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Recent studies suggest that oxygen tension has a great impact on the osteogenic differentiation capacity of
mesenchymal cells derived from adipose tissue: reduced oxygen impedes osteogenesis. We have found that
expansion of mouse adipose-derived stromal cells (mASCs) in reduced oxygen tension (10%) results in increased
cell proliferation along with induction of histone deacetylase (HDAC) activity. In this study, we utilized two
HDAC inhibitors (HDACi), sodium butyrate (NaB) and valproic acid (VPA), and studied their effects on
mASCs expanded in various oxygen tensions (21%, 10%, and 1% O2). Significant growth inhibition was
observed with NaB or VPA treatment in each oxygen tension. Osteogenesis was enhanced by treatment with
NaB or VPA, particularly in reduced oxygen tensions (10% and 1% O2). Conversely, adipogenesis was decreased
with treatments of NaB or VPA at all oxygen tensions. Finally, NaB- or VPA-treated, reduced oxygen tension–
exposed (1% O2) ASCs were grafted into surgically created mouse tibial defects and resulted in significantly
increased bone regeneration. In conclusion, HDACi significantly promote the osteogenic differentiation of
mASCs exposed to reduced oxygen tension; HDACi may hold promise for future clinical applications of ASCs
for skeletal regeneration.

Introduction

Skeletal defects from various causes, whether ac-
quired or congenital, are common and clinically chal-

lenging. Current techniques for promoting the healing of
bony defects are oftentimes less than ideal. Adipose-derived
stromal cells (ASCs) represent a promising alternative for
autologous skeletal tissue engineering.1–4 ASCs have a dem-
onstrated capacity for differentiation along osteogenic,
chondrogenic, adipogenic, and myogenic lineages.3 The im-
proved utilization of ASCs, however, for the purposes of
healing bony defects is dependent on biochemical or molec-
ular cues to enhance the selection, expansion, and=or differ-
entiation of osteoprogenitor cells within the ASC population.

Local disruption of blood supply and inflammation often
occur in wounds and tissue defects, resulting in a hypoxic
cellular microenvironment.5 This hypoxic insult can prolong
the wound-healing process by limiting cellular respiration,
migration, and differentiation.6–9 Hypoxia has been observed
to impede successful skeletal regeneration, by impairing both
osteogenesis and concomitant vasculogenesis.5,10 Moreover,

the osteogenic differentiation of ASCs and other cell types
has been found to be strongly inhibited by hypoxic in-
sult.1,2,11,12 Previously, we demonstrated that mouse ASCs
(mASCs) proliferate significantly faster in a reduced oxygen
environment (2% O2), and that the osteogenic potential of
these cells is profoundly inhibited.1,2 Increased expression of
hypoxia inducible factor (HIF)-1a, a survival factor, perhaps
maintains ASCs in an undifferentiated state by inhibiting the
critical transcription factor Runx2=cbfa-1.11,13 Strategies for
overcoming hypoxic insult would be beneficial for the suc-
cessful use of ASCs in skeletal repair.

Histone acetylation, in concert with other histone modifi-
cations, has been described as a major epigenetic regulator for
controlling cell fate.14,15 Histone acetyltransferases transfer
acetyl groups to core histones resulting in local expansion of
chromatin and increased accessibility of DNA binding pro-
teins, leading to transcriptional activation.16 Histone deace-
tylases (HDACs) counteract the activity of histone
acetyltransferases, thus functioning as transcriptional re-
pressors. These enzymes are classified into three major
groups: HDACs I, II, and III.14 Global inhibition of the
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HDACs I and II groups results in growth arrest and apopto-
sis.16 HDAC inhibitors (HDACi) have also been shown to reg-
ulate lineage-specific mesenchymal cell differentiation.17–19

In particular, various HDACi are reported to enhance osteo-
genic differentiation in multiple cell types, including osteo-
blasts (OBs), bone marrow mesenchymal cells, and ASCs.18,20–22

As reduced oxygen tension is known to alter gene transcrip-
tion in part by histone modification, we hypothesized that
HDACi treatment may significantly alter the cellular behavior
of hypoxia-exposed ASCs.23,24

In this study, we first compared HDAC activity of mASCs
expanded in various oxygen tensions (21%, 10%, and 1% O2).
Next, we examined the effects of two commonly used
HDACi, sodium butyrate (NaB) and valproic acid (VPA), on
the proliferation, osteogenic, and adipogenic differentiation
of mASCs, both at atmospheric and reduced oxygen tensions
(21%, 10%, and 1% O2). Finally, we assessed the effect of
transient HDACi treatment on the in vivo skeletal healing
capacity of mASCs, through the surgical engraftment of
mASCs in a murine skeletal defect.

Materials and Methods

Chemicals and supplies

Dulbecco’s modified Eagle’s medium (DMEM) and peni-
cillin=streptomycin were purchased from Invitrogen (Carls-
bad, CA). Fetal bovine serum (FBS) was purchased from
Omega Scientific (Tarzana, CA). All cell culture wares were
purchased from Corning (San Mateo, CA). Unless otherwise
specified all other chemicals and supplies were purchased
from Sigma-Aldrich (St. Louis, MO).

Tissue harvest and primary cell culture

mASCs were isolated from 3-week-old CD-1 mice (Charles
River Laboratories, Wilmington, MA) as previously des-
cribed.1 Mouse ASCs were cultured in standard growth me-
dium, containing DMEM, 10% FBS, and 100 IU=mL penicillin=
streptomycin. ASCs were expanded for 2 days in 21%, 10%,
and 1% oxygen environments, at 378C and 5% CO2. During
expansion (i.e., for a 48-h period), mASCs were treated with
NaB (1 mM), VPA (1 mM), or vehicle control (0.1% phosphate
buffered saline). ASCs were subsequently harvested for as-
says of HDAC activity, and osteogenic and adipogenic dif-
ferentiation. ASCs of passage 2 only were used, unless
otherwise stated. ASCs were also isolated from mice expres-
sing green fluorescent protein (GFP) for grafting in bone de-
fects. Whole calvarial-derived OBs were harvested from
postnatal day 5 mice as positive graft control for in vivo
experiments.25

Cellular proliferation assays

Cellular proliferation was assessed by bromodeoxyuridine
(BrdU) incorporation assays.26 Briefly, mASCs were seeded
in 96-well plates (1000 cells=well, n¼ 6), treated with NaB,
VPA (0.5–2.0 mM), or vehicle control, and cultured at various
oxygen tensions (21%, 10%, and 1% O2). Standard growth
medium supplemented with NaB or VPA (0.5–2.0 mM) was
replaced every other day. After 6 days, BrdU assays were
performed (Roche Applied Science, Indianapolis, IN). Means
and standard deviations were calculated.

Quantitative HDAC activity assay

HDAC activity in cells was determined by Colorimetric
HDAC Activity Assay Kit (BioVision, Mountain View, CA).
Briefly, after 48 h of pretreatment with NaB (1 mM) or VPA
(1 mM) at various oxygen tensions (21%, 10%, and 1% O2),
ASCs were lysed in a radioimmunoprecipitation buffer. Total
protein content was measured by BCA protein assay kit
(Pierce, Rockford, IL) according to the manufacturer’s in-
structions. Eighty micrograms of total protein lysate was
used to assay HDAC activity; assays were performed in
triplicate. HDAC activity of each sample was quantitatively
demonstrated as the relative optical density value normal-
ized to microgram of total protein.

Adipogenic differentiation and assessments

Adipogenic differentiation was assessed as previously
described. Cells were treated with NaB (1 mM), VPA (1 mM),
or vehicle control for a 48-h period during expansion at
various oxygen tensions (21%, 10%, and 1% O2). ASCs were
next seeded in 12 plates at a density of 50,000 cells=well for
assessment of adipogenesis.27 Adipogenic differentiation
medium containing 10mg=mL insulin, 1mM dexamethasone,
0.5 mM methylxanthine, and 200 mM indomethacin, without
HDACi, was added to induce adipogenesis. Adipogenic
differentiation medium was changed every 3 days. Oil red O
staining and quantification were performed at 1 week of
differentiation.27 Peroxisome proliferator activated receptor-g
(PPAR-g) expression was examined after 1 week by quanti-
tative real-time polymerase chain reaction (RT-PCR).

In vitro osteogenic differentiation and assessments

For osteogenic differentiation, cells were pretreated with
NaB (1 mM), VPA (1 mM), or vehicle control for a 48-h pe-
riod during expansion at various oxygen tensions (21%, 10%,
and 1%). Cells were then seeded in 12-well plates
(25,000 cells=well). After attachment, ASCs were treated
with osteogenic differentiation medium (ODM) containing
DMEM, 10% FBS, 100mg=mL ascorbic acid, 10 mM b-
glycerophosphate, and 100 IU=mL penicillin=streptomycin,
in the absence of HDACi. ODM was replenished every 3
days. After 7 days, alkaline phosphatase (ALP) staining and
quantification was performed as previously described.26 All
experiments were performed in triplicate; ALP positive cells
appear purple. Quantification of ALP activity was deter-
mined by normalizing to the total protein quantity (Pierce).

After 14 days, alizarin red staining was performed to de-
tect extracellular matrix mineralization.27 To further evaluate
differentiation, osteogenic-specific gene expression was ex-
amined by quantitative RT-PCR at 7-day (Runx2, Col1a, Alp,
and Opn) and 14-day (Oc) differentiation.

RNA isolation and quantitative RT-PCR

RNA isolation was performed as previously described.27

Briefly, isolation was performed with the RNeasy Mini Kit
(Qiagen Sciences, Valencia, CA). After DNase treatment, re-
verse transcription was performed with TaqMan Reverse
Transcription Reagents (Applied Biosystems, Foster City,
CA). Quantitative RT-PCR was carried out using the Applied
Biosystems Prism 7900HT Sequence Detection System and
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Power Sybr Green Master Mix (Applied Biosystems). Specific
primers for the genes examined were designed based on
their PrimerBank (http:==pga.mgh.harvard.edu=primer
bank) sequence. Primer sequences are shown in Table 1.
Primers were first tested to determine optimal concentra-
tions, and products were run on a 2% agarose gel to confirm
the appropriate size and RNA integrity. The levels of gene
expression were determined by normalizing to the values of
GAPDH. All reactions were performed in triplicate.

mASC healing of mouse tibial defects

Passage 1 mASCs derived from GFP transgenic mice were
treated with NaB (1 mM), or VPA (1 mM), or vehicle control
for 48 h during expansion at various oxygen tensions (21%
and 1% O2). Cells were then trypsinized, centrifuged, and
resuspended at a concentration of 10,000 cells=mL. Passage 1
mouse OBs were also prepared at the same cell density.

All procedures were approved by the Stanford Committee
on Animal Research. Skeletally mature (10–12 weeks of age)
male CD-1 mice were used for this study. After anesthesia
and analgesia, the right leg was shaved and cleansed. An
incision was made over the proximal medial tibial diaphysis,
and the anterior tibial muscle was divided until the medial
surface of the tibia was exposed; great care was taken
to avoid damage to the tibial periosteum. A 1-mm mono-
cortical defect was drilled distal to the tibial tubercle using a
dental drill (NSK z500; Brasseler, Savannah, GA). After irri-
gation, 10mL of a cell suspension was seeded into the injury
site. The tibialis anterior muscle was flipped back over the
anterior surface to completely cover the defect, followed by
suture adaptation. The region was irrigated and skin was
closed using a nonabsorbable suture.

Tissue harvest

Mice were euthanized at postoperative day 10 to ana-
lyze early bone formation. Mice were euthanized by CO2

inhalation and cervical dislocation. The right tibiae were har-
vested and fixed in 0.4% paraformaldehyde overnight. Tibiae
were subjected to decalcification in 0.24 M disodium ethy-
lenediaminetetraacetic acid and 0.24 M tetrasodium ethylene-
diaminetetraacetic acid water for 12 days. Tibiae were
dehydrated in a gradient ethanol series, followed by paraffin
embedding. Paraffin sections were cut at 8-mm thickness.

Standard histological assays

Histology was performed using a modification of the
Movat’s Pentachrome and Aniline Blue stains as previously
described.28,29 Pentachrome staining was used to differenti-

ate tissue types, in which a 6% alcoholic saffron was em-
ployed to stain the collagen content of bony tissue yellow.
Aniline blue staining was used to identify new osteoid ma-
trix within the injury site, which was then analyzed by his-
tomorphometry to quantify new bone formation.29 For GFP
immunohistochemistry, we first de-waxed sections, followed
by immersion in 0.3% H2O2=Methanol, treatment with 0.1 M
glycine and blocking in milk, bovine serum albumin, and
sheep serum. Rabbit polyclonal anti-GFP primary antibody
(Abcam, Cambridge, MA) was added and incubated over-
night at 48C. Sections were then washed in phosphate
buffered saline, and incubated with peroxidase-conjugated
secondary antibody ( Jackson Immunoresearch, West Grove,
PA) for 1 h at room temperature. Diaminobenzadine (Vec-
torLab, Burlingame, CA) was used for color development.

Histomorphometry was accomplished by generating par-
affin sections of the tibial injury sites. Tissues were stained
with Aniline Blue; representative sections were analyzed as
described below. Five animals were used for each condition.
The tibial healing of injury site was represented across ap-
proximately 50 tissue sections of which 10–15 were used for
histomorphometric measurements. Each section was photo-
graphed using a Leica digital imaging system (5�objective).
The digital images were imported into Adobe Photoshop
CS2. The region of interest typically encompassed 106 pixels.
The number of Aniline blue–stained pixels was determined
using the magic wand tool (tolerance setting; 60, histogram
pixel setting; cache level 1) by a single blinded investigator,
and confirmed by a second independent investigator. These
data were then used to calculate the total volume of new
bone formation in each injury site.28,29

Statistical analysis

Means and standard deviations were calculated. Statistical
analysis was performed using the analysis of variance two-
factor with replication when more than two groups were
compared. In addition, the Welch’s two-tailed t-test was
used when standard deviations between groups were un-
equal. p� 0.05 was considered to be significant.

Results

NaB and VPA inhibit cellular proliferation of mASCs
at various oxygen tensions

To examine the in vitro effects of HDACi on mASCs, cel-
lular proliferation was first assessed by BrdU incorporation
assays (Fig. 1). ASCs were cultured in three oxygen tensions,
including atmospheric (21% O2) and two reduced oxygen
tensions (10% and 1% O2) for 6 days. Culture in reduced

Table 1. Quantitative Polymerase Chain Reaction Genes and Primer Sequences

Gene name Forward primer sequence (50–30) Reverse primer sequence (50–30)

Alkaline phosphatase GTTGCCAAGCTGGGAAGAACAC CCCACCCCGCTATTCCAAAC
Type I collagen AACCCGAGGTATGCTTGATCT CCAGTTCTTCATTGCATTGC
Gapdh AGGAGTATATGCCCGACGTG TCGTCCACATCCACACTGTT
Osteocalcin GGGAGACAACAGGGAGGAAAC CAGGCTTCCTGCCAGTACCT
Osteopontin AGCAAGAAACTCTTCCAAGCAA GTGAGATTCGTCAGATTCATCCG
PPAR-g TCGCTGATGCACTGCCTATG GAGAGGTCCACAGAGCTGATT
Runx2 CGGTCTCCTTCCAGGATGGT GCTTCCGTCAGCGTCAACA
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oxygen tensions (10% and 1% O2) significantly increased
BrdU incorporation, consistent with our previous observa-
tions.1 NaB or VPA were then supplemented to medium
(each at concentrations of 0.5, 1.0, and 2.0 mM). Both NaB
and VPA significantly decreased BrdU incorporation in a
dose-dependent manner, at all oxygen tensions.

NaB and VPA decrease HDAC activity
at various oxygen tensions

To understand whether cellular proliferation was correlated
with endogenous HDAC activity in mASCs, we examined
HDAC activity in different oxygen conditions (Fig. 2). Inter-
estingly, under reduced oxygen environment (10% O2),
HDAC activity was significantly increased in comparison to

21% O2, while HDAC activity under 1% O2 conditions did not
change. As expected, both HDACi (NaB and VPA; 1 mM)
were observed to decrease HDAC activity, at all oxygen
tensions.

NaB and VPA decrease adipogenesis in mASCs
at various oxygen tensions

To further analyze mASC differentiation potential under
reduced oxygen tensions, adipogenic differentiation was ex-
amined in ASCs expanded in various oxygen tensions with or
without 48-h pretreatment with NaB or VPA (1 mM) (Fig. 3).
Oil red O staining demonstrated significant intracellular lipid
accumulation at 21% O2 condition by 7 days. In comparison,
lipid accumulation was slightly enhanced at 10% O2 condition,

FIG. 1. Cellular proliferation at
various oxygen tensions with or
without histone deacetylase in-
hibitors (HDACi). Cellular prolif-
eration was assayed by
bromodeoxyuridine (BrdU) incor-
poration after 6-day growth under
21%, 10%, and 1% O2 conditions.
Hypoxia (10% and 1% oxygen)
increased cellular proliferation in
comparison with proliferation in
normoxia (21% oxygen); see solid
gray bars. Both HDACi, sodium
butyrate (NaB) and valproic acid
(VPA), significantly decreased
BrdU uptake across all oxygen
tensions (0.5–2 mM). Values are
normalized to BrdU incorporation
in normoxia with vehicle control;
see far left. Error bars represent
one standard deviation; n¼ 6,
*p� 0.05 versus 21% oxygen
control; **p� 0.05 versus 10%
oxygen control; and ***p� 0.05
versus 1% oxygen control.

FIG. 2. HDAC activity at various
oxygen tensions with or without
HDACi. ASCs were expanded in
21%, 10%, and 1% oxygen condi-
tions; HDAC activity was mea-
sured by a colorimetric reaction
and normalized to total protein
content. HDAC activity signifi-
cantly increased at 10% O2. Forty-
eight hours of pretreatment with
either NaB (1 mM) or VPA (1 mM)
significantly reduced HDAC ac-
tivity across all oxygen tensions.
Values are normalized to control
groups in 21% O2; error bars rep-
resent the standard deviation;
n¼ 3; *p� 0.05 versus 21% oxygen
control; **p� 0.05 versus 10%
oxygen control; and ***p� 0.05
versus 1% oxygen control.
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and significantly diminished in 1% O2 conditions (Fig. 3A).
Pretreatment with NaB (1 mM) or VPA (1 mM) decreased li-
pid droplet formation across all oxygen tensions. Quantifi-
cation of Oil red O staining by photometric measurement
confirmed a significant decrease in both NaB and VPA pre-
treated ASCs (Fig. 3B). To confirm HDACi-mediated inhibi-
tion of adipogenic differentiation, PPAR-g was examined by
quantitative RT-PCR. Levels of PPAR-g expression were sig-
nificantly decreased with pretreatments of NaB and VPA.
These results indicated that transient exposure to HDACi
(NaB or VPA) suppressed the adipogenic differentiation of
mASCs under 21%, 10%, and 1% O2 conditions.

NaB and VPA enhance osteogenic differentiation
of mASCs at various oxygen tensions

Next, osteogenic differentiation was examined in mASCs
expanded in various oxygen tensions (21%, 10%, and 1% O2).
ASCs were pretreated with either NaB or VPA for 48 h
during expansion and subsequently cultured in ODM only.
ALP staining and quantification of ALP enzymatic activity
were performed after 1-week differentiation in osteogenic
media to assess the onset of mineralization (Fig. 4). En-
dogenous ALP activity was observed at all oxygen ten-
sions (Fig. 4A). With HDACi treatment, ALP staining was

FIG. 3. Adipogenic differentiation of mouse adipose-derived stromal cells (mASCs) exposed to various oxygen tensions,
with or without HDACi pretreatment. ASCs were expanded under 21%, 10%, and 1% O2 conditions and were pretreated for
48 h with NaB (1 mM), VPA (1 mM), or vehicle as a control, followed by adipogenic induction. (A) Oil red O staining of
intracellular lipid accumulation at 7-day differentiation. Lipid accumulation was observed in 21% and 10% O2, while little
staining was apparent at 1% O2. HDACi-pretreated mASCs showed substantially reduced lipid at all oxygen tensions. (B)
Top row demonstrates quantification of Oil red O staining by leaching and photometric detection. Significantly decreased
staining was observed among both NaB- and VPA-pretreated ASCs. Bottom row shows PPAR-g expression by quantitative
real-time polymerase chain reaction. Significantly decreased gene expression in PPAR-g was again observed among HDACi-
pretreated ASCs. Photographs are the scanning view of whole wells and the 10�microscopical fields that represent one of the
triplicate wells; values are normalized to control groups at each oxygen tension; error bars represent one standard deviation;
n¼ 3; *p� 0.05. Color images available online at www.liebertonline.com=ten.
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significantly enhanced in 10% O2. Quantification of ALP en-
zymatic activity was next assayed (Fig. 4B). Congruent with
observed staining, relative ALP activity was increased ap-
proximately four and sixfold with NaB and VPA pretreatment
in 10% oxygen condition. However, a similar increase was not
observed at other oxygen tensions (21% and 1% O2).

To further determine the effects of HDACi treatment on
mASC osteogenic differentiation, gene expression was next
assessed (Fig. 5). The master transcription factor Runx2=Cbfa,
as well as other differentiation markers such as alkaline
phosphatase (ALP), type I collagen (Col I), and osteopontin
(OPN) were examined by quantitative RT-PCR. In 21% and
10% oxygen tensions, 48-h pretreatment with either NaB or
VPA (1 mM) led to significant upregulation of nearly all gene
markers examined. Under 1% O2 conditions, NaB treatment
significantly increased all gene markers, while VPA in-
creased Runx2=Cbfa and Col I only.

Finally, terminal osteogenic differentiation of ASCs was
assessed with Alizarin red staining to detect bone nodule for-
mation, as well as osteocalcin expression, by quantitative RT-
PCR at 14-day differentiation (Fig. 6). Consistent with previous
results, HDACi treatment significantly enhanced bone nodule
formation, as observed by increasing intensity of Alizarin red
staining (Fig. 6A). This HDACi-mediated increase in bone
nodule formation was most prominently observed under re-
duced oxygen tensions (10% and 1% O2) (Fig. 6A). NaB or VPA

treatment increased osteocalcin expression as well, at all oxy-
gen tensions (Fig. 6B). Notably, under 1% O2 conditions, an
over 6- and 11-fold increase in expression was observed with
NaB and VPA treatment, respectively.

NaB and VPA rescue in vivo osteogenesis of mASCs
exposed to reduced oxygen conditions

Having observed that HDACi treatment significantly en-
hanced the osteogenic differentiation of mASCs under re-
duced oxygen tensions in vitro, we next sought to determine
whether the same may hold true in an in vivo correlate (Fig. 7).
ASCs were cultured for 48 h at various oxygen tensions (21%
or 1% O2) with NaB or VPA (1 mM); equal numbers of cells
(100,000 cells in 10 ml) were grafted into a 1-mm mono-cortical
mouse tibial defect (Fig 7a).29 ASCs were derived from b-actin
GFP mice so that grafted mASCs could be distinguished in a
skeletal injury site. For controls, an injury was performed
without cell grafting (Empty), and as a positive control,
mouse calvarial-derived OBs were grafted in equal numbers.

Representative sections of defects are shown in Figure 7c
retrieved after 10 days of healing in vivo. Sections are stained
with both pentachrome, in which osteoid appears yellow
(top), as well as Aniline blue, in which bone appears dark
blue (bottom). For illustrative purposes, new bone formation
within the defect site has been encircled with a dashed white

FIG. 4. Alkaline phosphatase (ALP) activity in mASCs exposed to various oxygen tensions, with or without HDACi
pretreatment. ASCs were expanded under 21%, 10%, and 1% O2 conditions and were pretreated for 48 h with NaB (1 mM),
VPA (1 mM), or vehicle as a control, followed by osteogenic differentiation. (A) ALP staining at 1-week differentiation.
Endogenous ALP staining in mASCs showed across all oxygen tensions. The intensity of staining was observed to increase
among NaB- or VPA-pretreated mASCs exposed to 10% O2. (B) Quantification of ALP activity normalized to total protein
content after 1-week differentiation. Similar to qualitative ALP staining, enzymatic activity was increased among NaB- or
VPA-treated mASCs exposed to 10% oxygen condition. Photographs are the scanning view of whole wells and 10�micro-
scopical fields that represent one of the triplicate wells; values are normalized to control groups at each oxygen tension; error
bars represent one standard deviation; n¼ 3; *p� 0.05. Color images available online at www.liebertonline.com=ten.
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line, while the edge of the defect is demarcated by a dashed
black line. For each group, histomorphometric measure-
ments of average new bone formation in the defect site were
performed using Adobe Photoshop (summarized in Figure
7b). Results showed significant amounts of new trabeculated
bone in defects grafted with mASCs exposed to 21% O2

conditions (21% mASC). GFP immunostaining verified the
presence of grafted cells within the defect site (data not
shown). Histomorphometric measurement showed the av-
erage volume of new bone among 21% oxygen–cultured
mASC-grafted defects to approximate that of OB-grafted
defects. In contrast, mASCs exposed to reduced oxygen
tensions (1% mASC) showed little bone regeneration upon
engraftment. Histomorphometric analysis showed that new
bone formation decreased in 1% oxygen–expanded mASC-
grafted defects relative to empty defects: in effect grafting of
mASCs exposed to reduced oxygen tensions delayed bone
regeneration. However, if 1% oxygen–expanded mASCs

were treated with either NaB or VPA before grafting, sig-
nificantly increased bone formation was observed within the
tibial injury site, verified by histomorphometric analysis.
Moreover, those injury sites grafted with HDACi-pretreated,
1% oxygen–exposed mASCs showed similar bone formation
as those defects grafted with 21% oxygen–exposed mASCs,
verified by histomorphometry. Thus, the significant pro-
osteogenic effect of transient HDACi exposure on mASCs
in vitro was observed when cells were grafted in vivo.

Discussion

ASCs have recently been recognized to be a promising
source for cell-based, autologous tissue regeneration.30 Thus,
understanding the cellular and molecular biology of this
cell population is a current focus of translational research.
Accumulating evidence suggests that local oxygen tension
is a critical modulator of mesenchymal cell growth and

FIG. 5. Osteogenic gene expression in mASCs exposed to various oxygen tensions, with or without HDACi pretreatment.
ASCs were expanded under 21%, 10%, and 1% O2 conditions and were pretreated for 48 h with NaB (1 mM), VPA (1 mM), or
vehicle as a control, followed by osteogenic differentiation. (A) Runx2 gene expression after 7-day differentiation. (B) Alkaline
phosphatase expression after 7-day differentiation. (C) Type I collagen expression at 7-day differentiation. (D) Osteopontin
gene expression after 7-day differentiation. Significant enhancement of the osteogenic gene markers was observed under
most conditions. Values are normalized to control groups at each oxygen tension; error bars represent one standard devi-
ation; n¼ 3; *p� 0.05.
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differentiation.31 Our laboratory and others have studied the
effects of transient and long-term exposure to reduced oxy-
gen tensions in osteogenic differentiation of multiple bone-
forming cells, including OBs, bone marrow mesenchymal
cells, and ASCs.1,2,12,13,32 However, the cellular mechanisms
through which reduced oxygen tension suppresses osteo-
genesis remain poorly understood. Strategies to overcome
this hurdle remain unelucidated.

Runx-2=cbfa-1, an essential transcription factor for OB de-
velopment and chondrocyte hypertrophy, has been shown to
be significantly and persistently inhibited by transient ex-
posure to reduced oxygen tensions.1,2,13 This finding has
important implications to the field of cell-based tissue engi-
neering, as any type of mesenchymal stem cell transplanted
in vivo to a hypoxic wound would likely as a consequence of
having impaired bone-forming potential. HDACs are among
the corepressors that interact with Runx-2.33 HDACs and
their binding proteins are complex components that influ-
ence the accessibility of regulatory elements in chromatin. In
recent studies, HDAC activity has been shown to regulate
the transcription of multiple osteogenic genes, including
Runx-2, type I collagen, osteopontin, bone sialoprotein, and
osteocalcin.34,35 In addition, HIF-1, a survival factor for
mesenchymal cells, plays an important role in modulating
cell fate, including osteogenic and adipogenic differentia-

tion.36,37 Moreover, HDAC activity has been associated with
HIF-dependent genes.5,10 In this study, we demonstrated
that HDAC activity was significantly induced in mASCs
grown in reduced oxygen (10%) tension.

To further address changes in HDAC activity associated
with mesenchymal cell differentiation, we utilized well-
described HDACi (NaB and VPA) to block HDAC activity
and studied the differentiation potential in mASCs expanded
at various oxygen tensions (21%, 10%, and 1% O2). We found
that temporary treatment with either HDACi (NaB or VPA)
after expansion in reduced oxygen tensions substantially
inhibited the increased HDAC activity in these cells. Subse-
quently, we demonstrated increased ALP activity and en-
hanced cellular mineralization when mASCs were directed
toward an osteogenic lineage. Further, Runx-2 expression in
HDACi-pretreated cells was shown to be elevated during
osteogenic differentiation. Conversely, the adipogenic capa-
bility in these cells was suppressed with HDACi treatments.
These data suggest that a tight relationship exists between
HDAC activity and osteogenesis.18 Therefore, inhibiting
HDAC activity by HDACi significantly enhanced osteogenic
differentiation in mASCs. In particular, when mASCs were
expanded in reduced oxygen tensions we found that the
temporary pretreatment with HDACi could rescue the in-
hibited osteogenic potentials. Interestingly, other studies

FIG. 6. Terminal osteogenic differentiation in mASCs exposed to various oxygen tensions, with or without HDACi pre-
treatment. ASCs were expanded under 21%, 10%, and 1% O2 conditions and were pretreated for 48 h with NaB, VPA, or
vehicle as a control, followed by osteogenic differentiation. (A) Alizarin red staining at 2-week differentiation. The intensity of
staining was observed to increase among NaB- or VPA-pretreated ASCs, particularly those exposed to reduced oxygen
tensions. (B) Osteocalcin gene expression by quantitative real-time polymerase chain reaction at 2-week osteogenic differ-
entiation. Similarly, both NaB (1 mM) and VPA (1 mM) at all oxygen tensions significantly increased osteocalcin expression.
Photographs are the scanning view of whole wells and 10�microscopical fields that represent one of the triplicate wells;
values are normalized to control groups at each oxygen tension; error bars represent one standard deviation; n¼ 3; *p� 0.05.
Color images available online at www.liebertonline.com=ten.
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have also found that short pretreatment with HDACi, as
opposed to continuous supplementation to ODM, signifi-
cantly influences the osteogenic differentiation of other cell
types.18,35

Effects of temporary HDACi treatments in vitro were also
observed to have significant outcomes when mASCs were
transplanted in vivo. Utilizing a mouse tibia defect model, we
studied the osteogenic potential after in vitro priming of
mASCs expanded in reduced oxygen tensions with HDACi.
Local transplant of HDACi-pretreated cells resulted in in-
creased new bone formation within the defect site as com-
pared to nontreated mASC transplants. Moreover, new bone
formation among injuries grafted with HDACi-pretreated,
1% oxygen–expanded cells was on par with injury sites
grafted with normoxia-expanded mASCs. In contrast to our
present findings, other studies have not observed an increase
in osteogenesis upon in vivo applications of HDACi-treated
mesenchymal cells.34 It is possible that differences in species
derivation (human vs. mouse), mesenchymal cell type
(BMSC vs. ASC), and in vivo model (ectopic bone formation
vs. grafting of cells into a skeletal defect) underlie this dis-
crepancy. Thus, in summation, in this study, the deleterious
effects of reduced oxygen tension on mASC osteogenic dif-
ferentiation can be ameliorated by temporary exposure to

HDACi. This strategy may have potential for future trans-
lational research in bone tissue regeneration.

Conclusion

Exposure to reduced oxygen tension is associated with in-
creased HDAC activity and higher proliferation rates in
mASCs. The short-term pretreatment of mASCs with HDAC
inhibitors enhanced the osteogenic potential of mASCs in vitro
and in vivo, and rescued the osteogenic capacity of mASCs in
reduced oxygen tension. HDACi may hold promise for use in
ASC-mediated skeletal tissue regeneration.

Acknowledgments

This study was supported by National Institutes of
Health, National Institute of Dental and Craniofacial Re-
search Grants R01 DE-14526 and R01 DE-13194, and the Oak
Foundation to M.T.L., Hagey Foundation Fellowship to
A.L.C., and Genentech Foundation Fellowship to A.W.J. We
would like to thank L. MacLeod for his excellent technical
assistance.

Disclosure Statement

No competing financial interests exist.

FIG. 7. Grafting of mASCs in tibial defects. (a) Green fluorescent protein–positive mASCs were expanded under 21% and
1% O2 conditions with or without NaB (1 mM) or VPA (1 mM) for 48 h, followed by grafting into a mouse monocortical tibial
defect. (b) Histomorphometric quantification of new bone formation, as pixels new bone per 10�field. (c) Histology of defects
without grafted cells (Empty), with mouse whole-calvarial-derived osteoblasts (OBs), or mASCs expanded at 21% or 1%
oxygen, with or without NaB or VPA treatment (1 mM). In Pentachrome staining, bone within the defect site appears yellow.
In adjacent Aniline Blue staining, bone within the defect site appears dark blue. Dashed black lines demarcate the edges of
the defect, while dashed white lines encircle new bone within the defect site. Error bars represent one standard deviation,
*p� 0.05. Color images available online at www.liebertonline.com=ten.
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