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Abstract

Cigarette smoke is associated with delayed fracture healing, alterations in mineral content, and
osteoporosis, however, its effects on osteoblastic differentiation of osteoprogenitor cells are not
fully understood. In the present study, we examined the effects of cigarette smoke extract (CSE)
on osteoblastic differentiation of cultured human periosteum-derived cells. We found that CSE
inhibited alkaline phosphatase (ALP) activity, mineralization and Runx2 transactivation of the
periosteum-derived cells. Nucleofection of RUNX2 into the periosteum-derived cells increased
expression of endogenous osteocalcin (OC) and ALP genes in osteogenic induction medium and
increased OC expression in non-osteogenic medium. Treatment of the periosteum-derived cells
with CSE resulted in decreased phosphorylation of AKT and forkhead box protein O1 (FOXOI).
The AKT phosphorylation-resistant mutant, FOXO1-A3, inhibited transcriptional activity of
RUNX2 in the periosteum-derived cells. The current study suggests one mechanism by which CSE
exposure leads to inhibition of osteoblastic differentiation of cultured human periosteum-derived
cells.
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Introduction

Cigarette smoke consists of more than 6,000
compounds, of which more than 150 are known toxic
compounds that contribute to the pathogenesis of a
variety of diseases. Although the mechanisms by
which cigarette smoke cause disease remain to be
fully determined, some data suggest that toxins con-
tained in cigarette smoke may not only initiate and
exacerbate tissue injury but may also impair repara-

tive processes via the initiation of inflammatory re-
sponses. Cigarette smoke has negative effects on
bone-forming cells and skeletal bone in animal and
human models and is associated with delayed frac-
ture repair and increased nonunion rates. In dental
clinics, smoking is one of the most common risk fac-
tors for post-extraction complications [1-7]. Bone is a
physiologically dynamic tissue with considerable
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self-regenerative capacity. One of the most important
factors associated with the self-healing capacity of
bone is its high level of vascularization. Smoking de-
creases the filling of post-extraction sockets with
blood and exerts an adverse effect on bone healing of
the extraction wound. When impacted teeth are sur-
gically extracted, smoking may not only increase the
possibility of alveolar osteitis, but also influence the
adjacent periosteum, which functions as one source of
the stem cells involved in infilling of the extraction
socket with bone [8,9].

The periosteum contains multipotent cells that
have characteristics similar to those of bone mar-
row-derived mesenchymal stem cells and are able to
differentiate into osteoblasts and chondrocytes. A
significant advantage of using periosteum-derived
cells for bone tissue engineering in the clinical setting,
such as for surgical extraction of an impacted third
molar tooth, is the relative ease of harvesting donor
tissue. In our previous study, we demonstrated that
periosteum-derived cells differentiate into active os-
teoblastic cells that are involved in the mineralization
of the matrix [10,11].

RUNX2 is a key transcriptional regulator of os-
teoblast differentiation. The binding of nuclear
RUNX2 to osteoblast-specific elements up-regulates
skeletal genes and consequently promotes develop-
ment of the osteoblast phenotype. Many of the sig-
naling pathways and transcriptional factors that in-
fluence osteoblastogenesis do so by influencing the
production or activity of RUNX2. In addition, expres-
sion of exogenous RUNX2 in nonosteoblastic cells
induces expression of the principal osteoblast-specific
genes [12-14]. Forkhead box O1 (FOXO1) belongs to
the family of transcription factors that is characterized
by a 100-amino acid monomeric DNA-binding do-
main called the FOX domain. FOXO proteins com-
prise a subgroup of the FOX family and play im-
portant roles in regulating expression of genes in a
variety of physiological processes, specifically in
many cancer-related functions. FOXO1 not only plays
a role as a tumor suppressor, but also induces expres-
sion of target genes involved in apoptosis, glucose
metabolism, cell cycle progression, and differentia-
tion, and is central to the decision of a preadipocyte to
commit to adipogenesis. FOXO1 is primarily regu-
lated through phosphorylation of multiple residues,
i.e,, Thr24, Ser253, and Ser316. The transcriptional
activity of FOXO1 is dependent on its phosphoryla-
tion state. As a member of the forkhead-O family of
transcription factors, FOXOL1 is also a potentially im-
portant transcription factor in regulating formation of
a mineralizing matrix [15-18].

To our knowledge, there is limited evidence re-
garding the effects of cigarette smoke extract (CSE) on

osteoblastic differentiation of cultured human peri-
osteum-derived cells. The purpose of this study was
to examine the effects of CSE on osteogenic pheno-
types of cultured human periosteum-derived cells. In
addition, the role of FOXO1 in RUNX2 activity of the
periosteal-derived cells treated with CSE was also
examined.

Materials and methods

Preparation of CSE

Filter cigarettes, each containing 0.1 mg nicotine
and 1 mg tar, were used to prepare the smoke extract.
CSE was prepared in a fume hood by bubbling the
smoke from a cigarette in a holder attached by rubber
tubing to a peristaltic pump. The pump outflow track
was attached by rubber tubing to a glass straw sub-
merged in phosphate-buffered saline (PBS). Smoke
from ten cigarettes was passed through 20 ml PBS to
obtain 100% CSE. Final concentrations of 0.5%, 1%,
2%, and 3% were used in the proliferation assay; final
concentrations of 0.01%, 0.05%, 0.1%, and 0.5% CSE
were used for all other experiments. Control extracts
were similarly prepared from unlit cigarettes. Extracts
were separated into aliquots and stored at —20°C.

Cell Proliferation Assay

Proliferation of the periosteum-derived cells was
assayed using the Cell Counting Kit (CCK)-8 (Dojin-
do, USA). Briefly, 3 x 10° cells were seeded onto a
96-well plate and cultured for 24 hours in Dulbecco's
modified Eagle medium (DMEM) containing 0% to
3% CSE. After incubation, the cells were treated with
10 ul CCK-8 solution/well and incubated for 1 h at
37°C. Formazan dye generation by cellular dehydro-
genase activity was then determined by measuring
absorbance at 450 nm using a microplate reader. Cell
viability was expressed as percent viability of control
cells cultured in the absence of CSE.

Osteoblastic Differentiation and CSE Treat-
ment of Periosteum-derived cells

Patients provided informed consent for collec-
tion of periosteal tissues, as required by the Ethics
Committee of Gyeongsang National University Hos-
pital (GNUH 2014-05-012). Periosteum-derived cells
were cultured using a previously described technique
[10,11]. Pieces of periosteal tissue were placed in a
100-mm culture dish and cultured in DMEM sup-
plemented with 10% fetal bovine serum (FBS), 100
IU/ml penicillin, and 100 pg/ml streptomycin at 37°C
in a humidified atmosphere of 95% air and 5% CO..
Osteoblastic differentiation was induced by culture of
passage-three periosteal cells seeded at a density of 3
x 104 cells/well in 24-well plates in osteogenic induc-
tion medium (OM) composed of DMEM supple-

http://www.medsci.org



Int. J. Med. Sci. 2015, Vol. 12

883

mented with 10% FBS, 50 pg/ml r-ascorbic acid
2-phosphate, 10 nM dexamethasone, and 10 mM
B-glycerophosphate. Medium was changed every 3
days during osteoblastic differentiation. Cells cul-
tured in OM were treated with 0% (control) to 0.5%
CSE.

Histochemical Detection of Alkaline Phos-
phatase (ALP) Activity in Periosteum-derived
cells

ALP is an early marker of osteoblast differentia-
tion [10]. Histochemical detection and measurement
of ALP activity were carried out after culturing cells
for 1 and 2 weeks. Briefly, cells were stained with fast
5-bromo-4-chloro-3-indolyl phosphate and nitroblue
tetrazolium (BCIP/NBT) ALP substrate (Amresco,
USA). ALP activity was determined using 50 mmol/1
p-nitrophenylphosphate in a glycine-NaOH buffer at
pH 10.4. The amount of p-nitrophenylphosphate re-
leased was estimated by measuring the absorbance at
410 nm.

Alizarin Red S Staining of Mineralized Tissue
and Quantification of Calcium in Perioste-
um-derived cells

Secretion of osteocalcin (OC) and matrix miner-
alization are associated with the final phase of osteo-
blast differentiation [10]. Alizarin red S staining and
determination of calcium content were performed
after culturing cells for 2 weeks as previously de-
scribed [10,11]. Briefly, cells were stained with 2%
alizarin red S. To quantify the intensity of staining,
cultures were incubated with 100 mM cetylpyri-
dinium chloride (Sigma-Aldrich, USA) for 2 hours to
release the calcium-bound dye. Calcium content was
determined by spectrophotometry using the
o-cresolphthalein method (Calcium C-test Wako;
Wako Pure Chemical Industries, Japan).

Quantitative reverse Transcrip-
tion-polymerase Chain Reaction (RT-PCR)
Analysis

Total RNA was extracted from differentiating
periosteum-derived cells using TRIzol® Reagent (Life
Technologies, USA), and cDNAs were generated us-
ing random hexamer primers provided in the Applied
Biosystems® first-strand cDNA synthesis kit (Life
Technologies, USA). Quantitative real-time PCR was
performed using primers specific for human ALP and
OC. GAPDH served as an internal control. All pri-
mers and probes (ALP, Cat #Hs01029144-m1; OC, Cat
#Hs00609452-g1; GAPDH, Cat #Hs02758991-g1) were
obtained commercially as part of Applied Biosys-
tems® TaqMan® Gene Expression Assays (Life
Technologies, USA) and amplified using Applied Bi-

osystems® TagMan® Gene Expression Master Mix
according to the manufacturer's instructions. Ampli-
fication was carried out under conditions of 50°C for 2
min, 95°C for 10 min, and 40 cycles of 94°C for 15 s
and 60°C for 1 min, in 96-well plates using the Ap-
plied Biosystems® ViiA™ 7 Real-Time PCR System
(Life Technologies, USA). All experiments were per-
formed in triplicate.

Plasmids, Nucleofection and Luciferase Assay

To examine the functional role of CSE on RUNX2
activity in the periosteum-derived cells, the effect of
overexpression of RUNX2 was evaluated in confluent
monolayers of periosteum-derived cells transiently
co-transfected with a p6xOSE2-Luc reporter and
RUNX2 expression vector using a previously de-
scribed technique [19]. Vectors for expression of
wild-type FOXO1 (FOXO1-WT) and constitutively
active FOXO1 (FOXO1-A3) (plasmids 13507 and
13508, respectively) were obtained from Addgene
(USA). Cells were nucleofected using the P2 Primary
Cell 4D-Nucleofector™ X Kit (Lonza, USA) according
to the manufacturers’ recommendations. Briefly, 5 x
105 cells were resuspended in 100 pl Nucleofector so-
lution, mixed with the p6xOSE2-Luc reporter plasmid
and combinations of RUNX2 and FOXO1 expression
constructs (0.6 pg plasmid DNA each), transferred to a
cuvette, and nucleofected using program DT-130 of
the nucleofector device. Nucleofected cells were
transferred to 500 pl prewarmed medium and seeded
in 24-well plates at a density of 1.25 x 105 cells per
well. The cells were cultured overnight and treated
with CSE in a range of concentrations for a further 24
hours in DMEM supplemented with 10% FBS. To as-
sess RUNX2 activity using the luciferease reporter
assay, the cell lysates were prepared with reporter
Passive Lysis Buffer (Promega, USA), and luciferase
activity was quantified using the Dual-Luciferase
Reporter Assay System (Promega, USA). Lumines-
cence was measured using an AutoLumat LB 953 in-
strument (Berthold Technologies, Finland).

Preparation of Cell Lysates and Western Blot
Analysis

Cells were incubated for 30 min in NP-40 lysis
buffer [20 mM Tris pH 7.5 containing 140 mM NaCl, 1
mM EDTA, 1% (v/v) Nonidet P-40, 5 pM
4-(2-aminoethyl) benzenesulfonyl fluoride hydro-
chloride (AEBSF), 1.5 nM aprotinin, 10 nM E-64, and
10 nM leupeptin]. The cells were then sonicated and
centrifuged at 12,000 x g for 10 min at 4°C to remove
insoluble debris. Total proteins (30 pg) were resolved
in an SDS-polyacrylamide gel and transferred onto a
nitrocellulose membrane using the semidry tech-
nique. The membranes were blotted with antibodies
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against FOXO1, phospho-FOXO1, AKT, and phos-
pho-AKT (Cell Signaling Technology, USA), and the
proteins were identified using the Pierce ECL detec-
tion system (Thermo Scientific, USA).

Statistical Analysis

All experiments were performed using triplicate
cultures, and the results are expressed the
meantstandard deviation (SD). Statistical analyses
were conducted using GraphPad Prism software.
Data were evaluated by one-way ANOVA with Tuk-
ey’s multiple comparison test. Differences with a
p-value <0.05 were considered statistically significant.

Results

CSE at Concentrations less than 0.5% Does not
Have a Significant Effect on Proliferation of
Periosteum-derived cells

Periosteum-derived cells in primary culture had
a fibroblastic appearance. Proliferation of the cells was
unchanged after culture in 0.5% CSE compared to that
of control cells cultured in the absence of CSE. How-
ever, CSE significantly decreased proliferation in a
concentration-dependent manner at concentrations of
1% and greater (Fig. 1). This result suggests that CSE
at concentrations less than 0.5% does not have a sig-
nificant Effect on Proliferation of Periosteum-derived
cells and CSE may decrease the viability of perioste-
um-derived cells at concentrations greater than 0.5%.
Based on this finding, cells were treated with CSE at
concentrations less than or equal to 0.5% in the re-
mainder of experiments.
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Figure 1. Effect of CSE on proliferation of periosteum-derived cells. Viability of
cells incubated with the indicated concentrations of CSE is expressed as a
percentage of the control viability. *P < 0.05 and **P < 0.01, as compared to 0%
CSE (control)

CSE Inhibits the Development of Osteoblastic
Phenotypes in Periosteum-derived cells

After culturing cells for 1 week, histochemical
detection of ALP in the periosteum-derived cells
tended to decrease with increasing concentrations of
CSE, however, after culturing cells for 2 weeks, the
staining was visibly decreased only in cells treated
with 0.5% CSE. ALP bioactivity showed a decrease in
activity when cells were treated for 1 week with CSE
concentrations of 0.05% and higher and when cells
were treated for 2 weeks with CSE concentrations of
0.1% and higher. Although CSE at concentrations less
than 0.1% did not significantly alter alizarin
red-positive mineralization and calcium content in the
periosteum-derived cells, 0.1% and 0.5% CSE concen-
trations clearly decreased both mineralization and
calcium content in a concentration dependent manner
(Fig. 2). These results suggest that CSE exerts inhibi-
tory effects on osteoblastic differentiation of the peri-
osteum-derived cells by decreasing ALP activity and
mineralization.

CSE Decreases Expression of ALP and OC
mRNA in Periosteum-derived cells

Baseline expression levels of ALP and OC
mRNA were increased over 2 weeks in culture.
Treatment with CSE tended to cause a decrease in
ALP mRNA expression below control levels in the
periosteum-derived cells after 3-day and 2-week
treatments. At 3 days, 0.1% and 0.5% CSE concentra-
tions significantly decreased ALP expression below
the control level. ALP expression was also markedly
decreased below control levels after treatment with
0.5% CSE for 3 days and for 1 and 2 weeks.

In addition, with the exception of 0.01% CSE,
treatment with CSE caused significant concentra-
tion-dependent inhibition of ALP mRNA expression
in the cells after 2 weeks of treatment. Although 0.1%
CSE significantly, but transiently, increased OC ex-
pression at 3 days, treatment with CSE had no effect
on OC expression beyond that of osteogenic medium.
All tested concentrations of CSE significantly in-
creased OC expression in the cells after 1 week of
treatment; however, CSE decreased osteogenic dif-
ferentiation and medium-induced OC expression at 3
weeks at all concentrations equal to or greater than
0.01% (Fig. 3). Similar to the effects of CSE on ALP
activity and mineralization, these results suggest that
CSE also exerts inhibitory effects on osteoblastogene-
sis of periosteum-derived cells by decreasing ALP and
OC expression at the mRNA level.
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Figure 2. In vitro osteogenic phenotypes and mineralization of periosteum-derived cells treated with CSE. A: Histochemical staining of periosteum-derived cells
cultured in osteogenic induction medium (OM(+)) or control medium (OM(-)) and treated with the indicated concentrations of CSE at 1 and 2 weeks (W) of culture
(upper) and ALP bioactivity (lower) B: Alizarin red staining of mineralized matrix in cells treated with the indicated concentrations of CSE and quantitation based on
optical density (OD) C: calcium content of CSE-treated cells (c). *P < 0.05 and **P < 0.01, as compared to 0% CSE in OM+.
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Figure 3. Quantitative RT-PCR analysis. Relative expression of ALP (A) and osteocalcin (B) mRNA in periosteum-derived cells cultured in osteogenic induction
medium and treated with the indicated concentrations of CSE. ALP, alkaline phosphatase; OC, osteocalcin; OM, osteogenic induction medium; 3D, 3 days; 1W, |

week; 2W, 2 weeks. **P < 0.01, as compared to 0% CSE in OM+.

CSE Decreases RUNX2 Transcriptional Ac-
tivity in the Periosteum-derived cells and
Runx2 Affects ALP and OC Expression

RUNX2 is a master regulator of osteoblast dif-
ferentiation and bone development. The binding of
nuclear RUNX2 to osteoblast-specific elements up-
regulates skeletal genes and, consequently, promotes
development of the osteoblast phenotype [13,20].
RUNX2 transcriptional activity tended to decrease in
a concentration-dependent manner when the perios-
teum-derived cells were treated with CSE and signif-
icantly decreased in cells treated with 0.1% and 0.5%
CSE, which obviously affected ALP activity and ma-
trix mineralization. Overexpression of RUNX2 in-
creased expression of endogenous ALP and OC
mRNA in periosteum-derived cells cultured in oste-
ogenic induction medium. In addition, overexpres-
sion of RUNX2 enhanced OC expression in the cells
cultured in control DMEM (Fig. 4). These results
suggest that CSE decreases RUNX2 transcriptional
activity in the periosteum-derived cells and RUNX2

affects ALP and OC expression. The inhibitory effects
of CSE might be dependent of RUNX2 in the in vitro
osteoblastic differentiation of cultured human peri-
osteum-derived cells.

CSE Treatment Decreases FOXOI1 Phos-
phorylation and Inhibits Transcriptional Ac-
tivity of RUNX2 in Periosteum-derived cells

AKT (also known as protein kinase B [PKB])
regulates metabolic homeostasis in part by modulat-
ing transcriptional activity of the FOXO proteins, in-
cluding FOXO1, through phosphorylation [21].
Treatment of the periosteum-derived cells with CSE
decreased phosphorylation of AKT and FOXOI. To
examine the functional role of FOXO1 on RUNX2 ac-
tivity in the periosteum-derived cells, transcriptional
activity of RUNX2 was evaluated in cells transiently
transfected with a p6xOSE2-Luc reporter and combi-
nations of expression vectors encoding RUNX2,
wild-type (FOXO1-WT), and constitutively active
(FOXO1-A3) FOXO1. RUNX2 transactivation was
increased in cells overexpressing RUNX2. However,
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this activity was abrogated in cells overexpressing
FOXO1-A3 (Fig. 5). This result suggests that CSE
treatment decreases FOXO1 phosphorylation and
inhibits transcriptional activity of RUNX2 in perios-
teum-derived cells and FOXO1 regulates RUNX2
transcriptional activity in a FOXO1 phosphoryla-
tion-dependent manner.

Discussion

Cigarettes typically contain approximately 1.2-2
mg nicotine, depending on the brand and the pres-
ence or absence of a filter. Nicotine is the major in-
gredient of cigarette smoke, and smoking has been
shown to be associated with negative effects on bone
metabolism and skeletal remodeling [6]. However,
including biphasic effects with stimulatory effects at
low doses and negative effects at higher levels, the

effects of nicotine on cultured osteoprogenitor cells
remain controversial [22-24]. In a study using the
MG-63 human osteoblast-like cell line, Rothem et al
[25] demonstrated statistically significant changes in
842 genes in cells exposed to 100 pM nicotine and
examined low-dose nicotine-induced upregulated
expression of OC, type I collagen, and ALP. Another
study examined the dose-dependent positive effect of
nicotine on the osteoblastic activity of rabbit bone
marrow-derived osteoblast-like cells and suggested
that nicotine may not be responsible for the impaired
bone healing observed in smokers [26]. Previous
studies by the same group also showed that nicotine
delivered via a transdermal nicotine patch signifi-

cantly enhanced posterior spinal fusion rates in rab-
bits [27].
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Figure 4. Activation of RUNX2 transcriptional activity by CSE in periosteum-derived cells. A: Luciferase activity showing RUNX2 transcriptional activity in cells
cultured in osteogenic induction medium (OM+) or control medium (OM-) and treated with the indicated concentrations of CSE B: Relative expression of ALP and
OC mRNA in cells cultured in osteogenic induction or control medium and transfected with control (pcDNA) or RUNX2 constructs (b). **P < 0.01, as compared
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Figure 5. Activation of RUNX2 transcriptional activity by CSE in the perios-
teum-derived cells. A: Western analysis of expression of the indicated proteins
in periosteum-derived cells treated with the indicated concentrations of CSE B:
Luciferase activity showing RUNX2 transcriptional activity in cells
co-nucleofected with wild-type FOXO1 and the AKT phosphorylation-resistant
mutant FOXO1-A3 (b). FOXO1-WT, wild-type FOXOI; FOXO1-A3, consti-
tutively active FOXOI. ¥*P < 0.01.

Although nicotine is a major component of the
particulate phase of all cigarette smoke and is main-
tained in body tissues at a high level by habitual
smoking, the effects of smoking exposure versus nic-
otine exposure on bone may differ. Skott et al [28]
investigated the influence of nicotine and nico-
tine-free tobacco extract, alone and in combination, on
mechanical strength of closed femoral fractures in a
rat femur fracture model. When mechanically testing
fracture healing, ultimate torque and torque at the
yield point of the tobacco extract group were de-
creased by 20% and 26%, respectively, compared with
the nicotine group. Also, an 18% reduction in torque
at the yield point was observed in the combination
group compared with the nicotine group. However,
no difference was found between the tobacco extract
and combination groups. Another study reported that

nicotine can act as a direct stimulant of bone cell
metabolic activity and that smoke condensate (con-
taining equivalent levels of nicotine) elicits an inhibi-
tory effect in murine MC3T3-E1 osteoblast-like cells
[29]. These results suggest that smoking, rather than
just exposure to nicotine, may be the principal factor.

In the present study, the viability of perioste-
um-derived cells was not changed upon exposure to
CSE at concentrations at or below 0.5%. We focused
on the effects of CSE on osteoblastic differentiation,
not viability, of cultured human periosteum-derived
cells. Furthermore, few studies have been conducted
to investigate the effects of CSE on osteoblastic dif-
ferentiation of cultured human periosteum-derived
cells. Therefore, we examined the effects of CSE at
concentrations ranging from 0.01% to 0.5% on osteo-
blastic differentiation. CSE tends to decrease ALP
activity and mineralization in a concentra-
tion-dependent manner and, at concentrations of 0.1%
and 0.5%, significantly decreased ALP activity, aliza-
rin red S-positive mineralization, and the calcium
content of periosteum-derived cells. Quantitative
RT-PCR clearly showed that, with the exception of a
CSE concentration at 0.01%, treatment with CSE re-
sulted in concentration-dependent inhibition of ALP
expression after 2 weeks of treatment. Furthermore,
0.1% CSE and 0.5% CSE already significantly de-
creased ALP expression below control levels in the
periosteum-derived cells after 3 days of treatment.
After 1 week in osteogenic differentiation medium,
CSE increased expression of OC mRNA in the peri-
osteum-derived cells; however, CSE (with the excep-
tion of 0.01%) significantly decreased osteogenic in-
duction medium-induced OC expression at 2 weeks.
Considering that ALP is an early marker of osteoblast
differentiation, whereas OC secretion is associated
with the late phase of osteoblast differentiation, the
RT-PCR results suggest that CSE may have inhibitory
effects on osteoblastic differentiation of the cultured
human periosteum-derived cells by affecting ALP (at
earlier time points) and mineralization (at later time
points). Further studies will be needed to assess the
temporal pattern of CSE effects on osteoblastic dif-
ferentiation of osteoprogenitors.

RUNX2 is frequently described as the master
regulator of osteoblastogenesis. Through several
pathways, the binding of nuclear RUNX2 to osteo-
blast-specific elements upregulates skeletal genes and,
consequently, promotes the development of the os-
teoblast phenotype. Many studies have reported that
the essential role of functional RUNX2 expression is in
embryonic bone formation, as well as regulation of
bone matrix deposition by differentiated osteoblasts
throughout life [14,20,30-32]. In the present study,
ALP and OC expression decreased in the perioste-
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um-derived cells that were transiently transfected
with a p6xOSE2-Luc reporter together with a RUNX2
expression vector in osteogenic induction medium.

The FOXO subfamily of transcription factors,
which includes FOXO1, FOXO3, FOX04, and FOXOe,
regulates diverse cellular processes, including stress
response, cell cycle arrest, DNA damage repair, and
differentiation. The activity of FOXO1, as a member of
this family, is regulated by several exogenous stimuli,
such as growth factors and oxidative stress. These
stimuli activate or inactivate FOXO1 by posttran-
scriptional modifications and subcellular localization.
The phosphorylation of FOXO1 leads to its cytoplas-
mic retention and the inhibition of its transcriptional
activity. On the other hand, dephosphorylation local-
izes FOXO1 to the nucleus, where it binds to the
forkhead response element within the promoters of
multiple target genes, resulting in transcriptional
regulation [16,21,33]. Although, of the FOXO proteins,
FOXO1 regulates the most diverse array of known
FOXO biological activities (including organ growth,
insulin action, and tumorigenesis), its effects on os-
teoblastic differentiation of osteoprogenitor cells have
not yet been fully investigated. In this study, we
identified FOXO1 as a negative regulator of the bone
transcription factor Runx2 in periosteum-derived os-
teoblasts. Decreased phosphorylation of AKT and
FOXO1 was observed in the periosteum-derived cells
treated with CSE. The AKT phosphorylation-resistant
mutant FOXO1-A3 had a clearly inhibitory effect on
the transcriptional activity of RUNX2 in the perios-
teum-derived cells.

This study examined the only osteoblastic dif-
ferentiation of cultured human periosteal-derived
cells treated with CSE under conditions that maintain
cell viability. In addition, the role of FOXO1 was ob-
served during osteoblastic differentiation of the peri-
osteum-derived cells treated with CSE. In conclusion,
although further studies will be needed to clarify the
mechanisms of FOXOl-regulated osteogenesis of
periosteum-derived cells, our results suggest that
FOXOL1 is involved in the mechanism by which CSE
exposure leads to inhibition of osteoblastic differenti-
ation of cultured human periosteum-derived cells.
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