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Abstract Valproic acid (VPA) has been used as an anticonvulsant agent for the treatment of epilepsy, as well as a
mood stabilizer for the treatment of bipolar disorder, for several decades. The mechanism of action for these effects
remains to be elucidated and is most likely multifactorial. Recently, VPA has been reported to inhibit histone deacetylase
(HDAC) and HDAC has been reported to play roles in differentiation of mammalian cells. In this study, the effects of
HDAC inhibitors on differentiation and proliferation of human adipose tissue-derived stromal cells (hADSC) and bone
marrow stromal cells (hBMSC) were determined. VPA increased osteogenic differentiation in a dose dependent manner.
The pretreatment of VPA before induction of differentiation also showed stimulatory effects on osteogenic differentiation
of hMSC. Trichostatin A (TSA), another HDAC inhibitor, also increased osteogenic differentiation, whereas valpromide
(VPM), a structural analog of VPA which does not possess HDAC inhibitory effects, did not show any effect on osteogenic
differentiation on hADSC. RT-PCR and Real-time PCR analysis revealed that VPA treatment increased osterix,
osteopontin, BMP-2, and Runx2 expression. The addition of noggin inhibited VPA-induced potentiation of osteogenic
differentiation. VPA inhibited proliferation of hADSC and hBMSC. Our results suggest that VPA enhance osteogenic
differentiation, probably due to inhibition of HDAC, and could be useful for in vivo bone engineering using hMSC. J. Cell.
Biochem. 96: 533–542, 2005. � 2005 Wiley-Liss, Inc.
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Valproic acid (VPA; 2-propyl-pentanoic acid)
is a short-chain branched fatty acid that has
been initially discovered as an anticonvulsant
and has been used today to treat a variety of
seizure disorders as well as bipolar disorders
(e.g., manic depressive illness). A number of
targets for VPA action in bipolar disorder

and epilepsy targets have been proposed
[Johannessen, 2000; Gurvich and Klein, 2002].
VPA was shown to inhibit histone deacety-
lases (HDACs) at therapeutic concentrations
[Gottlicher et al., 2001; Phiel et al., 2001].
Acetylation of theNH2-terminal tails of the core
histones is central to the specification of a
‘‘histone code’’ that influences the expression
of target genes [Strahl and Allis, 2000; Thiaga-
lingam et al., 2003]. Recruitment of histone
acetyltransferases by transcription factor com-
plexes is associated with a more open DNA
conformation that, in general, facilitates tran-
scription of target genes. Conversely, deacetyla-
tion of core histones by HDACs is associated
with a ‘‘closed’’ chromatin conformation and
repression of transcription. Therefore, inhibi-
tion of HDACs typically leads to derepression of
transcription. In addition, inositol depletion
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contributes to VPA inhibition of sensory neuro-
nal growth cone formation in vitro [Williams
et al., 2002].

HDAC inhibitors from diverse origins arrest
cell growth and induce differentiation in var-
ious in vitro and in vivo models including acute
promyelocytic leukemia and cell lines derived
from colon, lung, prostate carcinomas [Marks
et al., 2001], and cell lines derived from neuro-
blastoma, glioma, and teratocarcinoma [Cinatl
et al., 1996;Blaheta andCinatl, 2002].Recently,
VPAhas been reported to inhibit cardiomyocyte
differentiationof embryonic stemcells [Naetal.,
2003] and differentiation of human adipocytes
[Lagace and Nachtigal, 2004].

Mesenchymal stem cells (MSC), which can be
isolated from bone marrow, adipose tissue, and
cord blood, are defined as amultipotent cell with
limited self-renewal capacity, and can be differ-
entiated into adipocytes, chondrocytes, myo-
blasts, and osteoblasts [Caplan, 1991; Beresford
et al., 1992; Pittenger et al., 1999; Zuk et al.,
2001]. Therefore,MSC are an interesting target
for use in gene and cell therapy [Banfi et al.,
2000] and provide a unique model to better
understand early differentiation events because
they can differentiate into multiple mesenchy-
mal lineages.

Conventional therapies of autogenous bone
grafts, allograft implants, and prosthetic im-
plants have been used to treat these problems.
However, these methods are limited by supply
and osteogenic potential. Recent advances
in cell and molecular biology have enabled
researchers in the bone tissue engineering
field to incorporate cell and gene therapies.
Stem cell therapy using adult-derived stem
cells, specifically MSC, is an emerging field
for bone regeneration. Genetic modification of
MSC or the addition of BMP2 has been tried to
improve in vivo bone regenerating ability of
MSC in vivo [Lieberman et al., 2002]. Human
adipose tissues also have multipotent progeni-
tor cells, which can be differentiated to osteo-
blasts [Gimble and Guilak, 2003]. Therefore,
adipose tissues-derived stromal cells (ADSC)
are a good source for bone tissue engineering
because of abundance of adipose tissues in
human body.

In this study, we examined the effect of VPA
on osteogenic differentiation of human ADSC
(hADSC) and human bone marrow stromal
cells (hBMSC). We find that the pretreatment
of VPA increases osteogenic differentiation

in hADSC and hBMSC, and that the effect on
osteogenic differentiation is, at least in part,
mediated by the increase of bone morphogenic
protein 2 (BMP2) expression.

MATERIALS AND METHODS

Materials

VPA was dissolved in phosphate buffered
saline (PBS), and valpromide (VPM) and tri-
chostatin A (TSA) were dissolved in dimethyl-
sulfoxide (DMSO), and applied as indicated in
figure legends. DMSO levels were kept under
0.1%.VPMwas a gift fromKatwijk Chemie B.V.
(Katwijk, The Netherlands).

Cell Culture

After informed consent, leftover materials
(heparinized bone marrow cells and adipose
tissues) were obtained from six individuals
undergoing total hip arthroplasty and elective
abdominoplasty. The patients for adipose tis-
sues were 55-year-old male, 24-year-old female,
and 43-year-old female. The patients for bone
marrow samples were 45-year-old male, 48-year-
old female, and 36-year-old female. hBMSC and
hADSC were isolated according to the methods
described in the previous studies [Lee et al.,
2004a,b]. To isolate hADSC, adipose tissues
were washed with PBS, and tissues were
digested at 378C for 30 min with 0.075% type I
collagenase. Enzyme activity was neutralized
with a-modified Eagle’s medium (a-MEM), con-
taining 10% fetal bovine serum (FBS) and
centrifuged at 1,200g for 10 min to obtain a
pellet. The pellet was incubated overnight at
378C/5% CO2 in control medium (a-MEM,
10% FBS, 100 U/ml of penicillin, 100 mg/ml of
streptomycin). Following incubation, the tissue
culture plates were washed to remove residual
nonadherent cells and maintained at 378C/5%
CO2 in control medium. Mononuclear cells
from bone marrow were separated by centrifu-
gation in a Ficoll-Hypaque gradient (density¼
1.077 g/cm3; Sigma, St. Louis, MO), suspended
in a-MEM containing 10% FBS and 100 U/ml of
penicillin, 100 mg/ml of streptomycin and seeded
at a concentration of 1� 106 cells/cm2. Cultures
were maintained at 378C in a humidified atmo-
sphere containing 5%CO2.When themonolayer
of adherent cells has reached confluence, cells
were trypsinized (0.25% trypsin; Sigma), resus-
pended ina-MEMcontaining10%FBS,andsub-
cultured at a concentration of 2,000 cells/cm2.
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For the experiment, we used 3rd–5th passages
of MSC.

Induction of Differentiation

Osteogenic differentiation was induced by
culturing cells in osteogenic medium (OM, 10%
FBS, 0.1 mM dexamethasone, 10 mM b-glycer-
ophosphate, and 50 mMascorbic acid in a-MEM)
and extracellular matrix calcification was esti-
mated by alizarin red S stain. To determine
the effect of VPA, each 6-well plate contained
a sample that was not treated with VPA as a
control. Osteogenic differentiation was quanti-
fied by measurement of total signal of each well
that represent stained area and its intensity by
an image analysis program (Image Gauge ver
3.1, Fuji, Japan). The data in VPA-treated
samples were normalized to the data in control
samples of the same 6-well plate and presented
as percentage control. Measurements were
done in duplicate at each experiment and ex-
periments were repeated from three different
donors.

Reverse Transcription-Polymerase
Chain Reaction (RT-PCR) Analysis

Total cellular RNA was isolated from hADSC
and reverse transcribed using conventional
protocols. PCR amplification was performed
using the primer sets. GAPDH 50-TCCATGA-
CAACTTTGGTATCG-30, 50-TGTAGCCAAATT-
CGTTGTCA-30, Runx2 50-CTCACTACCACA-
CCTACCTG-30, 50-TCAATATGGTCGCCAAA-
CAGATTC-30, alkaline phosphatase 50-TGAAA-
TATGCCCTGGAGC-30, 50-TCACGTTGTTCC-
TGTTTAG-30, p21/WAF1 50-GACACCACTG-
GAGGGTGACT-30, 50-GGCGTTTGGAGTGG-
TAGAAA-30, osterix 50-GCAGCTAGAAGGGA-
GTGGTG-30, 50-GCAGGCAGGTGAACTTCTT-
C-30, osteopontin 50-TTGCAGTGATTTGCTT-
TTGC-30, 50-ACACTATCACCTCGGCCATC-30.
All primer sequences were determined using
established GenBank sequences. Duplicate PCR
reactions were amplified using primers de-
signed GAPDH as a control for assessing PCR
efficiency and for subsequent analysis by agar-
ose gel electrophoresis. The sequence of each
PCR product was confirmed using automated
sequencing. Non-induced hADSC were exam-
ined as a negative control.

Real-Time Polymerase Chain Reaction (RT-PCR)

To determine Runx2 and BMP-2 expression
in hMSC, we used a real time PCR method.

Briefly, cDNA was synthesized in a reaction
containing 1 mg of DNase I treated total RNA of
control hADSC and VPA-treated hADSC, oligo
dT primer, dNTP, and avian myeloblastosis
virus (AMV) reverse transcriptase. An identical
reaction without the reverse transcriptase was
performed to verify the absence of genomicDNA
(no RT control). PCR primers were designed
using software PRIMER3 (http://frodo.wi.mit.
edu/cgi-bin/primer3/primer3_www.cgi)withpub-
lished sequence data from the NCBI database.
Primer sequences to be used in the experiment
were as follows: b-actin, 50-CTGGTGCCTGGG
GCG-30, 50-AGC CTC GCC TTT GCC GA-30;
Runx2, 50- TTACTTACACCCCGCCAGTC-30,
50-CAG CGT CAA CAC CAT TC-30; BMP-2, 50-
CCA CCA TGA AGA ATC TTT GG-30, 50-CCA
CGT ACA AAG GGT GTC TC-30.

Real-time quantitation was based on the
LightCycler assay, using a fluorogenic SYBR
Green I reaction mixture for PCR with the
LightCycler Instrument (Roche, Mannheim,
Germany). The PCR reactions were carried out
in a total volume of 20 ml, which included SYBR
Green I with a Taq DNA polymerase reaction
buffer, deoxynucleotide triphosphate mixture,
10mMMgCl2, PCR-grade water, 2 ml of template
DNA, and primers. The amplification program
consisted of one cycle of 958Cwith 60 s hold (‘‘hot
start’’) followed by 45 cycles of 958C with 0 s
hold, specified annealing temperature with 5 s
hold, 728C with 12 s hold, and specified acquisi-
tion temperature with 2 s hold. All experiments
were conducted three times, and negative and
positive controls were included. While no tem-
plate negative control (H2O control) was run
with every gene specific primer, the no RT-
PCR control was run with only one primer pair
which can amplify contaminated genomic DNA.
Samples were analyzed in duplicate in three
independent runs. Statistical significance was
determined by ANOVA model. For each primer
pair the linearity of detection was confirmed
to have a correlation coefficient of at least 0.98
over the detection area by measuring a dilution
curve with cDNA isolated from MSC. b-actin
mRNAwas amplified as an internal control. We
used the comparative Ct method to quantify
changes in gene expression between control
and VPA-treated hADSC where Ct denotes the
cycle at which fluorescence above background
levels becomes significant. The fold-difference
between control and VPA-treated samples is
calculated according to 2�DDCt. For each control
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andVPA-treated sample,DCt represents thedif-
ference between Ct of a target gene and the
internal control (i.e., b-actin). The DDCt value
represents the difference between DCt values
for a control sample and VPA-treated sample.

Evaluation of Cell Proliferation
and Cell Viability

Todetermine theproliferation rate, cellswere
detached with Hank’s balanced salt solution
(HBSS) containing 0.5% trypsin and 0.02%
EDTA. hADSC and hBMSC were plated at
density of 2,000/cm2 in a 6-well plate, and
various concentrations of VPA were added the
next day after plating. After 48 h, the cells were
trypsinized and stained with 0.4% trypan
blue (Sigma). The total cell number and the
proportion of dead cells were measured with a
hemocytometer. Cell death was determined by
the presence of cytoplasmic trypan blue. This
experiment was performed in triplicate.

Statistical Analysis

Comparisons of multiple groups were done
with ANOVA with Bonferonni correction for
multiple comparisons.

RESULTS

VPA Increases Osteogenic Differentiation

To determinewhetherVPA could affect osteo-
genic differentiation, hADSC and hBMSC were
treated with various concentrations of VPA
(0.5–3 mM) during the initial phase of osteo-
genic differentiation (the first 3 days). The
treatment of VPA during the first 3 days of dif-
ferentiation significantly increased osteogenic
differentiation in hADSC and hBMSC in a dose-
dependent manner (Fig. 1).

We assumed that the pretreatment of VPA
is enough for the enhancement of osteogenic
differentiation, because VPA-induced changes

Fig. 1. A: Effect of valproic acid (VPA) on osteogenic
differentiation of human adipose tissue-derived stromal cells
(hADSC) (A) and human bone marrow stromal cells (hBMSC) (B).
Cells were grown to confluence and then induced osteogenic
differentiation by differentiation medium. Differentiated cells
were stained with alizarin red S at the 7th day after induction of
differentiation in osteogenic medium. VPA was treated for the

first 3 days of differentiation. The osteogenic differentiation was
determined by quantitation of alizarin red S staining with an
image analysis program. Data represent mean� SEM of three
different experiments. *P< 0.05 compared with control (Cont).
[Color figure can be viewed in the online issue, which is available
at www.interscience.wiley.com.]

536 Cho et al.



in chromatin conformations might be main-
tained after removal of the drug. To determine
the period of the pretreatment of VPA, 1 mM
VPA was pretreated for 1, 2, and 4 days, and
the induction of osteogenic differentiation of
hMSC was done without the addition of VPA.
One day pretreatment of VPA could not show
any effect on osteogenic differentiation. The
pretreatment of VPA for 2 days markedly in-
creased osteogenic differentiation, and the pre-
treatment for 4 days further increased it (Fig. 2).
Therefore, MSC were pretreated with of 1 mM
VPA for 4 days in the following experiments.

HDAC Inhibition and Osteogenic Differentiation

To verify if VPA treatment in our model was
associated with HDAC inhibition, we deter-
mined if another HDAC inhibitor had similar
effects on differentiation. hADSC were pre-
treated with the indicated concentrations of

TSA and VPM for 4 days before induction of
osteogenic differentiation. Similarly to VPA, TSA
(75–500 nM) caused a dose-dependent increase
of osteogenic differentiation (Fig. 3A). In con-
trast toVPA,VPM(0.5–3mM), anamideanalog
of VPA that does not inhibit HDAC activity,
did not significantly affect osteogenic differen-
tiation (Fig. 3B).

Changes of Gene Expression
in VPA-Treated hADSC

To understand VPA action on hADSC at
molecular level, we determined the effects of
VPA on gene expression. The treatment of
VPA for 4 days increased p21, which is a well
known target of histone deacetylase inhibitors,
osterix and osteopontin.We further determined
changes in expression of Runx2 and alkaline
phosphatase genes during differentiation by
RT-PCR. In control hADSCRunx2 and alkaline

Fig. 2. Effect of VPA pretreatment on the osteogenic differentiation of hADSC (A) and hBMSC (B). hMSC
were pretreated with 1 mM VPA for the indicated days before induction of osteogenic differentiation.
The osteogenic differentiation was determined by quantitation of alizarin red S staining with an image
analysis program at the 7th day after induction of differentiation. Data represent mean� SEM of three
different experiments. *P<0.05 compared with control (Cont). [Color figure can be viewed in the online
issue, which is available at www.interscience.wiley.com.]
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phosphatase expression were increased at the
7the day after the induction of differentiation.
The pretreatment of VPA for 4 days increased
Runx2 expression, and VPA-pretreated cells
showed increase in alkaline phosphatase ex-
pression at 3rd day after exposure of osteogenic
medium and in Runx2 at 5th day after treat-
ment (Fig. 4).

Osterix expression has been known to be
controlled by BMP-2 and Runx2 [Celil et al.,
2005] and BMP-2 has been shown to increase
osteogenic differentiation inMSC [Dragoo et al.,
2003]. The effect of VPA treatment on mRNA
levels of BMP-2 and Runx2 gene were deter-
mined by real-time PCR analysis. Total RNAs
were isolated from control or hADSC treated
with 1mMVPA for 4 days. Changes inmRNA in
hADSC following the treatment of VPA were
given in Table I for Runx2 and BMP2 genes
relative to the internal control, i.e., b-actin
(DCt). The DDCt values were used to calculate
fold-differences in mRNA levels. There was
evidence of a 1.9-fold and 4.2-fold increase in
mRNA levels for the Runx2 and BMP2, respec-
tively (Table I).

Noggin binds to BMP 2 and BMP 4 with high
affinity and blocks interaction with BMP recep-
tor [Abe et al., 2000]. To determine the role of
BMP2 on VPA-induced enhancement of osteo-
genic differentiation, control or VPA-pretreated
cells were differentiated in the absence or
presence of noggin (0.25 g/ml). The addition of
noggin into differentiation media inhibited
osteogenic differentiation of control hADSC,

and significantly attenuated the VPA-induced
potentiation of osteogenic differentiation of
hADSC (Fig. 5).

Effect of VPA on Proliferation and
Survival of hADSC and hBMSC

To determine the effect of VPA on the pro-
liferation of hADSC and hBMSC, various con-
centrations of VPA were treated the next day
after plating at density of 2,000 cells/cm2. The
treatment of VPA for 48 h inhibited prolifera-
tion of hADSC in a dose-dependent manner
(Fig. 6). Although data were not shown, VPA
has the same effect on the proliferation of
hBMSC. Trypan blue staining showed that
VPA at concentrations to be examined in this
experiment did not affect survival of hADSC
(Fig. 6).

DISCUSSION

VPA has multiple effects in diverse systems.
For example, in humans VPA is an antic-
onvulsant, a mood stabilizer, and a potent
teratogen. In most cases, however, the targets
responsible for these effects have not been
defined [Gurvich and Klein, 2002]. VPA can
indirectly affect the function of a number of
molecules, includingPPAR, b-catenin, activator
protein 1, protein kinaseC, andMAPK [Blaheta
and Cinatl, 2002]. VPA is also a direct inhibitor
of several molecular targets, including HDACs,
w-amino butyric acid transaminase, and succi-
nate semialdehyde dehydrogenase [Gurvich
andKlein, 2002]. VPAhas been shown to inhibit

Fig. 3. Effect of trichostatin A (TSA) (A) and valpromide (VPM) (B) on osteogenic differentiation of hADSC.
hADSC were pretreated with the indicated concentrations of TSA and VPM for 4 days before induction of
osteogenic differentiation. The osteogenic differentiation was determined by quantitation of alizarin red S
staining with an image analysis program. Data represent mean� SEM of three different experiments.
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cell proliferation and adipogenic differentia-
tion of preadipocytes, which is related to VPA-
induced inhibition of HDAC [Lagace and
Nachtigal, 2004]. In this study, we demon-
strated that VPA increased osteogenic differ-
entiation in hADSC and hBMSC. TSA, another
well-known HDAC inhibitor, also showed the

same effect on osteogenic differentiation of
hADSC and hBMSC, whereas VPM, an amide
analog of VPA that does not inhibit HDAC
activity, did not. VPA increased expression of
p21/WAF1 gene of which expression is con-
trolled by HDAC activity [Han et al., 2001;
Wang et al., 2004]. Furthermore, These data

Fig. 4. RT-PCR analysis of osteogenic genes. Control hADSC or
hADSC pretreated with 1 mM VPA for 4 days were induced for
up to 1 week in osteogenic medium (OM) and analyzed by RT-
PCR for the indicated genes. A: Changes in expression of p21/
WAF1 (p21), osteopontin (OPN), and osterix (OTX) genes after
treatment of VPA in hADSC. a: Representative photograph
of RT-PCR products. Total RNA were isolated from hADSC
before (lane 1) or after 4 days pretreatment of VPA (lane 2).
b: Quantitation of PCR products. Quantity of amplified products
were analyzed by an image analyzer (n¼ 3). Data represent
relative value to GAPDH signal of the corresponding samples.

B: Changes in expression of runx2 and alkaline phosphatase (AP)
genes. a: Representative photograph of RT-PCR products. Total
RNA were isolated from hADSC before (lane 1) or after 4 days
pretreatment of VPA (lane 2). After then, hADSC were treated
with osteogenic medium and total RNA were isolated at 3rd
(lane 3), 5th (lane 4), and 7th day (lane 5) after induction of
differentiation. b: Quantitation of PCR products. Quantity of
amplified products were analyzed by an image analyzer (n¼ 3).
Data represent relative value to GAPDH signal of the corre-
sponding samples.

TABLE I. Ct Values for BMP-2 and Runx2 in Control and VPA-Treated hADSC

Sample BMP-2 Runx2 b-actin
DCt of
BMP2

DCt of
Runx2

DDCt of
BMP2

DDCt of
Runx2

Fold of
BMP2

Fold of
Runx2

Control 33.78� 0.04 32.19� 0.04 31.4� 0.09 2.38 0.79 0 0 1 1
VPA-treated 31.54� 0.05 31.12� 0.06 31.23�0.03 0.31 �0.11 2.07 0.90 4.19 1.87

Values represent mean� standard deviation of all RT-PCR replicates for n¼3 control samples or n¼ 3 VPA-treated samples. Control
values are subtracted from VPA-treated values to obtain DDCt and fold-difference.
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lead to the notion that the HDAC inhibitory
properties of VPA may be responsible for en-
hanced osteogenic differentiation, although we
did not make a direct measurement of HDAC
activity in hADSC and hBMSC.

Because deacetylation of core histones by
HDACs is associated with a ‘‘closed’’ chromatin
conformation and repression of transcription,
inhibition of HDACs can be supposed to lead
to activation of transcription. In fact, HDAC
inhibitors have been known to affect gene
expression in various cells [Glaser et al., 2003;
Tou et al., 2004; Yokota et al., 2004], suggesting
that their pretreatment prior to the initiation
of differentiation alone can affect on the pro-
perties of target cells. In models of muscle
cell differentiation (C2C12 skeletal muscle
cells and human skeletal myoblasts), pretreat-
ment ofHDAC inhibitors enhancesmyogenesis,
whereas simultaneous addition of the inhibitors
with the replacement of differentiation-indu-
cing medium inhibits differentiation [Thiaga-
lingam et al., 2003]. The data in the present
study showed that the 4 days pretreatment of
1 mM VPA prior to induction of differentiation
had a similar effect on osteogenic differentia-
tion in hADSC and hBMSC compared with its
treatment for the first 3 days of differentiation.
Our RT-PCR and real-time PCR data demon-
strated that VPA treatment itself increases
osteogenic differentiation-related genes such
as osterix, osteopontin, bmp2, and runx2 as
well as p21/WAF1 in control culture conditions.
The roles of these genes on osteogenic differ-
entiation have been well defined in osteoblasts
[Karsenty, 2001] andMSC [Olmstedet al., 2001;
Diefenderfer et al., 2003; Dragoo et al., 2003;
Shui et al., 2003], and expression of osterix has
been shown to be controlled by BMP2 and
Runx2 [Celil et al., 2005]. The role of BMP2 on
the VPA-induced increase of osteogenic differ-
entiation was confirmed by the finding that the
treatment of noggin inhibited VPA-induced
osteogenic differentiation. These results sug-
gest that VPA induces expression of osteogen-
esis-related genes,which facilitates hADSCand
hBMSC to respond to osteogenic signal.

VPA has been reported to stimulate prolifera-
tion of hematopoietic stem cells [Bug et al.,
2005] and some reagents and cytokines have
been reported to exert the effect on MSC dif-
ferentiation by modulating the initial prolifer-
ating phase after induction of differentiation
[Otto and Rao, 2004]. However, VPA-induced

Fig. 5. Effect of noggin on VPA-induced osteogenic differentia-
tion of hADSC.hADSC were pretreated with1 mM VPA for 4 days
before induction of osteogenic differentiation. The osteogenic
differentiation of control or VPA-pretreated hADSC was induced
in the absence or presence of 0.25 mg/ml noggin, and determined
by quantitation of alizarin red S staining with an image analysis
program in duplicate at the 14th day after induction of dif-
ferentiation. Data represent mean� SEM of three different
experiments. *P<0.05 compared with control (Cont). [Color
figure can be viewed in the online issue, which is available at
www.interscience.wiley.com.]
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Fig. 6. Effect of VPA on the proliferation and survival of hADSC.
The next day after plating hADSC (2,000 cells/cm2), various
concentrations of VPA were added. Proliferation of hADSC was
determined by direct cell counting using a hemocytometer at the
2nd day after the addition of VPA. The percentage of dead cells
was determined by trypan blue staining and data for cell
proliferation were expressed as a percentage of the initial cell
number (mean� SEM of four experiments). *P< 0.05 compared
with the data in the absence of VPA.
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enhancement of osteogenic differentiation could
not be explained by cell proliferation, because
VPA inhibited proliferation of hADSC and
hBMSC in a dose-dependent manner.
It has been reported that growth and differ-

entiation potential are similar between ADSC
and BMSC [De Ugarte et al., 2003] and that
their surface protein expression is similar
[Gronthos et al., 2001]. We also have reported
that hADSC isolated in our laboratory have
similar characteristics with hBMSC [Kang
et al., 2003; Lee et al., 2004a,b; Kim et al.,
2005]. A similar response to VPA in differentia-
tion and proliferation of hADSC and hBMSC
in this study further support that MSC popula-
tions in bone marrow and adipose tissues share
similar properties.
The autologous nature of mesenchymal stem

cells, together with their putative multipotenti-
ality, may make these cells an excellent choice
for many future tissue engineering strategies
and cell based therapies. MSC can differentiate
into osteogenic and chondrogenic tissues in vivo
[Benayahu et al., 1989; Krebsbach et al., 1997;
Cowan et al., 2004] and preliminary data
suggest that these cells can be used to repair
bony and cartilagenous defects [Bruder et al.,
1998; Johnstone and Yoo, 1999]. The findings
in this study that the pretreatment of HADC
inhibitors is enough for the enhancement of
osteogenic differentiation indicate that HDAC
inhibitors could be used for in vivo bone
engineering using hMSC.
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