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Abstract

Objectives: Mesenchymal stem cells (MSC) could be isolated from healthy
periodontal ligaments (PDL). The aims of this study were to isolate and characterize
human PDL stem cells (hPDLSCs) from inflamed PDL tissue, and to evaluate their
regenerative potential.

Materials and Methods: Inflamed hPDLSCs (ihPDLSCs) were isolated from the
inflamed PDL tissue obtained from intra-bony defects during flap surgery, and
characterized by immunohistochemical staining, colony-forming unit assay,
fluorescence-activated cell sorting, and mRNA expression in comparison with healthy
hPDLSCs obtained from extracted teeth for orthodontic purpose. The proliferative
potential and migratory potential was evaluated, and compared with healthy hPDLSCs.
Regenerative potential was assessed by an in vivo ectopic transplantation model.
Results: ihPDLSCs were successfully isolated and characterized as MSCs. Both
ihPDLSCs and hPDLSCs were successfully differentiated under osteogenic/
cementogenic and adipogenic microenvironment. The proliferative potential did not
differ between healthy hPDLSCs and ihPDLSCs, while the migratory capacity was
significantly increased in ihPDLSCs (p <0.05). Both groups exhibited new cementum-
like tissue and related PDL fibre regeneration in an in vivo transplantation model.
Conclusion: ihPDLSCs could be successfully isolated from inflamed PDL tissue, and
they retained the regenerative potential for cementum and related PDL tissues.
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The concept that the periodontal ligament
(PDL) contains a mixed population of

cells that can synthesize various tissues
has been suggested by several authors
(Roberts & Jee 1974, Melcher 1976).
These cells appear around blood vessels
in the PDL, and have been identified as
progenitor cells by McCulloch (1985).
However, these paravascular progenitor
cells in the PDL space cannot be desig-
nated as stem cells, because the basic
characteristics of stem cells (i.e., the
abilities to self-renew, generate large
numbers of progeny, and differentiate
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into multiple mature cell types) (Fortier
2005) have not been demonstrated.
Multipotent human PDL stem cells
(hPDLSCs) were eventually isolated by
single-colony selection and magnetic-
activated cell sorting, and characterized
according to their expression of the
mesenchymal stem cell (MSC) markers
STRO-1 and CD146/MUCI18 (Seo et al.
2004). The hPDLSCs isolated from
the PDL tissue of impacted wisdom
teeth shared the characteristics of other
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postnatal human MSCs, including for-
mation of colony-forming units (CFU)
and possession of osteogenic, adipo-
genic, chondrogenic, and neurogenic
differentiation = capabilities. = These
hPDLSCs could also form a thin layer
of cementum-like tissue on the surface
of hydroxyapatite/tricalcium phosphate
(HA/TCP) particles along with con-
densed collagen fibres resembling
Sharpey’s fibres, when transplanted
with HA/TCP as a cell carrier into an
in vivo ectopic transplantation model in
immunodeficient mice.

There are currently various dental-
origin MSCs other than hPDLSCs,
including dental pulp stem cells
(DPSCs) (Gronthos et al. 2002), stem
cells from the apical papilla (SCAP)
(Sonoyama et al. 2006, 2008), and
stem cells from human exfoliated decid-
uous teeth (SHED) (Miura et al. 2003,
Kerkis et al. 2006). Until now, impacted
third molars or teeth that have been
extracted for orthodontic purposes have
been the most favored sources for
DPSCs and hPDLSCs, but these are
not always available when needed.
Furthermore, SCAP and SHED are not
available in adults. Therefore, alterna-
tive, readily accessible sources are
continuously being sought.

In the search for alternative sources
of MSCs, inflamed dental tissues
have been assessed for their potency. It
was recently demonstrated that stem/
progenitor cells could be successfully
isolated from inflamed adult human
dental pulp (Alongi et al. 2010),
and the presence of putative stem cells
in periodontitis-affected PDL tissue
was also demonstrated (Chen et al.
2006). Furthermore, stem cells isolated
from periodontitis-affected PDL tissue
were even shown to differentiate
into highly proliferative neural pre-
cursors in vitro (Widera et al. 2007).
However, few if any studies have in-
vestigated the regenerative potential
of MSCs obtained from inflamed
PDL tissue.

The aims of this study were to iso-
late and characterize human PDL
stem cells from healthy or inflamed
human PDLs (hPDLSCs and ihPDLSCs,
respectively), and to evaluate their
regenerative potentials. We demon-
strated that it was possible to isolate
hPDLSCs from the inflamed tissue
of human periodontal defects during
periodontal flap surgery, and that these
cells (ihPDLSCs) retained the regenera-
tive potentials.

Materials and Methods
Isolation of hPDLSCs

hPDLSCs were isolated and cultured
according to previously reported proto-
cols with slight modification (Seo et al.
2004). Briefly, human premolars
extracted from six systemically healthy
adults (16-29 years of age) at the
Department of General Dentistry, Den-
tal College, Yonsei University, Seoul,
Korea for orthodontic purposes were
used under approved guidelines set by
the Institutional Review Board, College
of Dentistry, Yonsei University. PDL
tissues were separated from the root
surface using a scalpel and were minced
into the smallest size possible. The
minced PDL tissues were digested five
times at 30-min. intervals in g-minimum
essential medium («-MEM; Gibco,
Grand Island, NY, USA) containing
3mg/ml collagenase type I (WAKO,
Tokyo, Japan) and 4mg/ml dispase
(Gibco) at 37°C. Single-cell suspensions
were obtained by passing the cell-con-
taining medium through a strainer with a
pore size of 70 um (BD Falcon Labware,
BD Labware, Franklin lakes, NJ, USA).
The resulting cells (5 x 10°) were
seeded onto T75 cell culture dishes
containing a growth medium of o-
MEM supplemented with 15% foetal
bovine serum (FBS; Gibco), 100 uM
L-ascorbic acid 2-phosphate (Sigma-
Aldrich, St. Louis, MO, USA), 2mM
L-glutamine, 100 U/ml penicillin, and
100 ug/ml streptomycin (Gibco), and
incubated at 37°C in 5% CO,. Single-
cell colonies were observed and passage
0 (PO) cells were cultured. Cells at
passages P3—P5 were used for the study.

Isolation of ihPDLSCs from the
inflammatory granulation tissue of
periodontal defects

Six patients between 42 and 57 years of
age with moderate or severe chronic
peridontitis were selected as subjects
at the Department of Periodontology,
College of Dentistry, Yonsei University.
The inflammatory granulation tissue
was isolated from the periodontal defect
of these systematically healthy patients.
Surgical sites had a periodontal probing
pocket depth of >6 mm with bleeding
on probing and radiographic evidence of
intra-bony pockets larger than 3 mm at
the remaining two or three walls. All of
the surgical procedures were performed
for the purposes of treatment. Patients
received a professional prophylactic

treatment including scaling and root
planing before periodontal flap surgery.
The study was reviewed and approved
by the Institutional Review Board of the
College of Dentistry, Yonsei University,
and all patients gave their informed
consent to participate.

Simplified papilla-preservation flaps
were raised after administering local
anaesthesia (Cortellini et al. 1999).
Unattached necrotic granulation tissue
was removed roughly using an ultraso-
nic scaler, and then inflammatory gran-
ulation tissue attached at the base of
the intra-bony defect was removed for
experimental usage. The defects and
surgical area were cleaned thoroughly
by hand instruments and with the aid of
ultrasonic devices. After the planned
treatment, the flaps were repositioned
and closed with interrupted sutures.

Inflammatory granulation tissue sam-
ples larger than 3 x 3mm were col-
lected into the aforementioned growth
medium. Immediately after collection,
the tissues were subjected to the cell-
isolation procedure using enzymatic
digestion, as described above. Cells iso-
lated from the inflammatory granulation
tissue were named ihPDLSCs. Part of
the granulation tissue was used for his-
tological and immunohistochemical
evaluation, whereby it was embedded
and frozen in OCT compound (Tissue-
Tek 4583, Sakura Finetek, Tokyo,
Japan). Serial frozen sections were cut
at 7 um on a cryostat (CM3050S, Leica,
Wetzlar, Germany) and stained with
haematoxylin and eosin (H-E). The
histological analyses were performed
with the aid of both light and fluores-
cence microscopy (BXS50, Olympus
Optical, Tokyo, Japan).

For immunohistochemical evalua-
tion, sections were blocked with block-
ing solution (Human Mesenchymal
Stem cell Characterization Kit, Cat.
No. SCR067, Millipore, Billerica, MA,
USA) and then incubated with primary
antibody (mouse anti-STRO-1, Human
Mesenchymal Stem Cell Characteriza-
tion Kit) overnight at 4°C. After wash-
ing with phosphate-buffered saline
(PBS), sections were incubated with
fluorescein isothiocyanate (FITC)-con-
jugated secondary antibody for 2h at
room temperature. After washing with
PBS, sections were incubated again with
primary antibody (rabbit anti-CD146,
clone EPR3208, Millipore) and then
with Texas red-conjugated secondary
antibody. Cells were counterstained
with the nuclear dye 4',6-diamidino-2-
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phenylindole (DAPI, 1:100; Vector
Laboratories, Burlingame, CA, USA),
and images were obtained with the con-
focal laser scanning microscopy (LSM
700 Laser Scanning Microscope, Carl
Zeiss Inc., Thornwood, NY, USA).

Characterization of isolated ihPDLSCs as
MSCs: CFU assay

A CFU assay was performed to determine
the presence of putative MSCs in the
granulation tissue taken from periodontal
defects. Cells were plated at 1 x 10?
cells/ml onto 100-mm culture dishes
with growth media, and 14 days there-
after the dishes were fixed with 4%
formaldehyde and then stained with crys-
tal violet (Sigma-Aldrich). Cells were
observed under light microscope (BX50,
Olympus Optical) after 4, 9 and 14 days.

Characterization of isolated ihPDLSCs as
MSCs: immunocytochemical analysis

Cells (P3) were subcultured into two
chamber slides. The cells were fixed in
4% paraformaldehyde for 30-45 min.
and then blocked with blocking solution
(Human Mesenchymal Stem Cell Char-
acterization Kit). They were then incu-
bated with primary antibodies (anti-
STRO-1, anti-CD146, anti-CD90, and
anti-CD44, Human Mesenchymal Stem
Cell Characterization Kit) overnight at
4°C. After washing with PBS, cells were
incubated with Cy3-conjugated second-
ary antibody for 45min. at room
temperature. Cells were counterstained
with the nuclear dye DAPI (1:100,
Vector Laboratories). Images were
analysed using light and fluorescence
microscopy (BX50, Olympus Optical).

Characterization of isolated ihPDLSCs as
MSCs: cell-surface-marker
characterization

Cell-surface-marker characterization of
ihPDLSCs was performed using flow
cytometry analysis, the procedure for
which is described elsewhere (Shi &
Gronthos 2003) in comparison with
hPDLSCs. ihPDLSCs and hPDLSCs in
T75 flasks were treated with trypsin—
EDTA. After the cells were harvested
and transferred to a 1.7ml tube (Oxy-
gen, Union City, CA, USA), they were
fixed by adding 4% paraformaldehyde
for 15min. The cells were then incu-
bated with 3% bovine serum albumin
and then with primary antibodies raised
against STRO-1, CD146, CD90, CD44,
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CD19, or CD14 for 1h. The cells were
then washed with wash buffer, and
the secondary antibody (to which FITC
was attached) was added for 45 min. at
room temperature. The cells were then
washed three times and observed with a
flow cytometer (FACSCalibur, BD
Biosciences, Franklin lakes, NJ, USA).

Induction of osteogenic and adipogenic
differentiations

Cells were cultured and osteogenic and
adipogenic differentiations were induced.
Cells (P4) were seeded into six-well plates
at 1 x10° cells/well, and cultured until
they reached subconfluence. The culture
medium for osteogenic differentiation
comprised o-MEM (Gibco) containing
15% FBS (Gibco), 2mM L-glutamine
(Gibco), 100 uM L-ascorbic acid 2-phos-
phate, 10 ®*M dexamethasone (Sigma-
Aldrich), 2mM f-glycerophosphate (Sig-
ma-Aldrich), 55uM 2-mercaptoethanol
(Amresco, Solon, OH, USA), 1.8mM
KH,PO, (Sigma-Aldrich), 100 U/ml peni-
cillin (Gibco), and 100 pg/ml streptomy-
cin (Gibco), and was refreshed at 3-day
intervals. The culture medium for
adipogenic  differentiation  comprised
o-MEM containing 15% FBS, 2mM
L-glutamine, 100uM L-ascorbic acid
2-phosphate, 500 M isobutyl-methyl-
xanthine (Sigma-Aldrich), 60 uM indo-
methacin (Sigma-Aldrich), 5uM
hydrocortisone (Sigma-Aldrich), 10 uM
insulin (Sigma-Aldrich), 100 U/ml peni-
cillin, and 100 pg/ml streptomycin. After
2 weeks (adipogenic differentiation) or 4
weeks (osteogenic differentiation) of
induction, the cells were stained with oil
red O stain or alizarin red, respectively,
and the total area of mineralized nodule
formation and lipid vacuoles were mea-
sured using an automated image-analysis
system (Image-Pro Plus, Media Cyber-
netics, Silver Spring, MD, USA).

Total RNA extraction and reverse
transcriptase (RT)-polymerase chain
reaction (PCR)

Total RNA was isolated from in vitro
culture specimens using TRIzol reagent
(Invitrogen, Carlsberg, CA, USA). The
RT-PCR was performed with 1pug of
RNA using a commercial kit (Cat. No.
25081, Maxime RT PreMix, Oligo dT
primer, iNtRon Biotechnology, Dae-
jeon, Korea). The primers used are listed
in Table 1. PCR products were visua-
lized by electrophoresis on agarose
gels stained with ethidium bromide and
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analysed with the aid of a gel-documen-
tation system (Gel Doc XR, Bio-Rad,
Hercules, CA, USA).

Assessment of proliferation and
migratory potentials

Cell proliferation was assessed using the
MTT assay, the bromodeoxyuridine
(BrdU; Roche, Mannheim, Germany)-
labelling efficacy assay, and cell-cycle
analysis. Cells (1 x 10%) were plated
on 48-well plates and cultured, and the
MTT assay from days 1 to 12 was
performed. After incubation with 10%
MTT solution (5mg/ml; Amresco)
and culture media at 36°C, 5% CO,
for 4h, the supernatant was discarded,
and dimethylsulphoxide (Amresco) was
added to each well. The absorbance
was measured at 540 nm using a micro-
plate spectrophotometer [Benchmark
Plus enzyme-linked immunosorbent
assay (ELISA) reader, Bio-Rad].

The DNA synthesis of hPDLSCs
and ihPDLSCs was assessed by measur-
ing BrdU incorporation using a cell-
proliferation ELISA kit according to
the manufacturer’s instructions and
the methods of Zheng et al. (2009).
Cells (5 x 104) were plated in 96-well
plates and cultured for 24 h, after which
BrdU labelling solution (10 uM) was
added to each well and the cells were
re-incubated for 2 h at room temperature
to allow BrdU to incorporate into the
newly synthesized DNA of the prolifer-
ating cells. After discarding the remnant
labelling medium, the cells were fixed
with FixDenat solution for 30 min., and
incubated again with anti-BrdU-PDO
working solution for 90min. at room
temperature. Cells were rinsed with
PBS three times, and then the substrate
solution was added. After allowing time
for sufficient colour development, the
absorbance of the incorporated BrdU
was measured using an ELISA micro-
plate reader (Bio-Rad) at 540 nm.

Cell-cycle analysis was performed. A
3-ml aliquot of cold absolute ethanol
was added drop by drop to the cell
suspension of hPDLSCs and ihPDLSCs
while vortexing to a final ethanol con-
centration of 70%, and then the suspen-
sion was stored for at least 1h at 4°C.
Finally, the cells were washed twice
with PBS (centrifuged at 500g for
Smin.), incubated with 1ml of propi-
dium iodide staining solution (50 ug/ml;
Sigma-Aldrich), and mixed well. A 50-
ul aliquot of RNase A solution (5 pg/ml;
Worthington Biochemicals, Freehold,
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Table 1. Primer sequences and condition for reverse transcription-polymerase chain reaction

Gene Primer sequence Annealing GenBank no. Product size (bp)
temperature
forward (5'-3") reverse (3'-5') (°C)

Human ALP TGG AGC TTC AGA AGC  ATC TCG TTG TCT GAG 58 93589-007, 93589-008 500
TCA ACA CCA TAC CAG TC

Human Runx2 CAC TGG CGC TGC AAC  CAT TCC GGA GCT CAG 60 NM 001015051.3; NM 127
AAG A CAG AAT AA 001024630.3; NM

004348.3

Human OCN CAA AGG TGC AGC CTT TCA CAG TCC GGA TTG 60 NM 199173.3 150
TGT GTC AGC TCA

Human PPARy2 CAG TGG GGA TGC CTT TTG GCA TAC TCT 55 93589-001, 93589-002 400
TCA TAA GTG AT

Human aP2 AAC CTT AGA TGG GGG TCG TGG AAG TGA CGC 58 99226-003, 99226-004 125
TGT CCT G CTT TC

Human SCX CTG GCC TCC AGC TAC  CTT TCT CTG GTT GCT 58 0052797-001, 209
ATC TC GAG GC 0052797-002

Human Periostin CAC AAC CTG GAG ACT TGT CTG CTG GAT AGA 24 NM 015784 322
GGA C GGA G

Human collagen CGG ACA GAG CCT TAC CTG CCC GGG TCC 28 NM 080645.2 180

X1I GTG CC GTG G

f-actin GGC GGA CTA TGA CTT  AAA CAA CAA TGT GCA 53 NM 001101.3 238
AGT TG ATC AA

ALP, alkaline phosphatase; OCN, osteocalcin; PPAR72, peroxisome proliferator-activated receptory2; aP2, adipocyte protein 2; SCX, scleraxis.

NJ, USA) was added, and the mixture
was incubated at 4°C for at least 30 min.
The cells were then subjected to fluor-
escence-activated cell sorting (FACS-
Caliber, BD Biosciences). One million
cells were counted per sample, and the
fractions of cells in the G1, S, and G2
phases of the cell cycle were analysed.
The multi-cycle mode Modfit LT for
Macintosh (version 2.0, BD Bios-
ciences) was used to calculate the frac-
tion of cells in the GO/G1 (represented
by the first peak on the histogram), S
(between the first and second peaks),
and G2-M (the second peak) phases.

Migration activity was analysed by
seeding hPDLSCs and ihPDLSCs
(1 x 10% into 6-cm-diameter dishes
(BD Falcon Labware) and cultured to
confluence. Monolayer cells were
scratched using blades to make a cell-
free area and washed with PBS to
eliminate floating cells. Cells were trea-
ted with mitomycin C (Acros Organics,
Fair lawn, NJ, USA) for 2 h. Cells were
observed under a light microscope after
24, 48, and 72h, and the distance the
cells had migrated was measured.

Transplantation of hPDLSCs and
ihPDLSCs into the ectopic transplantation
model

The cell carrier used for ectopic trans-
plantation was 80 mg of HA/TCP cera-
mic powder (Biomatlante, Vigneux,
France). ihPDLSCs and hPDLSCs
(6 x 10° cells/carrier) were precultured

for 1.5h mixed with particles before
transplantation at 37°C in 5% CO,.
The carriers loaded with cells were
transplanted subcutaneously into the
dorsal region of immunodeficient mice.
Animal selection, management, and sur-
gical procedures followed a protocol
approved by the Animal Care and Use
Committee, Yonsei Medical Center,
Seoul, Korea. The animals were sub-
jected to one of the following three
experimental conditions: ihPDLSCs
seeded onto the macroporous biphasic
calcium phosphate (MBCP) carrier
(ihPDLSC  group, n=6), hPDLSC
seeded on the MBCP carrier (hPDLSC
group, n = 6) or untreated MBCP carrier
(control group, n=3). The animals
were allowed to heal for 8 weeks and
were then sacrificed for analysis. Block
sections were fixed in 4% formalin. The
specimens were decalcified with 5%
EDTA (pH 8.0) and 4% sucrose, dehy-
drated in a series of ethanols, and
embedded in paraffin. The most central
sections of 5 um thickness were cut at
approximately 50 um intervals, and
were stained with H-E. Histological
analyses were performed using light
and polarized microscopy (BXS50,
Olympus Optical). The formation and
organization of the mineralized and
related tissues were observed following
Picrosirius staining with polarized light
microscopy. For histometric analysis of
cementum-like tissue formation, com-
puter-assisted histometric measurements
were acquired with an automated image-

analysis system (Image-Pro Plus). The
outline of newly formed cementum was
manually drawn on a captured image of
the most central section slide, and the
area within the outline was automati-
cally calculated.

For immunohistochemical analysis,
deparaffinized sections were immersed
in 0.3% hydrogen peroxide to block the
endogenous peroxidase activity, and
then incubated with primary antibody
[mouse monoclonal antibodies against
human-specific mitochondria (hMito;
Abcam, Cambridge, UK)] diluted in
PBS (1:200-1:500). Sections were sub-
sequently counterstained with H-E.
Stained sections were analysed under a
light microscope and photographed.

Statistical analysis

Unpaired #-testing was used to analyse
the differences between two groups. For
multiple analysis, anova test followed
by Scheffé’s comparison was used. The
level of statistical significance was set at
p<0.05. All in vitro experiments were
performed in triplicate. All data are
presented as mean 4 SD values.

Results

Isolation and characterization of
ihPDLSCs

The inflammatory nature of the granula-
tion tissue in the periodontal tissue was
confirmed by histological evaluation
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before the isolation and characteriza-
tion of the putative stem cells obtained
therefrom (Fig. 1). Light microscopy
revealed that the granulation tissue
obtained from periodontal defects
exhibited a mixed pattern of inflamma-
tion, which was clearly distinguishable
in lower magnification as well as higher
magnification, from areas with rela-
tively little inflammation to areas with
highly inflamed tissue that was infil-
trated with numerous inflammatory leu-
cocytes. Overall, the histology appeared
loose, with sparse alignment of connec-
tive tissues. Single fibroblast-like cells
were frequently observed among the
relatively healthy connective tissue
fibres. Strongly STRO-1- and CD146-
positive (+) cells, which are known to
be expressed by PDL stem cells (Seo
et al. 2004), were clearly observed fol-
lowing immunohistochemical double
staining, suggesting that the putative
stem cells resided in the isolated inflam-
matory granulation tissue.

Putative stem cells were isolated from
the obtained granulation tissue as
described previously (Seo et al. 2004);
their characteristics as MSCs were eval-
uated in several ways. First, the ability to
form CFU was demonstrated (Fig. 2a).

Single colonies of ihPDLSCs were
formed 7-14 days after the cells were
plated at low density. In general, the cells
presented a thin and long fibroblastic
spindle morphology, and manifested as
a heterogeneous population between the
subclonal colonies. Second, specific cell-
surface markers were selected to show
that isolated and ex vivo expanded
cells contained the MSC population.
ihPDLSCs were stained positive for sev-
eral primary antibodies including STRO-
1, CD146, CDY0, and CD44 (Fig. 2b),
and flow cytometric analysis confirmed
the presence of STRO-17, CDI146",
CD90*, CD44", CD19-negative (—),
and CDI14~ cells in the population
(Fig. 2c). Also, the cell surface
markers were compared with those of
hPDLSCs, and the overall expression
patterns were similar between two groups
(Fig. 2d).

In addition to their colony-forming
ability and the expression of specific
antigens on the cell surface, the capacity
for differentiation into different mesench-
ymal tissues is one of the key properties
of MSCs. The differentiation potential of
ihPDLSCs was evaluated by culturing
them in osteogenic and adipogenic

media (Fig. 3a—d). After 4 weeks of
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osteogenic induction, ihPDLSCs exhib-
ited osteogenic potential, as determined
by the presence of alizarin-red™ mineral
deposits (indicating calcium accumu-
lation) in vitro in comparison with
hPDLSCs. The total area of mineralized
nodules were significantly decreased in
ihPDLSCs than hPDLSCs (Fig. 3b).
Furthermore, ihPDLSCs were capable of
undergoing adipogenic differentiation,
developing into oil-red-O" cells after
2 weeks of induction. The total area of
lipid vacuoles were similar between two
groups without statistical significance
(Fig. 3d). To confirm and compare the
differentiation potential of ihPDLSCs and
hPDLSCs at the mRNA level, RT-PCR
analysis was performed for osteogenic
and adipogenic gene markers. Both of
cultured ihPDLSCs and hPDLSCs highly
expressed a set of osteogenic markers,
including alkaline phosphatase, Runx2,
and osteocalcin (Fig. 3e), and two
adipocyte-related markers: peroxisome
proliferator-activated receptor-y2 and adi-
pocyte protein 2 (Fig. 3f). More impor-
tantly, PDL-related mRNAs (Fujii et al.
2008) of scleraxis (Seo et al. 2004),
periostin (Horiuchi et al. 1999) and col-
lagen XII (Karimbux et al. 1992) were
highly expressed in both groups, suggest-

Fig. 1. Acquisition of inflamed human periodontal ligament stem cells and histological/immunohistochemical observation. (a) Clinical
photographs showing the acquisition of inflamed tissue from an intra-bony defect. The arrow shows the granulation tissue obtained from
periodontal intra-bony defect. After careful debridement, inflamed periodontal tissue (3 X 3 mm) was obtained from the bottom of intra-bony
defect (inset). (b) Radigraphic photograph showing the corresponding intra-bony defect. (c) Histological staining (haematoxylin and eosin)
reveals infiltration of inflammatory cells and relatively healthy fibrous tissues mixed together. Box represents the area of higher magnification.
Original magnifications: x 100. (d) Higher magnification clearly distinguishes infiltration of inflammatory leucocytes (arrow) from relatively

healthy fibroblasts in fibrous tissues (open arrow). Original magnifications:

X 400. (e-h) Immunohistochemical analysis using double

staining under confocal light scanning microscopy showed that surface antigen STRO-1- and CD146-positive cells are clearly observed
throughout the obtained inflamed tissue. Surface antigens were stained with fluorescein isothiocyanate (STRO-1, green) and Texas red
(CD146, red), and the nuclei were stained with 4’,6-diamidino-2-phenylindole (DAPI, blue). Arrows indicate the positively stained cell

surface markers in merged image.
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Fig. 2. Characterization of inflamed human periodontal ligament (PDL) stem cells (ihPDLSCs) and comparison with hPDLSCs. (a) Cell
proliferation of ihPDLSCs at 4, 9, and 14 days after seeding. Spindle-like cells were observed, and colonies were confirmed after 14 days
(stained by crystal violet). (b) Immunocytochemical staining showing that the cultured ihPDLSCs expressed STRO-1, CD146, CD90, and
CD44. Surface antigens were stained with Cy3 (red) and the nuclei were stained with 4’,6-diamidino-2-phenylindole (DAPI, blue).
Immunophenotype analysis of ihPDLSCs (c) and hPDLSCs (d) by flow cytometry. Cultured ihPDLSCs and hPDLSCs were incubated with
specific monoclonal antibodies against the cell-surface marker antigens STRO-1, CD146, CD90, CD44, CD19, and CD14, followed by

florescence conjugated secondary antibodies. Both ihPDLSCs and hPDLSCs showed similar expression of surface antigens.

ing that the isolated ihPDLSCs did indeed
originate from the PDL tissue (Fig. 3g).

Proliferative and migratory activities of
ihPDLSCs

After demonstrating the basic character-
istics of MSCs, whether the presence of
inflammation had affected the proli-
ferative and migratory potentials of
ihPDLSCs was investigated using various
methods to compare those potentials.
First, the proliferative potential of
ihPDLSCs was assessed relative to that
of hPDLSCs using the MTT assay, which
is a basic method used to test cell viability
and proliferation. The findings revealed
a generally similar proliferation profile
during the observation period (Fig. 4a).
There were significant difference between
ihPDLSCs and hPDLSCs on days 7 and
9, but they became similar again with
no significant difference after day 12.
Second, the BrdU labelling -efficacy

of ihPDLSCs was analysed by BrdU
incorporation, which takes place during
the S phase of the cell cycle, indicat-
ing that the cells are actively replicating
their DNA and proliferating. It was found
that the degree of BrdU uptake did not
differ significantly between ihPDLSCs
and hPDLSCs, as illustrated in Fig. 4b.
Third, cell-cycle analysis by DNA stain-
ing to further compare ihPDLSCs and
hPDLSCs was performed in duplicate.
The percentages of ihPDLSCs and
hPDLSCs did not differ significantly in
the G1 (66.4 £ 2.2% versus 65.3 = 1.2%,
respectively), S (284 + 1.5% versus
30.2 £ 1.7%, respectively), and G2/M
(64 £ 1.7% versus 5.2 = 3.7%, respec-
tively) phases. Based on these data, we
concluded that the proliferative potential
of ihPDLSCs was similar to that of
hPDLSCs.

Whether inflammatory changes affect
the migratory potential of PDL stem cells
was investigated by seeding and culturing

hPDLSCs and ihPDLSCs separately onto
dishes, marking their initial position with
a scratch (Fig. 4d) and then measuring
the distance the cells migrated every 24 h
using an image-analysis programme.
By 72h after scratching, ihPDLSCs
(1.36 &= 0.09mm) had migrated signifi-
cantly further (by approximately 1.4 times)
than the hPDLSCs (0.99 4+ 0.17 mm;
p<0.05). Cell-migration assays revealed
that the migratory activity of ithPDLSCs
was thus significantly enhanced compared
with that of hPDLSCs.

Cementum and PDL regeneration by
transplanted ihPDLSCs

Because ihPDLSCs might represent a
potential source of cells for tissue engi-
neering, the regenerative potential of
ihPDLSCs for cementum and related
PDL tissue was evaluated in an in vivo
ectopic transplantation model. Clinical
healing was generally uneventful, and
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Fig. 3. Osteogenic and adipogenic differentiations of inflamed human periodontal ligament (PDL) stem cells (ihPDLSCs) and hPDLSCs. (a)
Mineralized nodules formed after 4 weeks of osteogenic induction (stained with alizarin red). (b) The total area of mineralized nodules were
compared and there was statistically significant decrease in total area of mineralized nodules in ihPDLSCs (*p<0.05). (c) The results of
adipogenic induction of ihPDLSCs after 2 weeks (stained with oil red O) are shown. (d) The lipid vacuole formations were compared between
ihPDLSCs and hPDLSCs, and the total area was similar without statistical significance. (e, f) Osteogenic and adipogenic differentiation-
related mRNA expression. Both osteogenic and adipogenic mRNAs of ihPDLSCs and hPDLSCs were highly expressed. (g) PDL-related
mRNA including scleraxis, periostin, and collagen XII were highly expressed in ihPDLSCs and hPDLSCs demonstrating that the obtained
MSCs were originated from PDL tissues. f-actin is shown as a control for RNA sample quality. ALP, alkaline phosphatase; OCN, osteocalcin;
aP2, adipocyte protein 2; PPARY)2, peroxisome proliferator-activated receptory2, SCX, scleraxis.

material exposure or complications at
the surgical site were not observed. The
newly formed cementum-like tissue
comprised mineralized tissue that was
in direct contact with the carrier. New
cementum was formed along the surface
of the carrier, and there was evidence of
cementogenic activity in the form of a
cementoblast-like cell lining. Overall,
the newly formed cementum appeared
to be cellular cementum, inside which
some cementocytes were entrapped, and
the newly formed cementum exhibited
the characteristics of highly mineralized
tissue when viewed with the aid of

© 2011 John Wiley & Sons A/S

polarized light microscopy. Interest-
ingly, the total area of newly formed
cementum was significantly smaller in
the ihPDLSC group compared with the
hPDLSC group (Fig. 5b), and this was
consistent with in vitro results of osteo-
genic differentiation (Fig. 3b). ihPDLSCs
were able to form a dense PDL tissue
around the newly formed cementum.
Dense collagen fibres that were orga-
nized in parallel and with a high degree
of cellular invasion were also associated
with newly formed cementum (as evi-
denced by Picrosirius staining). More
importantly,  polarized  microscopy

revealed that Sharpey’s fibres running
inside the cementum tissue with an
apparent fibre insertion pattern. Immuno-
histochemical analysis revealed the pre-
sence of hMito™ cells along the surface
of the newly formed cementum and in
the PDL tissue, confirming that the trans-
planted ihPDLSCs had provoked the
regenerative potential of the transplanted
human cells. The histological results
demonstrate that the ihPDLSCs had suc-
cessfully regenerated new cementum-
like tissue and PDL fibres, showing that
ihPDLSCs isolated from the granulation
tissue of periodontal defects retain the
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OD, optical density.

regenerative potential for cementum-like
tissue and PDL fibres.

Discussion

For the present study we hypothesized
that MSCs reside in periodontitis-

affected PDLs, and demonstrated that
these MSCs can be isolated and
expanded ex vivo. We confirmed that
these cells possess the basic character-
istics of MSCs and also compared
the proliferative and migratory poten-
tials of hPDLSCs and ihPDLSCs. More
importantly, we were able to demon-
strate that theses ihPDLSCs retain the

capacity to produce cementum-like tis-
sues and PDL fibres when transplanted
ex vivo.

There are conflicting results on the
effects of aging on hPDLSCs, but it was
reported recently that age influences the
proliferation and differentiation poten-
tial of hPDLSCs (Zheng et al. 2009).
Ideally, the characteristics of ihPDLSC
and hPDLSCs should be compared
between age-matched groups, but there
are practical difficulties to compare
these groups because chronic perio-
dontitis is dominantly observed in elders
while orthodontic treatment and extrac-
tion of wisdom tooth are common in the
young. The present study was mainly
focused on the evaluation of the alter-
nate source for MSCs in regard to
conventional source, and the age of
donors were not matched. It should be
further elucidated in the future study
whether ihPDLSCs exhibit different
features when isolated from young
and aged donors, and it would be impor-
tant to compare these features with the
commercially available MSCs of age-
and sex-matched groups for positive
control (Gay et al. 2007, Iwata et al.
2010).

There are currently various known
sources for MSCs of dental origin,
including the wisdom teeth, or healthy
teeth that have been extracted for ortho-
dontic purposes. However, tooth extrac-
tion can sometimes be technically
difficult and can cause severe discom-
fort to patients. Furthermore, the extrac-
tion of wisdom teeth and healthy teeth
for orthodontic purposes is not a com-
mon treatment option compared with
periodontal treatment. The prevalence
of periodontal disease around the world
reportedly lies in the range 5-20%
(Albandar & Rams 2002), and perio-
dontal involvement is frequently
observed in everyday clinical situations.
Therefore, there are more chances to
access inflamed PDL tissue than PDL
tissue from extracted healthy teeth. To
date, it has been considered a prerequi-
site to remove the granulation tissue
from periodontal defects resulting from
periodontitis. The rationale behind this
clinical procedure is that the inflamma-
tory characteristics of the granulation
tissue may be an obstacle for cells in
the adjacent undamaged PDL spaces
with regenerative potential, preventing
them from repopulating previously
infected defects. Granulation tissue is
thus believed to deter any healing poten-
tial of periodontal tissue (Lindhe &
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Fig. 5. Histological and immunohistochemical analysis of ex vivo ectopic transplantation of
human periodontal ligament (PDL) stem cells (hPDLSCs) and inflamed human PDL stem
cells iIhPDLSCs). (a) Cementum-like structures formed (Ce) with cementoblast-like cells
incorporated inside the newly formed mineralized tissue (arrows in left column) after 8 weeks
of transplantation (HE, haematoxylin and eosin). Picrosirius staining and polarized light
microscopy (P/M) reveal collagen fibres running in parallel, with fibre insertion into
cementum-like tissue like Sharpey’s fibres (open arrows, arrows in right central column).
Cementoblast-like cells entrapped within in cementum-like tissue were positive for anti-
human-specific mitochondria antibody staining (hMito; arrow heads in right column).
(b) Measurement of the area of newly formed cementum. The total area of newly formed
cementum was significantly increased for ihPDLSCs than for hPDLSCs (*p<0.05). No
mineralized tissue was observed in the cell-free control group.

Nyman 1985). However, our findings
show that the granulation tissue of
periodontal defects contains a signifi-
cant population of multipotent MSCs
that can be isolated and expanded under
particular  experimental  conditions.
These results are in line with the pre-
vious report in which inflamed periapi-
cal granulation tissue contains the
potential to differentiate into osteogenic
cells that are responsible for periapical
tissue regeneration (Maeda et al. 2004).
Given these data, the diseased tissue that
is discarded during routine periodontal
flap surgery might provide an alternative
source of cells for tissue engineering,
and may represent an easily accessible
source of MSCs, with increased accep-
tance from patients and fewer ethical
complications.

The isolation and characterization of
PDLSCs from inflamed periodontal sites
have been reported previously (Chen
et al. 2006, Widera et al. 2007), but
whether the inflammatory stimuli cause
changes in the proliferation or migration
of PDLSCs was not established. We
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therefore evaluated and compared the
proliferative potential of ihPDLSCs
and hPDLSCs using MTT and BrdU-
uptake assays, and cell-cycle analysis
using DNA staining. Our results demon-
strate that the proliferative potentials
of healthy and inflamed PDL stem
cells are almost equivalent in vitro.
It was demonstrated previously that
the treatment of well-characterized
proinflammatory cytokines (tumour
necrosis factor-o, interleukin-1p) resul-
ted in an up-regulation of cytokine
secretion from MSCs (Zhukareva et al.
2010). However, little if any informa-
tion is available on the proliferative
changes in MSCs under inflammatory
conditions. Based on the current results,
we can assume that the proliferative
potential of PDL stem cells remains
unchanged under inflammatory condi-
tions. Further studies are required to
fully evaluate the differences in prolif-
erative potential between hPDLSCs
and ihPDLSCs.

On the basis of the finding that MSCs
have the potential for migration and
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tissue-specific homing in response to
several injury-related and pathologic
conditions (Azizi et al. 1998, Sasaki et
al. 2008), we postulated that ihPDLSCs
isolated from granulation tissue have an
altered migratory potential, because the
abundance of inflammatory mediators
inside granulation tissue might have
mobilized or attracted hPDLSCs from
healthy PDL tissue (Spaeth et al. 2008,
Fu et al. 2009). Tondreau et al. (2009)
recently, investigated the role of cyto-
kines on the migration of bone-marrow-
derived MSCs and demonstrated that the
migration of these cells was enhanced in
response to interleukin-6 and platelet-
derived growth factor subunit bb. Other
than that, limited information is avail-
able regarding the effects of inflamma-
tory stimuli on the migration of
ihPDLSCs. However, an increase in
the stem-cell population was identified
in the extravascular area as well as near
the cementum of the PDL of perio-
dontitis-affected teeth, whereas small
clusters of putative stem cells were
limited in the paravascular region in
the PDL of healthy teeth (Chen et al.
2006), suggesting that paravascular
cells are recruited for periodontal repair,
as observed in the wounded mouse
PDL (Gould et al. 1980, McCulloch
1985) and inflamed monkey gingiva
(Nemeth et al. 1993). Given these data,
it can be suggested that inflammatory
changes in the periodontium influence
the migratory activity and distribution
of ihPDLSCs in some way. The present
study found that the migratory activity
of ihPDLSCs was significantly greater
than that of hPDLSCs. However, it
is not clear, at this point, whether
the migratory activity of ihPDLSCs
had changed genetically by inflamma-
tory stimulations in comparison with
hPDLSCs. Future studies should include
analysis of the precise mechanism
underlying the regulation of the mig-
ratory activity of ihPDLSCs by the
microenvironment, and their possible
genetic change.

In the present study, a typical cemen-
tum-like/PDL structure was regenerated
in the ectopic transplantation model of
both hPDLSCs and ihPDLSCs. The
mineralized tissue appeared to be distinc-
tively different from the typical bone and
bone marrow tissue shown in previous
reports (Seo et al. 2004), and apparent
running of Sharpey’s fibres with insertion
into cementum tissue was observed.
However, the degree of ihPDLSC-
induced cementum regeneration was
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significantly lower than that induced by
hPDLSCs, which was consistent with the
results of in vitro mineralized nodule
formation. The presence of inflammation
inhibited the osteoblastic differentiation
of human MSCs (Gilbert et al. 2000, Li
& Makarov 2006), and DPSCs from
inflamed dental pulp also exhibited
decreased  mineralization  potential
(Alongi et al. 2010). The current under-
standing regarding this mechanism is that
MSCs isolated from inflamed tissues are
arrested at the early stage of differentia-
tion unless specific stimulation for differ-
entiation is not provided (Maeda et al.
2004); our results are in line with these
findings. However, the exact molecular
mechanism for this phenomena including
genetic changes should be addressed in
future studies. Collectively, our results
demonstrate that isolated ihPDLSCs
retain the potential to regenerate cemen-
tum-like tissues and PDL fibres, but with
decreased cementogenic potential, and
the molecular mechanism underlying
this process remains to be elucidated.

Conclusion

The present study has demonstrated that
a population of hPDLSCs that express
the characteristics of MSCs resides
within the granulation tissue of perio-
dontitis-affected intra-bony defects.
These cells have the potential to regen-
erate new cementum and related PDL
tissue under ex vivo conditions. The
findings of the present study suggest
that hPDLSCs obtained from inflamed
tissues within periodontal defects during
periodontal flap surgery are an alterna-
tive and easily accessible source of
multipotent adult stem cells for use in
clinical and research use without the
need to extract third molars or to access
the dental pulp. This newly described
ihPDLSC population within periodontal
defects might thus represent a promising
source of cells for therapeutic use.
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Clinical Relevance

Scientific rationale for the study: The
presence of putative stem cells with-
in the PDL tissue was demonstrated.
However, there is little report on the
isolation of stem cells from inflamed
PDL tissue. In this study, we isolated
and characterized human PDL stem

cells from inflamed PDL tissue, and
evaluated their regenerative poten-
tial.

Principal findings: Human PDL stem
cells were successfully isolated from
inflamed periodontal tissue, and
retained characteristics of mesench-
ymal stem cells and regenerative

potential for cementum and related
PDL tissue.

Practical  implications: Inflamed
human PDL tissue can potentially
provide an alternate source of
mesenchymal stem cells for regen-
erative treatment.
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