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Abstract Estrogen deficiency causes osteoporosis via increased generation of reactive oxygen species (ROS), and
thus, antioxidants may prove to be the effective therapeutic candidates. We examined the effects of the antioxidant N-
acetylcysteine (NAC) on osteoblastic differentiation in mouse calvarial cells. NAC (10–30 mM) enhanced alkaline
phosphatase activity, mRNA expression of osteoblast differentiation-associated genes andmineralized nodule formation.
It also increased expression of bone morphogenetic proteins-2, -4, and -7. The osteogenic activity of NAC was partially
reduced by inhibition of glutathione synthesis. Since caffeic acid phenethyl ester did not stimulate osteoblast
differentiation, it is unlikely that ROS scavenging activity of NAC is sufficient for osteogenic activity. We observed that
NAC suppressed small GTPase RhoA activity and activation of RhoA by Pasteurella multocida toxin suppressed the
osteogenic activity of NAC. These results suggest that NAC might exert its osteogenic activity via increased glutathione
synthesis and inhibition of RhoA activation. J. Cell. Biochem. 103: 1246–1255, 2008. � 2007 Wiley-Liss, Inc.
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Reactive oxygen species (ROS) are produced
in cells as a by-product of normal metabolism.
High levels of oxidants perturb the normal
redox balance and shift cells into a state of
oxidative stress [Finkel, 2003]. Oxidative stress
has been implicated in a large number of human
diseases, including atherosclerosis, pulmonary

fibrosis, cancer, neurodegenerative diseases,
and aging [Halliwell et al., 1992].

Postmenopausal osteoporosis is caused by
estrogen deficiency, which leads to bone loss
through increased osteoclastic activity, com-
bined with a relative deficiency of osteoblast
function [Riggs et al., 2002]. Pharmacologic
treatment of patientswith osteoporosis includes
calcium and vitamin D3, bisphosphonates,
calcitonin, estrogens, and selective estrogen
receptor modulators [Lin and Lane, 2004].
These drugs retard further bone loss but their
effect on recovery of lost bone is not obvious.
Recent reports have demonstrated that: (i)
estrogen deficiency induces bone loss through
increased ROS production [Lean et al., 2003,
2005; Jagger et al., 2005]; (ii) ROS stimulates
osteoclastogenesis while antioxidants suppress
osteoclast differentiation and activity [Aitken
et al., 2004; Ha et al., 2004]; and (iii) oxidative
stress inhibits osteoblast differentiation while
metallothionein overexpression protects bone
marrow stromal cells against hydrogen perox-
ide-induced inhibition of osteoblastic differen-
tiation [Mody et al., 2001; Bai et al., 2004; Liu
et al., 2004]. These findings suggest that ROS
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may represent a critical target for the treatment
and/or prevention of osteoporosis.
Although several reports have demonstrated

that osteoblast differentiation can be inhibited
by oxidative stress, induced by exogenous
stimuli such as hydrogen peroxide or xan-
thine/xanthine oxidase [Mody et al., 2001; Bai
et al., 2004], we found no reports concerning the
role of spontaneously produced ROS and redox
regulation in osteoblasts. Therefore, we exam-
ined the effects of the antioxidant N-acetylcys-
teine (NAC) on osteoblastic differentiation of
mouse calvarial cells. NAC is a precursor of
glutathione (GSH) and functions as a source of
sulfhydryl groups and as an ROS scavenger
[Aruoma et al., 1989]. In this study, we
demonstrated that NAC stimulates osteoblastic
differentiation and mineralized nodule forma-
tion in mouse calvarial cells.

MATERIALS AND METHODS

Reagents

Cultural reagents were obtained from Invi-
trogen Life Technologies (Carlsbad, CA). NAC,
GSH, L-buthionine-[S,R]-sulfoxide (BSO), N-
acetylalanine (NAA), Pasteurella multocida
toxin (PMT), Rho kinase (ROCK) inhibitor
Y27632, hydrogen peroxide, and 2070-dichloro-
fluorescin diacetate (DCFH-DA) were obtained
from Sigma-Aldrich (St. Louis, MO). Caffeic
acid phenethyl ester (CAPE) was purchased
from BIOMOL Research Labs (Plymouth Meet-
ing, PA). BCA protein assay reagent and mouse
anti-Cdc42 antibody were purchased from
Pierce (Rockford, IL). Goat anti-bone morpho-
genetic protein (BMP)-2 and -7 antibodies,
ImmunoPure goat anti-mouse IgG horseradish
peroxidase (HRP)-conjugated and bovine anti-
goat IgG HRP-conjugated antibodies were pur-
chased from Santa Cruz (Santa Cruz, CA).
Mouse anti-RhoA and anti-Rac1 antibodies, as
well as the Rho and Rac/cdc42 assay Reagent
kitswere fromUpstate (LakePlacid,NY). Alexa
Fluor 546 phalloidin was from Molecular
Probes, Inc. (Eugene, OR).

Isolation of Mouse Calvarial Cells

Mouse calvarial cells were obtained as
described previously [Kim et al., 2002]. In brief,
the frontal and parietal bones of neonatal ICR
mice (SamtakoBIOKOREA,Osan,Korea)were
dissected aseptically anddigested consecutively
for 10, 10, 10, 20, 20, and 20 min each, using an

enzyme mixture containing 0.1% collagenase,
0.05% trypsin, and 0.5 mM EDTA. Calvarial
cells released at the later three periods were
pooled and cultured in Dulbecco’s modified
eagles medium (DMEM) supplemented with
10% fetal bovine serum (FBS), 100 U/ml
penicillin and 100 mg/ml streptomycin at 378C
in 95% humidified air with 5% CO2. Second
passage cells were used for experiments.

Measurement of Intracellular ROS

Intracellular ROS was measured using
DCFH-DA which diffuses into cells where it is
hydrolyzed to DCFH. DCFH is then converted
by ROS-mediated oxidation to the highly
fluorescent derivative 20,70-dichlorofluorescein
(DCF) [Bass et al., 1983]. Cells (5� 104 cells/
well) were seeded into 96-well culture plates,
incubated overnight and serum-starved for 16–
18h.Cellswere thenpre-incubated for 30min in
serum-free DMEM containing 50 mM DCFH-
DA, transferred to fresh serum-free DMEMand
incubated for times indicated in the presence of
the reagents indicated. DCF fluorescence was
measured using a FLUOstar OPTIMA (BMG
Lab-Technologies, Offenburg, Germany).

Alkaline Phosphatase (ALP) Activity

Cells (1.3� 105 cells/well) were seeded into
24-well culture plates and incubated for 2 days
in DMEM supplemented with 10% FBS. Cells
were harvested and homogenized, then aliquots
were incubated with 15 mM p-nitrophenyl
phosphate in 0.1 M glycine-NaOH buffer (pH
10.3) at 378C for 30min. Reactionswere stopped
by the addition of 0.25 N NaOH. The optical
density of the reaction product p-nitrophenol
was read at 410 nm using a microplate reader.
Total protein in the cell homogenates was
determined using the BCA protein assay.

Mineralized Nodule Formation

Cells (2� 105 cells/well) were seeded into 4-
well culture plates and incubated for 14 days in
osteoblast differentiationmedium containing a-
minimum essential medium (a-MEM) supple-
mented with 10% FBS, 50 mg/ml ascorbic acid
and 10 mM b-glycerophosphate. The medium
was changed every other day. At the end of
culture, cells were fixed with 70% ethanol
and mineralized deposits detected by in situ
Alizarin red staining.Mineralized noduleswere
counted at 40� magnification using a light
microscope.
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Reverse Transcription-Polymerase Chain
Reaction (RT-PCR)

Expression levels of osteoblast differ-
entiation-associated genes were examined by
semiquantitative RT-PCR. Cells were cultured
in osteoblast differentiation medium for 3 and
8 days. At the end of culture, total RNA was
isolated using easy-BLUE reagent (iNtRON,
Seoul, Korea). Complementary DNA (cDNA)
was synthesized from 1 mg total RNA using the
AccuPower RT PreMix (BIONEER, Daejeon,
Korea) and PCR was performed using i-star
Taq DNA polymerase (iNtRON) on 10% of
the cDNA. The followingmouse genes and their
primer sequences were used for PCR: tissue
nonspecific (liver–bone–kidney type) ALP-
forward (f) 50-AGGCAGGATTGACCACGG-30,
ALP-reverse (r) 50-TGTAGTTCTGCTCATGGA-
30; type I collagen (Col1(a)1)-f 50-GAAGTCAG-
CTGCATACAC-30, Col1(a)1-r 50-AGGAAGTC-
CAGGCTGTCC-30; osteopontin (OPN)-f 50-30,
OPN-r 50-CTGGGCAACTGGGATGACCTT-30;
bone sialoprotein (BSP)-f 50-GTCAACGGCA-
CCAGCACCAA-30, BSP-r 50-GTAGCTGTATT-
CGTCCTCAT-30; osteocalcin (OCN)-f 50-ATG-
AGGACCCTCTCTCTGCT-30, OCN-r 50-CCGT-
AGATGCGTTTGTAGGC-30; osterix-f 50-CTG-
GGGAAAGGAGGCACAAAGAAG-30, osterix-
r 50-GGGTTAAGGGGAGCAAAGTCAGAT-30;
Runx2-f 50-CCGCACGACAACCGCACCAT-30,
Runx2-r 50-CGCTCCGGCC CACAAATCTC-30;
BMP -2 - f 50-CGGGAACAGATACAGGAA-30,
BMP -2- r 50-GCTGTTTGTGTTTGGCTTGA-
30; BMP-4-f 50-CGTTACCTCAAGGGAGTG-
GA-30, BMP-4-r 50-CACACCCCTCTACCAC-
CATC-30; BMP-7-f 50-TACGTCAGCTTCCGA-
GACCT-30, BMP-7-r 50-GCTCAGGAGAGGTT-
GGTCTG-30; transforming growth factor-b1
(TGF-b1)-f 50-ATACGCCTGAGTGGCTGTCT-
30, TGF-b1-r 50-TGGTTGTAGAGGGCAAG-
GAC-30; and glyceraldehyde 3-phosphate dehy-
drogenase (GAPDH)-f 50-ACCACAGTCCATG-
CCATCAC-30, GAPDH-r 50-TCCACCACCCT-
GTTGCTGTA-30. PCR products were sepa-
rated by electrophoresis on 1.2% agarose gels,
stained with ethidium bromide and visualized
under UV light.

Measurement of Intracellular Glutathione

Cells (5� 105)were seeded into 60mmculture
dishes and incubated for 2 days in differentia-
tion medium. Then they were cultured in the
presence or absence of NAC for 6 or 12 h and

harvested. Total glutathione and the ratio of its
reduced to oxidized forms were determined
using a BIOXYTECH GSH/GSSG-412 kit
(OXIS International, Portland, OR).

Western Blot Analysis

We performedWestern blot analyses in order
to observe the effects of NAC on expression of
BMPs. Cells were cultured with osteoblast
differentiation medium for 1 or 6 days. Then
the culture medium was changed to a-MEM
supplemented with 1% bovine serum albumin
(BSA), 50 mg/ml ascorbic acid and 10 mM
b-glycerophosphate. Cells were cultured for an
additional 2 days, and the medium was col-
lected, concentrated, subjected to SDS–PAGE
and transferred to PVDF membranes. Blots
were probed with anti-BMP-2 or anti-BMP-7
antibodies, and then incubated with HRP-
conjugated secondary IgG. Immunoreactivity
was detectedwith a Supersignal chemilumines-
cent substrate (Pierce) using a LAS plus (Fuji
Photo Film Co. Ltd., Tokyo, Japan).

The levels of Runx2 and small GTPases in cell
lysates were examined byWestern blot analyses.
Cells were cultured in osteoblast differentiation
medium for the times indicated and cell lysates
were prepared using RIPA buffer (10 mM Tris-
HCl [pH7.5], 1mMEDTA,150mMNaCl, 1%NP-
40, 0.2% SDS, 1% sodium deoxycholate, 50 mM
NaF, 0.2mMNa3VO4, 1mMPMSF and protease
inhibitor cocktail). Protein samples (50 mg) were
separated by SDS–PAGE and immunoblotting
was performed as described above.

F-Actin Staining

Cells (2� 104 cells/well) were plated in cham-
ber slides and treated with NAC for 24 h, then
fixed with 4% paraformaldehyde and permea-
bilized with 0.1% Triton X-100. After blocking
with 1% BSA, cells were labeled with Alexa
Fluor 546 phalloidin (1:40) and visualized
under confocal microscopy (Olympus FluoView
FV300; Tokyo, Japan).

Small GTPase Activity Assays

SmallGTPaseactivity assayswereperformed
using the Rho and Rac/cdc42 Assay Reagent
kits, according to the manufacturer’s protocols.
Cell lysates were prepared using lysis buffer
containing 25 mM HEPES (pH7.5), 150 mM
NaCl, 1% Igepal CA-630, 10 mM MgCl2, 1 mM
EDTA,10%glycerol,10mg/mlaprotinin,10mg/ml
leupeptin, 25 mM NaF, and 1 mM Na3VO4.
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Pull-down of activated, GTP-bound small
GTPases from whole cell lysate was performed
using glutathione-sepharose beads linked to
either a GST-PBD fusion protein containing
the Rac1- and Cdc42-binding regions of PAK-
1B or a GST-RBD fusion protein containing
the Rho-binding region of rhotekin. Activated
small GTPases were eluted from the beads by
boiling for 5 min in Laemmli buffer. SDS–
PAGE and immunoblot analyses were per-
formed as described above.

Statistical Analyses

All results were expressed as means�SEM.
Statistical differences were analyzed using the
Student’s t-test.P values� 0.01were considered
to indicate a statistically significant difference.

RESULTS

NAC Stimulates Osteoblastic Differentiation

To examine the effect of NAC on osteoblastic
differentiation,we observedmineralizednodule
formation in mouse calvarial cells. These cells
formed a few mineralized nodules in the
presence of ascorbic acid and b-glycerophos-
phate. However, mineralized nodule formation
increased greatly in the presence of 10–30 mM
NAC, with a peak effect at 20 mM (Fig. 1A).
Under our culture conditions, mineralized nod-
ule formation in mouse calvarial cells can be
subdivided into three stages: proliferation and
early differentiation (0–4 days); matrix deposi-
tion and early nodule formation (4–8 days); and
nodule growth and matrix mineralization (9–
14 days). To determine the critical period for
NAC-induction of mineralized nodule forma-
tion, we added NAC from days 1 to 4, 8 or 14, as
well as from days 9 to 14. The stimulatory effect
was evident in cells treated from day 1, even
when NAC was present for only the first 4 days
(Fig. 1B). However, NAC did not exhibit any
stimulatory effects if treatment was started
at day 9, a point at which the cellular nodules
had started to form but were not mineralized.
These results suggest that NAC stimulates an
early differentiation event, rather than the
later mineralization process. In vivo exposure
of calvarial bone to NAC resulted in a marked
local increase in calvarial bone thickness
and secondary bone marrows were observed
inside the newly formed bone, which indicates
thatNACexerts a stimulatory influence onbone

formation, as well as an inhibitory effect on
osteoclasticboneresorption(SupplementaryFig.1).

Since stimulation byNACoccurs during early
osteoblast differentiation, we examined its
effect on ALP activity, which is an early marker
of differentiation. In agreement with the
mineralized nodule data, ALP activity was
enhanced significantly (ca. twofold) by NAC
(Fig. 1C). We used RT-PCR to examine mRNA
expression levels of osteoblast differentiation-
associated genes such as ALP, Col1(a)1, BSP,
OCN, osterix, and Runx2 (Fig. 1D). With the
exception of OPN expression, which was unaf-
fected by the presence of NAC, mRNA levels of
the differentiation-associated genes increased
following NAC stimulation. Stimulatory effect
of NAC was also observed in mouse bone
marrow stromal cells (Supplementary Fig. 2).
In these cells, NAC increased significantly ALP
activity in low concentration range (0.5–1 mM)
and its effect was higher than that of BMP-2
(50 ng/ml).

Western blot analysis was used to confirm
increased levels of Runx2 in the whole cell
lysate and nuclear fraction (Fig. 1E). Runx2 is a
master regulatory switch for bone formation
that mediates temporal activation and/or
repression of cell growth and phenotypic genes
expression during the various stages of osteo-
blast differentiation [Lian et al., 2004]. There-
fore, our results suggest that NAC might up-
regulate osteoblast differentiation-associated
genes via up-regulation of Runx2.

Since BMPs are known to induce and/or
augment osteoblastic differentiation [Wozney
et al., 1988; Katagiri et al., 1994], we examined
whether or not NAC induced their expression.
In the presence of NAC, mRNA encoding BMP-
2, BMP-4, and BMP-7 increased but no obvious
effect on TGF-b1 expression was observed
(Fig. 1F). The enhanced production of BMP-2
and -7 was confirmed by Western blotting
(Fig. 1G). These results suggest that NAC
stimulates production of BMPs, which leads to
stimulation of osteoblastic differentiation.

Stimulatory Effect of NAC Depends Partially
Upon Enhanced Synthesis of GSH

To verify whether or not stimulation of
osteoblast differentiation is a common property
among antioxidants, we compared the effects
of NAC, GSH, and CAPE. NAA was used
as a negative control. Under serum-starved
conditions, calvarial cells produced ROS
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Fig. 1. NAC stimulates osteoblastic differentiation andminera-
lized nodule formation in mouse calvarial cells. A,B: Cells were
cultured for 14 days in osteoblast differentiation medium with
varying concentrations of NAC (A) or treated with 20 mM NAC
for the periods indicated (B). At the end of culture, cells
were stained with Alizarin red and nodules were counted (A,
right panel). Data represent means� SEM (N¼4). * Significant
difference from the control (P< 0.01). C: Cells were cultured for
2 days and then ALP activity (nmole p-nitrophenol liberated/h/
mg protein) wasmeasured.Data representmeans� SEM (N¼4).
* Significant difference from the control (P<0.01). D,F: Cells
were cultured in osteoblast differentiation medium for 3 and
8 days, and gene expression levels were examined by semi-

quantitative RT-PCR. E: The nuclear fraction and whole cell
lysates were prepared from cells cultured in differentiation
medium for 2 days. Proteins were separated by SDS–PAGE, then
immunoblot analysis was performed using anti-Runx2 antibody.
Input represents Ponceau S staining of nuclear proteins.G: Cells
were cultured in differentiation medium for 1 or 6 days in the
presence or absence of NAC. The medium was changed to a-
MEM supplemented with 1% BSA, 50 mg/ml ascorbic acid, and
10 mM b-glycerophosphate, then cells were cultured for an
additional 2 days. Culture medium was collected and concen-
trated, then separated by SDS–PAGE. BMP-2 and -7 were
detected by immunoblot analysis.
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spontaneously (Fig. 2A). NAC (20 mM) and
GSH (20 mM) decreased ROS levels and
stimulated mineralized nodule formation of
osteoblasts significantly, whereas the cells were
unaffected by NAA (20 mM; Fig. 2A,B, respec-
tively). GSH increased mineralized nodule
formation to a lesser extent than NAC. The
phenolic antioxidant CAPE (5 mg/ml) exhibited
ROS scavenging activity that was comparable
to 20 mM NAC, but it did not stimulate
mineralized nodule formation (Fig. 2B). At
concentrations> 5 mg/ml, CAPE induced cell
death in long-term culture (data not shown).
These results suggest thatNAC effect is not due
to nonspecific osmolarity but depends upon the

presence of both a thiol group and antioxidant
activity.

Since NAC functions as a precursor in GSH
synthesis, we examinedwhether or not enhanced
GSH synthesis was responsible for NAC-induced
stimulation of mineralized nodule formation.
Within 12 h of NAC treatment, cellular levels of
total GSH increased (Fig. 2C), as did the ratio
of reduced to oxidized GSH (data not shown).
BSO is a specific inhibitor of GSH synthesis and
its presence suppressed the stimulatory effect
of NAC significantly (Fig. 2D). These results
indicate thatNACstimulation requires increased
synthesis of GSH, as well as the resulting change
in intracellular redox state.

Fig. 2. Stimulatory effect of NAC requires enhanced GSH
synthesis. A: Intracellular ROS levels were measured by
detecting ROS-mediated conversion of DCFH-DA to DCF. Data
represent means� SEM (N¼6). * Significant difference from the
control (P<0.01). B,D: Cells were cultured for 14 days in
osteoblast differentiationmedium in the presence of the reagents
indicated. At the end of culture, cells were stained with Alizarin

Red and nodules were counted. Data represent means� SEM
(N¼4). * Significant difference from the control (P< 0.01),
# significant difference fromNAC alone (P< 0.01). C: Total GSH
was determined, as described in the Materials and Methods
Section. Reagent concentrations: 20 mM NAC; 20 mM NAA;
20 mM GSH; 5 mg/ml CAPE; and 100 mM BSO.
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NAC Suppresses RhoA Activity and
Inhibition of RhoA-ROCK Stimulates

Osteoblastic Differentiation

Since NAC treatment induced a morpholog-
ical change in calvarial cells, we observed the
actin cytoskeleton by staining with Alexa fluor
phalloidin. Calvarial cells treated with NAC
exhibited reduced stress fiber formation, aswell
as induction of a prominent cortical actin
cytoskeleton (Fig. 3). Since the actin cytoskele-
ton is regulated by Rho family small GTPases,
we examined the effects of NAC on the activity
of Rac1, Cdc42, and RhoA. NAC induced
activation of Rac1 and Cdc42, but down-regu-
lated RhoA activity (Fig. 3C). Since RhoA
activation leads to the assembly of stress fibers,
NAC-induced rearrangement of the actin cytos-
keleton coincides with its regulatory effects on
small Rho GTPase activity.

Previous reports have shown that the osteo-
blastic differentiation of mouse calvarial cells is
suppressed and stimulated by activation and
inhibition of RhoA, respectively [Harmey et al.,
2004]. Therefore, we examined whether or not
activation ofRhoA inhibitedNACstimulation of

osteoblastic differentiation. As demonstrated
previously [Essler et al., 1998], PMT activated
RhoA, but did not affect the activities of Rac1 or
Cdc42 in calvarial cells (Fig. 4A). Y27632 is a
specific inhibitor of the Rho downstream effec-
torROCK [Harmey et al., 2004]. AlthoughRhoA
activity was unaffected by Y27632, activation of
both Rac1 and Cdc42 was enhanced (Fig. 4A).
These results suggest that the activation of
Rac1andCdc42 inNAC- orY27632-treated cells
might represent a compensatory response to
inhibition of Rho-ROCK signaling. Consistent
with a previous report [Harmey et al., 2004],
osteoblastic differentiation was inhibited by
PMT and stimulated by Y27632 (Fig. 4B,C).
Furthermore, PMT suppressed NAC stimula-
tion of ALP activity and expression of osteoblast
differentiation-associated genes (Fig. 4B,C).
Although Y27632 did not enhance significantly
the stimulatory effect of NAC, alone it did
stimulate expression of osteoblast differentia-
tion-associated genes and mineralized nodule
formation, although to a lesser extent thanNAC
(Fig. 4B,C, Supplementary Fig. 3). Similarly,
induction of BMP-7 was observed only in NAC
treated cells (Fig. 4D). In addition to inhibition
of the Rho-ROCK pathway, these results sug-
gest that other mechanisms might be involved
in the stimulatory effect of NAC.

Rac is known to be involved in the control of
ROS production in both phagocytic and non-
phagocytic cells [Roberts et al., 1999; Bokoch
and Knaus, 2003]. Therefore, we examined
whether or not regulation of Rho family
GTPases might alter intracellular ROS levels
in calvarial cells.We observed that neither PMT
nor Y27632 affected cellular ROS levels (Sup-
plementary Fig. 4). Since the oxidative stress
caused byhydrogen peroxide is known to inhibit
osteoblastic differentiation [Mody et al., 2001;
Bai et al., 2004], we examined whether or not it
exerted any effect on Rho family GTPases.
Hydrogen peroxide alone enhanced the activity
of bothRac1 andCdc42, but did not stimulate or
inhibit RhoA (Fig. 4E). These results indicate
that the inhibition of RhoA activity by NAC is
independent of its hydrogen peroxide scaveng-
ing activity.

DISCUSSION

We found that primary calvarial cells sponta-
neously produced significant amounts of ROS,
even in the absence of extracellular stimuli

Fig. 3. NAC reduced stress fiber formation via down-regulation
of RhoA activity in calvarial cells.A,B: Cells were cultured for 24
h in the absence (A) or presence (B) of 20 mMNAC, and stained
with Alexa fluor-labeled phalloidin. Bars: 10 mm (A,B). C: Cells
were treated with 20 mM NAC for 48 h, then cell lysates were
subjected to pull-down using either the GST-PAK-CD fusion
protein (Rac1 and Cdc42) or GST-C21 (RhoA). Activated Rac1
(Rac1-GTP), Cdc42 (Cdc42-GTP) and RhoA (RhoA-GTP) were
detected in the pull-down fractions by Western blotting using
antibodies specific to Rac1, Cdc42, and RhoA, respectively.
Similarly, total Rac1, Cdc42, and RhoA levels were detected by
immunoblotting a 1/20 volume of cell lysate with the same
antibodies.
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such as serum. Osteoblastic differentiation
and mineralized nodule formation were stimu-
lated significantly by the reduction of intra-
cellular ROS and increased thiol levels,
resulting from treatment with NAC or GSH.
The stimulatory effect of NAC was suppressed

partially by BSO which blocks GSH synthesis.
Although CAPE has been shown to partially
prevent hydrogen peroxide-induced inhibition
of ALP activity [Bai et al., 2004], alone it did not
induce osteoblastic differentiation. Therefore,
although these antioxidants share common

Fig. 4. The stimulatory effect of NAC involves inhibition of
RhoA/ROCK signaling but inhibition of RhoA is independent of
its H2O2 scavenging activity. A,E: Cells were cultured for 2 days
in differentiation medium containing the reagents indicated.
Activity of Rac1, Cdc42, and RhoA were detected using a pull-
down assay and immunoblot analysis. B: ALP activity was
measured fromcells cultured for 2days indifferentiationmedium
containing the reagents indicated. Data represent means� SEM

(N¼4). * Significant difference from the control (P< 0.01),
# significant difference fromNAC alone (P<0.01).C: Osteoblast
differentiation-associated gene expression levels were examined
by semiquantitativeRT-PCR.D: ExpressionofBMP-2and -7were
detected by Western blot analysis of collected culture medium,
as described in the Materials and Methods Section. Reagent
concentrations: 20mMNAC; 10ng/ml PMT; 10mMY27632; and
100 mMH2O2.
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activities such as ROS scavenging, they may
exert different cellular effects depending upon
chemical structure and/or mechanisms of
action.

In this study,we showed for thefirst time that
NAC exerts a regulatory effect on Rho family
small GTPases and in particular, it inhibits
RhoA activation. Previous studies have demon-
strated that PMT stimulates DNA synthesis
and cell proliferation, while interfering with
differentiation in quiescent osteoblasts [Mullan
and Lax, 1996; Harmey et al., 2004]. PMT also
stimulates the Rho-ROCK pathway, which
inhibits mineralized nodule formation inmouse
calvarial cell culture [Harmey et al., 2004].
Consistent with these reports, the activation
of RhoA by PMT suppressed the stimulatory
effect of NAC on osteoblastic differentiation.
Although Y27632 stimulated ALP activity and
expression of osteoblast differentiation-associ-
ated genes, its effect on mineralized nodule
formation and expression of BMPs was less
pronounced than that of NAC. Differences
between the effects of NAC and Y27632 might
be caused by the absence of the down-regulation
of RhoA downstream effector functions other
than ROCK and/or by the lack of antioxidant
activity in Y27632 treated cells. In a previous
report, the inhibitory effect of PMT on bone
nodule formation was reversed completely by
the Rho inhibitor C3 transferase but only partly
reversed by ROCK inhibitors, which suggests
that other downstream effectors of RhoA might
play roles in the regulation of osteoblastic
differentiation [Harmey et al., 2004]. In con-
trast to the data obtained in mouse calvarial
cells, activation of Rho-ROCK signaling has
been shown to cause osteogenic differentiation
of human mesenchymal stem cells [McBeath
et al., 2004]. In addition, RhoA inhibition and
cytoskeletal disruption reduce osteoblastogen-
esis of human mesenchymal stem cells in a
microgravity model [Meyers et al., 2005].
Although the reasons for these discrepancies
are unclear, they might indicate that the role
played by RhoA differs depending upon species
and/or differentiation stage. On the other hand,
statins have also been shown to induce osteo-
blast differentiation and stimulate bone forma-
tion [Mundy et al., 1999; Song et al., 2003].
Statins inhibit HMG-CoA reductase and result
in inhibition of small GTPases activation via
prevention of prenylation. In addition, our data
have shown that NAC also enhances osteoblast

differentiation of mouse bone marrow stromal
cells. Taken together, these reports and our
results suggest that inhibition of RhoA GTPase
may induce osteoblast differentiation in osteo-
blastic or bone marrow stromal cells.

Although it is not clear how NAC regulates
the activity of Rho family GTPases, previous
report has shown that cold-induced superoxide
production stimulates RhoA/ROCK signaling
and NAC abolishes cold-induced RhoA activa-
tion in arteriolar smooth muscle cells [Bailey
et al., 2005]. Taken together with our observa-
tion that hydrogen peroxide did not regulate
RhoA activity, it is likely that superoxide
scavenging is responsible for the regulatory
effect of NAC on RhoA activity. However,
further investigation will be needed to explain
the mechanism of NAC regulation of RhoA
activity in calvarial cells.

Differentiation of osteoblasts is regulated bya
variety of extracellular growth factors and
transcription factors: BMPs are the growth
factors that induce bone formation [Urist,
1965; Wozney et al., 1988] and stimulate
osteoblast differentiation of mesenchymal cells
[Katagiri et al., 1994]; and Runx2 [Ducy et al.,
1997] and osterix [Nakashima et al., 2002] are
bone-associated transcription factors that are
essential for osteoblast differentiation.Runx2 is
required for the early commitment of mesen-
chymal cells to chondro/osteoblastic lineages, as
well as for the expression of phenotypicmarkers
in differentiated cells [Franceschi, 2003].
Osterix functions downstream of Runx2 and is
necessary for Runx2 transcriptional activation
of Runx2 target genes such as OCN, BSP, and
Col1(a)1 [Nakashima et al., 2002; Franceschi,
2003]. Although over-expression of BMPs
(BMP-2, -4, or -7) or Runx2 alone only stim-
ulates modest osteoblast differentiation, over-
expression of BMP and Runx2 together
increased differentiation synergistically [Fran-
ceschi et al., 2003]. In this study,NACenhanced
expression of Runx2, osterix and BMPs, which
indicates that the stimulatory effect of NAC on
osteoblastic differentiation might be mediated
by enhanced expression of central transcription
factors and BMPs.

Taken together, our results demonstrate that
NAC stimulates the osteoblastic differentiation
and mineralized nodule formation of mouse
calvarial cells and that this stimulatory effect
depends upon enhanced synthesis of GSH and
down-regulation of RhoA activity.
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