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Abstract

Diabetes is a chronic disease associated with hyperglycemia and altered bone metabolism that may
lead to complications including osteopenia, increased risk of fracture and osteoporosis.
Hyperglycemia has been implicated in the pathogenesis of diabetic bone disease; however, the
biologic effect of glucose on osteoclastogenesis is unclear. In the present study, we examined the
effect of high D(+)glucose (D-Glc) and L(-)glucose (L-Glc; osmotic control) on RANKL-induced
osteoclastogenesis using RAW264.7 cells and Bone Marrow Macrophages (BMM) as models. Cells
were exposed to sustained high glucose levels to mimic diabetic conditions. Osteoclast formation
was analyzed using tartrate resistant acid phosphatase (TRACP) assay, expression of calcitonin
receptor (CTR) and cathepsin K mRNAs, and cultures were examined for reactive oxygen species
(ROS) using dichlorodihydrofluorescein diacetate (DCF-DA) fluorescence, caspase-3 and Nuclear
Factor kappaB (NF-«B) activity. Cellular function was assessed using a migration assay. Results
show, for the first time, that high D-Glc inhibits osteoclast formation, ROS production, caspase-3
activity and migration in response to RANKL through a metabolic pathway. Our findings also suggest
that high D-Glc may alter RANKL-induced osteoclast formation by inhibiting redox-sensitive NF-
kB activity through an anti-oxidative mechanism. This study increases our understanding of the role
of glucose in diabetes-associated bone disease. Our data suggest that high glucose levels may alter
bone turnover by decreasing osteoclast differentiation and function in diabetes and provide new
insight into the biologic effects of glucose on osteoclastogenesis.
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INTRODUCTION

Diabetes is becoming one of the leading disorders worldwide, reaching an estimated 300
million patients by 2010 [1]. Diabetes is associated with complications [2] such as altered bone
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metabolism that may lead to osteopenia, increased risk of fracture and osteoporosis [3-5].
However, the causal relationship between diabetes and bone loss has been controversial and
the bone disease that develops in type 1 and type 2 diabetes may differ. In type 1 diabetic
patients, bone mineral density is reduced by greater than 10% compared to nondiabetics and
correlates with the duration of diabetes, whereas in type 2 diabetes bone density is more often
increased [6,7]. In diabetics with low bone mass, histomorphometry studies suggested that
osteopenia was due to decreased bone formation rate [8]. Hyperglycemia has been implicated
in the pathogenesis of diabetic bone disease and, decreased activity of osteoblasts under
diabetic conditions has been reported in both animal models and humans [9,10]. In vitro,
incubation of cultured osteoblast-like cells with high glucose inhibits mineralization, Insulin-
like Growth Factor-1 (IGF-I)-stimulated growth and modulates osteoblast gene expression
[11-14]. Studies are conflicting as to whether osteoclastogenesis is altered in diabetes [6].
Although glucose is the principal source of energy for osteoclast resorption [15], the effect of
sustained high glucose levels on osteoclast differentiation and function has not been explored.

Osteoclasts are essential for bone remodeling. Receptor Activator of Nuclear Factor kappaB
Ligand (NF-xB) is a key factor for differentiation of monocyte/macrophage osteoclast
precursors into multinucleated osteoclasts and for activation of mature osteoclasts [16-18].
Binding of RANKL to its cognant receptor on osteoclast precursors leads to activation of NF-
kB that is required for osteoclast differentiation [19,20]. Reactive oxygen species (ROS) are
also crucial for RANKL-induced osteoclastogenesis [21-24] and NF-kB is among the redox-
sensitive cell signaling pathways [25-27]. Recent studies indicate that ROS such as hydrogen
peroxide produced in BMM cells stimulate osteoclast differentiation, whereas decreasing the
level of ROS reverses RANKL responses [28]. RANKL signaling induces caspase-3, an
enzyme involved in apoptotic and non-apoptotic events including cell cycle progression,
activation and differentiation. Studies in procaspase-3 knockout mice and RAW264.7 cells
indicate that osteoclasts fail to differentiate in response to RANKL in the absence of
procaspase-3 or when caspase-3 activity is inhibited [29]. Terminal differentiation of
osteoclasts is characterized by acquisition of mature phenotypic markers such as the calcitonin
receptor (CTR), tartrate resistant acid phosphatase (TRACP) and ability to resorb bone.
Resorption involves synthesis of cysteine proteinases, such as Cathepsin K, and matrix
metalloproteinases (MMPs) [30,31]. In addition, MMP-9 and MMP-14 provide a stimulus for
migration of osteoclasts that is relevant for access of osteoclasts to bone surfaces [32].

In the present study, we examined the effect of high D(+)glucose (D-Glc) and high L(—)glucose
(L-Glc) (osmotic control) on RANKL-induced osteoclastogenesis using RAW264.7 and
BMMs as models. Cells were exposed to sustained high glucose levels often observed in
diabetic subjects. Osteoclast formation was analyzed using TRACP assay, expression of CTR
and cathepsin K mRNAs by RT-PCR, ROS generation by dichlorodihydrofluorescein diacetate
(DCF-DA) as well as dihydroethidium (DHE) fluorescence and caspase-3 activity. Cell
migration was assessed in wounded cultures. Results show, for the first time, that high D-Glc
inhibits osteoclast formation, ROS production, caspase-3 activity and migration in response to
RANKL through a metabolic pathway. Our findings also suggest high D-Glc may alter
RANKL-induced osteoclast formation by inhibiting NF-xB activity through a ROS-dependent
mechanism.

MATERIALS AND METHODS

RAW?264.7 cell culture and osteoclast differentiation

The murine monocytic cell line RAW264.7 (ATCC #TIB-71, Manassas, VA, USA) was
maintained in a-MEM (containing 5.5mM D(+)glucose) supplemented with 10% FCS and
incubated at 37°C in 5% CO,. Osteoclastogenesis experiments were performed as previously
described [33]. Briefly, cells were seeded at a density of 1x104/cm? and cultured for 6 days in
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differentiation medium: phenol red-free a-MEM supplemented with 2% fetal calf serum (FCS)
and 50 ng/ml murine recombinant RANKL (mrRANKL) (RD systems).

Murine bone marrow macrophage (BMM)-derived osteoclasts

Bone marrow cells were isolated from 4-wk-old C57/BI mice. Briefly, femurs were excised
and the marrow cavity was flushed with phenol red-free a-MEM supplemented with 10% FCS.
Cells were washed, plated in the same medium at a density of 2x10° cells/cm? and incubated
in the presence of mrM-CSF (20ng/ml) (RD systems). After 18 hrs, non-adherent cells were
collected and washed. To obtain osteoclasts, cells were seeded at 5x10* cells/cm? and incubated
for 6 days in differentiation medium containing RANKL (50 ng/ml) and mrM-CSF (5 ng/ml).

High glucose incubation conditions

To determine the effect of glucose on osteoclastogenesis in RAW264.7 and BMM cultures,
cells were incubated in the presence or absence of increasing doses of glucose for 6 days
throughout differentiation. Cultures were divided into four treatment groups: Untreated (phenol
red-free a-MEM supplemented with 2% fetal calf serum), differentiation medium (Control),
differentiation medium with 10-25 mM D(+)glucose (high D-GIc) or differentiation medium
with 10-25 mM L(—)glucose (high L-GIc) used as an osmotic control. Addition of glucose
(10-25 mM) to the alpha-MEM culture medium led to a final concentration of 15.5 to 30.5
mM. Medium was changed every 2 days.

Tartrate-resistant acid phosphatase (TRACP) assay and cytochemistry

TRACP activity was assayed according to standard methods using p-nitrophenyl phosphate as
a substrate [34]. Cell lysates were prepared and samples were incubated in buffer solution
containing 125mM sodium acetate buffer, pH 5.2, 100mM p-nitrophenyl phosphate (Sigma-
Aldrich) and 1mM L(+) sodium tartrate. The p-nitrophenol liberated was determined in 96-
well plates by measuring the absorbance at 405 nm at 37°C. Protein amounts were quantified
using the Bicinchoninic Acid Kit (Sigma-Aldrich) to determine the specific activity. Data is
expressed as the mean optical density (O.D.)/min/mg protein. In parallel experiments, cellular
TRACP activity was analyzed using the Leukocyte Acid Phosphatase kit (Sigma-Aldrich).
Briefly, the cells were washed twice with PBS, fixed for 5 minutes with citrate/
paraformaldehyde/acetone solution and stained according to the manufacturer’s instructions.

RNA extraction and RT-PCR

Alterations in expression of CTR, cathepsin K, MMP-9 and MMP-14 were examined by RT-
PCR. Total RNA was isolated from RAW264.7 cells using TRIzol reagent (GIBCO BRL) and
treated with DNase | (1 U/ug) to remove any contaminating genomic DNA. First-strand cDNA
was reverse-transcribed from 2 pg of total RNA using Murine Moloney Leukemia Virus-
Reverse Transcriptase, RNAsine, olig-dT and dNTP mix (Invitrogen) according to
manufacturer’s protocol. Two microliters of RT reaction mixture were subjected to PCR using
specific primers (30 pmol each, Table 1) and TagPlatinum Supermix (Invitrogen) in a final
volume of 50 pl. Primers for 18S were used to ascertain that an equivalent amount of cDNA
was synthesized. PCR amplification was performed over a range of cycle numbers to ensure
that amplification was in the linear range of the curve. PCR products were analyzed in 1%
agarose gels, stained with ethidium bromide and photographed. The density of each band was
measured using ImageJ software (NIH, Bethesda, MD, USA). The densities of osteoclast
marker mRNA bands were normalized relative to those of 18S mRNA bands. Data are
expressed as relative mMRNA expression where the ratio of the CTR, cathepsin K, MMP9 or
MMP-14 band density in control cultures to the corresponding 18S signal was arbitrarily set
at 1.
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Measurement of intracellular reactive oxygen species

Dichlorofluorescein diacetate fluorescence—ROS generation was determined using
the peroxide-sensitive probe 2'7’-dichlorofluorescein diacetate (DCF-DA) dye as we have
previously described [35]. DCF-DA is a membrane-permeable dye that diffuses across lipid
membranes and is subsequently converted into a membrane-impermeable form, DCF, by
deacetylation. The non-fluorescent DCF is oxidized by intracellular ROS and forms the highly
fluorescent DCF. The effect of glucose on ROS production during differentiation was analyzed
in cultures incubated in differentiation medium for 6 days in the presence or absence of glucose.
To determine whether glucose alters ROS production in mature osteoclast cells, RAW?264.7
cells, incubated in differentiation medium alone for 6 days, were either treated on not treated
with glucose for 24 hr. After washing in pre-warmed serum-free medium without phenol red,
cells were incubated with 1 uM of DCF-DA for 30 min at 37°C, 5% CO,, and then washed in
PBS to remove excess dye. ROS levels were determined by analyzing the fluorescence intensity
in random microscopic fields (10-20X magnification) using an inverted fluorescent
microscope. The mean values were calculated using ImageJ software and data are expressed
as relative fluorescence/pixel.

Dihdroethidium fluorescence—Superoxide anion concentrations within cells were
monitored by measuring the changes in fluorescence resulting from the oxidation of
dihydroethidium (DHE) (Invitrogen/Molecular Probes). DHE can enter the cell and be oxidized
by superoxide to yield ethidium (Eth), which binds to DNA to produce bright red fluorescence.
The increase in Eth-DNA fluorescence is suggestive of superoxide production within cells.
Cells were loaded with 50 uM DHE for 10-30 min at 37°C as described [36]. Fluorescence
was monitored by laser confocal fluorescence microscopy.

Cell transfection and NF-kB-dependent luciferase activity

RAW?264.7 cells were transfected after four days of culture with 80ng/cm? of NF-xBRE/pGL3
Basic-luciferase vector using Fugene HD transfection reagent (Roche) according to published
methods [37]. Cell lysates were prepared on day 6 and luciferase activity was quantified using
the Luciferase assay kit (Promega). To analyze the effect of hydrogen peroxide on NF-kB-
dependent luciferase activity, cells were incubated with or without H,O, (100uM) on day 5
for 24 hours prior to harvesting for luciferase activity. In separate experiments, cells were
incubated for 6 days in the presence or absence of RANKL (50ng/ml), with or without 25 mM
L-Glc or D-Glc. For each condition, data are expressed as relative light units/mg protein.

Caspase-3 activity assay

The CaspACE ™ assay system (Promega) was used to quantify caspase-3 activity in cell lysates
following the manufacturer’s protocol. Briefly, RAW264.7 or BMM cells were harvested after
six days in culture, washed with ice-cold PBS and lysed in ice-cold lysis buffer (NaCl 150 mM,
Tris 50 mM, Nonidet P-40 1%, sodium deoxycholate 0.25%, NaF 1 mM, NaVO4 1 mM,
leupeptine 10 pg/ml, aprotinin 10 pg/ml, PMSF 0.5 mM). For each treatment group, an equal
amount of soluble protein was incubated with 50 uM acetyl-Asp-Glu-Val-Asp 7-amino-4-
methyl coumarin (Promega), a fluorogenic substrate for caspase-3, with or without 50 uM
acetyl-Asp-Glu-Val-Asp aldehyde, a specific caspase-3 inhibitor (Promega). Cell lysates were
pre-incubated with the inhibitor for 30 min prior to adding the substrate and cleavage of the
substrate was analyzed using a fluorometer excitation wavelength 360 nm, detection
wavelength 460 nm. Caspase-3 activity in high L-Glc and high D-Glc-treated cultures are
expressed as percent of the control that was arbitrarily set at 100%.
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Cell migration assay

RAW?264.7 cells were seeded into 6-well plates at 1x10° cells/well and incubated in
differentiation medium with or without high L-Glc and D-Glc. On day 6, monolayers were
disrupted (wounded) by scraping with a 1000-pL pipette tip that resulted in an approximately
500-pm cell-free lane. Cells were then washed with serum-free tMEM and incubated for an
additional 6 days under the same conditions used during the first six days of culture. The
medium was changed every 2 days and photographic images were taken on day 6, immediately
after wounding, and on day 12. Cell migration was quantified by counting the number of cells
present in the wounded area per field on day 12.

Statistical analysis

Results were analyzed by one-way ANOVA Newman-Keuls’ test using Prism4 software
(Graphpad). Data represent the mean +/— S.E. of three separate experiments. Significance was
determined as probability (p)<0.05.

RESULTS

High D-Glc inhibits RANKL-induced TRACP activity

To determine the effect of sustained high glucose levels on osteoclastogenesis, RAW264.7
cells, incubated in differentiation medium, were exposed to 10-25mM of D(+)glucose or L(-)
glucose (used as an osmotic control) for 6 days. Figure 1A shows that TRACP specific activity
increased 2-fold when cells were differentiated in the presence of RANKL alone. This increase
in TRACP activity was reduced by the addition of 10mM of D-Glc to the culture medium and
was abolished in presence of the highest concentration of D-Glc (25mM; high D-Glc). Unlike
D-glucose, TRACP activity was similar to control when cells were treated with either 10mM
or 25mM of L-Glc. To confirm the inhibitory effect of D-Glc on RANKL-induced TRACP
activity at the cellular level, cells were incubated in differentiation medium with an optimal
concentration (25 mM) of L-Glc or D-Glc and stained for TRACP. Figure 1B shows that
TRACP-positive multinucleated osteoclast-like cells formed in control cultures. In contrast,
cultures exposed to high D-Glc showed a profound decrease in TRACP-positive multinucleated
cells and a predominance of mononuclear cells. High L-Glc had no significant effect on
TRACP-positive multinucleated cell formation compared to control cultures. Significant
osteoclast formation was not identified in cultures incubated in medium without RANKL
(Untreated).

High D-Glc inhibits RANKL-induced osteoclast differentiation

To examine the effect of high glucose on osteoclast differentiation, cells were analyzed by RT-
PCR for expression of osteoclast markers. Figure 2A shows that RANKL increased CTR
transcripts, a reliable marker of mature osteoclasts, in RAW264.7cells at day 6. This effect was
partially to completely inhibited by the addition of 10mM and 25mM of D-glucose,
respectively. In contrast, cultures incubated with either 10mM or 25mM of L-Glc (osmotic
control) showed no inhibition of RANKL-induced CTR expression. Using an optimal dose of
D-glucose (25mM), RT-PCR analysis was extended to include cathepsin K, MMP-9 and
MMP-14. Figure 2B shows, that in addition to CTR, cathepsin K, MMP-9 and MMP-14
expressed by mature osteoclasts, were also up-regulated in response to RANKL compared to
untreated cells. Exposure of cells to high D-Glc, markedly inhibited RANKL-induced
osteoclast differentiation as demonstrated by reduced expression of CTR and cathepsin K.
MMP-14 and, to a lesser extent, MMP-9 also declined in the presence of high D-Glc. Semi-
quantitative RT-PCR analysis shown in Figure 2C confirmed that high D-Glc significantly
decreased RANKL-induced CTR, cathepsin K, MMP-9 and MMP-14 mRNAS approximately
50%, 70%, 35% and 55%, respectively, whereas exposure of cells to high L-Glc did not have
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a significant effect on transcript levels. These data correlate with the effect of D-Glc and L-
Glc on TRACP-positive multinucleated cell formation (Figure 1). The decline in osteoclast
formation in the presence of high D-Glc, but not high L-Glc (osmotic control), indicates a
metabolic effect of D-Glc on osteoclastogenesis.

High D-Glc inhibits ROS production in RAW264.7 cultures

ROS are important for stimulating osteoclast differentiation and function [21-24]. The effect
of high glucose on intracellular ROS production in RAW?264.7 cultures was analyzed using
the peroxide-sensitive DCF-DA probe. To determine the effect of glucose on ROS production
during osteoclast differentiation, cells were incubated in differentiation medium in the presence
or absence of 25 mM D-Glc or L-Glc for 6 days. The phase contrast and corresponding
fluorescent images of these cultures is shown in Figure 3A. In cultures incubated with RANKL
alone, abundant DCF-DA fluorescence was detected in multinucleated osteoclast-like cellsand
mononuclear cells. In high D-Glc-treated cultures, the fluorescent signal was markedly
reduced, correlating with decreased multinucleated osteoclast-like cells, and little or no
fluorescence was identified in the mononuclear cells. High L-Glc did not significantly alter
DCF-DA fluorescence compared to control. Quantification of DCF-DA fluorescence (Figure
3B) correlated with the pattern of fluorescent signals visualized in Panel A. Compared to
control, high D-Glc decreased ROS levels by 90%, whereas high L-Glc had no effect on ROS
production. Alternatively, in cultures incubated under the same conditions shown in Panel A,
we evaluated ROS generation using the superoxide-sensitive fluorophore dihydroethidium
(DHE). Similar to DCF-DA, exposure of the cells to 25 mM D-Glc, but not L-Glc, caused a
decrease in DHE fluorescence (Figures 3C and 3D). In separate experiments, the effect of
glucose on ROS production in differentiated osteoclast cultures was also assessed. Figure 3E
shows that mature osteoclasts incubated with RANKL alone for 6 days have abundant ROS
production and that treatment of these cells with high L-Glc or D-Glc for 24 hrs did not
significantly alter the production of ROS.

High D-Glc alters RANKL-induced NF-kB activity

To examine the mechanism by which high D-Glc may alter osteoclast differentiation, the effect
of H,0, RANKL and glucose on NF-kB transcriptional activity was analyzed. RAW264.7
cells were transiently transfected with a vector containing NF-xB response elements linked to
the luciferase reporter gene. To test NF-«xB sensitivity to ROS, cells incubated in alpha-MEM,
2% FCS for 5 days were treated or not treated with 100uM Hydrogen peroxide (H,05) for 24
hours prior to harvesting for luciferase activity. Figure 3F shows that H,O, caused an 8-fold
increase in luciferase activity compared to untreated cells, indicating that ROS directly affects
NF-«B activity. When cells were incubated under differentiation conditions shown in Figure
3G, RANKL increased luciferase activity 30-fold compared to untreated cultures. In contrast,
high D-Glc was a potent inhibitor of RANKL-induced NF-kB transcriptional activity as shown
by decreased luciferase activity. The osmotic control high L-Glc only slightly enhanced
luciferase activity. Taken together, these data suggest that D-Glc may exert its inhibitory action
on NF-«B via blockade of intracellular oxidant release.

High D-Glc decreases caspase-3 activity

To determine whether glucose alters RANKL-induced caspase-3 activity during
differentiation, RAW264.7 and BMM cells were analyzed for caspase-3 activity after
incubation with RANKL for 6 days in the presence and absence of high L-Glc or D-Glc. Figure
4A and B show that caspase-3 activity declined approximately 40 to 50% in cultures containing
high D-Glc, whereas activity in high L-Glc-treated cultures was similar to control. These data
suggest that, in addition to blockade of intracellular oxidant release, high D-Glc may inhibit
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RANKUL-induced osteoclast formation by decreasing caspase-3 activity through a metabolic
pathway.

High D-Glc reduces cell migration

The effect of high glucose on cellular function was analyzed using a migration assay.
RAW?264.7 cells were incubated under differentiation conditions and tested for their ability to
migrate into a wounded area (Figure 5A). In control cultures, cells migrated into and covered
the site within 6 days after wounding. In high D-Glc-treated cultures, however, fewer cells
migrated into the wound site and the number of cells covering the wound was decreased by
approximately 65% compared to control cultures. Migration was not significantly altered by
high L-Glc. Cells were also increased in the unwounded area in high D-Glc cultures, likely
due to their inability to migrate.

DISCUSSION

The present study provides the first evidence that high D-Glc inhibits RANKL-mediated
signaling events that lead to osteoclast differentiation and function. Incubation of osteoclast
progenitor cells with high D-Glc inhibited TRACP activity and CTR expression in a dose-
dependent manner. These findings correlated with inhibition of multinucleated osteoclast cell
formation as demonstrated by decreased TRACP staining, cathepsin K, MMP-9 and MMP-14
expression. This effect occurred with high D-Glc, but not with the osmotic control (high L-
Glc), and was associated with a decrease in ROS production, NF-xB transcriptional activity,
caspase-3 and migration capacity. These findings are novel and contribute to define a
mechanism for the altered bone turnover in diabetes that, in turn, may protect patients from
early bone loss or lead to increased bone mass in type 2 diabetes.

Bone mass is tightly regulated by osteoclastic and osteoblastic bone remodeling. The
contribution of glucose to bone remodeling in vivo is poorly understood. It is also unclear
whether hyperglycemia has a role in maintaining normal bone mass in some cases of diabetes,
and may protect against bone loss during early stages of the disease [9]. Although the role of
glucose in osteoblast differentiation and mineralization has been examined [10-14], little is
known regarding its effect on osteoclast differentiation and function. Our findings indicate that
high D-Glc inhibits osteoclastogenesis, likely by preventing the formation of pre-osteoclast
cells capable of fusing into multinucleated osteoclasts. RAW?264.7 cultures incubated with
high D-Glc showed a profound reduction in TRACP activity and TRACP-positive
multinucleated osteoclast-like cells compared to controls. RT-PCR analysis of high D-Glc-
treated cultures confirmed a substantial decrease in CTR and cathepsin K mRNAs, markers of
the mature osteoclast phenotype.

ROS including superoxide anion and hydrogen peroxide (H,O5) have been recognized as major
intermediaries in the formation and activation of osteoclasts in vitro and in vivo [21,22,28].
Recent studies indicate that RANKL-mediated ROS production serves to regulate RANKL
signaling pathways required for osteoclast differentiation [24,27]. In RAW264.7 and BMM
precursor cells, RANKL increases ROS, whereas expression of catalase in BMM cells blocks
RANKUL-induced ROS production and inhibits the formation of TRACP+ osteoclasts [28]. Our
findings show that RANKL-treated cultures have abundant DCF fluorescence intensity,
indicating oxidation by intracellular ROS and, in particular, peroxide such as H,O». In contrast,
high D-Glc markedly inhibited ROS generation. Similar results were obtained with DHE, an
indicator of intracellular superoxide generation. These effects correlated with the decreased
formation of multinucleated osteoclast-like cells in the TRACP assays and likely contributed
to the inability of these cells to differentiate in response to RANKL. Interestingly, in cultures
differentiated with RANKL for 6 days, ROS generation in mature osteoclasts was not altered
by the addition of high D-Glc. These findings suggest that, perhaps, D-Glc may affect osteoclast
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precursors undergoing differentiation to a greater extent than mature osteoclasts. In diabetes,
high glucose enhances oxidative stress within cells and tissues [2,38,39]. It is intriguing that

in osteoclasts, high D-Glc functions as an antioxidant factor by suppressing ROS production

rather than triggering oxidant production. To the best of our knowledge this is the first example
of such antioxidative action of D-Glc.

Previous studies have shown that ROS act as mediators in RANKL-induced signaling pathways
that involve NF-kxB. For example, pretreatment of osteoclasts with antioxidants reduced
RANKL-induced NF-xB, Akt/Protein Kinase B and ERK activation [27]. In our studies,
RAW264.7 cells transfected with a vector containing NF-xB response elements showed the
expected induction of reporter gene activity in response to H,O, and RANKL. Incubation of
the transfected cells with H,O» directly stimulated reporter activity, demonstrating that the
activity of the transcription factor is redox-sensitive. In high D-Glc-treated cells, RANKL-
induced NF-«B responsiveness declined to near basal levels observed in untreated cultures,
whereas little effect was seen in L-Glc-treated cultures. Taken together, these data suggest that
the decline in RANKL-induced NF-xB activity by high D-Glc may be due, in part, to the
reduction in ROS production observed under high D-Glc conditions.

Recent studies have shown that caspase-3 is required for RANKL-mediated osteoclast
differentiation [29]. RANKL induces cleavage of procaspase-3 to caspase-3 and increases
caspase-3 activity that, in turn, activates NF-kB. Szymczyk et al.[29] showed that RAW264.7
procaspase-3 knockdown cells fail to form mature TRACP+ osteoclasts and remain
mononuclear. We observed that high D-Glc inhibited caspase-3 activity in response to RANKL
in RAW264.7 and BMM cells and this correlated with a predominance of mononuclear cells
in cultures and decreased activation of NF-xB. The combined decreased of caspase-3 and ROS
by high D-Glc, both of which converge on NF-xB, may contribute to the high D-Glc-mediated
inhibition of RANKL-induced NF-«xB activity.

MMPs are important for normal bone development and remodeling. MMP-9 expression by
pre-OCs is obligatory for their migration to the developing bone marrow cavity [40]. During
differentiation, RANKL increases MMP-9 that facilitates migration of osteoclastic cells toward
the bone surface and initiation of bone resorption [41,42]. Cell culture and animal studies have
shown that high glucose is a potent inhibitor of MMPs [43]. Our findings indicate that RANKL
increases MMP-9 [44] and MMP-14 mRNA expression in RAW264.7 cultures during
osteoclast formation and that high D-Glc but not high L-Glc inhibited this effect. Inhibition of
MMPs by high D-Glc correlated with its effect on cell migration. In RAW264.7 cultures
incubated with RANKL or RANKL plus high L-Glc, cells migrated into the wounded area,
whereas cells incubated with RANKL plus high D-Glc showed impaired migration. In addition,
cell proliferation was enhanced by D-Glc whereas it was slightly reduced by L-Glu (data not
shown), indicating that the inhibitory effect of D-Glc on migration is not related to an inhibition
of cell proliferation. It is tempting to speculate that high levels of extracellular glucose in
diabetes increases a pool of defective osteoclast progenitors with decreased MMP expression
that, in turn, prevents their migration within the marrow to sites for osteoclast differentiation
and bone resorption.

In summary, this study indicates for the first time, that high D-Glc acts through a metabolic
pathway to inhibit RANKL-mediated osteoclast differentiation and function (Figure 6). Our
data suggest that high D-Glc interferes with RANKL signaling by reducing ROS production,
caspase-3 and NF-kB activation. Recently, advanced glycation end products (AGES) that
accumulate with aging in bone tissues of diabetics have been identified as inhibitors of
osteoclast formation and resorption [45]. Taken together with our findings, it is possible that
high glucose and AGES may act in concert to prevent excessive osteoclast-mediated bone loss
in some cases of diabetes. The precise factors that participate in the development of bone loss
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diabetes requires further study. Our data provide new insight into the biologic effects of

glucose on osteoclastogenesis and may suggest novel therapeutic strategies designed to

en

hance skeletal integrity in diabetes.
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Figure 1. Effect of glucose on TRACP activity

RAW?264.7 cells were seeded at a density of 1x104 cells/cm? and incubated 6 days in: alpha-
MEM, 2% FCS (untreated), differentiation medium (RANKL 50ng/ml; control),
differentiation medium with L-Glc or differentiation medium with D-Glc (10mM and 25 mM
in A; 25 mM in B). The medium was changed every 2 days. A) TRACP assay. TRACP activity
was assayed using p-nitrophenyl phosphate as a substrate and the optical density at 405 nm
was determined by spectrophometry (100ul final). B) TRACP histochemical stain. Cells were
fixed and stained to identify TRACP-positive multinucleated cells (arrows). Photomicrographs
of TRAP stained cultures are representative of three independent experiments. Values are
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means +/— S.E. of three independent experiments. a (p)<0.001, b (p)<0.05, ¢ (p)>0.05 vs
untreated cells; d (p)>0.05, e (p)<0.01, f (p)< 0.001 vs control cells.
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Figure 2. Effect of glucose on expression of osteoclast markers
A) Cells were incubated under the same conditions described in Figure 1A. Total RNA was
extracted and subjected to RT-PCR for CTR. B) Cells were incubated under the same
conditions described in Figure 1B. RT-PCR for CTR, cathepsin K, MMP-9 and MMP-14.

Representative results of RT-PCR analysis were obtained from three independent experiments.
C) Semi-quantitative analysis of osteoclast marker expression shown in B. Values are means
+/— S.E. of three independent experiments. a (p)<0.05; b (p)<0.001 vs control cells or L-Glc-

treated cells.
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Figure 3. Effect of glucose on ROS production and NF-kB-dependent luciferase activity
Analysis of ROS production. A-D) RAW264.7 cells were seeded into chamber slides and
incubated in differentiation medium with or without 25 mM L-Glc or D-Glc for 6 days or E)
incubated in differentiation medium alone for 6 days and then treated or not treated with 25
mM L-Glc or D-Glc for 24 hr. A,C) Phase contrast and corresponding DCF-DA fluorescence
(A) and DHE fluorescence (C) of cultures. ROS production was visualized at 10-20X
magnification using inverted fluorescent optic microscope (A) or with a confocal laser scanning
fluorescence microscope (C). Photomicrographs are representative of three independent
experiments. B,D) Quantification of DCF-DA or DHE fluorescence intensity shown in A and
C, respectively. Values are means +/— S.E. of three independent experiments. a (p)<0.001 vs
control cells or L-Glc-treated cells. NF-xB-dependent luciferase activity in RAW?264.7 cells.
Cells were transfected after 4 days of culture with 80 ng/cm? of NF-xB-RE/pGL3 Basic-
luciferase vector and luciferase activity was assayed on day 6. F) Analysis of luciferase activity
after H,O5 treatment for 24 hr. G) Analysis of luciferase activity in cultures treated for 6 days
with or without 25 mM L-Glu or D-Glc. Values are means +/— S.E. of three independent
experiments. b (p)<0.001 vs untreated cells, ¢ (p)<0.01 vs control cells; d (p)<0.001 vs control
cells or L-Glc-treated cells; e (p)>0.05 vs untreated cells.
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Figure 4. Effect of glucose on caspase-3 activity
Cells were seeded in 6 well/plates (1x10° and 5x10° cells/well for RAW264.7 cells and BMM,
respectively) and incubated in differentiation medium with or without 25 mM L-Glc or D-Glc.
A) Measurement of caspase-3 activity. On day 6, cells were washed with ice-cold PBS, and
lysed in ice-cold lysis buffer. For each condition, an equal amount of soluble protein was
incubated with 50 uM of a caspase fluorogenic substrate, with or without 50 uM of a specific
caspase-3 inhibitor. The cleavage of substrates was analyzed by a fluorometer at 460 nm.
Values are means +/— S.E. of three independent experiments. a (p)<0.05 vs control or L-Glc-

treated cells.
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Figure 5. Effect of glucose on cell migration

A) RAW264.7 cells were seeded at a density of 1x104 cells/cm? and incubated with mrRANKL
(50ng/ml) for 12 days in the presence or absence of high L-Glc or high D-Glc. The medium
was changed every 2 days. On day 6, cell monolayers were wounded, washed three times with
serum-free a-MEM medium and continued for 6 additional days. Photomicrographs are
representative of three independent experiments. B) Cells present in wounded area were
counted on day 12. Values are means +/— S.E. of three independent experiments. a (p)>0.05
vs control; b (p)<0.001 vs control or L-Glc-treated cells.
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Figure 6. Hypothesis of potential mechanism(s) involved in high D(+) glucose-mediated inhibition
of osteoclastogenesis
—— Data from our study ~ —— - Data from literature

Bone. Author manuscript; available in PMC 2009 June 15.



Page 20

Wittrant et al.

,€ ©1019001611000060€e0 ,§

09 0C 68 € 198006 eboeeeieaded g . 81
L€ 01e9218001L1666118306 ,5 _

09 0g T€E ,€ efoee)oneoeelnyoahb g + YT-dAIN
,€ e1610006666eehbEeeIbe g _

09 0¢ 9G¢ ,& Beoedoeeh)oeeoeddedd ,g + 6-dINIA
,€ orereofebeherdohehad ,q _

09 or4 4313 ,€ efeabeabifoereeoond g + > uisdayied
,€ Beryoheahno1000e06 |5 _

GS Se €8¢ ,€ eojeonebBhooehiernd g + Tl

Dol $919AD azIS saouanbag puens saua9)

‘Suonipuod YoOd pue saJuanbas Jawiid
T 9l|qel

NIH-PA Author Manuscript

NIH-PA Author Manuscript

NIH-PA Author Manuscript

Bone. Author manuscript; available in PMC 2009 June 15.



