
by mechanically stretching these plates during cell culture
(Figures 2(a) and 2(b)). An example of a six-well mechanical
stretch plate is presented in Figure 2(c). MSCs were plated on
the silicon rubber membrane and stained with Wright-
Giemsa stain. A schematic view of a well under mechanical
stretch is presented in Figure 2(d). The first column shows
the side view of two wells containing either untreated or
mechanically stretched MSCs. The second column presents
an illustration of untreated or mechanically stretched MSCs,
respectively.

3.3. Mechanical Stretch Affected Morphology and
Proliferation of MSCs. MSCs were seeded on the six-well
plates and subjected to different categories of mechanical
stretch (MS), including untreated, 10% MS for 24 hours
(MS-10%-24 h), 10% MS for 48 hours (MS-10%-48 h), 20%
MS for 24 hours (MS-24%-24h), and 20% MS for 48 hours
(MS-20%-48 h). Morphological differences were observed
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Figure 2: Illustration of method used to precondition MSCs by mechanical stretching. MSCs were seeded onto a six-well plate with collagen
type I-coated flexible silicone rubber membranes at the bottom of each well in a mechanical stretch system. (a) Outside view of the mechanical
stretch system. (b) Inside view of the mechanical stretch system. (c) Example of a six-well mechanical stretch plate. (d) Illustration of a well
under mechanical stretch.
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Figure 1: Paracellular permeability of ECs induced by LPS. (a) Schematic view of the transwell coculture system. (b) Effect of adding different
numbers of MSCs on the paracellular permeability of ECs. Statistically significant differences were presented (n = 3; ∗p < 0:05, ∗∗p < 0:01).
ARDS: acute respiratory distress syndrome; MSCs: mesenchymal stem cells; ECs: endothelial cells; LPS: lipopolysaccharide.
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following treatment (Figure 3(a)). Cells in all groups
remained firmly adhered to the seeding surface. Compared
to untreated MSCs, the MS-MSCs showed signs of atrophy,
appearing thinner and flattened, and have increasingly
shrunk in a time- and magnitude-dependent manner. More-
over, cell proliferation significantly increased in the MS-10%
groups (Figure 3(b); ∗p < 0:05) but decreased in the MS-20%
groups (∗∗p < 0:01). Proliferation in the MS-20%-48 h group
was significantly lesser than that in the MS-10%-48 h group
(∗p < 0:05). These data suggest that MS affected the morphol-
ogy and proliferation of MSCs significantly.

3.4. Mechanical Stretch Did Not Alter Expression of Surface
Markers on MSCs. Surface markers on MSCs served as an
index parameters for the identification of MSCs [25]. To
determine if surface marker expression changed when MSCs
were preconditioned to mechanical stretch, we used flow
cytometry to analyze major surface markers of MSCs for
identification, such as CD90, CD29, and CD45 (Figure 4).
The results showed no statistical change in the expression
with high levels of CD90 and CD29 expressions on nearly
99% of cells in all treatment groups and low levels of CD45

expression on fewer than 5% of cells for all treatment groups.
The results suggest that MS did not alter the expression of
surface markers.

3.5. Mechanical Stretch Affected the Production of
Inflammation Mediators in MSCs. Studies have shown that
MS can induce biological function change [27]. To evaluate
the effects of MS on the inflammatory function of MSCs,
we examined the inflammatory mediators TNF-α, IL-6, and
IL-10 presented in the MSC supernatants by enzyme-linked
immunosorbent assay. The results showed that TNF-α and
IL-6 increased statistically as time and magnitude of mechan-
ical stretch increased (Figures 5(a) and 5(b); ∗p < 0:05), but
the MS-10%-24 h group did not produce significant differ-
ences when compared to the untreated MSC group. How-
ever, IL-10 did not significantly change in all groups
(Figure 5(c)). These results showed that MS could statistically
increase the TNF-α and IL-6 levels.

3.6. MS-MSCs Decreased Paracellular Permeability of
Pulmonary Microvascular Endothelium Barrier Injured by
LPS. Evaluation of paracellular permeability is a critical step
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Figure 3: Effects of MS on MSC morphology and proliferation. (a) Changes to MSCs morphology with or without MS were presented in a
time and magnitude dependent manner. (b) MSC cell number after MS. Statistically significant differences are presented (n = 3; ∗p < 0:05).
MS: mechanical stretch.
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Figure 4: Identification of mesenchymal stem cells (MSCs). Immunophenotypic analysis of surface markers by flow cytometry. (a) Cyan
peak: isotype control; red peak: sample. (b) Effects of mechanical stretching on the expression of MSC surface markers CD90, CD29, and
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Figure 5: Effects of MS on inflammation mediators secreted by MSCs. ELISA was used to detect the concentrations of (a) TNF-α, (b) IL-6,
and (c) IL-10 in the supernatant of the MSC groups (n = 3; ∗p < 0:05). ELISA: enzyme-linked immunosorbent assay; TNF-α: tumor necrosis
factor-α; IL-6: interleukin-6; IL-10: interleukin-10.
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Figure 6: Effects of MS-MSCs on permeability of ECs treated with LPS. Permeability of ECs induced by LPS was detected using FITC-
Dextran (n = 3; ∗p < 0:05, ∗∗p < 0:01). HDF: human dermal fibroblasts; FITC: fluorescein isothiocyanate; ECs: endothelial cells; MS:
mechanical stretch.
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in assessing the integrity of the pulmonary microvascular
endothelium barrier [28]. We introduced a transwell cocul-
ture system to evaluate the effects of MS-MSCs on the
paracellular permeability of LPS-treated ECs. Treatment
with LPS significantly increased the paracellular permeabil-

ity of the pulmonary microvascular endothelium barrier
(Figure 6(a); ∗∗p < 0:01). And MSCs significantly attenuated
the increased paracellular permeability induced by LPS
(Figure 6(a); ∗p < 0:05), while HDF showed no effect on
the increased permeability. These results suggested that
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Figure 7: Effects of MS-MSCs on apoptosis of ECs. (a) Flow cytometric analysis of ECs was performed to assess apoptotic and necrotic cells. (b)
Early apoptotic ECs stained only with annexin V were presented in the lower right quadrant. (c) Late apoptotic or necrotic ECs stained both with
annexin V and PI were presented in the upper right quadrant (n = 3; ∗p < 0:05, ∗∗p < 0:01). ECs: endothelial cells; PI: propidium iodide.
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MS-MSCs attenuated the increased permeability of LPS-
treated ECs.

3.7. MS-MSCs Attenuated Apoptosis of ECs Induced by LPS.
LPS is a useful agent to induce injury and apoptosis on pul-
monary microvascular endothelial cells [29]. In this study,
we applied the flow cytometry to evaluate the effect of
MSCs on apoptosis of ECs treated with LPS (Figure 7(a)).
LPS could significantly induce the apoptosis of ECs both
in early and late states (Figures 7(b) and 7(c); ∗∗p < 0:01),
but MSCs decreased the apoptosis of LPS-treated ECs
(∗p < 0:05). Furthermore, the MS-20%-24 h MSC group
could significantly attenuate both early and late apoptosis
of ECs (∗p < 0:05), similar to the untreated MSC group
(Figure 7(b)). However, the MS-20%-48 h group signifi-
cantly decreased early apoptosis (∗p < 0:05) but not late
apoptosis of ECs, although it showed a trend towards atten-
uating apoptosis (Figure 7(c)).

3.8. MS-MSCs Restored Intercellular Junction Proteins. Inter-
cellular junction proteins play an important role in maintain-
ing the integrity of the pulmonary microvascular
endothelium barrier. VE-cadherin [3] and Connexin-43
[30] present critical effects on regulating the permeability of
the barrier. To investigate the effects of MS-MSCs on endo-
thelium barrier integrity, we examined the expression of
these two key proteins. Compared with the LPS-treated
ECs, MSCs increased the expression of VE-cadherin and
Connexin-43 (Figures 8(b) and 8(c); ∗∗p < 0:01). We also
applied immunofluorescent staining to detect the protein
expression of ECs and observed the cells under confocal
microscopy. The results showed that VE-cadherin located
on the surface of ECs were destroyed after LPS treatment,
thus leading to the loss of integrity of the pulmonary micro-
vascular endothelium barrier (Figure 9). These data indicated
that MS-MSCs restored the intercellular junction of LPS-
treated ECs.
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Figure 8: Effects of MS-MSCs on endothelial intercellular junction protein. Western blotting presented protein expression of VE-cadherin
and Connexin-43 (a). Compared with the LPS-treated EC group, the MSC and MS-MSC groups increased VE-cadherin (b) and
Connexin-43 (c) expressions (p < 0:01). VE-cadherin: vascular endothelial cadherin.
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4. Discussion

ARDS is the leading cause of mortality in ICU patients [31]
and featured with acute diffuse lung injury, which results in
severely injured lung compliance and increased pulmonary
vascular permeability [3]. MSC is a promising method to
restore endothelial function [32], but when engrafted on
the alveolocapillary barrier, the efficacy of MSCs under
mechanical stretch in the context of decreased lung compli-
ance remains unproven. Our study tried to reveal the effect
of mechanically stretched MSCs on restoring the injured
alveolocapillary barrier. We applied a mechanical stretch
system to simplify yet still mimic the mechanical microen-
viroments present within the lung in a simplified way. We
demonstrated that mechanical stretch could impact MSC
morphology and biological function in a time- and
magnitude-dependent manner and that MS-MSCs could
restored the increased permeability of endothelial cells
induced by LPS.

The alveolocapillary barrier provides an essential func-
tion in regulating the diffusive exchange of molecules. Loss
of barrier integrity could lead to excessive leakage of fluid
and proteins from the vasculature to the alveoli, producing
the pulmonary edema common in ARDS [33]. Sepsis plays
a major role in extrapulmonary edema, and the endothe-
lial barrier stands as the first line of defense in keeping
LPS out of the vascular system [34]. Studies have demon-
strated that endothelial injury is a more important consid-
eration in extrapulmonary ARDS than pulmonary ARDS
[35, 36]. As a major factor driving sepsis and lethal septic
shock, LPS has been studied in in vivo, in vitro, and
ex vivo settings [37, 38]. Hereby, we adopted LPS and a
transwell coculture system to investigate the effects of
MSCs on the permeability of the alveolocapillary barrier.
We found that increased permeability by LPS was signifi-
cantly decreased by MSCs as the cell density increased
accordingly.

Manipulation of mesenchymal stem cell functions is
important for tissue engineering and regenerative medicine.
Heterogeneous mechanical properties of the alveolocapillary
barrier in ARDS caused a complicated microenviroment for
the engraftment of MSCs [36]. So, we used an apparatus to
mimic and simplify the mechanical properties within the
lung tissue in clinical field, as 10% mechanical stretch for
physical stimulation and 20% for severe pathological status.
Our previous research had applied this method and acquired
positive therapeutic results of pulmonary fibrosis investiga-
tion [22]. In this study, we tried to discover evidences of
mechanically stretched MSCs in restoring increased perme-
ability of endothelial barrier induced by LPS. While MSCs
injected via the bloodstream preferred to engraft on and
merge into the injured sites of the pulmonary microvascular
endothelial barrier [9]. Studies have proved that MSCs can
coexist with endothelial cells and other kind of cells in the
barrier for about 24 to 48 hours. [35, 39] Therefore, we inves-
tigated MSCs under these time durations of 10% and 20%
mechanical stretch as used previously [22]. We demonstrated
that mechanical stretch affects cell morphology and cell pro-
liferation, suggesting that mechanical stretch is important for
the maintenance of MSC functions.

The most attractive charateristics of MSCs are the stem-
ness and self-renewal. These properties make them a promis-
ing therapeutic tool in many clinical field, such as the kidney
[40], liver [41], and lung [42]. The stemness of MS-MSCs is
analyzed by the expression of surface markers. When under
the mechanical stretch modes in this study, whether MSCs
could maintain their stemness is crucial for the LPS-treated
EC therapy. The expression of CD90, CD29, and CD45 did
not change with the intervention of different mechanical
stretch patterns. All groups exhibit similar expression of the
surface markers. The results indicate that, in 48 h with the
maximum MS-20%, the MSCs could maintain the stemness.

Increased permeability resulted from the disruption of
the pulmonary endothelial barrier [36]. EC apoptosis played

ECs ECs+LPS ECs+LPS+MSCs ECs+LPS+MSCs-MS
20%-24 h 20%-48 h

VE-cadherin

DAPI

Merger

Figure 9: Effects of MS-MSCs on VE-cadherin. VE-cadherin was detected by immunofluorescent staining and observed by confocal
microscopy. VE-cadherin: vascular endothelial cadherin; DAPI: 4′,6-diamidino-2-phenylindole.
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a vital role in EC barrier integrity [43] We have been proved
that MSCs without mechanical stretch could repair the
injured EC barrier in a cell density-dependent manner. Now-
adays, tissue engineering shows great impact on MSC ther-
apy and achieved great advances [44]. Mechanical stretch, a
method to mimic the mechanical properties of the lung tis-
sue, played an important role in the microenviroment where
MSCs engrafted. Novel strategies to isolate the mechanical
factor could shed some light on MSC application. Our results
indicated that LPS can induce both early and late apoptosis,
and mechanically stretched MSCs decreased EC apoptosis
but decreased slightly as the time and magnitude of MS
increased. Thus, mechanical stretch may account for the
restoring effect on the injured EC barrier through EC
apoptosis.

Constant remodeling of intercellular junctions to regulate
the transendothelial permeability is essential in maintaining
endothelium barrier functions. Treatment with LPS can also
alter the apoptotic status of endothelial barrier cells and badly
damage the paracellular architecture of causing the endothe-
lial barrier to function abnormally and producing pulmonary
edema [43]. Of the intercellular juntion proteins, VE-
cadherin and Connexin-43 are vital for the barrier integrity
and could act as index parameters to evaluate the disruption
of barrier [45]. The results presented that endothlial barrier
integrity was severely damaged by LPS, but MS-MSCs
increased VE-cadherin and Connexin-43 expressions, which
favored the integrity of the endothelial barrier. Therefore,
MS-MSCs restored the increased permeability of the endo-
thelial cell partially by remodeling of VE-cadherin and
Connexin-43.

The following limitations to this research should be
noted. The mechanical stretch system that we used in this
study applies a vacuum to generate mechanical stretch, but
as the culture medium is flowing between the MSCs, other
categories of mechanical stimulations, including shear force
and pressure force, are not absent and may influence cells
in some level. These forces could also produce a biological
response and may thus affect MSC function. However, by
their nature, these three forces are often mixed together and
are difficult to study separately. This could be addressed in
future studies.

5. Conclusions

In conclusion, our experiments reveal that MS-MSCs statisti-
cally improved the increased permeability of the EC barrier
induced by LPS, through decreasing the apoptosis of ECs
and increasing the remodeling of intercellular junctions.
These findings provide additional in vitro evidences for the
therapeutic potential of MSCs and may be useful for the
clinical utilization of MSCs.
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Current cell-based therapies on musculoskeletal tissue regeneration were mostly determined in rodent models. However, a direct
translation of those promising cell-based therapies to humans exists a significant hurdle. For solving this problem, canine has been
developed as a new large animal model to bridge the gap from rodents to humans. In this study, we reported the isolation and
characterization of urine-derived stem cells (USCs) from mature healthy beagle dogs. The isolated cells showed fibroblast-like
morphology and had good clonogenicity and proliferation. Meanwhile, these cells positively expressed multiple markers of
MSCs (CD29, CD44, CD90, and CD73), but negatively expressed for hematopoietic antigens (CD11b, CD34, and CD45).
Additionally, after induction culturing, the isolated cells can be differentiated into osteogenic, adipogenic, chondrogenic, and
tenogenic lineages. The successful isolation and verification of USCs from canine were useful for studying cell-based therapies
and developing new treatments for musculoskeletal injuries using the preclinical canine model.

1. Introduction

Stem cells and tissue-derived stromal cells stimulate the
repair of degenerated and injured tissues, motivating a
growing number of cell-based therapies in the musculoskele-
tal field [1, 2]. Mesenchymal stem cells (MSCs) showed a
good self-renew ability and were capable of differentiating
into the progeny of several lineages, including osteoblasts,
chondrocytes, adipocytes, fibroblasts, tenocytes, and myo-

blasts [3–7]. Thus, it was the most commonly used cell source
in cell-based therapies. In recent years, preclinical and
clinical studies have determined that the MSCs isolated from
the bone marrow, peripheral blood, adipose tissue, syno-
vium, and periosteum [3, 8, 9] have the therapeutic potential
for the regeneration of injured musculoskeletal tissues, such
as the bone, cartilage, tendon, enthesis, and intervertebral
disc [10–14]. However, these types of MSCs are restricted
by the invasive and painful harvesting procedures, which
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may cause donor site morbidity and limit their use for autog-
enous approaches. Therefore, finding a stem cell harvested
without invasive and painful procedures would help us
escape from the dilemma of the current cell-based therapies.

Urine-derived stem cells (USCs) isolated from urine have
received significant attention and been studied as a prom-
ising candidate for the development of new cell-based
therapies owning to their multilineage potential (differenti-
ation into osteocytes, chondrocytes, adipocytes, neurocyte,
myocytes, and endothelial cells) and sufficient proliferation
capacities [15. 16]. The advantages of USCs include nonin-
vasive and low-expense harvesting as well as being consid-
ered ethical. Additionally, USCs have been isolated from
autologous urine which do not induce immune responses
or rejection [15, 16]. Therefore, USCs are considered as
an attractive alternative source for cell-based therapies to
enhance musculoskeletal tissue regeneration.

Currently, most of the cell-based therapies on musculo-
skeletal tissue regeneration were determined in rodent
models. A direct translation of those promising cell-based
therapies to humans exists a significant hurdle. For solving
this problem, a number of large animal species have been
used by researchers to bridge the gap from rodents to
humans [17–21]. Among these large animal species, canine
represents a compelling model for translational studies.
Compared with the rodents, dogs are large, long-lived, genet-
ically diverse, and share many physiological and biochemical
similarities with humans. Until now, canine models have
been successfully used to develop adult bone marrow trans-
plantation, gene therapy, and allograft rejection protocols
for use in humans [22–24]. In addition, dogs have good com-
pliance and response to learned behaviors, such as treadmill
exercise; it was used to evaluate new therapies for cardiovas-
cular and orthopedic diseases [25, 26]. Based on these bene-
fits, the preclinical canine models in osteoarthritis, anterior
cruciate ligament reconstruction, rotator cuff repair, menis-
cal injury, and nonunion fracture have been developed and
described in recent articles [27–33], which can be used to
bridge the gap from rodents to humans. Although USCs have
been successfully isolated in humans, no report has described
the protocol of isolating USCs from canine (cUSCs). There-
fore, it is imperative to isolate cUSCs to facilitate future
studies on regenerative strategies for musculoskeletal tissue
injuries.

In this study, we described the isolation and identification
of cUSCs for the first time, and its morphology at different
passages, surface markers, proliferation capacity, clonogeni-
city, and multilineage differentiation potential were investi-
gated in vitro. The protocol developed for isolating cUSCs
is an essential step to extrapolate USC-based therapy from
a preclinical canine model for clinical management of tissue
injuries.

2. Materials and Methods

2.1. Ethics Statement. The local animal ethics committee
approved the experimental protocol for the use of beagle
dogs in this study.

2.2. Canine USC Isolation and Expansion. The procedures of
cUSC isolation and culture are depicted in Figure 1. Briefly,
three healthy dogs were anesthetized with 3% pentobarbital
sodium (0.15mL/kg), and about 20mL of urine sample was
obtained from each dog with a sterile catheter. After centrifu-
gation at 400× g for 10min, the supernatant was discarded,
and about 1mL of the remaining liquid in the tube was gently
resuspended with 10mL PBS containing 1% antibiotic-
antimycotic (Gibco, USA). And then, the mixture was centri-
fuged at 200× g for 10min, and the supernatant was
discarded. Three milliliters of primary medium (Table 1)
was added into the remaining liquid, and the cell pellet was
gently resuspended. The cell supernatant was averagely
transferred into two wells of a 12-well plate. After the first
48 h, each well was added with 1mL of primary medium.
At the second 48h, 1mL of primary medium was replaced
with 1mL of fresh proliferation medium (Table 2). The
whole medium was changed with a proliferation medium
every 3 days. The cells were passaged when reaching
80-90% confluence. Passage 3 cells were used for further
experiments.

2.3. Colony-Forming Unit (CFU) Assay. The CFU-F assay was
performed to evaluate the clonogenicity of the isolated
canine-derived cells. Briefly, canine USCs were plated on a
6-well plate in triplicate at 20 cells per well. After 10 days of
cultivation, the cells were stained with 1% crystal violet
(Solarbio, CHN), and the stained colonies bigger than
2mm were counted. The CFU-F assay was performed
independently in three dogs.

2.4. Cell Proliferation. The proliferation of isolated cells was
evaluated at time points of 1, 3, 5, 7, and 9 days using the Cell
Counting Kit-8 (CCK-8) (7seabiotech, China). Briefly,
canine USCs were plated in a 96-well plate at 2 × 103 cells
per well and incubated at 37°C with 5% CO2. At the desired
time point, the cells in each well were incubated with 10μL
of CCK-8 reagent and 100μL serum-free medium. After
incubating the plate at 37°C with 5% CO2 for 2 h, the absor-
bance at 450 nm was recorded using a microplate reader
(Varioskan LUX, Thermo, USA). Each experiment was
performed in four replicates. The cell proliferation assay
was performed independently in the three dogs.

2.5. Surface Markers of Isolated Cells. The surface markers of
isolated cells were analyzed by flow cytometry analysis.
Briefly, the isolated cells (1 × 106 cells, passage 3) from
the three dogs were, respectively, suspended in 100μL
phosphate-buffered saline (PBS) containing 10μg/mL anti-
bodies for PE-conjugated CD29 (303003, BioLegend,
USA), PE-conjugated CD44 (103024, BioLegend, USA),
PE-conjugated CD90 (561970, BD Biosciences, USA), PE-
conjugated CD105 (bs-0579R-PE, Bioss, CHN), FITC-
conjugated CD73 (bs-23233R-FITC, Bioss, CHN), PE-
conjugated CD34 (559369, BD Biosciences, USA), and
FITC-conjugated CD45 (11-5450-42, eBioscience, USA).
After incubation for 30min at 4°C, the cells were washed
with PBS and then resuspended in 500μL of PBS for
analysis. As for CD11b, the isolated cells (1 × 106 cells,
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passage 3) were suspended in 100μL phosphate-buffered
saline (PBS) containing 10μg/mL CD11b (MA5-16604,
eBioscience, USA). After incubation for 30min at 4°C,
the cells were washed with PBS and then labeled with goat
antirabbit IgG (H+L) cross-adsorbed secondary antibody,
FITC (F-2765, Invitrogen), at a dilution of 1 : 500 for 1 h
at room temperature. Cell fluorescence was evaluated by
flow cytometry using a DxP Athena™ flow cytometry
system (Cytek) and analyzed with FlowJo 10 software
(Tree Star, USA).

2.6. Osteogenic Differentiation. The isolated cells were cul-
tured in complete medium at 5000 cells/cm2 in 6-well plates.
When the cultured cells reached 80%-90% confluence, three
wells of cells were cultured with basal complete medium (as
the control group), and the other three wells of cells were cul-
tured with osteogenic differentiation medium (MUBMD-
90021, Cyagen, CHN) (as the osteogenic group). The
medium was changed every 3 days. After 7-day culture,
quantitative real-time polymerase chain reaction analysis
(qRT-PCR) was performed for evaluating the expression of
osteogenic genes (Runx2, Spp1, Bglap) in the cells. The
primer sequences were listed in Table 3. Meanwhile, Runx2
expression was evaluated by immunofluorescence assay
using the anti-Runx2 antibody (ab76956, Abcam, USA).
Additionally, Alizarin Red was used to stain the calcium nod-
ules for assessing osteogenic differentiation of isolated cells

Table 1: Reagents and formula of the primary medium for
canine USCs.

Reagents Formula (mL)

REGM SingleQuot kit (Lonza, USA) 2.6mL

DMEM/F-12 (Gibco, USA) 86.4mL

Fetal bovine serum (Gibco, USA) 10.0mL

Antibiotic-antimycotic (Gibco, USA) 1.0mL

Table 2: Reagents and formula of proliferation medium for
canine USCs.

Reagents Formula (mL)

DMEM/F-12 (Gibco, USA) 43.5mL

RE basal medium (Lonza, USA) 42.9mL

REGM SingleQuot kit (Lonza, USA) 600.0 μL

Fetal bovine serum (Gibco, USA) 10.0mL

Antibiotic-antimycotic (Gibco, USA) 1.0mL

GlutaMAX (Gibco, USA) 1.0mL

MEM non-essential amino acids (Gibco, USA) 1.0mL

bFGF (Peprotech, USA) 500 ng

PDGF-BB (Peprotech, USA) 500 ng

EGF (Peprotech, USA) 500 ng

Discard supernatant

Resuspend with
10 mL PBS

Resuspend with 3 mL
primary medium

Transfer into two wells
of a 12-well plate

Add 1 mL
primary medium

A�er 48 hours
A�er 48 hours

1 mL primary medium was replaced
with 1 mL proliferation medium

Change of proliferation medium

20 mL of urine sample

Urinary catheterization

Centrifugation
(400 × g for 10 min)

Every 3 days 

Discard supernatant

Figure 1: Schematic diagram showing the procedure of canine USC isolation and culture.
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after a 21-day culture. To conduct Alizarin Red assay, the
cells were washed twice with PBS, followed by 10min fixation
in 70% ethanol and incubated in 0.5% Alizarin Red solution
for 30min, followed by PBS washing to remove the residual
dye. The images of stained cells were obtained using a
fluorescence microscope and a light microscope, respectively.

2.7. Adipogenic Differentiation. The isolated cells were cul-
tured in complete medium at 5000 cells/cm2 within 6-well
plates. When the cultured cells reached 95-100% confluence,
three wells of cells were cultured with basal complete
medium (as the control group), and the other three wells of
cells were cultured with adipogenic differentiation medium
(MUBMD-90031, Cyagen, CHN) (as the adipogenic group).
The medium was changed every 3 days. After 7-day culture,
qRT-PCR was performed for evaluating the expression of
adipogenic genes (PPARγ, FABP4, LPL) in the cells. Mean-
while, the PPARγ expression was evaluated by immunofluo-
rescence assay using an anti-PPARγ antibody (ab45036,
Abcam, USA). The primer sequences were also listed in
Table 3. Additionally, Oil red O was used to stain the neutral
lipid vacuoles within cells for assessing the adipogenic differ-
entiation of isolated cells after a 21-day culture. The steps for
Oil red O staining assay are described below: the cells were

washed twice with PBS and then fixed with 70% ethanol for
20 s. After that, they were incubated with filtered 0.3% Oil
red O solution for 15min, followed by thorough washing
with PBS. The images of stained cells were viewed using a
light microscope.

2.8. Chondrogenic Differentiation. The isolated cells were cul-
tured in complete medium at 5000 cells/cm2 within 6-well
plates. When the cultured cells reached 80%-90% confluence,
three wells of cells were cultured with a basal complete
medium (as the control group), and the other three wells of
cells were cultured with a chondrogenic differentiation
medium (MUBMD-90041, Cyagen, CHN) (as the chondro-
genic group). The medium was changed every 3 days. After
7-day culture, qRT-PCR was performed for evaluating the
expression of chondrogenic genes (Sox9, Acan, Col2a1) in
the cells. The primer sequences are listed in Table 3. Mean-
while, Sox9 expression was evaluated by immunofluores-
cence assay using the anti-Sox9 antibody (PA5-23383,
Invitrogen, USA). Additionally, Alcian blue was used to stain
the deposition of proteoglycan around the cells for assessing
the chondrogenic differentiation of isolated cells after a 21-
day culture. The Alcian blue staining assay was performed
by the following steps: the cells were washed twice with PBS

Table 3: Primer sequences used for qRT-PCR analysis.

Markers Gene Primer sequence (5′-3′)

Osteogenic genes

Runx2
Forward CAGACCAGCAGCACTCCATA

Reverse CAGCGTCAACACCATCATTC

Bglap
Forward CTGAATCCCGCAAAGGTGGT

Reverse CTCGTCACAGTTGGGGTTGA

Spp1
Forward TAGCCAGGACTCCGTTGACT

Reverse ACACTATCACCTCGGCCATC

Chondrogenic genes

Sox9
Forward GCTCGCAGTACGACTACACTGAC

Reverse GTTCATGTAGGTGAAGGTGGAG

Col2a1
Forward GAAACTCTGCCACCCTGAATG

Reverse GCTCCACCAGTTCTTCTTGG

Acan
Forward ATCAACAGTGCTTACCAAGACA

Reverse ATAACCTCACAGCGATAGATCC

Adipogenic genes

PPARγ
Forward primer TCACAGAGTACGCCAAAAGT

Reverse primer ACTCCCTTGTCATGAATCCT

FABP4
Forward ATCAGTGTAAACGGGGATGTG

Reverse GACTTTTCTGTCATCCGCAGTA

LPL
Forward ACACATTCACAAGAGGGTCAC

Reverse CTCTGCAATCACACGGATG

Tenogenic genes

Tnmd
Forward GATCCCATGCTGGATGAG

Reverse TACAAGGCATGATGACACG

Scx
Forward AAGCTCTCCAAGATCCGAGACACTG

Reverse AAGAAGGGCCCAGAGTGGC

Mkx
Forward AGACATGTCATGGCCACAAA

Reverse TGATGATGAGGGAGACACCA

Housekeeping GAPDH
Forward CCATCTTCCAGGAGCGAGAT

Reverse TTCTCCATGGTGGTGAAGAC
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and then fixed with 70% ethanol for 20 s. After that, they were
incubated with Alcian blue solution for 30min, followed by
thorough washing with PBS. The images of stained cells were
obtained using a fluorescence microscope and a light micro-
scope, respectively.

2.9. Tenogenic Differentiation. The isolated cells were cul-
tured in complete medium at 5000 cells/cm2 within 6-well
plates. When the cultured cells reached 80%-90% confluence,
three wells of cells were cultured in basal medium alone (as
the control group) or supplemented with 50 ng/ml BMP-12
(PeproTech) (as the tenogenic group). The medium was
changed every 3 days. After 7-day culture, qRT-PCR was per-
formed for evaluating the expression of tenogenic genes
(Tnmd, Scx, and Mkx) in the cells. The primer sequences
were listed in Table 3. Meanwhile, Tnmd expression was
evaluated by immunofluorescence assay using the anti-
Tnmd antibody (ab81328, Abcam, USA). The images of
stained cells were obtained using a fluorescence microscope.

2.10. Statistical Analysis. All quantitative data are presented
as mean ± standard deviation. The comparison of the two
groups was done using a two-tailed, unpaired Student’s
t-test, and the comparison of multiple groups was done using
a one-way factorial analysis of variance (ANOVA) followed
by the comparison of individual means with Tukey’s test.
The statistical analyses were performed using the SPSS 25.0
software (SPSS, USA). p < 0:c05 was regarded as statistically
significant. All the experiments have been performed at least
three biologically independent replicates.

3. Results

3.1. Morphology and Proliferation of Urine-Derived Cells. At
days 5–7 after primary culture, adherent cells and colonies
with spindle-shape or round-shape were observed, and
lots of dead sperm were suspended in the medium
(Figure 2(a)). In passage 1, most of the isolated cells exhibited
a spindle-shape and fibroblast-like morphology, and few of
them still displayed round-shape (Figure 2(a)). At passage 2
or 3, the canine urine-derived cells exhibited a homogeneous
spindle-shaped morphology (Figure 2(a)). CCK-8 assay
indicated that passage 3 of the isolated cells proliferated with
a high rate within the first 5 days (Figure 2(b)).

3.2. Clonogenicity of Urine-Derived Cells. The clonogenicity
of the isolated urine-derived cells was determined using the
CFU assay. After 10 days of culture, cells isolated from urine
formed adherent cell colonies (Figure 2(c)). Statistically, the
isolated cells formed 6:92 ± 1:31 colonies at a density of 40
cells per well (Figure 2(c)).

3.3. Surface Marker of Urine-Derived Cells. Flow cytometric
analysis showed that passage 3 urine-derived cells positively
expressed multiple markers of MSCs (CD29, CD44, CD90,
and CD73), but negatively expressed for hematopoietic
antigens (CD11b, CD34, and CD45) (Figure 3). These
immunophenotypic profiles were in accordance with the cri-
teria for definingMSCs proposed by the International Society
for Cellular Therapy (ISCT) [34].

3.4. Osteogenic Differentiation Potential. After 7 days of
culture, the cells in osteogenic induced medium showed a
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Figure 2: (a) Morphology of cells isolated from canine urine at different passages. At P0, spindle-shaped or round-shaped cells were observed.
At P1, spindle-shape and fibroblast-like morphology cells were observed. Scale bars = 200 μm. (b) The proliferation of urine-derived cells was
determined by CCK-8 assay. Four samples were measured for each time point. The experiment was performed independently in the three
dogs. (c) Colony-forming unit assay of the isolated cells after 10 days of culture. Scale bars = 2mm.
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significantly higher mRNA expression level of Runx2, Bglap,
and Spp1 compared with the cells in basal medium (p < 0:05
for all) (Figure 4(a)). Additionally, most of the cells cultured
in osteogenic induced medium are positive for Runx2 protein
expression (Figure 4(b)). After 21 days of osteogenic induc-
tion, Alizarin Red assay showed that osteogenic induced
cultures had calcium nodules, while the calcium nodules
were absent in the basal cultures (Figure 4(c)).

3.5. Adipogenic Differentiation Potential. After 7 days of
adipogenic induced medium, the mRNA expression level of
PPARγ, FABP4, and LPL were significantly upregulated in
the cells under adipogenic induced medium when compared
with the cells under basal medium. Qualitatively, there was a
2:45 ± 0:23, 4:79 ± 0:24 and 3:62 ± 0:21-fold increase for
PPARγ, FABP4, and LPL upon adipogenic induction
compared to basal cultures, respectively (p < 0:05 for all)
(Figure 5(a)). Immunofluorescence assay showed that the

cells in the adipogenic group expressed the PPARγ obviously,
while limited expression was showed in the cells under basal
complete medium (Figure 5(b)). Under the influence of adi-
pogenic induction, the isolated cells achieved an adipocytic
phenotype by the end of the third week. The presence of
intracytoplasmic lipid droplets was confirmed by Oil Red O
staining only in induced cultures (Figure 5(c)), but not in
basal cultures.

3.6. Chondrogenic Differentiation Potential. After 7 days
of chondrogenic induction, the increased expression of
chondrogenic-associated markers (Sox9, Col2a1, Acan) was
found in the chondrogenic group with respect to the control
group (p < 0:05 for all) (Figure 6(a)). Moreover, immunoflu-
orescence assay showed that the cells cultured in the chon-
drogenic differentiation medium were positive for Sox9
expression, while no Sox9 expression was found in the cell
cultured on basal complete medium (Figure 6(b)). After 21
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Figure 3: Flow cytometry for the isolated cells. (a) Representative histograms demonstrating positive and negative staining of urine-derived
cells from a single dog. (b) Percentage of positive cells for the urine-derived cells isolated from three canine donors.
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days of chondrogenic induction, there was glycosaminoglycan
deposition found around the cells by Alcian blue staining
(Figure 6(c)).

3.7. Tenogenic Differentiation Potential. The isolated cells
exposed to the tenogenic induced medium for 7 days showed
a significant enhancement in the Tnmd, Scx, and Mkx
expression with respect to the cells under basal cultures
(p < 0:05 for all) (Figure 7(a)). Immunofluorescence assay
showed that the cells in the tenogenic induced medium obvi-
ously expressed the Tnmd protein, while limited expression
was showed in the cells under basal medium (Figure 7(b)).

4. Discussion

MSCs have been isolated from several canine sources, includ-
ing the bone marrow, adipose tissue, synovium tissue,
infrapatellar fat pad, umbilical cord vein, and ovarian tissue
[8, 35–38]. In this study, we describe for the first time the
isolation, characterization, and differentiation potential of
MSCs obtained from canine urine samples, namely, cUSCs.
The isolated cUSCs displayed spindle-shaped cells with rapid

proliferation potential and were able to self-renewal forming
colonies from single cells and showed osteogenic, adipogenic,
chondrogenic, and tenogenic differentiation. The protocol
developed for isolating cUSCs will be convenient for extrap-
olating USCs-based therapies from a preclinical canine
model for clinical management of tissue injuries.

Plastic adherence is one of the most obvious characteris-
tics of MSCs. Our study showed that the isolated cUSCs
adhered to plastic and displayed a spindle-shaped morphol-
ogy, similar to those reported from humans[15, 39]. Previous
studies reported that USCs derived from human urine
(hUSCs) proliferated to 70-80% confluence no more than 3
days [16, 40], while the other two studies indicated that USCs
derived from humans proliferated to 70-80% confluence no
more than 5 days [41, 42]. Similarly, our study showed that
after 5 days, the cUSCs proliferated to 70-80% confluence.

Surface markers are another index to identify MSCs. A
relative consensus currently exists regarding the surface
markers detected with flow cytometry for human MSCs
[34]. Unfortunately, a consensus regarding an acceptable
flow cytometry profile remains to be determined for canine
MSCs. Our study demonstrated that the isolated cell from
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Figure 4: Osteogenic differentiation of urine-derived cells in vitro. (a) Osteogenic gene (Runx2, Bglap, SPP1) expression compared between
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canine urine was positive for CD29, CD44, CD90, and CD73,
while lacking expression of CD45, CD11b, and CD34, which
corresponds to the MSC surface markers specified by the
International Society for Cellular Therapy (ISCT) [34]. The
expressions of these surface markers were consistent with
USCs from humans [39, 42].

During osteogenic differentiation of the isolated cUSCs,
calcium phosphate deposition and osteogenic-specific gene
expressions were tested. Runx2 and Spp1 are known to be
upregulated during the osteogenic differentiation of human
MSCs [43, 44]. Bglap is a bone-specific gene required for
matrix mineralization [45]. In cUSCs with osteogenic induc-
tion, Runx2, Spp1, and Bglap were found to be significantly
upregulated expressed at day 21, and lots of calcium nodules
positive for Alizarin Red staining formed at the culture
plate. These results were consistent with similar studies
in hUSCs [39].

During the process of cUSC adipogenic differentiation,
lipid droplet formation and adipocyte-specific gene (PPARγ,
FABP4, and LPL) expression were detected. The cellular
function of FABP4 is the coupling of fatty acids to several
molecular targets as a fatty acids chaperone [46]. Via perox-

isome proliferator response elements, the transcription of
FABP4 is directly coupled to PPARγ for enhancing the
adipogenic differentiation of MSCs [47]. During the process
of adipogenesis, the expression of FABP4 was found to be
upregulated in cUSCs. In addition, PPARγmight play a crit-
ical role in adipogenesis by binding to the enhancer of
adipocyte-specific genes, such as LPL, leptin, fatty acid-
binding protein, and the adipocyte P2 gene (aP2) [48, 49].
Thus, the cUSCs under adipogenic induction presented sig-
nificantly higher expression of PPARγ and LPL with respect
to the untreated cUSCs.

As for the chondrogenic differentiation capacity of
cUSCs, there exists a dispute. Pei et al. reported that USCs
did not present the ability to differentiate into chondrocytes
in a 5% O2 and 5% CO2 incubator up to 14 days [50], while
some studies have determined that USCs could differentiate
toward the chondrogenic lineages after chondrogenic induc-
tion for 28 days [51–53]. Meanwhile, some studies showed
that USCs could differentiate into chondrocytes but pre-
sented relatively lower chondrogenic potential with respect
to MSCs derived from adipose tissue (ASCs) or bone marrow
(BMSCs) [40, 54]. But another study indicated that USCs
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possessed a similar biological characteristic to ASCs and had
multilineage differentiation ability [51]. Herein, the chondro-
genic potential of cUSCs was showed by a synthesis of pro-
teoglycans using Alcian blue staining. The expressions of
Col2a1 and Acan (major cartilage extracellular matrix com-
ponents) were upregulated in the cUSCs after chondrogenic
induction in a 20% O2 and 5% CO2 incubator. This study
indicated that the isolated cUSCs under chondrogenic induc-
tion could differentiate into chondrocytes.

BMP-12 is a critical growth factor involved in guiding
MSC tenogenic differentiation [55, 56]. Thus, we added it
into the culture medium of cUSCs and then determined the
tenogenic differentiation potential of cUSCs by evaluating
their tenogenic gene (Tnmd, Scx, and Mkx) expression and
Tnmd protein expression. Stimulated by BMP-12 for 7 days,
the expression level of Tnmd and Scx was significantly upreg-
ulated in cUSCs. Scx is critically involved in the development
of tendon progenitors, and Mkx is a critical transcription fac-

tor for the subsequent tendon differentiation and maturation
[57], while the gene expression of Tnmd, a well-known late-
stage tenogenic marker [58], was also significantly overex-
pressed. The enhanced expression of tendon-related genes
following BMP-12 treatment is in good agreement with other
studies performed on MSCs from humans and rats [55, 56].

A limitation of this study is that the multilineage differen-
tiation potentials of cUSCs were not evaluated in vivo. Previ-
ous literatures indicated that the hUSCs have the ability to
differentiate into the bone, cartilage, and urinary tract tissue
[16, 39, 41]. In future studies, we used the cUSCs combined
with tissue-engineering scaffold for regenerating the bone,
cartilage, tendon, and urinary tract tissue in the preclinical
canine model.

In conclusion, for the first time, cUSC was successfully
isolated from canine urine, which presented clonogenicity
and high proliferation capacity. In addition, these cells
express the specific-makers of MSCs and can differentiate
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into osteogenesis, chondrogenesis, adipogenesis, and teno-
genesis under a specific induction. The successful isolation
of USCs from canine urine may help us preliminarily evalu-
ate the efficacy of USCs-based therapy in a preclinical canine
model for clinical management of tissue injuries.
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A novel severe acute respiratory syndrome coronavirus (SARS-CoV-2) causing lethal acute respiratory disease emerged in December
2019. TheWorld Health Organization named this disease “COVID-19” and declared it a pandemic onMarch 11, 2020. Many studies
have shown that mesenchymal stem cells (MSCs) and their exosomes (MSCs-Exo), which are isolated from allogenic bone marrow
stem cells, significantly lower the risk of alveolar inflammation and other pathological conditions associated with distinct lung
injuries. For example, in acute respiratory distress syndrome (ARDS) and pneumonia patients, MSCs-Exo and MSCs provide
similar healing properties and some clinical trials have used cell-based inhalation therapy which show great promise. MSCs and
MSCs-Exo have shown potential in clinical trials as a therapeutic tool for severely affected COVID-19 patients when compared to
other cell-based therapies, which may face challenges like the cells’ sticking to the respiratory tract epithelia during administration.
However, the use of MSCs or MSCs-Exo for treating COVID-19 should strictly adhere to the appropriate manufacturing practices,
quality control measurements, preclinical safety and efficacy data, and the proper ethical regulations. This review highlights the
available clinical trials that support the therapeutic potential of MSCs or MSCs-Exo in severely affected COVID-19 patients.

1. Introduction

A lethal acute respiratory tract disease caused by a novel severe
acute respiratory syndrome (SARS) coronavirus emerged at the
end of 2019 in Wuhan, China [1–3]. The first outbreaks in
China 13.8% suffered severe disease and 6.1% required critical
care [4]. Since that outbreak, the World Health Organization

(WHO) named the disease Coronovairus Disease “COVID-
19” and declared it a pandemic on March 11, 2020 [5]. It is
caused by an RNA virus (ssRNA) 50–200nm in diameter that
is composed of four structural proteins: nucleocapsid protein,
spike protein, envelope protein, and membrane protein [1].

As COVID-19 cases emerged, the pertaining symptoms
were associated with severe respiratory tract infections and
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inflammations. At first, the infections were thought to be part
of the normal, seasonal flu. However, after many failed
attempts to control the infectious virus, it was identified as
a different virus with similar symptoms to other respiratory
viral diseases. Patients probably were first infected with the
virus through a wholesale market of seafood and other non-
vegetarian food items; the first patients worked at the market
or made purchases there regularly. As more cases were iden-
tified, the market was closed with immediate effect, and all
required steps were adopted to avoid further spreading of
infections due to the highly contagious nature of the virus [4].

The causative virus was found to have a 5% genetic asso-
ciation with SARS as part of a subset of beta coronaviruses
[6]. The WHO identified the virus as severe acute respiratory
syndrome coronavirus-2 (SARS-CoV-2) and recommended
that the disease resulting in the current outbreak should
be explained as “2019-nCoV acute respiratory disease”
(2019 novel coronavirus acute respiratory disease). The
nomenclature for the virus was confirmed by the Interna-
tional Committee on Taxonomy of Viruses (ICOTV) as
SARS-COV-2 [7].

Rapid replication of SARS-CoV-2 is believed to occur
after the onset of infection and severe inflammatory
responses due to cytokine storms have been observed. This
subsequent inflammatory response damages alveolar epithe-
lia and capillary endothelial cells, resulting in interstitial and
alveolar edema and impaired pulmonary functions. Such
damage leads to acute hypoxic respiratory failure and results
in acute respiratory distress syndrome (ARDS). People older
than 50 years are at a high risk for COVID-19-induced pneu-
monia, and the WHO has estimated the mortality rate of
SARS-CoV-2 to be ~3.7% [8].

Due to its appearance under an electron microscope,
which is like a solar corona, the SARS-CoV-2 family was
named Coronaviridae. The subfamily Orthocoronavirinae is
zoonotic and is further categorized into the following genera:
alpha, beta, gamma, and delta coronaviruses. Coronaviruses
are varied and have single-strand (ss), positive-sense RNA
(+RNA) [7]. Enzyme lactate dehydrogenase levels and neu-
trophil counts are used as disease identification markers for
SARS viruses [9]. Evidence suggests that bats and birds are
the primary hosts for these coronaviruses, and many studies
have suggested that coronaviruses can infect bats, birds, cats,
dogs, lions, pigs, mice, horses, and whales, as well as humans.
Genomic and serologic data have confirmed that camels and
bats can act as intermediate hosts for humans for Middle East
Respiratory Syndrome Coronavirus (MERS-CoV) and
SARS-CoV, respectively.

Phylogenetic studies of the complete RNA-dependent
RNA polymerase (RdRp) gene have shown that SARS-
CoV-2 is different from SARS-CoV; therefore, SARS-CoV-2
has been identified in the subgenus Sarbecovirus [7]. The
genomic studies of SARS-CoV-2 have revealed its similarity
to bat-derived coronavirus strains, such as bat-SL-CoVZC45
and bat-SLCoVZXC21, the virus that caused the SARS out-
break in 2003 [7]. Evidence has also revealed that SARS-
CoV-2 survives on distinct surfaces. For example, the virus
can persist for 3 hours in aerosol and up to 72 hours on stain-
less steel, plastic, cardboard, and copper surfaces [10].

One of the guidelines recently released by the National
Health and Medical Commission indicated that SARS-
CoV-2 severe cases generally impart severe pneumonia
accompanied by difficulty in breathing after one week of ill-
ness [11, 12]. Severe cases quickly progress to ARDS, septic
shock, and multiple organ dysfunction syndrome (MODS),
which are challenging to manage medically [13]. As men-
tioned previously, COVID-19 causes a severe secretion of
cytokines in the lung region, thereby damaging the alveolar
epithelia and capillary endothelial cells. The immunomodu-
latory effect of the therapeutic agents can reverse this reaction
and thus protect the lungs from severe damage [14].

The containment, management, and treatment of the dis-
ease have challenged both clinicians and researchers in differ-
ent fields of biomedicine. As of the finalization of this
manuscript, no positive or promising treatment against
SARS-CoV-2 has been found, although many streamlined
therapies are on the way. However, the side effects of some
pharmaceutical drugs that have been used to try to control
the disease have been observed and drugs are effective in
some individuals, while they fail in others. Convalescent
plasma therapy also showed some promise [15–17].
Researchers are also working on a vaccine against COVID-
19 but still have a long way to go. Therefore, based on the
research and generated data, immediate therapy that does
not negatively impact the health of the patients is still needed
to overcome the crisis.

Stem cell research and therapy have given hope to both
researchers and clinicians. Previous studies have shown that
stem cell therapy is a promising treatment for numerous dis-
eases and conditions, such as neurodegeneration, diabetes,
and cancer. [18, 19]. Recently, mesenchymal stem cells
(MSCs) have been introduced as a potential therapeutic
approach for treating SARS-CoV-2 [19]. MSCs suppress viral
infections by releasing specific cytokines; these features are
intrinsically present while the MSCs reside in their niche
before being isolated from the source tissue [20]. Therefore,
MSCs and their exosomes (MSCs-Exo) are expected to sur-
vive even when transplanted into a patient with a confirmed
SARS-CoV-2 infection (NCT04276987). Due to the ambigu-
ity of MSC therapy in treating SARS-CoV-2, the reported
clinical trials are being reviewed to present the information
to researchers of the stem cell-based therapy. This review
focuses on approaches to improve patients’ immunological
response against SARS-CoV-2 infection using MSCs and/or
MSCs-Exo therapy.

2. Covid-19 Diagnosis and Pathogenesis

Initially, SARS-CoV-2 infection presents mild symptoms
that are similar to diseases caused by other respiratory viruses
[21]. The timeline between exposure and appearance of the
first symptoms ranges from 1 to 14 days [4], and epidemio-
logical studies have revealed that SARS-CoV-2 may be trans-
mitted during the pre-symptomatic incubation period [22].
Indeed, virologic studies using reverse transcriptase-
polymerase chain reaction (RT-PCR) have detected large
quantities of the SARS-CoV-2 viral RNA among persons with
asymptomatic and pre-symptomatic SARS-CoV-2 infections
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[23]. The risk of transmission is not yet clear due to the
uncertain degree of SARS-CoV-2 viral RNA shedding. How-
ever, it is thought to be greatest in symptomatic patients since
viral shedding is at its peak at symptom onset and gradually
declines over time (up to several weeks) [22–24].

The symptoms of SARS-CoV-2 infection may involve a
dry cough, sore throat, tiredness, high fever, anorexia, myal-
gia, and nasal congestion among others [25]. These symp-
toms begin increasing gradually, leading to difficulty in
breathing and need for hospitalization as they progress. Less
than 10% of symptomatic patients have reported headaches,
confusion, hemoptysis, rhinorrhea, sore throat, vomiting,
and diarrhea [26]. Some persons with SARS-CoV-2 may
experience gastrointestinal symptoms, such as diarrhea and
nausea, before the onset of fever and lower respiratory tract
problems [27]. About 80% of symptomatic patients do not
require medical assistance or hospitalization. The rate of
mortality reported among patients admitted to the ICU has
varied, ranging from 39 to 72%. Survivors have a median hos-
pitalization period of 10–13 days [4].

Two other lethal coronaviruses, SARS-CoV and MERS-
CoV, have been found to induce an excessive and unusual
immune response of the host cells similar to SARS-CoV-2
[28]. However, unlike SARS-CoV-2, infections caused by
these viruses are always accompanied by cytokine storms
(an encroachment of the immune system cells and their acti-
vating compounds, such as cytokines) that subsequently
result in ARDS, thereby producing multiple organ failure
and/or death [8]. Even in patients treated for cytokine storms
in the ICU, continued inflammation leads to severe pulmo-
nary fibrosis, causing lung dysfunction and substantially
reducing the quality of life [8]. The pathogenesis of SARS-
CoV-2 is less clear, and many avenues for new therapeutic
strategies are being explored and unfortunately, nothing is
reliable at this time.

3. Immunomodulation by Mesenchymal Stem
Cells and/or Their Exosomes

Therapeutic applications of stem cells for a variety of disor-
ders have been explored. As a result, the number of clinical
trials conducted with MSCs has increased exponentially over
the past few years. MSCs are the most efficient and postindi-
genous stem cells as they are self-renewable and able to dif-
ferentiate into multiple genealogies [29, 30]. These stem
cells possess atypical characteristics, such as easy isolation
and harvesting procedures, pliability, and intrinsic movement
toward an injured area (i.e., the process of homing) [31–33].
MSCs have shown antiapoptotic and anti-inflammatory
actions in the administrated tissues, and through paracrine
secretions, MSCs are responsible for immunomodulatory
effects [34, 35]. Furthermore, they are capable of activating
other resident stem cells to be utilized in the healing process
and can stimulate neo-angiogenesis, tissue repair, and cell
survival in surrounding tissues [36] by facilitating tissue
regeneration through mechanisms involving their inherent
self-renewal and multiple differentiations. These capabilities
have rendered MSCs biologically significant and clinically
useful for research. Notably, MSCs are free from any ethical

issues and constraints enabling their universal application.
MSC therapy has been effectively utilized to cure some disor-
ders, including degenerative, inflammatory, and metabolic
diseases, and it has been used to repair and regenerate dam-
aged or lost tissues [30, 31, 37, 38]. Moreover, the therapy has
been found to be applicable for treating cancer [39] as well as
neurodegenerative disorders [40].

Every stem cell, including MSCs, has a distinctive and
intrinsic homing property that moves it toward the site of
inflammation in the body. Various studies have indicated
that stem cells can repair damaged or diseased tissues, ease
inflammation, and modulate the immune system so that
the patients’ quality of life is improved. These stem cells
influence tissue repair via paracrine activities or by direct
cell-to-cell contacts. In the case of injury, MSCs migrate
toward the injured area, where they generate numerous cells
and play an important role in healing via high multiplication,
differentiation immunomodulation, and neovascularization
induction [36, 37, 41, 42]. Based on their use in successful
transplantation therapy, the stem cells are considered a single
arrow that can hit multiple targets (i.e., various diseases),
resulting in novel therapeutic outcomes [29].

Exosomes are released from all kinds of cells, including
stem cells [43]. They have shown molecular similarity with
their mother cells; therefore, it has been hypothesized that
MSCs-Exo can be administered to the affected area for
neovascularization and tissue repair [41]. Exosomes are
membrane-enclosed extracellular vesicles (EVs) that have a
diameter ranging from 30 to 100 nm. Studies of exosomes
have reported that they are stable at low storage temperatures
for long periods [44], and this survival rate and stability make
them superior to the parent cell [45, 46]. Furthermore, when
compared to cellular therapy, exosomes and EVs provide an
appealing, prudent, and promising therapeutic strategy
because they lack nuclei, which frees them from the risk of
tumor formation and any kind of mutation [47]. Despite
lacking a nucleus, exosomes have all the essential growth fac-
tors and biological signals that help restore damaged tissues
[48, 49]. Indeed, analysis of exosomes’ genomics and proteo-
mics data found that the quality of their mRNA, miRNA,
tRNA, and protein is first rate [50–53].

Experimental studies have shown the efficacy of MSCs
and MSCs-Exo in treating pathological conditions, including
reducing lung inflammation. For example, when MSCs and
MSCs-Exo were injected into pneumonia patients, the
pertaining trials exhibited nearly similar therapeutic effects
[54, 55]. On the other hand, cell-based inhalation therapy
for treating lung infections has also progressed to clinical tri-
als [56, 57]. Additionally, some studies have suggested the
immunomodulatory effects of MSCs and MSCs-Exo. An ani-
mal model of bronchopulmonary dysplasia showed that
exosomes derived from both the umbilical cord and bone
marrow reduced inflammation, fibrosis, pulmonary hyper-
tension, and pulmonary vascular modeling, thereby improv-
ing lung function [38]. The mechanism involved in these
improvements may have been a modulation of the pheno-
type of macrophages with an increase in the number of
immunosuppressive M2 macrophages [38]. Furthermore,
peripheral blood mononuclear cells (PBMC) were isolated
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from asthmatic patients and treated with bone marrow
MSCs-Exo in in vitro conditions; this treatment increased
the expression of interleukin-10 (IL-10) and transformed
growth factor beta 1 (TGF-β1), thus enhancing the func-
tion of immunosuppressive regulatory T cells [58]. More-
over, exosomes taken from adipose tissue-derived MSCs
were found to reduce atopic dermatitis in an in vivo mouse
model; this effect was mediated through a reduction in the
levels of inflammatory cytokines, eosinophils, infiltrated mast
cells, IgE, and CD86+ and CD206+ cells [59].

In a skin-defect mouse model, exosomes from umbilical
cord MSCs were found to reduce scar formation and accu-
mulation of myofibroblasts [60], while a rat skin burn model
showed that exosomes from umbilical cord MSCs both
enhanced the ability of skin wounds to reepithelialize and
promoted the ability of skin cells to proliferate and survive
[61]. Another study using the rat skin burn model found that
umbilical cord MSCs-Exo reduced burn-induced inflamma-
tion; this was attributed to the expression of exosomal
miRNA-181c [62]. Interestingly, in an in vivo model of skel-
etal muscle injury, bone marrow MSCs-Exo were found to
enhance the regeneration of skeletal muscle, which was
attributed partly to miRNAs contained in the exosomes
[63]. Additionally, pathological damage due to inflammation
in a chronic graft-versus-host-disease mouse model was
found to be ameliorated by treatment with bone marrow
MSCs-Exo through a reduction in the activation and infiltra-
tion of CD4+ T cells, suppression of T helper 17 cells, reduc-
tion in inflammatory cytokines, and increase in the levels of
regulatory T cells [64].

Various studies have estimated that MSCs play a crucial
role in tissue regeneration and immunomodulation through
their paracrine activity. Moreover, MSCs facilitate antiapop-
totic activity, impeding the fibrosis of tissues. One study
showed the ability of MSCs to reduce microbial-induced lung
injuries in an in vivo mice model; they imparted significant
contribution against H9N2 and H5N1 viruses in in vivo
mouse models by reducing the hypersecretion of cytokines
into the lungs [65].

The International Society for Cellular and Gene Thera-
pies (ISCT) and the International Society for Extracellular
Vesicles (ISEV) do not currently endorse the use of EVs or
exosomes for any purpose in COVID-19 due to some valid
points before administration to the COVID-19 patients.
Although the ISCT and ISEV encourage research and trials
of MSCs-Exo, they suggest strict handling and precautionary
measures while using MSCs-Exo-related therapies to avoid
failure and risk to the subject’s health.

The source of the MSCs-Exo is also important as MSCs
are a heterogeneous cell entity that can be obtained from dif-
ferent tissues. Even if they are obtained from identical tissues,
they may display clone-specific functional differences [66].
Side-by-side comparison of four MSCs-Exo preparations
harvested from the conditioned media of different donor-
derived bone marrow MSCs showed significant variations
in cytokine content (Kordelas et al. 2014). Additionally, the
correlation with MSCs’ therapeutic potency is poorly under-
stood, and researchers must identify the exact mechanistic
action [67].

Like some other viruses, the novel coronavirus enters the
host cell through the angiotensin-converting enzyme 2
(ACE2) receptor on the host cell’s surface [68]. ACE2 recep-
tors are abundantly present in human blood vessels and act
as a cardioregulator. In the lungs, these receptors are present
on the alveolar type II cells (AT2). This is the reason that
coronavirus mostly attacks the cells of the capillary-
permeated lungs [69]. Additionally, the virus can affect any
other organ where ACE2 receptors are present, such as the
kidneys. Indeed, multiorgan failure in severe cases can even
result in patients’ deaths.

In this case, MSCs can be deployed to ameliorate SARS-
CoV-2-induced hyperinflammation and pathology through
their anti-inflammatory activity. As ACE2 receptors are
absent on MSCs, MSCs cannot be targeted by COVID-19.
Thus, MSCs can a reliable treatment for overcoming lung
injuries and can be involved in the antiviral pathway [70].
Additionally, MSCs can interact with most of the cells of
the immune system, such as B cells, T cells, neutrophils, nat-
ural killer (NK) cells, dendritic cells (DCs), andmacrophages,
and thereby moderate these cells’ response to pathogens [58,
66]. Moreover, MSCs are stimulated by inflammatory cyto-
kines only when inflammation levels are uncontrollably high.
Furthermore, MSC-released cytokines can prohibit neutro-
phil dissemination and improve macrophage differentiation
[71]. Additionally, they can release EVs containing micro-
RNAs, mRNAs, DNA, proteins, and other metabolites that
can specifically be delivered into host lung cells, thereby pro-
moting the regeneration and restoration of lung structures
and functions [72]. With such astonishing properties,
MSCs-Exo could prove to be a promising therapy for
COVID-19. The pathogenesis and rescue therapy of MSCs
are presented in Figure 1.

4. Recent Studies and Clinical Trials Using Stem
Cells against COVID-19-Induced Pathogenesis

Cell-based clinical trials using stem cells—especially MSCs
and MSCs-Exo from variable sources like adipose tissue,
umbilical cord blood (UCB), Wharton’s jelly, and bone mar-
row—in the treatment of ARDS are undergoing. Indeed,
some of the ongoing clinical trials have yet to submit their
final reports (see Table 1). The safety of MSC application is
being documented, and most reports show low mortality
and morbidity rates in COVID-19 patients [73]. One study
reported the effectiveness of MSC therapeutic strategies
against threatening COVID-19-induced immune system
reactions [74]. Moreover, Leng et al. [75] used MSCs to treat
seven cases (two common, four severe, and one critically
severe case). They showed improvement in the pulmonary
functional outcome of all seven patients in day 2 of MSC
injection without any adverse effects. Furthermore, Sengupta
et al. [76] demonstrated significant reversal of hypoxia and
reversal of cytokine storm in patients hospitalized with severe
COVID-19 following a single intravenous injection of bone
marrow-derived exosomes (ExoFlo), with no adverse effects
associated with the treatment. Although the number of
COVID-19 patients who underwent MSC or MSC-Exo treat-
ment is very limited and there is a lack of studies elucidating
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the underlying mechanisms, these studies showed the poten-
tial application of MSC therapy for severe COVID-19 cases.
It is worth noted that risks associated with MSC transfusion
appear to be uncommon. However, the potential risks might
include failure of the cells to work as expected, potential for
MSCs to multiply or change into inappropriate cell types,
product contamination, growth of tumors, infections, throm-
bus formation, and administration site reactions [77, 78].
Fortunately, MSC-Exo can overcome these potential risks
as they cannot replicate or differentiate [79].

Doctors and researchers from the UAE, USA, Iran, and
Jordan are working on stem cell-based therapies for COVID-
19, and these ongoing clinical trials are providing important
information for the fight against COVID-19. Many studies
have shown that MSCs-Exo treat ARDS by suppressing
inflammation via modulating the immune systems and thus
protect alveolar epithelial cells [54]. MSCs have also shown
a positive impact against COVID-19-induced infection (Clin-
icalTrials.gov, Identifier: NCT04361942); they were found to
be efficacious in reducing nonproductive inflammation and
in promoting lung regeneration in phase 2 clinical trials
(ClinicalTrials.gov, Identifier: NCT03608592), as well as in
patients with ARDS in other clinical trials. The clinical trials
are listed in Table 1, which summarizes the ongoing clinical
trials, their country of origin, their current phase, and the pos-
sible working timeline. As shown in the table, some studies
are still in the first phase, while others are in their second
and third phases.

The recovery of patients is also documented through
ClinicalTrials.gov, Identifier NCT04366063. The mortality
rate in SARS-CoV-2-related severe ARDS is high despite
treatment with antivirals, glucocorticoids, immunoglobulins,
and mechanical ventilation. Preclinical and clinical evidence
has indicated that MSCs migrate to the lungs and respond to
the proinflammatory lung environment by releasing anti-
inflammatory factors. Thus, they reduce the proliferation of

proinflammatory cytokines while modulating regulatory T
cells andmacrophages to promote the resolution of inflamma-
tion [58]. Therefore, MSCs may have the potential to increase
patients’ survival by managing COVID-19 induced ARDS.

The primary objective of the phase-three trial is to
appraise the potency and protection of the combination of
the MSC remestemcel-L and standard of care compared to
the placebo and standard of care in patients with ARDS due
to SARS-CoV-2. Additionally, the trial is aimed at monitoring
the effect of MSCs on inflammatory biomarkers (Clinical-
Trials.gov Identifier: NCT04371393). Earlier research showed
that MSCs could significantly reduce inflammatory cell infil-
tration in lung tissue and prevent lung tissue damage [58,
65], and previous trials (IRCT20200217046526N1) reported
the safety of three injections of MSCs in patients infected with
COVID-19. The clinical trials also show that MSC administra-
tion strongly improves the anti-inflammatory reactions in the
body in COVID-19 patients [80]. A recent study (Clinical-
Trials.gov, Identifier: NCT04346368) also mentioned the
immunomodulatory effect of intravenously administered
bone marrow MSCs, which modulated the lung microenvi-
ronment in COVID-19 patients. Critically ill COVID-19
patients with ARDS (mild or moderate) will be enrolled in this
clinical trial. Thismulticenter trial will have 60 patients, and all
patients in all groups will receive conventional therapy for
virus treatment and supportive care for ARDS.

5. Summary and Conclusions

Wuhan has reported multiple cases of pneumonia patients
infected with the novel coronavirus since December 2019.
As of May 22, 2020, 5,223,401 cases of COVID-19 (per the
applied case definitions and testing strategies in the affected
countries) and 335,205 deaths have been reported (source:
https://www.worldometers.com). In the future, the total
number of cases in the world may exceed 10 million, and

(a) Pathogenesis of COVID-19

Anti-inflammatory

Droplets containing
SARS-CoV-2 virus

Anti-apoptotic
Anti-bacterial and pathogen clearance

Systemically via IV

Immunomodulation by paracrine activity
prevents cytokine storm

Hypersecretion of cytokines
leads to lung injuries

MSC’s

(b) MSC-based cell theraphy (c) MSCs-EXO-based theraphy

EVs contentsExosomes/EVs from MSC’s

Neo angiogenesis
Tissue regeneration through self renewable and differentiation

SARS-CoV-2 can’t bind to MSC’s due to
lack of ACE2 receptors on it

Figure 1: Pathogenesis of COVID-19 and stem-cell-based therapy. (a). SARS-CoV-2 enters into the human body via droplets from infected
patients. In human cells, SARS-CoV-2 binds with the ACE2 receptors present on host cells and initiates a cytokine storm. This storm results
in severe lung injury. (b).MSCs. (c).MSCs-Exo or EVs are considered a possible future treatment due to many of their properties, such as a
lack of ACE2 receptors (which prevents a cytokine storm) and immune modulation and restoration of damaged cells due to their essential
growth factors and metabolites, see Supplemental Video 1 for the proposed mechanism of MSCs-Exo in treating COVID-19 symptoms.
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Table 1: The available clinical trials (https://clinicaltrials.gov/) using MSCs and/or MSCs-Exo to treat COVID-19 patients (last accessed on
July 21, 2020).

Status Study title Interventions Country Registered no.

Recruiting
Treatment of COVID-19 patients using
Wharton’s jelly-mesenchymal stem cells

WJ-MSCs Jordan NCT04313322

Completed
Study evaluating the safety and efficacy of
autologous non-hematopoietic peripheral

blood stem cells in COVID-19

Autologous nonhematopoietic
peripheral blood stem cells

(NHPBSC)

United Arab
Emirates

NCT04473170

Not yet
recruiting

Autologous adipose-derived stem cells
(AdMSCs) for COVID-19

Autologous adipose-derived
stem cells

United States NCT04428801

Recruiting
Mesenchymal stem cell infusion for

COVID-19 infection
Mesenchymal stem cells Pakistan NCT04444271

Recruiting
Safety and efficacy study of allogeneic human
dental pulp mesenchymal stem cells to treat

severe COVID-19 patients

Allogeneic human dental
pulp stem cells

(BSH BTC & Utooth BTC)
China NCT04336254

Not yet
recruiting

Safety and efficacy of mesenchymal stem
cells in the management of severe

COVID-19 pneumonia

Umbilical cord-derived
mesenchymal stem cells

Spain NCT04429763

Recruiting MSCs in COVID-19 ARDS Mesenchymal stromal cells United States NCT04371393

Recruiting
Human umbilical cord mesenchymal stem
cells (MSCs) therapy in ARDS (ARDS)

Umbilical cord-derived
mesenchymal stem cell
(UCMSCs) suspension

China NCT03608592

Recruiting
Mesenchymal stem cell for acute respiratory

distress syndrome due for COVID-19
Infusion IV of mesenchymal

stem cells
Mexico NCT04416139

Not yet
recruiting

NestaCell® mesenchymal stem cell to treat
patients with severe COVID-19 pneumonia

NestaCell® Brazil NCT04315987

Enrolling by
invitation

A randomized, double-blind, placebo-controlled
clinical trial to determine the safety and efficacy
of Hope Biosciences Allogeneic Mesenchymal
Stem Cell Therapy (HB-adMSCs) to provide

protection against COVID-19

HB-adMSCs United States NCT04348435

Active, not
recruiting

Use of mesenchymal stem cells in acute respiratory
distress syndrome caused by COVID-19

Mesenchymal stem cells derived
from Wharton jelly of

umbilical cords
Mexico NCT04456361

Recruiting

Clinical trial to assess the safety and efficacy
of intravenous administration of allogeneic adult
mesenchymal stem cells of expanded adipose
tissue in patients with severe pneumonia

due to COVID-19

Allogeneic and expanded
adipose tissue-derived
mesenchymal stem cells

Spain NCT04366323

Enrolling by
invitation

A clinical trial to determine the safety and efficacy
of Hope Biosciences Autologous Mesenchymal
Stem Cell Therapy (HB-adMSCs) to provide

protection against COVID-19

HB-adMSCs United States NCT04349631

Not yet
recruiting

Novel coronavirus induced severe pneumonia
treated by dental pulp mesenchymal stem cells

Dental pulp mesenchymal
stem cells

China NCT04302519

Recruiting
Mesenchymal stem cell treatment for pneumonia

patients infected with COVID-19
MSCs China NCT04252118

Not yet
recruiting

Bone marrow-derived mesenchymal stem cell
treatment for severe patients with coronavirus

disease 2019 (COVID-19)
BM-MSCs China NCT04346368

Active, not
recruiting

Treatment with human umbilical cord-derived
mesenchymal stem cells for severe

corona virus disease 2019 (COVID-19)
UC-MSCs China NCT04288102

Not yet
recruiting

Study of human umbilical cord mesenchymal
stem cells in the treatment of severe COVID-19

UC-MSCs China NCT04273646

Recruiting
Efficacy of intravenous infusions of stem cells in

the treatment of COVID-19 patients
Intravenous infusions of

stem cells
Pakistan NCT04437823
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Table 1: Continued.

Status Study title Interventions Country Registered no.

Enrolling by
invitation

Treatment of Covid-19 associated pneumonia with
allogenic pooled olfactory mucosa-derived

Mesenchymal stem cells

Allogenic pooled olfactory
mucosa-derived

mesenchymal stem cells
Belarus NCT04382547

Recruiting
Clinical research of human mesenchymal stem
cells in the treatment of COVID-19 pneumonia

UC-MSCs China NCT04339660

Active, not
recruiting

Safety and effectiveness of mesenchymal
stem cells in the treatment of
pneumonia of coronavirus

disease 2019

Mesenchymal stem cells China NCT04371601

Recruiting
Mesenchymal stem cell therapy for

SARS-CoV-2-related acute respiratory
distress syndrome

Cell therapy protocol 1
Cell therapy protocol 2

Iran NCT04366063

Active, not
recruiting

Role of immune and inflammatory response
in recipients of allogeneic haematopoietic stem

cell transplantation (SCT) affected by
severe COVID19

United
Kingdom

NCT04349540

Recruiting
Administration of allogenic UC-MSCs as

adjuvant therapy for critically-ill
COVID-19 patients

Umbilical cord mesenchymal
stem cells

Indonesia NCT04457609

Recruiting Use of UC-MSCs for COVID-19 patients
Umbilical cord mesenchymal

stem cells
United States NCT04355728

Recruiting
Efficacy and safety study of allogeneic HB-adMSCs

for the treatment of COVID-19
HB-adMSC United States NCT04362189

Recruiting
Clinical use of stem cells for the treatment

of Covid-19
MSC treatment Turkey NCT04392778

Not yet
recruiting

Stem cell educator therapy treat the viral
inflammation in COVID-19

Combination product:
stem cell educator-treated
mononuclear cells apheresis

United States NCT04299152

Recruiting

Treatment of coronavirus COVID-19
pneumonia (pathogen SARS-CoV-2)

with cryopreserved allogeneic P_MMSCs
and UC-MMSCs

Placenta-derived MMSCs;
cryopreserved placenta-derived

multipotent mesenchymal
stromal cells

Ukraine NCT04461925

Not yet
recruiting

BAttLe against COVID-19 using
mesenchYmal stromal cells

Allogeneic and expanded
adipose tissue-derived

mesenchymal stromal cells
United States NCT04348461

Not yet
recruiting

Safety and efficacy of intravenous
Wharton’s jelly derived mesenchymal

stem cells in acute respiratory
distress syndrome due to COVID 19

Wharton’s jelly-derived
mesenchymal stem cells

Colombia NCT04390152

Not yet
recruiting

Use of hUC-MSC product (BX-U001) for the
treatment of COVID-19 with ARDS

Human umbilical cord
mesenchymal stem cells

United States NCT04452097

Recruiting Pediatrics HOT COVID-19 database in NY tristate United States NCT04445402

Not yet
recruiting

Using PRP and cord blood in treatment
of Covid -19

Stem cells Egypt NCT04393415

Not yet
recruiting

Study of the safety of therapeutic Tx with
Immunomodulatory MSC in adults with

COVID-19 infection requiring
mechanical ventilation

BM-Allo.MSC United States NCT04397796

Recruiting
Safety and efficacy of CAStem for severe
COVID-19 associated with/without ARDS

CAStem China NCT04331613

Recruiting
Mesenchymal stromal cell therapy for the

treatment of acute respiratory
distress syndrome

Mesenchymal stromal stem
cells—KI-MSC-PL-205

Sweden NCT04447833
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deaths may be around 3.4% of the total cases in most coun-
tries. Based on current data, 10–15% of the affected individ-
uals will develop a severe form of the disease, requiring
hospitalization and respiratory support. Thus, the COVID-
19 pandemic is a public health emergency.

At present, no effective therapeutic strategy against
COVID-19-induced pneumonia exists, especially for the
severe and critical cases, and immediate therapy with mini-

mal side effects is needed to overcome the crisis. Preclinical
and clinical data support the investigational use of MSCs-
Exo/EVs because of their anti-inflammatory and immuno-
modulatory responses. Moreover, lack of ethical restrictions,
high availability, and easy isolation procedures are the key
benefits of using MSCs-Exo-based therapy.

Intravenously infused stem cells provide a reliable alter-
native in terms of accumulation on the targeted site,

Table 1: Continued.

Status Study title Interventions Country Registered no.

Not yet
recruiting

Mesenchymal stem cells (MSCs) in
inflammation-resolution programs of

coronavirus disease 2019 (COVID-19) induced
acute respiratory distress syndrome (ARDS)

MSC Germany NCT04377334

Recruiting
Efficacy and safety evaluation of mesenchymal
stem cells for the treatment of patients with

respiratory distress due to COVID-19
XCEL-UMC-BETA Spain NCT04390139

Not yet
recruiting

Cellular immuno-therapy for COVID-19 acute
respiratory distress syndrome—vanguard

Mesenchymal stromal cells Canada NCT04400032

Not yet
recruiting

ACT-20 in patients with severe
COVID-19 pneumonia

ACT-20-MSC United States NCT04398303

Not yet
recruiting

Safety and feasibility of allogenic MSC in the
treatment of COVID-19

Mesenchymal stromal
cell infusion

Brazil NCT04467047

Recruiting
Repair of acute respiratory distress syndrome

by stromal cell administration
(REALIST) (COVID-19)

Human umbilical cord-derived
CD362 enriched MSCs

United
Kingdom

NCT03042143

Not yet
recruiting

Mesenchymal stromal cells for the treatment of
SARS-CoV-2 induced acute respiratory

failure (COVID-19 disease)
Mesenchymal stromal cells United States NCT04345601

Recruiting
Treatment of severe COVID-19 pneumonia

with allogeneic mesenchymal stromal
cells (COVID_MSV)

Mesenchymal stromal cells Spain NCT04361942

Recruiting
Double-blind, multicenter, study to evaluate the

efficacy of PLX PAD for the treatment
of COVID-19

PLX-PAD United States NCT04389450

Recruiting
Umbilical cord(UC)-derived Mesenchymal

stem cells(MSCs) treatment for the 2019-novel
coronavirus (nCOV) pneumonia

UC-MSCs China NCT04269525

Recruiting
Cell therapy using umbilical cord-derived

mesenchymal stromal cells in
SARS-CoV-2-related ARDS

Umbilical cord Wharton’s
jelly-derived human

France NCT04333368

Recruiting
MultiStem administration for COVID-19

induced ARDS (MACoVIA)
MultiStem United States NCT04367077

Not yet
recruiting

Multiple dosing of mesenchymal stromal cells
in patients with ARDS (COVID-19)

Mesenchymal stromal cells United States NCT04466098

Not yet
recruiting

A pilot clinical study on inhalation of mesenchymal
stem cells exosomes treating severe novel

coronavirus pneumonia
MSCs-derived exosomes China NCT04276987

Not yet
recruiting

A study to collect bone marrow for
process development and production of

BM-MSC to treat severe COVID19 pneumonitis
Bone marrow harvest

United
Kingdom

NCT04397471

Not yet
recruiting

Organicell flow for patients with COVID-19

Organicell flow (human amniotic
fluid contain growth factors,

cytokines, and chemokines as well
as other extracellular vesicles/
nanoparticles derived from

amniotic stem and epithelial cells

United States NCT04384445
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multiplication, and differentiation due to paracrine activity.
As the lungs are the primary organ infected by COVID-19,
intravenous administration of MSCs-Exo may target the
lungs to rescue the infected site from severe injury by provid-
ing immunomodulatory effects. Moreover, the noninvasive
and economical qualities of MSCs make them an attractive
therapeutic candidate for COVID-19.

The purpose of this review was to investigate the effi-
ciency and safety of MSCs, especially MSCs-Exo, in treating
patients with severe pneumonia infected with SARS-CoV-2.
As recently recommended, MSCs should also be clinically
validated for treating severe cases of MERS, for which mor-
tality rates are up to 34% [74, 81]. Based on the clinical trials
on COVID-19, this review encourages further research into
the use of MSCs and/or EVs for treating COVID-19 after
strictly following appropriate manufacturing procedures,
quality control measurements, preclinical safety and efficacy
data, and proper ethical regulations.
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Previous studies have demonstrated that myocardin-related transcription factor A (MRTF-A) generates a link between the
dynamics of the actin cytoskeleton and gene expression with its coregulator, serum response factor (SRF). MRTF-A has also
been suggested as a regulator of stem cell differentiation. However, the role of MRTF-A in human mesenchymal stem cell
differentiation remains understudied. We aimed to elucidate whether MRTF-A is a potential regulator of human adipose stem
cell (hASC) differentiation towards adipogenic and osteogenic lineages. To study the role of MRTF-A activity in the
differentiation process, hASCs were cultured in adipogenic and osteogenic media supplemented with inhibitor molecules
CCG-1423 or CCG-100602 that have been shown to block the expression of MRTF-A/SRF-activated genes. Our results of
image-based quantification of Oil Red O stained lipid droplets and perilipin 1 staining denote that MRTF-A inhibition
enhanced the adipogenic differentiation. On the contrary, MRTF-A inhibition led to diminished activity of an early osteogenic
marker alkaline phosphatase, and export of extracellular matrix (ECM) proteins collagen type I and osteopontin. Also,
quantitative Alizarin Red staining representing ECM mineralization was significantly decreased under MRTF-A inhibition.
Image-based analysis of Phalloidin staining revealed that MRTF-A inhibition reduced the F-actin formation and parallel
orientation of the actin filaments. Additionally, MRTF-A inhibition affected the protein amounts of α-smooth muscle actin
(α-SMA), myosin light chain (MLC), and phosphorylated MLC suggesting that MRTF-A would regulate differentiation
through SRF activity. Our results strongly indicate that MRTF-A is an important regulator of the balance between osteogenesis
and adipogenesis of hASCs through its role in mediating the cytoskeletal dynamics. These results provide MRTF-A as a new
interesting target for guiding the stem cell differentiation in tissue engineering applications for regenerative medicine.

1. Introduction

The actin cytoskeleton of a cell is continuously modified to
allow dynamic cell functions such as stem cell differentiation
[1, 2]. Actin dynamics are accomplished by continuous actin
turnover and treadmilling regulated by Rho GTPase RhoA-
Rho-associated coiled-coil kinase (Rho-ROCK) pathway [3,
4]. RhoA-ROCK pathway has also been reported to regulate
the fate decision of mesenchymal stem cells (MSCs) [1, 2, 5].

However, the role of ROCK downstream effector
myocardin-related transcription factor A (MRTF-A) in the
regulation of MSC differentiation remains less studied.
MRTF-A, also known as megakaryocyte acute leukemia pro-
tein (MAL) and megakaryoblastic leukemia (MKL1), belongs
to the myocardin family [6, 7] and is found in numerous
embryonic and adult tissues [8]. MRTF-A generates a unique
link between actin dynamics and gene expression because the
activity of MRTF-A is controlled by the balance between
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monomeric G-actin and the polymerized filamentous F-actin.
At low actin polymerization state, MRTF-A is inactive as it is
reversibly bound to cytoplasmic or nuclear G-actin through
N-terminal RPEL repeats. On the other hand, when actin fila-
ment assembly is stimulated by Rho-ROCK activity,MRTF-A
is released from its repressive complex with G-actin [7, 9, 10].
In the nucleus, an active MRTF-A works as a transcription
coactivator of serum response factor (SRF) to activate
transcription of contractile and cytoskeletal genes includ-
ing alpha-, beta-, and gamma actins, integrin β1, vinculin;
cofilin 1; talin 1; myosin heavy chains; and myosin light
chain 9 [6–8, 11].

Recently, studies have linked MRTF-A to regulation of
adipogenesis through its ability to respond to actin dynamics
[12]. Adipogenic differentiation towards white adipose tissue
(WAT) has been reported to involve cytoskeletal changes
towards rounder cell morphology, which in mature adipo-
cytes allows optimal lipid storage [13, 14]. Adipogenesis is
regulated through sequential activation of transcription
factors, of which peroxisome proliferator-activated receptor
gamma (PPARγ) is considered the key adipocyte-specific
master switch [13–16]. Interestingly, PPARγ has been found
to be one of the targets through which MRTF-A regulates
adipogenesis [17, 18]. Nobusue and coworkers reported that
depletion of MRTF-A with RNAi method enhanced PPARγ
in murine cells [12]. To support this finding, McDonald
and coworkers observed that MRTF-A and SRF were down-
regulated during adipogenesis of murine embryo fibroblasts,
and reciprocally, cells genetically manipulated to express
MRTF-A and SRF displayed hindered adipogenesis [19].
Similarly, in a study of Mikkelsen and coworkers, SRF
overexpression inhibited adipogenesis, whereas RNAi-
mediated knockdown of SRF enhanced adipogenesis in
mouse preadipocytes [20]. In addition to regulation of
WAT, MRTF-A has been reported to regulate the brow-
ning of WAT containing mitochondria and uncoupling
protein 1- (UCP1-) rich cells found in brown and beige
adipose tissue [17, 19].

Adipogenesis and osteogenesis have been found mutually
exclusive in MSC differentiation [2, 5, 15], Thus, we hypoth-
esized if MRTF-A would as well reciprocally guide the differ-
entiation fate decision. The MSC osteogenesis is controlled
by a master regulator runt-related transcription factor 2
(RUNX2), which regulates the osteoblast-specific gene
expression of alkaline phosphatase (ALP), osteopontin
(OPN), and osteocalcin (OCN) [15, 21]. The actin cytoskele-
ton is also modified during osteoblast formation: angular
shape, well-defined stress fibers, but also increased actin
polymerization have been reported [1, 22, 23]. To date, the
existing literature addressing MRTF-A in osteogenic differ-
entiation is sparse. Bian and coworkers implicated the
regulatory effect of MRTF-A on osteogenic differentiation
potential in rodent MSCs [24]. In their study, MRTF-A
knockout mice had inferior bone development compared
with wild type, and bone marrow mesenchymal stem cells
(BMSCs) isolated from the knockout mice had decreased
osteogenesis in vitro [24]. Supporting these findings, also,
SRF-deficient mice have been reported to have reduced bone
mineral density and bone formation rate [25].

Our study aimed to investigate the role of MRTF-A
coregulator in guiding the differentiation commitment of
human adipose stem cells (hASCs). Human ASCs are multi-
potential MSCs with the capacity to give rise to mesenchymal
tissues such as fat, bone, and cartilage and have immuno-
modulatory properties making them suitable to be used in
regenerative medicine [26]. Our approach to study the role
of MRTF-A in the regulation of differentiation fate was to
use two molecular inhibitors described by Evelyn and
coworkers targeted to MRTF-A/SRF-mediated gene tran-
scription, a first-generation inhibitor CCG-1423 [27] and a
second-generation analog CCG-100602 [28]. CCG-100602
was designed and synthesized to improve the potency and
attenuate the cytotoxicity of the lead compound by molecular
modifications to the chemical structure of CCG-1423 [28–
30]. The molecular target of CCG-1423 has been proposed
to be the N-terminal basic domain of MRTF-A which acts
as a functional nuclear localization signal (NLS) [31]. In
contrast, the biological activity of the related compound
CCG-100602 remains unidentified. We cultured hASCs in
basic culture medium (BM) and differentiated the cells using
adipogenic and osteogenic culture media, AM and OM,
respectively, with or without inhibitor supplementation. Adi-
pogenesis and osteogenesis were studied using analyses of
early and late markers of differentiation, immunocytochemi-
cal staining of both intracellular and extracellular matrix
(ECM) proteins, and image-based analysis methods. In addi-
tion, the F-actin formation, orientation of actin filaments,
and actin-related proteins were studied to evaluate the role
of MRTF-A in mediating the cytoskeletal responses during
differentiation. To the best of our knowledge, this is the first
study elucidating the role of MRTF-A in the regulation of the
balance between hASC adipogenic and osteogenic differenti-
ation courses. Since hASCs have been increasingly used in
the clinical setting, the detailed understanding of their
molecular mechanisms is of great value.

2. Materials and Methods

2.1. hASC Isolation and Culture. The hASCs used in the study
were isolated from adipose tissue samples of six female
donors aged 40–63 (Md = 51) with their written informed
consent in accordance with the Regional Ethics Committee
of the Expert Responsibility area of Tampere University
Hospital, Tampere, Finland (ethical approval R15161). More
detailed donor information is given in Table S1. The
isolation protocol has been described previously [32, 33].
Briefly, the adipose tissue was digested mechanically and
enzymatically (Collagenase type I; Thermo Fisher Scientific;
Waltham, MA, USA), centrifuged, and filtrated to separate
the stem cells.

The isolated hASCs were cultured adhering to a Nunclon
Delta surface polystyrene culture flask (Thermo Fisher Scien-
tific). Human ASCs were expanded and cultured in basic
culture medium, designated as BM, containing 5% human
serum (GE Healthcare; Chicago, IL, USA, or BioWest;
Nuaillé, France) and 1% antibiotics (Penicillin/Streptomycin;
Lonza, Basel, Switzerland) in Minimum Essential Medium α,
no nucleosides (MEM α), or Dulbecco’s Modified Eagle
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Medium/Ham’s Nutrient Mixture F-12, no glutamine
(DMEM/F-12) (both media from Thermo Fisher Scientific).
1% GlutaMax (Thermo Fisher Scientific) was added when
using DMEM/F-12. The cells were passaged when reaching
70–80% confluency and detached using TrypLE Select
(Thermo Fisher Scientific).

2.2. Flow Cytometry Analysis of Immunophenotype. The
hASCs used in the study were characterized by flow cytome-
try (FACSAria; BD Biosciences, Erembodegem, Belgium) at
passage 1 to evaluate their immunophenotype. Human ASCs
(10 000 cells/sample) were single stained with monoclonal
antibodies: CD14-PE-Cy7, CD19-PE-Cy7, CD45RO-APC,
CD73-PE, CD90-APC (aforementioned antibodies from
BD Biosciences, Franklin Lakes, NJ, USA), CD11a-APC,
CD105-PE (R&D Systems Inc., Minneapolis, MN, USA),
CD34-APC, and HLA-DR-PE (Immunotools GmbH,
Friesoythe, Germany). Fluorescence level greater than 99%
was considered positive.

2.3. Differentiation Media and Inhibitors.Human ASCs were
induced with differentiation culture media and the MRTF-A
inhibitors 24 h after plating the cells for experiments.
Osteogenic differentiation was accomplished with osteogenic
medium (OM) consisting of BM supplemented with 200μM
L-ascorbic acid 2-phosphate, 10mM β-glycerophosphate,
and 5nM dexamethasone (DEX) (reagents from Sigma-
Aldrich, Saint Louis, MO, USA). For adipogenic differentia-
tion, hASCs were cultured in adipogenic medium (AM)
containing BM supplemented with 1μMDEX, 17μM panto-
thenate, 33μM biotin (from Sigma-Aldrich), and 100nM
insulin (Thermo Fisher Scientific). 0.25mM 3-isobutyl-1-
methylxanthine (IBMX; Sigma-Aldrich) was added to AM
once at the beginning of differentiation. MRTF-A inhibition
was carried out by supplementing BM, OM, and AM with
one of two inhibitor molecules targeted to MRTF-A/SRF
signaling. We used a first-generation inhibitor CCG-1423
(Selleck Chemicals; Houston, TX, USA) and a second-
generation analog CCG-100602 (Cayman Chemical Com-
pany; Ann Arbor, MI, USA). BM, OM, and AM without
inhibitors were used as controls. Media and inhibitors were
changed twice a week during the experiments.

2.4. Cell Viability. The inhibitor effect on the viability of
hASCs was analyzed with LIVE/DEAD™ Viability/Cytotoxi-
city Kit for mammalian cells (Invitrogen™; Thermo Fisher
Scientific). The cells were seeded on CellBIND culture plates
(Corning) in the density of 260 cells/cm2 and cultured 7 days
in BM, OM, or AM conditions and the media supplemented
with 3μM, 8μM, 15μM, or 30μM CCG-100602 or 15μM,
20μM, 25μM, or 30μM CCG-1423. After the 7-day culture,
staining was done as described previously [34], but using a
30min incubation time for the staining solution. Briefly, the
cells were washed with Dulbecco’s Phosphate-Buffered Saline
(DPBS; Lonza) and stained with a working solution of 0.5μM
calcein-AM and 0.25μM ethidium homodimer-1 (EthD-1)
in DPBS for 30min at room temperature. After staining,
fresh DPBS was changed to the wells, and the viable green-

stained (calcein-AM) and dead red-stained (EthD-1) cells
were immediately imaged.

2.5. Proliferation and ALP Activity. The proliferation of
hASCs was analyzed using CyQUANT™ assay (Invitrogen™;
Thermo Fisher Scientific). The hASCs were seeded on Cell-
BIND culture plates (Corning) in the density of 260 cells/cm2

and cultured for 7 days or 14 days in BM, OM, or AM condi-
tions supplemented with 15, 20, or 25μM CCG-1423 inhibi-
tor or 10 or 12μMCCG-100602 inhibitor. BM, OM, and AM
without inhibitors were used as controls. The hASCs were
lysed into 0.1% Triton X-100 buffer (Sigma-Aldrich). After
a freeze-thaw cycle, the proliferation of hASCs was studied
with CyQUANT GR-Dye in lysis buffer, and the fluorescence
was measured with a microplate reader at 480/520 nm (Wal-
lac Victor 1420 Multilabel Counter; Perkin Elmer, Waltham,
MA, USA).

The activity of ALP, an early marker of osteogenic
differentiation, was studied from the same samples as prolif-
eration, but only the samples cultured in BM and OM condi-
tions were studied. The lysed samples were analyzed with a
colorimetric assay, as described before [35]. Briefly, the
samples were incubated 15min 37°C in a working solution
containing 1 : 1 10.8μM phosphatase substrate and 1.5M
alkaline buffer solution. After incubation, the reaction was
halted using 1.0M sodium hydroxide (all reagents from
Sigma-Aldrich). Absorbances were measured at 405 nm.

2.6. Alizarin Red Staining and Quantification of Mineralization.
Late osteogenic differentiation was evaluated by assessing the
calcium accumulation with Alizarin Red (AR) staining. The
hASCs were seeded 260 cells/cm2 on CellBIND plates (Corn-
ing) and cultured 21 days in BM or OM conditions with or
without CCG-1423 and CCG-100602 inhibitors. At day 21,
the cells were fixed with 70% ethanol and stained with 2% Aliz-
arin Red S solution (pH4.1–4.3; Sigma-Aldrich) for 10min.
After staining, wells were washed with deionized water and
70% ethanol and dried. Samples were photographed with
Olympus OM-D E-M5 Mark II camera with M. Zuiko 60mm
macro lens (Olympus; Tokyo, Japan). Quantification of the
staining was done by eluting the dye into 100mM cetylpyridi-
nium chloride (Sigma-Aldrich) for 3.5h and measuring the
absorbances at 544nm.

2.7. Oil Red O Staining. Adipogenesis was studied by asses-
sing the accumulation of lipid droplets with Oil Red O
(ORO) staining. The hASCs were seeded 260 cells/cm2 on
CellBIND plates (Corning) and cultured for 21 days in BM
or AM conditions. The media were supplemented with 15
or 20μMCCG-1423 or 10 or 12μMCCG-100602 inhibitors.
BM and AM without inhibitors were used as controls. At day
21, the cells were fixed with 4% paraformaldehyde (PFA;
Sigma-Aldrich), rinsed with deionized water, and pretreated
with 60% isopropanol (2-propanol, Merck, Darmstadt,
Germany). The cells were stained with 0.2% ORO staining
solution for 15min, counterstained 5min with 1 : 2000 4′,6-
diamidino-2-phenylindole (DAPI; Sigma-Aldrich) in deion-
ized water, and washed several times.
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2.8. Immunocytochemical and Phalloidin Staining. The
hASCs were seeded 1000 cells/cm2 into chambered polymer
coverslips (ibiTreat μ-slide 8-well chamber; Ibidi GmbH,
Gräfelfing, Germany) and cultured in BM, OM, or AM sup-
plemented with 20μM CCG-1423 or 12μM CCG-100602.
The culture period was 7 days for Phalloidin staining, 14 days
for immunocytochemical staining (ICC) of collagen type I
(COL-1), and 21 days for ICC staining of osteopontin
(OPN) and perilipin 1 (Plin1). After culture, hASCs were
washed with PBS (Lonza), fixed 15min with 0.2% triton
X-100 in PFA (Sigma-Aldrich), and blocked with 1% Bovine
serum albumin (BSA; Sigma-Aldrich) in PBS. The samples
were incubated with primary antibodies, washed, and
incubated with secondary antibodies supplemented with
Phalloidin-TRITC. After washes, the samples were counter-
stained with DAPI. Detailed reagent information is given in
Table 1. Negative controls are presented in Figure S2.

2.9. Fluorescence Imaging. LIVE/DEAD-, ORO-, ICC-, and
Phalloidin-stained hASC samples were imaged under an
inverted microscope Olympus IX51 (Olympus) equipped
with fluorescence unit and camera (DP30BW). Fluorescence
images were taken using Alexa 488, Alexa 546, and DAPI
filters, and 4, 10, 20, or 40x objectives. The ORO-, ICC-
(COL-1, OPN, and Plin1), and Phalloidin-stained samples
for quantification of mean intensity were imaged keeping
the exposure times constant between the samples of different
culture conditions. On the contrary, the LIVE/DEAD- and
Phalloidin-stained samples for image-based analysis of actin
orientation were imaged by adjusting optimal exposure times
for each image to ensure visibility of the cells and the actin
filaments, respectively. The image processing was done
with Adobe Photoshop CC (Adobe; San Jose, CA, USA)
or Fiji [36].

2.10. Image-Based Quantification of Lipid Droplet Area. Lipid
droplet formation was quantified based on image analysis of
ORO-stained samples with a custom analysis pipeline
designed for CellProfiler (version 2.0.0, 64-bit Windows)
[37]. The same protocol was used as described previously
[5], but 0.1 and 1.0 were set as lower and upper bounds for
lipid area segmentation, and 15 pixels was set as a threshold
for exclusion of lipid droplet areas smaller than 5μm
in diameter.

2.11. Image-Based Analysis of F-Actin Intensity and
Orientation. In an effort to analyze the formation of actin fil-
aments, the Phalloidin- and DAPI-stained 40x fluorescence
images of hASCs were analyzed with Fiji [36]. Briefly, the
mean intensity of Phalloidin in each condition was mea-
sured, and the nuclei count of corresponding images was
analyzed for normalization of the intensities.

For the analysis of actin orientation, 20x fluorescence
images of Phalloidin-stained hASCs were analyzed with
CytoSpectre 1.2 spectral analysis tool [38]. In brief, the
images were analyzed with default settings, but specifying
image magnification (20x) and camera pixel size (6.45μm).
The software was used to calculate the circular variance
describing the isotropy of orientation distribution in the

image field. Circular variance is bounded in the interval [0,
1], where a value closer to zero signifies distribution along
the same direction (anisotropy), and a value closer to one
designates spread distribution (isotropy) [38, 39].

2.12. Western Blotting and Immunodetection. Western blot-
ting was performed to detect the protein expression of
inhibitor-treated hASCs. The cells were seeded 5000
cells/cm2 in CellBIND 6-well plate (Corning) and cultured
7 days in BM, OM, or AM supplemented with 20μM CCG-
1423 or 12μM CCG-100602. Samples were washed with
PBS (Lonza), lysed with 2x LAEMMLI sample buffer (Bio-
Rad; Hercules, CA, USA), and separated with sodium
dodecyl sulfate polyacrylamide gel electrophoresis. After sep-
aration, the proteins were transferred onto 0.2μm polyviny-
lidene fluoride (PVDF) membrane using Trans-Blot Turbo
Ready-to-assemble transfer Kit (Bio-Rad). The PVDF
membranes were blocked with 5% nonfat milk powder in
Tris-buffered saline (TBS) supplemented with 0.05% Tween
20 (Sigma-Aldrich). Membranes were incubated with pri-
mary antibodies followed by washing steps (0.5%, 0.1%, and
0.05% Tween 20 in TBS) and secondary antibody incubation
(antibodies, dilutions, and incubation times are presented in
Table 2). After similar washing steps, proteins of interest
were detected with chemiluminescence (ECL Prime Western
Blotting Detection Reagent; GE Healthcare, Little Chalfont,
UK), and the membranes were imaged with Chemi Doc
MP System (Bio-Rad). Semiquantitative analysis of immuno-
blotted protein amounts was performed with Image J [40] to
show the protein levels of MRTF-A, α-SMA, pMLC, and
MLC normalized with β-actin representing the cell amount
in different culture conditions.

2.13. Statistical Analysis. Statistical significances were
analyzed separately within each culture media (BM, OM, or
AM) by comparing the inhibited conditions to the control
condition without the inhibitors. MRTF-A inhibitor effects
on cell proliferation (CyQUANT, 4 donors), ALP activity
(4 donors), quantitative Alizarin Red staining (3 donors),
and image-based analysis of actin (2 donors) and ORO (4
donors) were evaluated. All quantitative results are presented
as mean and standard deviation (SD). Nonparametric
Kruskal-Wallis and Mann-Whitney tests were performed
using GraphPad Prism version 5.02 (GraphPad Software;
La Jolla, CA, USA), followed by Bonferroni post hoc test.
N values represent the number of parallel samples or
images analyzed. The differences with p ≤ 0:05 were
considered significant.

3. Results

3.1. hASC Characterization. The cells were identified as mes-
enchymal based on their plastic adherence, differentiation
potential towards adipogenic and osteogenic lineages, and
the surface marker expression pattern conveying the criteria
given by the International Society for Cellular Therapy [41].
The expression of CD73, CD90, and CD105 was positive
(≥95% cells), and there was a lack of expression of CD11a,
CD14, CD19, CD45, and HLA-DR (≤2% positive cells).
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The expression of hematopoietic marker CD34 was the mod-
est, but previous studies have linked this elevation to the early
passage of ASCs that declines when the cells are passaged [14,
42, 43]. Detailed surface marker expressions, their standard
deviations, and fluorophore information are given in
Table S2.

3.2. Viability and Proliferation.We first examined the role of
MRTF-A in hASC adhesion and viability by using two inhib-
itor molecules (CCG-1423 and CCG-100602) in BM, OM,
and AM cultures. A selection of concentrations of both
inhibitors was used to find optimal concentrations for cell
viability. Based on the representative LIVE/DEAD-stained
images of adherent hASCs in Figure 1(a), there were viable
green-stained cells, but no dead cells, in all culture condi-
tions. The number of adherent cells decreased as a response
to increasing inhibitor amount. With CCG-100602, the effect
was also dependent on the culture media because the OM con-
dition supported the viability over BM and AM conditions.

Cell proliferation, analyzed with CyQUANT assay,
aligned with the viability results. Figures 1(b) and 1(c) show
that the inhibitors had a dose-dependent effect on the cellular
nucleic acid bound fluorescent GR-Dye denoting cell num-
ber. The inhibitor effect accumulated over time, and more
significant reductions in cell amounts were seen after 14 days
of culture. The hASCs in AM were more sensitive to inhibi-
tion, and lower inhibitor concentrations led to significantly
reduced cell amount already at day 7.

3.3. Adipogenic Differentiation. We next investigated the sig-
nificance of MRTF-A activity on the adipogenic potential of
hASCs using ORO staining of cytoplasmic neutral lipids after

21 days of culture in BM or AM conditions supplemented
with 15 or 20μM CCG-1423 or 10 or 12μM CCG-100602.
The representative ORO- and DAPI-stained fluorescence
images are shown in Figure 2(a). The lipid droplet accumula-
tion was also quantified by analyzing the total ORO-stained
area, as well as the area of lipid droplet clusters exceeding
5μm in diameter to demonstrate the adipogenic maturation
(Figure 2(b)). BM condition contained small red-stained
lipid droplets, and both inhibitors significantly increased
the size of the individual droplets. Noticeable adipogenic dif-
ferentiation with large matured droplets was obtained in the
AM condition, but the enlarged, clustered lipid droplets were
quite scarce in AM control. MRTF-A inhibition significantly
enhanced both the total area of lipid droplets and the propor-
tion of large droplets in AM condition. However, despite
their abundance, the MRTF-A inhibitor-induced lipid drop-
lets were not as clustered as in AM control but rather more
separated. Interestingly, 15μM CCG-1423 and 10μM
CCG-100602 were found more optimal concentrations in
supporting the hASC maturation.

Adipogenic differentiation was further assessed with ICC
staining of adipogenic marker Plin1 (Figure 2(c)). The inhib-
itor treatment enhanced Plin1 production of the hASCs in
BM condition. Plin1 staining was stronger in AM conditions,
and the staining intensity was relatively the same in control
AM and with inhibition. The zoom images revealed large
lipid droplets covered with Plin1 in the AM supplemented
with MRTF-A inhibitors. However, these structures were
absent in the AM control condition. In addition, quantitative
real-time PCR (qRT-PCR) analysis was done to study the
effect of MRTF-A inhibition on a genetic level using one
donor cell line (Table S3 and Figure S1). We found that the

Table 1: Reagents used in cytochemical staining.

Antibody type Antibody Host species Dilution Incubation

Primary Anti-Collagen I (ab90395)1 Mouse 1 : 2000 +4°C, overnight

Primary Anti-Osteopontin (ab8448)1 Rabbit 1 : 100 +4°C, overnight

Primary Anti-Perilipin-1 (ab3526)1 Rabbit 1 : 600 +4°C, overnight

Secondary Anti-mouse IgG Alexa fluor 488 (A11029)2 Goat 1 : 500 +4°C, 45min

Secondary Anti-rabbit IgG Alexa fluor 488 (A21206)2 Donkey 1 : 500 +4°C, 45min

— Phalloidin–Tetramethylrhodamine B isothiocyanate (TRITC)3 — 1 : 500 +4°C, 45min

— DAPI3 — 1 : 2000 RT, 5min
1Abcam, Cambridge, United Kingdom. 2Thermo Fisher Scientific. 3Sigma-Aldrich.

Table 2: Primary and secondary antibodies used in immunodetection.

Antibody type Antibody Host species Dilution Incubation

Primary Anti-MKL1/MRTF-A (14760S)1 Rabbit 1 : 800 +4°C, overnight

Primary Anti-MLC (3672S)1 Rabbit 1 : 500 +4°C, overnight

Primary Anti-pMLC (3671S)1 Rabbit 1 : 500 +4°C, overnight

Primary anti-α-SMA (14968S)1 Rabbit 1 : 1000 +4°C, overnight

Primary Anti-β-actin (sc47778)2 Mouse 1 : 2000 RT, 1 h

Secondary Anti-rabbit IgG-HRP (7074S)1 Goat 1 : 2000 RT, 1 h

Secondary Anti-mouse IgG-HRP (sc2005)2 Goat 1 : 2000 RT, 1 h
1Cell Signaling Technology, Danvers, Massachusetts, USA. 2Santa Cruz Biotechnology, Dallas, Texas, USA.
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Figure 1: Continued.
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MRTF-A inhibitors led to enhanced or unaffected human
adipocyte fatty acid-binding protein (AP2) expression, but
both inhibitors had a downregulating effect on leptin (LEP)
in AM condition.

3.4. Osteogenic Differentiation.We evaluated the early osteo-
genic potential of MRTF-A inhibitor-treated hASCs by mea-
suring the activity of ALP, at day 7 and 14 time points in BM
or OM conditions. Figures 3(a) and 3(b) show that the ALP
activity remained relatively low at day 7, and its activity rose
within the culture period. The ALP activity was elevated in
OM control condition at day 14, but decreased dose-
dependently with MRTF-A inhibition in both BM and OM
conditions. The activity was significantly reduced in OM
with only 25μM CCG-1423, whereas the next-generation
inhibitor CCG-100602 reduced ALP significantly with both
concentrations. Additionally, the gene expression of an early
osteogenic marker gene runt-related transcription factor 2a
(RUNX2A) was decreased with CCG-1423 when analyzed
with qRT-PCR (Table S3 and Figure S1).

The osteogenesis-related formation of secreted ECM pro-
teins was analyzed by COL-1 staining at day 14. In BM,
although the level of staining remained modest, inhibition
of MRTF-A slightly increased COL-1 synthesis and process-
ing in the endoplasmic reticulum (ER) and Golgi network
(Figure 3(c)). In OM, however, COL-1 staining was consider-
ably stronger, and the protein was secreted into ECM to form
fibrous structures in the control condition. COL-1 produc-
tion was lower in OM conditions with MRTF-A inhibitors,

and the protein was sequestrated to the intracellular
membranes.

The ability of the hASCs to differentiate further towards
osteoblasts was evaluated by AR staining of calcium deposits
at day 21 for the assessment of ECM mineralization
(Figures 4(a) and 4(b)). AR staining was low in BM condi-
tions, as hypothesized, and the polystyrene control for AR
staining was clear (data not shown). In OM control condi-
tion, the hASCs showed calcium accumulation as repre-
sented by the strong red staining of the samples. Inhibition
of MRTF-A signaling by CCG-1423 or CCG100602 resulted
in a significant dose-dependent reduction of mineral forma-
tion in the OM condition. Late osteogenesis was also ana-
lyzed by ICC staining of OPN. As displayed in Figure 4(c),
the hASCs produced OPN independent of the culture
condition. However, cells in OM without inhibitors were
producing and secreting OPN to the ECM unlike the other
culture conditions. Interestingly, MRTF-A inhibition con-
fined OPN in the intracellular space.

3.5. Actin-Related Proteins and Cytoskeleton. The role of
MRTF-A in the synthesis of actin-related proteins was
assessed by Western blotting and immunodetection of
MRTF-A, β-actin, α-SMA, pMLC, and MLC at day 7
(Figure 5 and Figure S3). Based on the band size and
intensity, the total protein amount of β-actin was relatively
constant in the studied culture conditions, and the inhibitor
effect on the protein level of MRTF-A varied in different
culture media. However, MRTF-A inhibition predominantly
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Figure 1: Effect of MRTF-A inhibition on viability and proliferation of hASCs. (a) Representative fluorescence images of LIVE/DEAD-stained
hASCs. hASCs were cultured 7 d in BM, OM, or AM supplemented with 15, 20, 25, or 30μM CCG-1423 or 3, 8, 15, or 30μM CCG-100602
inhibitor, after which LIVE/DEAD analysis was performed. Green dye represents living cells (Alexa 488 filter), and a negligible number of
dead cells are stained with red dye (Alexa 546). Scale bar 1.0mm, same scale in every image. (b, c) Proliferation of hASCs at 7 and 14d was
analyzed with the CyQUANT method. The hASCs were cultured in BM, OM, or AM supplemented with 15, 20, or 25μM CCG-1423
inhibitor (b) or 10 or 12μM CCG-100602 inhibitor (c). N = 12, independent biological replicates from 4 donors. 5% significance level was
used in the statistical analysis, and the comparisons were made within a culture condition by comparing the inhibitor concentrations with
the untreated medium control. BM: basic medium; OM: osteogenic medium; AM: adipogenic medium.
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decreased the amount of SRF-regulated proteins α-SMA,
MLC, and the phosphorylated form pMLC, although the
culture media supplements also played a role on protein
expression. We found that both inhibitors reduced the α-
SMA protein amount in BM and AM conditions, but in OM
condition, only CCG-1423 reduced α-SMA. MLC and its
phosphorylated form pMLC were induced in OM, and their
protein levels were lower in BM and AM conditions.

In order to study the cytoskeleton of MRTF-A inhibitor-
treated hASCs in BM, OM, and AM conditions, the F-actin of
the cells was stained with Phalloidin-TRITC (Figure 6(a)).
The hASCs were fibroblastic and spindle-like in BM and
OM control conditions. MRTF-A inhibition forced the cells
to adopt more spread morphology with less coherently
aligned cytoskeleton. Additionally, the inhibitor treatment
led to decreased mean Phalloidin intensity in every culture
media (Figure 6(b)). The inhibitor effect was the most preva-
lent in AM condition where the mean intensity values nor-
malized with nuclei count of corresponding images were
significantly reduced (Figure 6(c)). The circular variance,
i.e., the isotropy of the actin filament orientations, was the
lowest in BM and OM control conditions, meaning that the
actin filaments were the most parallel-aligned (Figure 6(d),
representative images in Figure S4). Based on quantitation,
MRTF-A inhibition significantly increased the circular
variance of the actin filaments in BM condition, and a

similar trend was found in OM and AM conditions. The
adipogenic culture medium itself resulted in less fibroblastic
morphology compared with BM and OM.

4. Discussion

The dynamic behavior of the actin cytoskeleton is central in
many cellular processes, including stem cell commitment
into various differentiation lineages. Importantly, the
changes in cell morphology have also been proposed to guide
the differentiation. [1, 2] Actin dynamics are accomplished
by actin turnover through the reversible polymerization of
actin monomers into filaments. The ratio of G-actin and F-
actin, in turn, regulates the activity of MRTF-A, which has
been suggested as a direct link between the dynamic changes
of actin cytoskeleton and regulation of gene activity [7]. Our
previous study demonstrated that Rho-ROCK signaling, a
central regulator of actin cytoskeleton, plays a switch like role
in hASC commitment towards osteogenesis or adipogenesis
[5]. This prompted us to question whether ROCK down-
stream target MRTF-A would also have a similar regulatory
function in the lineage commitment of human ASCs.

The role of MRTF-A- and SRF-mediated transcription in
regulation of differentiation has been previously studied
mostly with genomic methods such as gain and loss of func-
tion of the MRTF-A gene in rodents [12, 19, 24]. Our

AM 4x
zoom
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ctrl. 20 𝜇M CCG-1423 12 𝜇M CCG-100602
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21 d

(c)

Figure 2: Adipogenesis of hASCs treated with MRTF-A inhibitors at 21 d. hASCs were cultured 21 d in BM or AM conditions supplemented
with 15 or 20μMCCG-1423 or 10 or 12μMCCG-100602 inhibitors and stained with OROmethod. (a) Representative fluorescence images of
hASCs stained with ORO for intracellular lipid accumulation followed by nuclei staining with DAPI. Fluorescence images were taken with
Alexa 546 for ORO (red) and DAPI (blue) filters, and 20x magnification. Scale bars 100 μm. (b) Lipid droplet areas were quantified from
the ORO-stained fluorescence images with a custom analysis pipeline designed for CellProfiler. The graphs present the total ORO-stained
area or lipid droplet clusters with a diameter of over 5μm as percentages of the total image area. N = 36 for BM +20 μM CCG-1423 and
AM +20 μM CCG-1423, other conditions N = 59 − 63 images (15 independent biological replicates from 4 donors). (c) Representative
Plin1- and DAPI-stained samples of MTRF-A inhibitor-treated hASCs at 21 d imaged with a fluorescence microscope using Alexa 488 for
Plin1 (green) and DAPI (blue) filters, and 40x magnification. The lowest row represents 4x digital zoom of the white rectangles in AM
images. Scale bars 100 μm. BM: basic medium; AM: adipogenic medium; ORO: Oil Red O.
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approach using MRTF-A inhibition with two pharmacologi-
cal compounds CCG-1423 [27] and its analog CCG-100602
[28, 30] let us carry on a three-week cell cultures, typical for
human MSC in vitro differentiation studies, under the influ-
ence of the inhibitors. We began by optimizing the functional

inhibitor concentrations without cytotoxic effects to hASCs
because no prior data was available. Both inhibitors had
dose-dependent decreasing effect on cell adhesion and
viability, as studied with LIVE/DEAD assay. Based on the
CyQUANT analysis of cell proliferation, the inhibitors
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Figure 3: Early osteogenesis of MRTF-A inhibitor-treated hASCs. The hASCs were cultured in BM or OM supplemented with CCG-1423 (a)
or CCG-100602 (b) inhibitors in addition to medium controls. ALP activity was analyzed with ALP assay at 7 d and 14 d. The ALP absorbance
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independent biological replicates from 4 donors. Significance level 5%. (c) Representative images of COL-1 (Alexa 488, green)-, actin
(Alexa 546, red)-, and nuclei (DAPI, blue)-stained hASCs at 14 d, after culture with 20 μM CCG-1423 or 12μM CCG-100602. Images
with 10x and 40x magnifications are provided to give an overall view and a more detailed view of intracellular localization of COL-1. Scale
bars 100 μm. BM: basic medium; OM: osteogenic medium.
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Figure 5: Intracellular protein levels of MRTF-A, β-actin, α-SMA, pMLC, and MLC as a response to MRTF-A inhibition. hASCs were
cultured 7 d in BM, OM, or AM media supplemented with 20μM CCG-1423 or 12μM CCG-100602. (a) Representative WB results of
immunoblotted MRTF-A, β-actin, α-SMA, pMLC, and MLC. Semiquantitative results of MRTF-A (b), α-SMA (c), pMLC (d), and MLC
(e) normalized with β-actin. MRTF-A and α-SMA: N = 2 independent experiments, 2 donors; pMLC and MLC: N = 4 independent
experiments, 2 donors. BM: basic medium; OM: osteogenic medium; AM: adipogenic medium.
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decreased cell number concentration-dependently, and the
cell response was cumulative over time. The inhibitor effect
was also dependent on the culture medium.

Previous in vivo and in vitro studies have suggested that
MRTF-A and SRF transcription factors have a negative role
in regulation of adipogenesis. This means that MRTF-A
activity or overexpression is linked to decreased adipogenesis,
whereas knockdown or diminished MRTF-A signaling to
enhanced adipogenic differentiation fate [12, 18–20, 24]. As
expected, we found that inhibition of MRTF-A activity sup-

ported the adipogenesis of hASCs. Based on ORO staining of
neutral lipids and the quantitative analysis of lipid droplet area,
inhibitor treatment stimulated adipogenic commitment, and
large lipid droplets were detected throughout the culture area.
MRTF-A inhibition also supported the maturation process,
characterized with the enlargement and fusion of individual
droplets [16]. In AM control with unaffectedMRTF-A activity,
the lipid droplets formed scarce, unevenly distributed clusters.

We also studied the adipogenesis with ICC staining of
Plin1, which is one of the perilipin family proteins of the
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Figure 6: F-actin intensity and orientation of MRTF-A inhibitor-treated hASCs. hASCs were cultured 7 d in BM, OM, or AM media
supplemented with 20μM CCG-1423 or 12 μM CCG-100602. (a) Representative images of Phalloidin- and DAPI-stained hASCs imaged
with Alexa 546 for actin (red) and DAPI for nuclei (blue) filters using 40x magnification and constant exposure time. Scale bar 100 μm.
Image-based analysis done with Fiji of mean Phalloidin intensity (b) and mean intensity normalized with nuclei number (c) of the
samples described in (a). N = 18‐25 images, 4 independent biological replicates from 2 donors. Significance level 5%. (d) Image-based
analysis of actin orientation done with CytoSpectre 1.2 spectral analysis tool. Phalloidin-stained hASCs were imaged with 20x
magnification and optimally adjusted exposure times from the same biological replicates as above (representative images in Figure S4). N
= 16‐27 images. Significance level 5%. BM: basic medium; OM: osteogenic medium; AM: adipogenic medium.
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phospholipid monolayer shielding the lipid droplet hydro-
phobic core [13, 44, 45]. Intense staining of Plin1 was found
in all AM conditions, although large droplets with Plin1 on
the surface were only detected in MRTF-A inhibitor-treated
hASCs. It is possible that some lipid droplets were lost during
the staining protocols, because mature adipocytes lose their
attachment to the culture platform [14]. In basic culture
medium, MRTF-A inhibitor enhanced Plin1 production of
hASCs. Furthermore, the lipid droplet size was slightly
increased, indicating that the molecular intervention was
enough to support adipogenesis even without adipogenic
culture supplements. Our results are in coherence with
previous findings that Plin1 is one of the PPARγ target
genes that is upregulated by MRTF-A depletion in mouse
preadipocytes [12].

Recent studies have identified the phenotype of the
MRTF-A regulated adipocytes, and their identity was
reported to equivalent beige (also called brite) adipocytes
[17, 19]. These adipocytes have characteristics of both white
and brown adipose tissue; they are multilocular- and
mitochondria-rich adipocytes involved in energy dissipation
and thermogenic activities [46]. McDonald and coworkers
found that the circulating levels of leptin were diminished
in the MRTF-A knockout mice compared with the wild type
littermates [19]. There is also some evidence that the human
adipokine leptin is more associated with white adipose tissue
than brown phenotype [47]. Our results of gene expression
show that LEP was strongly expressed in the adipogenic con-
trol condition and markedly downregulated with MRTF-A
inhibition. Additionally, the organization of the maturating
lipid droplets was different from the typical fat vacuole clus-
ters forming under adipogenic supplements. Therefore, the
phenotype of hASCs with MRTF-A inhibition could be
somewhat beige-like. However, the molecular identity of
these cells will remain to be determined.

Next, we asked if the enhanced adipogenic differentiation
with MRTF-A inhibition was linked to a reciprocal reduction
in the osteogenic potential of hASCs. Our goal was to care-
fully study whether early osteogenesis, ECM production,
and matrix mineralization were regulated by MRTF-A.
Unlike adipogenesis, the relation of MRTF-A and osteogene-
sis has been demonstrated previously only in one study to our
knowledge. Bian and coworkers showed in vivo and in vitro
that the bone development and expression of osteogenic
markers, respectively, were negatively affected by the loss of
MRTF-A function in mice [24]. SRF knockout has been also
reported to decrease the activity of early osteogenic markers
RUNX2 and ALP [25]. Likewise, based on our results,
MRTF-A inhibition significantly reduced the ALP protein
activity stimulated by osteogenic culture condition in hASCs,
and RUNX2A gene expression was hindered with CCG-1423.

Production and secretion of extracellular proteins and
mineralization of ECM are an important part of skeletal
development, bone remodeling, and homeostasis [48].
Therefore, we stained two constituents of the organic phase
of ECM: COL-1, which provides the elasticity and flexibility
to bone [48] and OPN, a regulator of matrix remodeling
and tissue calcification [49]. Bian and coworkers found that
MRTF-A knockout mice had lower protein expression of

COL-1 and OPN [24]. As presumed, we discovered that
COL-1 and OPN synthesis and secretion were enhanced by
hASCs in OM condition. However, our results revealed an
interesting phenomenon that these proteins were sequestrated
in intracellular space with MRTF-A inhibition. To study the
role of MRTF-A in osteogenic maturation, we examined
ECM mineral accumulation with qualitative and quantitative
AR analyses. Osteogenic media-induced mineralization was
significantly and concentration-dependently reduced with
both MRTF-A inhibitors. The decreased ECM mineralization
has also been previously reported with MRTF-A or SRF
knockout murine cells [24, 25]. These results together denote
that the activity ofMRTF-A is important in the different stages
of the osteogenic commitment of hASCs.

Finally, the actin cytoskeleton and synthesis of actin-related
proteins were studied to elucidate the role of MRTF-A in regu-
lating the differentiation fate decision of hASCs by mediating
the actin dynamics. Dramatic cytoskeletal changes have been
reported to occur early in the differentiation process of the
fibroblastic and spindle-like mesenchymal precursor cells into
mesenchymal lineages to drive the formation of specialized tis-
sues [1, 2, 14, 50]. Nobusue and coworkers proposed that adi-
pogenesis would require disruption of actin stress fibers and
subsequent formation of MRTF-A and G-actin complexes
[12]. We discovered that MRTF-A inhibition significantly
decreased the coherency of actin orientation of hASCs in BM
condition, and a similar trend was seen in the intensity of Phal-
loidin staining representing F-actin. MRTF-A inhibition also
reduced the synthesis of α-SMA and MLC indicating to SRF-
dependent regulation. Importantly, these cytoskeletal changes
were related to the observed moderate enhancement of adipo-
genesis in BM condition. The adipogenic culture supplements
and MRTF-A inhibition caused the hASCs to adopt more
spread morphology with reduced parallel alignment of the
actin filaments. Furthermore, the observed significant reduc-
tion in actin polymerization but relatively unaffected cellular
protein level of β-actin may suggest that MRTF-A inhibition
altered the ratio between G-actin and F-actin. Similar inhibi-
tory effect on F-actin was also demonstrated recently in human
intestinal myofibroblasts with CCG-100602 [51]. During oste-
ogenesis, the hASCmorphology was relatively spindle-like with
predominant parallel actin filaments traversing the entire
length of the cells. MRTF-A inhibition decreased the F-actin
formation, the parallel-alignment of actin filaments, and the
expression of SRF-regulated MLC and pMLC in OM condi-
tion. When activated, pMLC is involved in the formation of
actomyosin complex contributing to the enhanced intracellular
tension, linked to osteogenic course [1, 22]. Thus, the inhibitor-
mediated changes in the cytoskeletal and protein level were
linked to the suppressed osteogenic outcome. These results sig-
nify that MRTF-A regulates the differentiation fate of hASCs
together with the biochemical cues by coupling the actin
dynamics and target gene expression.

5. Conclusions

In summary, we have provided evidence that MRTF-A tran-
scription cofactor is an important regulator of the inverse
balance between adipogenesis and osteogenesis of hASCs.
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Our results showing that MRTF-A inhibitors enhance the
lipid droplet formation and maturation indicate that
MRTF-A is a negative regulator of adipogenesis. Recipro-
cally, our novel findings of reduced osteogenesis as a
response to MRTF-A inhibition highlight the necessity of
MRTF-A activity on the osteogenic outcome of hASCs
in vitro. MRTF-A translates the cytoskeletal changes to gene
transcription via SRF and provides an essential temporarily
coupled regulatory signaling node in stem cell differentiation.
This study adds to the knowledge on the regulation of
differentiation lineage commitment in human stem cells
and provides further insight into molecular targets for phar-
macological intervention to guide the differentiation fate into
the desired direction.
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With an increasing focus on the large-scale expansion of mesenchymal stem cells (MSCs) required for clinical applications for
the treatment of joint and bone diseases such as osteoarthritis, the optimisation of conditions for in vitro MSC expansion
requires careful consideration to maintain native MSC characteristics. Physiological parameters such as oxygen
concentration, media constituents, and passage numbers influence the properties of MSCs and may have major impact on
their therapeutic potential. Cells grown under hypoxic conditions have been widely documented in clinical use. Culturing
MSCs on large scale requires bioreactor culture; however, it is challenging to maintain low oxygen and other physiological
parameters over several passages in large bioreactor vessels. The necessity to scale up the production of cells in vitro under
normoxia may affect important attributes of MSCs. For these reasons, our study investigated the effects of normoxic and
hypoxic culture condition on early- and late-passage adipose-derived MSCs. We examined effect of each condition on the
expression of key stem cell marker genes POU5F1, NANOG, and KLF4, as well as differentiation genes RUNX2, COL1A1,
SOX9, COL2A1, and PPARG. We found that expression levels of stem cell marker genes and osteogenic and chondrogenic
genes were higher in normoxia compared to hypoxia. Furthermore, expression of these genes reduced with passage
number, with the exception of PPARG, an adipose differentiation marker, possibly due to the adipose origin of the MSCs.
We confirmed by flow cytometry the presence of cell surface markers CD105, CD73, and CD90 and lack of expression of
CD45, CD34, CD14, and CD19 across all conditions. Furthermore, in vitro differentiation confirmed that both early- and
late-passage adipose-derived MSCs grown in hypoxia or normoxia could differentiate into chondrogenic and osteogenic cell
types. Our results demonstrate that the minimal standard criteria to define MSCs as suitable for laboratory-based and
preclinical studies can be maintained in early- or late-passage MSCs cultured in hypoxia or normoxia. Therefore, any of
these culture conditions could be used when scaling up MSCs in bioreactors for allogeneic clinical applications or tissue
engineering for the treatment of joint and bone diseases such as osteoarthritis.

1. Introduction

Mesenchymal stem cells (MSCs) are multipotent cells,
originally derived from the embryonic mesenchyme, and
able to differentiate into connective tissues such as bone,
fat, cartilage, tendon, and muscle [1, 2]. These cells are

ubiquitous and reside in various tissues and organs for
self-repair and tissue homeostasis [3]. They can be isolated
from bone marrow, periosteum, trabecular bone, adipose
tissue, synovium, skeletal tissue, blood, brain, spleen, liver,
kidney, lung, bone marrow, muscle, thymus, pancreas,
blood vessels, and deciduous teeth [4, 5]. MSCs can self-
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renew, have immunosuppressive properties, and intrinsi-
cally secrete a wide range of bioactive molecules [6, 7].
MSCs have significant clinical value and have been used
in cardiovascular, neural, and orthopaedic therapeutic
applications such as osteoarthritis. To date, there are
1,052 clinical trials registered for various medical condi-
tions exploring the therapeutic benefits of MSCs in a
broad range of diseases (http://clinicaltrials.gov). Further-
more, MSCs derived from adipose tissue show great prom-
ise for the treatment of degenerative diseases such as
osteoarthritis [8, 9]. Collectively, this activity demonstrates
the therapeutic potential of MSCs, widely acknowledged
by researchers worldwide.

Human MSCs are heterogeneous and can be obtained
from many sources via different isolation, culture, and
expansion methods. There are also a variety of different
approaches to characterise these cells [10]. This has caused
some difficulty in comparing study outcomes and has led to
controversial results. Consequently, the Mesenchymal Stem
Cell Committee of the International Society for Cellular
Therapy (ISCT) has provided three minimal standard criteria
to define MSCs for laboratory-based investigation and pre-
clinical studies, based on adherent properties, self-renewal,
expression of surface markers, and multilineage differenti-
ation capacity [10]. Firstly, MSCs must be plastic-adherent
in tissue culture flasks. Secondly, more than 95% of MSC
population must express CD105, CD73, and CD90 and
lack expression (less than 2% population) of CD45,
CD34, CD14 or CD11b, CD79a or CD19, and HLA class
II. Third, MSCs must be able to differentiate into osteo-
blasts, adipocytes, and chondroblasts in vitro with stan-
dard differentiation conditions.

MSCs are functionally heterogeneous and often present
in limited numbers in the human body [1, 11]. Their
in vitro expansion for clinical dosage has become a necessity
and warrants large-scale production of MSCs prior to
implantation. The proliferative properties of MSCs are
robust but the lack of standard methods for isolation, the
different sources of MSC, and variation in both culture con-
ditions and the number of passages may result in less than
optimal cells for clinical purposes. The impact of in vitro
culture conditions on cellular attributes of MSCs is an
important factor to consider for cell therapy. Several studies
have described changes in the biology of the cells, including
physiological and genetic changes caused by varying tissue
ex vivo cell culture parameters such as seeding density,
media nutrients, length of culture, shear force when cultur-
ing in bioreactors, pH, temperature, and oxygen percentage
[12–14]. Culture conditions can have an impact on gene
expression, the proteome and cellular organization [15, 16].
All these physicochemical parameters are important and
careful cell culture optimisation, with these parameters in
mind, must be performed in order to produce optimal cells
for therapy that have close functional similarity to native
stem cells in vivo.

Of these parameters, oxygen level in cell culture has been
described in the literature as having a significant influence on
MSC characteristics. Oxygen tension acts both as a metabolic
substrate and a powerful signalling molecule to regulate the

proliferation and differentiation properties of stem cells
[17]. Quiescent MSCs in their natural niches are tightly
controlled and maintained to protect them from oxidative
damage at a physiological low oxygen tension [18] and
mainly rely on anaerobic glycolysis to support ATP produc-
tion [19]. However, MSC expansion is often conducted in
normoxic conditions (21% O2), which is about 4-10 folds
greater than their natural physiological environment [20,
21]. Cultured MSCs under high oxygen conditions or nor-
moxia would switch from anaerobic glycolysis to the mito-
chondrial oxidative phosphorylation which might be
harmful for cellular function [22]. Differential culturing of
MSCs under hypoxia and normoxia does not seem to affect
immune-phenotypic features or cellular plasticity, but does
seem to affect cell morphology and complexity, as well as
mitochondrial activity [23]. Culturing MSCs at a larger scale
may require a bioreactor and increased passaging, however,
and it may be challenging to maintain low oxygen and other
physiological parameters over several passages. It is unclear
what the effects of oxygen concentration are on stem cell
marker expression and multipotency.

Hypoxia is one of the key parameters described to
exert effects on several cellular activities in MSCs during
osteogenic and chondrogenic differentiation [17]. During
chondrogenesis, low oxygen tension (5%) inhibits the pro-
liferation of MSCs but increases the total collagen, protein,
and glycosaminoglycan synthesis [24]. Other studies support
this reduced proliferation rate of MSCs in hypoxic condi-
tions, as well as showing reduced adipogenic and osteogenic
differentiation potentials [25]. Nevertheless, there was no sig-
nificant difference between normoxia (21% oxygen) and hyp-
oxia (2% oxygen) in the cell surface expression of the markers
CD73, CD90, CD105, CD106, CD146, and MHC class I,
which is measured by flow cytometry. As mammalian tissue
has much lower oxygen concentration than atmospheric
conditions, ranging from 1 to 7% in cartilage, bone marrow,
and 10-13% in arteries lungs and liver [26], low oxygen cul-
ture is mostly used in vitro. It is believed that low oxygen is
able to maintain normal cellular functions such as cell
growth, differentiation, and cell migration [26–29].

Nevertheless, the impact of oxygen tension on cultured
MSCs remains controversial, due to conflicting results,
although these discrepancies might be due to other differ-
ences in culture conditions or different sources of MSCs.
Therefore, further comparative analyses on in vitro cultured
cells under normoxic and hypoxic culture conditions are
needed to determine the effects on MSC stemness, particu-
larly for large-scale systems such as bioreactors for clinical
use. Although bone marrow-derived MSCs were the first
identified and have been extensively studied [1], harvesting
from bone marrow is a limiting factor as it is a painful proce-
dure and produces only a low yield of MSCs. An alternative
source of MSCs from the adipose tissue can be obtained by
a minimally invasive procedure and can achieve a 100 to
500-folds greater yield than from the bone. It is now an
accepted alternative source of MSCs, leading to changes in
medical practices and regenerative medicine [30, 31]. The
current study is aimed at comparing the characteristics of
early- and late-passage adipose-derived MSCs, which is used
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for the treatment of osteoarthritis and cultured under hyp-
oxic or normoxic conditions. From this comparison, we
aimed to determine whether late-passage MSCs grown in
normoxic culture conditions could be a reliable, safe, and
effective source of cells for regenerative medicine and tissue
engineering for applications such as osteoarthritis. We deter-
mined whether early- and late-passage MSCs cultured in
hypoxia or normoxia maintain the minimal standard criteria
for MSCs, set by the ISCT, for laboratory-based investigation
and preclinical studies.

2. Material and Methods

2.1. Cell Culture.Adipose tissue was harvested by liposuction
by a qualified clinician with ethics approval and written con-
sent (Monash University Human Research Ethics Commit-
tee number CF 14/2230 2014001175 and registered clinical
trial Trial registration: Australian New Zealand Clinical
Trials Registry - ACTRN12617000638336.). The adipose
tissue was then processed in a clean room facility. In brief,
the minced adipose tissue was digested with collagenase to
release the stromal vascular fraction (SVF) from mature adi-
pocytes. The stromal vascular fraction (SVF) was cultured in
the flask as passage 0. The plastic-adherent adipose-derived
MSCs were harvested away from floating SVF cells. MSCs
were cultured in basal medium with 2mM glutamine with
5% FBS (Invitrogen) and grown under hypoxic (2% O2) or
normoxic (~21% O2) conditions for up to nine passages.
Subculturing by trypsinisation was performed when MSCs
reached approximately 80% confluence. The four sample
groups were MSCs cultured in hypoxic conditions, har-
vested at passage 5 (P5H) or at passage 9 (P9H), or cultured
in normoxic conditions, harvested at passage 5 (P5N) or
passage 9 (P9N).

MSCs were differentiated into chondrocytes or osteocytes
by culturing in Chondrocyte Differentiation Reagent ATCC®
PCS‐500‐051™ for 19 days, or Osteocyte Differentiation
Reagent ATCC® PCS‐500‐052™ for 21 days, respectively. In
brief, samples were cultured in 6-well culture plates with a
half media change every 3-4 days. Osteogenic differentiation
was confirmed by Alizarin Red S staining. Cells were fixed
with 4% formaldehyde for 30mins and then rinsed twice
with distilled water, stained with Alizarin Red S solution for
3 minutes, and rinsed three times in distilled water before
imaging. Chondrogenic differentiation was confirmed by
Alcian Blue staining. Cells were fixed with 4% formaldehyde
for 30mins and then rinsed once with DPBS, stained with
Alcian Blue solution prepared in 0.1N HCl for 30 minutes,
and then rinsed three times with 0.1N HCl. Then, 2ml of
distilled water was added into each well to neutralize the
samples before imaging.

2.2. Quantitative Real-Time PCR and Statistical Analysis.
Total RNA was extracted from cell samples, using a RNeasy
Mini Kit (Cat#74104, Qiagen), according to the manufac-
turer’s instructions. The concentration and quality of the
extracted RNA were measured using a NanoDrop2000 Spec-
trophotometer (Thermo Scientific). 5μg of RNA from each
sample was transcribed into cDNA using Tetro cDNA Syn-

thesis Kit (Bioline) following manufacturer’s instructions.
Primers used for gene expression analysis, listed in Table 1,
have been published previously [32].

qRT-PCR was performed by using SsoAdvancedTMUni-
versal SYBR Green Supermix kit (ThermoFisher Scientific).
Three independent experiments were performed in triplicate,
with GAPDH as the reference gene. The reaction mix prepa-
ration and thermal cycling protocol were followed according
to SsoAdvancedTM Universal SYBR Green Supermix kit. A
Bio-Rad CFX96TM system was used for thermal cycling,
with initial denaturing at 95°C for 30 sec, then 40 cycles of
denaturing at 95°C for 10 sec, annealing and extension at
59°C for 30 sec, and Melt-Curve Analysis from 65°C to 95°C
with 0.5°C increment. Statistical analysis was performed by
one-way ANOVA; the P5H samples were set to a value of 1
and used as a reference to determine a statistical significance.

2.3. Flow Cytometry. In brief, 0:5 × 106 MSCs were resus-
pended in 500μL of FACS buffer (1% BSA and 0.1%
EDTA in phosphate-buffered saline (PBS)) and incubated
for 30 minutes at 4°C with 1 : 500 dilution of antibodies,
CD73 (Cat# 11073942), CD90 (Cat# 25090942), CD105
(Cat# 12105742), or CD14 (Cat# 11014942), CD19 (Cat#
25019382), CD34 (Cat# 25034942), and CD45 (Cat#
MHCD4531) from Thermofisher Scientific, respectively. After
washing twice with 1mL of FACS buffer, the labelled MSCs
were resuspended in 500μL of FACS buffer and subjected to
flow cytometry (Attune NxT, Life Technologies) to analyse
surface markers.

3. Results

To determine the effect of oxygen concentration during cul-
ture on MSC properties, we cultured MSCs under different
oxygen conditions for different numbers of passages. Ini-
tially, primary adipose-derived MSCs were cultured under
GMP conditions under hypoxia (2% O2) up to passage 4.
The plastic-adherent cells were subjected to flow cytometry
analysis for the CD markers CD73, CD90, CD105, CD14,
CD19, CD34, and CD45, to confirm their MSC phenotype
before cryopreservation. The cells were then further subcul-
tured under hypoxic or normoxic conditions and harvested
at either passage 5 or 9 and frozen for later analysis. This gave
rise to four sample groups that were further analysed: MSCs
cultured in hypoxic conditions and harvested at passage 5
(P5H) or at passage 9 (P9H), or cultured in normoxic condi-
tions and harvested at passage 5 (P5N) or at passage 9 (P9N).

RNA samples from the four sample groups under nor-
moxia and hypoxia conditions at early and late were analysed
by qRT-PCR. Genes were organised into four groups—plur-
ipotent genes, osteogenic genes, chondrogenic, and adipo-
genic genes. The relative quantification 2-ΔΔCT method was
used to calculate the relative amount of mRNA templates in
each of the test samples from (CT (target, test), CT (target,
calibrator), CT (GAPDH, test), CT (GAPDH, calibrator))
four CT values in triplicate [33]. The housekeeping gene
GAPDHwas employed as the reference gene and the low pas-
sage sample under hypoxia, P5H, served as the calibrator.
The target gene expression in all other samples is thus
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represented as an increase or decrease relative to the calibra-
tor. Since cDNAs were synthesised from RNAs by one cycle
of PCR amplification, the gene expression analysis results
represent the relative amount of mRNA templates in the test
sample. The errors were calculated from the standard devia-
tions carried by the triplicate CT values using the standard
propagation of the error methods.

The relative gene expression for pluripotent marker genes
KLF4, NANOG, and POU5F1 (Oct-4) are shown in Figure 1.
The KLF4 gene was expressed at markedly higher levels
(p < 0:01) in MSCs cultured in normoxia than in hypoxia.
The levels of KLF4 increased 2.1-folds with increased passage
number from 5 to 9 in hypoxia (p < 0:05), while it decreased
0.7-folds in normoxia (p < 0:05). Likewise, NANOG and
POU5F1 (Oct-4) genes were expressed slightly higher under
normoxia than in hypoxia, but the change was much smaller
than for KLF4. Under both hypoxic and normoxic conditions,
the expression of NANOG and POU5F1 (Oct-4) decreased
with the increasing passage number.

We next turned to gene markers of lineage-specific differ-
entiation. An examination of relative expression of osteo-
genic marker genes RUNX2 and COL1A1 revealed little
change with passage number under hypoxia (Figure 1).
COL1A1 also had no significant change with passage number
under normoxia; however, the RUNX2 gene was considerably
higher in normoxic culture conditions relative to hypoxic
conditions and was significantly higher (p < 0:05) at the
earlier passage. Expression of the chondrogenic marker
genes Sox9 and COL2A1 was found to remain relatively
low in hypoxia, while Sox9 expression was significantly
higher in normoxia when compared to hypoxia (p < 0:01)
and decreased 0.45-folds with increased passage number.
Overall expression of oestogenic and chondrogenic genes
reduced with passage number. In contrast, expression of the

adipogenic marker gene PPARG was increased markedly in
normoxia relative to hypoxia (p < 0:01). Expression of
PPARG also increased with passage number in MSCs cul-
tured in both hypoxia and normoxia (p < 0:01). Overall, the
expression levels of pluripotent, osteogenic, chondrogenic,
and adipogenic marker genes were higher in normoxia when
compared to equivalent hypoxia condition. The expression
levels for genes reduced with passage number, except for
PPARG which increased with passage number in cells grown
in both hypoxia and normoxia.

Next, we determined the effect of oxygen tension and
passage number on MSC cell surface protein markers. High
expression of surface markers CD105, CD73, and CD90 are
important criteria for the classification and clinical use of
MSCs. Flow cytometry was employed to determine the pres-
ence of these proteins using the fluorescent antibodies anti-
CD105 PE, anti-CD73 FITC, and anti-CD90 PE Cy7. All
samples showed high expression of each of the cell surface
markers by flow cytometry, relative to unlabelled controls
(Figure 2), indicating that the cells retain these positive
markers of MSCs at both early and late passages when cul-
tured in either hypoxia and normoxia. Interestingly, the level
of CD105 detected on the cell surface was markedly higher
for cells grown in normoxia than for those grown in hypoxia.
To further confirm MSC state, negative markers of MSCs,
CD14, CD45, CD34, and CD 19 were tested by flow cytome-
try using anti-CD14 FITC, anti-CD45 PerCP, anti-CD34-R-
PE, and anti-CD19 PE-Cy7 antibodies, respectively. All cell
samples were negative for each of these cell surface markers
by flow cytometry, overlapping closely with unstained con-
trols (Figure 2). This further confirms that cells grown under
both hypoxia and normoxia, and at early and late passage,
meet the standard criteria set by the ISCT to define MSCs
for laboratory-based investigation and preclinical studies.

Table 1: The information of the specific genes.

Gene marker type Name of gene primer
Gene
name

Accession
number

Forward and reverse sequences
PCR product
length (bps)

Housekeeping
Glyceraldehyde-3-phosphate

dehydrogenase
GAPDH NM_002046.5

F: ATGTTCGTCATGGGTGTGAA
R: TGTGGTCATGAGTCCTTCCA

144

Pluripotent gene

POU class 5 homeobox POU5F1 NM_002701.5
F: GCAATTTGCCAAGCTCCTGAA

R: AGCTAAGCTGCAGAGCCTCAAAG
141

Nanog homeobox NONAG NM_024865.3
F: CAACTGGCCGAAGAATAGCAATG
R: TGGTTGCTCCAGGTTGAATTGTT

159

Kruppel-like factor 4 KLF4 NM_004235.5
F: AAGAGTTCCCATCTCAAGGCACA
R: GGGCGAATTTCCATCCACAG

91

Osteogenic gene

Runt-related transcription
factor 2

RUNX2 NM_004348.3
F: ATGTGTTTGTTTCAGCAGCA

R: TCCCTAAAGTCACTCGGTATGTGTA
195

Collagen type I alpha
1 chain

COL1A1 NM_000088
F: GCTACCCAACTTGCCTTCATG

R: TGCAGTGGTAGGTGATGTTCTGA
168

Chondrogenic gene
SRY-box 9 SOX9 NM_000346.3

F: TGTATCACTGAGTCATTTGCAGTGT
R: AAGGTCTGTCAGTGGGCTGAT

187

Collagen type II alpha
1 chain

COL2A1 NM_001844.4
F: TGAAGGTTTTCTGCAACATGGA
R: TTGGGAACGTTTGCTGGATT

67

Adipogenic gene
Peroxisome proliferator-
activated receptor gamma

PPARG NM_005037.5
F: TGGAATTAGATGACAGCGACTTGG

R: CTGGAGCAGCTTGGCAAACA
182
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A final characteristic of MSCs is that they can differenti-
ate into multiple lineages under the appropriate conditions
in vivo and in vitro. Thus, we determined the chondrogenic
and osteogenic differentiation potential of the adipose-
derived MSCs. Osteogenic differentiation was induced for
19 days before staining with Alizarin Red S to test for calcium
accumulation. Osteogenic differentiation was confirmed in
the culture dishes for all culture conditions, relative to
undifferentiated controls, by red staining as well as the
beginning of mineral deposits in the form of discrete precip-
itate foci/nodules (Figures 3(a)–3(e)). This osteogenic differ-
entiation was further analysed under higher magnification

on coverslips, where Alzerin Red S staining for calcium accu-
mulation was more evident (Figures 3(f)–3(j)). Although
both early- and late-passage MSCs grown under normoxia
and hypoxia showed differentiation potential, cells grown
under hypoxia appeared to have increased calcium minerali-
sation (Figures 3(d) and 3(e)). Alternatively, chondrogenic
differentiation was induced for 21 days, before being stained
with Alcian Blue to show proteoglycan accumulation. Imag-
ing of cell monolayers in culture dishes revealed positive
staining of Alcian Blue for all culture conditions compared
to controls (Figures 4(a)–4(e)). The chondrogenic differenti-
ation was further analysed under higher magnification on
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Figure 1: Relative gene expression levels by qRT-PCR for cells cultured under hypoxia and normoxia. (a) qRT-PCR for pluripotency genes
KLF4, NANOG, and POU5F1. (b) qRT-PCR for MSC differentiation genes; osteogenic markers COL1A1 and RUNX2, chondrogenic markers
SOX9 and COL2A1, and adipogenic marker PPARG. Relative expression levels are expressed using the GAPDH as the reference gene, and
values were normalized to P5H; error bars represent SD. Statistically significant difference, p < 0:05, shown by ∗ for relative expression
level when compared to P5H sample.
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coverslips whereby Alcian Blue staining for chondrocytes
and proteoglycans was more evident (Figures 4(f)–4(j)).

4. Discussion

MSCs have significant clinical value and have been used in a
number of autologous therapeutic applications. MSCs have
anti-inflammatory and immunosupressive properties and
could also be used in allogeneicTypo transplantation but this
would require large numbers of cells [2, 28, 34]. However,
for safety purposes, a low in vitro passage number of less
than 5 is generally used for MSCs in clinical applications
[35]. The challenge for allogenic cell therapies, as well as tis-
sue engineering applications, is that low passage MSCs
might not yield enough cells for these applications where
larger numbers of stem cells are needed. One potential
source of allogenic MSCs is from adipose tissue. There are
a large number of liposuction surgeries performed every year
around the world, where adipose tissue is removed and dis-
carded as medical waste. This excess adipose tissue could
serve as a valuable source of MSCs with implied extensive
potential for allogenic therapeutics and tissue engineering
[16]. In this study, we focused on adipose-derived MSCs
which originally reside at low oxygen concentration (<4%)
[36] and investigated the effects of oxygen tension and pas-
sage number to determine whether they retain their stem cell
properties. We compared four samples: passage 5 and 9
MSCs cultured in hypoxic conditions, P5H and P9H, respec-

tively, and passage 5 and 9 MSCs cultured in normoxic con-
dition, P5N and P9N, respectively. These samples were then
characterised by qRT-PCR, flow cytometry of CD markers,
and differentiation potential.

Firstly, the relative gene expression in each sample was
determined using the relative quantification 2-ΔΔCT

method. The housekeeping gene GAPDH was employed
as reference gene as it has comparably stable expression
[37], and the P5H sample was used as a calibrator. Three
pluripotency marker genes, POU class 5 homeobox 1
(POU5F1) gene, Nanog homeobox (Nanog) gene, and
Kruppel-like factor 4 (KLF4) genes, were analysed for their
expression by qRT-PCR quantification. POU5F1 gene, also
known as Oct-4, encodes a transcription factor containing
a POU homeodomain involved in embryonic development
and stem cell pluripotency [38]. NANOG encodes a DNA
binding homeobox transcription factor involved in ESC
proliferation, renewal, and pluripotency, which can also
block stem cell differentiation [39]. KLF4 gene encodes a
Kruppel family transcription factor involved in diverse cel-
lular processes to regulate cell proliferation, differentiation,
and acts a suppressor of p53 gene expression [40, 41]. The
roles of Oct-4 and NANOG are to maintain MSC proper-
ties, keeping MSCs in proliferative and undifferentiated
states, while KLF4 regulates the cell cycle. This study has
shown that adipose-derived MSCs expressed the classical
pluripotency-related genes NANOG, Oct-4, and KLF4. Cells
grown in normoxia had a higher expression of the genes
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than those grown in hypoxia. These results are in line with a
study demonstrating that 2,232 genes which involved in
development, morphogenesis, cell adhesion, and prolifera-
tion were upregulated more than three-folds in MSCs under
normoxic culture condition [42]. Additionally, hypoxia has
been shown to inhibit the expression of stemness genes in
MSCs such as Oct-4 gene [43]. This is in contrast to other
reports whereby hypoxia enhanced stemness gene expres-
sion [26, 36, 44–46]. Furthermore, we observed a reduction
NANOG and Oct-4 genes’ expression with an increased pas-
sage number, both in hypoxia and normoxia. This finding
corresponds with previous studies in which the expression
of two major pluripotent genes Oct-4 and NANOG were
expressed at higher level at early passage and reduced with
passage number [47, 48]. Additionally, we found that KLF4
was expressed much higher compared to NANOG and Oct-
4, and was also much higher under normoxia. Furthermore,
the increased expression of KLF4 with passage number
under hypoxia is in line with previous reports of young ver-
sus old human BM-MSCs [49], while the reduction in KLF4
expression under hypoxia versus normoxia has also been
previously reported [17]. These results taken together sug-
gest that culturing MSCs under normoxia activates KLF4
to regulate the cell cycle and maintain MSCs in their prolif-
erative and undifferentiated state.

The relative expression for the chondrogenic, osteo-
genic, and adipogenic genes were also analysed. Firstly,
the chondrogenic genes SRY-box 9 (SOX9) and Collagen
type II alpha 1 chain (COL2A1) levels decreased with pas-
sage number. The COL2A1 gene encodes the alpha 1 chain
of type II collagen—a fibrillar collagen found in cartilage and
SOX9 is a master regulator of chondrogenesis [50]. These
results concur with previous studies, which showed the chon-
drogenic differentiation potential reduced at higher passage
[47, 51, 52]. Next, the adipogenic gene, peroxisome
proliferator-activated receptor gamma (PPARG) gene, was
analysed. It encodes a member of the peroxisome
proliferator-activated receptor subfamily of nuclear receptor
gamma and is a regulator of adipocyte differentiation.
PPARG gene expression increased with passage number for
both hypoxia and normoxia, with higher levels detected in
normoxia overall. This is inconsistent with previous studies,
which have shown that MSCs have a reduced capacity for
adipogenic differentiation with increasing passage number
[52]. The adipose origin of the MSCs used in this study
may be an explanation for this apparent contradiction. In
a previous study, bone marrow derived-MSCs differentiated
readily into osteoblasts and adipose-derived MSCs into adi-
pocytes [53]. Finally, the osteogenic gene expression for the
Runt-related transcription factor 2 (RUNX2) and Collagen

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

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

(i) (j)

Figure 3: Osteogenic differentiation of MSCs cultured under hypoxia and normoxia. Alizarin Red S staining for cells differentiated for 19
days imaged in (a–e) culture wells and (f–j) on coverslips. (a) Negative control, (b) passage 5 hypoxia (P5H), (c) passage 9 hypoxia (P9H),
(d) passage 5 normoxia (P5N), and (e) passage 9 normoxia (P9H). Scale bar 100μm.
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type I alpha 1 chain (COL1A1) genes were also determined.
Both genes decreased with passage number, consistent with
previous published results [48, 52].

The presence or absence of CD cell surface markers is
also important criteria for MSCs. We determined the levels
of both positive and negative MSC markers by flow cytom-
etry and qRT-PCR. As a minimum, it has been suggested
that at least two positive and two negative markers are
required for MSC phenotyping [54]. We found that the
three positive CD markers CD105, CD73, and CD90 were
present at high levels in all samples, as determined by flow
cytometry. Interestingly, CD105 was higher in normoxia when
compared to cells cultured under hypoxia; the reduced levels
of MSC surface marker expression of CD105 and CD44 have
also been reported for MSC cultured in hypoxia for greater
than 48hrs [55]. These studies concluded that the conse-
quences of the downregulation of CD105, which is an adhesive
molecule and part of the TGFβ receptor complex, remain to
be determined. Additionally, our findings for the negative
MSC CD markers CD14, CD45, CD34, and CD19 were con-
firmed to be absent across all conditions. Taken together, our
results indicate that adipose-derived MSCs grown in both
hypoxia and normoxia and at early and late passage meet
the minimum CD phenotype requirements for labatory-
based investigation and clinical applications [35].

MSCs also have the ability to differentiate into many
different cell types. Here, we demonstrated the ability of
adipose-derived MSCs to differentiate into osteocytes and
chondrocytes under all culture conditions. Firstly, following
19 days of osteogenic differentiationMSCs grown under hyp-
oxia and normoxia were shown to be able differentiate into
osteocytes. Positive Alizarin Red S staining and calcium accu-
mulation were detected in both early- and late-passage cells
and is in line with the previous results [56, 57]. Additionally,
chondrogenic differentiation was induced for 21 days, before
being stained with Alcian Blue to confirm MSC differentia-
tion into chondrocytes [58, 59]. Proteoglycan accumulation
and deposits were observed for cells cultured in all condi-
tions, confirming chondrogenic differentiation potential of

both early- and late-passage MSCs cultured under hypoxia
or normoxia.

Although the effects of hypoxia on MSCs have been
well studied, there are conflicting reports on its effect on
differentiation. For example, hypoxia inhibits osteogenic
and adipogenic differentiation capacity of MSCs [25, 60–
64] and attenuates MSC chondrogenesis [65]. In contrast,
others have shown that hypoxia promotes osteogenic, adi-
pogenic, and chondrogenic differentiation potential of MSCs
[26, 66, 67]. Furthermore, hypoxia enhances osteogenesis but
inhibits adipogenesis of MSCs [68]. The variation in reports,
especially for adipose-derived MSCs, might be caused by
different cultivation condition as hypoxia has been shown to
effect these cells more [21]. Furthermore, it is important to
take into account the normal physiological state [69, 70].
The focus of our study was to determine whether late-
passage MSCs grown in normoxic culture conditions could
be a reliable, safe, and effective source of cells for regener-
ative medicine and tissue engineering for applications such as
osteoarthritis. We confirmed that late-passage adipose-
derived MSCs cultured under normoxia retained both chon-
drogenic and osteogenic differentiation potential.

In summary, we compared the effects of culturing
adipose-derived MSCs in hypoxia and normoxia. We found
that the expression levels of pluripotent, osteogenic, chon-
drogenic, and adipogenic genes were higher in normoxia
when compared to hypoxia, and expression levels reduced
with passage number. Despite these gene expression changes,
we showed that cells grown under all conditions met the phe-
notypic requirements for both positive and negative CD
markers by flow cytometry. Furthermore, the MSCs were
confirmed to maintain the ability to differentiate into both
osteogenic and chondrogenic cell types. Our findings dem-
onstrate that cells grown under both hypoxia and normoxia,
and at early and late passage, meet the standard criteria set by
the ISCT to define MSCs for laboratory-based investigation
and preclinical studies. Therefore, these culture conditions
could be used when scaling up MSC cell culture in bioreac-
tors, if large numbers of cells are required for allogeneic

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

(f) (g) (h) (i) (j)

Figure 4: Chondrogenic differentiation of MSCs cultured under hypoxia and normoxia. Alcian Blue staining for cells differentiated for 21
days imaged in (a–e) culture wells and (f–j) on coverslips. (a) Negative control, (b) passage 5 hypoxia (P5H), (c) passage 9 hypoxia (P9H),
(d) passage 5 normoxia (P5N), and (e) passage 9 normoxia (P9H). Scale bar 100μm.
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clinical applications or tissue engineering for the treatment of
joint and bone diseases such as osteoarthritis.
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Coimplantation of endothelial cells (ECs) and mesenchymal stromal cells (MSCs) into the transplantation site could be a feasible
option to achieve a sufficient level of graft-host vascularization. To find a suitable source of tissue that provides a large number of
high-quality ECs and MSCs suited for future clinical application, we developed a simplified xeno-free strategy for isolation of
human umbilical vein endothelial cells (HUVECs) and Wharton’s jelly-derived mesenchymal stromal cells (WJ-MSCs) from the
same umbilical cord. We also assessed whether the coculture of HUVECs and WJ-MSCs derived from the same umbilical cord
(autogenic cell source) or from different umbilical cords (allogenic cell sources) had an impact on in vitro angiogenic capacity.
We found that HUVECs grown in 5 ng/ml epidermal growth factor (EGF) supplemented xeno-free condition showed higher
proliferation potential compared to other conditions. HUVECs and WJ-MSCs obtained from this technic show an endothelial
lineage (CD31 and von Willebrand factor) and MSC (CD73, CD90, and CD105) immunophenotype characteristic with high
purity, respectively. It was also found that only the coculture of HUVEC/WJ-MSC, but not HUVEC or WJ-MSC mono-culture,
provides a positive effect on vessel-like structure (VLS) formation, in vitro. Further investigations are needed to clarify the pros
and cons of using autogenic or allogenic source of EC/MSC in tissue engineering applications. To the best of our knowledge,
this study offers a simple, but reliable, xeno-free strategy to establish ECs and MSCs from the same umbilical cord, a new
opportunity to facilitate the development of personal cell-based therapy.

1. Introduction

Since blood supply is an essential factor that holds the great
effect on graft survival and host tissue integration, various
approaches promoting vascularization have been developed
in the field of tissue engineering research. Among these,

cotransplantation of multiple cell types (i.e., adipose-
derived stem cells and human umbilical vein endothelial
cells; HUVECs) has proven to yield a superiority effect on
neovascularization in an adipogenesis mouse models [1].
This finding is in accordance with Ma et al. (2014), who
showed that coculture of human adipose tissue-derived or
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human bone marrow-derived mesenchymal stromal cells
(MSCs) with HUVECs resulted in vessel-like structure
(VLS) formation after in vivo implantation, either on day 3
or on day 7, in athymic mouse models [2]. However,
although the beneficial effects between MSCs and ECs have
been reported [3–5], these studies were performed on MSCs
and ECs derived from the different individuals, as an allo-
genic cell source. Little is known about the angiogenic capac-
ity of MSCs and ECs coculturing especially when those cells
derived from the same (autogenic) source.

Human umbilical cord (hUC) is a unique niche that con-
tains abundant source of postnatal stem cells (such as haema-
topoietic stem cells and MSCs) and ECs (such as HUVECs)
[3, 4, 6]. Several groups have reported various protocols for
the isolation of Wharton’s jelly-derived mesenchymal stro-
mal cells (WJ-MSCs) from hUC using animal-free or so-
called xeno-free culture system [7–10]. Xeno-free culture sys-
tem refers to the cell cultivation processes that avoid the use
of animal-associated supplement, such as fetal bovine serum
(FBS) and porcine trypsin, due to an awareness on contami-
nation; both from xenogenic compound and microorganism.
Nowadays, xeno-free culture strategy includes, but not limit
to, the use of human blood derivatives (such as human serum
and human platelet lysate), microbial recombinant proteins,
and chemically defined media [11]. Indeed, the advantage
of xeno-free culture system is not only to eliminate the risk
of zoonosis but also to promote self-renewal ability and mul-
tilineage differentiation potential [7, 12, 13]. Over the past
few decades, numerous studies illustrate the great value of
MSCs in the field of tissue engineering and regenerative med-
icine through their differentiation potential, ability to hom-
ing and engraftment, and paracrine factors secretion [14].
However, one of the major obstacles to transfer this upcom-
ing technology to clinical use is the culture system that the
cells have been established. Therefore, to comply with the
long-term safety requirements for cell-based therapy, xeno-
free established cells have become a preferred source of cell-
based product suited for future clinical application [15].

To creating a new opportunity to facilitate the develop-
ment of personal cell and vascular-based therapy, the objec-
tives of this study are to isolate and expand HUVECs and
WJ-MSCs from the same umbilical cord using the defined
xeno-free strategies and to determine how the coculture of
autogenic and allogenic HUVEC/WJ-MSC contribute to the
angiogenic capacity, in vitro.

2. Materials and Methods

2.1. Chemicals and Media. All reagents were purchased from
Sigma-Aldrich (St. Louis, MO, USA) unless otherwise stated.

2.2. Isolation of HUVECs andWJ-MSCs. In this study, ethical
approval was granted by the Ethics Committee for
Researches Involving Human Subjects, Suranaree University
of Technology (EC-62-81), Nakhon Ratchasima, Thailand.
After receiving the signed informed consents from the par-
ents, the umbilical cords (N = 3) were collected and proc-
essed at Medeze stem cell laboratory within 24hrs after

delivery. In all experiments, cells were maintained in a
humidified atmosphere of 37๐C and 5% CO2 incubator.

HUVECs were isolated from umbilical vein as described
previously [16], with somemodification. Briefly, the collected
umbilical cords were sterilized by ethanol and rinsed twice by
phosphate-buffered saline (PBS). Then, the umbilical vein
was filled with 0.2% collagenase (xeno-free grade, EMDMili-
pore; Cat. No. SCR139) and incubated at room temperature
for 30min. After that, the cells were collected and cultured
on 25 cm2 tissue culture flask (Corning). Three different
media were examined for their effects on HUVECs isolation:
(a) commercial xeno-culture (nonxeno-free) system com-
posed of basal medium 200 (Invitrogen) supplemented with
low serum growth supplements (LSGS kit, contain 2% v/v
FBS, Invitrogen); (b) xeno-free culture system composed of
M199/EBSS (Hyclone) containing 10% human serum (HS),
2mML-glutamine, 10 ng/ml basic fibroblast growth factor
(bFGF, Prospec), 5U/ml heparin (xeno-free grade, Life
science production), 100U/ml penicillin, and 100μg/ml
streptomycin (Millipore); (c) xeno-free culture system (B)
supplemented with 5ng/ml epidermal growth factor (EGF,
Prospec). These 3 conditions were next referred as LSGS,
xeno-free+bFGF, and xeno-free+bFGF+EGF, respectively.
On the following day, the media were changed to remove cell
debris. The culture media were refreshed every 3-4 days.

After HUVECs isolation, the same umbilical cord was
subjected to isolate WJ-MSCs by using tissue explant
method. In brief, the umbilical vein was mechanically excised
and removed. Then, the umbilical cord matrix was cut into 2-
3mm thick and cultured on 20μg/ml human fibronectin
coated tissue culture plate. WJ-MSCs were maintained in
αMEM (Hyclone) supplemented with 10% HS, 100U/ml
penicillin, and 100μg/ml streptomycin. The culture media
were refreshed every 3-4 days.

At 90% confluence, the HUVECs and WJ-MSCs were
subcultured by TrypLE Express (Invitrogen) and used for
subsequent studies. For future use, HUVECs and WJ-MSCs
were frozen in freezing medium consisting of culture
medium plus 10% dimethylsulfoxide (Wak-Chemie Medical
GmbH) and 20% (v/v) human serum albumin solution
(Baxter). The frozen aliquots were then stored in vapor phase
liquid nitrogen.

2.3. Immunocytochemical Staining. The expression of key
endothelial markers, including CD31 (PECAM-1) and von
Willebrand factor (vWf), was used to qualitatively analyzed
HUVECs cell lines (N = 3) obtained from each condition.
At passage 3, HUVECs were seeded onto 4-well tissue culture
plate (Nunc) and fixed with 4% paraformaldehyde after
reaching confluence. Then, cells were washed and blocked
with 10% fetal bovine serum in 0.25% Triton X-100 for
1 hr. The cells were incubated with the primary antibod-
ies against human CD31 (1 : 200, Abcam) and human
vWf (1 : 200, Abcam) overnight at 4๐C. Subsequently, cells
were washed and incubated for 1 hr with appropriate
Alexa 488 (Invitrogen)/DyLight 594 (Thermo Fisher Sci-
entific) conjugated secondary antibody. After washing, cell
nuclei were stained with 4′,6-diamidino-2-phenylindole
(DAPI, Biolegend) for 10min at room temperature.
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Finally, the cells were observed under an inverted fluores-
cent microscope.

2.4. Expansion Potential of HUVECs under Different Culture
Conditions. To compare expansion potential in each culture
condition, growth kinetics of HUVECs (from passage 4 to pas-
sage 6) obtained from LSGS, xeno-free+bFGF, and xeno-free
+bFGF+EGF conditions were quantified as described previ-
ously [17], with some modifications. Briefly, HUVECs
(N = 3) were plated at 10,000 cells/cm2 and cultured under
their originated condition for 72hrs. Then, cells from each
group were collected, stained with 0.4% trypan blue (Invitro-
gen), and counted by Countess™ Automated Cell Counter
(Invitrogen). Each condition was performed in duplicate. Pop-
ulation doubling (PD) was calculated using equation (1). NH
is the harvested cell number, and NI is the initial cell number.

PD = log10NH − log10NI
log102

: ð1Þ

2.5. Flow Cytometry Analysis. The purities of HUVECs (at
passage 3 and passage 6, each passage N = 3) and WJ-MSCs
(at passage 3, N = 3) were taken for flow cytometry analysis.
The following antihuman antibodies were used according to
the manufacturer’s instructions. For HUVECs, cells were
stained with anti-CD31-FITC, anti-CD105-PE, and anti-
CD45-FITC. For WJ-MSCs, cells were stained with anti-
CD73-APC, anti-CD90-FITC, anti-CD105-PE, and anti-
CD45-FITC. All antibodies were purchased from BD Biosci-
ence. Corresponding isotype immunoglobulins were used as
negative control. Single-cell suspensions of 1 × 105 cells were
incubated with the appropriate concentration antibodies for
20min at room temperature. Then, cells were washed and
resuspended in 500μL PBS and analyzed using CytoFLEX
flow cytometer (Beckman Coulter). At least 10,000 events
were acquired, and the results were analyzed using CytExpert
software.

2.6. In vitro 2D-Angiogenic Capacity and
Immunocytochemical Staining. An in vitro angiogenic capac-
ities of monocultures and cocultures of autogenic and allo-
genic HUVECs/WJ-MSCs (1 : 1 cell ratio) were determined
by 2-dimensional (2D) culture (N = 3), as previously
described [2] with some modifications. In the autogenic
group, HUVECs and WJ-MSCs derived from the single
umbilical cord were cocultured together. In the allogenic
group, HUVECs and WJ-MSCs derived from the different
umbilical cords were cocultured together. A total number of
2 × 105 cells were seeded and cultured in basal medium 200
supplemented with LSGS on 0.2% gelatin-coated 4-well tis-
sue culture plates. At day 3, samples were washed by PBS
and fixed with 4% paraformaldehyde for 20 minutes.

For immunocytochemical staining, 5% normal goat
serum was used as a blocking solution for 1 hr at room tem-
perature. After that, samples were incubated with rabbit anti-
human CD31 polyclonal antibody (1 : 80, Abcam) at 4๐C,
overnight. After three times washing by 0.05% PBS-Tween,
the goat anti-rabbit conjugated-horseradish peroxidase
(1 : 1000, Abcam) was added into the cultured wells for 1 hr

at room temperature. After washing, 3,3′-Diaminobenzi-
dine (DAB) was used as substrate, and hematoxylin was next
applied for nuclear staining. The stained cells were observed,
and the photos were taken by using an inverted microscope.

2.7. Statistical Analysis. All experiments were performed on 3
different cell lines with duplicate. Data were expressed as
mean ± SEM. Statistical analysis was performed by SPSS
software using one-way ANOVA and paired, two-tailed Stu-
dent’s t-test. A P value was considered statistically significant
different at P < 0:05.

3. Results

3.1. Xeno-Free System Support the Isolation and Expansion of
HUVECs and WJ-MSCs. To obtain multiple cell types poten-
tially useful for cell and vascular based therapy, we first
examined the possibility of isolation of HUVECs and WJ-
MSCs from single umbilical cord using a well-defined xeno-
free culture system compared with commercially available
xeno-containing culture medium. In this study, we were able
to obtain both HUVEC and WJ-MSC cell lines from all
donors under tested culture conditions. Based on phase-
contrast microscopic appearance, HUVECs from all three
conditions demonstrated a classical cobblestone-like mor-
phology (Figure 1(a)) with no significant difference observed.
After reaching confluence of primary culture, HUVECs from
all three conditions were able to be passaged, expanded in
monolayer culture, and cryopreserved for future usage. At
passage 3, the expressions of endothelial-specific markers
were first confirmed by indirect immunofluorescence stain-
ing. We found that the expressions of CD31 and vWF were
detected in HUVECs obtained from all three conditions
(Figures 1(b) and 1(c)).

After 7-14 days of culture, adherent fibroblast-like cell
populations were grown out from the edge of WJ explants.
These cells also had the ability to expand and can be cryopre-
served for future study. Therefore, by using a simple tissue
explant technic, the rest of the umbilical cord can still be used
as a source of WJ-MSCs.

3.2. Xeno-Free Culture System Accelerated the Proliferation
Potential of HUVECs. We next evaluated the effect of media

Morphology
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U
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s

CD31 vWF

(a) (b) (c)

Figure 1: Growth colony and the expression of endothelial cell
markers of isolated HUVECs. A typical cobblestone-like colony
was observed after 24 hours culture (a). A representative image of
(b) CD31 (green) and (c) vWF (red) was detected in HUVECs
regardless of their cultivated condition. Nuclei of the cells were
indicated by 4′,6-diamidino-2-phenylindole staining. Studies were
performed on three independent cell lines with duplicates. Scale
bar: 100 μm (a) and 50 μm (b, c).
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constituent and supplement on the proliferation of HUVECs
isolated from all three conditions: LSGS, xeno-free+bFGF,
and xeno-free+bFGF+EGF. We found that HUVECs cultured
in xeno-free+bFGF+EGF condition exhibited a higher prolif-
eration activity than the other media tested (P < 0:01;
Figure 2(a)). As shown by population doubling plots (P4 and
P6 (P < 0:01) and P5 (P < 0:05); Figure 2(b)), the accelerated
expansions of HUVECs under xeno-free+bFGF+EGF condi-
tion were observed at all-time point assessed. Moreover, it
was noteworthy that the expression of CD31 remained stable
for HUVECs obtained from all three conditions after 6 pas-
sages (Figure 2(c)). Based on these experimental findings,
HUVECs isolated under xeno-free+bFGF+EGF condition
were then selected for the subsequent experiment.

3.3. Expanded HUVECs and WJ-MSCs Showed Their
Immunophenotype Characteristics with High Purity. Since

cell purity is one of the key parameters required for cellular
therapy products, we next performed flow cytometry analysis
for both HUVECs and WJ-MSCs obtained by our technics.
At passage 3, the percentage of CD31+ (99:96% ± 0:05%),
CD105+ (99:70% ± 0:13%), and CD45- (0:01% ± 0:02%) cells
indicated that HUVECs isolated under xeno-free+bFGF
+EGF condition possess endothelial lineage characteristics
[18] with more than 99% purity (Figures 3(a) and 3(b)).
And, WJ-MSCs isolated from the remaining umbilical cord
were fulfill the classical MSC immunophenotype [19]; cells
were positive for CD73 (99:72% ± 0:15%), CD90
(99:75% ± 0:21%), and CD105 (98:83% ± 0:65%) and were
negative for CD45 (1:61% ± 0:54%) (Figures 3(a) and 3(b)).

3.4. In vitro 2-Dimensional Coculture of HUVECs/WJ-MSCs
Exhibited a Vessel-Like Structure. To assess whether cocul-
tured of ECs and WJ-MSCs has positive effects on
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Figure 2: Effects of different culture constituents on growth kinetics and endothelial marker maintenance of HUVECs. Comparison of LSGS,
xeno-free+bFGF, and xeno-free+bFGF+EGF culture media on cell proliferation (a) and population doubling (b) at passage 4, 5, and 6. At
passage 6, HUVECs obtained from all three conditions still maintain the expression of CD31 (c). Data were expressed as mean ± SEM
(N = 3). Significant differences at ∗P < 0:05 and ∗∗P < 0:01.
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angiogenicity, HUVECs obtained from xeno-free+bFGF
+EGF condition were then cocultured with WJ-MSCs for 3

days. Immunostaining of CD31 was used to confirm the
endothelial lineage phenotype of the structure. We found
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Figure 3: Purification of HUVECs and WJ-MSCs obtained by using a single umbilical cord with xeno-free cell isolation and expansion
strategy. (a) Representative flow cytometry analysis of expanded HUVECs and WJ-MSCs stained with antibodies directed against human
antigens specific for pan leukocyte (CD45), ECs (CD31), and MSCs: CD105, CD73, and CD90. (b) Percentage of HUVECs (light bar) and
WJ-MSC-s (gray bar) stained positive for endothelial and MSC markers. Data were expressed as mean ± SEM (N = 3).
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that the vessel-like structures (VLS) stained positively for
CD31 were observed only in HUVECs/WJ-MSCs coculture
in both of autologous (Figures 4(e) and 4(f)) and allogenic
(Figures 4(g) and 4(h)) coculture conditions. In contrast,
none of VLS was identified in HUVECs (Figures 4(c) and
4(d)) and WJ-MSCs (Figures 4(a) and 4(b)) monoculture.

4. Discussion

To achieve a desirable therapeutic outcome in the field of
stem cells and tissue engineering, multidisciplinary factors
should be taken into consideration, for example, a perfor-
mance of engineered tissues, an appropriate structural/scaf-
fold support, and a sufficient oxygen and nutrient supply
of engineered tissue. [20]. To overcome the problem of
inadequate blood supply, several strategies that promote
graft-host vascularization have been employed: (i) direct
derivation of proangiogenic growth factors such as vascular
endothelial growth factor, fibroblast growth factor, and
platelet-derived growth factors [21]; (ii) the transplantation
of multiple cells types (i.e., endothelial progenitor cells;

EPCs, ECs, and MSCs) [2, 5, 22, 23]; and (iii) the use of
vascular-inductive biocompatible scaffolds combined with
stem/progenitor cells [24]. ECs can be isolated from different
types of blood vessels, such as arteries, veins, and capillaries
[25]. For instance, autologous EC sources are internal mam-
mary artery, saphenous vein, and skin tissue [26, 27]. How-
ever, harvesting of autologous ECs is usually not possible
because of the invasive collection procedure, poor tissue
quality cause by preexisting conditions of the patient, and
limited proliferation potential of the isolated cells. hUC, as
HUVEC origin, in contrast, offers a high-quality EC source
that is readily available after a child’s birth. The advantages
of HUVECs beyond other EC source include sample accessi-
bility, uncomplicate isolation process, and availability of
published data [27].

In the present study, the attention has been drawn to the
use of cells obtained from hUC, a potential cell source that is
routinely discarded after birth. Apart from its ethical accep-
tance and painless collection procedure, hUC provides the
unique niche of multiple types of cell (i.e., WJ-MSCs [4],
ECs, and EPCs from umbilical cord vein [28, 29]) that pro-
vide a mutual support mechanism through their inheritance
distinct functions, multilineage differentiation potentials,
and neovascularization [30, 31]. Here, we report for the first
time that HUVECs and WJ-MSCs can be obtained from the
same umbilical cord using a simple 2-step technic, the first
enzymatic digestion of the umbilical vein followed by
mechanical explant of Wharton’s jelly tissue. This technic
utilized the fact that hUC contains different types of multipo-
tent progenitor cells, and these cells itself have a natural
barrier to prevent cell line cross-contamination during the
isolation process. We also demonstrated that medium com-
prised of 10% human serum, an appropriate xeno-free alter-
native of FBS, could be used to support the expansion, until
cryopreservation, of HUVECs and WJ-MSCs. To get the
superior expansion condition for HUVECs, we found that
the addition of 5 ng/ml EGF yielded a better proliferation
potential when compared with the standard xeno-free+bFGF
culture condition and nonxeno-free LSGS culture condition,
respectively. The results of flow cytometry analysis showed
that both HUVECs and WJ-MSCs obtained by this technic
possess the immunophenotype characteristic of endothelial
and MSCs with more than 99% and 98% purity, respectively.
This is in accordance with the previous report that hUC can
be used as a source for vascular cell bank [16]. It is worth
mentioning that, besides the establishment of xeno-free cul-
ture system for both WJ-MSCs and HUVECs, our findings
fulfill the attempt to establish therapeutic applicable cell bank
[32–36] by offering a possibility to set up “two-in-one” (two
cell types in one sample) autogenic cell bank.

The ability of ECs and MSCs on neovascularization is
also a topic of interest in the field of stem cells and tissue
engineering. A number of studies have proven that different
sources of MSCs (e.g., bone marrow-derived and adipose
tissue-derived MSCs) provide beneficial effects on vascular
tube formation of ECs via stabilization of ECs network and
secretion of vasculogenic growth factor, such as hepatocyte
growth factor [37, 38]. However, the promising results of
those studies obtained from the coculturing of allogenic cell
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Figure 4: Vessel-like structure formation in 2-dimensional (2D)
culture. After 3 days cultured in endothelial growth media, WJ-
MSCs (a, b), HUVECs (c, d), autogenic (e, f), and allogenic (g, h)
HUVECs/WJ-MSCs coculture were stained with antibodies
directed against human CD31 (brown). Arrows indicated CD31
stained VLS in both of autogenic and allogenic HUVECs/WJ-
MSCs coculture condition. Scale bar: 200μm (a, c, e, and g) and
100μm (b, d, f, and h).
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sources, which might be less attractive considering in person-
alized cell therapy [39]. In this study, we found that only
coculture of HUVECs/WJ-MSCs was able to form VLS after
3 days culture in endothelial culture medium. These implied
the angiogenic supporting effect of HUVECs and WJ-MSCs
in both of autogenic and allogenic cell source conditions.
Although, we were not able to perform the quantitative com-
parison between VLS degree derived from autogenic and
allogenic cell source conditions. Our preliminary results pro-
vide compelling evidence that the coculturing of the auto-
genic and allogenic HUVECs/WJ-MSCs give rise to the
different level of VLS formation. Further investigations on
molecular interactions, a quantitative assay of VLS forma-
tion, and an in vivo functional study of these cells are needed
to clarify which combination (autogenic or allogenic cell
source) should be considered before moving from the bench
to the bedside.

In conclusion, the defined xeno-free strategy proposed by
this study offers a simple, but reliable, approach to establish
the autogenic HUVECs and WJ-MSCs that are suited for
future personal clinical application.
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Humanmesenchymal stem cells (hMSCs) are multipotent cells, which exhibit plastic adherence, express specific cell surface marker
spectrum, and have multi-lineage differentiation potential. These cells can be obtained from multiple tissues. Dental tissue-derived
hMSCs (dental MSCs) possess the ability to give rise to mesodermal lineage (osteocytes, adipocytes, and chondrocytes), ectodermal
lineage (neurocytes), and endodermal lineages (hepatocytes). Dental MSCs were first isolated from dental pulp of the extracted
third molar and till now they have been purified from various dental tissues, including pulp tissue of permanent teeth and
exfoliated deciduous teeth, apical papilla, periodontal ligament, gingiva, dental follicle, tooth germ, and alveolar bone. Dental
MSCs are not only easily accessible but are also expandable in vitro with relative genomic stability for a long period of time.
Moreover, dental MSCs have exhibited immunomodulatory properties by secreting cytokines. Easy accessibility, multi-lineage
differentiation potential, and immunomodulatory effects make dental MSCs distinct from the other hMSCs and an effective tool
in stem cell-based therapy. Several preclinical studies and clinical trials have been performed using dental MSCs in the
treatment of multiple ailments, ranging from dental diseases to nondental diseases. The present review has summarized dental
MSC sources, multi-lineage differentiation capacities, immunomodulatory features, its potential in the treatment of diseases, and
its application in both preclinical studies and clinical trials. The regenerative therapeutic strategies in dental medicine have also
been discussed.

1. Introduction

Human mesenchymal stem cells (hMSCs) are multipotent
cells isolated from various tissues, including bone marrow,
adipose tissue, umbilical cord, and dental tissue. These cells
share similar properties: being plastic-adherent, expressing a
specific cell surface marker spectrum (CD73+, CD90+,
CD105+, CD34-, CD45-, CD11b-, CD14-, CD19-, CD79a-,
and human leucocyte antigen-DR-), and possessing the ability
to give rise to osteoblasts, chondrocytes, and adipocytes.
hMSCs are highly accessible and expandable in vitro with
genomic stability. Furthermore, these cells have the remark-
able potential of multipotent differentiation, as they not only
could differentiate into mesodermal lineages (adipocytes, oste-
ocytes, and chondrocytes) but also could transdifferentiate

into ectodermal lineages (neurocytes) and endodermal line-
ages (hepatocytes and pancreocytes). All these characteristics
make them promising stem cell sources for regenerative ther-
apy, but their clinical applications have been limited due to
questionable safety issues, inconclusive quality control, unac-
complished clinical-grade production, and incomplete under-
standing of the mechanism regulating these hMSCs [1–4].

To address this, scientists worldwide have been searching
for safe, effective, and easily accessible stem cell sources with
great differentiation potential for regenerative medicine.
Dental MSCs, which show typical MSC features, have been
found in various dental tissues, ranging from discarded
extracted teeth to their attached tissues [5–7]. These cells
are not only easily accessible but are also expandable with rel-
ative genomic stability for a long period of time. Notably,
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apart from mesodermal lineages, they have the ability to
transdifferentiate into ectodermal and endodermal lineages
[5, 8–12] (Figure 1). Moreover, dental MSCs exhibit immu-
nomodulatory properties by secreting cytokines and immune
receptors [13]. All these characteristics of dental MSCs
make them distinct from other hMSCs, and they can be
applied in stem cell-based therapy. Several preclinical stud-
ies and clinical trials were performed using dental MSCs in
the treatment of dental diseases and nondental diseases like
neurodegenerative diseases and autoimmune and orthope-
dic disorders [14–18].

The present review has summarized dental MSC sources,
multi-lineage differentiation potential, immunomodulatory
features, its potential in the treatment of diseases, and its
application in both preclinical studies and clinical trials.
The regenerative therapeutic strategies in dental medicine
have also been discussed.

2. Dental Mesenchymal Stem Cells
(Dental MSCs)

The existence of dental MSCs was suggested by the formation
of tertiary dentin following dental caries or trauma. The first
efficient population of dental MSCs was reported from the
dental pulp tissue of an extracted third molar [19]. Later
on, cells that possess characteristics of MSCs were isolated
from the pulp tissue of exfoliated deciduous teeth [20], apical
papilla [21], periodontal ligament [22], gingiva [23], dental
follicle [24, 25], tooth germ [26], and alveolar bone [27].
These cell populations exhibit heterogeneity, i.e., distinct cell
surface markers, proliferation rate, and differentiation poten-

tial, which has been reviewed by Zhou et al. [28], suggesting
their diverse functions and applications in clinic.

2.1. Stem Cells from Dental Pulp. The first dental MSC popu-
lation, human dental pulp stem cells (hDPSCs), was isolated
from the dental pulp tissue of impacted third molars. These
cells exhibit MSC properties, including high proliferation,
multi-lineage differentiation potential, as well as immuno-
modulatory properties [19, 29]. Substantial studies have doc-
umented the odontogenic differentiation potential of
hDPSCs, i.e., hDPSCs generated a dentin–pulp-like organoid
with Matrigel in vitro and induced mineralized reparative
dentin formation with hydroxyapatite (HA)/tricalcium phos-
phate (TCP) ceramic particles in vivo [19, 30–32]. Attribut-
ing to the origin of the neural crest, hDPSCs show
remarkable neurogenic potential compared with human
bone marrow stem cells (BMMSCs). The higher expression
level of neurotrophins like nerve growth factor (NGF) and
longer axons were detected in hDPSCs cultured with a
microfluidic coculture system containing trigeminal neurons.
Neurospheres were also generated by hDPSCs upon specific
differentiation conditions [33–35]. The ability of hDPSCs to
differentiate into endothelial cells and their angiogenic
potential have also been reported, as hDPSCs were found to
secrete vascular endothelial growth factors (VEGF) and gen-
erate visible blood vessels in three-dimensional- (3D-)
printed HA constructs [36]. Their capabilities of neurogenic
and angiogenic differentiation made a great contribution to
the whole pulp regeneration. Implanted hDPSCs gave rise
to 3D pulp tissue with vascular and nerve reconstruction in
the empty root canal of traumatized permanent incisors
[37]. hDPSCs could also differentiate into osteoblasts and
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Figure 1: Multilineage differentiation capacity of dental MSCs.
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further regenerate bone tissue, due to expressing several typ-
ical osteoblastic markers, such as alkaline phosphatase
(ALP), osteopontin (OPN), and osteocalcin (OCN) [38].
Newly formed bone was found following the application of
the bioengineered constructs of hDPSCs with poly-ɛ-capro-
lactone- (PCL-) biphasic calcium phosphate (BCP) scaffolds.
hDPSCs could also differentiate into other cell lineages, such
as adipocytes, chondroblasts, hepatocytes, and cardiomyo-
cytes. The high plasticity of hDPSCs makes them an ideal
stem cell source for stem cell-based therapy, which has been
thoroughly reviewed by Mortada et al. [29].

Then, stem cells from the dental pulp tissue of exfoliated
deciduous teeth were purified with a similar method for
hDPSC isolation. Analogous to hDPSCs, cultured stem cells
from exfoliated deciduous teeth (SHEDs) are capable of dif-
ferentiating into various cell types, such as osteocytes, chon-
drocytes, adipocytes, odontoblasts, endothelial cells, and
hepatocytes [20]. However, due to the developmental differ-
ences between deciduous and permanent teeth, SHEDs pres-
ent different features from hDPSCs, for instance, a higher
proliferative capability, more cell-population doublings, a
sphere-like cluster formation, and a distinctive osteoinduc-
tive capacity [20]. For odontogenic differentiation potential,
SHEDs are able to differentiate into odontoblasts and form
dentin-like tissue or pulp-like tissue, instead of a complete
dentin–pulp-like complex [20, 39]. When combined with
collagen type I, hDPSCs formed the functional dental pulp
tissue in the full-length root canal. The newly formed pulp
tissue contained functional odontoblasts, which regenerated
tubular dentin tissue [40]. Following neural inductive cul-
ture, SHEDs presented higher expression levels of neuronal
and glial cell markers than hDPSCs, such as β-III-tubulin,
tyrosine-hydroxylase (TH), microtubule-associated protein
2 (MAP2), and Nestin. Dopaminergic (DAergic) neurons
could be produced by SHED-derived neurospheres in a
DAergic induction system [41]. Additionally, SHEDs could
act as neuroprotector agents to promote neural functional
recovery through paracrine effects and inhibit glial scar for-
mation after spinal cord contusion [42]. Conditioned media
(CM) derived from SHEDs, containing various neurotrophic
factors, enhanced peripheral sciatic nerve regeneration with
axon regeneration and remyelination, which improved
motor functions thus preventing muscle atrophy [43]. These
multifaceted neural regeneration activities render SHEDs as
an optimal cellular source to improve the injured nerve. For
osteogenic potential, SHEDs induced new bone formation
in vivo by recruiting host osteogenic cells, rather than differ-
entiating into osteoblasts which happened in vitro [20].
Larger osteoids and more collagen fibers were formed by
SHEDs with polylactic-coglycolic acid (PLGA) membrane
transplantation as compared to DPSCs and BMMSCs [44].

In addition to striking multi-lineage differentiation
potential, the immunomodulatory effects have been reported
in MSCs from dental pulp tissue, which may function
through correcting the underlying pathological immune
responses. hDPSCs have been suggested to regulate local
immune response by suppressing the expression of metallo-
proteinases (MMPs) including MMP3 and MMP13 and to
inhibit acute rejection of allograft by releasing transforming

growth factor-beta (TGF-β) [45]. Dai et al. found that
SHEDs suppressed the CD4+ T cell-driven responses via
inhibiting the proliferation of T lymphocytes and the upreg-
ulated ratio of Th1/Th2 by inducing the expansion of Treg
cells [46]. Local injection of SHEDs increased the number
of anti-inflammatory CD206+ M2 macrophages and altered
the cytokine expression profiles in periodontal tissues with
periodontitis [47].

2.2. Stem Cells from the Apical Papilla (SCAPs). During tooth
development, dental papilla derived from the ectomesench-
yme ultimately converts into the dental pulp tissue and
migrate to locations around the apex [48]. Root development
and apical closure could still be observed in immature per-
manent teeth suffering from periapical periodontitis or
abscess. These clinical phenomena suggested that a popula-
tion of MSCs might reside in apical papilla. SCAPs were iso-
lated from third molar root apical papilla, which contains
fewer blood vessels and cells than dental pulp tissue [21, 48].

SCAPs have shown a greater potential to regenerate den-
tin than DPSCs, since they have higher proliferation with
greater telomerase activity, suggesting that SHED is a cell
source for odontoblasts responsible for the production of
dentin [21]. Previous studies have confirmed that SCAPs
are capable of differentiating into odontoblast-like cells and
form a typical dentin-like structure on the surface of
HA/TCP [21, 48]. Larger areas of mineralized nodules posi-
tive to Alizarin Red were formed by SCAPs with culture
medium containing L-ascorbate-2-phosphate [48]. When
SCAPs mixed with host cells, odontoblasts positive for dentin
sialophosphoprotein (DSPP) and dentin matrix protein 1
(DMP1) and ectopic formation of vascularized pulp-like tis-
sue were detected in mice molars [49]. A greater migration
ability assessed by scratch assay enhanced their capacity for
dentin regeneration by cell homing [21]. Considering their
role in root development, SCAPs have been suggested to pos-
sess a significant potential for root regeneration. A functional
bioroot with periodontal ligament tissue was generated in the
alveolar socket of a minipig following transplantation of
human SCAPs and periodontal ligament stem cells
(PDLSCs). Additionally, SHEDs showed a PDL-related
marker in vitro and exhibited greater mineralization capacity
on account of higher expression levels of ALP, bone sialopro-
tein (BSP), and OCN expression compared to PDLSCs [50].
Therefore, SCAPs have been considered as a promising alter-
native source for periodontal tissue regeneration. Their
potential for angiogenesis has also been confirmed in 3D-
printed HA scaffolds. Derived from the cranial neural crest,
SCAPs possess neurogenic differentiation potential similar
to DPSCs and SHEDs. After transplantation of the human
apical papilla tissue into the injured spinal cord in rats,
improvements were observed in gait and glial reactivity
[51]. Besides, SCAPs may be a potential immunotherapeutic
tool for immunological diseases due to their low immunoge-
nicity and capability of inhibiting T cell proliferation [52].

2.3. Periodontal Ligament Stem Cells (PDLSCs). Periodontal
ligament (PDL) is a soft connective tissue, which contains
progenitor cells that maintain tissue homeostasis and
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regeneration of periodontal tissues [22, 53]. PDLSCs were
isolated from the attached PDL of the extracted third molar
with expression of two early MSC markers STRO-1 and
CD146/MUC18 and higher levels of scleraxis, a tendon-
specific transcription factor, compared to DPSCs [22].

The potential for the cementogenic/osteogenic differenti-
ation of PDLSCs has been shown by the formation of calci-
fied nodules and expression of ALP, matrix extracellular
protein (MEPE), BSP, OCN, and TGF-β receptor I [22].
Human PDLSCs have been demonstrated to be a reliable
source for the fabrication of 3D PDL tissues [54]. Typical
cementum/PDL-like structures, including Sharpey’s fiber-
like tissue, were generated after the transplantation of human
PDLSCs into the rat periodontal lesion sites [22]. PDLSCs
also contribute to root regeneration. When combined with
SCAPs, they generated a collagen fiber which anchored into
the newly formed cementum on the surface of the HA/TCP
carrier, and formed a functional root supporting a porcelain
crown [21]. Extracellular vesicles (EVs) released by PDLSCs
have also been reported to possess osteogenic properties
and promote bone regeneration. Collagen membranes with
PDLSC-EV transplantation showed osteoid formation with
an osteoblast-like structure on the host native bone side
and new bone irregularly arranged in the implant site of rats
subjected to calvarial defects. Neural crest-derived PDLSCs
spontaneously express neural protein markers as Nestin
and growth associated protein-43 (GAP-43) upon xeno-free
culture conditions [55]. In addition to previously demon-
strated adipocytes and chondrogenic cells, several studies
sequentially reported the differentiation potential of PDLSCs
toward endothelial cells, cardiac myocytes, islet-like cells, and
retinal ganglion-like cells [11]

Based on immunosuppression, low immunogenicity, and
the ability to produce a vast array of cytokines, PDLSCs and
their products have the potential to treat inflammatory disor-
ders and autoimmune diseases. Ding et al. found the PDLSCs
failed to express HLA-II DR and costimulatory molecules
and possessed marked immunosuppression via PGE2-
induced T-cell anergy [56].

2.4. Gingival-Derived Mesenchymal Stem Cells (GMSCs). A
population of progenitor cells or stem cells has been identi-
fied in the spinous layer of human gingiva, an easily accessi-
ble tissue from remnants or discarded tissues following
routine dental procedures, namely GMSCs.

The osteogenic differentiation of GMSCs was determined
by formed deposits with positive Alizarin Red S staining and
upregulated expression of OCN in vitro, while their ability
for osteogenic differentiation has not been observed in vivo
[23]. However, recent evidence has shown that EVs derived
from GMSCs exhibit significant osteogenic properties as
revealing high expression levels of RUNX2 and BMP2/4
and abundant extracellular matrix (ECM) and nodules of
new bone formation [57]. Transplantation of GMSCs formed
connective-like tissues expressing collagen I, which is absent
in DPSCs or PDLSCs [23]. Human fetal GMSCs have an abil-
ity for gingival differentiation automatically in vivo because
they may contain more precursor cells to differentiate into
gingival cells. After having been transplanted into the gingiva

defects of rats, human GMSCs generated new tissue like nor-
mal gingiva [58]. GMSCs are capable of neurogenic differen-
tiation since they are positive for glial fibrillary acidic protein
(GFAP), neurofilament (NF-M), and β-tubulin III upon neu-
ral differentiation conditions [23]. GMSC spheroids have
shown differentiation potential into both neuronal and
Schwann-like cells with a 3D-collagen scaffold. And 3D bio-
printed grafts with GMSCs formed nerve tissue with a nor-
mal size at the defect of rat facial nerves and showed higher
therapeutic potential on facial palsy. These findings have
demonstrated that GMSCs present promising potential for
nerve regeneration and functional recovery [59]. Besides,
they could also differentiate into adipocytes, chondrocytes
and endothelial cells [23, 60].

Importantly, GMSCs have distinctive immunomodulatory
functions, as they could suppress peripheral blood mononu-
clear cells (PBMCs) and upregulate IFN-γ-induced indolea-
mine 2,3-dioxygenase(IDO) and IL-10. Spheroid-derived
GMSCs displayed the capability to enhance the secretion of
several chemokines and cytokines and improved resistance to
oxidative stress-induced apoptosis. They have been reported
to attenuate chemotherapy-induced oral mucositis [61].

2.5. Dental Follicle Stem Cells (DFSCs). The dental follicle
(DF) is responsible for forming alveolar bone and the
root-bone interface in tooth development; it is an ectome-
senchymal tissue that contains progenitor cells (PCs) for
periodontal ligament cells, cementoblasts, and osteoblasts
[24, 25, 28]. These PCs were isolated from the dental folli-
cle of the extracted third molars, characterized by expressed
undifferentiated cell markers Notch-1 and Nestin, namely
DFSCs [24, 25].

DFSCs express a higher level of insulin-like growth fac-
tors (IGF-2) compared to hMSCs and exhibit higher prolifer-
ation potential and colony-forming ability compared with
SHEDs, DPSCs, and PDLSCs, suggesting their potential in
regenerative medicine [24, 25, 62, 63]. Their superior osteo-
genic properties have been reported by several studies.
DFSCs show higher expression levels of osteogenic-related
markers such as RUNX2 and ALP compared to SHEDs and
DPSCs [62]. Long-term culture of DFSCs with differentiation
inductive medium have demonstrated that they have the
potential to differentiate into osteoblasts expressing BSP
and OCN and form calcium deposits [24, 25]. DFSCs are
more immature than PDLSCs. There is less heterochromatin
in the nucleus and fewer organelles and bundles of microfil-
aments in the cytoplasm of DFSCs than in the cytoplasm of
PDLSCs on ultrastructural comparison [63]. The higher
expression of DSPP in DFSCs has shown its preferable poten-
tial for odontogenic differentiation and dentin regeneration
compared to PDLSCs. And they generated complete dentin
including dentin, predentin, and calcospherites upon the
induction of treated dentin matrix (TDM) [11]. The proper-
ties of periodontal differentiation of DFSCs have also been
demonstrated. They are able to form fibrous membrane
PDL-like structures or calcified nodules with bone- or
cementum-like structures under in vitro conditions, suggest-
ing their potential for periodontal differentiation [24, 25].
Upon in vivo transplantation, DFSCs derived from the apical
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end of human developing root could produce a cemen-
tum/PDL-like complex characterized by a thin layer of
cementum-like tissues and PDL-like collagen fibers inserted
perpendicularly into the newly formed cementum-like
deposits [25]. These findings suggest that DFSCs are a prom-
ising alternative source for bioroot engineering.

Furthermore, the immunomodulatory effects of DFSCs
also favor their therapeutic potential to treat autoimmune,
inflammatory, and allergic diseases. Compared with SHEDs
and DPSCs, DFSCs stimulated by IFN-γ remarkably
increased the number of CD4+FOXP3+ Treg cells and sup-
pressed the proliferation and apoptosis of peripheral blood
mononuclear cells (PBMCs) [62, 64].

2.6. Tooth Germ Stem Cells (TGSCs). In the bell stage, tooth
germ consists of three components including enamel organ,
dental mesenchymal cells (dental papilla or pulp), and dental
follicle. The progenitor cell populations of dental mesenchy-
mal cells, named TGSCs, have been isolated and identified
from human third molar tooth germ [26]. The expression
of DSPP has confirmed the odontogenic differentiation of
TGSCs with the treatment of BMP2 and BMP7 [65].

The osteogenic differentiation capability of TGSCs has
been demonstrated, as new bone formation was obtained in
the pore area of the HA/TGSC implants. TGSCs have the
potential to regenerate cartilage tissue, which is attributed to
their chondrogenic differentiation ability upon induction.
After TGSCs attached to 3D biological scaffolds, abundant
hyaline cartilage-specific extracellular matrix (ECM) and col-
lagen type II expression were found [66]. TGSCs were also able
to differentiate into hepatocytes under hepatic induction. This
was indicated by the expression of the liver-specific albumin
gene, positive staining for albumin protein, andmorphological
change [26]. In rats with injured liver, transplantation of dif-
ferentiated TGSCs could suppress the liver hydroxyproline
content and reduce areas of damage, therefore suppressing
liver fibrosis and steatonecrosis [26], suggesting that TGSCs
are useful in cytotherapy for liver diseases.

2.7. Alveolar Bone-Derived Mesenchymal Stem Cells
(ABMSCs). BMMSCs have been isolated from various bone
tissues such as the ilium by an invasive procedure, namely,
marrow aspiration. Alternatively, collecting ABMSCs from
alveolar bone during the course of dental surgery is providing
a new isolation method with a few extra invasive interven-
tions [27]. ABMSCs have favorable osteogenic differentiation
potential comparable to BMMSCs but a weaker potential to
differentiate into chondrocytes or adipocytes [27]. New bone
has been detected in a rabbit critical-size mandibular bone
defect model with transplants which consist of ABMSCs
and β-TCP [67]. ABMSCs also have the potential for bone
tissue regeneration, and their potential to reconstruct alveo-
lar bone will contribute to improving periodontal defects.

3. Dental MSC-Based Therapy for
Dental Diseases

Considering the multi-lineage potential, dental MSCs are
suggested as promising cells for the treatment of dental dis-

eases. Therefore, there have been a variety of therapeutic
applications in dental medicine, ranging from preclinical
studies (Table 1) to initial clinical trials (Table 2).

3.1. Endodontic Diseases. Dental caries and tooth trauma are
common diseases associated with the teeth, which destroys
the rigid structure of the teeth, both the enamel and dentin,
resulting in pulp necrosis and periapical disease. For mature
permanent teeth, the current routine clinical treatment is tra-
ditional root canal therapy based on pulpectomy, which
involves the removal of damaged dental pulp tissue, enlarge-
ment of the root canal, and filling of the sterile canal with
artificial filling materials [68]. When immature permanent
teeth suffer from necrotic pulp/apical periodontitis, tooth
development would be arrested, resulting in immature teeth
with a thin root dentin and open apices. These teeth need
to be treated with special measures based on pulpectomy,
including the traditional apexification procedure and an api-
cal mineral trioxide aggregate (MTA) plug [32]. Despite the
wide implementation of the current routine treatment, the
lack of biological dentin/pulp or dentin-pulp complex and
the limitations of existing materials may lead to a great risk
of serious reinfection and tooth fracture, thereby resulting
in a poor survival rate for teeth. Therefore, the biological
regeneration of dentin and pulp could be an ideal and alter-
native solution to replace defective dental structures in mod-
ern dental medicine. Based on different pulp conditions,
several novel ideas for dentin-pulp complex and dental pulp
regeneration therapy are presented [32]. Firstly, for local
regeneration of the dentin-pulp complex following pulpot-
omy, combining dental MSCs with growth factors or
platelet-rich plasma (PRP) is a promising solution to induce
DPSCs and capillaries from the residual root pulp tissue and
regenerate dentin tissue. Secondly, for a complete regenera-
tion of the dentin-pulp complex for devital tooth after pul-
pectomy or pulp necrosis, cell homing and cell
transplantation are utilized to achieve regeneration of the
entire dental pulp for adult permanent teeth or revasculariza-
tion for immature permanent teeth. However, the traditional
revascularization approach fails to regenerate the dentin-
pulp complex, unlike novel tissue engineering [68]. With var-
ious types of stem cells identified and remarkable break-
throughs in tissue engineering, numerous researches on
dental MSC-mediated dentin and dental pulp regeneration
have been carried out in animal models and human clinical
trials [32].

3.1.1. Dentin Regeneration. The composite construct made up
of porcine SHEDs and β-TCP scaffold has been directly
capped on the created chamber roof defects in the premolars
of swine, showing that almost complete dentin regeneration
was observed with the newly formed dentin-like structure per-
forming sparse porosity and certain thickness. It is indicated
that the novel therapy based on dental MSCs significantly
regenerated the dentin-like structure and is useful in direct
pulp capping [69]. Subsequent research explored hDPSC-
mediated dentin regeneration. hDPSCs were cultured onto
the human dentin treated by ethylene diamine tetra-acetic acid
and citric acid (hTD) and then implanted in the mouse model.
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Formation of dentin-like tissues expressing specific dentin
markers demonstrated that hDPSCs could be induced by
hTD to regenerate the complete dentin tissue in vivo [70].
Meanwhile, hDPSCs were seeded onto a novel injectable cell
carrier named nanofibrous spongy microspheres (NF-SMS).
The result showed that a supported dentin-like tissue was gen-
erated in nude mice [71]. However, the narrow root foramen/-
limited tissue infiltration and blood supply would hold back
the application of dental MSCs in clinic. A combination of
some powerful growth factors and stem cells could serve as
an alternative solution. Zhang et al.modified hDPSCs by over-
expressing platelet-derived growth factor- (PDGF-) BB, which
is a potent mitogenic factor as a mediator in wound healing
and tissue repair, and obtained more dentin-like mineralized
tissue similar to tooth dentin tissue in vivo. Further studies
demonstrated that PDGF-BB-modified hDPSCs facilitated
stem cell homing via the PI3K/Akt pathway and improved
hDPSC-mediated dentin-pulp complex regeneration [72].
Lastly, a novel dentin–pulp-like organoid was developed by
constructs mixed with hDPSCs and Matrigel in an odonto-
genic differentiation medium. The organoid demonstrated a
biologically active response to biodentine supplements and
suggested hDPSCs as a future approach for tooth regeneration
[33]. Although scientific evidence shows a positive trend to
dentin regeneration using dental MSCs, especially hDPSCs
in animal models, there is a lack of persuasive evidence of clin-
ical trials up to now.

3.1.2. Pulp/Dentin–Pulp-Like Regeneration. Dental pulp
plays an indispensable role in maintaining homeostasis of
the tooth, but its capacity of self-repair is highly limited.
Hopefully, recent preclinical and clinical studies on cell hom-
ing and autogenous/allogeneic dental MSCs transplantation
have provided further evidence of dental pulp regeneration.
Depending on the clinical situation, there are mainly two
cell-based pulp-regeneration strategies, partial dental pulp
regeneration and whole pulp tissue regeneration [73]. A ten-
tative experiment achieved rat DPSC-mediated partial dental
pulp regeneration in rat molars after pulpotomy, suggesting
that the remaining healthy pulp tissue could be recoverable
and may have the potential to regenerate the lost portion of
the dental pulp tissue [74]. Subsequent researches were per-
formed in large animal models to test the feasibility of this
regenerative approach. In a beagle dog model, Jia et al. trans-
planted canine DPSCs (cDPSCs) pretreated with simvastatin
into immature premolars treated by pulpotomy. Then,
regenerated coronal pulp was found filling nearly the entire
pulp chamber with newly formed dentin and odontoblastic
cells seen in the regenerated area, suggesting that coronal
dental pulp regeneration could be realizable by cDPSCs
transplantation [75]. Nevertheless, a study implanted
pDPSCs/hydrogel into premolars and molars after pulpotomy
in a minipig model and only found reparative dentinogenesis
without dental pulp regeneration, highlighting the necessity
for further investigations to develop a favorable regenerative
microenvironment [76].

In recent years, there is growing concern about cell-based
regenerative therapy for pulpless teeth. Moreover, several
clinical studies are currently underway to confirm the efficacy

and safety of stem cell-based regenerative therapy. Inspiring
outcomes have been reported for the whole dental pulp
regeneration. Nakashima et al. developed a composite of
drug-approved collagen scaffold and clinical-grade human
mobilized DPSCs (MDPSCs) induced by granulocyte
colony-stimulating factor (G-CSF) and achieved complete
dental pulp regeneration by autologous transplantation with
the composite in the mature teeth of dogs after pulpectomy.
Similar to the healthy dental pulp tissue, regenerative pulp-
like tissue presented good vasculature, innervation,
odontoblast-like cells, and recovered function. Moreover,
rare adverse effects confirmed the safety of cell therapy for
dental pulp regeneration. A notable finding is that there were
no significant age-related changes in biological properties
and the stability of human MDPSCs in vitro and in vivo
[77]. Then, this team performed a pilot clinical study to fur-
ther demonstrate the availability and clinical safety of autol-
ogous transplantation of MDPSCs in pulpectomized teeth
[37]. Functional dentin formation was observed by cone
beam computed tomography (CBCT) in three of the five
patients. Further study showed that varisble sizes hDPSCs
constructs possess the ability of self-organizing and can fill
the human tooth root canal to regenerate blood vessel-rich
pulp-like tissues after implantation in the subcutaneous
space of mice [78]. Much more significantly, whole func-
tional dental pulp tissue regeneration in a minipig was
observed after pig DPSC aggregates were implanted into
young permanent incisors. And newly formed dental pulp
tissue containing an odontoblast layer and blood vessels as
well as the expression of neuron markers NeuN indicated
that functional dental pulp regeneration could be achieved
in a large preclinical animal model [79]. Recently, Xuan
et al. performed a randomized clinical controlled trial for
treating immature permanent teeth injuries due to trauma.
Taking apexification as a control group, this study demon-
strated that not only could hDPSCs implantation regenerate
3D dental pulp tissue with blood vessels and sensory nerves
but it could also show better efficacy and safety of hDPSCs
implantation [79]. The majority of MSC-based endodontic
treatments were performed in immature permanent teeth of
adult patients. Interestingly, a recent case showed a personal-
ized cell therapy in tooth #28 with symptomatic irreversible
pulpitis in a 50-year-old man. As reported, hDPSCs were iso-
lated from the inflamed dental pulp tissue of the diseased
tooth #28. Combined with leukocyte platelet-rich fibrin (L-
PRF) from the patient’s blood, expanded hDPSCs were intro-
duced into the prepared root canal. There was a positive
response to an electric pulp test and a vitality test after a
follow-up period of 36 months, which indicated that this
MSC-based therapeutic method contributed to denetal pulp
regeneration [80].

3.2. Periodontal Diseases. Periodontitis leads to the damage of
periodontal tissue including gingiva, cementum, ligament,
and alveolar bone [81]. At present, periodontitis is rou-
tinely treated by debridement, surgery involving mechanical
means, and guided tissue regeneration (GTR), which remain
unsatisfactory due to rare regeneration [82]. The ultimate
therapeutic goal for periodontal diseases is to regenerate lost
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periodontal tissues. To address this, cell-based tissue regener-
ation has become one of the optimal periodontal therapies
[81]. Several outstanding reviews have summarized the prog-
ress of cell-based regeneration of periodontal tissues [82, 83].
In the current review, we focus on the advance of dental
MSC-based therapy for periodontal diseases, particularly
periodontitis.

Previous studies of dental MSC-based therapy for peri-
odontal tissue regeneration mainly focus on PDLSCs and
DPSCs, but the source of PDLSCs is limited. A recent study
discovered that SCAPs could serve as an alternative cell
source for periodontitis treatment. Human SCAPs were
injected subperiosteally to the surface of bone around the
periodontitis defects in minipigs. It demonstrated that local
injection of SCAPs improved gingival status and enhanced
both bone and cementum regeneration [84]. With the dis-
covery of key factors that maintain the function of SCAPs
in periodontal treatment, subsequently, a strategy of gene
modification has been studied by Li et al. By comparative
investigation, they found that SCAPs overexpressing with
SFRP2 promoted SCAP-mediated bone, PDL, and cemen-
tum regeneration in a minipig periodontitis model [85].
Recently a novel method named cell transfer technology
was devised, in which cells were transferred onto a scaffold
surface. With this new approach, Iwasaki et al. transferred
human PDLSCs to the decellularized amniotic membrane
(amnion) and transplanted the PDLSC-amnion into a rat
with a created dehiscent-type periodontal defect. Newly
generated cementum, PDL, and bone were detected, sug-
gesting dental MSC-based treatment as a proposed new
technology for periodontal diseases [86]. Conditioned
medium generated by dental MSC culture (dental MSC-
CM), which contains growth factors, cytokines, and other
active substances, is considered as another new trend in
periodontal tissue regeneration. Cell-free dental MSC-CM
is more convenient and safer to apply in clinic than cell-
based therapy. Qiu et al. transplanted collagen membranes
loaded with concentrated GMSC-CM and PDLSC-CM into
the buccal periodontal defects of molars in rats. More
newly formed periodontal tissues were observed in both
GMSC-CM and PDLSC-CM [87].

Following supporting evidence provided by numerous
animal studies, the first human clinical trial was carried out
to treat periodontal osseous defects in three patients through
autologous ex vivo PDLSCs transplantation [88]. Later
researchers devised a novel approach with stem cell assis-
tance in the periodontal tissue regeneration technique (SAI-
PRT) bypassing ex vivo PDLSCs. In a case report, researchers
transplanted the transferable mass consisting of gelatin
sponge and soft tissue harboring PDLSCs scraped from
cementum and the alveolar socket of the third molar into
the intrabony defect of another molar in the same patient.
Then, they obtained clinical success with the reduction of
probing pocket depth and the recovery of attachment over
the evaluation of one year. Although the study is not certain
about the number and viability of immediate PDLSCs trans-
plantation, SAI-PRT might be a constructive avenue in the
treatment of periodontal osseous defects [89]. Meanwhile,
Aimetti et al. reported serial cases to explore the clinical

potential effects of the application of hDPSCs to treat deep
intrabony defects via regenerative therapy. A total of 11 peri-
odontitis patients with intrabony defects received treatment
including a minimally invasive flap and autologous hDPSCs
loaded on a collagen sponge. Significant clinical improve-
ments and rare adverse effects were observed in a one-year
follow-up [90]. Then, the team performed a randomized con-
trolled clinical trial to evaluate the effectiveness of the novel
therapeutic strategy as studied above. A remarkable reduc-
tion of probing depth (PD), a gain of clinical attachment,
and the filling of bone defects in a test group further sug-
gested that this cytotherapeutic approach based on PDLSCs
engineering is a safe and innovative strategy to treat severe
periodontal defects [91]. Moreover, a case report presented
the effect of allogeneic hDPSCs transplantation in periodontal
tissue regeneration of an aged periodontitis patient. hDPSCs
were obtained from the dental pulp tissue of a 7-year-old
donor and expanded. During periodontal surgery of the
mesial circumferential bone defect, hDPSCs were seeded into
a lyophilized collagen-polyvinylpyrrolidone sponge. After
the allogeneic graft, the patient exhibited improved clinical
manifestation without any sign of rejection. It is indicated
that allogeneic hDPSCs transplantation could induce peri-
odontal tissue regeneration [92].

3.3. Therapeutic Strategies in MSC-Based Dental Medicine.
Due to their excellent potential for multil-ineage differentia-
tion, dental MSCs are considered as an ideal source for tissue
engineering and regenerative dental medicine. To date,
researchers are looking for a feasible, safe, and effective
approach for regenerative and translational dentistry [16].
Three feasible regenerative strategies based on dental MSCs
have been proposed to treat dental diseases in clinic (Figure 2).

3.3.1. Scaffold-Supported Tissue Engineering. Generally, the
principles of tissue engineering are based on three elements,
including stem cells with multi-lineage differentiation poten-
tial, scaffolds as carriers for stem cells, and bioactive mole-
cules inducing differentiation [93]. Dental MSCs are
regarded as ideal cells for dental tissue engineering since they
possess a shared embryological origin with craniofacial tissue
[94]. Biocompatible scaffolds provide a favorable 3D micro-
environment for stem cells, which regulate proliferation
and differentiation [16]. In regenerative dentistry, current
dominating attempts and studies of scaffold-supported tissue
engineering include regeneration of dentin, dental pulp, and
periodontal tissue and formation of bioroot. In a miniswine
model, Zhu et al. transplanted autologous and allogeneic
swine DPSCs carried by a bioscaffold hydrogel into the root
canal space of the miniswine. Orthotopic vascularized pulp-
like tissue regeneration was achieved with newly generated
dentin-like tissue or osteodentin along the canal walls [95].
Similarly, a study used a root-shaped HA/TCP scaffold with
allogeneic swine DPSCs, which was wrapped by a vitamin
C-induced allogeneic PDLSC sheet and implanted into the
jaw bone socket in swine and successfully regenerated a func-
tional bioroot with a dentinal tubule-like structure and a
functional PDL-like structure after six months [96]. Recently,
a cell-laden hydrogel encapsulating GMSCs was used to
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promote craniofacial bone tissue regeneration. This study
showed complete bone regeneration around ailing dental
implants in rat peri-implantitis [97]. To achieve dentine-
pulp complex regeneration, the optimal protocols should
integrate cells, biomaterials, and growth factors. However,
there are still several issues related to long-term safety and
effectiveness, such as host immune rejection, degradation,
and potential infection.

3.3.2. Scaffold-Free Strategies for Tissue Engineering. Based
on the formation of tridimensional cell-to-cell aggregates
without any other external support, scaffold-free technolo-
gies avoid the unknown risks of using biomaterials. Two
scaffold-free strategies have caught the eye of researchers,
which are cell sheets and cell injection. As a unique method
of cell processing via culturing in temperature-responsive
cell culture dishes or in ascorbic acid, cell sheets have been
widely explored and applied in regenerative dentistry [16,
98]. PDLSC cell sheets were autologously transplanted into
the denuded root surface in a canine model with a one-wall
intrabony defect, and periodontal tissue regeneration was
remarkably observed with both cementum and PDL fibers
after eight weeks [99]. Cell injection might be a common
treatment for periodontal disorders because it is a mini-
mally invasive process. Local injection of allogeneic SCAPs
has been shown effective for treating periodontitis by the
promotion of periodontal tissue regeneration in a miniature

pig model [84]. However, the cell injection approach, inde-
pendent from the use of any scaffold or biomolecule, has
some practical issues, for instance, the risk of losing cell
properties in the asepsis storage period and a small applica-
tion range.

3.3.3. Cell Homing or Cell-Free Therapy. Cell homing is a cell-
free approach to repair or regenerate tissue through active
recruitment of host endogenous cells to the injured region,
mainly via bioactive molecules. Compared with stem cell
engraftment, cell homing may evade many hurdles in clinical
translation of cell transplantation, including tumorgenicity,
antigenicity, host rejection, and infection associated with
cell-based therapies [100]. Exosome secreted by dental MSCs
could act as paracrine signalers in cell homing. The exosome
is one of EVs containing cytokines and microRNAs and plays
a vital role in stem cell-based therapy by releasing molecules
in target tissues [16]. Furthermore, dental MSCs may provide
the secretome/CM with future regenerative therapeutic
applications. Compared with the therapy using dental MSCs,
dental MSC-CM, which is cell free, exhibits remarkable bio-
logical properties, including higher safety, migration activ-
ity, and greater ability of odontoblastic differentiation
[101]. In a recent work, PDLSC-CM was transplanted into
surgically created periodontal defects in a rat, and it was
found that PDLSC-CM containing extracellular matrix pro-
teins, enzymes, angiogenic factors, growth factors, and

Scaffold-supported
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Biodegradable
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Figure 2: Three therapeutic strategies of endodontic and periodontal diseases using dental MSCs. (a) Dental tissue regeneration through a
classic tissue engineering model, consisting of dental MSCs, supporting biomaterial scaffolds, and growth factors. (b) Dental tissue
regeneration by tissue engineering without scaffolds. (c) Dental tissue regeneration with a cell-free approach using conditioned medium
(CM) with exosomes and/or extracellular vesicles (EVs) secreted by dental MSCs.
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cytokines enhanced periodontal regeneration by suppressing
the inflammatory response via TNF-α production [102]. The
dental MSC-mediated cell-free therapeutic approach is an
appealing approach for treating dental diseases and has pre-
dominance over cell-based therapy despite some limitations
in it. The bioactive molecules involve secretomes released
by various populations, and their mechanisms need to be fur-
ther understood.

4. Dental MSC-Based Therapy for
Nondental Diseases

4.1. Other Oral Diseases. The present therapeutic application
of dental MSCs is not limited to endodontic and periodontal
diseases. Recently, dental MSC-based therapy for other oral
diseases has been proposed in animals and humans, such as
craniofacial bone defects, progressive temporomandibular
joint (TMJ) arthritis, facial nerve lesions, taste bud loss, and
Sjogren’s syndrome.

The craniofacial bone defect could be repaired by bone
regeneration with dental MSCs [96, 103]. In a well-
established rat model with peri-implantitis, GMSC-laden
adhesive alginate hydrogels were injected into the bony
defect sites around implants, which increased implant sur-
vival and the amount of recovered bone [96]. Dental MSCs
also hold promise for the treatment of facial nerve injury.
Recent experimental evidence showed that a novel method
to treat crush injury of rats’ facial nerve is via a single appli-
cation of human SHEDs immediately, which could promote
a positive local effect on neuroprotection and remyelination
in 2 weeks [104].

A further important application of dental MSCs is for the
treatment of TMJ disorders. Common TMJ arthritis often
leads to sustained synovitis, cartilage and bone destruction,
and pain. Considering the potential immunomodulatory fea-
tures of human DPSCs, Cui et al. tried to locally inject
hDPSCs into the articular cavity to treat rat TMJ arthritis.
It was found that DPSCs relieved hyperalgesia and synovial
inflammation, attenuated cartilage and matrix degradation,
and promoted bone regeneration [105]. Dental MSCs have
been suggested to promote taste bud regeneration and have
promising potential applications in postsurgery tongue
reconstruction of patients with tongue cancer [106]. Interest-
ingly, recent work has also suggested that SHEDs exert a pro-
tective effect on the secretory function of the salivary gland
and exhibit therapeutic potential for the improvement of
hyposalivation in Sjogren’s syndrome [107].

4.2. Extraoral Diseases. Besides widespread application for
treating oral diseases, as a powerful autologous stem cell
source, dental MSCs also have great therapeutic potential
for the treatment of multiple systemic ailments. A recent
review has summarized the extensive usage of hDPSCs in
the cell-therapeutic paradigm shift to treat various diseases
[18]. Other dental MSCs have also been applied in the treat-
ment of extraoral diseases like neurodegenerative diseases
and autoimmune and orthopedic disorders. Dental MSCs
have a remarkable potential to treat neural diseases such as
spinal cord injury (SCI) and peripheral nerve injury, like sci-

atic nerve and superior laryngeal nerve (SLN) injury, owing
to their ability to differentiate into neural-like cells and
regenerate neural tissue [107]. SCI is a severe traumatic cen-
tral nervous system disease resulting in the damage of sen-
sory and motor functions. It has been demonstrated by
recent studies that dental MSCs could facilitate functional
improvement after SCI in animal models [108–111]. For
instance, SHED-CM loaded in collagen hydrogel was injected
into the injury site and gained higher Basso, Beattie, and
Bresnahan (BBB) scores which suggested that this new cell-
free therapeutic approach is conducive to sensory and motor
function recovery of SCI [110]. Peripheral nerve injury fol-
lowing traumatic accidents or surgical complications is a
severe clinical problem resulting in sensory disturbances,
paralysis, and locomotive disability. Because dental MSCs
present a great privilege in neurogenic differentiation, they
are a hopeful cell source to treat injured peripheral nerves,
like the sciatic nerve and SLN [111–113]. For example, the
sciatic nerve could be regenerated and repaired after hDPSC
implantation or exosome derived from GMSC transplanta-
tion in a rat model with sciatic nerve defects [112, 113].
Besides, Tsuruta et al. established a novel animal model of
SLN injury, which was characterized as having weight loss
and drinking behavior changes. The therapeutic effects of
systemic administration of SHED-CM in this model showed
functional recovery of the SLN and axonal regeneration
[114]. Furthermore, hDPSCs have been suggested as an
appropriate stem cell source for stroke treatment and acute
cerebral ischemia [115, 116].

Also, dental MSCs play an important role in bone and
cartilage tissue engineering. Campos et al. treated noncritical
defects in an ovine model with the biomaterial Bonelike and
hDPSCs, and obtained significant radiographic and micro-
scopical evidence of improved bone regeneration [117].
hDPSCs also have been used to treat full-thickness articular
cartilage defects. hDPSCs and PRP scaffolds were trans-
planted into full-thickness cartilage defects in rabbits, result-
ing in a significant improvement of impaired cartilage and
formation of articular cartilage with hyaline-like and fibro-
cartilaginous tissue [118].

Furthermore, dental MSCs might be another choice for
systemic lupus erythmatosus (SLE) therapy and are also
effective in reducing a kidney glomerular lesion and perivas-
cular inflammation infiltration [119]. And dental MSCs are
able to treat diabetes by obtaining insulin-producing cells
or improving diabetic polyneuropathy [119, 120].

5. Conclusion

Dental MSCs have been a precious stem cell source in regen-
erative medicine and have a great therapeutic application
potential not only in oral diseases but also in various extra-
oral diseases. Here, a lot of evidence has demonstrated that
dental MSCs are capable of multi-lineage differentiation
and are conducive for regenerating and repairing dental tis-
sue. Moreover, some clinical trials with dental MSCs have
been completed and demonstrated the efficacy and safety of
dental MSC-based therapy for oral diseases. However, these
studies are limited, with a limited number of patients and a
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rather short-term follow-up, so more clinical trials are
required before they can be applied effectively and safely in
clinic. In addition to a significant potential in dental medi-
cine, dental MSCs have already been considered as an alter-
native source for nerve and bone regeneration and have
therapeutic potential for treating various diseases, such as
neural impairment, stoke, bone and cartilage defects, SLE,
and diabetes. However, thoroughly understanding the regu-
latory mechanism of dental MSCs is required before their
wide application in clinic.
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Background and Purpose. Previously, we found that insulin-like growth factor-1 (IGF-1) levels in the infarct cortex in the acute
phase of distal middle cerebral artery occlusion (dMCAO) rats are increased by intravenous infusion of allogeneic mesenchymal
stem/stromal cells (MSCs). CD68+ microglia and NeuN+ neurons are part, but not all, of the sources of IGF-1. The present
study is aimed at exploring the respective contributions of brain endogenous Iba-1+ microglia, GFAP+ astrocytes, infiltrated
neutrophils, lymphocytes and monocytes/macrophages, and peripheral circulation, to the increased IGF-1 level in the infarct
cortex after MSC infusion. Materials and Methods. Ischemic brain injury was induced by dMCAO in Sprague-Dawley rats. The
transplantation group received MSC infusion 1 h after dMCAO. Expression of IGF-1 in GFAP+ astrocytes, Iba-1+
microglia/macrophages, CD3+ lymphocytes, Ly6C+ monocytes/macrophages, and neutrophil elastase (NE)+ neutrophils was
examined to determine the contribution of these cells to the increase of IGF-1. ELISA was performed to examine IGF-1 levels in
blood plasma at days 2, 4, and 7 after ischemia onset. Results. In total, only 5-6% of Iba-1+ microglia were colabeled with IGF-1
in the infarct cortex, corpus callosum, and striatum at day 2 post-dMCAO. MSC transplantation did not lead to a higher
proportion of Iba-1+ cells that coexpressed IGF-1. In the infarct cortex, all Iba-1+/IGF-1+ double-positive cells were also
positive for CD68. In the infarct, corpus callosum, and striatum, the majority (50-80%) of GFAP+ cells were colabeled with
ramified IGF-1 signals. The number of GFAP+/IGF-1+ cells was further increased following MSC treatment. In the infarct
cortex, approximately 15% of IGF-1+ cells were double-positive for CD3. MSC treatment reduced the number of infiltrated CD3
+/IGF-1+ cells by 70%. In the infarct, few Ly6C+ monocytes/macrophages or NE+ neutrophils expressed IGF-1, and MSC
treatment did not induce a higher percentage of these cells that coexpressed IGF-1. The IGF-1 level in peripheral blood plasma
was significantly higher in the MSC group than in the ischemia control group. Conclusion. The MSC-mediated increase in IGF-
1 levels in the infarct cortex mainly derives from two sources, astrocytes in brain and blood plasma in periphery. Manipulating
the IGF-1 level in the peripheral circulation may lead to a higher level of IGF-1 in brain, which could be conducive to recovery
at the early stage of dMCAO.
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1. Introduction

Insulin-like growth factor-1 (IGF-1) is a member of the insu-
lin gene family [1]. In addition to regulating cerebral devel-
opment, neurogenesis, cognition, and memory function [2],
IGF-1 is also an important player during the damage and
recovery processes in ischemic stroke [3, 4].

It has been widely recognized that neuroinflammation
plays a critical role in brain injuries and neurodegeneration.
The role of IGF-1 in the central nervous system (CNS) is,
to a large extent, due to its ability to regulate immune cells
in brain, such as microglia and infiltrated macrophages.

Microglia are important players in both innate immu-
nity and adaptive immunity. The polarization of microglia
is associated with the pathogenesis of a number of inflam-
matory disorders, such as the acute and chronic damage
after stroke. Several in vitro studies revealed a direct anti-
inflammatory effect of IGF-1 on microglia [5, 6]. Accumu-
lating evidence suggests that IGF-1 may also modulate
microglial phenotypes; for example, an increase in IGF-1
levels promotes the switch to the M2 phenotype [7]. Macro-
phages can also be regulated by IGF-1. In peripheral tissues,
IGF-1 impacts macrophagic functions and leads to down-
regulation of proinflammatory cytokines and a change in
disease progression [8, 9].

Astrocytes can also produce IGF-1 and are positive for
IGF-1 receptors [10, 11]. Addition of IGF-1 to the in vitro
culture of astrocytes promotes astrocyte growth and forma-
tion of glycogen [12]. Overexpression of IGF-1 by astrocytes
through an AAV-mediated delivery improves outcome in a
rat stroke model [13]. Astrocyte-derived IGF-1 can also pro-
tect neurons from kainic acid- (KA-) induced excitotoxicity
in an astrocyte-neuron coculture system, and the rescue
effect is abrogated by adding IGF-1R inhibitor [14].

By using ELISA in a previous study, we reported an
increased level of IGF-1 in the ischemic core and peri-
infarct striatum in dMCAO rats at 48 h after intravenous
(i.v.) infusion of rat bone marrow-derived MSCs [10]. MSC
treatment leads to a higher level of IGF-1 compared to
dMCAO rats without MSC infusion. By using immunostain-
ing, we found that IGF-1 signals are mainly located in the
infarct area. A minority of IGF-1 signals colocalize with
NeuN+ neurons and CD68+-activated microglia in infarcts;
nonetheless, quantitative analysis showed that these cells
cannot account for all of the IGF-1-positive signals [15].
Other contributors in the brain and periphery (IGF-1 can
cross the blood-brain barrier (BBB) [16–18]) to the increased
IGF-1 signals in the brain warrant further investigation. In
this study, we surveyed a wide spectrum of cell types that
included Iba-1+ microglia, GFAP+ astrocytes, infiltrated
immune cells such as CD3+ lymphocytes, neutrophil elastase
(NE)+ neutrophils, and Ly6C+ monocytes/microphages, as
well as the peripheral circulation, to determine their contri-
bution to the increased IGF-1 level in the brain.

2. Materials and Methods

2.1. dMCAO Model. The performance of allogeneic bone
marrow MSC (BMSC) culture, infusion, dMCAO model

establishment, and behavioral tests have been described in
our previous study [19].

In brief, primary cultures of bone marrow stromal cells
were obtained from donor young adult male rats, and BMSCs
were isolated as previously described [15, 19]. Animals were
anesthetized with 3.5% isoflurane and then maintained with
1.0–2.0% isoflurane in N2O :O2 (2 : 1). One-hour postische-
mia, randomly selected rats received BMSC infusion.
Approximately 1 × 106 BMSCs in 1mL of vehicle (1mL of
saline) were slowly injected over a 5min period into each
rat via the tail vein.

In total, 100 wild-type Sprague-Dawley rats were pur-
chased from Vital River Laboratory Animal Technology
(Beijing, China). All animal protocols were in accordance
with the Guidelines for the Care and Use of Experimental
Animals and approved by the Institutional Animal Care
and Use Committee of Capital Medical University. All exper-
imental animals were housed in a specific pathogen-free
rodent barrier facility at the Xuanwu Hospital Capital Medi-
cal University, on a 12 h light : 12 h darkness cycle with food
and water ad libitum.

Ten Sprague-Dawley rats were used for harvesting bone
marrow MSCs. Ninety Sprague-Dawley rats were divided into
three groups: “sham”, “ischemia,” and “ischemia+MSCs” with
30 rats in each group. And for each group, 3 time points—days
2, 4, and 7 postischemia—were chosen with 10 rats used for
each time point.

2.2. IGF-1 Measurement in Blood Plasma. Blood was col-
lected in heparinized tubes from the abdominal aorta. Subse-
quently, the blood samples were centrifuged at 1000×g for
10min at room temperature, and the resulting plasma was
obtained. The plasma was apportioned into 0.5mL aliquots
and stored at -80°C for further use.

IGF-1 levels were determined by ELISA using the R&D
systems quantitative rat IGF-1 immunoassay kit (Minneapo-
lis, MN, USA), which demonstrates high cross-reactivity with
rat IGF-1. Plasma samples were diluted in the calibrator dil-
uent provided in the kit at 1 : 10. The results were presented
as ng/mL in undiluted plasma.

2.3. Brain Immunohistochemistry and Counting under
Confocal Microscopy. Immunohistochemistry and cell count-
ing were performed as previously described [15, 19, 20].

Confocal images were acquired using a Leica TCS SP5 II
AOBS laser scanning confocal microscope. The section thick-
ness was 40 μm to minimize the possibility of cell body over-
lap in the z-axis. FITC or Cy3 fluorescence was acquired with
an excitation wavelength of 633 nm and detection at 648–
712 nm. Cy5 was detected with an excitation wavelength of
488 nm and detection at 501–542nm.

2.4. Quantification and Statistical Analysis. As described in
our previous study [15, 19], the selection of sections for
each rat and the demarcation of the counting area in the
infarct cortex were in accordance with the work published
by Gelosa et al. [21]. In brief, we outlined the counting
area in the dorsal infarct cortex which was 2mm adjacent
to the boundary line between the normal and infarct areas
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(Supplementary Figure 1). The counting area in the
striatum and corpus callosum was also demonstrated in
the Supplementary Figure 1.

IGF-1-positive cells in the brain were counted in 4 coro-
nal sections from each rat (40μm thickness, 480μm interval,
located between -2.0mm and 2.0mm to bregma); for each
slide, 2 squares of images were captured under a microscope
with a view field set as 800 × 800 μm (200x).

Eight fields of view were digitalized under a 20x objective,
and the number of positive cells was summed for IGF-1-
positive cells that coexpressed Iba-1, GFAP, CD3, Ly6C, or
neutrophil elastase (NE). The proportion of all IGF-1+ cells
that were double-positive for each lineage marker was calcu-
lated and averaged.

Data were presented as the mean ± standard error of the
mean (SEM). The comparisons were analyzed by one-way
analysis of variance (one-way ANOVA) and Bonferroni-
Dunnett corrections using SPSS 19.0. The level of signifi-
cance of all comparisons was set at p < 0:05.

3. Results

3.1. Iba-1+ Microglia/Macrophages Are Not the Main Source
of IGF-1 in the Infarct Cortex. Microglia at an activated state
vs. resting state assume different morphologies and marker
expression profiles. The activated microglia stain positive
for CD68 (Figure 1), and both activated and resting stage
microglia are positive for Iba-1. In our previous studies, we
reported that CD68+ microglia express IGF-1 in the brain
of a stroke model [15, 19]. In the present study, we continued
to look into a wider range of microglia population—Iba-1+
cells, with regard to IGF-1 expression.

By immunostaining, we found that IGF-1 signals were
almost absent in the brain cortex in the sham group (data
not shown). In the ischemia control group at day 2 after
ischemia, Iba-1 and IGF-1 signals were mainly localized in
the cortical infarct area, specifically the inner infarct border
zone (Figures 1(a)–1(d)).

Interestingly, although the distribution patterns of Iba-1+
cells and IGF-1+ cells were similar (Figures 1(a)–1(d)),
double-positive cells were only occasionally observed
(Figure 1(e)).

In this study, the counts of Iba-1+/IGF-1+ cells were sim-
ilar to those of CD68+/IGF-1+ cells in the infarct cortex, sug-
gesting that IGF-1 expression in the Iba-1+ cell population
might come from the CD68+/IGF-1+ double-positive cells.
By triple immunostaining, we verified that the Iba-1+/IGF-
1+ cells were indeed CD68+ cells (Figures 1(f)–1(h), arrow)
in the infarct area of the cortex. The CD68-/Iba-1+ microglial
cells were negative for IGF-1.

After MSC infusion, both IGF-1+ and Iba-1+ signals
were still detected in the inner border zone of the infarct area
(Figures 1(i)–1(l)). The quantities of Iba-1+/IGF+ double-
positive cells, together with the percentages of Iba-1+/IGF-
1+ double-positive cells among the total Iba-1+ cells or
IGF-1+ cells, respectively (4:40 ± 1:49/view field, 6:93 ±
3:61%, and 8:55 ± 3:62%), were all increased compared to
those of the ischemia group (2:93 ± 2:08/view field, 5:34 ±
3:93%, and 6:60 ± 4:84%).

In the infarct area, the CD68+ cells still expressed IGF-1
(Figure 1(m) and 1(n)), and the triple staining results con-
firmed that the Iba-1+/IGF-1+ cells were mostly CD68+
(Figures 1(o) and 1(p)). These results suggested that in the
infarct area, IGF-1 expression in the Iba-1+ cell population
was derived from the CD68+/IGF-1+ double-positive cells.

The quantities of Iba-1+/IGF-1+ double-positive cells in
the brain infarct area, both before and after MSC infusion,
were very low, indicating that Iba-1+ cells may not be the
major source of IGF-1 in the ischemic cortex.

3.2. Iba-1+ Microglia/Macrophages Are Not the Main Source
of IGF-1 in the Striatum and Corpus Callosum. In the sham
group, no significant IGF-1+ signals were detected in the stri-
atum or corpus callosum (data not shown).

Two days after ischemia onset, IGF-1+ signals were
found scattered in the striatum and corpus callosum
(Figures 2(a)–2(d)). Although the distribution patterns of
Iba-1+ cells and IGF-1+ cells were similar (Figures 2(a)–
2(d) and Figures 2(e)–2(h)), the quantity of Iba-1+/IGF-1+
double-positive cells remained very low (4:53 ± 2:03/view
field) (Figures 2(g)–2(h)). The percentages of Iba-1+/IGF-1+
cells among the total Iba-1+ cells or IGF-1+ cells were 7:83 ±
3:50% and 9:22 ± 4:62%, respectively.

CD68+ cells represent an activated subpopulation of
microglia and were detected to be positive for IGF-1
(Figures 2(e) and 2(f)). The expression patterns of IGF-1 in
microglia differed in striatum and corpus callosum vs. in
infarct cortex; in striatum and corpus callosum, Iba-1+/IGF-
1+ double-positive cells were not limited to CD68+ cell popu-
lation, and 30-40% of the Iba-1+/IGF-1+ double-positive cells
stained negative for CD68 (Figures 2(g) and 2(h)).

In the striatum and corpus callosum, neither the distribu-
tion patterns of IGF-1+ and Iba-1+ cells (Figures 2(i)–2(l)) nor
the quantity of double-labeled cells (5:40 ± 1:96/view field)
was significantly changed by MSC treatment (Figures 2(m)
and 2(n)). The double-positive cells were highlighted in a
magnified view (Figures 2(o) and 2(p)). In addition, MSC
infusion did not change the percentages of Iba-1+/IGF-1+
double-positive cells among the total Iba-1+ (9:92 ± 5:21%)
or IGF-1+ cells (11:39 ± 4:59%).

Taken together, Iba-1+/IGF-1+ cells constituted a small
part of the IGF-1+ cells in the infarct area, striatum, and cor-
pus callosum, suggesting that the Iba-1+ cell population is
not the main source of IGF-1.

3.3. GFAP+ Astrocytes Are the Main Cell Source of IGF-1 in
Infarct Area. Previously, we found that in the ischemia brain
cortex of dMCAO model, IGF-1 was partially expressed by
NeuN+ neurons and CD68+ microglia/macrophages. On
top of that, a significant number of other IGF-1-expressing
cells existed, which included cells with a ramified morphol-
ogy, reminiscent of GFAP+ astrocytes.

Due to the similarity in the morphology and distribu-
tion pattern of IGF-1+ signals and GFAP+ astrocytes in
the ischemic hemisphere, double fluorescent immunostain-
ing was employed to examine the spatial relationship of
these two markers.
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As shown in Figure 3, an increased level of astrogliosis
was observed 48 h following dMCAO (Figures 3(e)–3(h))
compared to sham controls (Figures 3(a)–3(d)). Following
MSC treatment, the number of GFAP+ astrocytes (42:3 ±
5:2/view field) was slightly but significantly reduced com-
pared to that in the ischemia control group (48:43 ± 9:67
/view field). However, the quantity of GFAP+/IGF-1+
double-positive cells in the infarct area increased following
infusion of MSCs (Figures 3(i)–3(l)) from 24:47 ± 6:17/view
field in the ischemia vehicle group to 31:03 ± 5:22/view field

(p < 0:01) in the MSC group. The double-positive cells were
highlighted in a magnified view (Figures 3(m) and 3(n)). As
a net result, the percentage of GFAP+/IGF-1+ double-
positive cells among the GFAP+ astrocytes was significantly
increased from 50:79 ± 8:97% in the ischemia control group
to 78:70 ± 20:11% in the MSC group (Figure 3(o)). This sug-
gested that MSC treatment had induced more astrocytes to
express IGF-1.

The above data suggested that GFAP+ astrocytes present
in the infarct area of dMCAO rats were the main source of
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Figure 1: The distribution of Iba-1+, IGF-1+, and CD68+ cells in the infarct area with and without MSC infusion. (a–h) Without MSC
transplantation, the distribution of IGF-1+ and Iba-1+ cells in the infarct area. (i–p) With MSC transplantation, the distribution of IGF-1
+ and Iba-1+ cells in the infarct area. (a, i) Iba-1staining in green. (b, j) IGF-1 staining in red. (c, k) CD68 staining in white. (d, l) Merged
image of Iba-1, IGF-1, CD68, and blue DAPI nuclear staining. (e, m) Merged image of Iba-1 and IGF-1. Very few Iba-1+/IGF-1+ cells
were scattered in the infarct area. (f, n) Merged image of CD68 and IGF-1. (g, o) Merged image of Iba-1, CD68, and IGF-1. (h) (square in
(g)) and (p) (square in (O)) The IGF-1/Iba-1+ cells were CD68 positive, while the CD68-/Iba-1+ cells were negative for IGF-1. Arrow:
IGF-1, Iba-1, and CD68 triple-labeled cells. Scale bar, 50μm.
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IGF-1, since 57:64 ± 12:93% of IGF-1+ cells in the ischemia
group and 68:44 ± 23:42% in the MSC infusion group were
GFAP+ astrocytes (Figure 3(o)).

3.4. GFAP+ Astrocytes Are the Main Source of IGF-1 in the
Striatum and Corpus Callosum. In addition to the infarct cor-
tex, numerous GFAP+ astrocytes and a few IGF-1+ cells were

detected in the striatum and corpus callosum of sham group
(Figures 4(a)–4(d)).

Compared to the ischemia control group (Figures 4(e)–
4(h)), MSC infusion induced a slightly but significantly
reduced number of GFAP+ astrocytes (from 36:4 ± 9:72/
view field to 31:4 ± 4:54/view field) (Figures 4(i)–4(l)), but
an increased number of GFAP+/IGF-1+ double-positive cells
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Figure 2: The distribution of Iba-1+, IGF-1+, and CD68+ cells in the striatum and corpus callosum with and without MSC infusion. (a–h)
Without MSC transplantation, the distribution patterns of IGF-1+ and Iba-1+ cells in the corpus callosum are similar. (i–p) With MSC
transplantation, the distribution of IGF-1+ and Iba-1+ cells in the corpus callosum. (a, i) Iba-1staining in green. (b, j) IGF-1 staining in
red. (c, k) CD68 staining in white. (d, l) DAPI nuclear staining in blue merged with Iba-1, IGF-1, and CD68. (e, m) Merged image of Iba-
1+ and IGF-1+. (f, n) Merged image of CD68, Iba-1, and IGF-1. Iba-1+/IGF-1+ double-positive cells could be found. (g, o) Merged image
of Iba-1, IGF-1, and CD68. (g) (upper square in (f)) and (h) (lower square in (f)) The quantity of Iba-1+/IGF-1+ cells in the striatum and
corpus callosum was not increased by MSC transplantation. The majority of Iba-1+/IGF-1+ double-positive cells were CD68+. (o) (left
square in (n)) and (p) (right square in (n)) The difference in striatum vs. cortex was that IGF-1 expression was not limited to CD68+ cells.
There were Iba-1+/IGF-1+ double-positive cells that were negative for CD68. Arrow: IGF-1, Iba-1, and CD68 triple-labeled cells;
arrowhead: IGF-1+Iba-1+ double-positive but CD68 negative cells. Scale bar, 50 μm.
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(from 21:7 ± 3:78/view field to 27:27 ± 3:43/view field)
(Figures 4(i)–4(l), and 4(o)). The double-positive cells were
highlighted in a magnified view (Figures 4(m) and 4(n)).
The proportion of astrocytes that coexpressed IGF-1 was
enhanced from 62:20 ± 12:12% to 87:45 ± 8:64%.

GFAP+ astrocytes present in the striatum and corpus cal-
losum might be the main sources of IGF-1 expression in that
area, in that GFAP+/IGF-1+ double-positive cells constituted

up to 72:66 ± 8:98% of IGF-1+ cells in the ischemia group,
which was significantly increased to 81:22 ± 9:70% in the
MSC group (Figure 4(o)).

3.5. CD3+/IGF-1+ Cells Increase Significantly after Ischemia
and Are Decreased with MSC Treatment. In the brain cortex
of the sham group, few CD3+ lymphocytes were detected
(Figures 5(a)–5(d)). In the ischemia control group, a markedly
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Figure 3: MSC treatment reduces the quantity of GFAP+ cells but increases the number of IGF-1+/GFAP+ cells in the infarct. (a–d) In the
sham group, a few GFAP+ cells could be found in the brain cortex. (e–h) In the infarct area of the ischemia control group, the number of
GFAP+ and IGF-1+ cells both increased. (i–l) In the infarct area, MSC treatment decreased GFAP+ cell quantity but increased the
number of cells double positive for GFAP and IGF-1. (a, e, and i) GFAP staining. (b, f, and j) IGF-1. (c, g, and k) DAPI nuclear staining.
(d, h, and l) Double-stained GFAP+/IGF-1+ cells. (m, n) (squares in (h, l) The amplified view of GFAP+/IGF-1+ cells. (o) After MSC
transplantation, the quantity of GFAP+/IGF-1+ double-positive cells and the percentages among all IGF-1+ or GFAP+ cells increased.
Scale bar, 50 μm.

6 Stem Cells International



larger number of CD3+ cells were observed in the infarct area
(Figures 5(e)–5(h)). Double staining revealed that CD3+/IGF-
1+ cells were mainly distributed in the inner border zone of
the infarct area (Figures 5(e)–5(h)).

MSC treatment reduced the quantity of CD3+/IGF-1+
cells that had infiltrated into the brain from 11:20 ± 2:95 per
view field in the ischemia group to 6:6 ± 1:28 in the MSC

group (Figures 5(i)–5(l)). The double-positive cells were
highlighted in a magnified view (Figures 5(m) and 5(n)).
MSC treatment also reduced the proportion of CD3+ cells that
coexpressed IGF-1 from 35:62 ± 14:46% beforeMSC treatment
to 27:54 ± 7:86% after treatment (Figures 5(i)–5(l) and 5(o)).

In the ischemia group, the percentage of CD3+/IGF-1+
cells among IGF-1+ cells was 26:46 ± 8:91%, which was
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Figure 4: MSC treatment decreases the quantity of GFAP+ cells but increases GFAP+/IGF-1+ cells in the ipsilateral striatum and corpus
callosum. (a–d) In the striatum and corpus callosum of the sham group, IGF-1 signals were rarely found. (e–h) In the striatum and corpus
callosum of the ischemia control group, both IGF-1 and GFAP signals were increased. (i–l) After MSC transplantation, more GFAP
+/IGF-1+ cells were observed in the striatum and corpus callosum. (a, e, and i) GFAP staining. (b, f, and j) IGF-1. (c, g, and k) DAPI
nuclear staining. (d, h, and l) Double-stained GFAP+/IGF-1+ cells. (m, n) (squares in (h, l)) The amplified view of GFAP+/IGF-1+ cells.
(o) The histogram of GFAP+/IGF-1+ cell quantity and percentages in the ischemia group and MSC transplantation group (∗p < 0:05, ∗∗p
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dramatically reduced by MSC infusion to 13:14 ± 4:38%
(Figures 5(i)–5(l) and 5(o)).

3.6. Limited Contribution from Ly6C+ Monocytes/
Macrophages to IGF-1 Expression. In our previous study, we
reported that both Ly6C+ infiltrated monocytes/macro-
phages and brain-derived neurotrophic factor (BDNF)
immunostaining are mainly located in the infarct boundary

zone. The Ly6C+ cells are the main source of BDNF [19].
In the present study, we continued to investigate the contri-
bution of infiltrated Ly6C+ cells to IGF-1 expression.

At day 2 after dMCAO, Ly6C+ infiltrated monocytes/-
macrophages were found mainly in the inner border zone
of the infarct. Ly6C+ signals were scattered around but rarely
colocalized within the cytoplasm of IGF-1-expressing cells
(Figures 6(a)–6(d)). In the inner infarct border zone, there
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Figure 5: CD3+ cells that express IGF-1 in the infarct area are reduced by MSC treatment. (a–d) In the sham group, CD3+ lymphocytes were
barely observed in the brain. (e–h) CD3+ and CD3+/IGF-1+ cells increased significantly in the infarct area of the ischemia control group. (i–l)
The number of CD3+ and CD3+/IGF-1+ cells in the infarct area was reduced dramatically by MSC transplantation. (a, e, and i) CD3 staining.
(b, f, and j) IGF-1. (c, g, and k) DAPI nuclear staining. (d, h, and l) Double-stained CD3+/IGF-1+ cells. (m, n) (insets in (h, l)) The amplified
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were 5:20 ± 2:63 Ly6C+/IGF-1+ cells per view field; only
5:38 ± 2:34% of Ly6C+ cells coexpressed IGF-1, and 12:67 ±
7:72% of IGF-1+ cells coexpressed Ly6C+ (Figures 6(a)–6(d)
and 6(k)).

MSC treatment not only reduced the number of Ly6C+
/IGF-1+ cells to 3:20 ± 2:43/view field but also decreased
the percentage of Ly6C+/IGF-1+ cells among the Ly6C+
population to 3:64 ± 2:78% (Figures 6(e)–6(h)). The
double-positive cells were highlighted in a magnified view
(Figures 6(i) and 6(j)). The percentage of Ly6C+/IGF-1+ cells
among the IGF-1+ cells decreased accordingly to 6:71 ±
5:74% (Figures 6(e)–6(h) and 6(k)).

Taken together, these results indicated that only a
small portion of Ly6C+ monocytes/macrophages were
capable of expressing IGF-1, and Ly6C+ cells in this

experimental setting were probably not the main cellular
source of IGF-1 expression.

3.7. NE+ Neutrophils Do Not Express IGF-1. Few NE+ neu-
trophils were detected in the brains of the sham group (data
not shown). In the dMCAO model, NE+ neutrophils existed
in both the ischemia control group (Figures 7(a)–7(d)) and
the MSC treatment group (Figures 7(e)–7(h)). However, no
NE+ neutrophils coexpressing IGF-1 were observed, suggest-
ing that NE+ neutrophils were not the source of IGF-1 in this
experimental setting.

3.8. The Plasma Level of IGF-1 Is Increased following MSC
Treatment. The concentration of IGF-1 in the blood plasma
(172:7 ± 35:9 ng/mL) of ischemia group was lower than that
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Figure 6: MSC treatment reduces the number of infiltrated Ly6C+ cells that express IGF-1. (a–d) In the ischemia control group, Ly6C+ and
Ly6C+/IGF-1+ cells were mainly located in the infarct areas. The quantity of Ly6C+ cells that expressed IGF-1 in the ischemia core cortex of
the control brain was very small. (e–h) After MSC infusion, the distribution of Ly6C+ and IGF-1+ cells was still restricted in the infarct area of
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of sham group (246:9 ± 44:5 ng/mL). Forty-eight hours fol-
lowing MSC treatment in dMCAO rats, the IGF-1 level in
blood plasma was significantly augmented to 206:5 ± 30:3
ng/mL (Figure 8(a)).

Similarly, the concentrations of IGF-1 in the ischemia
group were 178:2 ± 33:5 ng/mL and 188:7 ± 34:5 ng/mL at
days 4 and 7, respectively, which were significantly increased
following MSC treatment to 233:1 ± 18:9 ng/mL (p < 0:05)
and 245:8 ± 25:7 ng/mL, respectively (p < 0:05) (Figures 8(b)
and 8(c)).

4. Discussion

IGF-1 has been implicated as a potential neuroprotective
agent in hypoxia-ischemia-induced damage [20, 22]. Previ-
ously, by using ELISA on nonperfused brain tissues, we
reported that IGF-1 concentrations increase in ischemia core
and striatum in dMCAO model at 48 h after MSC infusion;
yet levels of other neurotrophic factors, such as glial cell
line-derived neurotrophic factor (GDNF) and vascular endo-
thelial grown factor (VEGF) are not changed compared to
those of the ischemia vehicle group at 2, 4, and 7 days after
ischemia onset and MSC infusion [15].

In the previous study, we reported that IGF-1 signals
are mainly (∽60%) located in the cortex infarct area. A
smaller proportion (∽40%) of IGF-1 signals are detected
in the striatum and corpus callosum. In the infarct area,
IGF-1 signals are colocalized with NeuN and CD68, the
markers of neurons and activated microglia/macrophages,
respectively; but all of these cells together only contribute

to a small part of the entire IGF-1+ signals [15]. These
results strongly suggest that there are other cell types as
the source(s) of IGF-1 in the ischemia ipsilateral hemi-
sphere. In the present study, we examined additional possi-
ble sources in the brain and periphery and found that
astrocytes and peripheral circulation may be the main con-
tributors to the increased level of IGF-1.

Due to the autofluorescence problem caused by blood
cells, brain section staining is usually performed on trans-
cardially perfused animals. IGF-1 is a factor that can readily
cross the BBB. The consequence of perfusion is that IGF-1
diffused in the CSF and extracellular matrix would have
been washed away, and only intracellular IGF-1 could be
detected by staining on brain sections. This caveat may lead
to an underrepresentation of IGF-1+ signals on perfused
brain sections.

Upon brain injury, astrocytes are activated, which leads
to phagocytosis, antigen processing and presentation, and
the production of both neurotrophic and cytotoxic factors.
Astrocytes are also a heterogeneous population, and reac-
tions of astrocytes may depend on the nature of the activating
stimulus and the microenvironment.

During ischemic injury, astrocytes were activated and
upregulated expression of IGF-1 (Figures 3 and 4). MSC
treatment induced astrocytes to further enhance IGF-1
expression without increasing the number of activated astro-
cytes (Figures 3 and 4). The molecular cues that promoted
astrocytic expression of IGF-1 remained to be addressed.

Astrocytes are considered to play dual functions in neu-
roinflammation. On the one hand, astrocytes can produce
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neurotrophic factors including nerve growth factor (NGF),
BDNF, and IGF-1 [23]. On the other hand, activated astro-
cytes may release cytotoxic factors, such as reactive oxygen
and nitrogen species (superoxide anion, nitric oxide) and
toxic amino acids [24]. It was proposed by some researchers
that astrocytes could be categorized into polarized A1 and

alternatively A2 status [25]. Yet how MSC treatment may
impact this A1 vs. A2 balance remains unknown and war-
rants further investigation.

In the present study, a majority (50-80%) of GFAP+
astrocytes were IGF-1+. Upregulation of IGF-1 in the brain
may further facilitate astrocytes to generate IGF-1. IGF-1
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Figure 8: IGF-1 plasma levels at days 2, 4, and 7 after dMCAO and MSC infusion. (a–c) Two, 4, and 7 days after MSC infusion.
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gene therapy can reduce the reactivity of astrocytes in
response to proinflammatory stimuli in vitro [26] and exert
neuroprotective and neuroreparative actions in experimental
animal models of hypoxia and stroke [27–29]. Our results
suggest that IGF-1 may mediate a positive feedback loop in
the regulation of astrocytes. Further studies are needed to
investigate the detailed mechanisms underlying the interac-
tion between astrocytes and IGF-1 in dMCAO models.

IGF-1 is able to cross the BBB; therefore, it is important
to examine the peripheral levels of IGF-1 as well. The pri-
mary site of IGF-1 production in peripheral organs is the
liver, but IGF-1 is not required for postnatal body growth
in mice [30]. Blood-derived IGF-1 was increased by MSC
treatment at days 2, 4, and day 7 in this study. The results
suggest that MSC treatment-mediated changes of IGF-1
levels in blood may be an important mechanism leading to
an increased level of IGF-1 in the brain. In some studies
where MSC was infused through an intravenous route, no
MSCs are observed in brain but the therapeutic and neuro-
protective effects remain obvious, implying an indirect func-
tion through peripheral mediators [31].

It is unclear how MSC infusion induces upregulation of
IGF-1 in the periphery and whether this increase of IGF-1
results from a direct effect of MSCs on hepatocytes. If
manipulation of circulating IGF-1 levels at the acute phase
of dMCAO can affect disease outcome, future therapeutic
strategies may be contemplated in this direction for treat-
ment of stroke.
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Stem cells play an irreplaceable role in the development, homeostasis, and regeneration of the craniofacial bone. Multiple
populations of tissue-resident craniofacial skeletal stem cells have been identified in different stem cell niches, including the
cranial periosteum, jawbone marrow, temporomandibular joint, cranial sutures, and periodontium. These cells exhibit self-
renewal and multidirectional differentiation abilities. Here, we summarized the properties of craniofacial skeletal stem cells,
based on their spatial distribution. Specifically, we focused on the in vivo genetic fate mapping of stem cells, by exploring
specific stem cell markers and observing their lineage commitment in both the homeostatic and regenerative states. Finally, we
discussed their application in regenerative medicine.

1. Introduction

The reconstruction of craniofacial bone defects is more
challenging than that of the limb bone, as it requires both
functional and esthetic recovery. Traditional therapies to
regenerate craniofacial bone, including autologous bone grafts,
allografts, and xenografts [1–3], exhibit different limitations
and often fail to meet the demands of recovery [4–6]. Stem
cell-guided regenerative medicine is an alternative that is
currently the most promising approach to solve this problem.

Mesenchymal stem cells (MSCs) are groups of cells resid-
ing in different tissues and niches, such as the bone marrow,
adipose tissue, teeth, and umbilical cord tissue. MSCs have
been extensively used in tissue repair, organ reconstruction,
immunomodulation, and even in the treatment of disease
[7–11]. In addition, self-cell-constituted implantation results
in reduced immunogenicity, and the molecules excreted from
MSCs are beneficial for tissue recovery [12, 13]. The combina-
tion of MSCs with bioscaffolds further promoted MSC-based
therapy by guiding MSC proliferation and migration [14].

To identify and isolate MSCs easily in vitro, the Interna-
tional Society for Cellular Therapy has proposed three

criteria to define MSCs [15]. First, the isolated cells can
adhere to plastic plates when cultured in vitro. Second, the
cells express the CD73, CD90, and CD105 surface markers
but not CD34, CD45, CD14 or CD11b, CD79a or CD19,
and HLA-DR. Third, the cells can differentiate into osteo-
cytes, chondrocytes, and adipocytes. In addition to in vitro
characterization, the recent application and improvement
of the fluorescent reporter mouse system and lineage tracing
technique make the in vivo study of stem cells feasible [16].
Importantly, the in vivo study of stem cells can aid in accu-
rately recapitulating the niche-dependent functions and
interactions of stem cells.

MSCs from bones, including the bone marrow, perios-
teum, growth plate, and calvarium, have been the most thor-
oughly studied. It is now recognized that bone MSCs are
highly heterogeneous populations that display variable self-
renewal and differentiation potential. MSCs that commit to
skeletal lineages and express selective surface markers (e.g.,
leptin receptor, PDGFRα, nestin, Cxcl12, Hox11, PTHrP,
Sca1, Ctsk, Axin2, and Gli1) are now defined as skeletal stem
cells (SSCs). Craniofacial SSCs are subgroups of cells residing
in the calvarium, maxillary and mandibular bones, and
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tooth-supporting tissue. These cells display the basic charac-
teristics of SSCs and are capable of self-renewal and multiline-
age differentiation. They can regenerate oral tissues and repair
critical defects of craniofacial bones [17–20]. However, cranio-
facial SSCs are distinct from long bone SSCs, which might
result from the different developmental origins and stem cell
microenvironments/niches. The craniofacial bone originates
from the mesoderm and neural crest, and the bony structure
is formed by intramembranous ossification. Long bones, on
the other hand, mainly originate from the mesoderm and are
formed by endochondral ossification [20, 21]. In addition,
the craniofacial bone is a flat bone with limited bone marrow,
but the long bone is enriched with the bone marrow.
Hematopoiesis-depleted or hematopoiesis-enriched-enriched
environments result in totally different stem cell niches.
Therefore, craniofacial SSCs are different from SSCs in long
bones or other tissues. Interestingly, studies have shown that
SSCs/MSCs from craniofacial bones exhibit superior osteo-
genic properties compared with long bone SSCs/MSCs in
craniofacial tissue reconstruction [22–24]. A pioneering study
also found that postnatal lineage-restricted craniofacial SSCs
reverted to their embryonic plastic state and regained a neural
crest cell phenotype in response to mandibular distraction for
jaw regeneration [25]. Identifying subpopulations and illus-
trating the properties of craniofacial SSCs are thus crucial to
stem cell-guided regenerative medicine.

In this review, we summarize the cranial and maxillo-
facial tissues in which stem cells reside as well as the char-
acteristics of these stem cells and advancements in their
applications.

2. Periosteum

The surface of the bone is covered by the periosteum, which is
a 50-150μm two-layer membrane with an abundance of
nerves and blood vessels (Figure 1). The outer fibrous layer
is adjacent to the surrounding soft fibrous and muscular
tissue, while the inner layer is highly vascularized and provides
a niche for progenitor cells [26, 27]. A large number of studies
have already shown that precursor cells residing in the cranio-
facial bone periosteum play an important role in bone regen-
eration [28]. For a long time, no specific cell marker was
available to identify and isolate craniofacial periosteum-
derived stem cells (PSCs) [28, 29]. Recently, two specific
surface makers (Ctsk+ andMx1+αSMA+) have been identified.

Cathepsin K (CTSK) has long been regarded as a specific
marker for osteoclasts. Using Ctsk-mGFP transgenic mice to
trace cell lineages combined with single-cell RNA sequencing,
Debnath et al. identified Ctsk+ periosteum stem cells as both
long bone and calvarial periosteal skeletal stem cells (PSCs).
Ctsk+ PSCs are capable of self-renewal, colony formation,
and multilineage differentiation. Interestingly, Ctsk+ PSCs
are highly plastic, as they can mediate not only intramembra-
nous ossification but also endochondral ossification in
response to bone injury [30]. In 2019, Park et al. observed that
a group of postnatal long-term Mx1+αSMA+ periosteal stem
cells contributed significantly to the injury repair of bone
defects. In addition to being capable of self-renewal and clonal
multipotency, Mx1+αSMA+ PSCs can migrate toward the

injury site in response to a CCR5 ligand- (CCL5-) dependent
mechanism, as visualized by in vivo real-time imaging of the
calvarium [31].

3. Craniofacial Bone Marrow

Given that jawbones and teeth in the craniofacial system
originate from the cranial neural crest, marrow stem cells in
jawbones are considered to have characteristics different from
those of long bone MSCs. Studies have been performed to
compare the similarities and differences between stem cells
in the craniofacial, axial, and appendicular regions. Human
MSCs in the jawbone and iliac crest have been the most com-
monly studied, as these sites are ideal for marrow aspiration.
Akintoye et al. cultured jawbone MSCs and iliac crest MSCs
from the same individual and found that jawbone MSCs
displayed a higher proliferation rate, delayed senescence, and
greater differentiation potential. In vivo transplantation results
showed that jawbone MSCs formed more bone, whereas iliac
crest MSCs formedmore compacted bone along with hemato-
poietic tissue [32]. Using tube formation assays and 3D fibrin
vasculogenic tests, Du et al. found that jawbone MSCs showed
stronger angiogenic propensities than iliac crest MSCs when
they were cocultured with human umbilical vein endothelial
cells (HUVECs). Coculture with jawbone MSCs allowed
HUVECs to formmore tube-like structures in vitro and larger
vessels in vivo [33]. The increase in the expression of the basic
fibroblast growth factor (bFGF) by jawbone MSCs is the key
factor contributing to angiogenesis. However, the chondro-
genic and adipogenic potential of jawbone MSCs is weaker
than that of iliac crest MSCs [34, 35].

Several populations of SSCs in the long bone marrow were
identified, including leptin-receptor-expressing (LepR+) SSCs,
nestin-expressing (Nestin+) SSCs, Gremlin 1-expressing
(Grem1+) SSCs, glioma-associated oncogene 1-expressing
(Gli1+) SSCs, and CD45-Ter-119-Tie2-AlphaV+-

Thy-6C3-CD105-CD200+ SSCs [36–39]. However, their identity
and function in the craniofacial bone remain unclear. We
recently identified a quiescent population of tissue-resident
LepR+ SSCs in jawbone marrow that became activated in
response to tooth extraction and contributed to intramembra-
nous bone formation [40]. Using LepR-Cre; tdTomato; Col2.3-
GFP reporter mice, we found that these LepR+ cells remained
quiescent in the physiological state and gradually increased in
activity with age. External stimuli such as tooth extraction acti-
vated LepR+ SSCs, which rapidly proliferated and differentiated
into Col2.3-expressing osteoblasts, contributing significantly to
extraction socket repair. Ablation of LepR+ SSCs with diphthe-
ria toxin dramatically impaired the bone healing process. A
mechanistic study showed that alveolar LepR+ SSCs are respon-
sive to parathyroid hormone/parathyroid hormone I receptor
(PTH/PTH1R) signaling. Knockout of Pth1r in the LepR+ cell
lineage disrupted the bone formation process.

4. Temporomandibular Joint

The temporomandibular joint (TMJ) is located between the
temporal bone and the mandible. It is one of the most
frequently used joints in humans and is the only diarthrosis
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in the stomatognathic system. The occurrence of TMJ osteo-
arthritis is highly prevalent in humans, yet the regenerative
capacity of condylar cartilage is limited. Therefore, identify-
ing and isolating stem cells in the TMJ is crucial for osteoar-
thritis amelioration and regeneration.

Two types of stem cells reside in the TMJ (Figure 2). One
type is TMJ synovium-derived stem cells, and the other type
is fibrocartilage stem cells (FCSCs). In 2011, Liu et al. isolated
and cultured stem cells from human TMJ synovial fluid and
found that these cells exhibit fibroblastic and spindle shapes.
Flow cytometry analysis showed that these cells express MSC
markers and could be induced to differentiate toward osteo-
genic, chondrogenic, adipogenic, and neurogenic lineages.
Thus, these synovium-derived cells are stem cells [41].
Koyama et al. found STRO-1- and CD146-expressing stem
cells in the TMJ synovial fluid of patients with temporoman-
dibular joint disorder. These cells showed great potential to
differentiate into chondrocytes, osteoblasts, adipocytes, and
neurons [42]. Stem cells were also isolated from the radiolu-
cent zone of TMJ ankylosis patients, but they had a slower
proliferation rate and lower osteogenic differentiation capac-
ity than BMSCs [43]. In 2014, Sun et al. isolated synovial
fragment cells from the synovial fluid of temporomandibular
disease patients and revealed the multilineage differentiation
capacity of this group of cells [44]. Fibrocartilage stem cells
(FCSCs) reside in the superficial zone of condylar cartilage.
A single FCSC could generate a cartilage anlage, which then
undergoes autogenous bone formation and supports a hema-
topoietic microenvironment. Wnt signaling impairs the FCSC
niche and results in cartilage degeneration. Intra-articular
injection of the Wnt inhibitor sclerostin reconstructed the
stem cell niche and repaired TMJ injury, indicating a potential
therapeutic strategy for patients with fibrocartilage defects and
disease [45].

5. Sutures

In summary, the flexible connection between paired calvarial
bones permits the deformation of the skull during birth,
directs the growth of the skull, and acts as a shock absorber
that can cushion the load of mastication (Figure 3). Humans
and mice both have four sutures. Metopic sutures (called
interfrontal sutures in mice) and sagittal sutures are vertically
distributed, and the osteogenic fronts about each other. Coro-
nal sutures and lambdoid sutures are horizontally distributed,
and their osteogenic fronts overlap with each other. Unossified
sutures are recognized as the bone growth center of the post-
natal skull vault [46], where the new bone precipitates at the
edges of the bone front. Premature closure of the suture could
lead to craniosynostosis. Studies have demonstrated a unique
stem cell niche in cranial sutures, where multiple populations
ofSeveral subpopulations of suture mesenchymal stem cells
(SuSCs) were identified, including Gli1-positive (Gli1+) cells,
Axin2-expressing (Axin2+) cells, and postnatal Prx1-
expressing (Prx1+) cells [46–49]. All these cells possess the
ability for self-renewal and continually produce skeletal cell
descendants. Clonal expansion analysis demonstrated that
SuSCs were capable of forming bones during calvarial devel-
opment. SuSCs expand dramatically in the damaged site and
contribute directly to skeletal repair; the nearer the cells are
to the sutures, the better the recovery is [46, 50]. However,
the spatiotemporal properties of SuSCs differ. During the early
stage of postnatal development, Gli1+ cells were distributed
throughout the periosteum, dura, and sutures, whereas Axin2+

cells and Prx1+ cells appeared only in the sutures. At 4 weeks
of age, all of the SuSCs were restricted to the sutures. Gli1+

SuSCs were capable of trilineage differentiation into chondro-
cytes, osteoblasts, and adipocytes; Axin2+ SuSCs mainly gave
rise to the chondro- and osteolineages, whereas Prx1+ SuSCs

Cranial periosteum

Periosteum stem cells

Fibroblasts

Osteocyte

Outer layer of periosteum

Inner layer of periosteum
Bone

Craniofacial bone

Figure 1: Stem cell distribution in the cranial bone. The stem cells are located in the inner layer of calvarium periosteum.
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could only differentiate into osteoblasts. Depletion of Gli1+ or
Axin2+ cells but not Prx1+ SuSCs caused craniosynostosis.
Additional comparisons of the three types of cells are listed
in Table 1.

6. Periodontium

The tooth is a hard tissue containing a vascularized and nerve-
rich pulp chamber and is surrounded by the tooth-supporting
periodontium, including the periodontal ligament, cementum,
and alveolar bone. Multiple stem cell niches exist in dental
tissues, as teeth are uniquely shaped and are subject to compli-
catedmicroenvironments with occlusal force andmicroorgan-
isms [53]. To date, more than seven kinds of dental stem cells
have been found, including dental pulp stem cells (DPSCs)
[54], human exfoliated deciduous teeth (SHED) [55],
periodontal ligament stem cells (PDLSCs) [56], dental follicle
progenitor cells (DFPCs) [57], stem cells from dental apical
papilla (SCAP) [58], tooth germ stem cells (TGSCs) [59],
gingival mesenchymal stem cells (GMSCs) [60], and human
natal dental pulp stem cells (NDP-SCs) (Figure 4) [61]. All
of them are capable of self-renewal, proliferation, and multidi-

rectional differentiation [62]. Among them, PDLSCs are the
only kind of stem cells that can differentiate into osteoblasts
in vivo and contribute to the construction of alveolar bone
and tooth extraction sockets.

As reported in 2004, Seo et al. isolated and identified
PDLSCs from human impacted wisdom teeth for the first
time [56]. In addition to wisdom teeth, PDLSCs can be
extracted from permanent tooth root surfaces [63], decidu-
ous tooth [64–66], or even inflammatory periodontal tissues
[67]. However, PDLSCs derived from different environments
display different properties related to proliferation and oste-
ogenic potential. For example, studies have found that
PDLSCs from deciduous teeth promote osteoclastogenesis
and lead to root absorption [68]. PDLSCs from inflammatory
tissue are predisposed to a pathological local microenviron-
ment [69]. The regulatory mechanism of PDLSC biological
behavior remains to be revealed.

To exploit the osteogenic potential of PDLSCs, the osteo-
genic mechanism of PDLSCs needs to be clarified. It has been
reported that antidifferentiation noncoding RNA (ANCR)
[70], long noncoding RNAs (lncRNAs) [71], and microRNA-
182 and microRNA-214 [72, 73] regulate the proliferation

Synovial fluid-derived
mesenchymal stem cells (SFMSCs)

TMJ disc derived stem cells

TMJ synovium
derived stem cells

Fibrocartilage stem
cells (FCSCs)

Figure 2: Stem cell distribution in TMJ. Stem cells are located in the synovial fluid, synovium, disc of TMJ, and surface zone of condylar cartilage.

Suture stem cells (SSCs)

Periosteum
Bone

Dura

Figure 3: Stem cell distribution in sutures.

4 Stem Cells International



and osteogenic differentiation of PDLSCs. He et al. [74] and
Yan et al. [75] found that hypoxia and cannabinoid receptor I
(CB1) could alter the activity of PDLSCs through the
p38/MAPK pathway. Meanwhile, the PI3K-AKT-mTOR path-
way [76] and NF-κB axis [77] are also involved in the modula-

tion of PDLSCs. In clinical practice, additional topics, such as
how metformin contributes to the osteogenic potential of
PDLSCs [78] and how nicotine [79, 80] and Porphyromonas
gingivalis [81] weaken the osteogenic potential of PDLSCs,
remain to be investigated.

Table 1: The subpopulations of suture mesenchymal stem cells and their characteristics.

Cell types Gli1+ cells [50, 51] Axin2+ cells [46] Postnatal Prx1+ cells [52]

Distribution
Early stage

All over the periosteum, dura, and the
craniofacial sutures

In the calvarial sutures In the calvarial sutures

One month
after birth

Self-renewal Only in the sutures /

Stemness

Self-renewal Slow-cycling cells

Contribution
to other
tissues

Suture mesenchyme, periosteum, dura
mater, and parts of the calvarial bones

Suture mesenchyme and bone
matrix near the osteogenic fronts

All calvarial tissues, except
bone marrow osteoblasts

Ability to
repair the
defect

Unequivocal and potentially exclusive contribution of the sutural mesenchyme to calvarial injury repair

Ablation Craniosynostosis Craniosynostosis
Did not result in

craniosynostosis or any other
major craniofacial phenotype

MSC markers CD90, CD73, CD44, Sca1, and CD146 LepR

Pdgfrα and Mcam/CD146
(upregulation), Ccne2,

Mcm4, and Pcna
(downregulation), Itga2,

Itga3, and Itga6

Differentiation

Osteoblasts +
+

(upon external stimulation)

+
(stimulated with recombinant

WNT3A)

Chondrocytes +
+

(upon external stimulation)
/

Adipocytes + / /

Foundation of each study

Gli1 is the master transcriptional
factor of hedgehog signaling and is
indispensable for bone development
and homeostasis. Gli1+ stem cells
have been identified in canine and

long bones.

Axin2 plays an irreplaceable role in
the Wnt, BMP, and FGF signaling
pathways; Axin2 knockout mice

showed craniosynostosis.

Prx1 was previously shown to
be highly expressed during
limb bud formation and
craniofacial development.

Gingival mesenchymal
stem cells (GMSCs)

Dental follicle
stem cells (DFSCs)

Tooth germ
stem cells (TGSCs)

Dental pulp stem
cells (DPSCs)

Periodontal ligament
stem cells (PDLSCs)

Figure 4: Stem cell distribution in dental tissues. Stem cells are located in gingiva, dental follicle, tooth germ, dental pulp, and periodontal
ligament.
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PDLSCs exhibit high potential for tissue regeneration and
are capable of giving rise to osteoblast-/cementoblast-like cells,
adipocytes, chondrogenic cells, neurogenic lineage cells, endo-
thelial cells, cardiac myocytes, and Schwann cells in vitro
[62]. For stem cell identity and fate commitment, Roguljic
and colleagues identified αSMA as a marker of PDLSCs
in vivo [82]. αSMA+ PDLSCs expanded over time and mainly
gave rise to cells in the apical region. Following periodontal
ligament injury, PDLSCs proliferated and generated mature
cementoblasts, osteoblasts, and fibroblasts within the periodon-
tium. However, αSMA+ PDLSCs only made minor contribu-
tions to periodontium homeostasis and repair. Yuan and
colleagues used Axin2 to track progenitor cells in the periodon-
tal ligament and reported that PDLSCs are responsive to Wnt
signaling [83]. Axin2+ PDLSCs remain quiescent under physi-
ological conditions and differentiate into osteoblastic cells for
alveolar bone repair when tooth extraction injury occurs. Most
recently, using genetic fate mapping, Men et al. identified Gli1+

PDLSCs in adult mouse molars that gave rise to periodontal
ligament, alveolar bone, and cementum in both the homeo-
static state and during injury repair [84]. Gli1+ PDLSCs are
enriched in the apical tooth region and surround the neurovas-
cular bundle, and they are activated by canonical Wnt signal-
ing. Sclerostin secreted by alveolar bone osteocytes inhibits
Wnt signaling. Occlusal force can inhibit sclerostin secretion.
Therefore, a feedback loop that regulates stem cell activities is
present in the stem cell niche, where occlusal force-mediated
inhibition of sclerostin secretion by alveolar bone osteocytes
promotes Gli1+ cell maintenance and activation. The authors
also compared other stem cell markers with Gli1. They con-
cluded that labeling of Gli1 more efficiently identified PDLSCs
compared to labeling of αSMA, LepR, NG2, and Pdgfrα. Using
an inducible Cre system and immunostaining, they also
reported that LepR+, NG2+, and Pdgfrα+ cells are descendants
of Gli1+ cells in the periodontal ligament.

7. Application of Craniofacial Stem Cells

Stem cells for tissue regeneration have been widely exploited
and are mainly applied in three ways: direct transplantation
of a specific type of stem cells, combined application of differ-
ent types of stem cells, and the use of stem cells in combination
with biological scaffolds. However, the regenerative techniques
used in the long bone cannot be easily extended to craniofacial
applications because the microenvironment of craniofacial
tissue is quite different from that of the long bone. Oral path-
ological factors (e.g., microorganisms, nicotine, and bisphos-
phonate) greatly affect the biological behavior of craniofacial
stem cells. For instance, Kim et al. found that excessive nico-
tine intake will induce the vacuolation of jawbone MSCs and
impair their proliferation and differentiation capacity [85].
Akintoye et al. found that jawbone MSC self-renewal and pro-
liferation ability were impaired when the MSCs were treated
with bisphosphonate, which might be associated with the
pathogenesis of bisphosphonate-associated osteonecrosis.
Therefore, to minimize potential damage, the use of appropri-
ate ways to amplify and induce stem cells to differentiate
toward the osteoblast lineage is particularly important. Wang
et al. reported that vitamin C and vitamin D were ideal stimu-

lants of craniofacial PDLSCs for osteoblast differentiation
in vitro [26]. Naung et al. proposed a protocol to cultivate
palate periosteum-derived MSCs in serum-free and xeno-
free medium, which could become a useful source of MSCs
for clinical applications [86]. Moreover, a recent study found
that induced pluripotent stem cells (iPSCs) generated from
human jaw periosteum cells expressed MSCmarkers and pos-
sessed strong mineralization ability [87].

The application of MSCs for regenerative medicine should
be performed with caution because the stem cells obtained and
expanded with plastic culture are highly heterogeneous and
might not be intrinsically multipotent [88]. It should be noted
that the minimal criteria, including adherence to the plastic
plate, induction of multidirectional differentiation, and detec-
tion of appropriate surface marker profiles, are not sufficient
to identify bona fide stem cells [89]. Some quiescent stem cells
might not readily adhere to the plastic, and the heterogeneous
cell mixture contains lineage-committed stem cells that give
rise to cells of native tissue origin. For instance, bone marrow
stem cells show an intrinsic propensity for differentiation
toward osteolineages [90]. The surface markers of bone mar-
row stem cells are specific for fibroblast-like cells rather than
stem cells [88]. Therefore, in vivo clonal assays and fate map-
ping are essential to identify bona fide stem cells [38]. Future
studies are warranted to identify the stem cell properties of
craniofacial stem cells, which will benefit clinical applications.

8. Conclusions

This review describes the stem cells found in the craniofacial
periosteum, craniofacial bone marrow, TMJ, cranial suture,
and periodontal ligament. Craniofacial stem cells express
specific cell surface determinants, possess a low self-renewal
rate, and show multidifferentiation ability. They rapidly
proliferated and differentiated into osteoblasts in response
to injury. In addition, craniofacial tissues are easily obtained
from human jawbones with minimal invasiveness when
clinicians perform implant surgeries, tooth extractions, and
periodontal surgeries. All these results indicated that cranio-
facial stem cells are an ideal resource for tissue engineering.

However, the current research on craniofacial stem cells
is still inadequate and lacks depth. Specific cell markers for
the isolation of stem cells are still lacking. In vivo clonal
assays and lineage fate mapping are warranted in future
studies, which could facilitate the therapeutic application of
craniofacial stem cells in vivo and in the clinic.
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Extracellular vesicles (EVs) are cell-derived membrane-bound nanoparticles, which act as shuttles, delivering a range of
biomolecules to diverse target cells. They play an important role in maintenance of biophysiological homeostasis and cellular,
physiological, and pathological processes. EVs have significant diagnostic and therapeutic potentials and have been studied both
in vitro and in vivo in many fields. Mesenchymal stem cells (MSCs) are multipotent cells with many therapeutic applications
and have also gained much attention as prolific producers of EVs. MSC-derived EVs are being explored as a therapeutic
alternative to MSCs since they may have similar therapeutic effects but are cell-free. They have applications in regenerative
medicine and tissue engineering and, most importantly, confer several advantages over cells such as lower immunogenicity,
capacity to cross biological barriers, and less safety concerns. In this review, we introduce the biogenesis of EVs, including
exosomes and microvesicles. We then turn more specifically to investigations of MSC-derived EVs. We highlight the great
therapeutic potential of MSC-derived EVs and applications in regenerative medicine and tissue engineering.

1. Extracellular Vesicles

Extracellular vesicles (EVs) bearing nucleic acids, proteins,
and lipids can be released into the extracellular space from
eukaryotic cells, as well as from some prokaryotic cells [1].
These released EVs are lipid bilayer-bound nanoparticles
and are found in many biological fluids such as serum, cere-
brospinal fluid, saliva, urine, nasal secretions, and breast
milk. They can also be collected in cell culture medium. Orig-
inally, EVs were regarded as cellular waste [2] but since have
been shown to play important biological roles in cellular
homeostasis and the spreading of biomolecules to neighbour-
ing cells and tissues. Transported biomolecules can contrib-
ute to normal physiology or disease states or could be
therapeutics to be delivered to damaged cells and tissues.
For these reasons, EVs show significant potential in biotech-
nology [3–5]. Many different names have been used for
extracellular vesicles, following several independent discov-
eries, which have led to confusing nomenclature. As the
extracellular vesicle field has grown tremendously over the

past few decades, the International Society for Extracellular
Vesicles (ISEV) was launched in 2011, with the aim of
advancing extracellular vesicle research globally. The term
“extracellular vesicles” (EVs) was introduced by ISEV to
describe preparations of vesicles isolated from biofluids and
cell cultures [3]. Based on their size and biogenesis, EVs
could be classified into three main subclasses: exosomes
(40-120 nm), microvesicles (50-1000 nm), and apoptotic
bodies (500-2000nm) [6]. Both microvesicles and apoptotic
bodies are directly shed from the plasma membrane but via
different cellular processes, whereas exosomes are generated
by the endocytic pathway and are originally considered to
play a particularly important role in cell-to-cell communica-
tion [7].

2. Exosomes

The term exosome was first used to describe membrane
nanovesicles released frommammalian reticulocytes through
the endosomal pathway in the 1980s [8–10]. Exosomes were
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originally thought to be waste products released by cells. In
the subsequent decades, further research identified that exo-
somes have an important function as transport vehicles and
can act to stimulate immune suppression of tumor growth
[11, 12]. One of the important discoveries in the field was
the presence of nucleic acids-mRNA and miRNA in exo-
somes and hence the ability to alter specific gene expression
and protein translation in recipient cells [13]. Today, exo-
somes are recognised to play an important role in intercellu-
lar communication through transfer of proteins, lipids, and
nucleic acids into recipient cells [6, 14, 15] (Figure 1).

2.1. Exosome Biogenesis.Many cellular processes are involved
in the generation of exosomes. These include the production
of microvesicular bodies (MVBs) and formation of intralum-
inal vesicles (ILVs) during early endosomal maturation into
MVBs. This is followed by trafficking and fusion of MVBs
with the plasma membrane, releasing ILVs extracellularly
as exosomes [16]. Several cellular mechanisms are involved
in the formation of ILVs and maturation of MVBs, including
the Endosomal Sorting Complex Required for Transport
(ESCRT) which involves both ESCRT-dependent and
ESCRT-independent transport mechanisms, described
below.

The best-described mechanism for the formation of ILVs
is the ESCRT-dependent machinery [17, 18]. ILVs are
formed from early endosomes by the inward budding of the
limiting membrane and then scission of the narrow neck to
release the bud into the endosomal lumen as a vesicle. ESCRT

proteins sort ubiquitinated proteins into these buds [19]. The
role of the four ESCRT complexes ESCRT-0, ESCRT-I,
ESCRT-II, and ESCRT-III in the formation of ILVs in the
interior of MVBs was well-described in the early 2000s
[20–22]. The ESCRT-dependent mechanism starts from
the interaction of the ESCRT-0 complex with ubiquitylated
proteins, which are organized by clathrin into specialized
endosomal subdomains [23]. Then, direct interaction
between ESCRT-0 and TSG101 of the ESCRT-I complex
recruits ESCRT-I and ESCRT-II and starts the inward bud-
ding of the ILVs into the lumen of the MVBs.

The ESCRT-I/ESCRT-II system is one core part of the
ESCRT machinery, which functions as one branch of the
ESCRT pathway to feed into ESCRT-III and the Vps4 scis-
sion machinery [19]. ESCRT-II recruits the ESCRT-III com-
plex to develop a curved membrane-binding surface and line
tubules extended away from the cytoplasm [24]. ESCRT-III
also recruits the associated protein Alix for the recruitment
of the deubiquitinating enzyme Doa4 [25]. Finally, ESCRT-
associated proteins Vps4 and Vta1 cleave the ILV into free
vesicles and disassemble ESCRT complexes [17]. Some
ESCRT components and accessory proteins such as
TSG101, HRS, and ALIX are retained in the ILVs and
become important protein markers of exosomes. However,
it is not clear whether they are specific markers for exosomes
since ESCRT-I/II/III and their accessory molecules are asso-
ciated with various other budding and membrane scission
processes, such as microvesicle release, wound repair on the
plasma membrane, neuron pruning, membrane abscission
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Figure 1: Extracellular vesicle biogenesis; ILVs invaginate from the outer endosomal membrane to bud into the lumen of endosomes through
ESCRT-dependent/independent machineries during the maturation of MVB from the early endosome. Matured MVB is then transported to
the cell periphery and fuses with the plasma membrane to release ILVs (exosomes). Exosomes together with microvesicles enter the target
cells through signalling, fusion, and endocytosis pathways.
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in cytokinesis, nucleus envelope reformation, and cellular
autophagy processes [19]. Alternatively, ESCRT-0 has been
specifically implicated in exosome secretion and is not yet
described in plasma membrane budding and scission pro-
cesses. Therefore, ESCRT-0 components might be more spe-
cific markers to demonstrate endosomal origin [26].

Interestingly, ILVs can still form in MVBs via ESCRT-
independent mechanisms [27]. Many studies suggest that
ESCRT-independent mechanisms are involved in ILV for-
mation and exosome biogenesis. The ESCRT-independent
mechanisms involve lipids (ceramide, cholesterol, and
PLD2), tetraspanins, syntenins, or heat-shock proteins [23,
28–31]. For example, depleted ESCRT subunits such as Hrs,
TSG101, Alix, or Vps4 and exosomes enriched in protein-
lipid protein (PLP) and CD63 were still secreted through a
ceramide-dependent sorting mechanism [15, 27]. Even
though many studies have described significant contribu-
tions to ILV formation pathways, exosome biogenesis is still
not exhaustively studied. Therefore, since current knowledge
of exosome biogenesis is not fully specific to exosome secre-
tion and is also not shown in all cell types [26], further studies
on exosome biogenesis are still needed.

Once late endosomes become fully mature MVBs, they
are transported to the cell periphery and fuse with the plasma
membrane to release ILVs as exosomes [1, 32, 33]. The mech-
anisms of MVB mobilization, docking, and fusion involve a
large network of proteins, including the actin cytoskeleton,
microtubules, and associated molecular motors such as kine-
sins and myosins, molecular switches (small GTPases), teth-
ering factors, and SNARE proteins [7, 32, 34–38]. Proteins
and protein complexes organise the tethers and work
together with Rab proteins to direct the vesicle targeting
[34]. The activated Rab proteins (Rab GTPases) such as
Rab7, Rab11, Rab27, and related Ral-1 regulate vesicle for-
mation, trafficking, and fusion. They control movement
through interaction of the vesicles with cytoskeletal compo-
nents, tethering/docking these vesicles to the cell periphery
[32, 37, 39–41].

MVB trafficking requires actin and microtubule cytoskel-
etons and motor proteins to transport and tether MVBs to
the plasma membrane [33]. After docking of MVBs to the
plasma membrane, soluble N-ethylmaleimide-sensitive fac-
tor attachment protein receptors (SNAREs) regulate the
fusion of the MVB lipid bilayer with the plasma membrane
to release ILVs [36]. SNAREs are the core fusion engine in
membrane fusion and are recycled after each fusion event
[35]. SNARE proteins are classified into four subfamilies
based on their SNARE motifs; Qa-, Qb-, Qc-(t-), and R- (v-
) SNAREs, which are highly conserved and diverged early
in eukaryotic evolution [42]. They are assembled in a trans
configuration and formed as helical core complexes, medi-
ated by the SNARE motifs. The assembly starts at the N ter-
mini of the SNARE motif followed by a zipper-like fashion
towards the C-terminal membrane anchors. The function
of SNARE complexes is to provide the mechanical force
exerted on the membrane to proceed with the fusion of two
lipid bilayers and then distort membranes to form a fusion
pore releasing ILVs of MVBs into the extracellular environ-
ment as exosomes [35].

3. Microvesicles

Similar to exosomes, many types of machinery are involved
in microvesicle biogenesis. Unlike exosome biogenesis which
has been intensively studied, microvesicle biogenesis has only
recently started to emerge as a focus of study [43]. Microve-
sicles, also classified as ectosomes, are directly generated
from the plasma membrane [44]. Microvesicles are generated
by the formation of outward buds in specific sites of the
membrane and then released into the extracellular space by
fission [45]. Several molecular rearrangements are involved
including changes in lipid and protein composition and even
Ca2+ level at the specific sites of the membrane to elicit mem-
brane budding [46, 47]. Ca2+ level changes alter the lipid
composition of the plasma membrane, and the externaliza-
tion of phosphatidylserine also plays a role in microvesicle
formation [48].

Microvesicles have also been shown to be enriched in
cholesterol and are raised from cholesterol-rich lipid rafts
[49]. Furthermore, the depletion of cholesterol significantly
reduces microvesicle shedding. Other factors such as molec-
ular rearrangements in the plasma membrane, cell shape
maintenance proteins, cytoskeletal elements, and their regu-
lators are also involved in microvesicle biogenesis [50]. The
regulators of actin dynamics, RhoA (a member of the small
GTPases family), and its downstream-associated protein
ROCK and LIM kinases are essential for microvesicle biogen-
esis [51]. A calcium-dependent enzyme, calpain, which
regulates cytoskeletal proteins is involved in microvesicle
shedding [52]. Inhibition of calpain could suppress PAK1/1
activation to decrease polymerization of actin, formation of
filopodia, and furthermore interfere with the generation of
microvesicles. ARF6 also plays a key role in microvesicle for-
mation and shedding [53]. ARF6-GTP-dependent activation
of phospholipase D recruits the extracellular signal-regulated
kinase (ERK) to the plasma membrane, and then ERK phos-
phorylates and activates myosin light-chain kinase (MLCK)
which is an important regulator of actin polymerization
and myosin activity. This process is essential for microvesicle
release, and inhibition of ARF6 could block microvesicle
shedding. Both exosomes and microvesicles play important
roles in physiological and pathological cellular processes.

4. EV Function

Endosomal exosomes were considered as the main mediators
that affect recipient cells. However, it is difficult to efficiently
separate exosomes from other subtypes of EVs by current
isolation methods, so it is difficult to definitively assign a
function to a particular type of vesicle. Furthermore, not only
do the formation and secretion of ILVs employ multiple
mechanisms, resulting in heterogeneous exosomes, but other
EVs also overlap in their biophysical properties [54]. More-
over, there is currently no consensus on markers to distin-
guish exosomes from other EVs.

The techniques used to isolate small EVs result in a het-
erogeneous mix of sizes, origin, and molecular composition,
with an unknown portion of them being exosomes [55].
Therefore, they may contain a mixture of endosomal and
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nonendosomal small EVs [56] and even some nonvesicular
molecules such as various dense lipoproteins [57]. Neverthe-
less, many studies have discovered a significant function of
EVs to target cells and demonstrated their potential in many
pathophysiological fields such as cancer, immune responses,
various diseases, and regenerative therapeutics [5, 6]. Even
though there are many studies that describe the function of
exosomes, most of these studies may contain a mixture of
EVs with different subtypes due to their preparation method,
so the observed function, assigned to exosomes, may be elic-
ited by multiple EV types [26].

EVs carry proteins, lipids, and nucleic acids and can be
released by most cells and taken up by recipient cells to trig-
ger various phenotypic effects [58]. The lipid bilayer of EVs
can protect their content, transit through the extracellular
fluid, and internalise into recipient cells. Different recipient
cell types take up heterogeneous EVs through different path-
ways which are highly specialised and specific processes [59].
EVs bind to appropriate receptors on target cells through
receptor-ligand interaction and enter these cells through
three major EV uptake pathways: signalling, fusion, and
endocytosis [43, 59].

Many studies have shown the diverse biological functions
of EVs. EVs released by B lymphocytes present MHC-
peptide complexes to specific T cells which suggested that
EVs played a role in adaptive immune responses [60, 61].
Proteins and mRNAs of EVs can be transferred into target
cells, and mRNAs can be translated into corresponding
proteins [62]. For example, selective mRNAs and miRNAs
were found in mast cell EVs and involved in the immune
response [13].

Genetic communication between cells might also occur
via the trafficking of EVs through the systemic circulation,
similar to how hormones impact their recipient cells. EVs
derived from stem cells play a pivotal role in tissue regenera-
tion [63, 64]. EVs not only play important roles in many
aspects of biology such as intercellular vesicle traffic, immu-
nity, neurobiology, and microbiology but also have impor-
tant roles in disease pathogenesis such as tumor
progression, neurodegenerative propagation, and HIV and
prion spread [6, 65]. For example, tumor cells can release
EVs into the microenvironment to elicit tumor progression
via numerous mechanisms such as promoting angiogenesis,
suppressing immune responses, and tumor cell migration
in metastases [65, 66]. More recently, mesenchymal stem
cells have been shown to be prolific producers of EVs and
have been investigated for their potential therapeutic
applications.

5. Mesenchymal Stem Cells and EVs

Mesenchymal stem cells (MSCs) are multipotent stem cells
derived from mesenchyme, which develops from the meso-
derm [67]. MSCs are capable of self-renewal and differentia-
tion into skeletal and connective tissues such as the bone, fat,
cartilage, and muscle [68]. The main roles of resident MSCs
in adults are self-repair and to maintain cellular tissue
homeostasis. Due to their plastic adherence properties when
cultured in vitro, MSCs can be easily isolated from various

organs and tissues such as the bone marrow, adipose tissue,
muscle tissue, skin, teeth, periosteum, trabecular bone, syno-
vium, skeletal tissues, brain, spleen, liver, kidney, thymus,
pancreas, and blood vessels [68, 69]. MSCs are considered
to be ideal candidates for tissue regeneration and tissue engi-
neering, and interest in their biological roles and clinical
potential has dramatically increased over the last three
decades [70].

There are over two thousand clinical trials registered on
ClinicalTrials.gov investigating therapeutic applications of
MSCs in many diseases, such as bronchopulmonary dyspla-
sia, multiple sclerosis, autoimmune diseases, Alzheimer’s dis-
ease, liver diseases, osteoarthritis, kidney disease, myocardial
infarction, and graft versus host disease. Initially, the thera-
peutic applications of MSCs were investigated to replace
injured cells, based on their differentiation potential. How-
ever, less than 1% of the transplanted MSCs could reach the
target tissue, such as the infarcted myocardium in treatment
of myocardial infarction [71]. Nonetheless, MSCs restored
heart function more rapidly compared to the slow and ineffi-
cient differentiation process of cardiomyocytes [72]. MSCs
have also been shown to be effective in treating degenerative
diseases such as osteoarthritis for both animals and humans
[73, 74]. Furthermore, it has been demonstrated that MSCs
can be effective in the modulation of immune responses,
anti-inflammatory affect, tissue repair, and regeneration in
many therapeutic applications in vitro and in vivo. Therefore,
MSCs are proposed to exert their beneficial effects by para-
crine secretion rather than from their differentiation [75,
76], for which most MSC clinical trials were rationalized.
However, to date, none of the identified soluble secreted
mediators alone are able to sufficiently mediate the MSC
therapeutic effects [77]. Subsequently, many studies have
shown that the paracrine effects of MSCs were mediated in
part by the secretion of EVs [63, 78]. Thus, extracellular ves-
icles derived from MSCs might be a safer cell-free alternative
to cell therapy [79]. More recently, the research focus on the
mechanism of therapeutic action of MSCs, which was previ-
ously attributed to their differentiation and paracrine effi-
cacy, has now focused on the role of EVs. MSC-derived
EVs play an important role in the regulation of normal phys-
iological, tissue regenerative, and pathological propagation
processes, and MSCs are considered to be prolific producers
of EVs when compared to other cell types [80].

MSC-derived EVs have been shown to contain at least
730 different proteins [81]. These proteins reflected both fea-
tures of MSCs and EVs. For example, 53 proteins of MSC-
derived EVs were related to self-renewal genes associated
with MSCs, and 25 proteins were differentiation genes of
MSCs. In their study, Kim et al. (2014) showed that MSC-
derived EV proteins included not only surface markers of
MSCs but also MSC-specific proteins involved in signalling
pathways to facilitate self-renewal and differentiation. MSC-
derived EVs also contain proteins associated with EV biogen-
esis, trafficking, docking, and fusion. Furthermore, EV pro-
teins such as the surface receptor PDGFRB, EGFR, and
PLAUR; signalling molecules of RAS-MAPK, RHO, and
CDC42 pathways; cell adhesion molecules; and additional
MSC antigens are associated with promotion and
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modulation of MSC therapeutic potential. These proteins
may play a role in the efficacy of MSC-derived EVs in tissue
repair and tissue regeneration. Even though EV miRNAs
were estimated to be less than one copy per EV [82], some
EVs might be enriched with certain miRNAs. 171 miRNAs
were identified in MSC-derived EVs [83]. The most abun-
dant 23 miRNAs could target 5481 genes to regulate many
specific pathways and biological processes, such as miR-
130a-3p and miR-199a, which induce cellular proliferation,
promote angiogenesis, and inhibit apoptosis. Furthermore,
the proteome of purified MSC exosomes as profiled by mass
spectrometry and antibody arrays contains 938 unique gene
products found in the exosome database website http://
exocarta.org that encompass a wide range of biochemical
and cellular processes including cellular communication,
structure and mechanics, inflammation, exosome biogenesis,
tissue repair and regeneration, and metabolism [84].

6. Therapeutic Applications of Mesenchymal
Stem Cell-Derived Extracellular Vesicles

To date, the therapeutic potential of MSC-derived EVs has
been studied in both animal models and various clinical
applications for many disease areas, such as cardiovascular
disease, acute kidney injury, liver disease, lung disease, cuta-
neous wound healing, and cancer suppression [72, 85–87].
EVs have also been tested as potential diagnostic tools, anti-
tumor therapeutics, drug delivery vehicles, and vaccines
[85, 88]. Here, we focus on the therapeutic potential of
MSC-derived EVs in a number of applications in regenera-
tive medicine.

One of the first reports of MSC-derived EVs was of those
derived from human bone marrow MSCs. These EVs had a
beneficial impact on tubular epithelial cells through deliver-
ing mRNA cargo to activate regenerative programmes and
resulted in recovery from acute kidney injury in vitro and
in vivo [89]. Furthermore, intravenous administration of
human MSC-derived EVs had the same efficacy as MSCs
themselves on the treatment of acute kidney injury by inhi-
biting apoptosis and stimulating tubular cell proliferation in
a rat model [86]. They also protected the kidney from the
development of chronic injury, which highlights the potential
of MSC-derived EVs for regenerative medicine.

Recent studies include the use of MSC-derived EVs for
the treatment of a number of neuropathological diseases,
such as multiples sclerosis [90] and Alzheimer’s disease
[91]. In a mouse model of multiple sclerosis, the mice were
treated with saline, placenta MSCs, and low-dose (1:0 × 107
) or high-dose (1:0 × 1010) human placenta MSC-derived
EVs. [90]. Both MSCs and MSC-derived EVs showed regen-
erative effects and prevented oligodendroglia degradation
and demyelination, resulting in motor function improve-
ment. Importantly, animals treated with high-dose MSC-
derived EVs or MSCs showed similar clinical outcomes,
demonstrating that MSC-derived EVs possess the same ther-
apeutic potential as MSCs. Another preclinical study showed
that MSC-derived EVs could be a therapeutic strategy for the
treatment of currently incurable Alzheimer’s disease [91].

After 28 days of injection of 10μg EVs and 1 × 106 MSCs sep-
arately into two groups of mice with induced Alzheimer’s
disease, both groups had similar beneficial effects in improve-
ment of neurogenesis and cognitive function.

MSC-derived EVs are capable of reducing the infarct size
of myocardial injury through modulating the injured tissue
environment, inducing angiogenesis, promoting prolifera-
tion, and preventing apoptosis [63]. The therapeutic effects
of MSC-derived EVs on myocardial infarction have been
demonstrated in a mouse model [92]. MSC-derived EVs
could reduce infarct size to preserve cardiac function for an
extended period through rapid activation of multiple cardio-
protective pathways.

The function of MSC EVs in cartilage repair has been
studied by investigation of the effects of human MSC-
derived EVs on chondrocyte survival in vitro [93]. The chon-
drocytes could quickly endocytose the labelled MSC-derived
EVs and rapidly phosphorylate AKT and ERK in chondro-
cytes within 1 hour to elicit the cellular proliferation of chon-
drocytes. MSC-derived EVs enhanced regeneration of the
damaged cartilage through inducing proliferation, migration,
and matrix synthesis of chondrocytes, attenuating apoptosis
and modulating immune reactivity. Furthermore, intra-
articular injection of 100μg/100μl of embryonic MSC-
derived EVs could efficiently repair osteochondral defects in
a rat model [94]. The results from the MSC-derived EV treat-
ment group showed hyaline cartilage regeneration by the end
of 12 weeks. In contrast, the defects of controls treated with
PBS were filled with fibrous and noncartilaginous tissue.
Additionally, there were no adverse inflammatory responses
in this experiment. In a preclinical study, the efficacy of
MSC-derived EVs secreted from synovial membrane was
compared to induced MSC-derived EVs in the treatment of
mouse osteoarthritis (OA) [95]. Intra-articular injection of
only 8μl of EVs (1:0 × 1010/ml), from either source, into
collagenase-induced OA mice attenuated OA. MSC-derived
EVs showed a more significant effect than synovial mem-
brane MSC-derived EVs. Furthermore, EVs from adipose
tissue-derived MSCs could repair damaged cartilage through
increasing the proliferation and migration of chondrocytes in
a rat model of OA [96]. These numerous studies demonstrate
the possibility of treating chronic conditions with MSC-
derived EVs to address current unmet medical needs.

6.1. Alternate Therapeutic Delivery Methods of MSC-Derived
EVs. As researchers have begun to unlock the therapeutic
potential of MSC-derived EVs in the field of regenerative
medicine, alternate delivery methods are being explored.
These include the encapsulation of EVs in hydrogels or
incorporation into biodegradable scaffolds such as polylac-
tide (PLA) and polyethyleneimine (PEI). These methodolo-
gies represent ways of cell-free delivery methods with the
benefits of MSCs, which can be sustained over long periods
of time.

Hydrogels are a 3D network of polymers with hydro-
philic properties that can swell in an aqueous solution and
absorb biologic fluids and therefore have the potential to
act as delivery vectors in tissue engineering. A biodegradable
hydrogel was used to encapsulate ES cell-differentiated MSC-
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derived EVs in a rat hepatic regeneration model [97]. The
EVs were encapsulated in PEG hydrogels, which acted as a
sustained-release EV depot to treat liver disease in rats [97].
The MSC-derived EV-laden hydrogels could gradually
release EVs and result in accumulation in the liver for one
month, compared to 24-hour clearance after conventional
bolus injection. This study not only demonstrated the antia-
poptosis, antifibrosis, and regenerative properties of MSC-
derived EVs but also demonstrated a sustained systemic
delivery method which could be employed for treatment of
a variety of diseases.

Alternatively, EVs can be incorporated into solid 3D scaf-
folds when modelling structures such as bone. In a rat model
of calvaria bone tissue damage, MSC-derived EVs were deliv-
ered on 3D PLA and PEI scaffolds to determine their ability
to repair bone lesions [98]. Human MSCs, MSC-derived
EVs, and 3D PLA or PEI-engineered EVs were evaluated in
a number of combinations for their capability for bone defect
regeneration in vitro and in vivo. It was found that there was
more host tissue in-growth in the implant of 3D-PLA+MSC
EV and 3D-PLA+EV+MSC samples than 3D-printed PLA
scaffolds only and 3D-PLA+MSC samples. Abundant ECM,
formation of nodules, and visible blood vessels in 3D-PLA
+MSC EV, 3D-PLA+EV+MSC, 3D-PLA+PEI-EV, and 3D-
PLA+PEI-EV+MSC samples were reported. This finding
demonstrates that MSC-derived EVs could contribute to
osteogenic regeneration, improve the mineralization process,
and develop an extensive vascular network. Furthermore, the
calvarial bone defect was completely repaired in 3D-PLA+EV
+MSC, 3D-PLA+PEI-EV, and 3D-PLA+PEI-EV+MSC sam-
ples when evaluated for up to 16 weeks, which demonstrates
the potential of MSC-derived tissue engineering for the treat-
ment of bone defects. In another study on cartilage regener-
ation, MSC-derived EVs were evaluated using 3D-printed
ECM and Gelatin-Methacryloyl (GelMA) hydrogels in a rab-
bit OA model [99]. The 3D-printed ECM/GelMA/EV scaf-
fold had the best therapeutic effect in cartilage regeneration
when compared to 3D-printed GelMA and 3D-printed

ECM/GelMA scaffolds. The defect region with the 3D-
printed radially oriented ECM/GelMA/EVs had facilitated
cartilage regeneration and repaired tissue with a mixture of
fibrocartilage and hyaline-like cartilage. These studies sug-
gest a promising application of MSC-derived EVs in 3D
printing for tissue engineering of bone and cartilage.

6.2. Clinical Trials Using MSC-Derived EVs. Overall, MSC-
derived EVs have been evaluated for their therapeutic poten-
tial for the treatment of various diseases both in vitro and in
animal models. Based on these results and findings, a number
of clinical trials have begun to evaluate the therapeutic poten-
tial of MSC-derived EVs for the treatment of particular dis-
eases and the procedure similar as in Figure 2. Using the
key search words of “exosomes” and “extracellular vesicles”
in the clinical trials website (https://clinicaltrials.gov/) reveals
172 and 51 registered clinical trials, respectively. Although
some of these studies include MSC-derived EVs, very few
clinical studies have been published. MSC-derived EVs
have improved therapy-refractory graft-versus-host disease
(GvHD) in patients [80]. These MSC-derived EVs were iso-
lated from allogeneic MSC-cultured medium and delivered
to steroid-refractory GvHD patients in escalating doses.
The clinical GvHD symptoms significantly declined shortly
after the start of MSC-derived EV treatment. The GvHD
patients were stable and had no side effects. Another clinical
trial displayed efficacy outcomes using EVs derived from
umbilical cord MSCs to treat chronic kidney disease [100].
These results demonstrated that MSC-derived EVs could
safely improve the inflammatory immune reaction and over-
all kidney function in chronic kidney disease patients
through MSC EV administration in two doses, the first intra-
venous and the second intra-arterial.

Based on the preclinical and clinical studies, human
MSC-derived EVs are considered as promising products in
regenerative medicine and tissue engineering. Many studies
have compared the beneficial effects of MSCs and MSC-
derived EVs and showed that they had similar therapeutic

Potential treatments

MSC isolation

MSC cell culture Conditioned
medium

Processing of 
extracellular 

vesicles

Extracellular vesicles

Characterization/quality control
or diagnostics

Figure 2: Workflow of MSC-derived EVs for therapeutic and diagnostic applications. MSCs can be isolated from patients from a variety of
tissues. MSCs are cultured in vitro, and the conditioned culture medium is collected and subjected to extracellular vesicle isolation and/or
purification. The isolated MSC-derived EVs can be used for diagnostic purposes or undergo quality control before being used in
autologous and/or allogeneic therapeutics.
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outcomes. This indicates that MSC-derived EVs possess the
same therapeutic potential as MSCs. The use of MSC-
derived EVs might serve as an alternative, cell-free therapy
over MSC transplantation for tissue regeneration [81] and
have “off-the-shelf” therapeutic potential. Furthermore, clin-
ical applications of MSC-derived EVs are advantageous over
MSC cell-based therapy, as they have lower immunogenicity,
capacity to cross biological barriers, and less safety concerns,
such as the possibility of MSC differentiation or tumor gener-
ation [88, 101, 102]. The preclinical results using MSC EVs in
tissue engineering have given exciting promise to their use as
powerful tools as therapies to tackle a wide a range of unmet
disease burden.

Despite the progress in the field, the EV isolation method
may yield different EV subtypes as they coexist but may differ
in their functional properties [103]. The heterogeneity of
MSCs which include tri-, bi, and unipotent populations
[104] needs to be addressed as they may impact on therapeu-
tic outcomes of trials using EVs derived from different MSC
populations. Not only are EVs highly heterogeneous, but
they also have shown to result in various outcomes; stressed
MSCs cultured in serum-deprived media secrete tumor-
supportive EVs [105], and therefore, some caution is advised
when using MSC-derived EVs for regenerative applications
and more research is required. It should also be noted that
some of the clinical studies have been terminated without
publication. Furthermore, some experiments have demon-
strated better results when using MSCs and MSC-derived
EVs together, compared to the cells or EVs alone [90, 98].
Other considerations include the dose requirement, as some
studies required higher doses of EVs or multidose injections
to achieve significant therapeutic outcome [90, 100]. Another
shortcoming is the half-life of EVs. Cellular therapies using
MSCs are able to continuously release the beneficial para-
crine factors (including EVs), while EVs have a relatively
short half-life and therefore might be unable to retain suffi-
cient levels present at the defect region [103]. However, this
drawback might be offset by using alternate delivery methods
such as bioengineered scaffolds, such as PEI, encapsulation
with PEG hydrogels, or GelMA to maintain the sustained
release of the MSC-derived EVs [97–99]. These bioengineer-
ing techniques for EV delivery might open up new avenues
for therapeutic application.

Along with rapid development of the EV field, MSC-
derived EVs have gained significant attention for their use
in regenerative medicine. MSC-derived EVs bearing proteins,
lipids, and RNAs could impact the target cells to exert their
therapeutic effects. The cellular fate of EVs is still not well
understood [26], and many questions of MSC-derived EV
biodistribution are unanswered. Furthermore, the therapeu-
tic mechanism of MSC-derived EVs still remains elusive
[106]. Many MSC-derived EV studies in vitro and in vivo
have verified that they are capable of enhancing tissue repair
and mediating regeneration in various diseases and enhanc-
ing therapeutic outcomes. MSC-derived EVs have the theo-
retical advantages of being a safer regenerative tool when
compared to cell-based therapies. However, we are in the
early stage of using MSC-derived EVs in regenerative medi-
cine. Standardised techniques for culture conditions and

large-scale culturing, effective isolation, optimal dosing, and
safe storage need to be methodically determined before
large-scale clinical applications. We believe that MSC-
derived EVs hold great promise in cell-free therapy, with
the potential to be applied in a wide range of diseases.
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Introduction. A recent attractive option regarding mesenchymal stem cells (MSC) application is the treatment of bone cystic lesions
and in particular aneurysmal bone cysts (ABC), in order to stimulate intrinsic healing. We performed a retrospective evaluation of
the results obtained at our institution. Methods. The study group consisted of 46 cases with an average follow-up of 33 months.
Forty-two patients underwent percutaneous treatment as the first approach; four patients had curettage as first treatment. In all
cases, autologous bone marrow concentrate (BMC) was associated too. The healing status was followed up through a plain
radiograph 45 days and 2 months after the procedure. Results and Conclusions. At the final follow-up, thirty-six patients healed
with a Neer type II aspect, nine healed with a type I aspect, and one patient was not classified having total hip arthroplasty.
Bone marrow concentrate is easy to obtain and to manipulate and can be immediately available in a clinical setting. We can
assert that the use of BMC must be encouraged being harmless and having an unquestionable high osteogenic and healing
potential in bone defects.

1. Introduction

In the past 30 years, many studies have confirmed the poten-
tials and plasticity of the so-called mesenchymal stem cells
(MSC): they have been shown to reside within the connective
tissues of most organs and can differentiate into osteogenic,
adipogenic, and chondrogenic lineages under appropriate
conditions [1–3]. These features have led to an increasing
application of MSC in the orthopaedic field, especially when
a strong regenerative capacity applied through a minimally
invasive approaches is required. A simple method to have
MSC is the bone marrow concentrate (BMC) obtained
through autologous bone marrow aspiration and centrifuga-
tion. Local application of BMC is one of the current available
treatments of bone defects and in particular of cystic lesions
[4, 5]. Among them aneurysmal bone cysts (ABC) are
uncommon osteolytic lesions, usually eccentric, with a
hyperplastic behaviour often arising in the long bones of
young people, being rare after 30 years of age [6]. The treat-
ment approach to ABC has evolved in the past years ranging

from radiotherapy to resection. More recently, less invasive
procedures such as complete or partial curettage, and various
substance injections seemed to be promising [7, 8]. We per-
formed a retrospective evaluation of the results obtained at
our institution after aneurysmal bone cyst percutaneous
treatment with application of BMC in order to understand
if the use of bone marrow stem cells actually gives benefits.

2. Material and Methods

We present a retrospective study involving 57 patients with
diagnosis of aneurysmal bone cyst, treated at our institution
between January 2013 and June 2019. The following exclu-
sion criteria were applied: secondary ABC, initial treatment
in other institution, and incomplete radiographic evaluation.
Eight patients were excluded according to the following cri-
teria: 2 ABC associated to chondroblastoma, 3 patient who
had initial treatment in another hospital, and 6 patients for
the absence of complete radiographic evaluation available.
The study group consisted of 46 patients with an average

Hindawi
Stem Cells International
Volume 2020, Article ID 8898145, 4 pages
https://doi.org/10.1155/2020/8898145

https://orcid.org/0000-0001-7928-3186
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1155/2020/8898145


follow-up of 33 months. Forty-two patients underwent per-
cutaneous treatment as first approach; four patients had
curettage as first treatment. The patients enrolled performed
a plain radiograph before intervention, and the following
radiographic variables were assessed: affected bone, staging
according to the Enneking system [9], and location according
to the Capanna classification [10]. In all cases, the diagnosis
was obtained through a histopathological study of specimens
collected intraoperatively. All of the procedures were per-
formed using sedation and local anaesthesia or under general
anaesthesia with an aseptic technique. The percutaneous
injections were performed introducing a Jamshidi needle,
under fluoroscopic guide, into the lesion. The content of
the cyst was then aspirated and sent for histopathologic eval-
uation; subsequently, the chosen drugs were injected into the
lesion. The injected substances were : vitamin C, atossisclerol
(0, 25%), methylprednisolone acetate, and autologous bone
marrow concentrate (BMC). The two lesions treated with
curettage were filled with bone chips enriched with the same
substances aforementioned. The BMC was obtained through
aspiration of bone marrow from the ipsilateral iliac crest and
centrifugation in a dedicated RegenKit® device. The healing
status was followed up through a plain radiograph 45 days
after the procedure and then 2 months after. According to
the modified Neer classification [11], the procedure was
repeated if no satisfactory healing of the lesion occurred after
2 months, i.e. if the radiolucent area was ≧50% of the lesion
diameter or in case of relapse.

3. Results

The mean age at diagnosis was 13.8 with a male prevalence
(31 males, 15 females). The anatomical location, collected
in Table 1, shows a predominant distribution in the proximal
metaphysis of long bones and in the pelvis. The cysts were
classified in inactive, active, and aggressive according to the
Enneking staging of musculoskeletal tumours as shown in
Table 2: they were all active, except for one that was an
aggressive lesion. According to the Capanna staging
(Table 3), all patients had type II lesions, i.e., central and
affecting the entire diameter of the bone, except for two cases

having eccentric lesion, defined as type III. Thirty-six
patients healed after the first treatment; among them, four
had an open curettage and the cavity was filled with bone
chips and autologous BMC. Of the remaining ten patients,
seven healed with 2 percutaneous injections; of the remaining
two, 3 had percutaneous injection and one had a resection
with total hip replacement. Healing was assessed using the
modified Neer classification (Table 4) used for unicameral
bone cyst treatment: at the final follow-up, thirty-six patients
healed with a type II aspect, nine healed with a type I aspect,
and one patient was not classified having total hip
arthroplasty.

4. Discussion

The application of bone marrow concentrate (BMC) in the
treatment of aneurysmal bone cysts (ABC) is a quite new
procedure. The use of BMC to fill bony defects is well known,
with a success rate that seems to be related to the number of
progenitors in the graft [12]. ABC are reactive and locally
aggressive lesions having osteolytic, hyperplastic, hyperemic,
and hemorrhagic features; they are uncommon and rarely
present after 30 years of age. Aneurysmal bone cyst-like
modifications can be observed also in other pathological con-
ditions, in malignant tumours such as telangiectatic osteosar-
coma, and this eventuality must be ruled out through the
histological study of specimens [6]. The aim of ABC treat-
ment is to arrest their potentially high destructive capability.
In the past years, different approaches have been proposed
for ABC treatment ranging from resection to mini-invasive
percutaneous procedures, and still today, there is no consen-
sus on the best treatment [13–15]. However, the analysis of
ABC pathogenesis and natural history, although not
completely understood, can be helpful to chose the most
appropriate treatment. It was long thought that ABC’s cause
was a vascular impairment due to abnormal venous circula-
tion with osteoclast activation and local bone resorption; a
more recent clonal theory overtook the vascular theory: the
origin of the lesion seems to be associated with a transloca-
tion of USP6 oncogene on chromosome 17 [16, 17]. This
finding confirms the oncological nature of ABC and there-
fore their high evolutivity: as for other musculoskeletal
tumors, ABC can be classified as inactive, active, and aggres-
sive and their evolution proceeds in phases. The initial osteo-
lysis can evolve to cortical destruction and periosteal reaction
creating a bulky bone; the appearance of septa attests a stabi-
lization and remodelling attempt that in a few cases can lead
to spontaneous resolution. In other cases, ABC assume an
aggressive and destructive behaviour; however, the reason

Table 1: ABC anatomical location.

Location

Proximal humerus 14

Humeral diaphysis 8

Pelvis 3

Femur diaphysis 6

Proximal femur 13

Calcaneus 2

Table 2: Enneking classification.

Inactive Intact, well-defined margins

Active Incomplete margins but well-defined lesion

Aggressive Poorly defined margins with reactive bone formation

Table 3: Capanna classification.

Type Morphological features

I Central lesion

II Central lesion involving the entire bone diameter

III Eccentric lesion

IV Subperiosteal lesion

V Subperiosteal lesion extending to soft tissues
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that shifts to a stabilizing or a destructive pattern is still
unknown [7, 18]. Delloye et al. were among the first to report
two cases of ABC treated with BMC: the rationale underlying
this treatment was in the inductive properties of mesenchy-
mal stems cells [19]. Many studies have already confirmed
that BMC, particularly, if obtained through iliac crest aspira-
tion, is rich in mesenchymal cells that seem to represent the
source of osteoblastic elements during growth, remodelling,
and bone reparative processes [20–22]. Moreover, ABCs are
subject to continuous reparative processes in a cavity filled
with blood that provides an ideal environment for mesenchy-
mal cells to express their inductive capacities. Therefore, the
aim of our treatment was to induce spontaneous ossification
of ABC through a minimally invasive procedure. Currently,
there is no consensus on the ideal treatment of ABC. For
eccentric and aggressive lesions, located in expendable bones
like the proximal fibula or pubic ramus, many authors have
advocate resection as treatment of choice, reporting very
low recurrence rates [23, 24]. According to other authors,
curettage with or without bone grafting seems to be the best
choice, reporting acceptable recurrence rates with a much
better functional outcome than resection [25, 26]. More
recently, in consideration of patients’ young age and with
better understanding of ABC pathogenesis, less-invasive pro-
cedures are gaining more success: percutaneous emboliza-
tion, isolated intracystic injection of demineralized bone
powder, bone marrow, calcitonin and Ethibloc are some
examples [27–29]. Docquier and Delloye reported good
results inducing ABCs' healing with intralesional implanta-
tion, through a mini-invasive access, of a bone paste made
of autogenic bone marrow and allogenic bone powder: the
goal of this treatment was to interrupt the destructive osteo-
clastic process and promote spontaneous bone regeneration
[7]. In our series, with the technique described, we obtained
a full recovery after only one treatment in more than 50%
of our cases; the remaining had a maximum of two other pro-
cedures except for one patient, affected by a lesion involving
the femoral head in contact with the articular cartilage that
eventually underwent prosthetic replacement. Only four
patients received curettage as first treatment since they had
wide lesions ; they both reported a Neer II grade at follow-
up. As regards percutaneous approach, we believe that, given
the age of patients affected by this condition, the proposed
treatment avoids extensive surgery and blood loss and can
be repeatable with minor discomfort for the patient. More-
over, we did not report any complication, including superfi-
cial or deep infection, fracture, or other adverse reactions,
both at the harvest site and at the application site: this con-
firmed the safety of the procedure used.

Nevertheless, even if the results obtained are promising,
the number of cases is exiguous and a larger group is neces-
sary to confirm the validity of this procedure ; perhaps with
a greater number of patients a stratification based on ana-
tomical location and cyst dimension would be feasible and
would help in the choice of the best treatment.

5. Conclusions

Even if affected by the limitation of a relatively small number
of patients, our case series proves that bone marrow concen-
trate is easy to obtain and to manipulate, and can be immedi-
ately available in a clinical setting; it offered good results with
no complications. We believe that cavitary lesions like ABCs
are ideal settings for using mesenchymal cells since they act
as a biological chamber where the healing processes can be
potentiated by the presence of blood and growth factors that
stimulate differentiation of an osteogenic lineage.
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Periodontal disease (PD) is one of the main causes of tooth loss and is related to oxidative stress and chronic inflammation.
Although different treatments have been proposed in the past, the vast majority do not regenerate lost tissues. In this sense, the
use of dental pulp mesenchymal stem cells (DPMSCs) seems to be an alternative for the regeneration of periodontal bone tissue.
A quasi-experimental study was conducted in a sample of 22 adults between 55 and 64 years of age with PD, without
uncontrolled systemic chronic diseases. Two groups were formed randomly: (i) experimental group (EG) n = 11, with a
treatment based on DPMSCs; and a (ii) control group (CG) n = 11, without a treatment of DPMSCs. Every participant
underwent clinical and radiological evaluations and measurement of bone mineral density (BMD) by tomography. Saliva
samples were taken as well, to determine the total concentration of antioxidants, superoxide dismutase (SOD), lipoperoxides,
and interleukins (IL), before and 6 months after treatment. All subjects underwent curettage and periodontal surgery, the EG
had a collagen scaffold treated with DPMSCs, while the CG only had the collagen scaffold placed. The EG with DPMSCs
showed an increase in the BMD of the alveolar bone with a borderline statistical significance (baseline 638:82 ± 181:7 vs.
posttreatment 781:26 ± 162:2 HU, p = 0:09). Regarding oxidative stress and inflammation markers, salivary SOD levels were
significantly higher in EG (baseline 1:49 ± 0:96 vs. 2:14 ± 1:12U/L posttreatment, p < 0:05) meanwhile IL1β levels had a
decrease (baseline 1001:91 ± 675:5 vs. posttreatment 722:3 ± 349:4 pg/ml, p < 0:05). Our findings suggest that a DPMSCs
treatment based on DPMSCs has both an effect on bone regeneration linked to an increased SOD and decreased levels of IL1β
in aging subjects with PD.

1. Introduction

Periodontal disease (PD) is an infectious and inflammatory
alteration that affects the supporting tissues of the teeth
and, when treatment is not appropriate or adequate, it can
cause the loss of these [1]. PD presents an immune and
anti-inflammatory response caused by antigenic substances
from bacteria in the subgingival biofilm; however, the exacer-
bated host response is ineffective, and therefore chronic
inflammation is maintained [2].

During the acute phase of PD, the presence of bacteria,
and especially the lipopolysaccharides in your cell wall,
attracts macrophages, leukocytes, and neutrophils to the area
of infection. The latter contain enzymes such as NADPH oxi-
dase and myeloperoxidase to produce reactive oxygen species
(ROS) that help fight pathogens [3, 4].

Under normal conditions, antioxidant mechanisms pro-
tect tissues from damage by ROS secreted by neutrophils.
However, if the body’s antioxidant capacity is insufficient,
oxidative stress (OxS) occurs, which is an imbalance between
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ROS and antioxidants in favor of the former, causing tissue
damage [5].

OxS causes oxidation of important enzymes, stimulates
the release of proinflammatory interleukins, lipid peroxida-
tion, and DNA, and protein damage. These mechanisms
affect the gingival tissues, the periodontal ligament, the
root cementum, and the alveolar bone that support the
tooth [6, 7].

A prevalence of PD is estimated at around 11% within the
world population [8]. This frequency and its complications
increase as age increases. In this sense, the prevalence in peo-
ple over 40 years is higher than 30%. Among the main alter-
ations of this disease can be mentioned the loss of teeth and
chewing problems. This disease can even impact social con-
ditions like decreasing self-esteem and affecting social rela-
tionships [9].

The infectious and inflammatory processes of PD are
closely related to systemic diseases, such as cardiovascular
diseases, diabetes mellitus, arthritis, obesity, and Alzheimer’s
disease [10–12]. In this respect, both these biological alter-
ations and social repercussions may cause a risk of systemic
diseases and an overall life quality reduction of the individ-
ual. Thus, it is essential to give timely and effective treatment
for PD. A high percentage of adults in the aging process with
PD require surgical treatment; nevertheless, the results are
not entirely satisfactory because the regeneration of the lost
tissue is not achieved [13].

For this reason, new therapeutic alternatives have been
proposed, amid them, the grafting of dental pulp mesenchy-
mal stem cells (DPMSCs), have shown successful results in
preclinical investigations [14–17], yet there are few clinical
human studies [18].

The dental pulp cells originate from the neural crest.
During the embryonic period, the interaction between oral
ectodermal epithelial cells and mesenchymal stem cells
(MSCs) leads to the formation of various structures. First,
the enamel organ is formed. Then, the papilla and dental fol-
licle are formed. MSCs give rise to other components of the
tooth, such as dentin, pulp, cementum, and the periodontal
ligament [19]. DPMSCs are the MSCs that lodge in the
papilla at the level of the pulp chamber, where they remain
until teeth are exfoliated. Given its characteristics, this cell
niche is easily accessible, because its morbidity is limited after
harvesting and it is considered a suitable candidate for cell-
based tissue engineering strategies. Furthermore, it has a
wide expansion rate, the potential to differentiate into cells
from multiple cells, organs, systems [20, 21], and without
having a malignant phenotype [22].

In addition, it has been shown in preclinical studies that
DPMSCs differentiate into cementoblast-like cells, adipo-
cytes, and collagen-forming cells, with the ability to generate
cement-like material from periodontal tissue [23]. Hence,
they could be used in the treatment of PD. Still, despite its
qualities and favorable results, both in vitro and in vivo
[24] studies on the use of DPMSCs in humans with PD are
limited [18].

So, the objective of this study was to determine the effect
of a DPMSC treatment both the clinical improvement and
regeneration of periodontic bone tissue and their relationship

with the markers of chronic inflammation and oxidative
stress of people in the aging process with PD.

2. Materials and Methods

2.1. Experimental Design. A quasi-experimental study with
22 patients with PD was designed. The subjects’ age range
was between 55 to 64 years old. All were volunteers, of both
sexes, healthy or with controlled chronic diseases during
the last 12 months, without osteoporosis or horizontal peri-
odontal bone defects.

The research protocol was approved by the Ethics Com-
mittee of the National Autonomous University of Mexico
(UNAM), Zaragoza (25/11/SO/3.4.1.), and registered in
ISRCTN12831118. This study was performed in accordance
with the Declaration of Helsinki, and all participants signed
the written informed consent.

After a first screening, 48 patients were excluded from the
final sample because they did not meet the inclusion criteria
(n = 37), declined to participate (n = 3), or did not attend the
first appointment (n = 8). Thus, for this study, 22 patients
with periodontitis were finally enrolled.

The volunteers who met the inclusion and exclusion cri-
teria underwent nonsurgical treatment, in order to control
the acute phase of the disease and to manipulate the tissues.
This treatment consisted of hygienic-dietary instructions
and scaling and root planing. Enrolled subjects were ran-
domly divided into 2 groups (Figure 1). For the experimental
group (EG), a collagen scaffold plus 5 × 106 of DPMSCs was
placed by periodontal surgery. On the other hand, for the
control group (CG), only collagen scaffolding without cells
was placed. Both groups underwent probing, mobility, bone
mineral density, and saliva sampling to determine the Total
Antioxidants Status (TAS), superoxide dismutase (SOD),
lipoperoxides (LPO), and interleukins (IL) levels.

2.2. Cell Culture. Mesenchymal stem cells were obtained
from the dental pulp of three donors (two male patients ages
7 and 8 and a 10-year-old patient) after their parents’ signed
the written informed consent. All the samples were obtained
under aseptic conditions and under the strict criteria of good
manufacturing practices, using animal-origin free reagents.

The procedure for all samples was as follows. The dental
pulp was gently extracted from the teeth and immersed in a
digestive solution (3mg/ml collagenase type I plus 4mg/ml
dispase in Minimum Essential Medium-Alpha (MEM-α)
(Life Technologies, Grand Island, New York United States
of America) for 1 hour at 37° C. After the dental pulp had
been digested, it was dissociated and centrifuged at 497G
for 5 minutes. After centrifugation, it was resuspended in
MEM-α and incubated at 37° C until 80% confluence was
reached. The cells were analyzed by flow cytometry, and dif-
ferentiation tests were performed for osteogenic, adipogenic,
and chondrogenic lineages (Figure 2). The present findings
were consistent with the criteria of the International Society
of Cell Therapy for mesenchymal stem cells [25].

2.3. Treatment. Before the intervention, rinses were indicated
for 2 minutes with 0.12% chlorhexidine. After performing
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Cases with DPMSCs analyzed
(n = 11)

Cases without DPMSCs analyzed
(n = 10) 

Exclusion for change of
address (n = 1)

Experimental group with DPMSCs
(n = 11)

Control group without DPMSCs
(n = 11) 

6 month follow-up 6 month follow-up

Patients with preoperative
management (n = 22)

Randomization

Figure 1: General scheme for study tracking.

(a) (b)

(c)

Figure 2: Representative images showing in vitro differentiation of multiple mesenchymal stem cell lineages from dental pulp obtained from a
7-year-old donor: (a) Red oil staining showing lipid deposits (arrows), indicative of adipogenic lineage; (b) alcian blue staining showing
glycosaminoglycan deposits (arrows), indicative of chondrogenic lineage; and (c) alizarin red staining showing more densely stained areas
with mineral deposits (arrows), indicative of osteogenic lineage; (all images, original magnification × 40).
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asepsis of the area with benzalkonium chloride, locoregional
anesthesia was applied through lidocaine and adrenaline
infiltrations 1 : 50,000 to continue surgical access in the area
of the periodontal bone defect using a flap technique, which
consisted of in making an initial incision parallel to the lon-
gitudinal axis of the teeth, with a scalloped design and vertical
discharge incisions. Then, a mucoperiosteal flap was raised,
which was necessary to allow access to the root and bone sur-
faces. The root surfaces were smoothed with an ultrasonic
reamer, the granulation tissue was peeled off, and the area
was irrigated with saline water. Once the surface was cleaned,
the bone defect was filled with lyophilized polyvinylpyrroli-
done sponge® (clg-PVP) in 0.5 cm2 fragments with an Adson
forceps soaked in chlorhexidine gel. Subsequently, the EG
patients had 5 × 106 DPMSCs dripped suspended in 200ml
of PBS, while the CG only received 200ml of PBS without
DPMSCs. Finally, in both groups, collagen membranes
(Biomed extend®) were placed and the flap was sutured with
Viacryl®. A drop of periacril was placed, and finally Coe-
pack® was added to the area to protect the wound (Figure 3).

To control pain and edema, 100mg nimesulide was indi-
cated at the end of the intervention and 12 hours later.
Finally, the stability of the patient was ensured, and care
instructions were given. The need to control the biofilm in
the areas during the first 2 weeks was explained to the patient
by means of rinsing with chlorhexidine solution for 2
minutes twice a day; the use of Tebodont® toothpaste and
dental cleaning with the curaprox surgical brush®. Weekly
check-ups were scheduled to monitor the healing process.
Surgical cement was removed after 7 days, and a tomography
was performed 3 and 6 months after surgery.

2.4. Statistical Analysis. The data was analyzed using descrip-
tive statistics, where we determined the mean and standard
deviation (SD) and perform the Mann Whitney U test. A
value of <0.05 is considered statistically significant. Values
were determined using the SPSS statistical analysis program,
version 20.0.

3. Results

3.1. General. Sociodemographic characteristics and teeth
were involved in the study are presented in Table 1.

3.2. Effect of DPMSCs on Clinical Parameters. In Table 2, we
show that both the group to which collagen plus DPMSCs
was placed and the group to which only collagen was placed
demonstrated an increase in bone mineral density; however,
the increase in the DPMSCs group is almost twice more than
the group without cells (with DPMSCs, 142:442 ± 19:5 vs.
without DPMSCs, 50:262 ± 9:1 HU) with a borderline sta-
tistical significance (p = 0:09). Similarly, regarding the
depth of periodontal defect (DPD), a statistically signifi-
cant clinical improvement was observed in the group with
DPMSCs compared to the group with no cells placed
(with DPMSCs, −3:32 ± 0:12 vs. without DPMSCs, −1:80 ±
0:15mm, p < 0:001).

Regarding the degree of dental mobility, 100% of the
patients in the group with DPMSCs and in the group without

DPMSCs stopped having grade III mobility; nevertheless,
73% of the first group changed from grade III to grade I, in
contrast to 40% observed in the group that did not have
DPMSCs grafts (Table 2).

On the other hand, Figure 4 shows the tomographic and
radiological images of a case of a patient in the group with
DPMSCs and another in the group without DPMSCs, where
a bone type filler was more clinically evident in the first group
compared to the second was observed. In other words, the
quantitative results agree with what was observed in the
tomographies, where the presence of radiopaque tissue in
the area of the periodontal defect is seen (Figure 3).

3.3. Effect of DPMSC on Oxidative Stress Levels. Regarding
the oxidative stress markers in saliva, it was observed that
after treatment with DPMSCs, there is a statistically signifi-
cant increase in SOD (baseline, 1:49 ± 0:96 vs. posttreatment,
2:14 ± 1:12U/L, p < 0:05) in the group with DPMSCs
(Table 3).

3.4. Effect of DPMSC on Levels of Proinflammatory
Interleukins. Likewise, in relation to the effect of DPMSCs
on the concentration of interleukins IL-1β, IL-6, IL-8, IL-
10, and TNF-α, it was found that the group to which
DPMSCs were placed had a decrease in IL-1β (baseline,
1001:91 ± 675:53 vs. posttreatment, 722:30 ± 349:45 pg/ml,
p < 0:05) and that IL-6 also increased when grafting DPMSCs
(baseline, 11:31 ± 5:76 vs. posttreatment, 28:06 ± 18:43 pg/ml,
p = 0:06) (Table 4).

Finally, during the recovery period, the patients had no
complications, only minimal pain controlled with pain
relievers.

4. Discussion

Periodontal disease is a consequence of an exacerbated
immune response generated by the body to the excessive
accumulation of Gram-negative bacteria [26]. The direct or
indirect degradation of the collagen of the extracellular
matrix collagen in PD is the result of the activation of prote-
ases and phagocytosis. Furthermore, the release of proinflam-
matory interleukins is also disproportionately stimulated
through NF-κB activation and PG-E2 production by lipid per-
oxidation and superoxide release, which is related to bone
resorption [27].

In order to treat PD, several treatments have been pro-
posed; yet, scientific community continues to looking for
one method that allows the regeneration of the periodon-
tium. Regeneration of periodontal tissues lost through PD
is a true challenge because the alveolar bone, cementum,
and periodontal ligament must be restored to their original
architecture and physiology. For this reason, mesenchymal
stem cells (MSCs) allogeneic transplantation such as dental
pulp mesenchymal stem cells derived from deciduous teeth
(DPMSCs) is a good option for treating PD [28].

DPMSCs have been shown in vitro to be able to differen-
tiate into the necessary cells to repair tissues and also target
inflamed areas while secreting anti-inflammatory interleu-
kins that modulate the response of the immune system
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[29]. Conversely, some preclinical trials suggest that MSCs
have antioxidant potential and, consequently, the ability
to reduce the OxS that occurs during inflammation in
PD [30, 31].

In this context, promising results have been found
reported in vitro [32–34] and in animal models [14–17,
35–43]; even so, human research to support clinical appli-
cation is limited [44–47].

Human studies have about DPMSC and PD are generally
been conducted in young patients. However, the problem is
that PD occurs mainly in people over the age of 40, in which
most cells, including those of periodontal tissue, go into
senescence [28].

Additionally, although DPMSCs have multiple functions,
they decrease with age [48]. Thus, performing an autogenous
graft, (with cells from the same individual), involves two
important limitations: The first one is the ethical complica-
tion of extracting the pulp from a healthy tooth trying to res-
cue another with periodontal damage disease. And secondly,
even if the DPMSCs were obtained from the patient, proba-
bly his cells would have already gone into senescence due to
the changes that take place during the aging process [28].

Therefore, a useful alternative is to opt for MSCs from a
young exogenous source or from children, in order to over-
come the limitations of aged tissues and repair them. This,
altogether with the low immunogenicity of the DPMSCs

(a) (b)

(c) (d)

(e) (f)

Figure 3: Representative images showing the intervention. (a) Periodontal defect is shown; (b) exposure of the periodontal defect before
treatment; (c) placement of the collagen scaffolding; (d) placement of the DPMSCs; (e) placement of the membrane; and (f) sutured flap.
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and its easy obtaining prompted us to choose them to carry
out the present study.

Accordingly, we present the results of the effect of
DPMSCs on a collagen scaffold for the regeneration of peri-
odontal tissues in aging patients with vertical bone defects
caused by PD.

The therapeutic effects related to the regeneration of peri-
odontal tissue were evaluated through radiographic images,
clinical parameters (as has been proposed in the clinical set-
ting) [44–47], and also with the measurement of bone min-
eral density (BMD) through tomography [49]. In this sense,
in our study, an increase in BMD twice more was observed
in the group with DPMSCs compared to the group without
them, with borderline statistical significance.

In this regard, the tissue formation within the bone defect
of our patients may be due to the fact that DPMSCs differen-
tiate rapidly in osteoblasts and endotheliocytes [50], which
allows the formation of bone and the blood vessels necessary
to irrigate the newformed tissue. Besides, it has been observed
that the DPMSCs placed in bone defects express bone mor-
phogenic proteins 2 (BMP2), which in turn produce a greater
amount of bone, which is later mineralized, as reported by
Liu et al. (2011) and Aimetti et al. (2014), who observed
by radiographs, that after the placement of an MSCs graft,

the defect had been completely filled by a bone-like tissue
[51, 52].

The increase in BMD with DPMSCs could be caused by
two mechanisms. The first is explained by differentiation
and proliferation of DPMSCs from the donor within the
recipient’s tissues, and the second mechanism is through a
complex cellular communication system between grafted
DPMSCs and receptor periodontal tissue cells, which are
aged and damaged [24]. To complement the images showing
new bone formation, it would be useful to determine markers
such as BALP, Trap5b, Ntx, Ctx, and MMP-8 that indicate
the rate of bone remodelling formation, resorption, and reg-
ulation in the long term [53].

Regarding Depth of Periodontal Defect (DPD), in our
study, a statistically significant decrease was observed in the
group with DPMSCs compared to the group without them.
This suggests that the DPMSCs promote cell proliferation
resulting in an increase in both the gingival tissue and the
underlying one, which causes its insertion to be located more
coronally. This finding is consistent with what was previously
reported by our research group, in a clinical case [54] and
with other studies done by Aimetti et al. (2014), who
described a clinical case with a periodontal defect, treated
by MSCs obtained from one of the third molars of the same
patient, whereas after one year of intervention it was
observed that DPD had decreased and the degree of mobility
was also reduced [52]. This is due to the fact that both the
regeneration of the gingival sulcus epithelium and bone tis-
sue formation, favoring that the epithelial adhesion is more
coronally repositioned; thus, reducing DPD as indicated by
Sculean et al. (2004), in a study with infraosseous defects in
humans [55].

Concerning radiographic analysis, in our study, an
increase in the area of the periodontal defect was observed,
which is consistent with various preclinical and clinical trials,
whose reports were that after the placement of different types
of MSCs, a radiopaque area was observed radiographically in
the bone defect coronal part [43–47, 54].

On the contrary, MSCs have both enzymatic and non-
enzymatic biological mechanisms, which help in neutraliz-
ing ROS and correcting the damage caused to the
proteome and genome by OxS, thereby, efficient manage-
ment of OxS is guaranteed [56]. Since OxS is closely related
to PD, in our study, we evaluated the concentrations of lipo-
peroxides, total antioxidants, and also superoxide dismutase
(SOD). In this regard, it was observed that 6 months after
the placement of the DPMSCs graft, there was a statistically
significant increase in the concentration of SOD compared
to the group that was not treated with DPMSCs. This is
consistent with other studies that have shown that MSCs
increase SOD levels, supporting the proposed antioxidant
effect of MSCs [57].

On this subject, some studies have shown that MSCs can
resist high levels of OxS and its induced death. This is related
to the reduction in apoptosis and the ability of MSCs to pro-
cess peroxide and peroxynitrite, since the latter is associated
with the activity of SOD1, SOD2, CAT, and GPX1 enzymes
in MSCs and a high level of intracellular GSx [30]. Further-
more, MSCs express a high level of methionine and sulfoxide

Table 1: Demographic data and characteristics of the study
population.

Characteristics
With

DPMSCs
Without
DPMSCs

Total

No. of subjects, n 11 10 21

Age (y), mean ± SD 59:1 ± 5:12 59:7 ± 5:25 59:4 ± 5:19
Gender, n (%)

Female 4 (63.6) 3 (40) 7 (33.3)

Male 7 (36.4) 7 (70) 14 (66.7)

Education (y),
mean ± SD 11:72 ± 3:64 12:0 ± 3:71 11:8 ± 3:68

Systemic diseases,
n (%)

Yes 3 (27.3) 4 (40) 7 (33.3)

No 8 (72.7) 6 (60) 14 (66.7)

Regular medication,
n (%)

Yes 3 (27.3) 4 (40) 7 (33.3)

No 8 (72.7) 6 (60) 14 (66.7)

Teeth involved, n (%)

Maxilla incisor 1 (9) 0 (0) 1 (4.8)

Maxilla canine 0 (0) 0 (0) 0 (0)

Maxilla premolar 0 (0) 1 (1) 1 (4.8)

Maxilla molar 0 (0) 1 (1) 1 (4.8)

Mandible incisor 2 (18) 0 (0) 2 (9.5)

Mandible canine 0 (0) 0 (0) 0 (0)

Mandible premolar 1 (9) 1 (1) 2 (9.5)

Mandible molar 7 (64) 7 (7) 14 (66.6)

Values show mean ± standard deviation. DPMSCs: dental pulp
mesenchymal stem cells; EG: experimental group; CG: control group.
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reductase A; the last one acting as an important enzyme for
repairing oxidized proteins and for recovering methionine
residues that act as preserve the free-radical sink. [58].

Although treatment with MSCs can prevent decreased
SOD activity [59], it is important to mention that both the
synthesis and the release of SOD by MSCs are synergistically
regulated by inflammatory mediators such as TNF-α and
INF-γ preventing damage tissue [60]. In this regard, it has
been shown that the correct proliferation, migration, and

maturation of DPMSCs depend on the molecules found in
the environment and on genetic control [61]. The combined
action of signal transduction that is induced by some inter-
leukins determines that DPMSCs differentiate into an osteo-
genic lineage [62, 63]. Additionally, it is known that high
concentrations of proinflammatory interleukins play a fun-
damental role in the breakdown of periodontal tissue [64].

Although, a genetic expression analysis has proposed the
predominant effect of MSCs treatment on the activation of

Table 2: Effect of DPMSCs on clinical parameters by treatment group.

Parameter
With DPMSCs (n = 11) Without DPMSCs (n = 10) p

Basal 6 months Difference EG Basal 6 months Difference CG

BMD (HU) 638:82 ± 181:7 781:26 ± 162:2 142:442 ± 19:5 620:49 ± 143:5 670:76 ± 134:4 50:262 ± 9:1 0.098

DPD (mm) 5:66 ± 0:41 2:34 ± 0:29∗ −3:32 ± 0:12 5:58 ± 0:38 3:78 ± 0:53 −1:80 ± 0:15 0.001

Dental mobility

Grade III (%) 10 (90) 0 (0) 7 (70) 0 (0)

Grade II (%) 1 (10) 3 (27) 3 (30) 6 (60)

Grade I (%) 0 (0) 8 (73) 0 (0) 4 (40)

Values show mean ± standard deviation. Mann-Whitney U and Wilcoxon test, ∗p < 0:05. DPMSCs: dental pulp mesenchymal stem cells; BMD: bone mineral
density; HU: Hunsfield units; Depth of Periodontal Defect (DPD). EG: experimental group; CG: control group.
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Figure 4: Cone beam volumetric tomography and radiography in which the growth of bone tissue is observed in the EG with DPMSCs (a, b)
and the CG without DPMSCs (c, d).

Table 3: Oxidative stress markers in saliva prior to DPMSCs placement and 6 months after that.

Parameter
With DPMSCs (n = 11) Without DPMSCs (n = 10) p

Basal 6 months Difference EG Basal 6 months Difference CG

TAS (mmol/L) 0:598 ± 0:21 0:757 ± 0:32 0:159 ± 0:35 0:591 ± 0:29 0:640 ± 0:49 0:049 ± 0:36 0.618

SOD (U/L) 1:49 ± 0:96 2:14 ± 1:12∗ 0:647 ± 0:73 1:386 ± 0:70 1:100 ± 0:57 −0:276 ± 0:65 0.047

LPO (μmol/L) 0:0791 ± 0:02 0:0448 ± 0:35 −0:031 ± 0:04 0:0677 ± 0:03 0:0610 ± 0:03 −0:006 ± 0:03 0.225

Values showmean ± standard deviation. Mann-WhitneyU test, ∗p < 0:05. DPMSCs: dental pulp mesenchymal stem cells; TAS: Total Antioxidant Status; SOD:
superoxide dismutase; LPO: lipoperoxides. EG: experimental group; CG: control group.
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inflammatory pathways “normalizing” inflammation levels
[65]. In this regard, in the present investigation, a statistically
significant decrease in the levels of IL-1β was observed in the
group to which the DPMSCs were placed compared to the
group without them. This interleukin is closely related to
the existence and severity of PD. This statement is in agree-
ment with several studies that affirm that IL-1β is synthesized
by several cell lines of periodontal tissue and that it occupies a
central position among the mediators of the inflammatory
cascade during PD [66–68]. It is undeniable that the increase
in IL-1β production is associated with the development of
periodontal disease [69] and that the use of inhibitors of this
cytokine contributes to the reduction of periodontal bone
loss in primates [70], so it is suggested that the monitoring
of IL1β levels is a useful approach for determining therapeu-
tic outcomes and a potential target treatments for PD [69,
71]. Therefore, our findings support the hypothesis that not
only stem cells reduce the concentration of IL-1β but also
favor an increase in bone regeneration in patients with peri-
odontal disease.

Having said that, although high levels of IL-1β are associ-
ated with PD, it is also true that early IL-1β effectively
induces mesenchymal stem cells to differentiate into osteo-
blasts and tissue to become mineralized [72]. Consequently,
it would be advisable in future studies to carry out a short-
term evaluation after the placement of the DPMSCs.

Also, it has been reported that after the administration of
MSCs, the inflammatory microenvironment is promoted to
an anti-inflammatory one, by inhibiting the production of
proinflammatory cytokines (such as TNF-α and IL-6) and
regulating endothelial permeability. These effects can be
mediated by paracrine mechanisms that control the inflam-
mation cascade [73]. IL-6 is involved in the differentiation
of DPMSCs towards preosteoblasts [74]. For this reason, it
is possible that it intervenes in the regeneration of the peri-
odontium [64, 68]. In this regard, in our study, IL-6 concen-
trations showed a decrease with a tendency to difference in
the group treated with DPMSCs.

On the other hand, in our research, it was observed that
the patients treated with DPMSCs had no signs or symptoms
of rejection, which is consistent with previous clinical studies
that indicate that none of the patients had adverse effects on
mesenchymal stem cell grafting, since these are cells have
immunosuppressive activity, allowing them to be used allo-
geneically in the treatment of various diseases [75, 76]. Sim-

ilarly, our results agree with those of the study by Feng
et al. (2010), who observed that patients who underwent peri-
odontal ligament cells had a beneficial effect on periodontal
defects and had an uncomplicated healing of the gum during
the first 3 weeks [45].

This may be related to the fact that MSCs suppress the
proliferation of CD4+, CD8+, B cells, and natural killer T cells
[65]. They also induce the proliferation of CD4/CD25 regula-
tory T cells (Tregs), when cocultured with blood mononu-
clear cells, and can activate macrophages influencing them
to differentiate into an anti-inflammatory immunopheno-
type [77–80].

The immunodulatory capacity of MSCs is an important
property exploited for the treatment of diseases related to
inflammation, such as PD, because they can regulate both
the innate and adaptive immune response [81–83].

Some studies suggest that MSCs can inhibit activation of
T lymphocytes, natural killer cells, and dendritic cells [84],
and that type 1 dendritic cells are induced by MSCs to
reduce TNF-α secretion and type dendritic cells 2 to
increase IL-10 secretion [85, 86]. Likewise, Th1 cells reduce
the secretion of INF-γ and Th2 cells increase the secretion
of IL-4 [87], which induces a higher immune tolerance a
phenotype [88].

MSCs can suppress immune reactions both in vitro and
in vivo[89] because they express low levels of the Major His-
tocompatibility Complex (MHC) I antigens and do not
express MHC II. Accordingly, it is proposed that MSCs have
an “immunological privilege” that allows them to be used in
allogeneic transplants without problems [90].

Studies with autologous and allogeneic MSCs reveal that
these produce soluble factors such as TGF-β and hepatocyte
growth factor that suppress lymphocyte proliferation [91]. In
incipient clinical trials where MSCs are used allogeneically,
they have been shown to have good tolerance and to not
induce an immune response when transplanted into an unre-
lated receptor [92, 93], as observed in our study. In this sense,
preclinical and clinical studies applying MSC reveal benefi-
cial effects to solve different pathologies, but that does not
exclude some risks of acute problems (such as immune-
mediated reaction and embolic phenomenon), intermediate
problems (like graft versus host disease and secondary infec-
tion), and long-term problems (as risk of malignancy), due to
controversial results on these risks [94], it is recommended to
monitor the long-term safety of MSC use, quality control,

Table 4: Proinflammatory interleukins concentrations (pg/ml) in saliva samples prior to and after DPMSCs placement.

Parameter
With DPMSCs (n = 11) Without DPMSCs (n = 10) p

Basal 6 months Difference EG Basal 6 months Difference CG

TNF-α 8:91 ± 3:04 7:66 ± 3:37 −1:24 ± 1:41 9:276 ± 5:98 7:80 ± 5:78 −1:28 ± 1:79 0.844

IL-6 11:31 ± 5:76 28:06 ± 18:43 16:74 ± 5:88 20:13 ± 15:57 22:43 ± 18:40 2:30 ± 4:00 0.067

IL-1β 1001:91 ± 657:53 722:30 ± 349:45∗ −279:61 ± 167:51 1238:18 ± 779:95 1543:92 ± 827:15 305:73 ± 256:11 0.039

IL-10 2:92 ± 0:91 2:80 ± 0:48 −0:112 ± 0:212 2:62 ± 0:61 3:36 ± 0:56 −2:58 ± 0:19 0.268

IL-8 1270:92 ± 670:64 1145:72 ± 805:99 −125:19 ± 364:71 1497:27 ± 1339:83 827:27 ± 632:15 −670:0 ± 326:30 0.417

Values show mean ± standard error. Mann-Whitney U test, ∗p < 0:05. DPMSCs: dental pulp mesenchymal stem cells; IL: interleukin; TNF-α: tumor necrosis
factor alpha; EG: experimental group; CG: control group.
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and clinical-grade production that includes cell viability,
endotoxin, and oncogenic assays [95].

Finally, our findings show a therapeutic advantage in the
application of mesenchymal stem cells in vertical defects,
bone neoformation, antioxidant, and anti-inflammatory
activity compared to conventional treatment. Hence,
DPMSC treatment could be a more effective therapeutic
option for the recovery of connective tissues around the
tooth, which have been lost due to PD. Although it is impor-
tant to point out that one limitation of the study was the
reduced sample size, likewise, the groups were not propor-
tionally divided by age and sex, so the influence of these var-
iables could not be evaluated. In addition, the study follow-
up was only at 6 months, and the effectiveness of the treat-
ment cannot be assured any longer. In this sense, although
the potential risks of MSC administration cannot be
completely ruled out in our study, the function of MSCs
appears to be mediated through a “hit and run” mechanism
rather than through a sustained engraftment in the injured
tissues. The low degree of MSC engraftment may limit the
long-term advantages of MSC therapy [96]. Also, both the
localized issue of periodontal disease and of the therapeutic
procedure proposed here could act in favor rather than to
the detriment of the patient’s health.

5. Conclusions

Our findings suggest that a DPMSCs treatment has an effect
on periodontal bone regeneration in periodontal disease in
aging people, linked to an increased superoxide dismutase,
and decreased proinflammatory interleukins. Therefore, we
conclude that a DPMSCs treatment can be a useful option
to regenerate the lost tissues in periodontal disease.
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Background. Ischemia reperfusion injury (IRI) is the major cause of intestinal damage in clinic. Although either mesenchymal
stromal cells (MSCs) or interleukin 37 (IL-37) shows some beneficial roles to ameliorate IRI, their effects are limited. In
this study, the preventative effects of IL-37 gene-modified MSCs (IL-37-MSCs) on intestinal IRI are investigated. Methods.
Intestinal IRI model was established by occluding the superior mesenteric artery for 30 minutes and then reperfused for
72 hours in rats. Forty adult male Sprague-Dawley rats were randomly divided into the sham control, IL-37-MSC-treated,
MSC-treated, recombinant IL-37- (rIL-37-) treated, and untreated groups. Intestinal damage was assessed by H&E staining.
The levels of gut barrier function factors (diamine oxidase and D-Lactate) and inflammation cytokine IL-1β were assayed
using ELISA. The synthesis of tissue damage-related NLRP3 inflammasome and downstream cascade reactions including
cleaved caspase-1, IL-1β, and IL-18 was detected by western blot. The mRNA levels of proinflammatory mediators IL-6
and TNF-α, which are downstream of IL-1β and IL-18, were determined by qPCR. Data were analyzed by one-way
analysis of variance (ANOVA) after the normality test and followed by post hoc analysis with the least significant
difference (LSD) test. Results. IL-37-MSCs were able to migrate to the damaged tissue and significantly inhibit intestinal
IRI. As compared with MSCs or the rIL-37 monotherapy group, IL-37-MSC treatment both improved gut barrier function
and decreased local and systemic inflammation cytokine IL-1β level in IRI rats. In addition, tissue damage-related NLRP3 and
downstream targets (cleaved caspase-1, IL-1β, and IL-18) were significantly decreased in IRI rats treated with IL-37-MSCs.
Furthermore, IL-1β- and IL-18-related proinflammatory mediator IL-6 and TNF-α mRNA expressions were all significantly
decreased in IRI rats treated with IL-37-MSCs. Conclusion. The results suggest that IL-37 gene modification significantly
enhances the protective effects of MSCs against intestinal IRI. In addition, NLRP3-related signaling pathways could be
associated with IL-37-MSC-mediated protection.

1. Introduction

Intestinal ischemia reperfusion injury (IRI), one of the major
causes of clinical acute intestine necrosis, is a life-threatening
disease with high mortality and disability [1]. Intestinal IRI is
common in multiple diseases including vascular occlusion,
hemorrhagic shock, trauma, and small bowel transplantation

[2, 3]. However, currently, there is no effective treatment
available besides surgical intervention, and thus, a novel
treatment is urgently needed [4].

The underlying mechanisms of intestinal IRI are compli-
cated, and diverse factors are involved in the process [1].
Briefly, intestinal IRI is often correlated with circulatory dis-
eases in the gastrointestinal system involving the superior
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mesenteric artery (SMA), weak innate immunity, weak adap-
tive immunity, and high levels of inflammation. At the early
stage of ischemia, the endothelial barrier is destroyed result-
ing in an increase in vascular permeability. Simultaneously,
reactive oxygen species (ROS) can be excessively produced.
After ROS production, reperfusion upregulates the release
of ROS, consequently disrupting normal ATP generation.
Excessive ROS also cause severe oxidative stress, which can
promote DNA damage, endothelial dysfunction, and local
inflammatory responses. On the basis of ischemia, reperfu-
sion triggers the release of intracellular and extracellular
damage-associated molecular pattern molecules (DAMPs),
resulting in the accumulation of inflammatory cells such as
monocytes and dendritic cells [5].

The NOD-like receptor protein 3 (NLRP3) is a member
of pattern recognition receptors and plays a key role in
inflammatory responses via formation of an intracellular
multiprotein complex known as NLRP3 inflammasome,
which is the best characterized of all other inflammasomes
[6]. Inflammasomes are important signal platforms in detect-
ing sterile stressors and pathogenic microorganisms such as
some DAMPs, which activate and release the highly proin-
flammatory cytokines interleukin 1β (IL-1β) and interleukin
18 (IL-18). In this process, ROS, as a kind of DAMPs, was
excessively produced during IRI and then promotes NLRP3
inflammasome activation [7], subsequently assisting con-
version of pro-caspase-1 into cleaved caspase-1; the activa-
tion of caspase-1 can upregulate the production and
secretion of the cytokines such as IL-1β and IL-18 by cleav-
age of pro-IL-1β and pro-IL-18. At the same time, activa-
tion of inflammasome-associated inflammatory caspase-1
drives cleavage of the propyroptosis factor, gasdermin D,
generating an N-terminal fragment that oligomerizes to
form pores on the cell membrane and causes programmed
cell death known as pyroptosis [8–11]. In previous studies,
NLRP3 can be activated by different mediators such as
DAMPs and/or PAMPs in vivo, and NLRP3 plays a crucial
role in the development of IRI in various organs [7, 12, 13].
Therefore, inhibiting NLRP3 inflammasome activation may
play a protective role in IRI.

Mesenchymal stromal cells (MSCs) are a group of stem
cells derived from the embryonic mesoderm, which can
differentiate into various kinds of cells [4, 14, 15]. MSCs have
the proliferative, pluripotent, and immunomodulatory
potentials that can help repair damaged tissues and improve
tissue microenvironment [16]. Accumulating evidence has
demonstrated that MSC treatment could alleviate IRI in var-
ious organs by inhibiting intensive inflammation, apoptosis,
generations of oxidative stress, ROS, and immune overreac-
tivity [17, 18].

Interleukin 37 (IL-37) is a novel cytokine that recently
characterized a member in the IL-1 family, which plays a
key role in limiting excessive and runaway inflammatory
responses via suppressing both innate and adaptive immu-
nity [19–21]. It has been demonstrated that a knockdown
of endogenous IL-37 in human peripheral blood mononu-
clear cells results in increased production of several proin-
flammatory cytokines [22]. Human IL-37 transgenic mice
are protected against metabolic syndrome, systemic inflam-

mation reaction, DSS-induced colitis, and acute myocardial
infarction. As an immunomodulatory factor, IL-37 has
been tested in IRI models such as myocardial and renal
IRI [23, 24].

Although MSCs and IL-37 could protect organs against
IRI, their roles are limited for many reasons [25, 26]. Thus,
it is necessary to combine them together to enhance their
individual therapeutic effects. In this study, we successfully
conducted IL-37 gene-modified MSCs and investigated their
combined effects on the prevention of intestinal IRI and
explored potential mechanisms of prevention.

2. Materials and Methods

2.1. Animals. Male Sprague-Dawley (SD) rats weighing 250-
300 g were purchased from China National Institute for Food
and Drug Control and were placed in a standard temperature
environment, provided a standard diet, and provided water
in the Animal Care Facility of Tianjin General Surgery Insti-
tute. All animal experimental operations were approved by
the Institute of Animal Care and Use Committee at Tianjin
Medical University and performed in accordance with the
Guide for the Care and Use of Laboratory Animals.

2.2. Isolation and Culture of MSCs. MSCs were prepared
according to the protocol described previously [4]. Briefly,
in order to harvest the adipose tissue surrounding the inguen,
rats were sacrificed and soaked in 75% alcohol for 10min.
Then, 200-300μL sterile PBS was added to every 0.5 g adi-
pose tissue to prevent dehydration. The tissue was cut into
<1mm3 pieces, followed by the addition of type I collagenase
solution (1mg/mL, Solarbio, Beijing, China). The resulting
tissue solution was placed in tubes which were subsequently
placed on a shaker and incubated with constant agitation
for 60 minutes (37°C, 200 rpm). Next, an equal volume of
serum-containing medium was added to terminate digestion
of the tissue. After that, the solution was centrifuged
(1800 rpm, 5min), the supernatant was discarded, and the
remaining cells were washed twice with PBS. Lastly, cells
were inoculated in a 15% fetal bovine serum (FBS, Hyclone,
Tauranga, New Zealand) containing α-MEM medium
(Hyclone, Tauranga, New Zealand) and 1% penicillin/strep-
tomycin (Solarbio, Beijing, China) and subcultured after 7-
10 days. MSCs were identified through detection of the cell’s
morphology and the cells’ surface markers.

2.3. Preparation and Identification of IL-37-MSCs. The con-
struction of the vector expressing IL-37 (NM_014439, IL-37
isoform b, which is best characterized, Ubi-MCS-3FLAG-
SV40-EGFP-IRES-puromycin vector was used in this study,
Ubi and SV40 here are promoters, FLAG and EGFP are
marker genes, and MCS is a multiple cloning site), the
required sequencing (results are shown in the supplement),
and the lentiviral packaging were supported by GeneChem
Inc., Shanghai, China. We conducted lentiviral transfection
of MSCs according to the protocol provided by GeneChem
Inc. (the vector lacking IL-37 was used as control). Lentiviral
transfection is done with a suitable multiplicity of infection
(MOI = 200, ratio of lentivirus to cell number) inside a
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biological safety cabinet. The cells then were observed
under an inverted fluorescence microscope at 72 hours
posttransfection, and IL-37 expression was identified by
immunofluorescence (IF, details are shown in methods of
immunofluorescence).

Furthermore, IL-37-MSCs were subjected to drug screen-
ing using a 1μg/mL puromycin (Solarbio, Beijing, China)
solution to obtain high-purity IL-37-MSCs. Flow cytometry
was performed on the resulting IL-37-MSCs before treat-
ment to ensure cell purity and quality.

2.4. Flow Cytometry Analysis. The positive rate for markers of
MSCs and IL-37-MSCs was analyzed by using flow cytomet-
ric analysis. In brief, MSCs were stained with fluorescent
antibodies, including anti-CD29-FITC, anti-CD45-PE, anti-
CD79a-PE, and anti-CD90-FITC (eBioscience, San Diego,
USA), according to the manufacturer’s instruction. The
percentages of various markers of MSCs were analyzed using
the FlowJo software.

2.5. Immunofluorescence.We used immunofluorescence (IF)
technology to identify IL-37 expression in IL-37-MSCs to
ensure successful transfection; MSCs (negative control with
lentiviral transfection which express GFP while lacking IL-
37) were used as control. Briefly, first of all, MSCs were
cultured on the slides pretreated with polylysine overnight.
Then, cells were treated with 4% paraformaldehyde (PFA)
for 30 minutes and subsequently treated with 0.1% Triton-
X (Solarbio, Beijing, China) for 2 minutes. After that, cells
were treated with 5% BSA for 30 minutes to reduce nonspe-
cific antibody binding. Next, anti-IL-37 antibody (dilution at
1 : 250, Abcam, Cambridge, UK) was added to the slides for
the night; after being washed three times by PBS, the cy3-
conjugated goat anti-rabbit secondary antibody was added
for half an hour and washed three times with PBS again.
DAPI (Thermo Fisher Scientific, Waltham, USA) was added
dropwise before the coverslip was placed over the slides.
Lastly, the slides were observed under a fluorescence
microscope.

2.6. Experimental Groups. To test the effects of IL-37-MSCs
on protecting against intestinal IRI, SD rats were randomly
assigned to five groups (n = 8 each group): sham control
group, IL-37-MSC-treated IRI group, MSC-treated IRI
group, recombinant IL-37- (rIL-37-) treated (PeproTech,
New Jersey, US) IRI group, and untreated IRI group. In the
beginning, rats got intraperitoneal injection of pentobarbital
sodium (50mg/kg), heating pad was used to maintain their
temperature, and abdomen hair was removed. After abdom-
inal disinfection, SMA was isolated by a midline incision into
the abdominal cavity. In the sham control group, rats were
only operated by opening and closing the abdomen, without
clipping the SMA. In other groups, the roof of SMA was
clipped for 30min then recovered reperfusion. After restor-
ing the blood supply and closing the incision, 2 × 106 IL-
37-MSCs, 2 × 106 MSCs, 2μg rIL-37 (based on efficacy
assessments from our preexperimental results, 2μg each rat
was used in this study), and 1mL PBS were separately
injected into tail veins of the SD rats. Rats were maintained

by continuous monitoring with a temperature-controlled
self-regulated heating system after operation. After reperfu-
sion for 72 hours, all rats were sacrificed for IRI assessment.

2.7. Tracing of Infused IL-37-MSCs. As IL-37-MSCs express
GFP protein, we detected fluorescent protein expression in
the damaged tissue to identify whether IL-37-MSCs could
migrate to the injured intestine. The ileums were embedded
in OCT to freeze the relevant section, and then, slides were
observed under a fluorescent microscope to detect GFP
expression.

2.8. Histology. To evaluate the impact of IL-37-MSC trans-
plantation on the severity of intestinal IRI, the ileum was
collected for assessment [27]. Intestine specimens were fixed
in 10% formalin for 72 hours, then embedded in paraffin with
correct orientation position of the crypt to villus axis and
sectioned at 5μm for hematoxylin and eosin (H&E) staining
to assess the severity of injury site. Chiu’s score grading was
used as standard: 0, normal villi of the small intestinal
mucosa; 1, Gruenhagen’s space under the intestinal mucosal
epithelium in the villus axis, often accompanied by capillary
congestion; 2, intestinal mucosal epithelium elevation from
the intrinsic membrane and expansion of the intestinal
subepithelial space; 3, large intestinal mucosal epithelium ele-
vation, villus lodging to both sides, part of the villus shed; 4,
villus and lamina detachment, bare capillaries dilate, an
increase in the composition of lamina propria cell compo-
nents; and 5, lamina propria is digested, bleeding or ulcers
form [14, 28]. The slides from each sample and each slide
with five fields at a magnification ×100 were observed by a
professional pathologist, and the average scores of each
group were calculated. The samples were randomly assigned
to the pathologist and the experimental groups were blinded.

2.9. Enzyme-Linked Immunosorbent Assay (ELISA). D-Lactic
acid (D-Lac) and diamine oxidase (DAO) in the serum were
used to assess the gut barrier function [29]. IL-1β in the tissue
and serum was used to assess the local and systemic inflam-
mation activity. DAO, D-Lac ELISA kits (Senbeijia, Nanjing,
China), and IL-1β ELISA kit (DAKEWE, Shenzhen, China)
were used to evaluate the levels of local and systemic inflam-
mation in the serum or tissue. All operations were conducted
according to the manufacturer’s recommended protocol.

2.10. Real-Time PCR. Total RNA was obtained from ileum
tissue by using RNAprep Pure Tissue Kit (Tiangen, Beijing,
China), and reverse transcription was performed by Fas-
tQuant RT Super Mix (Tiangen, Beijing, China); mRNA
expression was quantified by 2x SYBR Green qPCR Master
Mix (Bimake, Houston, TX, USA). In the reaction system,
β-actin was used as an internal normalizing gene, and mRNA
expression was analyzed by comparing cycles of threshold
(Ct value) of 2-ΔΔct. The primer sequences used were as fol-
lows: β-actin forward: 5′-GTTG ACAT CCGT AAAG AC-
3′, reverse: 5′-TGGA AGGT GGAC AGTG AG-3′; TNF-α
forward: 5′-ACAC ACGA GACG CTGA AGTA-3′, reverse:
5′-GGAA CAGT CTGG GAAG TCT-3′; and IL-6 forward:
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5′-CTCA TTCT GTCT CGAG CCCA-3′, reverse: 5′-CTGT
GAAG TCTC CTCT CCGG-3′.

2.11. Western Blot. Ileum tissues were homogenized, and the
resulting total protein was extracted by RIPA lysis mixed
with PMSF (Solarbio, Beijing, China). Then, 50μg of protein
per sample was subjected to 7.5%, 10%, or 15% sodium dode-
cyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE,
Solarbio, Beijing, China). After overnight incubation at 4°C
with anti-NLRP3 antibody (dilution at 1 : 1000, Abcam,
Cambridge, UK), anti-caspase-1 antibody (dilution at
1 : 300, Santa Cruz, Oregon, USA, SC-398715), anti-IL-1β
antibody (dilution at 1 : 600, Bioss, Beijing, China), anti-IL-
18 antibody (dilution at 1 : 600, Bioss, Beijing, China), anti-
β-actin antibody (dilution at 1 : 2000, Servicebio, Wuhan,
China), and anti-HSP-90 antibody (dilution at 1 : 1000, Santa
Cruz, Oregon, USA), the membranes with blotted proteins
were then incubated with HRP-conjugated goat anti-rabbit
secondary antibody (dilution at 1 : 2000, CST, Boston, USA)
or rat anti-mouse secondary antibody (dilution at 1 : 2000,
Servicebio, Wuhan, China) for an hour at room temperature.
After washing three times with TBST, the electrochemilumi-
nescence solution (ECL, Millipore, Massachusetts, USA) was
added to the membranes, and then, the membranes were
exposed to the exposure machine (ChemiScope series, Clinx
Science Instruments Co., Ltd), and the resulting images were
recorded and analyzed.

2.12. Statistics. Data were expressed as mean ± SD, and the
differences among multiple groups were analyzed using
one-way analysis of variance (ANOVA) after the normality
test and followed by post hoc analysis with the least signifi-
cant difference (LSD) test. Throughout the text, figures, and
legends, the following terminologies are used to denote statis-
tical significance: ∗p < 0:05; ∗∗p < 0:01; and ∗∗∗ p < 0:001.

3. Results

3.1. Characterization of MSCs and IL-37-MSCs.After passage
2, MSCs showed spindle-shaped, fibroblast-like morphology
and exhibited colony-forming abilities (Figure 1(a)). At pas-
sage 3, MSCs were detected and demonstrated high levels of
expression of CD29 and CD90, but no expression of CD45
and CD79a (Figure 1(b)). At 72 hours posttransfection, the
expression of GFP fluorescent protein was observed under a
fluorescence microscope (Figure 1(c)). In addition, IL-37
expression was found in IL-37-MSCs but not in MSCs, as
expected. After passing through the puromycin drug screen-
ing, the GFP-positive rate was above 99.8% measured by flow
cytometry before cell treatment which met our needs
(Figure 1(d)).

3.2. Transplanted IL-37-MSCs Could Migrate to the Injured
Tissue In Vivo. To investigate whether IL-37-MSCs could
migrate to the damaged intestine through the intravenous
injection, intestine tissues were fixed by OCT to frozen
section to detect the GFP expression. GFP expression was
positive in the IL-37-MSC-treated and MSC-treated groups
while the sham control group was negative, which meant that

infused IL-37-MSCs and MSCs could migrate to the injured
tissue (Figure 1(e)).

3.3. IL-37-MSCs Significantly Ameliorated Pathological IRI
Damage of the Intestine. Chiu’s score was used to assess the
tissue damage. No obvious abnormal tissue changes were
observed in the sham group (Figure 2(a)). However, intes-
tinal injury in the untreated group was severe, which was
characterized by villus damage, epithelial necrosis, suben-
dothelial hemorrhage, and neutrophil infiltration. As expected,
intestinal damage scores following IRI were significantly
improved by the mere use of MSCs and rIL-37, furthermore
improved by IL-37-MSC administration (IL-37-MSC treated
vs. MSC treated, p < 0:01; IL-37-MSC treated vs. rIL-37 treated,
p < 0:01, Figure 2(b)).

3.4. IL-37-MSCs Improved Intestinal Barrier Function
following Intestinal IRI. To determine whether IL-37-MSCs
could attenuate intestinal IRI, we measured the serum DAO
and D-Lac, which represented the intestine barrier function
as described above. As shown in Figure 3, it was found that
DAO and D-Lac showed the highest levels in the untreated
group, which reduced by different treatments. Compared
with the MSCs- or rIL-37-treated group, IL-37-MSCs signif-
icantly decreased DAO and D-Lac levels in the serum (DAO
level: IL-37-MSC treated vs. MSC treated, p < 0:01; IL-37-
MSC treated vs. rIL-37 treated, p < 0:01, Figure 3(a); D-Lac
level: IL-37-MSC treated vs. MSC treated, p < 0:05; IL-37-
MSC treated vs. rIL-37 treated, p < 0:01, Figure 3(b)), which
indicated that IL-37-MSCs could effectively improve intes-
tine barrier function following intestinal IRI.

3.5. IL-37-MSCs Decreased Local and Systemic Inflammation
Cytokine IL-1β. We used cytokine IL-1β level to evaluate
local and systemic inflammation reactivity. Local and sys-
temic cytokine IL-1β was significantly increased in the
untreated IRI group (Figure 4). In addition, IL-37-MSC treat-
ment significantly decreased local and systemic IL-1β level
following IRI compared with MSCs and/or rIL-37 treatment
(local IL-1β level: IL-37-MSC treated vs. MSC treated, p <
0:05; IL-37-MSC treated vs. rIL-37 treated, p < 0:001,
Figure 4(a); systemic IL-1β level: IL-37-MSC treated vs.
MSC treated, p < 0:05; IL-37-MSC treated vs. rIL-37 treated,
p < 0:01, Figure 4(b)).

3.6. Infusion of IL-37-MSCs Decreased the NLRP3
Inflammasome Activation and Downstream Cascade
Reactions. NLRP3 played an important role in the develop-
ment of various diseases, and inhibiting NLRP3 activation
could effectively attenuate intestinal IRI. In this study, to
detect whether IL-37-MSCs could effectively inhibit NLRP3
inflammasome activation, we performed western blot to
detect NLRP3 and its downstream cascade reactions. As
shown in Figure 5(a), NLRP3 synthesis in the IL-37-MSC-
treated group was significantly lower than that in the MSC-
treated and/or rIL-37-treated groups (IL-37-MSC treated
vs. MSC treated, p < 0:01; IL-37-MSC treated vs. rIL-37
treated, p < 0:01). Cleaved caspase-1 proteins in each group
were in accordance with NLRP3 synthesis; compared with
sole MSC or rIL-37 treatment, IL-37-MSCs markedly
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Figure 1: Continued.
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decreased cleaved caspase-1 protein (IL-37-MSC treated vs.
MSC treated, p < 0:001; IL-37-MSC treated vs. rIL-37 treated,
p < 0:001, Figure 5(b)). As a result, mature form processing

of IL-1β and IL-18 in tissues was also in accordance with
NLRP3 synthesis; IL-1β and IL-18 proteins in the IL-37-
MSC-treated group were lower than those in the MSC-
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Figure 1: IL-37-MSCs andMSCs could migrate to the injured tissue. The morphology of MSCs. (a) Passages 0, 1, 2, and 3 of MSCs. (b) FACS
analysis of MSC surface marker, surface expressions of CD29, CD45, CD79a, and CD90 were detected. (c) The IL-37 and GFP proteins were
detected in IL-37-MSCs and MSCs. (d) IL-37-MSC GFP-positive rate was calculated; positive rate was above 99.8% which met our needs. (e)
IL-37-MSC-treated and MSC-treated intestine exhibited significant GFP fluorescence while the sham group did not, which suggested that IL-
37-MSCs and MSCs could migrate to the injured tissue.
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treated or rIL-37-treated group (IL-1β protein: IL-37-MSC
treated vs. MSC treated, p < 0:001; IL-37-MSC treated vs.
rIL-37 treated, p < 0:001, Figure 5(c); IL-18 protein: IL-37-
MSC treated vs. MSC treated, p < 0:001; IL-37-MSC treated
vs. rIL-37 treated, p < 0:001, Figure 5(d)).

3.7. IL-37-MSC Treatment Decreased Local mRNA
Expression for TNF-α and IL-6. Proinflammatory cytokines

count in the intestinal IRI. Hence, decreasing these proin-
flammatory cytokine expressions may contribute to alleviate
tissue injury. As shown in Figure 6, the TNF-α and IL-6
mRNA expressions in the IL-37-MSC-treated group were
obviously lower than those in the MSC-treated or rIL-37-
treated IRI groups (TNF-α mRNA expression: IL-37-MSC
treated vs. MSC treated, p < 0:05; IL-37-MSC treated vs.
rIL-37 treated, p < 0:01, Figure 6(a); IL-6 mRNA expression:
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Figure 2: IL-37-MSCs significantly ameliorated pathological intestine damage following IRI. Microscopic findings illustrated the architecture
of the ileum by 72 hours after reperfusion; the damage score was assessed according to Chiu’s score. (a) Compared with the sham group, the
untreated group demonstrated severe damage such as inflammatory cell infiltration, hemorrhage, and ulcer. However, as shown in (b), the IL-
37-MSC-treated IRI group showed more significant therapeutic effects compared with the MSC-treated and rIL-37-treated groups. The data
suggested that IL-37-MSCs provide a better protective role in intestinal IRI. Data shown were representative, and the p value was determined
by one-way ANOVA followed by the LSD test. ∗p < 0:05, ∗∗p < 0:01, and ∗∗∗ p < 0:001.
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Figure 3: IL-37-MSCs could effectively improve intestinal barrier function following IRI. DAO and D-Lac were used to assess the gut barrier
function. Serum samples were collected from the sham, IL-37-MSC-treated, MSC-treated, rIL-37-treated, and untreated IRI groups. In
comparison with the MSC-treated and rIL-37-treated IRI groups, IL-37-MSCs significantly reduced serum levels of DAO and D-Lac,
which meant IL-37-MSCs remarkedly improved gut barrier function. Data shown were representative, and the p value was determined by
one-way ANOVA followed by the LSD test. ∗p < 0:05, ∗∗p < 0:01, and ∗∗∗ p < 0:001.
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IL-37-MSC treated vs. MSC treated, p < 0:05; IL-37-MSC
treated vs. rIL-37 treated, p < 0:01, Figure 6(b)).

4. Discussion

Our study, which investigated the therapeutic effects of IL-
37-MSC treatment on inhibiting intestinal IRI, provided
several preclinical implications of IL-37 and gene-
modified MSCs. First, as compared with the sham control
group, tissue damage scores (H&E assessment) were
remarkably enhanced in animals with IRI. As expected,
the parameter was significantly suppressed in animals with
IRI after MSC or rIL-37 treatment and further notably
decreased following IL-37-MSC transplantation therapy.
Second, intestinal barrier function as measured by DAO
and D-Lac was preserved in a manner consistent with tissue
damage scores in all groups. Third, not only local but also
systemic inflammatory cytokine IL-1β level was markedly
attenuated in all treatment groups following IRI. Then, the
NLRP3-mediated proinflammatory signaling pathway was
found to be upregulated in the untreated IRI group, which
was significantly suppressed following MSC, rIL-37, and IL-
37-MSC treatments, suggesting the multifactorial nature of
underlying mechanisms involved in intestinal IRI, for which
IL-37-MSCs demonstrated much more powerful effects than
MSCs or rIL-37 alone in attenuation of intestinal IRI.

The intestinal tract was one of the organs that were highly
sensitive to ischemia. In addition, intestinal IRI usually leads
to systemic inflammatory responses (SIRs) and multiple
organ dysfunction syndromes (MODs), which is one of the
highest morbidity and mortality diseases in the clinic [3].
Various inflammatory cells are involved in the whole process
of disease, such as mucosal cells, macrophages, neutrophils,
and endothelial cells, which are responsible for the release
of different cytokines, chemokines, and free radicals follow-

ing intestinal IRI. Therefore, we believe that the mechanism
of ischemia reperfusion injury is closely related to the release
of ROS after ischemia or hypoxia [7]. Excessive ROS acti-
vated NLRP3 inflammasome and eventually led to the exces-
sive release of proinflammatory cytokines IL-1β and IL-18
[7]. The dysregulation of NLRP3 inflammasome could cause
excessive inflammation and play a pivotal role in many
human diseases. Previous studies have demonstrated that
NLRP3 inflammasome is involved in ischemia reperfusion
injury in several organs such as the heart, liver, and kidney.
Interestingly, little has been reported about the role of
NLRP3 in intestinal ischemia reperfusion injury until Wang
et al. identified that NLRP3 actually count in intestinal IRI
[30]. Several studies suggested that targeting inhibiting
NLRP3 inflammasome activation could alleviate ischemia
reperfusion injury occurring in different organs [7, 12, 13,
31, 32]. Therefore, inhibition of NLRP3 activation is incred-
ibly effective at treating intestinal IRI.

A broad base of research supports cell therapy strategies
to be a strongly effective way in the treatment of different
diseases [16, 18, 33, 34]. MSCs act as adult stem/stromal cells
that could differentiate into specific tissues cells induced
by local microenvironment when they were damaged and
could secrete various cytokines. Previous studies have
demonstrated that MSCs, especially those adipose derived,
possess anti-inflammatory and immunomodulatory func-
tions. Intriguingly, MSCs and IL-37 both could inhibit
NLRP3 inflammasome activation, but research has suggested
different mechanisms were involved. MSCs have been noted
for ischemia reperfusion injury, and good results have been
obtained, which could decrease NLRP3 activation via clear-
ing excessive ROS as reported [18]. However, as described
above, IL-37 plays an important anti-inflammatory and
immunomodulatory capacity in a variety of inflammatory
and autoimmune diseases. In addition, IL-37 in vivo could
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Figure 4: IL-37-MSCs could significantly decrease local and systemic inflammation activity. Local and systemic inflammation activity was
assessed by IL-1β level in the local tissue and serum. Compared with MSC and rIL-37 treatment, IL-37-MSCs significantly alleviate the
local and systemic inflammation activity. The p value was determined by one-way ANOVA followed by the LSD test. ∗p < 0:05, ∗∗p <
0:01, and ∗∗∗ p < 0:001.
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inhibit NLRP3 activation also in colitis- and LPS-induced
disease [19, 22, 35–37]. In a recent study, Rudloff et al.
reported that IL-37 significantly suppresses inflammasome
activity in vivo to ameliorate inflammasome-driven dis-
eases, which could corroborate our study results to some
extent [38].

However, either mesenchymal stromal cells or IL-37
showed limited roles to relieve intestinal IRI [25, 26, 39].

Thus, it was very important to find a way to enhance the
effects of MSCs. During the past decades, remarkable pro-
gresses have been made in the area of gene-engineered
MSC-based therapy. Based on these points, we utilized MSCs
as a vehicle to drive IL-37 and further release IL-37 in vivo
(the result is demonstrated in the supplementary figure
(available here) that IL-37 expression in the serum in the
IL-37-MSC-treated group was higher than that in the MSC-
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Figure 5: IL-37-MSC treatment decreased NLRP3 and downstream cascade protein synthesis. (a) Compared with MSC and IL-37 treatment,
IL-37-MSCs significantly decreased the NLRP3 activation. In parallel with NLRP3 synthesis, cleaved caspase-1, IL-1β, and IL-18 proteins
were significantly decreased following IL-37-MSC treatment compared with MSC and/or rIL-37 treatments (b–d), which suggested that
IL-37-MSCs could inhibit the NLRP3-mediated signaling pathway. Data shown were representative, and the p value was determined by
one-way ANOVA followed by the LSD test. ∗p < 0:05, ∗∗p < 0:01, and ∗∗∗ p < 0:001.
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treated group) to help better inhibit NLRP3 inflammasome
activation to alleviate damage, thereby enhancing the effects
of MSCs in the intestinal IRI model.

This is the first study to demonstrate that IL-37 could
play a protective role in the intestinal IRI and illustrated that
IL-37 gene modification could enhance the therapeutic
effects of MSCs in the ischemia reperfusion injury. However,
many mechanisms are involved in the IL-37-MSC treatment
in intestinal IRI, and more specific mechanisms remain to be
explored.

5. Conclusion

In conclusion, IL-37 gene modification could enhance the
therapeutic effects of MSCs. IL-37-MSCs improved intestine
barrier function, improved injured tissue microenvironment,
and inhibited the NLRP3-mediated signaling pathway, which
exert a much better protective role in intestinal IRI than
MSCs. NLRP3-related signaling pathways could be related
to the process of IL-37-MSC-mediated protection. IL-37-
MSC treatment acted as an effective tool to protect the intes-
tine against IRI.
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Figure 6: IL-37-MSC transplantation decreased IL-6 and TNF-αmRNA expression. IL-1β and IL-18 are key proinflammatory cytokines, and
as their downstream proinflammatory molecules, IL-6 and TNF-α play a pivotal role in inflammatory reactivity. Intestine IL-6 and TNF-α
mRNA expressions in the IL-37-MSC-treated group were significantly decreased compared with those in the MSC- and rIL-37-treated
group. The p value was determined by one-way ANOVA followed by the LSD test. ∗p < 0:05, ∗∗p < 0:01, and ∗∗∗ p < 0:001.
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Introduction. Microfragmented adipose tissue (MFAT) has been shown to benefit osteoarthritic patients by reducing pain and
supporting tissue regeneration through a mesenchymal stem cell (MSC)-related paracrine mechanism. This observational study
of 110 knees assessed patient-centered outcomes of pain, functionality, and quality of life, analyzing their variation at twelve
months following one ultrasound-guided intra-articular injection of autologous MFAT for the treatment of knee osteoarthritis
(KOA). Method. Inclusion criteria were as follows: VAS >50, and the presence of KOA as diagnosed on X-ray and MRI.
Exclusion criteria included the following: recent injury (<3 months) of the symptomatic knee, intra-articular steroid injections
performed within the last three months, and hyaluronic acid injections prior to this treatment. Changes in VAS, OKS, and EQ-5D
were scored at baseline and twelve months following a single intra-articular injection of autologous MFAT. Score variation was
analyzed utilizing a nonparametric paired samples Wilcoxon test. The statistical analysis is reproducible with Open Access
statistical software R (version 4.0.0 or higher). The study was carried out with full patient consent, in a private practice setting.
Results. Median VAS (pain) improved from 70 (IQR 20) to 30 (IQR 58) (p < 0:001); median OKS (function) improved from 25
(IQR 11) to 33.5 (IQR 16) (p < 0:001); and median EQ-5D (quality of life) improved from 0.62 (IQR 0.41) to 0.69 (IQR 0.28)
(p < 0:001). No adverse events were reported during the intraoperative, recovery, or postoperative periods. Conclusions. For
patients with all grades of knee osteoarthritis who were treated with intra-articular injections of MFAT, statistically significant
improvements in pain, function, and quality of life were reported. Although further research is warranted, the results are
encouraging and suggest a positive role for intra-articular injection of MFAT as a treatment for knee osteoarthritis.

1. Introduction

Osteoarthritis (OA), the most prevalent form of arthritis, is
characterized by chronic progressive degeneration and alter-
ation of hyaline articular cartilage, subchondral bone,
ligaments, capsule, synovium, and periarticular muscles [1].
The condition currently presents a substantial global socio-
economic burden and remains a leading cause of disability,
particularly among the elderly population [2].

With an ageing population, this is a growing problem and
is set to become the fourth leading cause of disability by the
end of 2020 [3, 4]. In the UK, approximately one in seven
people suffer with arthritis. This equates to ten million indi-
viduals. It is a complex and multifactorial disease involving
genetic, environmental, and mechanical causes [5]. The dis-
ease can be classified into one of two groups depending upon
its aetiology: primary (idiopathic or nontraumatic) and sec-
ondary (a result of trauma or mechanical malalignment) [6].
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Advancements in regenerative medicine over the last
decade have revealed the potential for mesenchymal stem
cells (MSCs) to be used as a powerful therapeutic tool against
tissue damage and degeneration [7–9]. Mesenchymal stem
cells (MSCs), more recently termedMedicinal Signaling Cells
[10], have shown promise as a standalone treatment for OA,
or as an adjunct to traditional surgical correction of the
mechanical environment. Since their discovery by Frieden-
stein in the late 1960s [11], extensive research has been
implemented in an effort to exploit these cells for their true
therapeutic potential.

The cells arise from pericytes that are found naturally
occurring around the vasculature in various tissues through-
out the body. Upon disruption of the stromal vascular frac-
tion of tissue, a significant proportion of pericytes lift from
the surface of the vessels and contribute to the tissue homeo-
static response as the source of adipose-derived stem cells-
MSCs [12, 13].

These MSCs respond by producing bioactive signaling
molecules which act in a paracrine fashion to exhibit immu-
nomodulatory, antimicrobial, angiogenic, and trophic/regen-
erative effects on tissue [5, 14]. This ultimately results in
localized and tissue-specific change that encourages regener-
ation and healing [10].

Sources for MSCs include bone marrow, placenta, and
dental pulp [15]. The use of such cells in biological therapy
has always been hindered as they are challenging to obtain
in large enough quantities to provide significant clinical ben-
efit. Additionally, the extraction of such cells from bone mar-
row is a painful procedure, and a 1ml sample provides only
0.01% of MSCs. Conversely, adipose tissue has been recog-
nized as a reliable and potent source for MSCs. One MSC
can be obtained per 100 adipose cells, in contrast to 1 MSC
for every 100,000 bone marrow cells [16–18]. A promising
feature of adipose-derived MSCs is in their localization as
they represent 10-30% of normal body weight and produce
a concentration of 5,000 cells per gram of tissue obtained
[5, 19]. The use of adipose-derived MSCs is associated with
minimal side effects arising and previous studies have shown
no complications relating to malignancy or cancer [20]. It has
also been suggested that these adipose-derived MSCs have
multilineage potential and possess the same regenerative
capacity as those derived from other tissues. Furthermore,
the cells are not adversely influenced by the age of the patient;
a factor that is very beneficial for an elderly population [21].

Given that arthritis is such a prevalent condition, espe-
cially among an ageing population [22], it is vital to identify
the long-term efficacy of therapies that utilize the regenera-
tive power of adipose-derived MSCs, and whether they can
potentially prevent replacement surgery or delay it for as long
as possible. Furthermore, it is important to identify whether
treatment with adipose-derived MSCs, or as in this case,
MFAT-containingMSCs (originating from the adipose blood
vessels as pericytes, and that are released and primed during
the extraction process through sheer stress and microfiltra-
tion of the fat) [23, 24] would be beneficial in providing an
optimal biological environment for healing when used in
conjunction with surgery [25]. Their use for the treatment
of knee osteoarthritis (KOA) has produced very encouraging

results [26–28]. This case series aims to assess the response of
our patient cohort over a one-year period following a routine
single ultrasound-guided intra-articular injection of MFAT
for all grades of KOA.

2. Method

The study was conducted in accordance with the principles of
Good Clinical Practice (NIHR) and the General Medical
Council (GMC) guidelines on research, patient consent to
research and future publication, as well as adhering to and
in accordance with the Declaration of Helsinki. The study
was carried out in a private practice setting.

This observational, intention-to-treat study included the
complete sample of 110 patients who agreed to be scored for
pain (Visual Analogue Scale—VAS), function (Oxford Knee
Score—OKS), and quality of life (EuroQol-5D—EQ-5D) at
baseline regardless of subsequent changes to adherence or
status during follow-up. All patients attended the private
clinics of the authors (AW, NH) complaining of knee pain
following a diagnosis of knee osteoarthritis.

Patients underwent clinical review and examination by
an orthopaedic surgeon. The preoperative assessments
included evaluation of imaging (X-ray in all cases and MRI
in some) where the KOA was graded using the Kellgren &
Lawrence (KL) grading system.

Inclusion criteria included VAS >50, no deformity
greater than ten degrees of varus or valgus, and the presence
of KOA as diagnosed on X-ray and/or MRI. Exclusion cri-
teria included recent injury (<3 months) of the symptomatic
knee, infectious joint disease, malignancy, pregnancy, antic-
oagulation or thrombocytopenia, coagulation disorder, and
intra-articular steroid injections performed within the last
three months. None of our patients had hyaluronic acid
injections prior to this treatment.

The patients were informed of all possible options for
treating their KOA including conservative means as well as
injections of a number of substances including steroids,
hyaluronic acid, platelet-rich plasma, and microfragmented
adipose tissue. They also had surgical options detailed to them
including osteotomy, partial and total knee replacement.

By study design, the paired samples have been selected
and not randomized, so we could not assume a Gaussian dis-
tribution. For this reason, scores variation has been analyzed
utilizing a nonparametric paired samples Wilcoxon test to
assess statistically significant changes in the VAS, OKS, and
EQ-5D scores before and after treatment at twelve months.
For the same reason, summary statistics report median and
interquartile ranges (IQR).

Summary statistics, statistical analysis, and statistical
significance testing are reproducible with Open Access statis-
tical software R (version 4.0.0 or higher; R function Wilcox
test). Figures 1, 2, and 3 have been generated automatically
from data by Open Access statistical software R (version
4.0.0 or higher; libraries ggpubr and Paired-Data); Table 1
summarizes the change in the median VAS, OKS, and
EQ-5D scores at 12 months from baseline according to
the OA grading. Data points are missing at random (12%)
due to patients lost-to-follow-up; missing data have been
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estimated probabilistically with uncertainty (unbiased)
using the statistical software package Amelia v1.7.6 or
higher. The estimation procedure is replicable and repro-

ducible with Open Access statistical software R (4.0.0 or
higher). The missingness map is visualized in Figure 4.

2.1. Patients. The series of 110 cases was comprised of 60
male and 50 female patients, with ages ranging from 42 to
94. Most of the patients had advanced KOA with 80% having
a Kellgren-Lawrence (KL) grade of III or IV. 95 (96.4%) of
the patients had idiopathic KOA, and 4 (3.6%) had posttrau-
matic KOA. (Table 2).
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Figure 1: VAS scores at baseline and at twelve months follow-up.
y-axis: Visual Analogue Scale (VAS) for pain value; boxplot
showing L-estimators: maximum (100), minimum (50), median
(70), and interquartile range (20); outliers plotted as individual
points at baseline and maximum (100), minimum (0), median
(30), and interquartile range (58); outliers plotted as individual
points at 1 year follow-up. x-axis: Visual Analogue Scale (VAS) for
pain at preoperative baseline and at twelve months follow-up.
Connecting lines: heuristic visualization of single-patient trajectories
of variation of Visual Analogue Scale (VAS) value for pain between
preoperative baseline and twelve months follow-up; plotted with R
(version 4.0.0 or higher; libraries ggpubr and PairedData). Source:
Authors’ Data and reproducible statistical analysis with Open
Access statistical software R (version 4.0.0 or higher).
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Figure 2: Oxford Knee Scores at baseline and at twelve months
follow-up. y-axis: Oxford Knee Score (OKS) for function value;
boxplot showing L-estimators: maximum (45), minimum (1),
median (25), and interquartile range (11); outliers plotted as
individual points at baseline and maximum (47), minimum (10),
median (33), and interquartile range (16); outliers plotted as
individual points at 1 year follow-up. x-axis: Oxford Knee Score
(OKS) for function at preoperative baseline and at twelve months
follow-up. Connecting lines: heuristic visualization of single-
patient trajectories of variation of Oxford Knee Score (OKS) value
for function between preoperative baseline and twelve months
follow-up; plotted with R (version 4.0.0 or higher; libraries ggpubr
and PairedData). Source: Authors’ Data and reproducible statistical
analysis with Open Access statistical software R (version 4.0.0
or higher).
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Figure 3: EQ-5D Scores at baseline and at twelve months follow-up.
y-axis: EQ-5D for quality of life score value; boxplot showing
L-estimators: maximum (0.812), minimum (-0.319), median
(0.62), and interquartile range (0.41); outliers plotted as individual
points at baseline and maximum (1), minimum (-0.074), median
(0.69), and interquartile range (0.28); Outliers plotted as individual
points at 1 year follow-up. x-axis: EQ-5D for quality of life score at
preoperative baseline and at twelve months follow-up. Connecting
lines: heuristic visualization of single-patient trajectories of
variation of EQ-5D for quality of life score value for function
between preoperative baseline and twelve months follow-up;
plotted with R (version 4.0.0 or higher; libraries ggpubr and
PairedData). Source: Authors’ Data and reproducible statistical
analysis with Open Access statistical software R (version 4.0.0
or higher).

Table 1: Variation of median VAS, OKS, and EQ-5D between
baseline and 12 months follow-up grouped by OA Grade.

oa_grade Count VAS OKS EQ-5D

1 1 ↑-48 ↑2 ↑0.2

2 12 ↑-54 ↑5.5 ↑0.14

3 20 ↑-28.5 ↑3.5 0

4 68 ↑-32.5 ↑7 ↑0.07

NA 9 ↑-17 ↑4 ↓-0.03

Legend: variation of median VAS, OKS, and EQ-5D between baseline and
twelve months follow-up has been grouped according to the grade of KOA.
VAS improvement is a reduction in score plotted in green and arrow-up.
All grades of OA show an improvement in pain as evidence by a reduction
in the median VAS score. OKS also improved in all grades of OA with the
most gains being made by those with the grade 4 group. EQ-5D
improvement is an increase in score plotted in green and arrow-up,
deterioration in red, and invariance in black. This shows a general trend in
all severity of KOA towards improvement, but these data are not suitable
for detailed subgroup analysis and statistical significance testing as grades 1
and 2 only represent 20% of the total group.
Source: Authors’Data and reproducible statistical analysis with Open Access
statistical software R (version 4.0.0 or higher).
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One patient with posttraumatic OA had an injury as a
child, and the other 3 had a combination of meniscal and
ACL injuries that then lead to KOA.

2.2. Source: Authors’ Data. Full and informed consent was
undertaken for each part of the procedure including sedation,
lipoasipration, and image-guided intra-articular injection.
All procedures were performed in an operating theatre as a
day case, and patients were discharged approximately three
hours following the completion of the procedure.

2.3. Harvesting the Adipose Tissue. The patient was placed
under a sedation administered by an anaesthetist. A small
incision was made to insert a 17G blunt cannula (connected
to a luer-lock 60-cc syringe), and Klein sterile solution
(containing saline, Lignocaine, and epinephrine) injected
into the subcutaneous fat. Approximately, 150-200ml of this
solution was injected in 50ml aliquots into the lower abdom-
inal area. Adipose tissue (approximately 50ml) was then
harvested manually via a 13G blunt cannula (connected to
a Vaclock 20ml syringe), by a consultant plastic surgeon,
experienced in this procedure. The area of fat harvest was
tailored to the body habitus of each patient, (normally lower
abdomen or flank areas) with the patient in a supine position.

An abdominal binder was then applied to the adipose tissue
harvest site.

2.4. Processing and Injecting the Lipoaspirate. The lipoaspi-
rate was processed using the Lipogems® system [29]. This is
a disposable and single-use device. The lipoaspirate is intro-
duced in a closed and aseptic manner into the low-pressure,
full immersion, transparent plastic cylindrical container
through stainless steel wire mesh. The device is prefilled with
saline. Within the container, there are stainless steel ball
bearings that work to mechanically fragment the fat, progres-
sively reducing the size of the clusters of adipose tissue (from
spheroidal clusters with a diameter of 1–3.5mm to clusters of
0.2–0.8mm) through mechanical agitation of the chamber
much like a cocktail shaker. The chamber is flushed with
saline to wash out impurities (e.g., oil, blood, and proinflam-
matory debris). The resulting product is then filtered through
a 500-micron filter. This process takes approximately 20
minutes. A single 6-8ml of this refined product was then
injected directly into the knee joint under ultrasound guid-
ance. This point of care device allows the procedure from
lipoaspiration to the injection of the microfragmented fat to
take place within the same sitting mitigating the need for
any repeat visits from the patient.
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Figure 4: Missingness map. x-axis: outcome variables: gender, age, Visual Analogue Scale (VAS) for pain, Oxford Knee Score (OKS) for
function, and EQ5D for quality of life at preoperative baseline and three, six, and twelve months follow-up. y-axis: data points missing at
random (12%) due to patients lost-to-follow-up: missing data have been estimated probabilistically with uncertainty using the statistical
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(4.0.0 or higher). The missingness map shows the missing data fields in our dataset. All patients have a preprocedure and 1 year VAS for
pain as seen on the right-hand column of the plot. The left-hand column then the missing OKS and EQ5D.
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2.5. Postoperative Care. All patients were provided with a
pack which included analgesia (paracetamol and codeine),
as well as a printed physiotherapy protocol. We advised our
patients to avoid nonsteroidal anti-inflammatory drugs.
Other nonpharmaceutical means of pain control such as rest
and the use of warm and cold packs were advocated. Follow-
ing discharge, outpatient physiotherapy sessions were sched-
uled for each patient. Patients were allowed to bear weight on
their joint postprocedure; however, they were instructed to
avoid any strenuous or high-impact activities for two weeks.
Chemical thromboprophylaxis was not prescribed.

2.6. Multiple Outcome Measurements. Outcomes were mea-
sured using the Visual Analogue Scale (VAS) for pain, the
Oxford Knee Score (OKS) for function, and the EQ5D for
quality of life. All patients completed these questionnaires
before treatment, and at three months, six months, and one
year following treatment. Our analysis in this report includes
the 12 months data.

VAS [30] is a validated measurement system that allows
participants to measure their pain intensity along a continu-
ous scale of values that otherwise cannot clearly be measured.
Participants are presented with a horizontal line that is
anchored by two extremes, between 0 and 100 (0 = no pain,
100 = worst pain), and are asked to place a point along the
VAS line at the point that would represent their current level
of pain.

OKS [31] comprised of 12 questions that were scored 0-4
with 0 being severe and 4 being none, covering pain and
function of the knee. The best outcome is a score of 48, and
the worst score possible is 0.

EuroQol-5 Dimension [32] is a standardized instrument
developed by the EuroQol Group in order to measure the

health-related quality of life in a wide range of medical con-
ditions. Five dimensions are measured in the respondent:
mobility, self-care, usual activity, pain, and anxiety/depres-
sion. Scores were given between 1 and -1; this was recorded
down with 1 being associated with a better quality of life
whilst -1 the opposite.

3. Results

3.1. Summary Results.Median VAS (pain) improved from 70
(IQR 20) at baseline to 30 (IQR 58) at twelve months
(p < 0:001); median OKS (function) improved from 25
(IQR 11) to 33.5 (IQR 16) (p < 0:001); and median EQ-5D
(quality of life) improved from 0.62 (IQR 0.41) to 0.69
(IQR 0.28) (p < 0:001). No adverse events were reported dur-
ing the intraoperative, recovery, or postoperative periods.

Summary results are presented in Table 3 and Figures 1,
2, and 3. Figure 5 shows the study flow diagram with the data
collection points of the study and attrition rate for collected
scores. The missingness map (Figure 4) presents where
scores have not been provided by the patients.

In Table 1, the variation of median VAS, OKS, and EQ-
5D between baseline and twelve months follow-up has been
grouped according to the grade of KOA. This shows a general
trend in all severity of KOA towards improvement, but these
data are not suitable for detailed subgroup analysis and statis-
tical significance testing as grades 1 and 2 only represented
20% of the total sample.

4. Discussion

We report here the results of treating degenerative arthritis of
the knee with autologous microfragmented adipose tissue.
We found that 81% of our patients experienced a reduction
in their pain and a concomitant improvement in their func-
tion with a single injection of MFAT. Median VAS, OKS,
and EQ-5D between baseline and twelve months follow-up
improved for all grades of KOA (Table 1). This shows a gen-
eral trend in all severity of KOA towards improvement, but
these data are not suitable for detailed subgroup analysis
and statistical significance testing as grades 1 and 2 only rep-
resent 20% of the total sample size. The risks of this proce-
dure are low and the possibility of reverting to more
interventional approaches in those who do not improve
remains. Of note is that higher grades of arthritis (KL grades
III and IV) demonstrated an improvement in pain and
function.

Knee OA is a debilitating condition that affects a signifi-
cant proportion of the population in all nationalities. Current
solutions include the correction of deformities to preserve the
knee or otherwise joint sacrificing procedures such as total or
partial replacement. These surgical options carry risk, and
many individuals seek nonsurgical solutions and are not will-
ing to consider surgery until these have been exhausted.

To this end, a growing number of clinicians are using
biologics such as Platelet Rich Plasma and cell-based
therapies to control pain in arthritis and delay the need for
surgical intervention. Among these therapies being investi-
gated is the use of microfragmented adipose tissue. A search

Table 2: Patients’ characteristics.

Characteristics
Number of patients

(total = 110)
Percentage of
patients (%)

Sex

Male 60 54.5

Female 50 45.5

Age (years)

Under 50 6 5.5

50-59 26 23.6

60-69 30 27.3

70-79 34 30.9

Over 80 14 12.7

Kellgren-Lawrence grade

I 1 0.9

II 12 10.9

III 20 18.2

IV 68 61.8

Missing data 9 8.2

Aetiology of OA

Idiopathic 106 96.4

Posttraumatic 4 3.6
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of clinicaltrials.gov revealed a number of ongoing studies
assessing the effects of microfragmented adipose tissue
for KOA.

In our study, we noted a very low number of adverse
events and complications with pain at the harvest and
injections sites. This experience is mirrored in the literature
with a prospective study of 1524 patients, many with signifi-
cant medical comorbidities, who received stromal vascular
fraction procedures. At long term follow-up (22 to 64
months), 98% reported no adverse events and 0.72%
reported a new cancer diagnosis [33]. In a systematic review
and meta-analysis of 36 clinical trials of both autologous and
allogeneic mesenchymal stem cells harvested from several
tissue sources, there was no evidence of increased acute
toxicity, organ system complications, infection, death, or
malignancy [34].

More recently a number of clinical studies have demon-
strated the safety and efficacy of microfragmented fat for
the treatment of KOA. Russo et al. [35] reported on 30
patients who were treated with microfragmented fat as an

adjuvant for the surgical treatment of diffuse degenerative
chondral lesions, with a follow-up of three years. 22 required
no further treatment, and no adverse events were reported.
They also noted that the improvements in Tegner-Lysholm
Knee, VAS, IKDC-subjective, and total KOOS scores
observed at one year were maintained at the three-year mark.

Panni et al. [27] reported similar results with 52 patients
with early KOA, who received arthroscopic debridement
followed by injection of microfragmented fat. At final fol-
low-up, 96.2% of patients expressed satisfaction and reported
good or excellent improvements in function and/or pain.
Hudetz et al. [26] conducted a study where 20 patients with
KOA were treated with a single intra-articular injection of
microfragmented fat. He noted that 17 (85%) showed a sub-
stantial pattern of KOOS and WOMAC improvement, sig-
nificant in all accounts.

4.1. Study Limitations. Our experience has mirrored that of
many other colleagues regarding the use of MFAT in KOA.
This treatment offers a minimally invasive and nonsurgical

Eligible and VAS > 50 (n = 110)

VAS pre-procedure (n = 110)

VAS at 3 months (n = 108)

VAS at 6 months (n = 100)

VAS at 12 months (n = 110)

OKS pre-procedure (n = 105)

OKS at 3 months (n = 90)

OKS at 6 months (n = 78)

OKS at 12 months (n = 84)

EQ5D pre-procedure (n = 105)

EQ5D at 3 months (n = 89)

EQ5D at 3 months (n = 76)

EQ5D at 12 months (n = 81)

Injected with 8 mL MFAT
(n = 110)

Figure 5: Study flow diagram depicts the touch points including the preprocedure assessment, injection of the knee, and subsequent follow-up
and attrition in the collection of outcomes.

Table 3: Summary results.

Parameter Assessment Median score IQR score
Nonparametric paired samples Wilcoxon test

p value

VAS
Pre-op 70 20

p < 0:001
1 year 30 58

OKS
Pre-op 25 11

p < 0:001
1 year 33 16

EQ-5D
Pre-op 0.62 0.41

p < 0:001
1 year 0.69 0.28

Summary of the results showing the median values and Interquartile range (IQR) of Visual Analogue Scale for pain (VAS), Oxford Knee Score (OKS), and
EuroQuol 5D (EQ-5D) at baseline and at 1 year follow-up. A statistically significant improvement in all parameters is demonstrated with p < 0:001.
Source: Authors’ Data and reproducible statistical analysis with Open Access statistical software R (version 4.0.0 or higher).
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method for the treatment of KOA. The main limitation of
this study is the absence of a control group in our sample.
This self-selected group did not want to have major surgery
when they came to our clinic and were treated with an
ultrasound-guided single injection of MFAT. We included
all grades of arthritis but excluded those with deformity
greater than ten degrees. It can be argued that this represents
a heterogeneous group of disease. Combining the age range
of our cohort (42 to 94) as well as the severity of their condi-
tions (KL grade I-IV) makes for many variables and thus
makes subgroup analysis difficult. However, this is a prag-
matic representation of our clinical practice, and the highly
statistically significant improvement of pain, function, and
quality of life cannot be ignored.

The missingness map and study flow diagrams show an
attrition rate of 12% in our data collection. Responder fatigue
is a well-documented phenomenon and may introduce
bias [36].

5. Conclusions

The benefit of this treatment to the individual is in the
mitigation of complications and the associated recovery from
surgical intervention. The aim of any intervention is the
reduction in pain and improvement in function with a
resultant betterment of quality of life. The hope is that this
will then be reflected in the overall healthcare costs at a pop-
ulation level. Despite the limitations detailed above, our
study represents an incremental step in defining the place
for biologic treatments in degenerative joint disease. These
findings are mirrored in a number of other studies [26–28].
What remains unclear is whether true restoration of the car-
tilage occurs or indeed if this is necessary for the clinical
effects seen.

The authors caution that the retrospective nature of the
study and the small number of patients make it impossible
to draw definitive conclusions. The findings need to be vali-
dated with a randomized controlled trial, conducted over a
longer period to check for long-term outcomes, to establish
more clearly the stage of the disease best suited for treatment
with biologics in order to maximize patient-centered efficacy.
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The mesenchymal stem cells (MSCs) are known as highly plastic stem cells and can differentiate into specialized tissues such as
adipose tissue, osseous tissue, muscle tissue, and nervous tissue. The differentiation of mesenchymal stem cells is very important
in regenerative medicine. Their differentiation process is regulated by signaling pathways of epigenetic, transcriptional, and
posttranscriptional levels. Circular RNA (circRNA), a class of noncoding RNAs generated from protein-coding genes, plays a
pivotal regulatory role in many biological processes. Accumulated studies have demonstrated that several circRNAs participate
in the cell differentiation process of mesenchymal stem cells in vitro and in vivo. In the current review, characteristics and
functions of circRNAs in stem cell differentiation will be discussed. The mechanism and key role of circRNAs in regulating
mesenchymal stem cell differentiation, especially adipogenesis, will be reviewed and discussed. Understanding the roles of these
circRNAs will present us with a more comprehensive signal path network of modulating stem cell differentiation and help us
discover potential biomarkers and therapeutic targets in clinic.

1. Introduction

Circular RNAs are a new and intriguing class of noncod-
ing RNA, produced from precursor mRNA (pre-mRNA),
single-stranded, and covalently closed. circRNAs have been
discovered for more than 40 years [1], once were
described as the by-products of aberrant splicing with
functional proteins [2–4]. This cognition has been changed
in recent years, with the development of high-throughput
sequencing technology and novel bioinformatics algo-
rithms [5]. Thus, backspliced junctions of circRNAs can
be reliably identified, through short-read paired-end RNA
sequencing (RNA-seq) technology [6, 7]. By sequencing
nonpolyadenylated transcriptomes, researchers find that
circRNAs are generally expressed in eukaryotes. Their
expression has characteristics of cell type-specific and
tissue-specific [5, 8]. Although the functions of thousands
of described circRNAs remain unknown, accumulated
studies have already shown that circRNAs can participate

in cellular activities, embryonic development, neural devel-
opment, and the development of a variety of human dis-
eases [9, 10]. With the regulatory role of circRNAs, the
researchers try to find out the potential functions of cir-
cRNAs in cell differentiation of mesenchymal stem cells.

The mesenchymal stem cells can be isolated from adult
tissues, including bone marrow, adipose tissue, and umbilical
cord, and other sources [11]. MSCs are multipotent stromal
cells with low immunogenic potential that can differentiate
into a variety of unique mesenchymal cell types, such as oste-
oblasts, chondrocytes, and adipocytes. With the development
of regenerative medicine, MSCs have been widely applied
in effective cell-based therapy for tissue regeneration and
repair [12–14].

This review is aimed at presenting and discussing the
mechanism on how circRNAs affect adipogenic differentia-
tion of MSCs based on existing literature. Moreover, we pro-
pose to summarize the signal path network and figure out the
direction to be studied.
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2. Adipogenic Differentiation of MSCs

Mesenchymal stem cells are a heterogeneous population of
multipotent elements resident in tissues such as bone mar-
row, muscle, and adipose tissue, which are primarily involved
in developmental and regeneration processes [15]. MSCs
participate in the repair/remodeling of many tissues. They
have an ability termed “plasticity” in which they differentiate
into specific cell-matured phenotypes under defined condi-
tions [16]. The control of stem cell fate has been primarily
attributed to the regulation of genetic and molecular medi-
ators which are critical determinants for the lineage deci-
sion of stem cells. Though complex signaling pathways
that drive commitment and differentiation, MSCs can dif-
ferentiate into the osteogenic, chondrogenic, adipogenic, or
myogenic lineage.

Adipogenesis is one of the significant differentiation
directions of mesenchymal stem cells, which can be regulated
by transcription factors [17]. In this process, MSCs restrict
their fate to the adipogenic lineage, accumulate nutrients,
and become triglyceride-filled mature adipocytes. This pro-
cess can be divided into two steps. In the first step, ADSCs
restrict themselves to the adipocyte lineage without any mor-
phological changes, forming a preadipocyte (commitment
step). Following this commitment is the terminal differentia-
tion step, during which specified preadipocytes undergo
growth arrest, accumulating lipids and forming functional,
insulin-responsive mature adipocytes [18].

2.1. Commitment Step. At the launch stage of adipogenesis,
the expression of c-Jun and c-Fos in ADSCs is increased
[19]. c-Fos binds to the AP-2 promoter and modulates AP-
2 expression [20]. At this moment, binding of AP-2α to
CCAAT/enhancer-binding protein (C/EBP) α represses its
activity to avoid C/EBPα preventing preadipocytes from
entering mitotic clonal expansion. The signal transducers
and activators of transcription (STAT) family, especially
STAT 5A and 5B, are highly expressed in this stage [21].
The induction of STAT 5A/5B in preadipocytes is accompa-
nied by the ectopic expression of C/EBPβ and δ and is also
coordinately regulated with the peroxisome proliferator-
activated receptors (PPAR) γ [22]. After 2-6 hours of induc-
tion, the expression of c-Jun, c-Fos, etc. disappeared. In this
early lineage commitment process, Wnt/β-catenin functions
as a critical initiator, suppresses the induction of adipogene-
sis, and regulates the cell cycle [23, 24]. Reports have shown
that Wnt10b appears to have an activating role in commit-
ment and maintains preadipocytes in an undifferentiated
state through inhibition of C/EBP-α and PPARγ [25, 26].

Following a delay of about 16–20 hours after induction,
preadipocytes synchronously reenter DNA synthesis pro-
phase of the cell cycle [27] and undergo several rounds of
mitotic clonal expansion. Along with preadipocytes entering
into S phase and mitotic clonal expanding, C/EBPβ gains its
DNA-binding activity. C/EBPβ is phosphorylated twice
sequentially, leading to the acquisition of DNA-binding
function [28]. After 18–24 hours, the C/EBPα and PPARγ
genes are transcriptionally activated by C/EBPβ through
C/EBP regulatory elements in their proximal promoters

[29]. PPARγ2 and C/EBPα coordinately transactivate a large
group of genes that produce the adipocyte phenotype. They
constituted the most important signal path of adipogenic dif-
ferentiation, C/EBPβ+δ-PPARγ-C/EBPα [30].

2.2. Terminal Differentiation Step. Preadipocytes have
entered the growth inhibition phase; then, the cells immedi-
ately return to the cell cycle and enter the asexual amplifica-
tion stage. While the transcriptional activity of C/EBPβ/δ is
enhanced by STAT 5A/5B, C/EBPα is increasingly expressed
and achieved the highest concentration in the time of induc-
tion for 4 d. [22, 31]. The cells then exit the cell cycle losing
their fibroblastic morphology and start accumulating triglyc-
eride in the cytoplasm with the appearance and metabolic
features of adipocytes [32]. Lipid accumulation drives the
expression of the adipocyte fatty acid-binding protein, AP2,
and mediates PPARγ expression. The insulin-sensitive trans-
porter GLUT4 also expressed increasingly, promoting the tri-
glyceride accumulation [18]. In the terminal differentiation,
the canonical Wnt signaling pathway can also regulate adipo-
genesis by attenuating the expression of Wnt10b [25]. Wnt
family members can also activate noncanonical pathway
antagonizing the canonical pathway [32]. Through Wnt5b,
the noncanonical pathway inhibits adipogenesis by decreas-
ing the transcriptional activity of PPARγ and regulates insu-
lin sensitivity of the differentiating adipocytes [33, 34]. Then
activated phosphoinositide 3-kinase (PI3K)/serine/threonine
protein kinases B (Akt) signaling in mesenchymal cells drives
and maintains the adipogenesis around 7-28 d after induc-
tion [35]. With such complex factors regulated, adipogenic
precursor cells complete triglyceride accumulation after a
few days of induction, showing typical adipocyte
morphology.

3. Characteristics and Functions of circRNA

circRNAs are generated from pre-mRNAs; most of them are
arising from exons. By using the standard splice signals, two-
step mechanism, and spliceosome machinery, the 3′ tail of
one exon is joined to the 5′ head of an upstream exon; pre-
mRNAs compose into a covalently closed and circular con-
figuration [6, 36, 37]; besides, some circRNAs can also arise
from introns [38]. The formation of circRNAs depends on
the RNA-editing enzyme ADAR1 and can be facilitated by
cis-regulatory elements and trans-acting factors [36, 39–42].
According to types of circularization, circRNAs can be classi-
fied into exonic circRNAs and intronic circRNAs. They are
distinct and independent varieties in a generation. In recent
years, researchers focus on clarifying the functions of cir-
cRNAs, which are involved in the regulation of multiple bio-
logical processes.

3.1. miRNA Sponge. circRNAs are usually considered one
class of noncoding RNA, which mainly function as efficient
microRNA (miRNA) sponge, which is involved with miRNA
inhibition with regulatory potential [9, 43, 44]. Indeed, this
phenomenon has been widely reported, circRNA overexpres-
sion could alleviate apoptosis and promote anabolism
through the miRNA pathway [45, 46]. This route is generally
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considered endogenous RNA (ceRNA) and constitutes a reg-
ulatory network across the transcriptome [47, 48]. In the reg-
ulation of MSC differentiation, sponging function of
circRNA has been extensively investigated. However, only a
few of circRNAs were showed to serve as miRNA sponge
[49, 50]. They may play a part in other functions. In addition,
some of the circRNAs do not display binding sites for
miRNA; future efforts should be done to elucidate the mech-
anisms on improving circRNAs to expose their binding sites
to the corresponding miRNAs.

3.2. Sponging Protein. There is still a large class of circRNAs
with many protein binding sites, which are essential for
strong and direct interaction between protein and circRNAs.
Target protein can impact circularization rates of circRNA,
and circRNA could then sponge out the excess protein by
binding to it [51, 52]. circRNAs function as protein sponge
and are less found in regulating MSC differentiation. This
function is more directly related to protein-protein interac-
tion, which means they are significant for MSC differentia-
tion [53].

3.3. Protein-Coding Function. circRNAs are generally consid-
ered “noncoding” RNAs; in fact, they also serve as templates
for protein translation. A few publications provide initial evi-
dence that circRNAs contain an open reading frame and can
encode polypeptides and even a protein isoform in a splicing-
dependent/cap-independent manner [10, 49, 54]. A protein-
coding function of circRNAs is recently discovered; it not
only corrects the wrong perception but also provides a new
research area.

3.4. Other Functions. circRNAs can be linked to exon skip-
ping and affect the splicing of their linear mRNA counter-
parts [55]. Nuclear retained circular RNAs regulate
transcription of their parental genes and splicing of their lin-
ear cognates [56]. A mount of circRNA-derived pseudogenes
has been identified by retrieving noncolinear backsplicing
junction sequences, which demonstrates that circRNAs are
resources for the derivation of pseudogenes [57]. circRNA
can also act as a protein subunit associated with the holoen-
zyme in metabolic adaptation, assembles and stabilizes the
holoenzyme complex, and maintains basal activity [58].

Based on the above studies, it enlightens us that it is nec-
essary for exploring how circRNAs regulate MSC differentia-
tion. Additionally, epigenetic modifications can also occur in
RNA, called the epitranscriptome, which refers to stable and
heritable changes in gene expression that do not alter the
RNA sequence. N6-Methyladenosine (m6A) is always
found to occur in the consensus sequence identified as
RRACH (R = G or A; H = A, C, or U) and promote
the translation of the circRNAs [59]. It is the most abun-
dant epigenetic modification in eukaryotes and plays a sig-
nificant role in autophagy and adipogenesis regulation
[60]. If we combine with epigenetic modification, researches
about regulating functions of circRNA in MSCs may come to
a new stage.

4. circRNA and Regulation of
MSC Differentiation

circRNAs are the key regulators of gene expression and pro-
tein functions in epigenetic regulation. As previously men-
tioned, the differentiation of MSC is a highly controlled
process, which is regulated by both proteins and noncoding
RNAs. Due to their functions in regulating epigenetic and
molecular biological processes, recent research suggests that
circRNAs play a considerable role in cell fate decisions of
MSC differentiation [10]. Current studies demonstrate that
the majority of circRNAs participate in the process of adipo-
genesis, myogenesis, and osteogenesis of MSCs [61, 62].

4.1. Adipogenesis and Osteogenesis of MSCs. Osteogenesis is
thought to be most closely related to adipogenesis in the dif-
ferentiation of MSCs. There is a balance between adipogenic
and osteogenic differentiation processes. circRNAs regulate
adipogenesis and osteogenesis by, respectively, affecting a
variety of signaling pathways, but in the end, they will con-
verge at several major transcription factors that are shared
in differentiation including PPARγ and WNT [63, 64].

Cerebellar degeneration-related protein 1 transcript
(CDR1as), also known as circular RNA sponge for miR-7
(ciRS-7), was reported to be involved in the osteogenesis
[61, 65]. CDR1as can inhibit osteogenesis and promotes adi-
pogenesis by inhibition of miR-7 via targeting GDF5 through
the MAPK signaling pathway in bone mesenchymal stem
cells (BMSCs) [66]. Beyond that, many circRNAs can regu-
late the proliferation and osteogenesis of MSCs through
sponging some specific miRNAs which are similar to their
effect on adipogenesis and other differentiation [67–69].

4.2. Myogenesis and Neuronal Differentiation. circRNAs are
also abundant in skeletal muscle tissue, and their expression
levels can regulate muscle development, ageing, and differen-
tiation. As described above, CDR1as is involved in various
directions of differentiation in MSC. In skeletal muscle satel-
lite cells (SMSCs), it subsequently activates myogenesis
through sponging miR-7 [70, 71]. Several circRNAs also
work in the same way by sponging miRNAs to promote
or repress the myogenic differentiation of MSCs, such as
circHIPK3 and circ-FoxO3 [72–74]. Other than that, cir-
cRNAs have been identified to be differentially expressed
in different differentiation stages of neural stem cells (NSCs).
It is likely that some specific circRNAs resulted in the corre-
sponding expression of mRNA and involved in neuronal dif-
ferentiation [75].

These shreds of evidence suggest that circRNAs play a
significant role in regulating MSC differentiation. The cur-
rent review is aimed at highlighting the regulation of adipo-
genic differentiation of MSCs by circRNAs.

5. circRNAs Regulate Adipogenesis

The pathways of circRNAs regulating osteogenesis and myo-
genesis are closely related to adipogenic differentiation. Even
certain circRNAs play a multiplicative role that antagonizes
among these directions of differentiation. Therefore,
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circRNA regulating cell differentiation of MSC is an
exchange network that each differentiation direction is
closely related. It suggests that the perspective of adipogene-
sis will contribute to understanding the landscape of the cell
differentiation network of mesenchymal stem cells. The
research methods of circRNAs regulating osteogenesis and
myogenesis can also be used in the study on circRNA regulat-
ing network of adipogenesis. It is efficient for gene chip tech-
nology and bioinformation analysis to be used to preliminary
screen. Combined with molecular biology experiment, the
pathway of circRNA regulating adipogenesis could be basi-
cally verified. According to the regulatory network of cir-
cRNAs in adipogenesis, researchers can explore more
directions of MSCs in clinical transformation.

Recent studies have demonstrated a few circRNAs acting
as a miRNA sponge to regulate adipogenic differentiation,
while other circRNAs can also compete with proteins that
participate in the regulation of adipogenesis. Therefore, we
emphasized the regulatory network of circRNAs in regulat-
ing adipogenesis (Table 1).

5.1. CDR1as–miR-7-5p–WNT5B. Confronting research dis-
covers that circRNA, hsa_circ_0001946 (CDR1as), may play
a crucial role in adipogenic/osteogenic differentiation process
via CDR1as–miR-7-5p–WNT5B axis in BMSCs [61].
CDR1as has been reported to affect the expression of target
genes and plays an important role in the pathogenesis via
adsorbing miR-7-5p [84–86]. miR-7-5p can be sponged by
CDR1as [66] and target WNT5B-3′UTR [61]. Experiments
show that the upregulation of CDR1as will promote the
expression of WNT5B via competitively harboring miR-7-
5p. WNT5B, a member of the WNT family, can inhibit β-
catenin in the WNT/β-catenin signaling pathway [87, 88].
Downregulation of β-catenin can promote the expression
of PPARγ, which promotes adipogenic differentiation and
inhibits osteogenic differentiation in BMSCs [61]. In 3T3-
L1 preadipocytes, low expression of β-catenin can also pro-

mote adipogenic differentiation and inhibit osteoclast differ-
entiation by inducing the expression of PPARγ [89, 90].
However, further studies will be needed to demonstrate the
effects of circRNAs on BMSC adipogenic differentiation
in vivo.

5.2. CircH19–PTBP1. Hsa_circ_0095570 derived from H19
pre-RNA, also called circH19, has putative binding sites with
RNA-binding protein polypyrimidine tract-binding protein
1 (PTBP1) [53]. PTBP1, also known as hnRNP I, belongs to
a subfamily of heterogeneous nuclear ribonucleoproteins
(hnRNPs), which moves rapidly between the nucleus and
cytoplasm as a shuttling protein [91]. On the asexual ampli-
fication stage, a basic helix-loop-helix transcription factor is
expressed in adipocytes during adipogenesis and determina-
tion, called sterol-regulatory element-binding protein 1
(SREBP1, ADD1). One of its isoforms, SREBP-1c, contrib-
utes to the generation of PPARγ ligands and promotes
energy mobilization with phosphorylation by MAPK [92,
93]. A previous study demonstrated that PTBP1 played an
important role in the cleavage of SREBP1 precursor and
translocation of nSREBP1 protein [94]. circH19 might inter-
act with PTBP1 to block the function of PTBP1, resulting in
the inhibition of SREBP1 precursor cleavage. To sum up,
has_circH19 suppresses PTBP1 and decreases the cleavage
of the SREBP1 precursor, thus inhibiting the translocation
of nSREBP1 to the nucleus. The inhibition of circH19 can
promote the transcription of lipid-related genes, leading to
lipid accumulation in hADSCs [53]. In other words, circH19
can function as an inhibitor of PTBP1 and prevents hADSCs
from transforming into adipocytes with enhanced ability to
absorb lipids. This is the first time to demonstrate that cir-
cRNA regulates MSC adipogenesis by sponging protein.
High levels of hsa_circH19 is an independent risk factor for
metabolic syndrome. So, the expression of hsa_circH19
might be related with lipid metabolism in adipose tissue from
patients of metabolic syndrome.

Table 1: Circular RNAs regulate adipogenic differentiation.

circRNA miRNA or protein
Target
gene(s)

Cell Related process Reference

Hsa_circ_0001946 (CDR1as) miR-7-5p Wnt5b BMSCs
↑Adipogenesis
↓Osteogenesis

[61]

Hsa_circ_0095570 (circH19) PTBP1 SREBP1 hADSCs ↓Adipogenesis [53]

CircFOXP1
miR-17-3p andmiR-

127-5p
Wnt5b and
Wnt3a

BMSCs ↑Adipogenesis [76]

circRNA 2: 27713879|27755789 and circRNA 2:
240822115|240867796

miR-328 C/EBPα
MC3T3-E1

↓Adipogenesis
↑Osteogenesis

[77, 78]miR-23a-5p and
miR-326

TGF-β

circRNA-11897
miR-27a and miR-

27b
PPARγ Adipocytes ↑Adipogenesis [79]

circRNA-26852
miR-874 PPARα

Adipocytes ↑Adipogenesis [79]
miR-486 FOXO1

CiRS-133 miR-133 PRDM16 Preadipocytes ↑WAT browning [80]

circRNA-0046366 miR-34a PDGFRα Adipocytes
↑Hepatocellular

steatosis
[81, 82]

CircSAMD4A miR-138-5p EZH2 Preadipocytes ↑Adipogenesis [83]
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5.3. CircFOXP1–miR-17-3p/miR127-5p. CircFOXP1 origi-
nates from the forkhead box (FOX) P1 gene, which is related
to the maintenance of BMSC identity and regulation of dif-
ferentiation. CircFOXP1 acts as an essential gatekeeper of
BMSC identity, which can promote proliferation and dif-
ferentiation by target sponging miR-17-3p and miR-127-
5p [76]. The combined action of miR-17-3p and miR-
127-5p may regulate growth, survival, and balance between
undifferentiated and differentiated MSCs through epider-
mal growth factor receptor (EGFR) and noncanonical
Wnt signaling [76, 95–97]. In BMSCs, elevated levels of
circFOXP1 can preserve the BMSC multipotent state by
sponging multiple miRNAs, sustain noncanonical via
Wnt5b, and consequently inhibit the canonical Wnt path-
way via Wnt3a [76]. This functional interaction is funda-
mental to inhibit miRNA activity and avoid interference
of signaling cascades associated with stemness and differ-
entiation. CircFOXP1 should be regarded as a regulator
of sustaining mesenchymal stem cell identity and the
capacity of MSCs to differentiate into the adipocytic line-
age [76]. Knockdown circFOXP1 in MSCs will inhibit adi-
pogenic differentiation and decrease accumulation of
intracellular lipid droplets.

5.4. circRNA 2: 27713879|27755789 and circRNA 2:
240822115|240867796. Estrogen receptor (ER) β is structur-
ally and functionally related to isoforms of ER. Its expression
is increased during osteoblast differentiation [98]. It was
shown that ERβ was capable of upregulating the expression
levels of osteogenesis-related markers and inducing the oste-
ogenic differentiation of MC3T3-E1 [77]. Recently, the
experiment demonstrates that ERβ may regulate the expres-
sion levels of miR-328, miR-23a-5p, andmiR-326 via circRNA
2: 27713879|27755789 and circRNA 2: 240822115|240867796
and consequently impact on the balance between osteogenic
differentiation and adipogenic differentiation. In their experi-
ment, circRNA 2: 27713879|27755789 and circRNA 2:
240822115|240867796 were identified to target miR-328
[78], while miR-328 can upregulate the expression of C/EBPα
to inhibit cell proliferation and is involved in the dynamic bal-
ance between osteogenesis and adipogenesis [78]. circRNA 2:
27713879|27755789 and circRNA 2: 240822115|240867796
can also target miR-23a-5p and miR-326 as miRNA sponge
by regulating the TGF-β signaling pathway and serve as an
inhibitor of adipogenic differentiation [78, 99, 100]. The above
study shows that circRNAs can work together and affect sev-
eral kinds of miRNA to achieve its regulating potential. This
discovery is very helpful for contributing the circRNA regulat-
ing network in MSC differentiation.

5.5. circRNA-11897–miR-27a/miR-27b–PPARγ.miR-27 is an
antiadipogenic microRNA partly by targeting prohibitin
(PHB) and impairing mitochondrial function. Ectopic
expression of miR-27a or miR-27b impaired mitochondrial
biogenesis, structural integrity, and complex I activity
accompanied by excessive reactive oxygen species produc-
tion [101]. miR-27a can accelerate the hydrolysis of triglycer-
ide and suppress adipocyte differentiation by repressing the
expression of PPARγ [102]. Via identification and character-

ization of circRNAs, researchers find that circRNA-11897
can bind miR-27a and miR-27b [79]. By sponging miR-27a
and miR-27b, circRNA-11897 regulates adipogenic differen-
tiation and lipid metabolism of adipocyte in the subcutane-
ous adipose tissue [79]. Besides, the target genes of
circRNA-11897 are also enriched in biological processes,
which are related to lipid metabolisms such as fatty acid bio-
synthetic process, MAPK cascade reaction, extracellular-
regulated protein kinase (ERK)1 and ERK2 cascade reaction,
and cell proliferation [79]. In the early stage of adipogenic
differentiation, the activated ERK signaling pathway can
induce the expression of C/EBP and PPARγ and induce adi-
pogenic differentiation of 3T3-L1 preadipocytes [103]. In a
later stage, ERK1/2 is phosphorylated, and PPARγ is inacti-
vated. Thus, preadipocyte differentiation is inhibited [104].

5.6. circRNA-26852–miR874-PPARα and circRNA-26852–
miR486–FOXO1. miR-874 and miR-486 are the target genes
of circRNA-26852, which are enriched in biological processes
of adipocyte in the subcutaneous adipose tissue. These miR-
NAs are related to fat deposition and lipid metabolism, such
as regulation of triglyceride catabolic process, negative regu-
lation of lipid storage, and phosphatidic acid biosynthetic
process [79]. miR-874 can regulate lipid metabolism, glycer-
ophospholipid metabolism, adipocyte differentiation, and
glucose metabolism by inhibiting the expression of PPAR
pathway-related genes, PPARα [105, 106]. miR-486 can
inhibit the transcription factor FOXO1 and plays a role in
insulin functioning and triglyceride metabolism. Therefore,
circRNA-26852 working as competing for endogenous RNAs
of miR-874 and miR-486 may participate in adipogenic dif-
ferentiation and lipid metabolism. The pathway enrichment
analysis shows that the target genes of circRNA-26852 are
enriched in the PPAR signaling pathway and transforming
growth factor-β (TGFβ) signaling pathway. Through these
two signaling pathways, circRNA-26852 regulates the trans-
formation of mesenchymal stem cells into adipocytes [79].
In this research, it shows us a possibility of circRNA working
in two directions simultaneously. It is going to be a new per-
spective in our future research.

5.7. CiRS-133-miR-133-RDM16. Exosomes play a key role in
mediating signaling transduction between neighboring or
distant cells by delivering microRNAs, proteins, lncRNAs,
circRNAs, and DNAs [107]. A recent study has indicated that
circRNA is enriched and stable in exosomes [108]. One exo-
some delivered circRNA, hsa_circ_0010522 (also named
ciRS-133), can suppress specific adipose miR-133 levels in
preadipocytes by adsorptive action [80]. PR domain contain-
ing 16 (PRDM16), a zinc finger transcription factor control-
ling a brown fat/skeletal muscle switch, has been proposed to
be a bidirectional cell fate switch. It promotes brown adipose
tissue (BAT) differentiation while inhibits myogenesis in
myoblasts [109, 110]. Loss of PRDM16 function results in
myogenic differentiation of preadipocytes isolated from
BAT, while the gain of PRDM16 function leads to the genesis
of BAT in myoblasts [111]. PRDM16 has also been found to
be a determining factor of beige adipocytes in subcutaneous
white adipose tissue (WAT) and promote browning of
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WAT in gastric tumors [111, 112]. Previous studies have
confirmed that miR-133 is the upstream regulator of
PRDM16, and the miR-133/PRDM16 axis controls the for-
mation of BAT and is linked to energy balance [7, 113]. By
activating PRDM16 and suppressing miR-133, ciRS-133 acti-
vates uncoupling protein 1 (UCP1) and promotes the differ-
entiation of preadipocytes into brown-like cells. Therefore,
by targeting the miR-133/PRDM16 pathway, circulating exo-
somal ciRS-133 may be a common regulator that promotes
white adipose browning of preadipocyte in WAT [80].

5.8. circRNA-0046366–miR-34a–PDGFRα. Studies reveal
that circRNA-0046366 inhibits hepatocellular steatosis by
normalizing PPAR signaling. Besides, circRNA-0046366
can antagonize the activity of miR-34a via meiotic recombi-
nation- (MRE-) based complementation [81]. miR-34a will
inhibit adipogenesis by targeting PDGFRα [82]. By sponging
miR-34a, circRNA-0046366 is associated with triglyceride
metabolism at both transcriptional and translational levels.
Consequently, circRNA-0046366 promotes the adipogenic
differentiation through activating the ERK signaling path-
way [81, 82].

5.9. CircSAMD4A–miR-138-5p–EZH2. Experiments indicate
that circSAMD4A also named hsa_circ_0004846 regulate
preadipocyte differentiation by sponging miR-138-5p. Previ-
ously, miR-138-5p has been reported targeting various pro-
teins associated with adipogenesis in MSCs [114]. Binding
to miR-138-5p, CircSAMD4A can increase the expression
of EZH2 which has two downstream targets Wnt10b and
Wnt1. Thus, circSAMD4A can induce adipocyte differentia-
tion via the canonical Wnt signaling pathway [83]. It suggests
that circSAMD4A can serve as a potential prognostic marker
or treatment target for the therapy of tumors or metabolic
diseases.

6. Potential circRNA Regulatory Path

As described above, circRNAs can sponge miRNA or protein
to play the regulation role in adipogenesis. In general, cir-
cRNAs participate in adipogenic differentiation by modulat-
ing PPAR or Wnt pathway. Besides those targeted factors as
mentioned above, there are still potential targets that may be
regulated by circRNAs.

6.1. CircPVT1–miR-125–PPARα and PPARγ. CircPVT1, also
known as circ6, is generated from exon 2 of the PVT1 gene. It
is located on chromosome 8q2. As a homologous gene of the
long noncoding RNA PVT1 (human genome GRch38/hg38),
this circRNA plays a critical role in regulating human physio-
logical and pathological functions. CircPVT1 is a senescence-
associated circRNA showingmarkedly reduced levels in senes-
cent fibroblasts [115]. By sponging the miR-125 family,
CircPVT1 exhibits elevated levels in dividing cells and pro-
motes cell proliferation [116]. The physiological functions of
circPVT1 in gastric cancer cells include cell proliferation, cell
apoptosis, and stem cell self-renewal [117]. On the launch sig-
nal of adipogenesis, c-Fos can bind to circPVT1 at its pro-
moter region and promote the direct interaction between
circPVT1 and miR-125 [116]. Studies have suggested that

miR-125 can enhance the proliferation and differentiation of
ADSCs [99]. The expression of miR-125 is significantly chan-
ged at day 8 after adipogenic induction. It can dramatically
reduce the mRNA expression of adipogenic markers C/EBPα,
PPARγ, FABP4, fatty acid synthase (FASN), lipoprotein lipase
(LPL), aP2, and estrogen-related receptor α (ERRα) [118].
Furthermore, miR-125 can inhibit the differentiation of prea-
dipocytes by directly targeting KLF13 and affect the fatty acid
composition in adipocytes by regulating elongase of very-
long-chain fatty acids 6 (ELOVL6) [119]. In summary,
circPVT1may be a potential regulatory factor of adipogenesis,
which simultaneously upregulates PPARα and PPARγ by
affecting miR-125.

6.2. Circ-0004194. Circ-0004194 expressed in a variety of
human tissues is also called Circβ-catenin. It can be trans-
lated into a novel 370-amino acid β-catenin isoform that
was termed “β-catenin-370aa.” As the linear β-catenin
mRNA transcript, circβ-catenin uses the same start codon
but its translation is terminated at a new stop codon created
by circularization. A recent study demonstrates that this
novel isoform can stabilize full-length β-catenin by antago-
nizing GSK3β-induced β-catenin phosphorylation and deg-
radation. Thus circβ-catenin potentiates the activation of
the Wnt/β-catenin pathway in liver cancer [49]. Perhaps,
circβ-catenin can play the same role in adipogenesis, even
in cell differentiation of MSCs. Protein coding by circRNA
plays a significant role in adipogenesis but rare of them has
been discovered. There is still a blank area waiting for explo-
ration, especially in the regulation of MSC differentiation.

6.3. CircCDK13–miR-135b-5p–PI3K/AKT and JAK/STAT.
CircCDK13 (hsa_circ_0001699), a novel circRNA tran-
scribed from the human CDK13 gene, is closely related to cell
senescence and regulation of cell cycle [120]. CircCDK13
may upregulate the relevant gene expression of the signaling
pathway through spongemiR-135b-5p. Therefore, circCDK13
can inhibit the PI3K/AKT pathway and JAK/STAT signaling
pathway which is a very critical regulatory machinery for cel-
lular development and proliferation in liver cancer [121].

Beyond that, by repressing miR-9, circSMAD2 impedes
the activation of STAT3 and MEK/ERK pathways in migra-
tion and epithelial-mesenchymal transition [122]. CircRNA-
0044073 promotes the proliferation of cells by sponging
miR-107 and activating the JAK/STAT signaling pathway
[123]. There are still many factors that regulate adipogenesis
which may be the targets of circRNAs, such as miR-143
[124], miR-130 [125], miR-145 [126], miR-181a [127], and
let-7 [128].

7. Conclusion

Recent studies demonstrate that a large number of endoge-
nous circRNAs have a major functional role in stem cell fate
decision-making processes such as adipogenic differentia-
tion. Therefore, we concluded the previous work into a pri-
mary molecular network on the regulation role of the
circRNAs in adipogenesis of MSCs (Figure 1). The findings
from circRNA investigations during adipogenesis suggest
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the potential application of circRNAs or target miRNAs to
treat lipid metabolism, bone diseases, and metabolic disor-
ders. The molecular mechanism of circFOXP1 in MSCs has
been deeply discussed. It should be regarded as an essential
gatekeeper of pivotal stem cell molecular networks and con-
trolled MSC identification. With this being fundamental, cir-
cRNAs regulating cell differentiation can sum into a network
which is helpful for clinical transformation. Exosomes are
secreted by many different types of cells, which regulate cel-
lular function by enabling cell-to-cell transfer of biologically
active molecule, such as miRNA and circRNA. CiRS-133 in
exosomes is closely linked with the browning of white
adipose tissue by activating PRDM16 and suppressing miR-
133. It not only provides a potential target for therapy but
also lightens us with a possibility that exosomes serve as a
messenger to deliver circRNAs into cells for clinical
treatment.

While circRNAs are an epigenetic regulator, their poten-
tial role in modulating differentiation of MSCs is infinite.
Current studies on circRNAs in MSCs’ adipogenesis concen-
trate on the regulation of triglyceride accumulation. How-
ever, the study on circRNA regulating the commitment step
of adipogenesis is still a blank field. The modes of circRNA
regulating adipogenesis in existing reports are also unitary.
Previous experiments mainly focused on circRNAs’ function
as sponge; the other functions should be explored in future
study. To further elucidate the mechanisms of circRNAs on

adipogenesis in stem cells, future work should be conducted
to expose their binding sites to the corresponding miRNAs.

The functions of circRNAs in regulating adipogenesis
have a considerable reference value in the epigenetic regula-
tion of cell differentiation. Future investigation on circRNAs
has great potential usefulness and clinical transformation.
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Periodontitis is the sixth-most prevalent chronic inflammatory disease and gradually devastates tooth-supporting tissue. The
complexity of periodontal tissue and the local inflammatory microenvironment poses great challenges to tissue repair. Recently,
stem cells have been considered a promising strategy to treat tissue damage and inflammation because of their remarkable
properties, including stemness, proliferation, migration, multilineage differentiation, and immunomodulation. Several varieties
of stem cells can potentially be applied to periodontal regeneration, including dental mesenchymal stem cells (DMSCs),
nonodontogenic stem cells, and induced pluripotent stem cells (iPSCs). In particular, these stem cells possess extensive
immunoregulatory capacities. In periodontitis, these cells can exert anti-inflammatory effects and regenerate the periodontium.
Stem cells derived from infected tissue possess typical stem cell characteristics with lower immunogenicity and
immunosuppression. Several studies have demonstrated that these cells can also regenerate the periodontium. Furthermore, the
interaction of stem cells with the surrounding infected microenvironment is critical to periodontal tissue repair. Though the
immunomodulatory capabilities of stem cells are not entirely clarified, they show promise for therapeutic application in
periodontitis. Here, we summarize the potential of stem cells for periodontium regeneration in periodontitis and focus on their
characteristics and immunomodulatory properties as well as challenges and perspectives.

1. Background

Periodontitis is a chronic inflammatory condition that grad-
ually devastates tooth-supporting tissue, which is comprised
of the periodontal ligament (PDL), gingiva, and alveolar
bone. The severe form of periodontitis, which impacts 743
million around the world, is the sixth-most prevalent chronic
disease [1, 2]. Periodontitis is not only the main reason for
tooth loss in adults but is also related to a variety of chronic
diseases (i.e., diabetes, obesity, osteoporosis, arthritis, depres-
sion, cardiovascular disease, and Alzheimer’s disease) [3–5].

Conventional therapies focus on utilizing natural and
synthetic materials to fill defects of periodontal tissue, but
these substitutes do not result in the actual restoration of

the original physical structure and function of the tissue
[6]. Due to the complexity of periodontal tissue, it is still a
challenge to regenerate the periodontium. Tissue engineering
approaches for regenerative dentistry consist of stem cells in
the oral cavity, cytoskeleton, and growth factors. Stem cells
exhibit highly promising therapeutic potential in periodontal
regeneration owing to their self-renewal property and the
plasticity of their potential to differentiate [7]. DMSCs,
nonodontogenic stem cells, and iPSCs can be applied to peri-
odontal tissue regeneration. Given the remarkable properties
and versatility of stem cells, they are considered to be an effi-
cient approach to regenerate periodontal tissue [8–10]. In
addition, stem cells play a crucial role in immunosuppressive
and anti-inflammatory functions [11]. In periodontitis, stem
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cells can be delivered to a site of infection and function as
critical players to control inflammation and the immune
response, achieving a regenerative process [12].

Here, we briefly summarize the potential of stem cells for
periodontium regeneration, mainly focusing on their charac-
teristics and immunomodulatory properties as well as the
challenges and perspectives for their application.

2. Pathological Mechanism of Periodontitis

Uncovering the mechanisms of inflammatory responses in
periodontitis will facilitate the application of stem cells to
treat this disease [13]. Periodontal tissue homeostasis is
dependent on the balance between host immune defenses
and microbial attacks [14]. Once the dysbiotic microbial
community subverts a susceptible host, an inflammatory
response is generated [15]. This process is mediated by the
immune system of the host, which triggers the breakdown
of tooth-supporting structures, resulting in the initiation of
periodontitis (Figure 1).

2.1. Microbial Dysbiosis: The Causative Agent of Periodontitis.
The dysbiotic microbial community consists of anaerobic
bacterial genera, including Proteobacteria, Firmicutes, Spiro-
chaetes, Synergistetes, and Bacteroidetes [16]. The subgingival
microenvironment affords opportunities for the microbial
community due to the enrichment of inflammatory media-
tors. The dysbiotic microbial community subverts host
immune responses by enhancing their nutrient acquisition
and evasion strategies in the inflammatory milieu. The
dysbiotic oral microbiota display synergistic interactions that
can cause reciprocal proteomic and transcriptomic responses
to reinforce nutrient acquisition [17, 18]. The dysbiotic oral
microbiota procure nutrients from destructive inflammatory
tissue, including heme-containing composites and degraded
collagen peptides [19]. These periodontal bacteria can
improve their fitness by regulating the communication with
the host immune response. For example, these bacteria
escape neutrophil-mediated assault and protect themselves
from complement. As a result, periodontal tissue breakdown
is increased by neutrophil-mediated responses due to the
inability of the neutrophil to control the dysbiotic microbial
attack [20].

2.2. Host Susceptibility to Periodontitis. Host susceptibility to
periodontitis not only governs the transition from microbial
synergy to dysbiosis but also determines the development of
inflammation and the progression of irreversible tissue
destruction [21, 22]. The progression and severity of
periodontitis rely on host-related factors, including immuno-
regulatory dysregulation, immunodeficiencies, systemic
diseases related to periodontitis (such as diabetes, cardiovas-
cular disease, obesity, osteoporosis, arthritis, depression, and
Alzheimer’s disease), risk factors affecting the host’s immune
system (such as smoking, stress, ageing, and microbial
factors), and regenerative responses [23, 24]. Defects or dys-
regulation of the host immune response leads to an inability
to suppress dysbiotic microbial communities and the resul-
tant pathogenesis. The susceptible host immune response is

subverted by dysbiotic microbiota, leading to the formation
of a self-perpetuating pathogenic cycle [15].

2.3. Immune Response in Periodontitis. Once periodontitis is
triggered by dysbiotic microbiota, the immune response in
periodontitis changes from acute inflammation into the
chronic condition and leads to the breakdown of the peri-
odontium [25] (Figure 1).

Dysbiotic microbiota can reinforce their own tolerance to
host immune responses by interacting with neutrophils and
complement [14]. Neutrophils congregate in the gingival
sulcus, while T cells, B cells, and monocytes are recruited.
Neutrophils release elastase to degrade membrane proteins
in some bacteria, which causes the breakdown of elastin
and type IV collagen in the PDL and therefore disintegrates
its attachment to the cementum and alveolar bone, leading
to the formation of a periodontal pocket [26]. Neutrophils
also secrete cytotoxic substances and degradative enzymes
(i.e., reactive oxygen species and matrix metalloproteinases)
that result in the inflammatory destruction of tissue [27]. In
addition, neutrophils release the receptor activator of nuclear
factor kappa-B ligand (RANKL), which is necessary for
osteoclastogenesis and periodontal bone resorption [28].
Another major source of RANKL is via secretion from B cells
and T cells in inflammatory lesions [29]. Specifically, neutro-
phils mediate the chemotactic recruitment of interleukin-
(IL-) 17-mediated T helper 17 (Th17) cells through the
expression of chemokine ligand (CCL) 2 and CCL20. Mean-
while, chemokine receptor (CCR) 2 and CCR6 are secreted
by Th17 cells [30, 31]. Th17 cells are a subset of T cells that
promote osteoclastogenesis and act as effective helpers of B
cells [32]. The progression of periodontitis is characterized
by inflammatory infiltration with large numbers of B cells
and plasma cells accompanied by the increasing expression
of immune complexes and complement fragments [33].
Specifically, B cells induce the conducive destruction of peri-
odontal tissue which is due to matrix metalloproteinases and
inflammatory cytokines secreted by B cells [34].

Macrophages remodel connective tissue by balancing
matrix metalloproteinases and their tissue inhibitors.
Macrophages also regulate bone homeostasis by mediating
osteoblasts and osteoclasts. Moreover, this capacity of
polymorphonuclear leukocytes and monocytes is achieved
by the secretion of cytokines, including tumor necrosis factor
α (TNF-α), adhesion molecules, IL-1β, and IL-6. These
factors induce these cells to adhere to the endothelium and
to increase the permeability of gingival capillaries and alveo-
lar bone resorption [13, 35].

3. Characteristics, Immunological Properties,
and Periodontal Regeneration Potential of
Stem Cells

In this section, we review the characteristics as well as the
immunological properties of stem cells, including DMSCs,
nonodontogenic stem cells, and iPSCs. Specifically, we pres-
ent stem cells as having potential efficacy for regenerating
compromised tissues.
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3.1. DMSCs. DMSCs are composed of periodontal ligament
stem cells (PDLSCs), dental follicle stem cells (DFSCs),
dental pulp-derived stem cells (DPSCs), stem cells from api-
cal papilla (SCAPs), stem cells from exfoliated deciduous
teeth (SHEDs), gingival mesenchymal stem cells (GMSCs),
and dental socket-derived stem cells (DSSCs) [36, 37]
(Figure 2). DMSCs are multipotent stem cells with a self-
renewal ability as well as multiple lineage differentiation
potentials [38]. More importantly, DMSCs mediate the
activity of various immune cells. The immunomodulatory
potential of DMSCs mainly relies on inflammatory factors
secreted by immune cells.

3.1.1. PDLSCs. The PDL is a connective tissue that connects
the tooth root to the surrounding alveolar bone. The PDL
originates from the dental follicle and plays a critical role in
sustaining tooth homeostasis and providing nutrition.
PDLSCs were first derived and identified from adult third
molars [39]. PDLSCs have the potential to generate PDLs,
alveolar bone, cementum, blood vessels, and peripheral
nerves [40]. In addition, these cells also have a self-renewal
capacity and high proliferative potential [41]. PDLSCs
expressed various types of MSC-related cluster of differentia-
tion (CD) markers, including CD73, CD90, and CD105, and
lack expression of hematopoietic markers, such as CD14,
CD19, CD34, CD40, CD45, CD80, and CD86 [42–44].
Human PDLSCs also express antigens such as TRA-1-60,
TRA-1-81, sex-determining region Y-box (Sox) 2, alkaline
phosphatase (ALP), stage-specific embryonic antigen-
(SSEA-) 1, SSEA-3, SSEA-4, and reduced expression 1 [6, 45].

Recently, PDLSCs were deemed to be a promising poten-
tial cell source for the repair of periodontal defects following
periodontitis on account of their immunomodulatory
properties (Figure 3). Activated human peripheral blood
mononuclear cells (PBMCs) generate interferon- (IFN-) γ,

which induces PDLSCs to secrete some soluble factors (i.e.,
transforming growth factor- (TGF-) β, indoleamine 2,3-
dioxygenase-1 (IDO-1), and hepatocyte growth factor
(HGF)) that, in turn, partially decrease the proliferation of
PBMCs [46]. Upregulated proliferation and downregulated
apoptosis of neutrophils constitute another innate immune
response mediated by PDLSCs [47]. PDLSCs also greatly
inhibit T cell proliferation by reducing the secretion of major
histocompatibility complex glycoprotein1b (GP1b) and
prostaglandin E2 (PGE2) from dendritic cells (DCs) [48].
Additionally, PDLSCs improve the activity and proliferation
of anti-inflammatory Treg cells and suppress proinflamma-
tory Th1/Th2/Th17 cells [49]. In addition to these cells, the
mechanism of immunosuppression is mediated by PDLSCs
through the inhibition of B cell proliferation, migration,
and differentiation. These properties of PDLSCs are achieved
via stimulating the expression of programmed cell death pro-
tein 1 (PD-1) and its ligand (PD-L1) [50]. PDLSCs enhance
the polarization of the anti-inflammatory phenotype (M2
phenotype) by stimulating Arginase- (Arg-) 1, CD163, and
IL-10 and inhibiting TNF-α [47].

Currently, both the animal experiments and clinical trials
demonstrate that PDLSCs can regenerate periodontal defects.
Studies have reported that delivery of PDLSCs to periodontal
defects in rat models improves periodontal regeneration by
generating PDLs, cementum-like tissue, and new bone with-
out inflammation [51]. More importantly, PDLSCs achieve
periodontal regeneration without adverse effects. In a
miniature swine periodontitis model, transplantation of an
allogeneic PDLSC sheet achieved the regeneration of the
periodontium and cured periodontitis through immunosup-
pressive effects and low immunogenicity [52]. A clinical
study exhibited that autologous PDLSC transplantation
possessed the advantages of stability and effectiveness dur-
ing the long-term follow-up of patients with periodontitis,
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Figure 1: The pathological mechanism of periodontitis. Periodontal tissue homeostasis is dependent on the balance between the host
immune defenses and microbial attacks. Once dysbiotic microbial communities subvert a susceptible host, the inflammatory dialog would
be generated. Thus, dysbiotic microbiota act as a pathobiont which overactivate the inflammatory response, then trigger periodontal tissue
breakdown associated with innate and adaptive immunoregulation, potentially resulting in resorption of supporting alveolar bone, even
tooth loss and systemic complications.
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suggesting that PDLSCs may be an innovative approach to
treat periodontitis [46].

3.1.2. DFSCs. DFSCs are responsible for periodontium forma-
tion bymigrating around the tooth germ anddifferentiating into

PDLs, osteoblasts, and cementoblasts [53]. Surface markers of
DFSCs contain CD13, CD44, CD73, CD105, CD56, CD271,
human leukocyte antigen- (HLA-) ABC, STRO-1, and
NOTCH-1. Among them, STRO-1 and CD44 are common
surface markers that are used to identify DFSCs [54].

SHEDs iDPSCs

DFSCs

DPSCs GMSCs
DSSCs

SCAPs PDLSCs iPDLSCs

Figure 2: The different populations of dental mesenchymal stem cells and their distribution. PDLSCs: periodontal ligament stem cells;
DFSCs: dental follicle stem cells; DPSCs: dental pulp-derived stem cells; SCAPs: stem cells from apical papilla; SHEDs: stem cells from
exfoliated deciduous teeth; GMSCs: gingival mesenchymal stem cells; DSSCs: dental socket-derived stem cells; iPDLSCs: PDLSCs derived
from infected tissue; iDPSCs: DPSCs derived from infected tissue.
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The immunosuppressive properties of DFSCs are depen-
dent on TLRs. In periodontitis, P. gingivalis and F. nucleatums
activate the expression of TLR2 and TLR4 on the membrane
of DFSCs and then trigger DFSCs to inhibit the proliferation
of peripheral blood mononuclear cells (PBMCs) [55].
Moreover, DFSCs can upregulate the secretion of the anti-
inflammatory cytokine IL-10 and simultaneously downregu-
late the levels of the proinflammatory cytokines IL-4, IL-8,
and IFN-γ, thereby damaging bacterial adherence and inter-
nalization [56]. DFSCs exert anti-inflammatory effects and
suppress bone degradation bymediating the phagocytic activ-
ity, chemotaxis, andNET formation of neutrophils and induc-
ing macrophage polarization into the M2 phenotype [57].

Several animal experiments have proven that DFSCs
possess the capacity to repair periodontal defects. In a canine
model of periodontal defects, the potential of DFSCs to repair
periodontal defects was proven via implantation of autolo-
gous DFSCs into defects, inducing the generation of new
PDLs, alveolar bone, and cementum [36]. In another study,
ectopic transplantation of DFSCs from human-impacted
third molars into nude mice generated the cementum-PDL
complex [58].

3.1.3. DPSCs. DPSCs were the first characterized mesenchy-
mal stem cells derived from the dental pulp in 2002. These
cells possess the potential to differentiation into osteogenic,
adipogenic, chondrogenic, and neural cells and show high
expression of surface markers of MSCs [59].

DPSCs possess the ability to mediate both innate and
adaptive immune responses by interacting with T cells, B
cells, macrophages, and natural killer (NK) cells [60]. DPSCs
exert anti-inflammatory and immunosuppressive effects by
suppressing the proliferation of activated T cells as well as
triggering apoptotic programmed cell death [61]. DPSCs also
inhibit immunoglobulin production of B cells and IL-17 by
increasing the secretion of IFN-γ [62]. The inhibitory effect
of DPSCs on the proliferation of PBMCs is achieved by gen-
erating TGF and stimulating the mitogen-activated protein
kinase (MAPK) signaling pathway [63]. DPSCs exert an
anti-inflammatory function in two ways. On the one hand,
DPSCs inhibit macrophages from secreting TNF-α by an
IDO-dependent pathway. On the other hand, DPSCs initiate
macrophage M2 polarization [64]. Induction of DPSC differ-
entiation enhances the inhibitory effects of DPSCs on NK
cell-mediated lysis and cytotoxicity.

In fact, Park and colleagues showed that DPSCs hardly
repaired periodontal defects on account of their limited
capacity to form a cementum-like structure, while PDLSCs
regenerated the periodontium with new bone, cementum,
and Sharpey’s fibers [36]. As the function of DPSCs on pulp
repair, there is little research about immunomodulatory
properties of DPSCs in PDL tissue. Consequently, the present
evidence indicates that DPSCs may not be an appropriate
source for periodontal tissue engineering.

3.1.4. SCAPs. SCAPs were first isolated from human apical
papilla tissue of immature permanent teeth in 2006 [65].
Similar to other MSCs, SCAPs show a self-renewal capacity,
high proliferative potential, and low immunogenicity as well

as multilineage differentiation. STRO-1, CD24, and CD146
are widely expressed in SCAPs and are considered to be
surface markers of SCAPs [66]. SCAPs can inhibit T cell
proliferation by a mechanism independent of apoptosis
[67]. It has also been reported that transplanting SCAPs
into a periodontitis site significantly ameliorates the peri-
odontitis parameters of periodontal tissue 12 weeks after
transplantation [68]. All of these results suggest SCAPs
may be a promising cell source for repairing the periodon-
tium in regenerative dentistry.

3.1.5. SHEDs. SHEDs were first characterized and isolated
from the human dental pulp of exfoliated deciduous teeth
by Miura. SHEDs show the ability to regenerate bone and
dentin-like tissue, with a high osteoinductive ability and pro-
liferation rate [62].

SHEDs show immunomodulatory characteristics via
mediating T cell activation, maturation, and differentiation.
Moreover, downregulation of Th17 cells and upregulation
of regulatory T cells (Tregs) are additional immunosuppres-
sive effects of SHEDs [69]. Furthermore, SHEDs can sup-
press DCs from secreting the inflammatory cytokines IL-2,
IFN-γ, and TNF-α and can facilitate DCs to generate the
anti-inflammatory factor IL-10 [70]. SHEDs induce polariza-
tion of bone marrow-derived macrophages towards M2
polarization, which contributes to the regeneration of the
periodontium and anti-inflammatory effects in periodontal
tissues [71].

In an experimental periodontitis model, delivery of
SHEDs into periodontal tissues led to a reduction of cytokine
expression, osteoclast differentiation, and gum bleeding as
well as promoted the formation of new attachments of PDL
and alveolar bone. These results suggest that SHEDs contrib-
ute to the improvement of periodontal regeneration and the
decrease of periodontal tissue inflammation [72].

3.1.6. GMSCs. The epithelium and connective tissue make up
the human gingiva, which is considered to be an essential
constituent of the periodontium that exerts remarkable
effects on periodontal regeneration and immunity and is
notable for its wound healing properties without scaring.
GMSCs were derived and identified from the lamina propria
of gingival tissue in 2009 [73]. Based on their remarkable
self-renewal, multilineage differentiation, and regenerative
abilities, GMSCs are expected to be a suitable cell source in
periodontal tissue engineering.

Recently, the easy accessibility and prominent immuno-
modulatory properties of GMSCs have led to more attention
on the use of cellular therapy [74]. GMSC-induced immuno-
modulation represents a promising perspective in therapy of
periodontal tissue inflammation via interaction with inflam-
matory cells and cytokines [74]. GMSCs communicate with
the inflammatory environment through the expression of
TLRs 1, 2, 3, 4, 5, 6, 7, and 10, which affect the immunomod-
ulatory properties of GMSCs [75]. Human GMSCs show the
capacity to facilitate the polarization of macrophages to the
M2 phenotype; meanwhile, they inhibit the activation of M1
macrophages by producing PGE2, IL-6, and IL-10 [76].
Furthermore, GMSCs significantly reduce the activation and
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maturation of DCs by a PGE2-related mechanism that sup-
presses the antigen presentation ability of DCs and weakens
the inflammatory response [77]. Human GMSCs also reduce
the proliferation and differentiation of Th1/Th2/Th17 cells.
GMSCs have an inhibitory function onPHA-dependent T cell
proliferation and activation by upregulating immunosuppres-
sive factors, such as IDO and IL-10 [78].

A study reported that GMSCs mixed with an IL-1RA-
hydrogel synthetic extracellular matrix, when delivered into
a periodontitis model, led to an obvious improvement of
regenerating PDLs, cementum, and alveolar bone [74]. In a
dog model, the transplantation of GFP-labelled GMSCs into
furcation defects obviously improved the regeneration of
damaged periodontal tissues [79].

3.1.7. DSSCs. Recent studies have shown that dental sockets
can be a potential source for periodontal regeneration.
DSSCs have the potential to form colonies and can differen-
tiate into osteoblasts, adipocytes, and chondrocytes [80].
Compared with BMSCs, colony formation, proliferation,
and motility of DSSCs are stronger. DSSCs can positively
express surface markers of stem cells, such as CD44, CD90,
and CD271, and lack expression of hematopoietic markers,
such as CD34 and CD45 [81].

Nakajima et al. reported that the transplantation of autol-
ogous DSSCs mixed with β-TCP/PGA into one-wall
periodontal defects regenerated a new periodontium with
PDL-like and cementum-like tissues and alveolar bone [80].
There are few studies on DSSCs, so more preclinical investi-
gations are required to clarify the roles of DSSCs in tissue
regeneration and immune regulation.

3.2. Nonodontogenic Stem Cells. Nonodontogenic stem cells
are composed of bone marrow stromal stem cells (BMSCs)
and adipose tissue-derived stem cells (ASCs).

3.2.1. BMSCs. BMSCs can differentiate into osteoblasts, chon-
drocytes, adipocytes, and muscle cells [82]. BMSCs are sorted
by surface markers of octamer-binding transcription factor-
(Oct-) 4, CD73, CD90, CD105, CD146, STRO-1, and Nanog
and do not express HLA-DR, CD14, CD34, or CD45. BMSCs
have the potential to regenerate periodontal defects by gener-
ating alveolar bone, Sharpey’s fibers, and cementum [83].
BMSCs migrate into PDLs, alveolar bone, blood vessels, and
cementum and differentiate into osteoblasts and fibroblasts
after local or systematic transplantation [84].

Aside from regenerating destroyed tissues in periodonti-
tis, BMSCs also play a crucial role in anti-inflammation and
immunosuppressive function [85]. BMSCs mediate the sur-
vival and proliferation of T lymphocytes for the regulation
of immunomodulation [86]. BMSCs inhibit inflammatory
cytokines, including IL-1 and TNF-α, which indicates that
the use of BMSCs for the treatment of chronic periodontitis
might be feasible [85]. In a clinical study, the combined use
of autologous BMSCs and platelet-rich plasma to treat peri-
odontal defects shows obvious tissue regeneration effects
[87]. Although a significant improvement in periodontal
parameters has been observed, more clinical research is
needed to reveal the function of BMSCs and their ability to

regulate inflammation and immunity to better target them
for the treatment of periodontitis.

3.2.2. ASCs. The characteristics of ASCs are similar to those of
BMSCs, such as expression of the markers STRO-1, CD29,
CD44, CD71, CD90, and CD105 and the lack of expression
of hematopoietic cell markers CD31, CD34, and CD45 [88].
ASCs can differentiate into osteoblast, adipocytes, chondro-
cytes, myogenic, and neurogenic cells. Compared to BMSCs,
ASCs are superior because of their easier harvesting process
and because of their fewer notable donor site complications
[89]. More importantly, ASCs mixed with cytokines TNF-α,
IFN-γ, and IL-6 promote the expression of immune suppres-
sive factors, including GBP4 and IL-1RA [90].

Preclinical studies have demonstrated that ASCs are
potential candidate cells for the regeneration of periodontal
destruction. ASCs can secrete growth factors, such as
insulin-like growth factor binding protein-6, which facilitates
the differentiation of ASCs into the periodontium [91]. Allo-
geneic ASCs were transplanted in a microminipig model of
periodontal tissue defects and led to the generation of new
PDL-like fibers, alveolar bone, and the cementum in defect
sites [90].

3.3. Induced Pluripotent Stem Cells (iPSCs). The formation of
iPSCs can be achieved by reprogramming somatic cells with
the transcriptional markers Oct4, Sox2, Krüppel-like factor
4, and Myc [92]. iPSCs express special pluripotent markers,
including TRA160, TRA180, MSC-heat shock protein 90,
CD73, CD90, CD105, CD146, and CD106 [93]. iPSCs are
pluripotent stem cells with the potential to generate iPSC-
derived MSCs (iPSC-MSCs) and to differentiate into multili-
neage cells [94]. As a promising candidate, iPSCs not only
have the potential to regenerate bone, cartilage, brain, heart,
and liver tissue but also can be applied for inflammatory
tissue regeneration in periodontitis [95]. Stem cells from
dental tissue, including PDLs, buccal mucosa fibroblasts,
gingival, apical papilla, and the dental pulp, have advantages
for the generation of iPSCs [96].

Moreover, iPSC-MSCs can inhibit Th1/Th2/Th17 cells
and upregulate the expression of Treg cells, suppressing the
production of leukocytes and alveolar bone resorption [97,
98]. iPSCs are a potential cell source for the clinical preven-
tion and treatment of periodontitis. Duan et al. showed that
transplantation of iPSCs to a scaffold with enamel-derived
factors significantly increased PDL, alveolar bone, and
cementum formation in a mouse periodontal defect model
compared with iPSC-empty groups [99]. Another study
reported that iPSCs could inhibit inflammation and decrease
alveolar bone resorption in a rat model of periodontitis. In
addition, Hynes et al. stated that iPSC-MSCs could repair
periodontal tissue defects and control inflammation while
lessening alveolar bone destruction [100].

4. Interaction of Stem Cells with the
Inflammatory Milieu of the Periodontium

What happens to the stem cells in periodontitis and how they
interact with periodontal inflammation are crucial for the
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application of stem cells into periodontal regeneration [101].
For instance, the interaction of stem cells and immune cells
in the inflammatory milieu may be completely different from
that in a healthy state with altered regenerative processes and
immunomodulatory properties [102]. Thus, it is essential to
understand the properties of stem cells derived from inflam-
matory tissue as well as the inflammatory responses and
immunomodulation properties of stem cells in an inflamed
microenvironment.

4.1. Stem Cells from Inflammatory Tissue. Inflamed stem cells
exhibit characteristics including maintenance of stemness,
formation of colonies, a higher proliferation rate, multiline-
age differentiation potential, and lower immunogenicity
and immunosuppression [102].

In this section, we introduce the properties and immuno-
regulation of DMSCs in inflammatory periodontal sites.
Among stem cells, DMSCs derived from infected tissue
possess the significant advantages of being easily accessible
and having fewer ethical complications [103]. Compared
with other DMSCs, PDLSCs are considered to be an ideal cell
source for periodontal regeneration [104], but there are still
problems with obtaining enough PDLSCs from healthy
donor sources. PDLSCs derived from inflamed periodontal
sites are considered inflammatory periodontal ligament stem
cells (iPDLSCs). Compared to PDLSCs, iPDLSCs have higher
proliferative and migratory capacities. However, iPDLSCs
exhibit lower osteogenic differentiation because of alterations
of the osteogenesis-related signaling pathway, such as the
Wnt/β-catenin, noncanonical Wnt/Ca2+, p38-MAPK, and
NF-κB signaling pathways [105, 106]. More importantly,
iPDLSCs also have reduced immunosuppressive properties
and less efficiently suppress T cell proliferation, PBMC
proliferation, and Th17 differentiation in contrast to cells
from healthy tissue [107]. High levels of IFN-γ, TNF-α, IL-
2, and IDO and low expression of IL-10 are also characteristic
of iPDLSCs [108]. A study reporting on the transplantation
of collagen sponges combined with iPDLSCs isolated from
inflamed human periodontal tissue into immunodeficient
nude rats led to the formation of new PDL-like tissue, bone,
and collagen fibers. Although complete regeneration was
not achieved, the repair effect of iPDLSCs on periodontal
defects was similar to that of PDLSCs from healthy periodon-
tal tissues [51]. Compared with normal DPSCs, DPSCs
derived from infected tissue (iDPSCs) show similar surface
marker expression, proliferation properties, and multilineage
differentiation potential [109, 110]. DPSCs derived from
infected human tissue were layered onto β-tricalcium
phosphate and grafted into periodontal defects in the root
furcation. The outcome revealed new formation of alveolar
bone [111]. These results have important implications for
achieving periodontium regeneration with DMSCs obtained
from inflammatory tissues in the future [112]. It may be a
promising strategy to cultivate or even genetically modify
DMSCs obtained from infected tissue, avoiding the destruc-
tion of the healthy periodontium while implanting DMSCs
into inflamed periodontium tissue to achieve regeneration
[113, 114].

However, there are still various issues that should be
taken into account before translational application. For

example, the source of inflamed stem cells, the inflammatory
status, and the experimental design are confounding
variables that will affect the quality and quantity of stem cells
[115]. Furthermore, the inclusion criteria as well as the
procedure for the isolation and transplantation of the
inflamed stem cells should be established and standardized
to further explore and verify the long-term effects of inflamed
stem cells via in vivo and in vitro experiments [57, 116, 117].

4.2. Effect of the Infected Microenvironment on Stem Cells.
The interaction of stem cells with the surrounding infected
microenvironment could affect the mechanism of periodontal
tissue repair and the regeneration outcome [102]. Transplanta-
tion of stem cells into periodontal defects is usually performed
in an inflamed periodontal milieu, and the immunomodulatory
capacity of stem cells is determined by diverse inflammatory
cytokines. Therefore, understanding the effect of inflamma-
tory cytokines on stem cells is critical to optimize and imple-
ment stem cell-mediated clinical approaches [118, 119].

Various inflammatory cytokines can specifically mediate
the immunomodulatory activity of stem cells [120]. Among
various inflammatory mediators, TNF-α, IL-1β, IL-6, and
IFN-γ are the most effective proinflammatory cytokines
during periodontitis [121]. The proinflammatory cytokines
TNF-α, IL-1α, IL-1β, and IFN-γ exert critical effects by
mitigating the immunosuppressive capacities of stem cells
[122]. Low levels of IFN-γ improve antigen-presenting func-
tions of stem cells and thus reduce their lysis. In contrast,
high levels would reverse their antigen-presenting functions
and show the opposite effect [123, 124].

Several studies have demonstrated the effects of an
infectedmicroenvironment onDMSCs. For example,P. gingi-
valis-LPS significantly enhanced cellular proliferation of
DMSCs [125]. In addition, coculturing PDLSCs with IL-
1β/TNF-α could enhance the proliferation rate of PDLSCs
[126]. The surface markers of DMSCs, such as PDLSCs and
GMSCs, do not change within the IL-1β/TNF-α-inflamed
microenvironment. However, the effect may be compromised
or may even lead to stem cell apoptosis when the IL-1β/TNF-
α stimulus surpasses a certain level. The differentiation poten-
tial of DMSCs could be mediated by proinflammatory
cytokines and microbial pathogens [127]. Specifically, P. gin-
givalis-LPS and E.coli-LPS inhibit PDLSCs’ osteoblastic
differentiation [125, 128]. IL-1β/TNF-α are responsible for
reducing the osteogenesis of PDLSCsby stimulating the canon-
ical Wnt/β-catenin pathway and inhibiting the noncanonical
Wnt/Ca2+ pathway in the local periodontal milieu [106].

Other stem cells also exert important effects on the
infected microenvironment. An increasing number of studies
have shown that IFN-γ is required for BMSCs to exert their
immunosuppressive effect on T lymphocyte proliferation.
Additionally, both LPS and IFN-γ can induce the secretion
of functional IDO and IL-10 by BMSCs [129]. LPS-induced
proliferation of PBMCs could be inhibited by BMSCs [73].
Transplantation of BMSCs into LPS-stimulated models
could inhibit the production of inflammatory cytokines and
ameliorate inflammatory tissue destruction [130]. The
interaction of ASCs with the inflammatory microenviron-
ment is necessary to achieve tissue regeneration. In response
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to inflammatory cytokines, ASCs facilitate the anti-
inflammatory and immunosuppressive potential through
the induction of polarization of macrophages to the M2 phe-
notype [131]. When stimulated with TNF-α and IFN-γ,
ASCs significantly increased their immunomodulatory
capacities [132].

5. Conclusion, Future Clinical Application,
and Challenges

To date, application of extracellular matrix scaffolds, bone
grafts, and growth factors achieve only limited regeneration
of intrabony defects [133]. In the past few years, developing
data have indicated that stem cells have great potential in
periodontitis due to the positive inflammatory-regenerative
effects of these cells in the inflamed microenvironment [36,
134]. These stem cells have remarkable properties and versa-
tility due to their stemness, proliferation, migration, and
multilineage differentiation abilities and their immunosup-
pressive and anti-inflammatory functions in a local inflamed
microenvironment [118, 135, 136].

The immunoregulatory effects of stem cells make them a
promising therapy for periodontitis. Although several reports
have indicated that the stem cells mentioned above can be
delivered into infectious sites and function as critical players
in the control of inflammation and the regulation of immune

responses to achieve regeneration in models of periodontitis,
the immunomodulatory capabilities of these cells have not
entirely been elucidated [137, 138]. Moreover, evidence of
stem cell-mediated immunomodulation is limited both
in vitro and in vivo. It is very complicated to recreate
extremely polluted surroundings in animal models because
human periodontal lesions are filled with granulation tissue,
calculus, pathogenic biofilms, and plaque [139]. Further-
more, there are various differences in the mechanisms of
stem cell-mediated immunomodulation between humans
and animals [140]. The quality and quantity of stem cells
can be modulated by numerous factors, including the sources
of stem cells and the experimental design [141]. The inclu-
sion of subjects and procedures for the isolation and trans-
plantation of stem cells can influence the outcome of
regeneration and immunomodulation.

Therefore, inclusion criteria as well as a standard proce-
dure for the isolation and transplantation of the stem cells
should be established to further explore the long-term effects
of stem cells. Standard animal models of periodontitis should
be constructed to mimic human periodontal lesions. Selec-
tion of suitable biomaterial scaffolds and the appropriate
combination with growth factors for stem cells may improve
their periodontal regeneration and immunosuppression
functions. More importantly, preclinical studies and clinical
trials are critical to understand the mechanism of stem cell-

Table 1: The characteristic of different stem cells could be potentially applied to periodontal regeneration.

Stem
cell

Multipotent differentiation Immunomodulatory properties Clinical trails

DMSCs

PDLSCs
Osteoblast, adipocytes, chondrocytes, cementoblast,

and neurogenic cells
Inhibition of PBMCs, T cells, B cells, promotion of Treg
cells, neutrophils, and M2 phenotype macrophage

NCT01357785
NCT01082822

DFSCs
Osteoblast, adipocytes, chondrocytes, cementoblast,
neurogenic cells, cardiomyocyte, and dentin-like cell

Inhibition of PBMCs, promotion of Treg cells,
neutrophils, and M2 phenotype macrophage

DPSCs
Osteoblast, adipocytes, odontoblast, neurogenic cells,

cardiomyocyte, and hepatocyte

Inhibition of PBMCs, T cells, B cells, and NK cells;
promotion of Treg cells, neutrophils, and M2

phenotype macrophage

NCT03386877
NCT02523651

SCAPs
Osteoblast, adipocytes, odontoblast,
neurogenic cells, and hepatocyte

Low immunogenicity; inhibition of T cells

SHEDs
Osteoblast, adipocytes, chondrocytes,

and neurogenic cells
Inhibition of Th17 cells; promotion of Treg cells

and M2 phenotype macrophage

GMSCs
Osteoblast, adipocytes, chondrocytes,

and neurogenic cells

Inhibition of M1 macrophages, Th1/Th2/Th17 cells,
and DCs; promotion of Treg cells and M2 phenotype

macrophage
NCT03137979

DSSCs Osteoblast, adipocytes, and chondrocytes No report

Nonodontogenic stem cells

BMSCs Osteoblast, adipocytes, and chondrocytes
Inhibition of T lymphocyte survival and proliferation;

secretion of IL-1 and TNF-α
NCT02449005

ASCs
Osteoblast, adipocytes, chondrocytes,
myogenic cells, and neurogenic cells

Promotion of immune suppressive factors GBP4 and
IL-1RA

NCT04270006

iPSCs

iPSCs
Osteoblast, adipocytes, chondrocytes, myogenic cells,
neurogenic cells, cementoblast, cardiomyocyte, and

dentin-like cell

Inhibition of Th1/Th2/Th17 cells; promotion
of Treg cells

The clinical trial data have been extracted from https://clinicaltrials.gov/.
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mediated immunomodulation in the inflammatory milieu to
pave the way for applying stem cells to periodontal tissue
engineering (Table 1).

Abbreviations

DMSCs: Dental mesenchymal stem cells
iPSCs: Induced pluripotent stem cells
iDMSCs: DMSCs derived from infected tissue
PDL: Periodontal ligament
TLRs: Toll-like receptors
RANKL: Receptor activator of nuclear factor kappa-B

ligand
IL: Interleukin
Th17: T helper 17
CCL: Chemokine ligand
CCR: Chemokine receptor
TNF-α: Tumor necrosis factor α
PDLSCs: Periodontal ligament stem cells
DFSCs: Dental follicle stem cells
DPSCs: Dental pulp-derived stem cells
SCAPs: Stem cells from apical papilla
SHED: Stem cells from exfoliated deciduous teeth
GMSCs: Gingival mesenchymal stem cells
DSSCs: Dental socket-derived stem cells
Sox: Sex-determining region Y-box
ALP: Alkaline phosphatase
SSEA: Stage-specific embryonic antigen
CD: Cluster of differentiation
PGE2: Prostaglandin E2
PBMCs: Peripheral blood mononuclear cells
IFN: Interferon
TGF-β: Transforming growth factor-β
IDO-1: Indoleamine 2,3-dioxygenase-1
HGF: Hepatocyte growth factor
PD-1: Programmed cell death protein 1
PD-L1: Programmed cell death protein ligand 1
Arg: Arginase
HLA: Human leukocyte antigen
NK cells: Natural killer cells
MAPK: Mitogen-activated protein kinase
Tregs: Regulatory T cells
DCs: Dendritic cells
BMSCs: Bone marrow stromal stem cells
ASCs: Adipose tissue-derived stem cells
Oct: Octamer-binding transcription factor
HLA: Human leukocyte antigen
iPDLSCs: Inflammatory periodontal ligament stem cells.
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Background. Angiogenesis is a prerequisite step to achieve the success of bone regeneration by tissue engineering technology.
Previous studies have shown the role of cerebrospinal fluid pulsation (CSFP) stress in the reconstruction of tissue-engineered
laminae. In this study, we investigated the role of CSFP stress in the angiogenesis of tissue-engineered laminae. Methods. For the
in vitro study, a CSFP bioreactor was used to investigate the impact of CSFP stress on the osteogenic mesenchymal stem cells
(MSCs). For the in vivo study, forty-eight New Zealand rabbits were randomly divided into the CSFP group and the Non-CSFP
group. Tissue-engineered laminae (TEL) was made by hydroxyapatite-collagen I scaffold and osteogenic MSCs and then
implanted into the lamina defect in the two groups. The angiogenic and osteogenic abilities of newborn laminae were examined
with histological staining, qRT-PCR, and radiological analysis. Results. The in vitro study showed that CSFP stress could
promote the vascular endothelial growth factor A (VEGF-A) expression levels of osteogenic MSCs. In the animal study, the
expression levels of angiogenic markers in the CSFP group were higher than those in the Non-CSFP group; moreover, in the
CSFP group, their expression levels on the dura mater surface, which are closer to the CSFP stress stimulation, were also higher
than those on the paraspinal muscle surface. The expression levels of osteogenic markers in the CSFP group were also higher
than those in the Non-CSFP group. Conclusion. CSFP stress could promote the angiogenic ability of osteogenic MSCs and thus
promote the angiogenesis of tissue-engineered laminae. The pretreatment of osteogenic MSC with a CSFP bioreactor may have
important implications for vertebral lamina reconstruction with a tissue engineering technique.

1. Background

Tissue engineering techniques have been successfully used to
repair the vertebral lamina defect. The reconstructed artificial
laminae can reconstruct the posterior column structure of
the spine, effectively reducing the occurrence of epidural scar
tissue, nerve root adhesion, and spinal degradation [1, 2].

Previous studies have investigated the effect of biological
and mechanical factors on the formation of the artificial
vertebral laminae. The result revealed that the biological
factors released from the bone end could initiate the early
onset osteogenesis of the artificial laminae, and the mechan-
ical stimulation of cerebrospinal fluid pulsation (CSFP) stress
could promote the osteogenesis and remodeling of the
artificial laminae [3, 4].

When bone defects are repaired using tissue engineering
technology, angiogenesis is a prerequisite step to achieve the
success of bone regeneration [5]. Many strategies have been
used to enhance vascularization of tissue-engineered bone,
such as a specific scaffold design, the addition of stem cells
or angiogenic factors, in vitro prevascularization of tissue-
engineered bone, and in vivo prevascularization [6–13].
Mesenchymal stem cells (MSCs) are among the most
promising stem cell types for vascular tissue engineering
and have been widely used among all the above-mentioned
strategies [6, 7, 9], because MSCs not only can transdiffer-
entiate into all cell lineages of three germ layers including
blood vessel cells arising from mesodermal tissue but also
can secrete a series of angiogenic factors, such as vascular
endothelial growth factor (VEGF),Monocyte Chemoattractant
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Protein 1 (MCP-1), Interleukin (IL-6), exosomes, and miR-
NAs [6, 7]. The expression levels of VEGF-A also elevated
during MSC osteogenesis [14]. Previous studies have shown
that mechanical stimulations, especially the fluid shear
stress and cyclic strain, could induce MSCs towards vascu-
lar differentiation and MSCs to express angiogenic factors
[7]. But few studies are investigating the role of pulsation
stress, especially the CSFP stress, on the angiogenic abilities
of MSCs.

CSFP is a continuous pulsation stress caused by heartbeat
and respiration, and it changes with cardiac and respiratory
rhythms [15]. In rabbits, the spinal dura mater pumped like
a blood vessel with cerebrospinal fluid flowing inside, creat-
ing the cerebrospinal fluid pulsation stress. And the previous
study confirmed that the CSFP stress at the lumbar vertebrate
ranged from 10 to 20mm water pressure, with a frequency of
3-4Hz [3]. Therefore, we made a speculation that the CSFP
stress could promote the angiogenic factor expressions of
MSCs and then promote the angiogenesis of tissue-
engineered laminae (Figure 1(a)).

Thus, in this study, we aimed to investigate the role of
CSFP stress on the angiogenic ability of tissue-engineered
laminae (TEL) constructed by osteogenic MSCs and
hydroxyapatite-collagen I scaffold. For the in vitro study,
we used the CSFP bioreactor to investigate the impact of
CSFP stress on the osteogenic Wharton jelly mesenchymal
stem cells (MSCs). For the in vivo study, we implanted TEL
into the lamina defect site in both CSFP and Non-CSFP
groups. Then, the angiogenic and osteogenic abilities of
newborn laminae were examined with histological staining,
qRT-PCR, and radiological analysis for up to 12 weeks
postimplantation.

2. Materials and Methods

2.1. Intervention of Osteogenic MSCs in the CSFP Bioreactor.
The MSCs we used in this study were isolated from rabbit
umbilical cord Wharton’s jelly. The isolation, culture, and
osteogenic differentiation of MSCs were described in the pre-
vious article [3]. After 14 days of culture in the osteogenic
medium (containing 10nM dexamethasone, 10mM β-
glycerophosphate sodium, 50mg/ml ascorbic acid, and
10nM 1,25-dihydroxy vitamin D3, Sigma-Aldrich, USA),
the osteogenic WJ-MSCs were used for the following
experiments.

Under the sterile condition, the PLGA scaffolds (Nuoqi,
Chongqing, China) were cut to the size of 40mm × 15mm
× 0:1mm. The osteogenic MSCs were trypsinized and resus-
pended in media at a concentration of 1 × 106/ml. Then,
100μl cell suspension was pipetted on one side of each scaf-
fold and cultured in Petri dishes in the incubator at 37°C
under a 5% CO2 atmosphere. After 2 hours, the osteogenic
medium was added, and all constructs were placed in the
osteogenic medium for 8 hours before being fixed in the
bioreactor.

The setting condition of the CSFP bioreactor was as
below: flow velocity, 6 cm/s; frequency, 3Hz. For the CSFP
+osteogenic MSC group, the constructs were fixed by the clip
on the pulsation tube in the CSFP bioreactor. For the osteo-

genic MSC group, the constructs were fixed by the clip on
the control tube in the CSFP bioreactor. And we used undif-
ferentiated MSCs seeded on the PLGA scaffolds as the
control group for qRT-PCR analysis. After 24 hours, the
constructs were taken out for qRT-PCR analysis and immu-
nofluorescence assay of VEGF-A (Figure 2).

2.2. Tissue-Engineered Lamina Construction. The protocol
was approved by the Committee on the Ethics of Animal
Experiments of Fudan University (No. 20150482A168). The
hydroxyapatite-collagen I scaffold was bought from the Bei-
jing Allgens Medical Science & Technology Co., Ltd. Under
the sterile condition, the hydroxyapatite-collagen I scaffold
was cut to the size of 10mm × 8mm × 1mm. After 2 weeks
of culture in osteogenic medium, osteo-differentiated MSCs
were trypsinized and resuspended in media at a concentra-
tion of 1 × 106/ml. Then, 100μl cell suspension was pipetted
on one side of each scaffold, and after 30min, 100μl cell
suspension was pipetted on the other side. All constructs
were placed in the osteogenic medium for another week
before implantation.

In order to observe the cell activity on the scaffold, the
osteogenic MSCs in the scaffolds were stained with live/dead
(Thermo Fisher, USA) and the nucleus was counterstained
with DAPI (Southern Biotech, USA). And the constructs
were observed under a confocal microscope (ZEISS).

2.3. Construction of CSFP and Non-CSFP Rabbit Models.
Forty-eight 2-month-old male rabbits weighing 2:25 ± 0:25
kg were randomly divided into the CSFP group (n = 24)
and the Non-CSFP group (n = 24). The animals were anes-
thetized with pentobarbital sodium (1ml/kg intraperitone-
ally). The surgical procedures of making rabbit models were
described in below.

For rabbits in the CSFP group, we located the spinous
process of fifth lumbar vertebrate by the anatomical land-
mark and made a 3 cm longitudinal skin incision. The
superficial fascia and paraspinal muscle were retracted to
expose the spinous process, which was then removed to
expose the native laminae. At last, a bone defect measuring
10mm × 8mm was created on the native laminae by a ron-
geur to expose the dura. The removal of native laminae left
two flesh cancellous bone ends measuring 10mm × 2mm.
The TEL was fixed in the bone defect (Figure 1(b)).

For rabbits in the Non-CSFP group, we removed the
paraspinal muscle with a detacher to expose the spinous pro-
cess and laminae and then removed the spinous process by a
rongeur. By removing the spinous process, a cancellous bone
end measuring 10mm × 4mm was created, similar to that of
the CSFP group (10mm × 2mm × 2 ), while preserving the
dura surface cortex of laminae. The TEL was fixed onto the
lamina defect site (Figure 1(c)).

2.4. Immunofluorescence Assay. For the MSC-PLGA con-
structs, the constructs were fixed with 3% paraformaldehyde
in PBS for 10min. Nonspecific binding was then reduced by
incubating cells with 5% BSA (Gibco, USA) for 30min.
VEGF-A was then labeled with its specific primary antibody
(Abcam; cat. no. ab1316; 5μg/ml) for 12 hours at 4°C. Cells
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were then washed with PBS and incubated with rabbit
anti-mouse horseradish peroxidase-conjugated secondary
antibodies (Jackson ImmunoResearch Laboratories, Inc.
USA; dilution, 1 : 100) for 1 hour and DAPI Fluoromount
G (Southern Biotech, USA) for 5min. Each sample was
then imaged using a fluorescence inversion microscope
system (Leica, Germany) with dual excitations.

2.5. Micro-CT (Computed Tomography) Examination. The
tissue specimens were harvested in the 2nd, 4th, 8th, and 12th

weeks after implantation and were immediately fixed in freshly
prepared 4% (w/v) paraformaldehyde. The osteogenesis of
specimens was examined using micro-CT at the Shanghai
Public Health Clinical Center. The 3D model was recon-
structed manually using the GEHC MieroView2.0+ABA soft-
ware. The threshold was set at 1000 for all the samples,

except the sample of the Non-CSFP group at the 2nd week
(threshold = 500).

2.6. Histological Staining. After the micro-CT examination,
the tissue specimens were decalcified with 10% ethylenedi-
aminetetraacetic acid for 4 weeks. Tissue sections with 6μm
thickness were cut on a microtome and mounted onto glass
slides. The sections were processed for routine histological
analysis by hematoxylin-eosin (HE) staining and immuno-
histochemistry (IHC) staining.

2.7. IHC Staining. After baking for 2 h at 60°C, the sections
were dewaxed with xylenes and then rehydrated through a
series of graded ethanol to distilled water. Endogenous per-
oxidase activity was blocked with 0.3% hydrogen peroxide
for 30min at 37°C. For antigen retrieval, the sections were
submerged in sodium citrate buffer (pH6.0) for 10min and

CS
FP

(a)

(b)

(c)

Figure 1: (a) Schematic illustration of the effects of CSFP stress on the angiogenesis of tissue-engineered laminae. (b) The diagrammatic
sketch of the CSFP animal model. The native laminae were removed by rongeur, and then, the TEL was implanted into the laminae
defect. (c) The diagrammatic sketch of the Non-CSFP animal model. The outer cortex of the native laminae was removed by rongeur, and
then, the tissue-engineered laminae (TEL) was implanted onto the inner cortex.
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then incubated with normal goat serum for 30min at 37°C to
reduce the nonspecific binding. The mouse anti-PECAM1
(Invitrogen; cat. no. MA5-13188), anti-bFGF (Abbiotec, cat.
no. 250559), and anti-BMP2 (Abcam, cat. no. ab6285) were
applied at the dilution of 1 : 50 overnight at 4°C and followed
by incubation with horseradish peroxidase- (HRP-) conju-
gated secondary antibodies (Changdao, China). After rins-
ing, staining was performed with DAB and counterstained

with hematoxylin to display the nucleus. Each slide was
imaged using the inversion microscope system (Leica, Ger-
many). The images were analyzed by the software of Image J.

For immunofluorescence assay, the processing of the
slides was the same as the above. PECAM1 was then labeled
with its specific primary antibody (Servicebio; cat. no.
GB13063; dilution, 1 : 50) for 12 hours at 4°C. Then, the
sections were washed with PBS and incubated with donkey
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Figure 2: Cerebrospinal fluid pulsation bioreactor system. (a) The modules of the bioreactor system. (b) The response chamber, which was
placed in the cell incubator, and the cell sheets were placed between the clip and the pulsation tube. (c) The simulated waves of CSFP stress by
the bioreactor system.
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anti-rabbit horseradish peroxidase-conjugated secondary
antibodies (Servicebio; cat. no. GB21404; dilution, 1 : 300) for
1 hour and DAPI (Servicebio; cat. no. G1012) for 10min.
The slides were sealed with antifluorescence quenching seal-
ant. Each slide was imaged using a fluorescence inversion
microscope system (Leica, Germany) with dual excitations.

2.8. Quantitative Real-Time PCR. For MSC-PLGA con-
structs, the total RNA was extracted from the constructs
using TRIzol® Reagent (Life Technologies, USA). All RNA
samples were then treated with RNase-free DNase I (Qiagen,
Valencia, CA) to digest the genomic DNA. Aliquots of 500ng
total RNA were reverse transcribed to cDNA using the Pri-
meScriptTM RT Master Mix (TaKaRa, Japan). Quantitative
real-time PCR (qRT-PCR) was performed using a 7900
Real-Time PCR System (Applied Biosystems) with the Power
SYBR Green PCR Master Mix (Applied Biosystems, War-
rington, UK). The relative gene expression was calculated
using the following equation: ΔCt = Ct (VEGF-A) -Ct
(ACTB); ΔΔCt = ΔCt (CSFP+osteogenic MSCs/osteogenic
MSCs) -ΔCt (undifferentiated MSCs); fold change = 2−ΔΔCt.

For the animal study, tissue specimens were harvested in
the 2nd, 4th, 8th, and 12th weeks after implantation and imme-
diately immersed in the TRIzol® Reagent (Life Technologies,
USA). Native laminae were also harvested in the 0th week as
the normal laminae. The tissue specimens were then grounded
until there was no obvious tissue residual. Total RNA was
extracted from the grounded tissue using TRIzol® Reagent.
The following procedures were the same as mentioned
above. The relative gene expression was calculated using
the following equation: ΔCt = Ct (test genes) -Ct (ACTB);
ΔΔCt = ΔCt (artificial laminae) -ΔCt (normal laminae);
fold change = 2−ΔΔCt.

The gene-specific primers used for PECAM-1, VEGF-A,
OCG-3, Osterix, and ACTB are listed in Table 1.

2.9. Statistical Analysis. Each experiment was repeated three
times. Statistical analyses were performed using SPSS version
19.0 for Windows. One-way analysis of variance (ANOVA)
was used to confirm comparisons of the variables. Signifi-
cance was identified as a p value of less than 0.05. ∗ repre-
sents p values < 0.05.

3. Results

3.1. CSFP Bioreactor. The VEGF-A mRNA expression level
in the CSFP+osteogenic MSC group was significantly
higher than that in the osteogenic MSC group and the
undifferentiated group. The IF staining of VEGF-A also
showed that the CSFP+osteogenic MSC group had higher
VEGF-A expression (Figure 3).

3.2. TEL Construction. The live/dead staining showed that
almost all the osteogenic MSCs survived 7 days after implan-
tation into hydroxyapatite-collagen I scaffold, and the cells
tightly adhered to the trabeculae structure of the scaffold.
The scaffold has blue autofluorescence (Figure 4).

3.3. Micro-CT Examination. In the CSFP group, the artificial
laminae grew gradually from the two sides of bone ends to

the middle, and the bone defect narrowed correspondingly.
In the 12th week, the artificial laminae on dural surface
realized symphysis, with a similar arch and smoothness with
the native laminae, while the artificial laminae on the
paraspinal muscle surface had not realized symphysis
(Figures 5(a)–5(d)).

In the Non-CSFP group, the ectopic artificial laminae
grew from the paraspinal muscle side towards the native
laminae side. From the 2nd week to the 12th week, the number
of bone trabeculae on the paraspinal muscle surface of the
artificial ectopic laminae increased gradually, while there
was little trabecula formation on the native laminae side
(Figures 5(e)–5(h) ).

3.4. HE Staining. In the CSFP group, the artificial laminae
grew from the two sides of the bone ends to the middle.
The bone growth rate on the dural surface was higher than
that on the paraspinal muscle surface. In the 8th week, the
lamina defect was less than 200μm; the trabecula amount
of the artificial laminae on the dural surface was higher than
that on the paraspinal muscle surface (Figure 6(b)). In the
12th week, the laminae on the dural surface were completely
developed, showing similar trabecula structure and curvature
to the native laminae; however, the artificial laminae on the
paraspinal muscle surface were still undergoing osteogenesis
(Figures 6(c), 6(g), and 6(h)).

In the Non-CSFP group, the artificial ectopic laminae
grew from the paraspinal muscle side towards the native lam-
inae side. The trabecula density and amount of the artificial
ectopic laminae on the paraspinal muscle surface were higher
than those on the native laminae side. From 4 weeks to 12
weeks, the number of trabeculae increased, but the arrange-
ment of the trabecular bone was always disorganized
(Figures 6(d)–6(f)). Besides, the osteogenesis process resem-
bled endochondral ossification (Figure 6(d)).

3.5. Angiogenesis. The angiogenesis of the two groups was
analyzed through the protein expression levels of PECAM-
1 and bFGF and the mRNA expression levels of PECAM-1
and VFGF-A. They showed similar expression trends.

IHC staining showed that the expression levels of
PECAM-1 in the CSFP group increased from the 2nd week
to the 8th week and then decreased from the 12th week, while
the expression levels of PECAM1 in the Non-CSFP group
increased slowly from the 2nd week to the 12th week, and
the protein expression levels of PECAM1 in the CSFP group
were significantly higher than those in the Non-CSFP group
in the 2nd, 4th, and 8th weeks (p < 0:05) (Figures 7(a)–7(g)).

The protein expression levels of bFGF in the CSFP
group increased from the 2nd week to the 8th week and
then decreased from the 12th week, while the expression
levels of bFGF in the Non-CSFP group increased from the
2nd week to the 12th week; the expression levels of bFGF in
the CSFP group were significantly higher than those in the
Non-CSFP group in the 2nd and 4th weeks (p < 0:05).
(Figures 8(a)–8(e)).

The mRNA expression trends of PECAM-1 and VFGF-A
were consistent with the protein expression trends of
PECAM-1 and bFGF, and the mRNA expression levels of
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Table 1: Sequences of oligonucleotide primers used for quantitative real-time qRT-PCR.

Genes Forward primer (5′-3′) Reverse primer (5′-3′)
OSTERIX GCA CGA AGA AGC CAT ACT C TGA CAG AAG CCC ATT GGT

OCG3 CGG CTA CAC CAT TGG GAT GT GCG GGA TCG ACA ATA GGG TT

VEGFA TAA ACC CCA CGA AGT GGT GA TGA CGT TGA ACT CCT CGG TG

PECAM1 AGA AGT GGA AGT GTC CTC GGT G GAG CCT TCC GTC CTA GAG TAT CTG

ACTB CCC GAC AGC CAG GTC ATC GTT GAA GGT GGT CTC GTG G
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Figure 3: The VEGF-A expression of osteogenic WJ-MSCs with/without CSFP stimulation in the CSFP bioreactor system. (a) IF staining
showed the CSFP+osteogenic WJ-MSC group had higher VEGF-A expression levels. (b) QRT-PCR assay showed the CSFP+osteogenic
WJ-MSC group had higher VEGF-A mRNA expression levels.

(a)

100 𝜇m

(b)

Figure 4: The live/dead staining of the TEL made by osteogenic and hydroxyapatite-collagen I scaffold. The scaffold had blue
autofluorescence.
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PECAM-1 and VFGF-A in the CSFP group were significantly
higher than those in the Non-CSFP group in the 2nd, 4th, and
8th weeks (p < 0:05) (Figures 7(h) and 8(f)).

Moreover, in the CSFP group, the protein expression
levels of bFGF on the dural surface were higher than those
on the paraspinal muscle surface in the 8th week
(Figure 8(a)). In the 12th week, the undeveloped artificial
laminae on the paraspinal muscle surface showed higher

expression levels of PECAM-1 than the developed artificial
laminae on the dural surface (Figures 7(b), 7(e), and 7(f)).

Immunofluorescence staining showed, in the CSFP
group, an abundance of organized small vessels in the artifi-
cial laminae in the 8th week, and the vessels became more
developed in the 12th week. In the Non-CSFP group, few
vessels formed near the native laminae side in the ectopic
artificial laminae in the 8th week, and many small vessels
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Figure 5: The 3D reconstruction pictures of the newborn laminae in the CSFP and Non-CSFP groups at the 2nd, 4th, 8th, and 12th weeks. The
dashed red oval in images (a), (b), and (c) showed the laminae defect, and the dashed red oval in other images showed the observation area.
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Figure 6: (a–f) Representative images of HE staining of newborn laminae in the CSFP group and the Non-CSFP group at the 4th, 8th, and 12th

weeks. (g) The paraspinal surface of the newborn laminae in the 12th week. (h) The dural surface of the newborn laminae in the 12th week. The
dashed line in images (a), (b), (c), and (h) showed the vertebral canal. The dashed line in images (d) and (e) showed the outer cortex of native
laminae.
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Figure 7: (a–d) Representative images of PECAM1 IHC staining of newborn laminae in the CSFP group and the Non-CSFP group at the 4th

and 8th weeks. (e) The PECAM1 IHC staining of the paraspinal surface of the newborn laminae in the 12th week. (f) The PECAM1 IHC
staining of the dural surface of the newborn laminae in the 12th week. (g) Quantification of PECAM1 expression by IHC staining. (h)
QRT-PCR analysis of PECAM1 expressions. The red arrow showed positive staining. The dashed line in images (a), (b), and (f) showed
the vertebral canal. The dashed line in images (c) showed the outer cortex of native laminae.
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formed near the paraspinal surface side in the ectopic artifi-
cial laminae at the 12th week (Figure 9).

3.6. Osteogenesis. The osteogenesis of the two groups was
analyzed through the protein or mRNA expression levels of
the osteogenic markers of BMP-2, Osterix, and OCG-3.

IHC staining showed that the expression levels of BMP-2
in the CSFP group increased from the 2nd week to the 8th

week and decreased in the 12th week, while its expression
levels in the Non-CSFP group increased slowly from the
2nd week to the 12th week, and the expression levels of
BMP-2 in the CSFP group were significantly higher than
those in the Non-CSFP group in the 2nd, 4th, and 8th weeks
(p < 0:05) (Figures 10(a)–10(f) and 10(i)).

The mRNA expression of the Osterix increased from the
2nd week to the 12th week, and the mRNA expression levels of
the Osterix in the CSFP group were significantly higher than
those in the Non-CSFP group in the 2nd, 4th, and 8th weeks
(p < 0:05) (Figure 10(j)). The mRNA expression levels of
OCG-3 in the CSFP group increased from the 2nd week to
the 12th week in both groups; the mRNA expression levels
of OCG-3 in the CSFP group were significantly higher than
those in the Non-CSFP group in the 8th and 12th weeks
(p < 0:05) (Figure 10(k)).

Moreover, in the CSFP group, the protein expression
levels of BMP-2 on the dural surface were higher than those
on the paraspinal muscle surface in the 8th week
(Figure 10(b)). In the 12th week, the undeveloped artificial
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Figure 9: Immunofluorescence staining of PECAM1 of the newborn laminae in the CSFP group in the 8th and 12th weeks.
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laminae on the paraspinal muscle surface showed higher
expression levels of BMP-2 than the developed artificial lam-
inae on the dural surface (Figures 10(c), 10(g), and 10(h)).

4. Discussion

MSCs are among the most promising stem cell types for
vascular tissue engineering, which can provide both seed cells
and favorable cytokines for blood vessel formation [6].
Firstly, MSCs can be differentiated into several vascular cell
phenotypes, including endothelial cells and smooth muscle
cells. Secondly, MSCs can also secrete various angiogenic
cytokines, such as VEGF, MCP-1, IL-6, and exosomes, which
can promote the proliferation and migration of endothelial
cells. The in vivo microenvironment of MSCs not only con-
tains biochemical factors but also exerts biomechanical
forces, which could influence their angiogenic ability [7]. In
this study, we investigated the role of CSFP, a specific pulsa-
tion force, in the angiogenic ability of tissue-engineered lam-
inae made by osteogenic MSCs and hydroxyapatite-collagen
I scaffold.

The effect of shear stress or cyclic strain on different types
of MSCs has been studied previously. For example, bone-
marrow-derived MSCs from many species can differentiate

into endothelial-like cells when they are stimulated through
physiological shear stress or cyclic strain conditions [16–
18]. Shear stress can induce MSCs to release VEGF-A,
HGF, bFGF, and IGF-1 [19]. Besides, shear stress can also
induce MSCs to release exosomes, which may serve as an
essential mediator of angiogenesis by transferring genetic
materials and angiogenic molecules [7]. In this study, we
used the CSFP bioreactor to simulate rabbit CSFP and
stimulate the osteogenic MSCs, finding that the CSFP could
promote the expression of angiogenic factors of osteogenic
MSCs. The animal study also found that the CSFP group
expressed more angiogenic factors than the Non-CSFP
group; moreover, in the CSFP group, the dural surface (closer
to the mechanical stimulation of CSFP) of the newborn lam-
inae also expressed more angiogenic factors than the para-
spinal muscle surface at the 8th week. These results showed
that CSFP stress could promote the angiogenic activities of
MSCs and the angiogenesis of the newborn laminae.

A previous study has shown that CSFP could promote the
osteogenesis of newborn laminae [4]. In this study, we also
determined several osteogenic markers, and the CSFP group
also showed higher BMP-2, Osterix, and OCG-3 expressions
than those of the Non-CSFP group. The lamina symphysis of
the dural surface, which was closer to the mechanical
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Figure 10: (a–c) Representative images of BMP-2 IHC staining of newborn laminae in the CSFP group and the Non-CSFP group in the 4th,
8th, and 12th weeks. (g) The BMP-2 IHC staining of the paraspinal surface of the newborn laminae in the 12th week. (h) The BMP-2 IHC
staining of the dural surface of the newborn laminae in the 12th week. (i) Quantification of BMP-2 expression by IHC staining. QRT-PCR
analysis of Osterix (j) and ODG-3 (k) expressions. The red arrow showed positive staining. The dashed line in images (a), (b), and (c)
showed the vertebral canal. The dashed line in images (d) and (e) showed the outer cortex of native laminae.
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stimulation of CSFP, preceded that of the paraspinal muscle
surface. Thus, we made clear once again that CSFP stress
could promote the osteogenesis, but whether the effect is
direct or as a result of better vascularization is still unknown.
The formation of blood vessels and bone is not isolated pro-
cesses, and they are tightly coupled by a special vessel subtype
(type H vessel), which highly expresses CD31 (PECAM-1)
and Emcn [20]. Type H endothelial cells could regulate
angiogenesis and osteogenesis through the Notch signaling
pathway [21]. Further research efforts are thus required to
explore the relationship between angiogenesis and osteogen-
esis. In this study, we also found that the protein expression
levels of BMP-2 decreased in the 12th week, while the mRNA
expression levels of Osterix and OCG-3 still increased. In the
12th week, the artificial laminae on dural surface realized
symphysis, and there was a little expression of BMP-2 in this
area; the BMP-2 mostly expressed on the paraspinal muscle
surface, which still underwent bone formation; thus, the
BMP-2 expression levels decreased compared to the 8th week.
The discrepancy between protein expression and mRNA
expression is also commonly seen [22]. Moreover, from the
12th week, the artificial laminae began the remodeling
process, and bone resorption outweighs bone formation [3].
These might explain for the decrease of BMP-2 expression
levels in the CSFP group.

There is a limitation in this study due to the different bio-
materials used for in vivo and in vitro studies. In the previous
studies [3, 4], we have successfully used microporous
hydroxyapatite-collagen I scaffold to reconstruct the artificial
laminae, so we continued to use it for the in vivo study.
However, the bioreactor study requires the use of mem-
brane biomaterials with elastic modulus, which could
respond to the simulated CSFP stress. Besides, MSCs had
to attach to the surface of the membrane in monolayer
to ensure the consistency of CSFP stress on the cells.
Microporous hydroxyapatite-collagen I scaffolds did not
meet these requirements, so we chose the PLGA mem-
brane with elastic modulus for the in vitro study.

5. Conclusion

In conclusion, CSFP stress could promote the angiogenic
ability of osteogenic MSCs and thus promote the angiogene-
sis and osteogenesis of tissue-engineered laminae. The pre-
treatment of osteogenic MSC with the CSFP bioreactor may
have important implications for vertebral lamina reconstruc-
tion with a tissue engineering technique.
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Retinoic acid (RA) signal is involved in tooth development and osteogenic differentiation of mesenchymal stem cells (MSCs).
Dental pulp stem cells (DPSCs) are one of the useful MSCs in tissue regeneration. However, the function of RA in
osteo/odontogenic differentiation of DPSCs remains unclear. Here, we investigated the expression pattern of RA in miniature
pig tooth germ and intervened in the RA signal during osteo/odontogenic differentiation of human DPSCs. Deciduous canine
(DC) germs of miniature pigs were observed morphologically, and the expression patterns of RA were studied by in situ
hybridization (ISH). Human DPSCs were isolated and cultured in osteogenic induction medium with or without RA or BMS
493, an inverse agonist of the pan-retinoic acid receptors (pan-RARs). Alkaline phosphatase (ALP) activity assays, alizarin red
staining, quantitative calcium analysis, CCK8 assay, osteogenesis-related gene expression, and in vivo transplantation were
conducted to determine the osteo/odontogenic differentiation potential and proliferation potential of DPSCs. We found that the
expression of RARβ and CRABP2 decreased during crown calcification of DCs of miniature pigs. Activation of RA signal
in vitro inhibited ALP activities and mineralization of human DPSCs and decreased the mRNA expression of ALP, osteocalcin,
osteopontin, and a transcription factor, osterix. With BMS 493 treatment, the results were opposite. Interference in RA signal
decreased the proliferation of DPSCs. In vivo transplantation experiments suggested that osteo/odontogenic differentiation
potential of DPSCs was enhanced by inversing RA signal. Our results demonstrated that downregulation of RA signal promoted
osteo/odontogenic differentiation of DPSCs and indicated a potential target pathway to improve tissue regeneration.

1. Introduction

Retinoic acid (RA), the main active derivative of vitamin A,
found in embryos and adult vertebrates [1], is essential for
embryonic development [2–4] and, like several other mole-
cules, continues to play vital roles after the development is
completed [5]. RA signaling is activated when RA binds to
cellular retinoic acid-binding protein (CRABP), which trans-
locates RA from the cytoplasm into the nucleus. In the

nucleus, heterodimers of nuclear retinoic acid receptors
(RARs) and retinoid X receptors (RXRs) recognize RA and
regulate transcription by association with retinoic acid
response elements (RAREs) in the promoter regions of
DNA [6]. Previous studies have shown the dynamic expres-
sion patterns of RA-relative signaling molecules in develop-
ing tooth [3, 7–9] and reported that RA signals regulated
the initiation and formation of dentition at early stages of
development [10–12]. An excess amount of RA has negative
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effects on the maintenance of stem cell niche and enamel
formation [13, 14]. RA signaling is also involved in bone
metabolism and osteoblast differentiation [15–17]. Interac-
tions have been reported between RA and several mole-
cules from osteo/odontogenic-related pathways, like bone
morphogenic protein (BMP) [18], fibroblast growth factor
(FGF) [13], and members of the Wnt signaling pathway
[16, 19]. However, to the best of our knowledge, the direct
role of RA in dentin mineralization and odontoblast differ-
entiation is not yet reported.

As mesenchymal stem cells (MSCs) have key roles in tis-
sue engineering, their sources and the regulation of their dif-
ferentiation mechanisms in tissue regeneration are active
areas of research. Dental pulp stem cells (DPSCs) have been
isolated from an adult dental pulp and are characterized by
their high proliferation rate, self-renewal capability, and their
potential to differentiate into osteoblasts, odontoblasts, adi-
pocytes, etc. [20]. Currently, DPSCs are widely studied as
potential seed cells in regeneration for dentin pulp-like com-
plex and periodontal tissue and bone [21–24]. Our previous
studies [25–27] have identified the role of DPSCs in func-
tional root and periodontal regeneration. Our recent research
observed that, compared to other mesenchymal stem cells,
DPSCs have superior resistance to cellular senescence in cul-
ture and under an inflammatory environment [28]. All these
observations suggested that DPSCs can be a promising
source of MSCs for tooth regeneration. Improvement in the
differentiation efficacy of DPSCs can greatly facilitate their
utility in tissue regeneration.

In this study, we used deciduous canines (DCs) of
miniature pigs between late bell stage and calcification
stage to study the expression pattern of RA in the dental
papilla (DP) during crown calcification. Using human
DPSCs, we investigated if RA had the presumed effects in
osteo/odontogenic differentiation of human DPSCs. Our
results revealed the negative effect of RA, both in crown cal-
cification and in osteo/odontogenic differentiation of DPSCs,
and we successfully improved the regeneration of bone-like
tissue by inversing the RA signal, a novel method to promote
the bone/dentin regeneration.

2. Materials and Methods

2.1. Animals. Pregnant miniature pigs were obtained from
the Animal Science Institute of Chinese Agriculture Uni-
versity. The gestation age was calculated from the day of
insemination. Pregnancy was verified through B-type
ultrasonography. All procedures acquired approvement
from the Animal Care Use Committee of Capital Medical
University (Beijing, China) (Permit Number: AEEI-2016-
063). Pregnant pigs were anesthetized and sacrificed as previ-
ously described [29]. The DCs were harvested on embryonic
day 50 (E50) and embryonic day 60 (E60).

2.2. In Situ Hybridization (ISH). RNA probe synthesis and
nonradioactive in situ hybridization were carried out as
described previously [30, 31]. The primers used for reverse
transcriptase polymerase chain reaction (RT-PCR) are
listed in Table 1. Briefly, total RNA was extracted from

DC tooth germs from miniature pigs on E50-60. After
RT-PCR, the DNA bands of interest were extracted and
their DNA sequences were determined. Digoxigenin-
(DIG-) labeled RNA probes were synthesized with DIG-
UTP and T7 RNA polymerase (10881767001; Roche,
Switzerland) and DIG RNA labeling mix solution
(11277073910; Roche). For the staining process, slides
were deparaffinized and rehydrated completely and then
digested with 1μg/mL proteinase K for 30min at 37°C.
After refixation with 4% paraformaldehyde- (PFA-) PBS,
the sections were dehydrated in 25, 50, 75, and 100%
ethanol successively before air-drying for 1 hour. Hybrid-
ization was performed overnight with diluted probes in
an RNase-free incubator at 70°C. In the next day, the sec-
tions were rinsed for 3 to 4 hours and incubated with
antibodies (alkaline phosphatase-conjugated anti-digoxi-
genin, Fab fragments) (11093274910; Roche) overnight.
Signal detection was performed with the NBT/BCIP sub-
strate (S3771; Promega, Madison, WI).

2.3. Cell Cultures. Human tooth tissues were obtained from
impacted third molars, under approved guidelines set by
the Beijing Stomatological Hospital, Capital Medical Univer-
sity. All procedures were performed with informed consent
from patients. The isolation and culture of DPSCs were per-
formed as reported previously [32]. DPSCs at passages 3 to 5
were used in the following experiments. DPSCs were cultured
for 3-14 days in osteogenic induction medium containing
100μM of ascorbic acid, 2mM of β-glycerophosphate,
1.8mM of KH2PO4, and 10nM of dexamethasone. In the
experimental groups, to activate the RA signal, RA (Sigma-
Aldrich, Santa Louis, USA) was used and, to inhibit RA sig-
nal, BMS 493 (Tocris, Cat. No. 3509), an inverse agonist of

Table 1: Primer sequences used in the RT-PCR.

Gene symbol Primer sequences (5′-3′)
RARα-sense CTAAACGTCTGCCAGGCTTC

RARα-antisense CGGGATGCATGAAATGGCTG

CRABP2-sense CCCAACTTCTCTGGCAACTGG

CRABP2-antisense TCTAGAAGGAAGGGTAGGGGAG

Table 2: Primer sequences used in the real-time PCR.

Gene symbol Primer sequences (5′-3′)
GAPDH-F GGAGCGAGATCCCTCCAAAAT

GAPDH-R GGCTGTTGTCATACTTCTCATGG

ALP-F GACCTCCTCGGAAGACACTC

ALP-R TGAAGGGCTTCTTGTCTGTG

OPN-F CGCAGACCTGACATCCAGTA

OPN-R GTGGGTTTCAGCACTCTGGT

OCN-F TCACACTCCTCGCCCTATTG

OCN-R GGGTCTCTTCACTACCTCGC

OSX-F CCCACCTCAGGCTATGCTAA

OSX-R GCCTTGTACCAGGAGCCATA
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pan-RARs, was used. For each experiment, RA and BMS 493
stock solutions were initially diluted in DMSO and then in
culture medium for 10-7M, 10-6M, and 10-5M according to
a previous literature [13, 19, 33].

2.4. Alkaline Phosphatase (ALP) Assay and Alizarin Red
Staining. After osteogenic induction for 7 days, ALP activity
assay was performed using an ALP activity kit following the
instruction from the manufacturer’s protocol (Sigma-
Aldrich). Signal strength was normalized based on protein
concentration. After 14 days of induction, mineralization
was detected. The cultured DPSCs were fixed with 70% etha-
nol and stained in 2% Alizarin red (Sigma-Aldrich). To cal-
culate their calcium contents, the above samples were
destained with 10% cetylpyridinium chloride before measur-
ing their absorbance at 562nm on a multiplate reader. Their
calcium contents were derived from a standard calcium
curve, constructed using calcium dilutions of the same solu-

tion. In each group, the final calcium level was normalized
to total protein concentration in duplicate plates.

2.5. Cell Proliferation Assay. To analyze the effects of RA sig-
nal intervention on DPSC proliferation, cell proliferation
assay was performed in 96-well plates using cell counting
kit-8 (CCK8; Dojindo, Tokyo, Japan). After osteogenic
induction for 1, 2, 3, 4, and 5 days, 10% CCK8 reagent was
added to each well and incubated at 37°C for 2 h before mea-
suring the optical density (OD) values of the samples at
450 nm on a microplate reader. Cell proliferation capacities
were represented by the OD values.

2.6. RNA Isolation, RT-PCR, and Real-Time RT-PCR. Total
RNA was extracted from DPSCs using TRIzol reagent
(Invitrogen). Using 2μg of RNA, cDNA was synthesized
with random hexamers or oligo (dT) and reverse transcriptase
according to the manufacturer’s protocol (Invitrogen). Real-
time RT-PCR reactions were carried out using the QuantiTect
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Figure 1: Morphological changes and mRNA expression changes of RARβ and CRABP2 in the DP during crown calcification of DC of
miniature pig. (A, A′) In HE staining of DC on E50, tooth germ develops into bell stage; (A′) exhibits the enlarged image of the boxed
region in (A). The enamel organ (EO) forms and surrounds the dental papilla (DP) which is located next to the inner enamel epithelium
(IEE). (B, B′) In HE staining of DC on E60, tooth germ develops into calcification stage; (B′) exhibits the enlarged image of the boxed
region in (B). The elongated odontoblasts (O) appear at the frontier of the DP. The predentin (PD) and enamel are secreted between the
DP and EO. The outer enamel epithelium (OEE) and stellate reticulum (SR) can be identified on E50 and E60. The expression patterns of
RARβ and CRABP2 in DP are studied by in situ hybridization (ISH); the boxed regions in (C–F) are enlarged in (C′–F′). Expression
levels of RARβ and CRABP2 are largely decreased in DP from E50 to E60. Scale bars represent 200 μm (A–F) and 50 μm (A′–F′).
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Figure 2: Continued.
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SYBR Green PCR kit (Qiagen, Hilden, Germany) and an iCy-
cleriQ Multi-color Real-time RT-PCR Detection System. The
primers used for the specific genes are shown in Table 2.

2.7. Transplantation in Nude Mice. The present study was
performed in accordance with an approved protocol.
Eight-week-old female BALB/c nude mice were maintained
with free access to water and regular food. Human DPSCs
were cultured at the presence or absence of BMS 493 for 3
days before combining with 40mg of hydroxyapatite/tri-
calcium phosphate (HA/TCP) ceramic particles. The mix-
ture was then transplanted subcutaneously on the dorsal
side of the nude mice. After 8 weeks, the transplants were
harvested and fixed with 10% formalin for 48 h and decal-
cified in buffered 10% EDTA (pH8.0) for a month prior
to embedding in paraffin wax and sectioning.

2.8. Histological Analyses. Sections were stained with hema-
toxylin and eosin (HE) to detect morphological changes in
the DP of DC from miniature pigs and new bone formation
in transplants. Masson’s trichrome staining was applied to
evaluate the collagen fibril deposits. Image-Pro Plus 6.0
(Media Cybernetics, Rockville, MD) was used for qualitative
measurement of mineralization.

2.9. Immunohistochemistry Staining. Immunohistochemistry
staining was carried out as previously described [34]. Briefly,
sections were deparaffinized, hydrated, and immersed in 10%
H2O2 for 10min to quench the endogenous peroxidase. They
were incubated with a primary antibody at 4°C overnight.
The primary antibodies used here included those against
dentin sialophosphoprotein (DSPP) (Cat. No. ab216892,
Abcam, Cambridge, UK), osteocalcin (OCN) (Cat No.

ab13418, Abcam, Cambridge, UK), and collagen type I
(COL-1) (Cat No. NB600–408, Novus Biological Centennial,
USA). In the next day, the sections were washed and incu-
bated in secondary antibody at room temperature. DAB
staining was performed with DAB Substrate Kit (Cell Signal-
ing, Danvers, MA, USA) and counterstaining with HE.
Image-Pro Plus 6.0 (Media Cybernetics, Rockville, MD)
was used for the qualitative measurement of mineralization.

2.10. Statistical Analysis. All statistical calculations were car-
ried out using SPSS 13.0 statistical software. Student’s t-test
was performed to determine the statistical significance.
P value ≤ 0.05 was considered to be significant.

3. Results

3.1. RA Signaling Decreases during Crown Calcification of
Deciduous Canine from Miniature Pig. First, we used the
DCs from miniature pigs as a model for crown calcification
in tooth development. HE staining showed that the enamel
of DCs became obvious on E50 (Figures 1(A) and 1(A′)),
but in DP, the elongated odontoblasts with secreted preden-
tin did not appear until E60 (Figures 1(B) and 1(B′)). As a
result, we designate the development stages of DCs of minia-
ture pigs on E50 and E60 as late bell and calcification stages,
respectively. To investigate the role of RA signaling during
crown calcification, we studied the RNA expression patterns
of RA receptors α (RARα) and β (RARβ) and cellular retinoic
acid-binding proteins 1 and 2 (CRABP1 and CRABP2) in DCs
from E50 to E60. We found that RARα was not expressed in
the whole tooth germ of DCs from E50 to E60 and CRABP1
expression showed little difference between the two stages
(data not shown), while the mRNA expressions of RARβ
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Figure 2: RA inhibits osteo/odontogenic differentiation and proliferation of human DPSCs. (a) ALP activity assay results show RA inhibits
ALP activities in human DPSCs after osteogenic induction for 7 days. Alizarin red staining (b) and quantitative calcium measurement (c)
results show RA reduces osteogenic differentiation of human DPSCs after osteogenic induction for 14 days. Calcium nodules are observed
under a microscope and displayed below (b). (d) CCK8 assays exhibit significant induction in the proliferation of DPSCs by RA after 4-
day induction. Real-time RT-PCR results show RA downregulates the expressions of osteogenesis-related markers ALP (e), OPN (f), OCN
(g), and transcription factor OSX (h) in human DPSCs. GAPDH is applied as the internal control. Student’s t-test is performed to
calculate statistical significance. All error bars mean the SD (n = 3). ∗P < 0:05, ∗∗P < 0:01, and ∗∗∗∗P < 0:0001. Scale bars represent 200μm (b).
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(Figures 1(C), 1(C′), 1(D), and 1(D′)) and CRABP2
(Figures 1(E), 1(E′), 1(F), and 1(F′)) were prominent at
E50 in mesenchymal cells and significantly decreased at
E60. Considering the simultaneous decrease of RARβ and
CRABP2 can downregulate the activation of RA signal, we
suggest that RA signal plays a negative role in crown calcifi-
cation and odontoblast differentiation.

3.2. RA Inhibits Osteogenic Differentiation and Cell
Proliferation of DPSCs In Vitro. DPSCs are dental stem cells
isolated from the dental pulp, which is derived from the
dental papilla, the mesenchymal compartment, during
development. Based on our above finding, we raise a
hypothesis that osteogenic potential of DPSCs could be
controlled by RA signal, in addition to its involvement
in mineralization of dentin during tooth development. To
confirm this, DPSCs were cultured in osteogenic medium
with or without RA supplement. First, ALP activity, an
early marker for osteogenic differentiation, was analyzed.
Experimental groups were treated with 10-7M, 10-6M,
and 10-5M of RA, based on a previous literature [13, 19]. In
DPSCs, ALP activity decreased on day 7 in the above experi-
mental groups. We chose the minimum effective concentra-
tion of 10-7M (Figure 2(a)) for further experiments. After 14
days of culture, DPSCs treated with RA showed fewer miner-
alization nodules (Figure 2(b)) and quantitative measure-
ments revealed lower concentrations of calcium (Figure 2(c))
than in the control group. Proliferation of DPSCs decreased
by RA after 4 days of induction, as seen in CCK8 assay
(Figure 2(d)). Real-time RT-PCR was performed to evaluate
the expression levels of osteogenic genes including ALP, osteo-
calcin (OCN), osteopontin (OPN), and a related transcription

factor osterix (OSX). Compared with the control group, there
was significant reduction in the expression of the osteogenic
markers (ALP, OCN, and OPN) and OSX in RA-treated
DPSCs on days 3, 7, 10, and 14 (Figures 2(e)–2(h)). These
results show that RA inhibits osteogenic differentiation and
proliferation of DPSCs in vitro.

3.3. BMS 493 Promotes Osteogenic Differentiation and
Inhibits Proliferation of DPSCs In Vitro. To confirm further
the role of RA signal in osteogenic differentiation of DPSCs,
10-7M, 10-6M, and 10-5M of BMS 493, an inverse agonist of
pan-RARs, were added in the culture medium to modulate
the RA signal in DPSCs. With the addition of 10-7M BMS
493, ALP activity increased after 7 days of culture
(Figure 3(a)), and more mineralization nodules (Figure 3(b))
and higher concentrations of calcium (Figure 3(c)) were seen.
Proliferation of DPSCs decreased in the group treated with
10-7M BMS (Figure 3(d)). Next, we studied the expression
of osteogenic genes by semiquantitative RT-PCR. During
the 14-day long osteogenic induction, the expression of
ALP, OCN, OPN, and OSX enhanced significantly in BMS
493-treated DPSCs, compared to the control group
(Figures 3(e)–3(h)). Taken together, these results indicate
that BMS 493 promotes osteogenic differentiation and
inhibits the proliferation of DPSCs in vitro.

3.4. BMS 493 Promotes Osteogenic Differentiation of DPSCs
In Vivo. To test whether the RA signal affects osteogenesis
in vivo, human DPSCs were treated with or without BMS
493 for 3 days before mixing them with HA/TCP ceramic
particles and transplanting subcutaneously into nude mice.
After eight weeks, the transplanted tissues were retrieved
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Figure 3: BMS 493 enhances osteo/odontogenic differentiation and inhibits proliferation of human DPSCs. (a) ALP activity assay results
exhibit enhanced ALP activities in human DPSCs by BMS 493 after osteogenic induction for 7 days. Alizarin red staining (b) and
quantitative calcium measurement (c) results show more mineralization nodules in human DPSCs by BMS 493 after osteogenic induction
for 14 days. Calcium nodules are observed under a microscope and displayed below (b). (d) CCK8 assays show the proliferation of DPSCs
is largely suppressed by BMS 493 after 4-day induction. Real-time RT-PCR results show BMS 493 upregulates the expressions of
osteogenesis-related markers ALP (e), OPN (f), OCN (g), and transcription factor OSX (h) in human DPSCs. GAPDH is applied as the
internal control. Student’s t-test is performed to calculate statistical significance. All error bars mean the SD (n = 3). ∗P < 0:05, ∗∗P < 0:01,
∗∗∗P < 0:001, and ∗∗∗∗P < 0:0001. Scale bars represent 200μm (b).
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and decalcified. HE staining showed the formation of more
bone-like tissue in BMS 493-treated DPSCs than in the con-
trol groups (Figures 4(A) and 4(A′)). In Masson’s trichrome
staining, collagen fibrils are stained blue, in contrast to a red
background of cells and other structure. Here, it exhibited
larger areas of blue, indicating more fibrous tissue formation,
which is an early stage in bone formation, in BMS 493-treated
DPSCs, compared to controls (Figures 4(C) and 4(C′)). Qual-
itative measurements revealed more newly formed bone tis-
sues (Figure 4(B)) and collagen fibrous tissues (Figure 4(D))
in BMS 493-treated groups than in control groups. Further,
IHC was performed to evaluate the osteo/odontogenic marker
expressions. Expression levels of DSPP, OCN, and COL-1
were significantly higher in the BMS 493-treated group than
in the control (Figures 5(a), 5(b), 5(d), 5(e), 5(g), and 5(h)).
Qualitative measurements confirmed the relative differences
in the expression of DSPP, OCN, and COL-1 between the
BMS 493 group and control group (Figures 5(c), 5(f), and
5(i)). Taken together, these results show that the bone/dentin
regenerative potential of DPSCs can be enhanced substan-
tially by inversing RA signal in vivo.

4. Discussion

Retinoic acid is an early signal in embryonic development
and has a crucial role in the early stage of tooth development

[10–12]. Studies have shown the participation of RAR signals
in postnatal bone metabolism [35]. A negative role of RA and
RAR was reported in osteogenesis and bone mineralization
[16, 19, 36]. In murine tooth development, RARβ expression
is initiated during bell stage and is seen in odontoblasts [37].
The expression of CRABP2 is seen in dental mesenchymal
cells and decreases during dentin development in mouse
[38]. CRABP2 knockdown enhances odontoblastic differen-
tiation of human DPSCs. It is downregulated during osteo-
genic differentiation from myogenic progenitor cells and
negatively regulates osteogenic differentiation [39]. Minia-
ture pigs are similar to humans in their mandibular anatomy
and diphyodont dentition [40]. In the present study, the
simultaneous decrease in the expression of RARβ and
CRABP2 in dental mesenchymal cells of miniature pigs dur-
ing tooth development indicated the negative role of RA sig-
nal in odontogenic differentiation and dentin mineralization.

In recent years, DPSCs are proved to be a promising
choice in dentin and bone regeneration. The ability to
manipulate the stem cells accurately to a desired cell line-
age remains a much pursued goal of research [41]. Given
the negative role of RA in mineralization, we propose that
blocking RA signal may be an effective method for dentin
regeneration from DPSCs. Knocking down the CRABP2 in
DPSCs through transfection with lentivirus promoted the
odontogenic differentiation of DPSCs in vitro [38]. How-
ever, procedural difficulties and safety issues are the
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Figure 4: Blocking RA signal enhances the bone-like tissue formation and collagen fibril deposits from human DPSCs in vivo. Human DPSCs
cultured at the presence or absence of BMS 493 were transplanted subcutaneously into immunodeficient BALB/c nude mice, and the
transplants were harvested after 8 weeks. (A, A′) HE staining of the transplants exhibits improved bone-like tissue formation by BMS 493
treatment. (C, C′) Masson’s trichrome staining exhibits more collagen fibril deposits by BMS 493 treatment. Qualitative measurements are
used to evaluate bone-like tissue area (B) and collagen volume fraction (D). Scale bars represent 20 μm (A, A′, C, C′). All error bars mean
the SD (n = 5). ∗∗∗∗P < 0:0001. B: bone-like tissue; CT: connective tissue; HA: hydroxyapatite/tricalcium carrier.
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roadblocks in the clinical application of lentivirus transfec-
tion. In this scenario, inversing the RA signal by BMS 493
is a new method to improve the osteo/odontogenic differ-
entiation of DPSCs in tissue regeneration, both in vitro
and in vivo. The present results showed that BMS 493
enhanced the osteo/odontogenic differentiation potential
in DPSCs in vitro and enhanced the regeneration of
bone-like tissue in vivo. Although previous studies have
shown the RA signal had a significant role in regulating
the proliferation of different cell types [42, 43], interesting
results were investigated in our work that the proliferation
of human DPSCs was decreased whenever activating or
blocking RA signal after 4 days of culture, which suggests
that the proliferation of DPSCs may be independent from

RA signaling and the osteogenic induction may influence
the cell proliferation.

Different stages of the osteo/odontogenic differentiation
of MSCs are characterized by several markers. ALP partici-
pates in bone mineralization and is an early osteogenic differ-
entiation marker [44, 45], while OPN and OCN are specific
matrix proteins associated with bone metabolism and
remodeling and are late osteoblastic differentiation markers
in MSCs [45, 46]. During osteogenic induction in vitro, we
studied the expression of ALP, OPN, and OCN by real-time
RT-PCR. Their synchronous decrease due to RA treatment
indicated the negative effect of RA in osteogenesis of DPSCs
in both early and late differentiation periods. OSX is a key
transcription factor specifically expressed in developing
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Figure 5: Blocking RA signal enhances the expression of osteo/odontogenic related factors from human DPSCs in vivo.
Immunohistochemical (IHC) staining reveals expression levels of DSPP (a, b), OCN (d, e), and COL-1 (g, h). Qualitative measurements of
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bones [47] and enhances the osteogenic differentiation
potential of stem cells [48, 49]. In mouse tooth development,
OSX was reported to be highly expressed in osteogenic mes-
enchyme and odontoblasts, and its overexpression in mouse
odontoblast-like cells resulted in enhanced transcription of
an odontogenic marker, DSPP [50]. By real-time RT-PCR,
we detected the downregulation of OSX due to RA and its
enhancement due to BMS 493. These results suggested a role
for OSX in regulating RA signal in osteogenic differentiation
of DPSCs (Figure 6). Future research needs to explore the
role of RA and related signals during osteo/odontogenic dif-
ferentiation and focus on the specific mechanisms of action
of RA on OSX. DSPP is an odontogenic marker widely
expressed in mature odontoblasts and dentin [51, 52].
COL-1 is a major component of mineralized tissues, and
reports support its potential to improve the survival and
expression of osteogenic and chondrogenic phenotypes in
MSCs in vivo [53]. The present research proved that treat-
ment with BMS 493 improved the expression of DSPP,
COL-1, and OCN as well as enhanced the mineralization of
DPSCs in vivo.

In contrast, some studies have suggested a positive role
for the RA pathway in osteogenic differentiation of MSCs
[54–56] and dental pulp cells [57–59]. However, their
in vitro induction time was mostly shorter than 7 days while
osteogenesis is a long and dynamic process. In addition, a
long-term in vitro culture of stem cells from periodontal lig-
aments and pulp of human exfoliated deciduous teeth
showed improved osteogenic differentiation by RA [60]. Dif-
ferent culture conditions, varied induction time, and differ-
ent cell types may explain this discrepancy. In any case, the
specific mechanisms of RA signal in osteo/odontogenic dif-
ferentiation remain to be delineated.

5. Conclusion

This study indicated that the RA signaling pathway was
involved in dental crown calcification and demonstrated that
activation of RA signal decreased the osteogenic differentia-
tion potential of DPSCs and blocking RA signal enhanced it
in vitro and in vivo. The modulation of RA signaling has
potential for improving the tissue regeneration and explains
the mechanisms of osteogenesis and odontogenesis. The rela-

tionship between RA and its downstream signals needs to be
studied in greater details to understand this process better.
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