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Objectives: The aim was to confirm the stem cell-like properties of the dental pulp
stromal cells and to evaluate the morphologic changes during in vitro chondrogenesis.
Materials and Methods: Stromal cells were outgrown from the dental pulp tissue of
the premolars. Surface markers were investigated and cell proliferation rate was com-
pared to other mesenchymal stem cells. Multipotency of the pulp cells was confirmed
by inducing osteogenesis, adipogenesis and chondrogenesis. The morphologic changes
in the chondrogenic pellet during the 21 day of induction were evaluated under light
microscope and transmission electron microscope. TUNEL assay was used to evaluate
apoptosis within the chondrogenic pellets. Results: Pulp cells were CD90, 105 positive
and CD31, 34 negative. They showed similar proliferation rate to other stem cells.
Pulp cells differentiated to osteogenic, adipogenic and chondrogenic tissues. Dur-
ing chondrogenesis, 3-dimensional pellet was created with multi-layers, hypertrophic
chondrocyte-like cells and cartilage-like extracellular matrix. However, cell morphol-
ogy became irregular and apoptotic cells were increased after 7 day of chondrogenic
induction. Conclusions: Pulp cells indicated mesenchymal stem cell-like characteris-
tics. During the in vitro chondrogenesis, cellular activity was superior during the ear-
lier phase (within 7 day) of differentiation. (Restor Dent Endod 2012;37(1):34-40)

Received November 28, 2011;
Last Revision January 31, 2012;

Accepted February 2, 2012.

'Chung CR, DDS, PhD, Assistant
professor; Kim HN, DDS, MS, Resident;
Park Y, DDS, MS, Graduate Student;
Kim MJ, DDS, MS, Assistant professor;
Oh YJ, BS, Research assistant; Choi
YJ, DDS, MS, PhD, Assistant professor;
Kim KH, DDS, MS, PhD, Professor,
Department of Orthodontics,
Gangnam Severance Dental Hospital,
Yonsei University College of Dentistry,
Seoul, Korea

’Chung CR, DDS, PhD, Assistant
professor; Choi YJ, DDS, MS, PhD,
Assistant professor; Kim KH, DDS,

MS, PhD, Professor, Institute of
Craniofacial deformity, Yonsei
University College of Dentistry, Seoul,
Korea

*Shin SJ, DDS, MS, PhD, Assistant
professor, Department of Conservative
Dentistry, Gangnam Severance Dental

Key words: Cartilage; Chondrogenic pellet; Dental pulp stem cell; Dental pulp stromal
cell; in vitro chondrogenesis

Hospital, Yonsei University College of ~ A{2

Dentistry, Seoul, Korea

Kyc:n';e;‘;°2fnf";‘[*)st°m D, | R solol QA1 AW XA, o3t ST 22 Y TUAAINIA0) JI5S YT
Donemont of Orthocontien 292 1 BRI QS HEDY, HUAL YT NRUBE Lo SiANTE 2SR
Gangnam Severance Dental Hospital, ~ S&H| 4712 322 == 2432 4RS22 Tl BASHA BISSHH 2 UsHA 4
Yonsei University College of Dentistry, = Z2}HMQ2 A0 YD 510 S22 HAZMEI YAHGHAH LR Q= HBZ2oZ, Ayt
211 fonju-ro, Gangnam-gu, Seoul, o] Zalz 3} sfuol 8O PASI0f YO0, B HYS A B MEHATEOR S0l
TEL, +82-2-2019-3562; FAX, +82-2- HZot St TRECE 02{8t HBRA2 Tl Al 7|41 falof wet chArd S ZHEsto] 2 &
3463-4052; E-mail, khkim@yuhs.ac 9IS 225100 SES FAISHL ALt 2|2 S| 0|49 A=0[Lt 8517t 71aH 2| % el Ha}

52 I GUACHEEL 2|THCHEE 201115 W41 78(0) 2[510f 0|2 0|3 (2011-0059).

This is an Open Access article distributed under the terms of the Creative Commons Attribution Non-Commercial License (http://creativecommons.org/licenses/
by-nc/3.0) which permits unrestricted non-commercial use, distribution, and reproduction in any medium, provided the original work is properly cited.

34 ©Copyights 2012. The Korean Academy of Conservative Dentistry.



RD E Restorative Dentistry & Endodontics

7h Op7|&| 1l 0|2 Qs wE2t =
ot S| HHHITHY, 2T WY
2sl= FRE UL S
o B 7H40] of2A0] CHdt
Aol 2|2 E NS BYSHA| Rt
SHH, 41| Lol Bt &0 ¢
0|8st =&, #&Y, H4FA=2Y,
17t g UCETT ZT|MES 02
A4S 712 D2t E2M E8E 239

=l

ol

M

47} 9tk 24 U 228 59 2/of
=

=13

=2

N

10

re

o

m

dJ

fm 1o or
=)

J
on r

ox

ofm

El ux!
oo N
=)

El
Q'E
Jm Sl ma
o
fob
m

B O
ol J
2
g
N
sl
1o

k1 ox ox

o
X
>
>
kN
_):]_l
2

~
- o tm
= oo ©

k=l

1<}
0z
o

©

_Qﬂ
X

Mo e

_ITI_

uN g
J
=
H
i
o

np >

e 4>

—
ol
Uy
J
=
H
mjy

r
r

o
™
% io
0z
10
)
0=
=2
0
p'ﬂ

Y
el

2 o+

23038

o
r>
>
= BN
N

=
BT

olr
[
N

o.

N
rE
BN
N

o x
H1
TN
~
=
H
il

30
e}
=
E
HU
>

M 01
2l% 4 U EIZOR0| 28t IH5 40| U
£ X018 0183t 3L} Bot 27t 8o
20| Q247 Gk HHO| UL 53] 3|
27IMEY ZS 2012 ©HHe7 I 2IIMES 43
% ofLi2t Ef22 R2kol SIIME| HiF HALS0)

t

ol
=
o
J
DY
©
in

D
=2
R

st

=
LF

=

ZEMEHAEY 22 nyo| WYAZE 2I5t0] LT &t
S 23 00 Sofet 63| EAH(H 39, Of 3, 13.2 - 22.14),
o 17.M)S2FH A8 54 o L2E 272|E 0|8t 2
28 Y2 HetAHH V[

S
S
i
=
S
&
O

L

njo

M o rin o nin
pord
n
o
QU
=4
a
(]
o
=
]
>
o
_o'ﬂ
2
ﬁ
k=l
oy

v 2 oS
i
4T

s 19
ﬂ

s
[m
>~
=

3M3t4, pin cutterS 0|25 2|02 MZ2 At
WAL 2|¢22S 1 -3 mm'e| 2
tE < outgrowthHZ2 BRSO 22|01 A AtetLe
[ZMEE 0|25tUC}® 2F5HH 100 units/mL penicillin2} 100
pg/mL streptomycint 3% fetal bovine serum (FBS)O| &7l alpha
modification of Eagle’s medium (a-MEM) (Invitrogen, Carlsbad, CA,
USA)Z 33| M2t =, 2|4 2215 100 mm BIY7|0f FZ{CH AH|C
B2 1200t A|HSHR O ME= 10% FBSS} 1% antibioticsE &
T8t BHA[Ol|A BRQISHRICE 32 A[Th Bt MEE 0|&3t0] = A
S AASHACY.
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SMIEEA (Flow cytometry)
27| 2H4Y Z7|MZEO| BR|QIZF = BHEYQI (D90 (anti-human

(D90 [Thy-1] PE, eBioscience, San Diego, CA, USA), CD105 (anti-
human (D105 [Endoglin] PE, eBioscience)2t LHI| M|, RN ZEO| H
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H&IQl (D31 (anti-human (D31 [PECAM-1] PE, eBioscience), (D34
(anti-human CD34 PE, eBioscience)2| SH4|S O|23t$Ct (D marker
= phycoerythrin (PE)7t ZStEl 242 ALRSIYUCE URZE2 121 &
HE detstn UASRUCH HMS Al MESO| AZT2 FACS
Calibur Flow Cytometer (Becton-Dickinson, San Joes, CA, USA)= &
HYoten, 2ol QA2 FCSExpress V3 software (De Novo Software,
Thornhill, Ontario, Canada)2 &4 6t%Ct.

M ZALE4(WST assay)

272 ZREH &S5 2|5 J[ZME & OotHz2t, 240M Rl
= 2t Z27|MXE(bone marrow-derived mesenchymal stem cells,
BMMSC, Poietics human mesenchymal stem cells, Lonza, Walkersville,
MD, USA)9t ZEHMEAHY Yol Mole S5L2 AYZ220M
K2l 27| M ZE(adipogenic stem cell, ADSC) 2! H3CHTL2|Q] 2|4+F
2l 7|ZMEE S ot HemacytometerS AFE5t0] M
SR U2 ME 5 ST T3, 96 well BI7(2] 2 welloi] 4 x
10702] MEES ZH MZEY 3 wellof| 2FtFCH MZEE= phenol red7}
S UA| L2D 1% antibioticsE &3 Dulbecco-Modified Eagle’
s Medium (D-MEM, Invitrogen)OilA{ 24A|2t BHUSIQACE. HHQFO| ELt
+ & 10 pL water-soluble tetrazolium assay reagent (WST assay rea-
gen, EZ-Cytox Cell viability assay kit, Daeil lab service, Seoul, Korea)
£ Zh wellof| 10 pLA 223110 24|72t HILSE 5, VersaMax Microplate
ReaderE O|83t0f 450 nmOflM SEHEE SY5tACH

39| 2| Bds ALSIA20, one-way ANOVAZ S |5t
Ch. IS HY2 tukeyBM 22 2} M F2te| RIS 2405 &
Tt

o 30

ClEstr=dAl

A 228 R

SN 2 x 10702 6 well HYQ7|0f| B2t 2 mLe| ¢ -MEMO|
10 nM2| Dexamethasone, 1 mg/mL9| g -glycerophosphate, 50 pg/
mLO| ascorbic acidE 7)ot ZESISTHIZ|AO|A 2322t 37°C, 5%
€0, 20| A BILSIFCE 1 2 M = 20 mg/mLO| Alizarin Red
S (Sigma, St. Louis, MO, USA) U2 1027 MIZE FMSIFOH
25} 30| YololM M3StEH YH S HABIUC”

ool 0f0

B. AUEe} R

2|&MIE 2 x 10°7HE 6 well B |0 £F 5 5 |LESIF THYZ|
(STEMPRO Adiopogenesis Differentiation Kit, Invitorgen)2 u2tst0y
232¢H HHYSIRICE, 227k B FSt MES2 0 2 M = 3 mg/mlL
9| Oil Red 0 (Sigma) EUO 2 1027+ A4S A|sli5tFCLY

C HZE8 R

= AFO0IM= Ahrens SO 2o AH|QtE! HHS HIYSH micromass
techniqueS AtSot0] HZZR2S HYQBQICE” 296tH 1.6 x 107
cells/mL =7t E|=Z resuspension £ 10-pL dropletsE 24 well
plate2] 2Al0j| seeding 5t 5% C0,, 37C ZA2| HYL7|0IA] 24|
2t =0t R|HCt. 0% growth factor®l TGF- 81 (Human TGF- 3
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1, R&D Systems Inc., Minneapolis, MN, USA)O| i*?f
Chondrogenic Differentiation media (Invitrogen) =
2% OIC} YRS wBtst & 2197F RA[SHACE Od%%?zf% EEH o
O UHZH(WA) MY Y 27 HHS S5
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S5 3,7, 14 18|10 1Y & MME WS 10% buffered
neutral formalin0j] 1 43t2, paraffindi| embedding St & 4 pmQ| 2
2| HMS A 251FCt Hematoxylin-eosin (HE)Z} alcian blue2 A
ot HZ 23t L glucosaminoglycan 7|2 A4 O{EE 2H2ISHALCE

M py
40 4
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B. Z0O|M+2 2

HE Kk 3,7, 14 12|10 219 T MME a3 Karnovsky's
fixative (2% Glutaraldehyde, 2% Paraformaldehyde, 0.5% CaCl,)0f| A
2|2 6A|ZF SO 1 ZSHACE 0.1 M PBSZ 2A[7F SO M[2st & 1%
osmium tetroxideOf|A| postfixationotd, ethanol solutionsOf A &4~
A|Z! & EPON mixture (EPON 812, MNA, DDSA, DMP30)} prophylene
oxideOf| ZLO{GHSCE. Ultra microtomeS 0|25t R2E S 80 nm

O 9F2 A|HO 2 0= Cu grid A0 A uranyl acetate@} lead citrate
2 double-staining & transmission electron microscope (TEM, JEM-
1011, JEOL, Tokyo, Japan) O| 20l ZO|MTFRE 22H5HRC

C. MIZ ZZAH Bt

ApopTag Peroxidase In Situ Apoptosis Detection kit (Millipore-
Chemicon, Temecula, CA, USA)S A Z2tQ| Z|A|0] T2} AL ¢
= 95 3,7, 14 12|10 219 & A% W R 20| Terminal deoxy-
nucleotidyl transferase-mediated dUDP nick end labeling (TUNEL)
2ME ASHRICE 20 pg/mlL proteinase K (Roche, Mannheim,
Germany)2 A0 1027k, 3% H,0,2 &5t PBSO|A] 1027t kit
equilibration buffers #{2| & working-strength TdT enzymeZ 37T
O™ 6027t 754, anti-digoxygenin antibody conjugated to a
peroxidase reporter molecule®@} E7H A=20|M 3027+ BYSHSCY.
1 & M|Zsta 3,3’ -diaminobenzidine hydrochlorideZ2 &4 = light
hematoxylin© 2 B & S 5ISCt.
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TO|MZZO| HZ|ZFQI (D312t (D340)= 0|5t B2 HEFC(Figure
1b).
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AFRZRE ES0 2|4 7|ZFME(DP4), B8R 27
(BMMSC), A2 27IMZ(ADSC) Y H|3ch72|f 2|4 7|3
(DPc8)Q| ZP71Z A5 S H w20 2E ZO|M RAIS SAE
24245t CHFigure 1c).

M
2

uo H H

HOIREE E5 oF 14 5, lizarin Red S HAIS £351 M35}
4, Oil-Red 0 GAS & 22! 9l glucosaminoglycan 7|22
0] BHE|9O0] K1 Wallo] HAS 2013 4 UYCH(Figure 2).
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25} A|7|0f T2 W2lo| HeHsH

I 2EHAAZ 012310) AI4MES B A2 3 O|SHE] o 1
mm® AO|ZO] HA Welo| TSI 3, 7, 14, 2120] B
O 37|Lt DS QA RAIE/2CH
22 122 ATHES 23} 39 S0|= Welo] BH HEjot I
HotA LIEEls Y25 spindle-like cell2 #HEl= B2 340
polygonalst ML} NZEZHA0| S8 M2o2 AR ACHFigure
3a). Glucosaminoglycan 7|3 2122 HZ0| MEZ 7|20jA 22t
ACHFigure 3e). M| ZOMFRL| 22, MIE 7[ZLHQ| OM 72
5| LE&|L HAH 7 FotA 2O0|R|= AAUCHFigure 3i).
7U0= BHY BWSHH FAlSts AT MEZ 14E B
polygonaldt ME2Z 4E S AtO[0]| HITHSH MEZ O[F0]
H=20] 22| ACHFigure 3b). Glucosaminoglycan 714 2z
U US| MZEZE 70N 25 O HASHH 22 ACH
(Figure 3f). AAt0[F HOIMEZ M MOI—I HA0| S7HE(0 M ZE
Lo M= SAH|(B St R)7F Fehot| 250 T gHd 5
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(B2 oteE)S He &+
o MEZ dE BE4 s02 MEIHSAE 0] U= ©S0| 2dst
A F2=0 25 128
Lt 20k HiCHSt MZT} 79| %—
712 Zlzto| 2C} L5t Z251AH| 22E|9! (Figures 3d and 3h).
0| ==&| 1 (pyknosis) L HE2|(karyorrhexis & SHAH)E LIELY
0f Y Atel= MEI} Chas LA ACHFigure 31).
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(a)

Pulp tissue

128 0.4% . 0.5%
L e 1
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|

Cell Count

0 0 0
10° 10' 10° 10° 10° 10° 10' 10° 10° 10° 10° 10 10° 10° 10* 10° 10' 10° 10° 10°
D90 (D105 D31 (D34

Figure 1. Characterization of the dental pulp
stromal cells.
(a) Fibroblast-Like cells were collected from
dental pulp tissue; (b) Pulp cells were positive
I * for mesenchymal cell surface markers CD 90
and 105; (c) Proliferation rates of pulp cells
from premolar (DP4), and 3" molar (DP8) were
similar to those of bone marrow mesenchymal
stem cell (BMMSC) and adipogenic stem cell
(ADSC).
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Proliferation (Absorbance at 450 nm)
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o
o

DP4 ADSC BMMSC DP8

l?‘ . "L-, > 4
:fUStEOQe”eWﬁ"Z ‘ 31 (c) Chondrogenesis

Figure 2. Multipotency of the pulp stromal
cells.

(a) Osteogenesis; (b) Adiopogenesis; (c)
Chondrogenesis after 14 days of induction.
Scale bar = 50 mm

0il Rgd 0 staining 3* \

Alcian blue st

http://dx.doi.org/10.5395/rde.2012.37.1.34 www.rde.ac 37



Chung CR et al. Restorative Dentistry & Endodontics R D E

Figure 3. Morphologic evaluation of the chondrogenic pellets engineered from pulp cells.

HE (a, b, ¢, d) and Alcian blue (e, f, g, h) staining at 3, 7, 14 and 21 days of chondrogenic induction. Scale bar = 50 pm.
TEM (i, j, k, l) images of the cells within the pellets at 3, 7, 14 and 21 days of chondrogenic induction. White arrows,
nucleolus; black arrow, extracellular matrix fibers, scale bar = 5 pm. HE, Hematoxylin-eosin; TEM, transmission eletron
microscope.
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Chondrogenesis of dental pulp stromal cells
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