Histochem Cell Biol (2012) 137:513-525
DOI 10.1007/s00418-011-0908-x

ORIGINAL PAPER

Insulin-like growth factor 1 enhances the proliferation
and osteogenic differentiation of human periodontal ligament
stem cells via ERK and JNK MAPK pathways

Yan Yu - Jinquan Mu - Zhipeng Fan - Gang Lei -
Ming Yan - Sainan Wang - Chunbo Tang -
Zilu Wang - Jinhua Yu - Guangdong Zhang

Accepted: 26 December 2011/ Published online: 7 January 2012
© Springer-Verlag 2012

Abstract Insulin-like growth factor 1 (IGF-1) is a potent
mitogenic protein which can enhance the osteogenic dif-
ferentiation of periodontal ligament (PDL) fibroblasts.
However, it remains unclear whether IGF-1 can stimulate
the osteogenic differentiation and osteogenesis of human
periodontal ligament stem cells (PDLSCs). In this study,
STRO-1* PDLSCs were isolated from human PDL tissues,
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treated with IGF-1, and their osteogenic capacity was
investigated in vitro and in vivo. Dimethyl-thiazol-diphe-
nyl tetrazolium bromide assay and flow cytometry results
demonstrated that 10-200 ng/mL IGF-1 can stimulate
the proliferation ability of PDLSCs and 100 ng/mL is the
optimal concentration. Exogenous IGF-1 can modify the
ultrastructure, enhance the alkaline phosphatase activity,
the mineralization ability of PDLSCs, and increase the
expression of osteogenic markers (runt-related transcrip-
tion factor 2, osterix, and osteocalcin) at mRNA and pro-
tein levels. In vivo transplantation illustrated that IGF-1
treated implants generated more mineralized tissues, and
presented stronger expression of RUNX2, OSX, and OCN
than control group. Moreover, the expression of phosphor-
ERK and phosphor-JNK in these stem cells was upregu-
lated by IGF-1, indicating that MAPK signaling pathway
was activated during the osteogenic differentiation of
PDLSCs mediated by IGF-1. Together, the results showed
that IGF-1 can promote the osteogenic differentiation and
osteogenesis of STRO-1T PDLSCs via ERK and JNK
MAPK pathway, suggesting that IGF-1 is a potent agent for
stem cell-based periodontal tissue regeneration.
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Abbreviations

AGS Absorbable gelatin sponges

ALP Alkaline phosphatase

BMP2 Bone morphogenetic protein 2

BMPs Bone morphogenetic proteins

CPC Cetyl pyridinium chloride

DAB Dimethylaminoazobenzene

EMD Enamel matrix derivative

ERK Extracellular regulated protein kinases
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FBS Fetal bovine serum

FCM Flow cytometry

FGFs Fibroblast growth factors

GAPDH  Glyceraldehyde-3-phosphate dehydrogenase

GFs Growth factors

HERS Hertwig’s epithelial root sheath

IGF-1 Insulin-like growth factor 1

JNK c-Jun N-terminal kinase

MAPK Mitogen-activated protein kinase

MACS Magnetic activated cell sorting

o-MEM o-Minimum essential medium

MTT 3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyl
tetrazolium bromide

OCN Osteocalcin

OSX Osterix

PBS Phosphate buffered saline

PDGF-B  Platelet-derived growth factor-B

PDL Periodontal ligament

PDLSCs  Periodontal ligament stem cells

PDT Population doubling time

PVDF Polyvinylidene difluoride

RUNX2 Runt-related transcription factor 2

SABC Streptavidin—biotin complex

STRO-1"  Stromal precursor cell marker

TEM Transmission electron microscopy

TGFs Transforming growth factors

Introduction

Periodontitis is a worldwide medical concern that causes
irreversible destruction of periodontal support tissues, i.e.,
alveolar bone, periodontal ligament (PDL), and root
cementum. World Health Organization (WHOQO) databanks
indicate that severe periodontal disease is estimated to
affect 5-20% of the population (Petersen et al. 2005). It is
the main cause of tooth loss and associates with several
systemic diseases including diabetes and hypertension.
There is a wide range of treatment options that have been
pursued in modern clinical practice, such as barrier mem-
branes, autografts, demineralized freeze-dried bone allo-
grafts, bovine-derived xenografts, and combinations of
membranes and fillers. However, only a few of these
therapies have been regarded as true regenerative tech-
niques with limited successes and unpredictable outcomes
(Bosshardt and Sculean 2009).

Since the discovery of adult periodontal ligament stem
cells (PDLSCs) in 2004, stem cell-based periodontal tissue
regeneration has become one of the hot topics in the field of
dentistry (Seo et al. 2004; Ding et al. 2010). Except for
stem cells and biomimetic material niches, appropriate
growth factors (GFs) are also necessary for the functional
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periodontal tissue regeneration (Chen et al. 2010a; Chen
and Jin 2010). Usually, IGF-1 mediates its effects by
binding to IGF-1 receptor on the cell surface, activating the
inherent tyrosine kinase activity of the receptor, and
enabling internalization of the receptor ligand complex to
instigate signaling cascades, and to ultimately affect gene
expression and protein synthesis (Romanelli et al. 2007,
Laviola et al. 2007). A number of studies have proved that
IGF-1 is a critical protein for the development and growth
in many tissues. IGF-1 is a multifunctional peptide that
regulates cell growth, differentiation, and expression of
extracellular matrix proteins (Blom et al. 1992). Moreover,
IGF-1 is believed to be a key mediator of wound healing
and mesenchymal cell proliferation (Giannobile 1996).
Raja et al. (2009) have reported that IGF-1 was able to
enhance cell survival in PDL fibroblast by up-regulating
antiapoptotic molecules and down-regulating pro-apoptotic
molecules. Local and controlled release of IGF-1 from
dextran-co-gelatin microspheres can improve periodontal
regeneration (Chen et al. 2006). Moreover, a combination
of IGF-1 and other GFs (PDGF-B or BMP-2) can enhance
bone formation and periodontal reconstruction (Chen et al.
2010b). These studies suggest that IGF-1 may play an
important role in the periodontal tissue regeneration.
Although IGF-1 is able to enhance cell survival in PDL
fibroblast by up-regulating antiapoptotic molecules and
down-regulating pro-apoptotic molecules (Raja et al.
2009), little knowledge is available about the effects of
exogenous IGF-1 on PDLSCs that are the main cell sources
for functional periodontal tissue regeneration.

In this study, we hypothesized that exogenous IGF-1
may enhance the osteogenesis of PDLSCs. PDLSCs were
isolated from human impacted molars, purified by STRO-
1" antibody and then treated with exogenous IGF-1. We
found that IGF-1 can enhance the proliferation and osteo-
genic differentiation of PDLSCs in vitro and in vivo. We
also demonstrated that IGF-1 can stimulate the osteogenic
differentiation of PDLSCs via the MAPK signaling path-
way, indicating that IGF-1 is a competent agent for stem
cell-based periodontal tissue regeneration.

Materials and methods
Cell isolation and culture

Normal impacted non-caries third molars (n = 20) were
collected from 15 individuals (aged 18-25 years) at the
Department of Oral and Maxillofacial Surgery of Jiangsu
Stomatological Hospital, following the approved guide-
lines set by the Ethical Committee of Stomatological
School of Nanjing Medical University. PDL was gently
separated from the root surface and then digested in a
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solution of 3 mg/mL collagenase type I (Sigma-Aldrich
Chemie, Taufkirchen, Germany) and 4 mg/mL dispase
(Roche, Mannheim, Germany) for 1 h at 37°C. PDL sam-
ples from different individuals were pooled and single-cell
suspensions were obtained by passing the cells through a
70-um strainer. Multi-colony-derived PDLSCs were iso-
lated as previously described (Seo et al. 2004) and cultured
in o-minimum essential medium («-MEM; Gibco, Life
Technologies, Grand Island, NY) supplemented with 10%
fetal bovine serum (FBS; Gibco), 100 pmol/L ascorbic
acid 2-phosphate (Sigma), 2 mmol/L glutamine (Gibco),
100 U/mL penicillin, and 100 pg/mL streptomycin
(Gibco), and then incubated at 37°C in 5% CO,. These
cells were purified by using rabbit anti-STRO-1 antibody
(Santa Cruz, Delaware, CA) and sheep anti-rabbit IgG
Dynabeads (Dynal Biotech, Oslo, Norway) according to
the protocols of magnetic activated cell sorting (MACS).
To determine their mesenchymal origin, PDLSCs were
immunostained with antibodies against cytokeratin and
vimentin (Bioworld Technology, Atlanta, GA, USA). Cells
at 2—4 passages were used in subsequent experiments.

MTT assay

IGF-1 powder (Peprotech, Offenbach, Germany) was dis-
solved in sterile distilled water as the manual describes,
aliquoted and stored at —70°C. The proliferation of
PDLSCs was examined by MTT (Sigma) assay, a method
based on the mitochondrial succinic dehydrogenase of
proliferating cells in which MTT is reduced to an insol-
uble purple formazan reaction product, which can be
determined quantitatively by a colorimetric assay. In brief,
the cells were cultured in 96-well plates (Costar, Cam-
bridge, MA) at an initial density of 3 x 10% cells/well in
o-MEM containing 10% FBS until 60% confluence, and
then serum-starved for 24 h. IGF-1 at 10, 20, 50, 100, and
200 ng/mL was added separately to «-MEM containing
10% FBS in the experiment groups. After 7 days of cul-
ture, the cells were treated with 5 mg/mL of MTT reagent
and incubated at 37°C for 4 h. Cells were washed twice
with 0.01 M PBS followed by the treatment with dimethyl
sulfoxide (Sigma). The absorbance at 490 nm was read
with an automatic enzyme-linked immunosorbent assay
reader (ELx800, BioTek Instruments Inc., USA). MTT
results are expressed as mean = SD and experiments
performed in triplicate.

Cell growth curve

To analyze the growth kinetics of IGF-1 treated PDLSCs,
cells were seeded into 96-well plates (Costar) at a density
of 3 x 10° cells/well. After serum starvation, cells were
treated with 100 ng/mL IGF-1. Culture medium was

changed every 2 days. For nine consecutive days, cells
were harvested and counted everyday with Coulter counter
(Beckman Coulter, Fullerton, CA). Trypan blue was added
into the cell suspension to exclude the nonviable cells.
Three independent growth kinetics experiments were per-
formed for each group. The graph was plotted according to
the average cell number, and population doubling time
(PDT) was calculated according to Patterson formulation
(Patterson 1979).

Flow cytometry

PDLSCs were plated into 6-cm culture dishes (Costar),
cultured in «-MEM supplemented with 10% FBS until 60%
confluence, and then serum-starved for 24 h. IGF-1
(100 ng/mL) was added into culture dishes of the experi-
mental groups. After 3 days of incubation, cells were
harvested and fixed with 75% ice-cold ethanol at 4°C for
30 min in the dark. DNA content was measured by FAC-
Scan flow cytometer (BD Biosciences, San Jose, CA). Cell
cycle fractions (GO/G1, S, and G2/M phases) were deter-
mined by FCM. The experiment was repeated three times.

Cell ultrastructure

1 x 10 IGF-1 treated PDLSCs at day 7 were collected by
centrifugation to deposit cell pellets for ultrastructural
analysis. The pellets were fixed in 2.5% glutaraldehyde
solution overnight at 4°C, and then examined by trans-
mission electron microscopy (TEM) (JEM-2000EX,
Japan).

Alkaline phosphatase activity and alizarin red staining

To evaluate osteogenic differentiation of these stem cells,
both IGF-1 untreated and treated PDLSCs were seeded into
24-well plates (Costar) at a density of 1 x 10* cells/well,
and then incubated in the osteogenic media containing
o-MEM, 10% FBS, 100 U/mL penicillin, 100 pg/mL
streptomycin, 2 mmol/L L-glutamine, 50 mg/L. ascorbic
acid, 10 mmol/L f-glycerophosphate, and 10 nmol/L
dexamethasone (Sigma). ALP activity and calcium depo-
sition were assessed at different time points. Another
duplicate 24-well plate aliquoted with PDLSCs at the same
cell density was applied to detect protein concentrations of
different groups at different time points. ALP assay was
performed as described previously (Lei et al. 2011) with an
ALP kit (Sigma). Alizarin red staining was performed as
described before (Yu et al. 2010); images were acquired
using a scanner and then calcium contents were quantita-
tively analyzed by cetyl pyridinium chloride (CPC; Sigma)
assay. All data were normalized to total protein content.
Six parallel replicates were analyzed in each group.
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Real-time reverse transcription-polymerase chain
reaction (Real-time RT-PCR)

Both IGF-1 untreated and treated PDLSCs were cocultured
with the osteogenic media. After 3, 7, and 14 days of
culture, cells were harvested using 1 mL TRIzol reagent
(Invitrogen, Carlsbad, CA). Total RNA was extracted
according to the manufacturer’s protocol. The concentra-
tion and purity of the RNA samples were determined by the
absorbance of RNA at 230, 260, and 280 nm, respectively.
The first-strand cDNA was synthesized using a first-strand
cDNA synthesis kit (Takara, Bio, Otsu, Japan). Real-time
RT-PCR was performed using SYBR® Premix Ex Taq™
kit (Takara) in a quantitative PCR System (ABI 7300, CA).
All primers were synthesized by the same manufacturer
(Sangon Biotech, China). Sense and antisense primers used
for the detection of RUNX2, OSX, OCN, and GAPDH were
listed in Table 1. Real-time RT-PCR reaction conditions
were: 95°C for 30 s, followed by 40 cycles of 95°C for 5 s
and 60°C for 31 s. Gene expressions were normalized to
the housekeeping gene GAPDH, which was used as an
internal control. The relative expression was calculated
according to the ratio of the copy numbers of the target
genes (RUNX2, OSX, and OCN) to the GAPDH in each
sample. The relative gene expression values were evaluated
by the 2744¢ method (Livak and Schmittgen 2001; Bustin
2000). Data were expressed as mean =+ standard deviation
of three independent experiments.

Western blot analysis

Both IGF-1 untreated and treated PDLSCs were cultured in
the osteogenic media for 3, 7, and 14 days. As for the
evaluation of MAPK pathway, PDLSCs were seeded into
60 mm dishes. After 24 h incubation, cells were serum-
starved for 48 h, and then treated with 100 ng/mL IGF-1 for
30, 60, and 90 min. Cells in different groups were collected,
washed twice with cold PBS, and lysed in RIPA lysis buffer
(Beyotime, China) containing 1 mM phenylmethylsulfonyl
fluoride (PMSF; Beyotime) and phosphatase inhibitors

(Roche). Cell debris was eliminated by centrifugation at
12,000 rpm for 15 min at 4°C. Protein concentrations were
determined via Bradford protein assay. 40 pg protein
per lane was loaded onto a 10% SDS-PAGE gel for elec-
trophoresis, and then transferred onto 0.22 ym PVDF
membranes (Millipore, Bedford, MA) at 300 mA for 1 hin
a blotting apparatus (Bio-Rad, CA). Membranes were
blocked with blocking solution (5% non-fat dried skimmed
milk powder, 0.01 M PBS, and 0.1% Tween-20) at room
temperature for 2 h, and subsequently incubated with
primary antibodies (RUNX2, 1:1,000, Bioworld; OSX,
1:1,000, Abcam; OCN, 1:1,000, Abcam; ERK1/2, 1:1,000,
Bioworld; phosphor-ERK1/2, 1:1,000, Bioworld; JNK1/
2/3, 1:1,000, Bioworld; phosphor-JNK1/2/3, 1:1,000, Bio-
world; P38, 1:1,000, Bioworld; phosphor-P38, 1:1,000,
Bioworld; f-actin, 1:1,000, Abgent) overnight at 4°C.
Finally, the membranes were rinsed with PBST (0.1%
Tween-20 in 0.01 M PBS), incubated with appropriate
horseradish peroxidase-conjugated secondary antibodies
(1:10,000, Boster Biotech. Co. Ltd., Wuhan, China) at
room temperature (22°C) for additional 1 h, visualized
by SuperSignal West Pico Chemiluminescent Substrate
(Thermo, Rockford, IL), and exposed to Kodak X-ray films.
f-actin serves as the internal control in these experiments.
This experiment was repeated in triplicate.

Cell pellet transplantation

1 x 10° PDLSCs at the third passage in IGF-1 untreated
and treated groups were harvested by exposure to trypsin/
EDTA for 1 min, centrifuged in a tube as cell pellets, and
incubated with 10% FBS/«-MEM for another 3 h to make
them well aggregated. 20 pellets were carefully seeded
onto the absorbable gelatin sponges (AGS; Nanjing Phar-
maceuticals Inc., China) immersed with 100 ng/mL IGF-1
and transplantation procedures were performed under ten
renal capsules of immunocompromised mice using modi-
fied pipette tips. All retrieved tissues at day 21 post-
transplantation were fixed in 4% polyoxymethylene, and
processed for hematoxylin and eosin (H&E) staining.

Table 1 Sense and antisense
primers for real-time reverse

transcription-polymerase chain
reaction

Genes Primers Sequences (5'-3")

RUNX2 (NM_001024630.3) Forward TCTTAGAACAAATTCTGCCCTTT
Reverse TGCTTTGGTCTTGAAATCACA

OSX (NM_001173467.1) Forward CCTCCTCAGCTCACCTTCTC
Reverse GTTGGGAGCCCAAATAGAAA

OCN (NM_199173.4) Forward AGCAAAGGTGCAGCCTTTGT
Reverse GCGCCTGGGTCTCTTCACT

GAPDH (NM_002046.3) Forward GAAGGTGAAGGTCGGAGTC
Reverse GAGATGGTGATGGGATTTC

@ Springer



Histochem Cell Biol (2012) 137:513-525

517

Immunohistochemistry

Immunohistochemical analyses of recovered implants were
performed using the streptavidin—biotin complex method
according to the manufacturer’s recommended protocol.
Briefly, tissue sections (5 pm) from representative paraffin
blocks were deparaffinized in xylene and rehydrated
through gradient ethanol solutions. For antigen epitopes
retrieval, sections were processed by conventional micro-
wave heating in 0.01 M citrate buffer (0.01 M sodium
citrate and 0.01 M citric acid, pH 6.0) for 10 min. 100 pL
3% H,0, was added on top of the section to suppress
endogenous peroxidase activity for 10 min at room tem-
perature (22°C). Then, sections were blocked by 5% nor-
mal goat serum for 1h and incubated with primary
antibodies (RUNX2, 1:200; OSX, 1:100; OCN, 1:100)
overnight at 4°C. Incubation with PBS instead of primary
antibodies served as negative controls. Finally, sections
were rinsed and incubated with biotinylated secondary
antibodies for 45 min at room temperature (22°C). Sections
were washed three times with PBST, incubated with SABC
(Boster) for 30 min, stained with 100 pL. chromogen
(DAB, Boster) solution. When brown color appeared,
slides were counterstained with hematoxylin for 1 min
and observed under the light microscope (Olympus). The
percentage of positive areas or cells in each sample was
calculated using Image-Pro Plus 5.0 software.

Statistics

Quantitative results were expressed as mean + SD. Inde-
pendent samples ¢ test, Chi-square test, one-way analysis of

variance (ANOVA), and Tukey’s multiple comparison
test were performed with SPSS-Windows v.12.0 software.
P values <0.05 were considered to be statistically significant.

Results

IGF-1 increased the proliferation and modified
the ultrastructure of PDLSCs

PDLSCs were isolated and purified by STRO-1 antibody.
These fusiform-shaped cells maintained the colony form-
ing ability (Fig. la—c), and were positive for vimentin and
negative for cytokeratin (Fig. 1d, e). Growth curve and
flow cytometry were used to examine the cell proliferation
rate. Generally, 20-200 ng/mL IGF-1 can promote the
proliferation of PDLSCs, and 100 ng/mL IGF-1 is the
optimal concentration (Fig. 2a; P < 0.01). Therefore,
100 ng/mL IGF-1 was utilized for subsequent experiments.
As shown in cell growth curve (Fig. 2b), PDT in IGF-1
treated PDLSCs (39.71 &+ 0.19 h) was significantly shorter
(P < 0.01) than that in PDLSCs (45.74 & 0.91 h). Flow
cytometry assay revealed that the proliferation index
(PI = S% + G2 M%) in IGF-1 group (38.33%) was sig-
nificantly higher than that in PDLSCs group (25.58%,
P < 0.01) (Fig. 2c, d). Moreover, some cell bodies and
cytoplasmic processes of PDLSCs (Fig. 3a) become shorter
after the treatment of 100 ng/mL IGF-1 (Fig. 3b). TEM
analysis demonstrated that PDLSCs possessed the typical
ultrastructural features of stem cells with a high nucleus/
cytoplasm ratio and poorly developed cytoplasmic organ-
elles (Fig. 3c, d). After 7-day treatment with IGF-1, these

Fig. 1 Colony-forming and immunocytochemical staining of STRO-1* PDLSCs. a-¢ A single colony of PDLSCs at days 2, 5, and 9.
d, e Immunocytochemical staining against vimentin (d) and cytokeratin (e), respectively. f PBS as a negative control. Scale bars 100 pm
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Fig. 2 Effects of IGF-1 on A *k

proliferation of PDLSCs in ik
vitro. a Proliferation activity of
PDLSCs was enhanced by IGF-1
in a dose-dependent manner.
IGF-1 at 20-200 ng/mL
significantly stimulated the
proliferation of PDLSCs as
compared with the control
group (P < 0.05) and IGF-1 at
100 ng/mL presented the highest
activity of proliferation among
all groups. b Growth curves of
IGF-1 treated PDLSCs. Values S
are the mean + SD, n = 6. S K3
¢, d Flow cytometry analysis for

IGF-1 untreated (c¢) and treated

(d) PDLSCs. The proliferation C
index (PI = S% + G,M%) in

IGF-1 group (38.33%) was

significantly higher than that in g'
PDLSCs group (25.58%,
**P < 0.01)
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stem cells contained more organelles in the cytoplasm
including the rough endoplasmic reticulum and mitochon-
dria (Fig. 3e, f).

IGF-1 enhanced the osteogenic differentiation
of PDLSCs

PDLSCs cultured with 100 ng/mL IGF-1 in osteogenic
media show the higher ALP activities at day 3 (P < 0.01)
and day 5 (P < 0.01), respectively, as compared with
untreated cells (Fig. 4a). Alizarin red staining showed
noticeable mineral nodules in the IGF-1 treated PDLSCs at
day 21, as compared with control group (Fig. 4c). Fur-
thermore, IGF-1 treated cells in osteogenic media at day 21
presented the strongest staining among all groups (Fig. 4c).
CPC assay demonstrated that calcium concentrations in
IGF-1 group at day 21 were significantly higher than control
group (P < 0.01), while IGF-1 treated cells in osteogenic
media demonstrated the highest calcium levels at days 14
and 21, respectively, among all groups (P < 0.01; Fig. 4b).

Real-time RT-PCR results further revealed that RUNX2
mRNA was significantly uprised (Fig. Sa—c; P < 0.01) in
IGF-1 treated PDLSCs both in basic medium and osteo-
genic medium (at days 3, 7, and 14, respectively), as
compared with IGF-1 untreated groups. OSX mRNA was
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also significantly upregulated after 3-day simulation of
IGF-1 both in basic medium and osteogenic medium
(Fig. 5a; P < 0.01). OCN mRNA was significantly
upregulated under the simulation of IGF-1 at days 7 and 14,
respectively (Fig. 5b, ¢; P < 0.05).

Western blot results demonstrated that the protein levels
of RUNX2 at days 3, 7, and 14 were elevated in IGF-1
treated groups both in basic medium and osteogenic medium
(Fig. 5d—f), as compared with IGF-1 untreated groups. OSX
levels were significantly increased in IGF-1 treated groups
both in basic medium and osteogenic medium (at days 3, 7,
and 14, respectively) as compared with IGF-1 untreated
groups (Fig. 5d—f). The protein expression levels of OCN at
days 7 and 14 were upregulated in IGF-1 treated groups
(Fig. Se, f) as compared with IGF-1 untreated groups.

Cell pellets were transplanted into renal capsules, and all
implants at day 21 were successfully retrieved. Hematoxylin
and eosin staining of serial sectioning show that all retrieved
implants formed immature bone-like structures, in which
IGF-1 treated group (Fig. 6d—f) presented bigger minerali-
zation masses with less cell components than untreated
group (Fig. 6a—c). Immunohistochemical findings demon-
strated that the percentages of RUNX2/OSX-positive cells
in treated implants (Fig. 7e, f, i, j) were significantly higher
than those in untreated ones (Fig. 7a, b, 1, j). The expression
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Fig. 3 Effects of IGF-1 on morphology of PDLSCs in vitro.
a Untreated PDLSCs at day 7. b IGF-1 treated PDLSCs at day 7.
¢, e TEM analysis shown that untreated PDLSCs at day 7 had the
typical ultrastructural features of stem cells, i.e., higher nuclear—

plasma ratio (N/P ratio) and immature cytoplasmic organelles.
d, f IGF-1 treated PDLSCs at day 7 contained more organelles in
the cytoplasm including the rough endoplasmic reticulum (RER) and
mitochondria (M). a, b Scale bars 100 pm; c—f Scale bars 2 pm
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Fig. 4 ALP assay and alizarin red staining of PDLSCs in different
media. Four kinds of media: control medium, 100 mg/mL IGF-1
medium, mineralization inducing medium (MM), and 100 ng/mL
IGF-1 plus mineralization inducing medium (IGF-1 + MM). a IGF-
1 + MM group presented a higher level (P < 0.01) of ALP activity
than MM group after 3-day and 5-day culture, respectively. b After
14-day culture, calcium contents in IGF-1 + MM group were
significantly elevated (P < 0.01) as compared with those in MM

of OCN was much stronger in IGF-1 treated implants
(Fig. 7g,k) than in untreated counterparts (Fig. 7c, k). These
findings further confirmed the osteogenic effects of IGF-1 on
PDLSCs.

IGF-1 can activate ERK and JNK pathways in PDLSCs

To elucidate why IGF-1 can promote the function of
PDLSCs, we investigated whether MAPK pathway in
PDLSCs is activated by IGF-1 treatment. As shown in
Fig. 8, the levels of phosphor-ERK1/2 (Fig. 8a, d) and
phosphor-JNK (Fig. 8b, e) in IGF-1 treated cells were
upregulated.  Quantitatively, the phosphor-ERK1/2
increased approximately eightfold at 30 min, sevenfold at
60 min and fivefold at 90 min in IGF-1 treated group as
compared with control ones (Fig. 8d; P < 0.01). The
phosphor-JNK increased approximately fourfold at 60 min
and fivefold at 90 min in IGF-1 treated group as compared
with untreated ones (Fig. 8e; P < 0.01). However, the
levels of phosphor-P38 were not affected (Fig. 8c, f).
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group. After 21-day culture, calcium contents in IGF-1 + MM group
were significantly higher (P < 0.01) than those in MM group.
Moreover, calcium contents in IGF-1 group were also significantly
uprised (P < 0.05) as compared with control group. Values are the
mean + SD, n = 6. ¢ After 21-day culture, alizarin red staining
demonstrated that IGF-1 group generated more calcification nodules
than control group, while IGF-1 + MM group presented more
mineralization than MM group (*P < 0.05, **P < 0.01)

Discussion

During tooth root morphogenesis, various growth factors
mediate the interactions between Hertwig’s epithelial root
sheath (HERS) and adjacent mesenchymal tissues, such as
fibroblast growth factors (FGFs), transforming growth
factors (TGFs), bone morphogenetic proteins (BMPs), and
insulin-like growth factors (IGFs) (Torres et al. 2006, 2008;
Caton and Tucker 2009). Several studies have demon-
strated that IGF-1 can stimulate the proliferation of PDL
cells, promote the wound healing of PDL, maintain peri-
odontal homeostasis, and even elongate the molar roots
(Fujiwara et al. 2005; Palioto et al. 2004; Gestrelius et al.
1997; Kheralla et al. 2010; Lossdorfer et al. 2009; Caton
et al. 2005; Han et al. 2007; Giannobile 1996; Granero-
Molto et al. 2011). Thus, it is reasonable that IGF-1 may
have some influence on the differentiation of PDLSCs.

In the present study, IGF-1 can significantly promote
the proliferation of PDLSCs in a dose-dependent manner,
decrease the nuclear—plasma ratio and modify the
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ultrastructures of PDLSCs in vitro. At the concentration of
100 ng/mL, the proliferation rate of PDLSCs was at the
peak of the curve with the shortest PDT and highest pro-
liferation index. Besides, IGF-1 can exert some influence
on the upregulation of ALP activity, calcium deposition,
and expression of osteoblast markers (RUNX2, OSX, and
OCN) in PDLSCs, indicating that IGF-1 can enhance the
osteogenic differentiation of these periodontal stem cells.
IGF-1 treated PDLSCs exhibited higher gene/protein
expression levels of RUNX2/OSX at day 3 and OCN at
days 7-14, suggesting that IGF-1 can trigger the early-
stage osteogenic differentiation and maintain the late-stage
osteogenic differentiation of PDLSCs in vitro. The tran-
scription factors RUNX2 and OSX are necessary for the
osteogenic differentiation (Baek et al. 2009; Kaback et al.
2008; Komori 2006). Runx2 is one of the mouse homo-
logues of the Drosophila runt protein family, a small group
of highly conserved differentiation factors that are char-
acterized by a DNA-binding runt domain. Genetic and
molecular studies have shown that RUNX2 plays a key role
in the osteogenesis and serves as an early transcriptional
regulator of osteogenic differentiation (Takeda et al. 2001;
Karsenty and Wagner 2002). Runx2-deficient mice exhibit
a complete lack of bone formation due to the maturation
arrest of osteoblasts (Yamaguchi et al. 2000; Yamashiro
et al. 2002; Kobayashi et al. 2006). RUNX2 direct the
differentiation of mesenchymal stem cells into an osteo-
blastic lineage, and inhibits them to differentiate into the
adipocytic and chondrocytic lineages. After differentiating
into preosteoblasts, OSX and RUNX2 can drive them into
immature osteoblasts and produce bone matrix. Then,
RUNX2 prevents the osteoblast maturation and the tran-
sition into osteocytes (Komori 2006). Moreover, RUNX2
was found to regulate the expression of other mineraliza-
tion-related genes (Gaikwad et al. 2001; Yu et al. 2006,
2007, 2010; Tziafas and Kodonas 2010). As a downstream
gene of RUNX2, OSX is a second transcription factor that
is essential for osteogenic differentiation and specifically
expressed in all developing bones (Baek et al. 2009;
Kaback et al. 2008; Komori 2006; Nakashima et al. 2002).

OSX is involved in osteogenic differentiation at the
early and later stages of osteogenesis (Chen et al. 2009;
Celil and Campbell 2005; Ulsamer et al. 2008). Genetic
studies have shown that the cortical bone and bone tra-
beculate formation is abolished in Osx knock-out mice
(Nakashima et al. 2002). It may function during bone
regeneration and control the osteogenic differentiation
involved in the regenerative osteogenesis (Tu et al. 2007).
Moreover, OSX plays an important role in the mechanical
stress-induced osteogenic differentiation of PDLCs and
alveolar bone remodeling during the orthodontic therapy
(Zhao et al. 2008). OCN is generally thought as a later-
stage marker of mineralized bones (Bai et al. 2010), which

is usually uprised during the differentiation of PDLSCs into
osteoblast lineages (He et al. 2010; Takeda et al. 2005).
The increased levels of RUNX2, OSX, and OCN in IGF-1
treated PDLSCs at different time points suggest that IGF-1
plays an important role not only in the early stage of
osteogenesis but also in the later stage of bone formation.
Moreover, the upregulated expression of phosphor-ERK1/2
and phosphor-JNK by IGF-1 indicates that the MAPK
pathway is activated during the osteogenic differentiation
of IGF-1 treated PDLSCs.

Many studies have shown that IGF-1 is one of the key
factors during osteogenic differentiation and presents a
beneficial effect on bone development (He et al. 2006; Yao
et al. 2008; Tiago et al. 2010; Kanbur et al. 2005). The
transplantation results demonstrated that IGF-1 can pro-
mote the osteogenesis of PDLSCs, as indicated by more
mineralized bone formation and much stronger expression
of several bone-specific proteins (i.e., RUNX2, OSX, and
OCN) in vivo, further confirming that IGF-1 can enhance
the osteogenic capacity of periodontal stem cells. IGF-1
mediates its effects by binding to IGF-1R on the cell sur-
face, activating the inherent tyrosine kinase activity of the
receptor, and enabling internalization of the receptor ligand
complex to instigate signaling cascades which ultimately
affect the gene expression and protein synthesis. IGF-1
triggers at least two signaling pathways, ie., MAPK
pathway and PI3K/PDK-1/Akt pathway (Grey et al. 2003;
Hatakeyama et al. 2008). The activation of MAPK pathway
contributes to the osteoblast survival as well as cellular
proliferation/differentiation. Some studies have shown that
ERK in MAPK pathway can converge with PI3K/PDK-1/
Akt pathway on the downstream effectors and IGF-1 can
regulate the expression of ALP, RUNX2, OSX, and OCN
via MAPK pathway (Hanai et al. 2006; Qiao et al. 2004;
Celil and Campbell 2005; Granero-Molto et al. 2011). In
this study, the levels of phosphor-ERK1/2 and phosphor-
JNK in IGF-1 treated PDLSCs were significantly increased
in a time-dependent manner, suggesting that IGF-1 can
promote the osteogenic differentiation and osteogenesis of
human PDLSCs via the MAPK pathway.

In summary, IGF-1 can promote the osteogenic differ-
entiation of STRO-1" PDLSCs via the MAPK pathway in
vitro and enhance their osteogenic mineralization in vivo,
suggesting that IGF-1 plays an important role during the
osteogenic differentiation and may have clinical implica-
tions for periodontal tissue regeneration as well as alveolar
bone reconstruction. More extensive studies are required to
investigate other pathway mechanisms associated with
IGF-1 mediated osteogenic differentiation of PDLSCs.
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