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Apoptotic Signaling in Methylglyoxal-Treated Human
Osteoblasts Involves Oxidative Stress, c-Jun N-Terminal
Kinase, Caspase-3, and p21-Activated Kinase 2

Wen-Hsiung Chan,* Hsin-Jung Wu, and Nion-Heng Shiao

Department of Bioscience Technology and Center for Nanotechnology, Chung Yuan Christian University,
Chung Li, Taiwan

Abstract Methylglyoxal (MG) is a reactive dicarbonyl compound endogenously produced mainly from glycolytic
intermediates.MG is cytotoxic through induction of cell death, and elevatedMG levels in diabetes patients are believed to
contribute to diabetic complications. In this report, we show for the first time that MG treatment triggers apoptosis in
human osteoblasts. We further show that MG-induced apoptosis of osteoblasts involves specific apoptotic biochemical
changes, including oxidative stress, c-Jun N-terminal kinase (JNK) activation, mitochondrial membrane potential
changes, cytochrome C release, increased Bax/Bcl-2 protein ratios, and activation of caspases (caspase-9, caspase-3) and
p21-activated protein kinase 2 (PAK2). Treatment of osteoblasts with SP600125, a JNK-specific inhibitor, led to a
reduction in MG-induced apoptosis and decreased activation of caspase-3 and PAK2, indicating that JNK activity is
upstream of these events. Experiments using anti-sense oligonucleotides against PAK2 further showed that PAK2
activation is required for MG-induced apoptosis in osteoblasts. Interestingly, we also found that MG treatment triggered
nuclear translocationofNF-kB, although theprecise regulatory role ofNF-kBactivation inMG-inducedapoptosis remains
unclear. Lastly, we examined the effect of MG on osteoblasts in vivo, and found that exposure of rats to dietary water
containing 100–200 mMMG caused bone mineral density (BMD) loss. Collectively, these results reveal for the first time
that MG treatment triggers apoptosis in osteoblasts via specific apoptotic signaling, and causes BMD loss in vivo. J. Cell.
Biochem. 100: 1056–1069, 2006. � 2006 Wiley-Liss, Inc.
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Methylglyoxal (MG), a reactive dicarbonyl
compound found at high levels in the blood of
diabetics, is ametabolic by-product of glycolysis
and is also formed in various foodstuffs during
processing. Excess MG may present serious
toxicological effects, as it depletes glutathione
(GSH) via covalent bonding between MG and

GSH. MG is more reactive than its parent
sugar, showing a stronger ability to cross-link
with protein amino groups to form stable end
products called advanced glycation end pro-
ducts (AGEs) [Brownlee et al., 1988; Bourajjaj
et al., 2003]. Under hyperglycemic conditions, a
symptom of diabetes, the levels of cytotoxic
aldehydes (such as MG) increase. Because
diabetic complications develop at a slow rate,
researchers have been able to study the long-
term effect of MG on the formation of AGEs
[Shipanova et al., 1997; Uchida et al., 1997].
In particular, it appears as though MG-altered
proteins are associated with the formation
of reactive oxygen species (ROS). Recent
data suggest that diabetes may cause impair-
ment of cognitive processes via a mechanism
that involves both oxidative stress and
AGE formation [Messier and Gagnon, 1996;
Gerozissis, 2003]. Thus, high MG levels and
subsequent MG-induced cytotoxicity may be at
least partially responsible for diabetes-related
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impairments of cognitive function. In addition,
MG toxicity may be involved in diabetes-
associated bone loss. Studies investigating the
effects of diabetes on osteoporosis have shown
that type 1 diabetes patients have high rates of
bone resorption and turnover, and decreased
bone mineral density (BMD) [Bouillon, 1991;
Kayath et al., 1998; Nicodemus and Folsom,
2001]. In addition, a recent report showed that
AGEs and their receptor interactions-induced
human mesenchymal stem cell apoptosis and
subsequently prevented cognate differentia-
tion into many tissue cells including bone
[Yamagishi et al., 2005]. However, the effects
of MG/glycation on osteoporosis are not yet
fully understood, and will require further
investigation.
The cytotoxicity of MG is due to its ability to

trigger apoptosis [Kang et al., 1996; Okado
et al., 1996], apparently via oxidative signaling,
as indicated by studies showing that MG-
induced generation of ROS triggered apoptosis
of embryonic stem cells [Hsuuw et al., 2005],
while addition of antioxidants blocked H2O2-
induced apoptosis [Buttke and Sandstrom,
1994]. Although the precise molecular mechan-
isms underlying apoptosis have not been clearly
defined, a number of cysteine proteases called
caspases are thought to play important roles
[Martins et al., 1997; Nicholson and Thorn-
berry, 1997], as do members of the Bcl-2 family
[Tsujimoto and Shimizu, 2000], which regulate
mitochondrial membrane potential changes
and the release of mitochondrial cytochrome C
by modulating the permeability of the outer
mitochondrial membrane. In addition, changes
in protein kinase activity can be observed
during apoptosis in a variety of cell types
[Anderson, 1997], indicating that protein phos-
phorylation is involved in regulating apoptosis.
In particular, the c-Jun N-terminal kinase
(JNK) acts as a key component in regulating
entry into apoptosis in several cell types [Xia
et al., 1995; Verheij et al., 1996; Seimiya et al.,
1997]. In addition to JNK, p21-activated kinase
(PAK) is activated during apoptosis and may
also be involved in apoptotic signaling events
[Lee et al., 1997; Rudel and Bokoch, 1997; Tang
et al., 1998; Chan et al., 1999, 2000]. Although
the direct downstream substrates of the PAKs
are largely unknown, recent studies have
indicated that PAKs may act as upstream
regulators of the JNK and p38MAPK pathways
[Zhang et al., 1995; Frost et al., 1996]. Further-

more, we previously showed that activation of
PAK2 is required for the photodynamic treat-
ment (PDT)-induced apoptosis of A431 cells
[Chan et al., 2000]. However, although many
reports have demonstrated that PAK2 plays an
important role in apoptotic signaling, its direct
downstream substrates and precise regulatory
mechanisms have not yet been elucidated.

In an effort to examine possible connections
between highMG levels and loss of bone density
in diabetics, we examined the apoptotic effects
of MG on human osteoblasts. Our results
revealed for the first time that MG treatment
triggers apoptotic biochemical changes such as
oxidative stress, JNK activation, caspase-9
activation, increased Bax/Bcl-2 protein ratios,
mitochondrial membrane potential changes,
cytochrome C release, caspase-3 activation,
and PAK2 activation in human osteoblasts.
Furthermore, in vivo experiments showed that
MG treatment could cause BMD loss in an
animal assay model, likely via MG-induced
cytotoxicity.

EXPERIMENTAL PROCEDURES

Materials

[g-32P]ATP was purchased from Amersham
(Little Chalfont, Buckinghamshire, UK). Dul-
becco’s modified Eagle’s medium (DMEM) and
20,70-dichlorofluorescin diacetate (DCF-DA)
were obtained from Sigma (St. Louis, MO).
The anti-JNK1 (C17) and anti-p-JNK (G-7)
antibodies, as well as the alkaline phospha-
tase-conjugated goat anti-rabbit and anti-
mouse immunoglobulinG (IgG) antibodieswere
purchased from Santa Cruz Biotechnology
(Santa Cruz, CA). The anti-PARP antibody
was from Cell Signaling Technology (Beverly,
MA). The monoclonal anti-cytochrome C anti-
body (6H2.B4) was from Imgenex (San Diego,
CA). Z-DEVD-AFC and SP600125 were
obtained from Calbiochem (La Jolla, CA).
CDP-StarTM (a chemiluminescent substrate
for alkaline phosphatase) was purchased from
Boehringer Mannheim (Mannheim, Germany)
and bicinchoninic acid (BCA) protein assay
reagent was from Pierce (Rockford, IL). Protein
A-Sepharose CL-4B was obtained from Phar-
macia (Uppsala, Sweden).

Production of Non-Commercial Antibodies

Theanti-PAK2(C15)antibodywasproduced in
rabbitsusingapeptide (TPLIMAAKEAMKSNR;
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synthesized by Genosys Biotechnologies) corre-
sponding to theC-terminal region fromresidues
510–524 of the human and rabbit PAK2
sequences [Martin et al., 1995; Jakobi et al.,
1996]. The anti-PAK2 (N17) antibody was
produced in rabbits using a peptide correspond-
ing to the N-terminal region from amino
acids 1 to 17 of the human and rabbit PAK2
sequences [Martin et al., 1995; Jakobi et al.,
1996]. This peptide (MSDNGELEDKP-
PAPPVR) was synthesized using an automated
peptide synthesizer (430A; Applied Biosystems)
and purified on a preparative C-18 reverse
phase high performance liquid chromatography
column. A cysteine residue was added to the N-
terminus to facilitate coupling of the peptide to
keyhole limpet haemocyanin, which was per-
formed as previously described [Reichlin, 1980],
using glutaraldehyde as the cross-linker. The
anti-peptide antibodywasproduced andaffinity
purified as previously described [Yu and Yang,
1994].

Cell Culture and MG Treatment

Human osteoblast cells were cultured at 348C
in a humid 95% air/5% CO2 atmosphere, in
DMEM/F12 medium supplemented with 10%
heat-inactivated fetal bovine serum, 2 mM L-
glutamine, and 0.3 mg/L G418. For MG treat-
ment, cells (�5–6� 106) were plated on 60 mm
culture dishes and incubated in medium con-
taining various concentrations of MG for 24 h.
The cells were then washed twice with ice-cold
PBS and lysed in 600 ml of lysis solution (20 mM
Tris-HCl, pH 7.4, 1 mM EDTA, 1 mM EGTA,
1% Triton X-100, 1 mM benzamidine, 1 mM
phenylmethylsulfonyl fluoride, 50 mM NaF,
20 mM sodium pyrophosphate, and 1 mM
sodium orthovanadate) on ice for 10 min. The
cell lysates were collected, sonicated on ice for
3� 10 s, and then centrifuged at 15,000g for
20min at 48C. The resulting supernatants were
used as the cell extracts.

MTT Assay

The MTT (3-[4,5-dimethylthiazol-2-yl]-2,5-
diphenyltetrazolium bromide) test is a colori-
metric assay that measures the percentage of
cell survival.MG treated cellswere treatedwith
100 ml of 0.45 g/l MTT solution per dish,
incubated at 378C for 60 min, treated with
100 ml of 20% SDS in DMF:H2O (1:1), and then

incubated overnight at 378C. Spectrophoto-
metric data were measured using an ELISA
reader at a wavelength of 570 nm.

Immunoblots

Immunoblotting was carried out essentially
as described in our previous report [Chan,
2005]. Briefly, proteins were resolved by SDS–
PAGE, transferred to PVDF membranes, and
immunoblotted with anti-JNK, anti-phospho
JNK, anti-caspase-3, anti-PARP, anti-PAK
(c-19), and anti-PAK2 (N17) antibodies
(0.25 mg/ml). The proteins of interest were
detected with alkaline phosphatase-conjugated
goat anti-rabbit or anti-mouse IgG antibodies
and visualized using the CDP-StarTM chemilu-
minescent substrate, according to the manufac-
turer’s protocol.

Assessment of Necrosis and Apoptosis

Oligonucleosomal DNA fragmentation in
apoptotic cells was measured using the Cell
Death Detection ELISAplus kit, according to the
manufacturer’s protocol (Roche Molecular
Biochemicals, Mannheim, Germany). Cells
(1� 105) were treated with or without MG at
378C for the indicated time periods, and spectro-
photometric data were obtained with an ELISA
reader at 405 nm. Necrosis and apoptosis were
further assayed by staining with propidium
iodide andHoechst 33342. Cells were incubated
with propidium iodide (1 mg/ml) and Hoechst
33342 (2 mg/ml) at room temperature for 10min.
Under fluorescent microscopy, apoptotic cells
were identified as propidium iodide negative
cells (having intact plasma membranes that
excluded the dye) that showed condensed/
fragmented nuclei stained with Hoechst
33342, whereas necrotic cells were identified
as being propidium iodide-positive. In each
experiment 7–10 independent fields (�600–
1,000 nuclei in total) were counted per condition
and cell percentages were calculated. Necrosis
was also assayed bymeasurement of the lactate
dehydrogenase (LDH) activity present in the
culture medium [Behl et al., 1994]. Cells were
cultured in 96-well microtiter plates (100 ml
medium/well) and the absorption values at 490
nm were determined with an ELISA reader
according to the manufacturer’s instructions
(Promega, Madison, WI). Blanks consisted of
samples containing test substances and cell-
free medium.
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ROS Assay

ROS were measured in arbitrary units using
DCF-DAdye.Cells (1.0� 106)were incubated in
50 ml PBS containing 20 mM DCF-DA for 1 h at
378C, and relative ROS units were determined
using a fluorescence ELISA reader (excitation
485 nm, emission 530 nm). An aliquot of the cell
suspensionwas lysed, the protein concentration
was determined, and the results are expressed
as arbitrary absorbance units/mg protein.

JNK Assays

JNK activity, as assayed by the presence of
phosphorylated c-Jun protein, was analyzed
with the AP-1/c-JunELISA kit, according to the
manufacturer’s protocol (Active Motif, Carls-
bad, CA). Briefly, AP-1 heterodimeric com-
plexes were collected from cellular nuclear
extracts by binding to a consensus 50-TGA(C/
G)TCA-30 oligonucleotide coated on a 96-well
plate. The phospho-c-Jun was assayed using a
phospho-c-Jun primary antibody and a second-
ary horseradish peroxidase-conjugated anti-
body in a colorimetric reaction.

Cytochrome C Release Assay

Mitochondrial cytochrome C release from
MG-treated cells was assayed according to the
method described in a previous report [Yang
et al., 1997]. Cells (1� 107) either untreated or
MG-treatedwereharvestedby centrifugationat
800g at 48C for 15 min. After washing three
times with ice-cold PBS, cell pellets were
resuspended in HEPES-buffer (20 mMHEPES,
10 mMKCl, 1.5 mMMgCl2, 1 mMEDTA, 1 mM
EGTA, 1 mM DTT, 0.1 mM PMSF, pH 7.5)
containing 250 mM sucrose, homogenized,
and centrifuged at 800g at 48C for 15 min.
Supernatants were centrifuged at 10,000g for
15 min at 48C, and the mitochondrial pellets
and supernatantswere dissolved inSDSsample
buffer, subjected to 15% SDS–PAGE, and
analyzed by immunoblotting with amonoclonal
antibody against cytochrome C.

Caspase Activity Assays

Caspase-3 activity wasmeasured using the Z-
DEVD-AFC fluorogenic substrate, as pre-
viously described [Chan et al., 2003; Hsieh
et al., 2003]. Caspase-9 activities were assayed
using the Colorimetric Caspase-9 Assay Kit
(Calbiochem).

Detection of Mitochondrial Membrane
Potential (MMP)

Osteoblasts were dispensed to 96-well plates,
grown for 24 h, and then incubatedwith various
concentration of MG for 24 h. The fluorescent
dyes, DiOC6(3) (20 nM) or TMRE (0.1 mM),were
then added to eachwell, the platewas incubated
for 15min, and fluorescencewasmeasuredwith
a plate spectrofluorometer [excitation: 485 nm
(DiOC6(3)) or 535 nm (TMRE); emission:
535 nm (DiOC6(3)) or 590 nm (TMRE)].

Immunoprecipitation and PAK2 Activity Assay

Before immunoprecipitation, cell extracts
were diluted to equal protein concentrations
(1.0 mg/ml) with cell lysis solution. For immu-
noprecipitation of the C-terminal catalytic
fragment of PAK2, 0.5 ml of cell extract was
incubated with 10 ml of anti-PAK2 (C15) anti-
body (200 mg/ml) at 48C for 1.5 h, and then
further incubated with 40 ml of Protein A-
Sepharose CL-4B (30%, v/v) for 1.5 h with
shaking. The immunoprecipitates were col-
lected by centrifugation, washed three times
with 1ml of SolutionA (20mMTris/HCl, pH7.0,
and 0.5 mM DTT) containing 0.5 M NaCl, and
resuspended in 40 ml of Solution A. For mea-
surement of PAK2 activity, the immunopreci-
pitates were incubated in a 50 ml mixture
containing 20 mM Tris/HCl, pH 7.0, 0.5 mM
DTT, 0.2 mM [g-p32]ATP, 20 mM MgCl2, and
0.1 mg/ml myelin basic protein (MBP) at room
temperature for 10 min with shaking. For
determination of 32P incorporation into the
MBP protein, 20 ml of each reaction mixture
was spotted onto Whatman P81 paper
(1� 2 cm), which was then washed with
75 mM phosphoric acid and processing as
previously described [Reimann et al., 1971].

Inhibition of PAK2 by Anti-Sense
Oligonucleotides

PAK2 sense (50-ATC ATG TCT GAT AAC
GGA GAA) and anti-sense (50-TTC TCC GTT
ATC AGA CAT GAT) oligonucleotides, repre-
senting amino acids �1 to þ7 of human PAK2,
were obtained from Life Technologies (Grand
Island, NY). The oligonucleotides were synthe-
sized under phosphorothioate-modified condi-
tions, purified byHPLC, anddissolved in 30mM
HEPES buffer, pH 7.0. For transfections, cells
grown in 60 mm culture dishes were incubated
at 378C in1ml ofOpti-MEMImedium (modified
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Eagle’s minimum essential medium buffered
with HEPES and sodium bicarbonate), contain-
ing lipofectAMINE4 (12 mg) and oligonucleo-
tides (70 mM) for 72 h (all reagents from Life
Technologies). The cells were then subjected to
MG treatment, and the cell extracts were
analyzed as described above.

Animals, Diets, and Bone Mineral Density
Measurement

The effect of MG intake on bone mass was
studied in 18 weeks old growing female Wistar
rats. The rats were randomly divided into three
diet groups of eight rats each. Group one was
given a standard diet. Group two was given a
standard diet supplementedwith 100 mMMG in
the drinking water. Group three was given a
standard diet supplemented with 200 mM MG
in the drinking water. Rats were exposed
to MG-containing or control drinking water
for 6 months, and the right femur of each rat
was analyzed for BMD, using dual energy X-ray
absorptiometry (DXA). The in vivo reproduci-
bility was evaluated by measuring the coeffi-
cient of variation over five repetitions, with
rats repositioned between readings. The
same researcher conducted all DXA scans and
analyses.

Statistics

Data were analyzed using one-way ANOVA,
and differences were evaluated using the Stu-
dent’s t-test and analysis of variance. Data are
presented as mean�SD. A P-value <0.05 was
defined as indicating a significant difference.

RESULTS

Effects of MG on Human Osteoblasts

Although previous studies have shown that
MG treatment causes various cell responses
(including apoptosis) in many cell types, no
previous work has examined the cytotoxic
effects of MG on human osteoblasts, which
may be seen as a model for investigating bone
density loss in diabetes patients suffering from
abnormally highMGlevels. Tofirst examine the
cytotoxicity of MG on a human osteoblast cell
line,we treated cellswithvariousdoses ofMGat
378C for 24 h, and measured cell viability and
apoptosis. Our results revealed that MG treat-
ment dose-dependently reduced osteoblast cell
viability (Fig. 1A). We then investigated
whether this MG-induced cell death was due

Fig. 1. Effects of MG treatment on human osteoblasts.
Osteoblasts were incubated with the indicated concentrations
ofMGfor 24h.Cell viabilitywasdeterminedusing theMTTassay
(A) and apoptosis was detected by TUNEL assay (B). C: The
percentages of apoptosis and necrosis were determined by
propidium iodide and Hoechst 33342 staining.D: Necrosis was
further assessed by LDH activity released in the culture media of
MG-treated osteoblasts. Data are expressed as percent of the
maximal level (Max) of LDH activity determined after total cell
lysis. Values are presented as mean� SD of five determinations.
**P< 0.01 and ***P<0.001 versus the untreated control group.
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to apoptosis. ELISA-based TUNEL assays
revealed that MG treatment caused a signifi-
cant, dose-dependent increase in DNA frag-
mentation, which is a hallmark of apoptosis
(Fig. 1B). The percentage of apoptotic and
necrotic cells was further analyzed by staining
with propidium iodide and Hoechst 33342, and
necrosis was also assessed by measurement of
LDH activity in the culture medium. Our
results revealed that the percentage of apopto-
tic cells increased significantly in cultures
exposed to >10 mM MG, whereas the necrotic
cell population remained at a relatively low
level in these cultures (Fig. 1C,D). These results
collectively indicate that MG is cytotoxic to
osteoblasts via apoptosis but not necrosis.

ROS Generation and Apoptotic Biochemical
Changes in MG-Treated Osteoblasts

AsROSare effective inducers of apoptosis, we
used the DCF-DA detection reagent to deter-
mine whether ROS are generated in MG-
treated osteoblasts. Our results revealed that
the intracellular ROS content was significantly
increased in human osteoblasts treated with
>10 mM MG (Fig. 2A). Activation of the JNK
pathway is essential for apoptotic induction in
some cell types [Xia et al., 1995; Verheij et al.,
1996], andwe previously demonstrated thatUV
irradiation-, MG-, and high glucose-induced
apoptosis and caspase-3 activation are
mediated by JNK activity [Chan et al., 2003;
Chan and Wu, 2004; Hsuuw et al., 2005]. Here,
we used immunoblotting andELISA to examine
JNK activity during MG-induced apoptosis.
Our results revealed that JNK was dose-
dependently activated in MG-treated osteo-
blasts (Fig. 2B,C). As mitochondrial membrane
potential changes and cytochrome C release are
directly associated with apoptosis [Li et al.,
1997; Zou et al., 1997; Weber et al., 2003], we
investigated the effect of MG on mitochondrial
membrane potential changes and cytochrome C
release in osteoblasts. Our results revealed that
osteoblasts treated with 10–20 mMMG showed
decreased mitochondrial uptake of DiOC6(3)
and TMRE, indicating significant losses of
mitochondrial membrane potential (Fig. 2D).
Furthermore, immunoblotting of cytosolic frac-
tions from MG-treated and -untreated osteo-
blasts revealed that cytochrome C was
significantly released into the cytosol of MG-
treated osteoblasts but not untreated controls
(Fig. 2E). As previous studies have shown that

the protein expression ratio of Bax versus Bcl-2
is relevant to apoptosis (a highBax/Bcl-2 ratio is
associated with a lower threshold of apop-
tosis and vice versa), we investigated whether

Fig. 2. Apoptotic biochemical changes during MG-induced
apoptosis of osteoblasts. A: Osteoblasts were preloaded with
10 mM DCF-DA for 1 h, and then treated with or without the
indicated concentrations of MG for 1 h. ROS generation was
assayed by DCF-DA fluorescence and is expressed as absor-
bance/mg of protein.B: Osteoblasts were incubatedwith various
concentrations of MG for 24 h, and cell extracts (60 mg) were
immunoblotted with anti-p-JNK antibody. The lower panel
shows an immunoblot of JNK1 protein. C: JNK/AP-1 activity
was evaluated by ELISA detection of phosphorylated c-Jun. The
results are expressed with respect to untreated control values,
which were arbitrarily set to 1.00.D: To examine mitochondrial
membrane potential change, cells were then incubated with
40 nMDiOC6(3) or 1 mMTMRE at 378C for 1 h, and analyzed by
spectrofluorometry. E: To examine cytochrome C release,
cytosolic, and mitochondrial fractions were separated, resolved
by 15% SDS–PAGE, and then immunoblotted with an anti-
cytochrome C antibody. F: Bax and Bcl-2 protein levels
were visualized by immunoblotting and analyzed by densito-
metry. G: Values are presented as mean� SD of five determina-
tions. **P<0.01 and***P< 0.001 versus the untreated control
group.
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MG-induced apoptosis was associated with
changes in the Bax/Bcl-2 ratio in osteoblasts.
Immunoblotting revealed that treatment of
osteoblasts with 10–20 mM MG was associated
with increasedBax protein levels and decreased
Bcl-2 protein levels (Fig. 2F). Densitometric
analysis quantitatively revealed that MG-
treated osteoblasts had a higher Bax/Bcl-2
ratio, which favors apoptosis (Fig. 2G). Collec-
tively, these results indicate that various
apoptotic biochemical changes were induced in
MG-treated osteoblasts.

Caspase-9, Caspase-3, and PAK2 Activation Are
Involved in MG-Induced Apoptosis of Osteoblasts

To further investigate apoptotic signaling
during MG-induced apoptosis, we used in vitro
ELISA to monitor the activations of caspase-9
and caspase-3, which are known to be involved
in apoptosis of multiple cell types triggered by a
variety of apoptotic stimuli [Erhardt and
Cooper, 1996; Schlegel et al., 1996]. Our results
demonstrated thatMG treatment of osteoblasts
stimulated the activation of caspase-9 (Fig. 3A)
and caspase-3 (Fig. 3B,C). Consistent with this
finding, cleavage of PARP, the substrate of
caspase-3, was triggered by MG treatment of

osteoblasts (Fig. 3D). In addition, we also found
that caspase-8 activity and Fas protein expres-
sion levels did not significantly differ in MG-
treated and untreated cells (data not shown). As
previous studies have shown that p21-activated
kinase (PAK) can be activated during apoptosis
and may be involved in apoptotic signaling
events [Manser et al., 1994; Martin et al., 1995;

Fig. 2. (Continued )

Fig. 3. Activation of caspase-9 and caspase-3 are required for
MG-mediated cell death in osteoblasts. Osteoblasts were
incubated with various concentrations of MG for 24 h.
Caspase-9 activities were assayed using the colorimetric
Caspase-9 assay Kit (Calbiochem) (A). Cell extracts (60 mg) were
immunoblottedwith anti-caspase-3 antibodies (B). The samecell
extracts (60 mg) were analyzed for caspase-3 activity using Z-
DEVD-AFC as the substrate (C). Cell extracts (40 mg) were
immunoblotted using anti-PARP antibody (D). P89 (89 kDa)
represents the cleavage product of PARP. The data are
representative of five independent experiments. Values are
presented as mean� SD of five determinations. *P< 0.05 and
***P<0.001 versus the value of the untreated control group.
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Tang et al., 1998; Chan et al., 1999, 2000], likely
via caspase-3 directed proteolysis [Tang et al.,
1998; Chan et al., 1999, 2000], we investigated
whether cleavage/activation of PAK2 occurred
inMG-treated osteoblasts. Immunoblotting and
immunoprecipitation kinase activity assays
revealed that MG treatment-induced PAK2
cleavage (Fig. 4A) and activation (Fig. 4B),
respectively. Collectively, these results indicate
that caspase-9 and -3 and PAK2 are involved in
MG-induced apoptosis of osteoblasts.

JNK Activation Is Required for Caspase-3 and
PAK2 Activation but not ROS Production

During MG-Induced Apoptosis

To further determine the relationships
among JNK activation, caspase-3 activation,
PAK2 activation, and ROS production during
MG-induced apoptosis, we examined the effect

of the specific JNK inhibitor, SP600125
[Bennett et al., 2001], on MG-treated osteo-
blasts. SP600125 pretreatment reduced MG-
stimulated JNK activity by 50% (Fig. 5A), in
association with significant reductions in cas-
pase-3 activation (Fig. 5B), cleavage/activation
of PAK2 (Fig. 5C,D), and apoptosis (Fig. 5E), but
no such changewas observed inROSproduction
levels (Fig. 5F). These findings indicate that
ROS generation is upstream of JNK, which is
upstream of caspase-3 activation, PAK2 activa-
tion, and subsequent apoptotic biochemical
changes during MG-induced apoptosis.

Activation of PAK2 Is Required for MG-Induced
Apoptosis in Osteoblasts

To further study the functional role of PAK2
in MG-induced apoptosis, we incubated osteo-
blasts with anti-sense or sense oligonucleotides
against PAK2 for 3 days, subjected the cells to
MG treatment, and analyzed cell extracts by
immunoblotting with anti-PAK2 (N17) antibo-
dies and immunoprecipitation. Pre-incubation
of osteoblasts with the anti-sense oligonucleo-
tide against PAK2 significantly decreased
PAK2 protein levels (by �50%) as compared to
untreated controls, whereas the sense oligonu-
cleotide had no such effect (Fig. 6A). Similarly,
cells treated with the anti-sense PAK2 oligonu-
cleotide showed activations levels that were
approximately 50% those of control cells
(Fig. 6B). These decreases in PAK2 protein
expression and activation levels were asso-
ciatedwith significant decreases inMG-induced
apoptosis (Fig. 6C), strongly suggesting that
PAK2 expression/activation plays an important
role in MG-induced apoptosis of osteoblasts.

MG-Activated IkB Degradation and NF-kB
Activation in Osteoblasts

As IkB degradation is a key step in the
activation of NF-kB, which can be triggered by
MG treatment in hypertensive rat vascular
smooth muscle cells [Wu and Juurlink, 2002]
and has been associated with MG-induced
apoptosis [Kim et al., 2004], we examined the
effect of MG on IkB degradation and nuclear
translocation of NF-kB in osteoblasts. Treat-
ment of osteoblasts for 24 h with 10–20 mMMG
caused marked IkBa degradation and nuclear
translocation of NF-kB (Fig. 7), suggesting that
MG treatment can induce NF-kB activation in
osteoblasts.

Fig. 4. Activation of PAK2 in MG-treated human osteoblasts.
Osteoblasts were incubated with various concentrations of MG
for 24 h. A: Cell extracts (60 mg) were immunoblotted with anti-
aPAK (C19) antibody (upper panel) or anti-PAK2 (N17) antibody
(middle panel). PAK2C represents the C-terminal cleavage
product of PAK2. B: PAK2 was immunoprecipitated and kinase
activities were assayed using myelin basic protein (MBP) as the
substrate. Values are presented as mean� SD of five determina-
tions. **P<0.01 and ***P< 0.001 versus the untreated control
group.
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The Impact of Dietary MG on Bone Mineral
Density In Vivo

Lastly, we studied whether the apoptotic
effect of MG on osteoblasts might cause bone
density injury in vivo. Wistar rats were fed a
standard diet supplemented with or without
MG (100 or 200 mM) in the drinking water for
6 months. Initial body weights did not differ
among the control or MG-treated groups, nor
did body weights differ significantly at the end
of the 6-month experimental period (data not
shown). However, the bone mineral densities
(BMD) of whole femurs and distal femurs from

rats in the MG-treated groups were signifi-
cantly lower than those in the control (MG-free)
group (Fig. 8). These results suggest that
elevated MG levels, such as those found in
diabetes patients or inducedby continuous long-
term consumption of highMG-containing foods,
may negatively impact BMD, which is an
important indicator for osteoporosis.

DISCUSSION

MG is not only produced through glycolytic
metabolism, it is also found as a constituent of
various beverages and foodstuffs, including

Fig. 5. Effect of a JNK-specific inhibitor (SP600125) on MG-induced JNK activation, caspase-3 activation,
and apoptosis of human osteoblasts.Osteoblastswere preincubatedwith 5 or 10 mMSP600125 at 378C for 1
h and then incubated with various concentrations of MG with SP600125 for another 24 h. Cell extracts (60
mg) were analyzed for JNK/AP-1 activity (A), caspase-3 activity (B, upper panel), cleavage of PARP (B, lower
panel), cleavage/activation of PAK2 (C andD), cell apoptosis (E), and generation of ROS (F), as described in
Figures 2–4. **P<0.01 and ***P< 0.001 versus the untreated control group.
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freshly brewed coffee and soy sauce [Kasai et al.,
1982]. We herein sought to clarify the possible
cytotoxic effects ofMGon osteoblasts, a cell type
that has not been previously explored in this
context. Plasma MG concentrations are typi-
cally �1–2 mM in the general population. In
contrast, blood samples from diabetics have
been found to contain 3–6 times this level
[McLellan et al., 1994], and plasma MG con-
centrations in diabetics can remain elevated for
years. Unlike the relatively narrow range of
MG concentrations found in plasma, however,
tissue levels of MG may vary widely. For
example, as much as 310 mM MG can be found

in Chinese hamster ovary (CHO) cells [Chaplen
et al., 1998]. Thus, we feel confident that
although our utilized MG concentrations
exceeded those observed in the blood of human
diabetes mellitus (DM) patients (we used 10–
20 mM in the cellular model and 100–200 mM in
the animal model vs. 3–10 mM in human DM
plasma), our findings remain relevant to the
study of apoptotic signaling duringMG-induced
cell injury in human osteoblasts.

Our results revealed that MG has cytotoxic
effects on human osteoblasts in vitro and in
vivo. This cytotoxicity occurred via apoptosis,
not necrosis (Fig. 1), and involved the activa-
tion of mitochondrial processes and caspases
(Figs. 2–4), a signal transductionpathwayoften
associated with oxidative stress-mediated
cell injury. Consistent with this observation,
our experiments also demonstrated that intra-
cellular ROS were generated in MG-treated
osteoblasts (Fig. 2A). MG treatment could

Fig. 6. Effects of anti-sense oligonucleotides against PAK2 on
MG-induced apoptosis in osteoblasts. A: Osteoblasts were
transfected with 70 mM PAK2 sense (S) or anti-sense (AS)
oligonucleotides for 72 h. Cell extracts were analyzed by
immunoblotting with anti-PAK2 (N17) antibodies. B: Cells were
transfected with sense (S) or anti-sense (AS) oligonucleotides for
72 h and then subjected to MG (20 mM) treatment for another
24 h. PAK2 was immunoprecipitated and kinase activities were
assayed using MBP as the substrate. C: Apoptosis was measured
by TUNEL method, using the Cell Death Detection ELISA kit.
Values are presented as mean� SD of five determinations.
**P<0.01 versus the ‘‘MG-treated only’’ group.

Fig. 7. IkBa degradation and nuclear translocation of NF-kB in
MG-treated osteoblasts. Osteoblasts were incubated with
various concentrations of MG for 24 h. Cytosolic and nuclear
fractions (40 mg each) were separated for immunoblotting
analysis using anti-IkBa antibodies (upper panel) and anti-NFkB
antibodies (middle panel), respectively. The lower panel shows
immunoblot analysis of b-actin from 40 mg total proteins of each
cytosolic fraction sample.

Fig. 8. Effects of MG intake on BMD of rats. DXA was used to
assess BMD in whole femurs and distal femurs of rats fed a
controlled diet with or without MG (100 or 200 mM) in the
drinking water for 6 months. Values are presented as mean� SD
of five determinations. *P< 0.05 versus the ‘‘MG-free’’ group.
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potentially increase intracellularROS levels via
glycation reactions, depletion of cellular GSH,
and/or inactivation of ROS scavenger enzymes
[Yim et al., 1995; Lee et al., 1998; Oya et al.,
1999]. We previously demonstrated that ROS
generation is an upstream regulator of apopto-
tic signaling during apoptosis induced by var-
ious environmental stress stimuli [Chan et al.,
2003; Chan and Wu, 2004; Chan, 2005]. In
addition, antioxidant-mediated inhibition of
ROS generation during apoptosis has been
found to prevent JNK activation and subse-
quent apoptotic biochemical changes [Chan
et al., 2003; Chan and Wu, 2004; Chan, 2005].
Consistent with these previous findings, our
results revealed that ROS generation is criti-
cally involved in MG-induced apoptosis.

JNK plays roles in many cellular events,
including entry into apoptosis [Xia et al., 1995;
Verheij et al., 1996; Seimiya et al., 1997].
Recently, apoptosis signal-regulating kinase 1
(ASK1), a mitogen-activated protein kinase/
extracellular signal-regulated kinase kinase
(MEKK) family member, was reported to be
activated by various agents, including MG
[Gotoh and Cooper, 1998; Saitoh et al., 1998;
Chen et al., 1999; Hsuuw et al., 2005]. Expres-
sion of a dominant negative inactive mutant
form of ASK1 inhibited MG-induced apoptosis
in Jurkat cells and reduced JNK phosphoryla-
tion, which is necessary for MG-induced apop-
totic signal transduction [Du et al., 2000]. These
observations indicate that ASK1 and JNK play
critical roles inMG-induced apoptosis. Here, we
demonstrated thatMG treatment of osteoblasts
stimulated ROS formation (Fig. 2A), JNK
activation (Fig. 2B), and subsequent apoptotic
biochemical changes (Figs. 2 and 3). Moreover,
using a specific JNK inhibitor, SP600125, we
demonstrated that MG-induced caspase-3 acti-
vation and apoptosis in osteoblasts are
mediated by JNK activity (Fig. 5). Taken
together, these observations support the
hypothesis that ROS generation and ROS-
mediated JNK activation, which are important
triggers for Bax/Bcl-2 ratio decreases, cyto-
chrome C release, and caspase activation, are
critically involved in MG-induced apoptosis of
osteoblasts.

Our group and other researchers have shown
that PAK2 is a targeting substrate for caspases
activated by various apoptotic stimuli [Lee
et al., 1997; Rudel and Bokoch, 1997; Chan
et al., 1998, 1999; Tang et al., 1998]. However,

the functional role of the caspase-generated C-
terminal active fragment of PAK2 remains
obscure. In this report, we used anti-sense
techniques to provide direct evidence that
PAK2 activation plays a critical role in MG-
induced apoptosis (Fig. 6A–C). This finding
may explain the previous observation that
apoptosis was delayed by transfection of domi-
nant-negative PAK2 (either full-length or anN-
terminally truncated form) into CHO cells
stably expressing a CD4-Fas chimera [Lee
et al., 1997]. A recent study further showed that
an anti-activated PAK2 polyclonal antibody
recognized many phosphoproteins in mitotic
HeLa and A431 cells, including lamins A and C
[Tsai et al., 2005]. These results show that the
PAKs are heavily involved in cell-cycle control.
Here, we additionally show the involvement of
PAK2 in MG-directed apoptosis of osteoblasts.
Future work will be required to identify the
apoptosis-related target substrates of active
PAK2.

In terms of a possible mechanism for the
involvement of PAK2 in MG-induced apoptosis,
two previous studies showed that transfection
of constitutively activated forms of Rac and
Cdc42 into cultured cells led to potent activation
of JNK [Coso et al., 1995]. These findings
suggest that PAK may be placed in the Rac/
Cdc42-mediated JNK activation pathway, pos-
sibly as an upstream regulator of JNK. This
notionwas strongly supported in a recent report
that transfection ofN-terminal truncatedPAK2
and constitutively active PAK1 into cultured
cells led to JNK activation [Lee et al., 1997]. In
contrast, we herein showed that JNK functions
upstream of PAK2 activation during MG-
induced apoptosis (Fig. 3), suggesting that these
molecules may act either upstream or down-
stream of each other in cell signaling pathway.
Future work will be required to address the
relationship(s) between PAK2 and JNK during
apoptosis.

ROS are known to regulate activation of NF-
kB [Siebenlist et al., 1994], a p50/p65 hetero-
dimer that is localized in the cytosol of resting
cells, held there by interactions with IkB
inhibitory proteins [Baeuerle and Henkel,
1994]. Following stimulation, IkB may be
phosphorylated, ubiquitinated, and degraded,
allowing NF-kB to translocate into the nucleus.
Several recent studies have reported that NF-
kB activation by oxidative stress is involved in
apoptotic cell death [Romeo et al., 2002; Kim
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et al., 2004], and a putative inhibitor of NF-kB
was shown to block MG-induced apoptosis in
bovine retinal pericytes [Kim et al., 2004].
Interestingly, PAK1 was found to act as an
upstream regulator in Helicobacter pylori-
induced activation of NF-kB in epithelial cells,
but was not involved in NF-kB activation by
TNFa or phorbol 12-myristate 13-acetate, indi-
cating that different NF-kB-activating stimuli
may use alternate signaling components
[Foryst-Ludwig and Naumann, 2000]. We
herein showed that MG could induce IkB
degradation and nuclear translocation of
NF-kB (Fig. 7). Future work will be required to
determine whether PAK2 activation, which we
also found to be involved in MG-induced
apoptosis in osteoblasts (Fig. 6), is associated
with NF-kB in this context.
Lastly, given the ability of MG to induce

apoptosis or cell injury in osteoblasts invitro,we
examined the effects of MG on bone density in
an animal assay model. Our results revealed
that rats given 100 or 200 mM MG in their
drinking water for 6 months showed significant
decreases in BMDversus untreated control rats
(Fig. 8), suggesting that short-term acute
exposure to MG may negatively affect bone
density. Future work will be required to
examine the longer-term effects of lower doses
(�5–10 mM) of MG, and whether these findings
correlate with the bone loss observed in DM
patients having elevated plasma MG levels.
In conclusion, we herein show that MG

treatment induces apoptosis in osteoblasts, in
association with various apoptotic biochemical
changes, including ROS generation, JNK acti-
vation, decreased Bax/Bcl-2 ratios, mitochon-
drial membrane potential changes, cytochrome
C release, and activation of caspase-9, caspase-
3, and PAK2. Our results revealed that JNK
activation is required for the mitochondrial
apoptotic signaling processes, and that PAK2
activation is critical for MG-induced apoptosis
in osteoblasts. These results coupled with our
previous studies support the hypothesis
that MG-triggered apoptotic signaling in osteo-
blasts occurs as follows: MG treatment!
ROS generation!JNK activation!increased
Bax/Bcl-2 ratio!mitochondrial membrane
potential changes!cytochrome C release!
caspase-3 activation!PAK2 cleavage/activa-
tion!apoptosis. Lastly, we showed that MG
treatment not only triggers apoptosis in an
osteoblast cell culturemodel, but also decreases

BMD in an animal model. These findings
provide the first preliminary evidence that the
increased MG levels found in DM patients or in
individualswithhigh dietaryMG intakemay be
a risk factor for human osteoporosis.
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