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Abstract
The present study uses the osteoclast precursor clonal line, HD-11EM, to study the potential of
hydrogen peroxide (H2O2) in mediating the differentiation of HD-11EM into osteoclast-like cells.
HD-11EM cells are a newly established clonal cell line that, in response to 1α,25-(OH)2D3,
differentiate into osteoclast-like cells that are multinucleated (more than three nuclei), express
tartrate-resistant acid phosphatase (TRAP), and excavate resorption pits when cultured on dentin
slices in the presence of osteoblasts (Hsia et al., 1995, J. Bone Miner. Res., 10(Suppl 1):S424; Hsia,
and Hauschka, 1997, unpublished data). Here we demonstrate that HD-11EM express the reduced
nicotinamide adenine dinucleotide phosphate (NADPH)-oxidase specific cytochrome b558 subunits,
and that stimulation of HD-11EM with 1 or 10 nM 1α,25-(OH)2D3 increases the extracellular release
of H2O2 within 5–10 min. Ours is the first report that stimulation of a cell with 1α,25-(OH)2D3
enhances the activation of NADPH-oxidase and increases the basal release of superoxide and the
formation of its dismutation product, H2O2. To determine the possible involvement of H2O2 in the
differentiation of HD-11EM, these cells were exposed to glucose/glucose oxidase. This enzyme
system was used to deliver a pure and continuous source of H2O2 in nanomole amounts consistent
with quantities produced by HD-11EM in response to 1α,25-(OH)2D3. Both 1α,25-(OH)2D3 and the
exogenously generated H2O2 stimulated a dose- and time-dependent increase in TRAP activity/cell
and the number of multinucleated cells 24–48 hr after treatment. Northern analysis confirmed an
increase in expression of TRAP mRNA in response to either 1α,25-(OH)2D3 or H2O2. Decreases in
cell proliferation and v-myc mRNA were also observed in response to these agents. Taken together,
our findings indicate that production of H2O2 by HD-11EM is an important local factor involved in
differentiation of HD-11EM into osteoclast-like cells, and suggest that H2O2 may play a role in native
osteoclast differentiation.

Osteoclasts are the principal cells responsible for bone resorption (Chambers and Horton,
1984), and maintenance of skeletal mass is dependent on the formation and functional
activation of these cells. Osteoclasts are generally believed to be derived from hematopoietic
bone marrow progenitor cells, which have the capacity to differentiate and circulate in the
blood as mononuclear osteoclast precursors (Fischman and Hay, 1962; Gothlin and Ericsson,
1973; Walker, 1973, 1975; Kahn and Simmons, 1975; Coccia et al., 1980). Maintaining skeletal
mass is therefore dependent on the continuous recruitment of osteoclast precursors from the
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blood to bone surfaces. At or near bone surfaces, the mononuclear osteoclasts undergo further
differentiation, and fuse to form the classic multinucleated osteoclast capable of resorbing
bone. Although progress has been made in unraveling the basic cellular mechanisms that
regulate the formation and activity of osteoclasts, our understanding of how they differentiate
from hematopoietic bone marrow progenitors and become functionally active is incomplete
(for review see Marks, 1983; Zaidi et al., 1993b; Roodman, 1995; Athanasou, 1996; Suda et
al., 1997).

Advances in our understanding of osteoclast differentiation are based in part on the introduction
of methods for the isolation and long-term culture of osteoclast bone marrow progenitor cells
(Testa et al., 1981; Burger et al., 1982; Suda et al., 1997). However, osteoclast progenitor cells
are not readily identifiable and are often a subpopulation of cells that may vary from preparation
to preparation. In addition, most long-term culture systems suffer from the problem of being
heterogeneous populations of cells, including osteoblasts and stromal cells, making it difficult
to study the actual signaling pathways and responses of the osteoclast population to osteotropic
hormones or local factors.

Another approach in the study of osteoclast differentiation has been to develop clonal cell lines
from bone marrow progenitor cells, which have a high potential to differentiate into osteoclast-
like multinucleate cells when cultured in the presence of osteotropic or neuroendocrine
hormones (Gattei et al., 1992; Chambers et al., 1993; Shin et al., 1995; Hsia et al., 1995;
Frediani et al., 1996; Hsia and Hauschka, unpublished data). However, none of these cell lines,
despite showing osteoclast-like characteristics, have been shown to excavate resorption
lacunae when incubated on slices of bone or dentin. Hsia and Hauschka (Hsia et al., 1995; Hsia
and Hauschka, unpublished data) have recently developed a clonal cell line designated
HD-11EM from the polyclonal v-myc-transformed myelomonocytic cell line, HD-11 (Beug et
al., 1979). The HD-11EM clonal line shows a high potential to differentiate into osteoclast-
like cells in response to the osteotropic hormone, 1α,25-dihydroxyvitamin D3 (1α,25-
(OH)2D3). A significant percentage of the cells that form in response to 1α,25-(OH)2D3 are
multinucleated, express tartrate-resistant acid phosphatase (TRAP), and excavate resorption
pits when cultured on dentin slices in the presence of chicken osteoblasts (Hsia and Hauschka,
unpublished data). The HD-11EM clonal line is therefore appropriate for studying the signaling
pathways and responses of osteoclast precursors to osteotropic hormones or local factors that
can influence their differentiation. Although the HD-11EM is an avian cell line, and the number
of calcitonin receptors that are present on mature avian osteoclasts is known to be significantly
less than those present on rat osteoclasts, we feel this is an appropriate line to study osteoclast
differentiation, given that avian and mammalian osteoclasts demonstrate more similarities than
differences in their responses to various hormones and in their resorptive activity (for review
see Osdoby et al., 1992).

The differentiation and activity of osteoclasts are influenced by a number of osteotropic
hormones, cytokines, and local factors (for review see: Zaidi et al., 1993b; Roodman, 1995;
Suda et al., 1995, 1997; Manolagas, 1995; Athanasou, 1996). Among the osteotropic hormones,
1α,25-(OH)2D3 acts mainly by enhancing the differentiation of committed osteoclast
precursors, and the addition of 1α,25-(OH)2D3 is required for the formation of osteoclasts in
in vitro long-term cultures containing osteoblasts or stromal cells (Raisz et al., 1972; Bar-Shavit
et al., 1983; Roodman et al., 1985; Takahashi et al., 1988; Udagawa et al., 1990; Quinn et al.,
1994). In addition to the more accepted role of an indirect action of 1α,25-(OH)2D3 on the
expression of local factors by osteoblasts or stromal cells, studies with HD-11EM cells indicate
that 1α,25-(OH)2D3 can act directly on osteoclast precursors to stimulate osteoclast formation
(Hsia et al., 1995; Hsia and Hauschka, unpublished data).
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One local factor that may be involved in regulation of osteoclast differentiation is the
production of reactive oxygen species (ROS), including superoxide and H2O2, originating from
endothelial cells, stromal cells, and osteoclasts themselves. Garrett et al. (1990) initially
reported ROS production by mature osteoclasts, as measured by the reduction of nitroblue
tetrazolium (NBT), in mouse calvarial cultures in response to exogenous parathyroid hormone,
interleukin-1, tumor necrosis factor, and 1α,25-(OH)2D3. These investigators also correlated
production of ROS with osteoclast formation and activation, noting that addition of superoxide
dismutase (SOD), which depletes superoxide, blocked NBT reduction and formation of
additional osteoclasts. Catalase, which removes H2O2, had no effect in their studies. In contrast,
Suda et al. (Suda, 1991; Suda et al., 1993) found that addition of catalase inhibited the number
of osteoclast-like cells formed from progenitor cells in mouse calvarial organ cultures
stimulated with 1α,25-(OH)2D3. Addition of exogenous H2O2 to their cultures overcame the
effect of catalase, whereas addition of SOD, which would also increase the amount of H2O2,
increased the number of osteoclast-like cells. The relative contributions of superoxide and/or
H2O2 toward the differentiation of osteoclasts from progenitor cells remain unclear, as do the
cellular origins of ROS and the regulating mechanisms of osteotropic hormones and local
factors in stimulating ROS production.

The present study tests the hypothesis that production of a local factor(s) by HD-11EM cells
in response to 1α,25-(OH)2D3 mediates the differentiation of HD-11EM into osteoclast-like
cells. We were able to establish that one of the early local factors produced by HD-11EM cells
in response to 1α,25-(OH)2D3 was H2O2, and that treatment of the HD-11EM cells with
glucose/glucose oxidase, a pure H2O2 generation system, alone stimulated an increase in TRAP
mRNA expression, TRAP activity/cell, and multinucleated cell formation 24–48 hr after
treatment. These results implicate H2O2 as being integrally involved in the 1α,25-(OH)2D3-
mediated differentiation of HD-11EM into osteoclast-like cells.

MATERIALS AND METHODS
4B-Phorbol-12-myristate-13-acetate, SOD (type I from bovine erythrocytes), ferricytochrome
c (horse heart), ethylenediaminetetraacetic acid, scopoletin, horseradish peroxidase (type II),
3-amino-1,2,4-triazole, catalase (10,000–25,000 units per mg protein from bovine liver,
thymol-free), Naphthol AS-BI Phosphate, Fast Red Violet LB salt, and L(+)tartaric acid were
obtained from Sigma Chemical Co., St. Louis, MO. All other chemicals, unless otherwise noted
were from Fisher Scientific (Fairlawn, NJ).

Culture of HD-11EM cells
The HD-11EM clonal cell line (Hsia et al., 1995) was kindly provided by Drs. Yi-Jan Hsia and
Peter V. Hauschka (Children’s Hospital, Boston, MA), and was derived from the original
HD-11 line of v-myc transformed chicken bone marrow cells (Beug et al., 1979) obtained from
Dr. John S. Adams (UCLA School of Medicine, Los Angeles, CA). Cells were maintained in
75-cm2 tissue culture flasks (Falcon Becton Dickinson Labware, Franklin Lanes, NJ) in
Dulbecco’s modified Eagle’s medium (DMEM/F12; Sigma D-8900, Sigma) 200 ml
supplemented with 1.5 ml penicillin-streptomycin (15070-014, Gibco BRL, Grand Island,
NY), 0.1 ml of Fungizone (Gibco BRL 15295-017), 1.5 ml of l-glutamine (25030-016, Gibco
BRL), and 10% heat-inactivated fetal calf serum (FCS) (Hyclone, Logan, UT) at 37°C in a
humidified atmosphere of 5% CO2 and 95% air. The cells did not survive in medium
supplemented with 0.5% FCS. Cells were passaged once a week before reaching confluency
by transferring 0.3 ml of the 1 ml of trypsinized cells to 20 ml of fresh medium containing 10%
heat-inactivated FCS, and were fed 2–3 days after passage by complete media replacement.
After approximately 60 doublings (3 months), cultures were replaced with cells from early
passage stocks that had been frozen.
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Tartrate-resistant acid phosphatase (TRAP) histochemistry
HD-11EM cells were plated at a density of 3 × 104 cells/well in a 6-well tissue culture plate
(Falcon 3046; Becton Dickinson Labware), and cultured in DMEM/F12 supplemented with
10% heat-inactivated FCS. 1 or 10 nM 1α,25-(OH)2D3 (Biomol; Plymouth Meeting, PA) or
vehicle [0.05% (v/v) final ethanol concentration] was added 3 days later when the cells reached
30–40% confluence. After 0, 6, 24, or 48 hr of culture, the cells were washed 2× in warm 37°
C phosphate-buffered saline (PBS) without Ca2+ and Mg2+(138 mM NaCl, 2.7 mM KCl, 16.2
mM Na2HPO4, 1.47 mM KH2PO4, and 7.5 mM D-glucose, pH 7.35), and fixed for 5 min in
fresh room temperature 0.5% paraformaldehyde containing 0.05% Triton X-100. To determine
TRAP activity, the TRAP histochemical method was performed as reported by Cole and
Walters (1987); 2 ml of histochemical media (pH 5.0) containing 50 mM tartrate, naphthol
AS-BI phosphate (1 mg/ml), and the coupling dye fast red violet LB salt (2 mg/ml) were added
to each well. The plates were incubated for 70 min at 37°C in a humidified atmosphere of 5%
CO2 and 95% air. After incubation for 70 min, the histochemical media was discarded, the
plates were washed in running tap water for 5 min, and then emptied. The cells were counter-
stained with dilute Harris hematoxylin. Cells containing TRAP activity (regardless of number
of nuclei), and observed as cells containing red precipitate, were counted from four randomly
selected fields under an inverted light microscope (40×) and expressed as a percentage of the
total cells counted in each field. The total number of cells per field, the number of TRAP stained
cells, and the number of multinucleated cells (three or more nuclei) were counted using a
computer-based image analysis program (Image Pro Plus provided by Phase 3 Imaging
Systems, Milford, MA); images of the selected fields were acquired using a Sony DXC970MD
three-chip color video camera mounted on a Zeiss IM inverted microscope.

Tartrate-resistant acid phosphatase activity assay
The relative amount of TRAP activity/cell was determined following the method of
Modderman et al. (1991). HD-11EM were incubated and stimulated as described for the
histochemical assay, except the coupling dye fast red violet LB salt was eliminated. After
incubation for 70 min, the cells were washed for 5 min in running tap water, the plate was
emptied and tapped upside-down on an absorbent pad to remove all liquid. The naphthol
product was extracted by adding 0.5 ml of 0.1 N NaOH (pH 12.0) to each well, the plates were
allowed to sit for 5 min at room temperature, then the plate was scraped (Fisher cell lifter
08-773-1) to ensure complete cell extraction from each well, and the cell extract was transferred
to a 1.5-ml Eppendorf tube. The procedure was repeated for each well, and the combined
sample extractions were added to the appropriate Eppendorf tubes. The tubes were centrifuged
for 10 min at 10,000 RPM to remove insoluble debris. Triplicate aliquots (200 µl) of each
sample were placed in a 96-well cytoplate (CFCPN9610, Millipore Corporation; Bedford, MA)
and the fluorescence was read at an excitation wavelength of 360 ± 40 nm and an emission
wavelength of 530 ± 25 nm (Cytofluor 2350, Perseptive Bio-systems, Inc.; Cambridge, MA).
Fluorescent emission of HD-11EM cell extracts after 70 min of incubation in the absence of
substrate was equal to background fluorescent emission of 0.1 N NaOH, and was subtracted
from each sample. The substrate itself had negligible fluorescence before and after incubation,
so only the naphthol product was detectable as previously described (Modderman et al.,
1991). Cell numbers were determined by counting cells in duplicate plates receiving the same
stimulation media. The amount of product is reported as arbitrary units of fluorescence
intensity/cell.

Cell counts and viability
At specified times, cells were washed in Ca2+- and Mg2+-free Hanks’ (HEPES) N-2-
hydroxyethylpiperazine-N′-2-ethanesulfonic acid, released from the dish by trypsinization
(Gibco BRL 25300-054), diluted in 10× PBS without Ca2+, and cell numbers were determined
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using a Coulter counter. Viability was determined using trypan blue exclusion according to the
method of Kruse and Patterson (1973).

NADPH-oxidase immunocytochemistry
Cells were immunostained using standard indirect avidin-biotin techniques (Hsu et al., 1981)
(Vectastain ABC-Elite, Vector Laboratories, Burlingame, CA) with mouse monoclonal
antibodies (mAb) subclass IgG1 that recognize (1) human neutrophil cytochrome b558 alpha-
and beta-subunits (449 and 48, respectively, 1:50 dilution, generous gift of Dr. Arthur
Verhoeven, University of Amsterdam, The Netherlands) (Verhoeven et al., 1989); (2) muscle-
specific actin (HHF-35, 1:1000 dilution) (Tsukada et al., 1987) (Enzo Biochem., Inc., New
York, NY). The cells were initially incubated in 1 ml of a solution of 50 ml of 3% H2O2 and
200 ml of methanol for 20 min at room temperature (RT) to inhibit endogenous peroxidase
activity. They were next incubated in 1 ml of 5 or 10% nonimmune horse or goat serum at RT
for 20 min, then incubated with mAb solution at RT for 90 min or at 4°C for 15 hr. Biotinylated
anti-mouse IgG (H + L) produced in horse (BA-2001, Vector Laboratories) was used to detect
the bound mouse mAbs (RT for 60 min). This step was followed by incubation with avidin-
biotin labeled-peroxidase and finally 0.1 M Tris buffer, pH 7.6, containing 2.5 mM 3,3′-di-
aminobenzidine tetrahydrochloride (DAB) and 0.02% H2O2 at RT for 2–4 min. Cells were
counterstained with dilute Harris hematoxylin.

Ferricytochrome c assay for superoxide release
Superoxide production by the membrane associated NADPH-oxidase complex and release into
the medium was measured at various intervals of time over a period of 2 hr at 37°C using the
SOD-inhibitable reduction of ferricytochrome c (Cohen and Chovaniec, 1978). Data are
presented for 30-min incubations. After 3 days in culture, the HD-11EM were washed in 37°
C PBS without Ca2+ and Mg2+, then stimulated optimally for 20 min at 37°C in media
containing 0, 1, or 10 nM 1α,25-(OH)2D3. The stimulation medium was discarded, and the
cells were washed in 37°C PBS without Ca2+ and Mg2+. The assay mixture (2.5 ml) consisting
of PBS, 0.04 mM ferricytochrome c, and where appropriate 241 U of SOD was added to remove
superoxide, and the cells were incubated at 37°C. Addition of SOD resulted in an absorbance
less than the vehicle-treated cells under all conditions of stimulation and was used as the
baseline for that condition. Absorbances for duplicate well samples of each condition were
read at 550 nm (ΔEm = 2.1 × 104 M−1 cm−1). The stimulation step was done separately, because
1α,25-(OH)2D3 interfered with the absorbance measurements for reduced ferricytochrome c.

Scopoletin assay for hydrogen peroxide generation
Hydrogen peroxide generation, resulting from the dismutation of superoxide, was measured
continuously in the extracellular medium by following the oxidation of scopoletin over a period
of 2 hr, using the method of Root et al. (1975) with the plate assay modification of Harpe and
Nathan (1985). After 3 days, the cells were washed in warm 37°C PBS without Ca2+ and
Mg2+, and 1 or 10 nM 1α,25-(OH)2D3 was added directly to the assay mix. The 37°C assay
mixture (2.5 ml) contained PBS with 7.5 mM glucose, 4 µM scopoletin, 2 U of horse-radish
peroxidase, 241 U of SOD, and 10 mM 3-amino-1,2,4-triazole (ATZ). ATZ was added to
inhibit intracellular catalase, which converts membrane permeable H2O2 to H2O and O2.
Inhibition of catalase improved assay reproducibility. Scopoletin oxidation by horseradish
peroxidase in the presence of H2O2 was detected as a decrease in fluorescence emission of
scopoletin at 450 ± 50 nm; excitation wavelength of 360 ± 40 nm (Cytofluor 2350, Perseptive
Biosystems, Inc., Cambridge, MA). Fluorescence is read from the bottom of a 6-well plate
containing the adherent HD-11EM cells. The H2O2 detected by this procedure is an
underestimate, because fluorescence is quenched by the plastic and adhered cell layer, and an
unknown amount of H2O2 passively enters the cells and escapes detection. Using the same
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assay mix to quantify production of H2O2 by glucose oxidase, less interference was observed
because the adhered cell layer was absent.

Northern analysis for TRAP mRNA and v-myc mRNA
Total RNA was isolated by extraction of 3 × 105 cells/100 × 20 mm tissue culture dish in
guanidinium thiocyanate (Sigma) and phenol/chloroform as described (Chomczynski and
Sacchi, 1987). After isolation, RNA was ethanol precipitated, dissolved in 1 mM EDTA, and
stored at −20°C. Quantity and purity were assessed by absorbance at 260 and 280 nm. RNA
(20 µg) samples were separated on a 1% agarose (SeaKem GTG; FMC BioProducts; Rockland,
ME), 1.1 M formaldehyde gel, and transferred by blotting onto nitrocellulose membranes (0.45
µm Protran 4 × 5.25 in; Schleicher & Schuell Inc.; Keene, NH) (Meinkoth and Wahl, 1984).
Equivalent loading of RNA samples was confirmed by ethidium bromide staining of the
ribosomal bands. The nitrocellulose membranes were baked, prehybridized, and hybridized
with 32P-labeled cDNA probes (5–10 × 106 CPM/ml). Hybridization conditions were: 5×
Denhardt’s solution without added BSA, 50% formamide (American Bioanalytical, Natick,
MA), 50 mM Tris-Cl (pH 7.5), 800 mM NaCl, 0.1% Na pyrophosphate (Sigma), 10% dextran
sulfate (Sigma), 100 µg/ml fish sperm DNA and 5% SDS (Bio-Rad Laboratories, Life Science
Group, Hercules, CA). Probes were labeled with [α-32P]dCTP (DuPont New England Nuclear;
Wilmington, DE) by random primer extension (Oligolabelling kit; ProbeQuant G-50 columns;
Pharmacia Biotech., Piscataway, NJ) (109 CPM/µg DNA). The cDNA probes used were a
human TRAP cDNA clone (generous gift of Drs. Yi-Ping Li and Philip Stashenko, Forsyth
Dental Center; Boston, MA); and a murine c-myc cDNA clone (Dr. K. Marcu, State University
of New York, Stony Brook). Where indicated, mRNA levels were quantified by scanning
densitometry (Arcus II flatbed scanner; AGFA). The autoradiogram band densities were
analyzed using NIH Image version 1.7 software (Wayne Rasband, National Institutes of Health,
Bethesda MD). The expression of actin and GAPDH are not constant during differentiation of
hematopoietic cells (Larsson et al., 1994), so band densities were normalized to the constitutive
expression of the 28S ribosomal RNA ethidium bromide signal from the same gel lane.

Data analysis
Adequate HD-11EM samples were plated for each experiment so that duplicates of all
treatments could be evaluated at the same time. Data are expressed as the mean ± SEM. To
eliminate the day-to-day fluctuations in assay fluorescence or absorbance and to evaluate the
treatment effects, the data were grouped by experiment and time point for statistical analysis.
Statistical significance of differences between the vehicle-only (control) and treatment values
for an individual experiment and time point was determined by a pairwise comparison of
correlated groups using Student’s t test from the GB-STAT statistics software version 5.4.1.

RESULTS
Stimulation of HD-11EM cells with 1α,25-(OH)2D3

Stimulation of exponentially growing HD-11EM cells with 1α,25-(OH)2D3 was performed in
medium for 48 hr, or in PBS for 20 min. The cells were plated at a density of 3 × 104 cells/
well (6-well plate) in 2.5 ml of DMEM/F12 medium supplemented with 10% heat-inactivated
FCS. Three days later, cells were treated with vehicle [0.005% (v/v) final ethanol
concentration] or 1 or 10 nM 1α,25-(OH)2D3 in medium (no media change after initial 3 days
in culture) for 48 hr, or in PBS for 20 min. Cells treated in PBS for 20 min with vehicle or 1α,
25-(OH)2D3 subsequently received fresh media without added 1α,25-(OH)2D3. Stimulation in
PBS for 20 min was also used to assess the ability of 1α,25-(OH)2D3 to induce HD-11EM
differentiation in the absence of serum and its 1α,25-(OH)2D3 binding factors.
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Histochemical staining for TRAP activity and multinucleated cell formation in response to
1α,25-(OH)2D3

1α,25-(OH)2D3 has been reported to induce the differentiation of HD-11EM into osteoclast-
like cells (Hsia et al., 1995; Hsia and Hauschka, unpublished data). To confirm and extend the
findings of Hsia and Hauschka (unpublished data), the differentiation of HD-11EM into
osteoclast-like cells in response to 1α,25-(OH)2D3 was determined over time using both long-
and short-term conditions of stimulation. TRAP activity and multinucleated cell formation
were used as indicators of osteoclast formation. High levels of TRAP expression are believed
to be restricted to the osteoclast under normal physiologic conditions; therefore expression of
this enzyme is an important marker of osteoclast differentiation (Hammarstrom et al., 1971;
Minkin, 1982; van de Wijngaert and Burger, 1986; Clark et al., 1989). Forty-eight hours after
stimulation with 0, 1, or 10 nM 1α,25-(OH)2D3, the cells were washed, lightly fixed in 0.5%
paraformaldehyde, and counterstained with Harris hematoxylin. Nuclei were round, and
stained lightly except for prominent nucleoli. The number of cells containing TRAP activity
and the number of multinucleated cells were counted from four randomly selected fields, and
are expressed as a percentage of the total cells counted in each field. Approximately 17 ± 5%
of the cells receiving vehicle only stained positive (red) for TRAP activity after 48 hr (Fig.
1A). An occasional multinucleated cell was observed in these cell preparations. Treatment with
10 nM 1α,25-(OH)2D3 dramatically increased multinucleated cell formation to three to four
per field, and increased the percentage of the cells staining positive for TRAP activity to 72 ±
8% (Fig. 1B). TRAP activity was observed in 64 ± 2% of the cells after 1 nM 1α,25-
(OH)2D3 stimulation. In addition to the increased percentage of cells staining for TRAP
activity, there was an observable increase in the intensity of staining in individual cells that
was uniform from one cell to another in response to either 1 or 10 nM 1α,25-(OH)2D3.

Similarly, TRAP activity at 48 hr was observed in 59 ± 6% of cells stimulated with 1 nM 1α,
25-(OH)2D3 in PBS for 20 min, and 87 α 6% stimulated with 10 nM 1α,25-(OH)2D3. Of the
cells receiving vehicle in PBS for 20 min, 36 ± 7.5% of the cells contained TRAP activity. The
elevated percentage of cells containing TRAP activity after a short PBS incubation in the
absence of 1α,25-(OH)2D3 stimulation may reflect the basal H2O2 production effect on TRAP
activity (Fig. 4B) under conditions where no antioxidants contributed by serum or medium are
present.

Quantitative measurements of TRAP activity/cell at 0, 6, 24, and 48 hr after stimulation with
1α,25-(OH)2D3

To further evaluate the effects of 1α,25-(OH)2D3 on TRAP activity/cell, quantitative
measurements were performed at 0, 6, 24, and 48 hr after stimulation. As the results given in
Figure 2A,B indicate, stimulation of the cells with 1α,25-(OH)2D3 resulted in a concentration-
and time-dependent increase in TRAP activity/cell, although some variation in the response of
HD-11EM to 1α,25-(OH)2D3 was observed depending on the condition of stimulation. TRAP
activity in HD-11EM cells stimulated with 1 or 10 nM 1α,25-(OH)2D3 in medium peaked at
24 hr (Fig. 2A). In contrast, TRAP activity of HD-11EM cells stimulated in PBS for 20 min
was increased at 24 hr, and continued to increase through 48 hr (Fig. 2B). The amount of basal
TRAP activity also varied with the conditions of stimulation. Cells treated with vehicle in
medium had a lower basal TRAP activity compared with cells treated in PBS for 20 min (Fig.
2A,B).

Regardless of whether the cells were stimulated 48 hr in medium or only 20 min in PBS, there
was a consistent increase in TRAP activity/cell in response to 1α,25-(OH)2D3, which was not
observable until 24 hr after stimulation. The units of TRAP activity/cell correlated with the
TRAP histochemical findings (Fig. 1) for both the time of appearance and the percentage of
cells that contained TRAP staining. These findings also corroborate the histochemical finding
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that stimulation with 1α,25-(OH)2D3 for 20 min in serum-free medium is sufficient to induce
TRAP activity 48 hr after treatment.

Cell counts 0, 24, and 48 hr after 1α,25-(OH)2D3 treatment
Another indicator of differentiation is a decrease in cell proliferation. The cell numbers at 0 hr
equaled 3.0–4.0 × 105 cells/well. At 24 hr, the number of cells receiving vehicle equaled 6–9
× 105 cells/well, which correlated with the cell doubling time of 22 hr. Treatment of HD-11EM
with 1 nM or 10 nM 1α,25-(OH)2D3 suppressed proliferation at 24 hr compared with cells
receiving vehicle only, although the decreases were not significant (P = 0.18). By 48 hr, there
was a significant 5–15% reduction in cell proliferation in response to 1 or 10 nM 1α,25-
(OH)2D3, respectively (P = 0.002; P = 0.003), approximating 0.5 to 1.5 × 105 fewer cells
compared with the 1.0–1.5 × 106 cells/well for cultures receiving vehicle only. Cell viability
observed by trypan blue exclusion was unaffected (>95% viable) by any of the treatments. The
measured decrease in cell proliferation without loss of viability supports the inference that
1α,25-(OH)2D3 treatment leads to the increased differentiation of HD-11EM cells.

HD-11EM cells contain the NADPH-oxidase cytochrome b558 subunits
The NADPH-oxidase enzyme complex is responsible for production of extracellular
superoxide in activated mature phagocytes and osteoclasts (Babior et al., 1973; Steinbeck et
al., 1994). To confirm the presence of NADPH-oxidase in HD-11EM cells,
immunocytochemical studies were performed using mAbs recognizing epitopes on the p22-
phox and gp91-phox subunits of cytochrome b558 (Verhoeven et al., 1989). This cytochrome
is unique to the NADPH-oxidase system (Parkos et al., 1987). After 3 days in culture the
unstimulated cells were fixed and immunocytochemistry was performed. Immunostaining was
observed in HD-11EM cells incubated with mAb recognizing the cytochrome b558 subunits.
Figure 3B shows the brown oxidized-DAB immunoperoxidase positive staining observed in
response to the mAb recognizing gp91-phox. No immunostaining was observed in the absence
of mAb (Fig. 3A) or when a control mAb (HHF-35) of the same subclass IgG1 was used (data
not shown). HHF-35 recognizes smooth muscle cell specific actin.

Superoxide production by HD-11EM cells in response to 1α,25-(OH)2D3
The presence of the NADPH-oxidase subunits indicated these cells were probably capable of
producing superoxide if an appropriate stimulus was added to induce the activation or assembly
of the various subunits of this enzyme system. To determine whether 1α,25-(OH)2D3 could
activate NADPH-oxidase, the production of superoxide by HD-11EM cells in response to 1α,
25-(OH)2D3 was measured using the SOD-inhibitable ferricytochrome c reduction assay, a
biochemical method specific for superoxide (Cohen and Chovaniec, 1978). Addition of SOD,
which removes superoxide, inhibited the reduction of ferricytochrome c in response to all
stimuli.

Figure 4 presents the amounts of superoxide produced by 106 cells over a period of 30 min
after a 20-min period of stimulation. Stimulation of the cells with 1α,25-(OH)2D3 for 20 min
was performed as a separate step, because the presence of 1α,25-(OH)2D3 interfered with
absorbance readings of ferrocytochrome c at 550 nm, the wavelength used to monitor the
reduction of ferricytochrome c by superoxide. Unstimulated HD-11EM continuously produced
low amounts of superoxide (3–4 nmol/106 cells/30 min) (Fig. 4). Treatment of the cells with
1 or 10 nM 1α,25-(OH)2D3 in conditioned media resulted in a rapid and sustained increase in
the production of superoxide. A 1.2-fold or a 1.7-fold increase in superoxide production was
observed in response to 1 or 10 nM 1α,25-(OH)2D3 compared with cells receiving vehicle only.
Cells continued to produce superoxide for at least 90 min after stimulation and probably longer,
although no measurements were performed beyond this time point. Treatment of the cells with
4B-phorbol-12-myristate-13-acetate (PMA; 100 ng/ml), a known activator of NADPH-
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oxidase, resulted in a 3.5-fold increase in superoxide release (Fig. 4). Although treatment with
PMA resulted in a more dramatic increase in superoxide release during the 30 min of
measurement, 24 hr after treatment the cells lifted off of the plates and were no longer viable.

Inhibiting the production of superoxide by NADPH-oxidase with the addition of 1 µM
diphenyleneiodonium (DPI), an inhibitor of flavoprotein function including the flavoprotein
component of NADPH-oxidase, (Cross and Jones, 1986; Thannickal and Fanburg, 1995)
prevented the increase in TRAP activity/cell in response 1α,25-(OH)2D3. However, the
addition of DPI also caused extensive cell death by 24 hr. This finding suggests that low level
production of ROS is necessary for HD-11EM cells to continue to proliferate or survive, as
has been suggested for other cell types (for review see Burdon, 1995). Alternatively, HD-11EM
cells may be unusually sensitive to toxic effects of DPI on cell metabolism, although this low
concentration of DPI has not been reported to be cytotoxic for other cell types.

Spontaneous or enzymatic dismutation of superoxide to H2O2
To verify the dismutation of superoxide to H2O2 and determine the time of generation, kinetic
measurements of H2O2 were performed using the scopoletin assay (Fig. 4B). Treatment of the
cells with 1 or 10 nM 1α,25-(OH)2D3 resulted in a rapid and sustained increase in the production
of H2O2 during the first 30 min after stimulation. The mean amounts of H2O2 produced by
106 HD-11EM cells at 30 min in four experiments equaled: vehicle (1.4 ± 0.43 nmol H2O2//30
min); 1 nM 1α,25-(OH)2D3 (1.5 ± 0.33 nmol); 10 nM 1α,25-(OH)2D3 (1.9 ± 0.31 nmol).
Compared with control HD-11EM cells fixed in 4.0% glutaraldehyde, these values were
increased 1.12-, 1.33-, and 1.68-fold, respectively. The 1.68-fold increase in response to 10
nM 1α,25-(OH)2D3 was highly significant (P = 0.002). As detailed in the Materials and
Methods section of this paper, this value may be an underestimate of the amount H2O2 produced
by these cells because of fluorescence quenching and internalization of H2O2. However, these
findings are consistent with the production of superoxide, and the subsequent early generation
of H2O2 by spontaneous or enzymatic dismutation.

Biochemical measurements of TRAP activity in response to glucose oxidase, a pure and
continuous source of low level amounts of H2O2

To determine whether the production of H2O2 in response to 1α,25-(OH)2D3 might be involved
in the subsequent increase in TRAP activity, HD-11EM were treated with nanomole amounts
of H2O2. The amounts of H2O2 produced by glucose oxidase were measured over a period of
2 hr in an assay mix containing scopoletin, glucose, SOD (241 U/2.5 ml), and 10 mM ATZ.
When glucose was omitted, no production of H2O2 by glucose oxidase was detected, and this
served as a control for subsequent experiments with HD-11EM cells. By using a range of
glucose oxidase concentrations, the amount of H2O2 produced by 1 to 5.0 mU of glucose
oxidase at 30 min was determined to be within the nanomole range produced by HD-11EM in
response to to 10 nM 1α,25-(OH)2D3 at 30 min (Fig. 5A). HD-11EM cells were then incubated
in PBS containing glucose, SOD, ATZ, and 1 to 5.0 mU of glucose oxidase for 2 hr. The cells
were washed and fresh medium was added for the remainder of the 24-hr period. SOD was
included to ensure that the basal HD-11EM cell production of superoxide was converted to
H2O2, thus eliminating any effect of superoxide on the cells and preventing the possible
inactivation of glucose oxidase by superoxide. An inhibitor of catalase, 3-amino-1,2,4-triazole
(ATZ), was also included in the incubations of HD-11EM cells with glucose oxidase. Catalase
is one of the main enzymes responsible for the removal of intracellular H2O2 after it has entered
the cell.

As the results in Figure 5A show, when glucose oxidase was omitted, 10 mM ATZ alone
stimulated a small increase in the basal TRAP activity/cell at 24 hr. In the presence of glucose,
1.0 or 2.5 mU of glucose oxidase produced 0.5 and 3.0 nmol of H2O2/30 min, respectively,
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and stimulated a slight increase in TRAP activity at 24 hr compared with ATZ-treated cells.
H2O2 production by 5.0 mU of glucose oxidase approximated 5.0–6.0 nmol of H2O2/30 min
and an increase in TRAP activity was observed. Due to the greater amounts of H2O2, significant
decreases in cell numbers of 10 to 15% were also observed, which is reflected by the large
standard error of the mean 24-hr data presented in Figure 5B. At the extreme, 10 mU of glucose
oxidase caused an almost complete loss of adherent and viable cells at 24 hr (~8.5 nmol of
H2O2/30 min), and consequently, no TRAP activity could be detected (data not shown).

Having established the appropriate units of glucose oxidase to be used in these studies, the
effect of H2O2 on TRAP activity/cell was determined at 6, 24, and 48 hr after treatment for 2
hr. No statistically significant increase in TRAP activity/cell was observed at 6 or 24 hr (Fig.
5B,C). At 48 hr, a concentration-dependent increase in TRAP activity/cell resulted from the
addition of either 2.5 or 5.0 mU of glucose oxidase. The amounts of H2O2 produced by 2.5
mU of glucose oxidase resulted in a significant increase in TRAP activity/cell at 48 hr, and the
TRAP activity/cell doubled with the addition of 5.0 mU of glucose oxidase (Fig. 5B).

Figure 5C presents the TRAP activity/cell when ATZ was omitted from the treatment. Lower
TRAP activity responses were observed, supporting the supposition that H2O2 is entering the
cells and being removed by intracellular catalase. Significant increases in TRAP activity/cell
were observed at 48 hr in response to 5.0 mU of glucose oxidase. The addition of 4,000 U of
catalase in the absence of the inhibitor ATZ, resulted in a 50% reduction in detectable H2O2
and a similar reduction in TRAP activity (data not shown).

Northern analysis demonstrates increased TRAP mRNA expression and decreased v-myc
mRNA in response to 1α,25-(OH)2D3

To establish further the effects of 1α,25-(OH)2D3 and H2O2 on TRAP activity and cell
differentiation, TRAP and v-myc mRNA amounts were quantified in exponentially growing
HD-11EM cells. The cells were exposed to either 10 nM 1α,25-(OH)2D3 in conditioned
medium or 2.5 mU of glucose oxidase/ATZ; total mRNA was isolated, and the relative amounts
of TRAP and v-myc mRNA transcripts were determined by Northern analysis. After treatment
of HD-11EM with 10 nM 1α,25-(OH)2D3, TRAP mRNA initially declined at 4 hr, then
accumulated, reaching significantly elevated levels by 16 hr and peaking at 24 hr (Fig. 6A,B).
In contrast, v-myc mRNA was highly expressed in HD-11EM cells and decreased dramatically
after treatment with 10 nM 1α,25-(OH)2D3 (Fig. 6A,B). Cells receiving vehicle only (VT)
showed little change in TRAP mRNA over a 24-hr period, but did show some spontaneous
decrease in v-myc mRNA at 16 hr. However, the decrease in v-myc mRNA at 16 hr in vehicle-
treated cells was considerably less than the observed decrease in 1α,25-(OH)2D3-treated cells.
Regulation of mRNA amounts over time in response to 10 nM 1α,25-(OH)2D3 for both TRAP
and v-myc relative to the 28S rRNA band are presented in Figure 6B.

Treatment of HD-11EM with 2.5 mU of glucose oxidase/ATZ caused an initial decrease in
TRAP mRNA, followed by a subsequent accumulation of mRNA between 16 and 24 hr,
reaching peak levels at 24 hr (Fig. 6C,D). In vehicle-treated cells, v-myc mRNA gradually
declined over the next 16 hr. A slightly greater decrease in v-myc mRNA was observed in
response to 2.5 mU of glucose oxidase/ATZ treatment. The regulation of mRNA amounts over
time in response to 2.5 mU of glucose oxidase/ATZ for both TRAP and v-myc relative to the
28S rRNA band are presented in Figure 6D.

DISCUSSION
The present findings demonstrate that the clonal myelomonocytic cell line HD-11EM produces
superoxide and H2O2 in an early response to stimulation by 1α,25-(OH)2D3. 1α,25-(OH)2D3
also stimulates a concentration and time-dependent increase in the expression of tartrate-
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resistant acid phosphatase (TRAP) mRNA and activity; an enzyme that is predominantly
expressed in mature osteoclasts. In addition, 1α,25-(OH)2D3 induces multinucleated cell
formation, decreases cell proliferation, and decreases v-myc mRNA, supporting a role for 1α,
25-(OH)2D3 as a hormone capable of inducing the differentiation of HD-11EM into osteoclast-
like cells. The production of superoxide and H2O2 precedes the increase in TRAP mRNA
expression in response to 1α,25-(OH)2D3, and treatment of HD-11EM with H2O2 mimics the
1α,25-(OH)2D3-mediated increases in TRAP mRNA and activity, multinucleated cell
formation, as well as the decreases in v-myc mRNA. These results implicate H2O2 as being
integrally involved in the differentiation of HD-11EM into osteoclast-like cells. Despite the
fact that the extracellular product of the activated NADPH-oxidase is superoxide, our focus on
H2O2 rather than superoxide was based on the fact that H2O2 is longer lived and can freely
pass through membranes into the cell after originating as a dismutation product of superoxide
on the outside of the cell and, unlike superoxide, H2O2 is known to activate several signal
transduction pathways and affect transcription factor activity. Our findings also agree with
those of Suda et al. (Suda, 1991; Suda et al., 1993), who reported that production of H2O2 by
mouse calvarial organ cultures stimulated with 1α,25-(OH)2D3 is associated with the increased
formation of osteoclasts from progenitor cells.

It is generally accepted that mature phagocytic leukocytes, some B lymphocytes, mesangial
cells, and mature osteoclasts contain the enzyme NADPH-oxidase (Babior et al., 1973; Maly
et al., 1989; Radeke et al., 1991; Steinbeck et al., 1994). In the present study, we show that
HD-11EM cells express the gp91-phox cytochrome b subunit of NADPH-oxidase (Fig. 3), and
produce superoxide in response to 1α,25-(OH)2D3 or PMA, a known activator of NADPH-
oxidase (Fig. 4). In contrast, the undifferentiated myelomonocytic cell line HL-60 and
monoblastic cell line U937 do not express the gp91-phox subunit of NADPH-oxidase, and do
not produce superoxide until stimulated to undergo further differentiation (Barker et al.,
1988; Obermeier et al., 1995).

This is the first report that stimulation of a cell with 1α,25-(OH)2D3 enhances the activation
of NADPH-oxidase and increases the basal release of superoxide and the formation of its
dismutation product, H2O2 (Fig. 4). It is unlikely that the observed activation of NADPH-
oxidase is dependent on binding of 1α,25-(OH)2D3 to the vitamin D3 receptor (VDR) and a
genomic response (VDRE), based on the relatively short 5–10 min response time between the
addition of 1α,25-(OH)2D3 and the increased generation of H2O2. Rapid, nongenomic
responses of cells to 1α,25-(OH)2D3 are not unusual, given previous reports that the effects of
1α,25-(OH)2D3 on HL-60, U937, and other cells types are mediated through pathways
independent of the classic nuclear VDR (Desai et al., 1986;Norman et al., 1992;Bhatia et al.,
1995;Sylvia et al., 1996). In HL-60 cells, 1α,25-(OH)2D3 has been reported to increase the
generation of diacylglycerol and protein kinase C activity within seconds of initial 1α,25-
(OH)2D3 exposure (Desai et al., 1986;Norman et al., 1992). In our study, PMA, a well-known
protein kinase C activating agent and activator of NADPH-oxidase, stimulated a rapid increase
in superoxide release (Fig. 4A), which could be detected as early as 1–2 min after treatment.
Taken together, the previously reported activation of protein kinase C in response to 1α,25-
(OH)2D3, and the increases in superoxide release in response to PMA observed in the present
study, suggest that a possible common signal transduction pathway involving protein kinase
C may result in the activation of NADPH-oxidase and production of superoxide by HD-11EM
in response to 1α,25-(OH)2D3.

To investigate a role for H2O2 in the differentiation of HD-11EM cells, a glucose/glucose
oxidase system was used to deliver H2O2 in nanomole amounts consistent with amounts
produced by HD-11EM in response to 1α,25-(OH)2D3. Glucose oxidase has the advantage of
not only being a continuous source of H2O2, but also a system that exclusively generates
H2O2 and not superoxide, making interpretation of the results more direct. Commercial
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preparations of glucose oxidase are also essentially protease free, unlike preparations of
xanthine oxidase commonly used to generate superoxide. We observed that a relatively small
concentration range exists for H2O2-induced differentiation of HD-11EM cells (Fig. 5). At
higher concentrations of H2O2, (10.0 mU of glucose oxidase or PMA stimulation) cytotoxicity
is observed by the failure of these cells to exclude trypan blue.

In addition to the role of H2O2 as a local factor involved in osteoclast differentiation, nanomolar
concentrations of H2O2, thought to be produced by endothelial cells, have been implicated in
the enhancement of osteoclast resorptive activity (Bax et al., 1992; Zaidi et al., 1993a). Whether
mediating differentiation and/or functional activation or motility, H2O2 has been shown in
other cell types to stimulate both receptor tyrosine kinase-mediated phosphorylation as well
as non-receptor tyrosine kinase activity and to inhibit tyrosine phosphatases (Koshio et al.,
1988; Heffetz et al., 1990; Fantus et al., 1989). In addition to regulating second messenger
signaling pathways, H2O2 is also recognized as a powerful activator of NF-kB, a transcription
factor that increases the gene expression of a number of cytokines involved in inflammation
related processes (Scheck et al., 1991). Hydrogen peroxide may therefore mediate the observed,
long-term increase in TRAP gene transcription (Fig. 6A,B) indirectly through the activation
of NF-kB and the expression of cytokines known to affect osteoclast differentiation, such as
IL-6 (Suda et al., 1995, 1997). The expression of cytokines may be of particular importance
because the TRAP promoter contains at least one candidate transcription factor binding
sequence for NF-IL-6. A second potentially active transcription factor binding sequence within
the TRAP promoter is AP-1 (Reddy et al., 1993, 1995). Hydrogen peroxide has also been
reported to inhibit the binding of the transcription factors c-Jun and c-Fos to AP-1 sites (for
review see Burdon, 1995), and in fact, we observed an initial decrease in TRAP mRNA in
response to either 1α,25-(OH)2D3 or H2O2 (Fig. 6), which might reflect a transient decrease
in transcription factor binding to AP-1 DNA sequences within the TRAP promoter. Our
findings that a known activator of NF-kB can induce the differentiation of HD-11EM cells into
osteoclast-like cells is of particular interest, as a recent report by Iotsova et al. (1997)
demonstrates that osteoclast differentiation did not take place in NF-kB p50 and p52 double
knockout mice. The NF-kB double knockout mice, similar to c-fos knockout mice (Grigoriadis
et al., 1994) develop osteopetrosis resulting from decreased bone resorption caused by a defect
in osteoclast formation. Another similarity of the NF-kB double knockout mice and the c-fos
knockout mice is increased numbers of bone marrow macrophages and osteoclast precursors.
Whether regulation of NF-kB and/or c-Fos transcription factor activities is involved in the
differentiation of HD-11EM in response to 1α,25-(OH)2D3 or H2O2 awaits further study.

Because v-myc expression is known to play a pivotal role in regulating the proliferation and
differentiation of v-myc transformed cells (Tikhonenko et al., 1995), v-myc mRNA amounts
were evaluated in exponentially growing HD-11EM cells treated with either 1α,25-(OH)2D3
or H2O2. Both 1α,25-(OH)2D3 and H2O2 caused a >60% decrease in the steady-state v-myc
mRNA amounts relative to vehicle-treated cells at 4 hr, well before detectable changes in
proliferation and differentiation (Fig. 5A–D). Based on the decrease in v-myc mRNA in
response to both agents, our findings suggest that 1α,25-(OH)2D3 may regulate v-myc mRNA
amounts in HD-11EM cells by activating NADPH-oxidase and increasing the production of
H2O2. However, 1α,25-(OH)2D3 may also work through a genomic VDR-dependent pathway,
as reported for the induced differentiation of U937 cells (Larsson et al., 1994). U937 cells do
not produce H2O2 (Obermeier et al., 1995), but differentiate into monocytic cells in response
to 1α,25-(OH)2D3, after a decrease in c-myc expression and an increase in the expression of
Mad, a protein that negatively regulates the transactivating function of c-Myc (Larsson et al.,
1994). 1α,25-(OH)2D3 has also been reported to increase the expression of the cdk cell cycle
inhibitor p21 in U937 cells by means of a VDR-dependent process (Liu et al., 1996). A possible
VDR genomic event cannot be ruled out in the present study of osteoclast differentiation;
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however, our data show that, although less sustained compared with 1α,25-(OH)2D3, H2O2
can mediate a decrease in v-myc mRNA.

The present study was designed to investigate whether production of H2O2 by HD-11EM cells,
in response to 1α,25-(OH)2D3, could mediate their differentiation into osteoclast-like cells.
Our findings indicate that HD-11EM cells express the cytochrome b558 subunits of NADPH-
oxidase and produce superoxide/ H2O2 after stimulation with 1α,25-(OH)2D3. H2O2 treatment
of HD-11EM cells with a pure and continuous H2O2-generation system, similar to 1α,25-
(OH)2D3, increased TRAP mRNA, TRAP activity/cell, and multinucleated cell formation,
which are markers of osteoclast differentiation. These results implicate H2O2 as being
integrally involved in the differentiation of HD-11EM into osteoclast-like cells, and suggest
that H2O2 may be an important local factor produced by osteoclast progenitor cells in response
to 1α,25-(OH)2D3 and perhaps other osteotropic hormones.

Abbreviations

H2O2 hydrogen peroxide

ROS reactive oxygen species

SOD superoxide dismutase

TRAP tartrate-resistant acid phosphatase

1α,25-(OH)2D3 1α,25-dihydroxyvitamin D3

VDR 1α, 25-dihydroxyvitamin D3 receptor.
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Fig. 1.
Histochemical staining for tartrate-resistant acid phosphatase (TRAP) activity and
multinucleated cell counts 48 hr after 1α,25-(OH)2D3 stimulation. HD-11EM were plated at a
density of 3 × 104 cells/well of a six-well plate in 2.5 ml of Dulbecco’s modified Eagle’s
medium/F12 media supplemented with 10% heat-inactivated fetal calf serum. After 3 days in
culture, the cells were stimulated with vehicle [0.005% (v/v) final ethanol concentration], 1,
or 10 nM 1α,25-(OH)2D3 in medium (no media change at time of stimulation) for 48 hr. The
cells were then washed, lightly fixed, and stained for TRAP activity. The total number of cells,
the percentage of TRAP stained cells, and the number of multinucleated cells were determined
at 48 hr. A: In cell preparations receiving vehicle only, an occasional multinucleated cell (three
or more nuclei) was observed, and a low number of the cells contained a red precipitate,
indicating TRAP activity. B: Treatment of the cells with 10 nM 1α,25-(OH)2D3 dramatically
increased the multinucleated cell formation three- to fourfold, and uniformly increased the
intensity of staining and the number of TRAP stained cells fourfold. This figure contains
representative data from one of three independent experiments.
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Fig. 2.
Quantitative measurements of tartrate-resistant acid phosphatase (TRAP) activity/cell over a
48-hr period in response to 1α,25-(OH)2D3. HD-11EM cells were plated and cultured as
described in Figure 1. After 3 days in culture, the cells were stimulated with (A) vehicle, 1, or
10 nM 1α,25-(OH)2D3 in medium for 0, 6, 24, or 48 hr; or (B) vehicle, 1, or 10 nM 1α,25-
(OH)2D3 in phosphate buffered saline (PBS) for 20 min, followed by the addition of fresh
medium without 1α,25-(OH)2D3 for 0, 6, 24, or 48 hr. Arbitrary units of TRAP activity/cell
represent the amount of reaction product measured by fluorescence intensity. Cell numbers
were determined by counting cells in duplicate plates receiving the same stimulation media.
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Data are expressed as the mean of four experiments ± SEM. Results are significantly different
from vehicle-only responses at that time point: **, P < 0.01; and *, P < 0.05.
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Fig. 3.
Expression of the unique cytochrome b558 subunits of NADPH-oxidase by HD-11EM cells.
After 3 days in culture, the cells were washed, and fixed in 2% paraformaldehyde.
Immunocytochemical studies were done using the standard indirect avidin-biotin technique:
(A) no immunostaining was observed in the absence of specific monoclonal antibody; (B)
brown oxidized deposits of 3,3-diaminobenzidine (DAB) immunoperoxidase products were
observed in HD-11EM cells immunostained with a mAb recognizing the gp91-phox subunit
of cytochrome b558.
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Fig. 4.
Superoxide and H2O2 production by HD-11EM in response to stimulation with 1α,25-
(OH)2D3 or 4B-phorbol-12-myristate-13-acetate (PMA). A: After 3 days in culture, the
HD-11EM were stimulated in medium for 20 min with vehicle, 1, or 10 nM 1α,25-(OH)2D3
or PMA 100 ng/ml. Cells were then incubated for 30 min at 37°C and the amount of superoxide
produced was determined using the superoxide dismutase-inhibitable change in absorbance at
550 nm. Data are expressed as the mean ± SEM of four experiments. Results are significantly
different from vehicle-only responses for each experiment at that time point: **, P < 0.01; and
* P < 0.05. B: After 3 days in culture, the amount of H2O2 produced in response to vehicle, 1,
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or 10 nM 1α,25-(OH)2D3 at 37°C was measured continuously from 0 to 30 min. Representative
data are presented from one experiment done in duplicate and performed three times.
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Fig. 5.
Tartrate-resistant acid phosphatase (TRAP) activity/cell over a 48-hr period in response to
H2O2 generated by glucose oxidase. HD-11EM cells were stimulated for 2 hr in various media
(2.5 ml/well of a six-well plate), the cells were washed, received fresh media, and at indicated
time points measurements of TRAP activity/cell were done. A: To determine the amount of
H2O2 produced at 30 min by 1.0 to 5.0 mU of glucose oxidase, and to evaluate the effects at
24 hr of increasing amounts of H2O2 on TRAP activity/cell, HD-11EM were incubated in
phosphate buffered saline (PBS) containing glucose, superoxide dismutase (SOD) 241 U, 10
mM 3-amino-1,2,4-triazole (ATZ) (catalase inhibitor), and increasing units of glucose oxidase.
B: To evaluate TRAP activity/cell at 6, 24, or 48 hr after treatment with amounts of H2O2
within the range produced by HD-11EM stimulated with 1 or 10 nM 1α,25-(OH)2D3,
HD-11EM were incubated for 2 hr with glucose, SOD 241 U, and 10 mM ATZ (SOD/ATZ);
no glucose, SOD, ATZ, and glucose oxidase 5.0 mU (No glucose + GO 5.0 mU + SOD/ATZ);
glucose, SOD, ATZ, and glucose oxidase 2.5 mU (GO 2.5 mU + SOD/ATZ) or 5.0 mU (GO
5.0 mU + SOD/ATZ). C: To determine the effects of H2O2 without inhibiting the intracellular
catalase activity with ATZ, HD-11EM were treated for 2 hr with glucose and SOD (SOD); no
glucose, SOD, and glucose oxidase 5.0 mU (No glucose/SOD); or glucose, SOD, and glucose
oxidase 2.5 mU (GO 2.5 mU + SOD) or 5.0 mU (GO 5.0 mU + SOD). Arbitrary units of TRAP
activity/cell represent the amount of product generated measured by fluorescence. Cell
numbers were determined by counting cells in duplicate plates receiving the same stimulation
media. Data are expressed as the mean ± SEM of four experiments. Results are significantly
different from SOD ± ATZ responses at that time point: **, P < 0.01; and *, P < 0.05.
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Fig. 6.
1α,25-(OH)2D3 or H2O2 increase tartrate-resistant acid phosphatase (TRAP) mRNA and
decrease the amounts of v-myc mRNA. HD-11EM were grown for 3 days in Dulbecco’s
modified Eagle’s medium/F12 medium supplemented with 10% heat-inactivated fetal calf
serum, then stimulated in (A) conditioned medium with 10 nM 1α,25-(OH)2D3 or (C) with
glucose/glucose oxidase 2.5 mU, 241 U SOD, and 10 mM ATZ in PBS for 2 hr, and then fresh
medium supplemented with 10% heat-inactivated FCS. Total RNA was isolated at the indicated
time points and analyzed by Northern blot procedures; filters were analyzed for TRAP mRNA,
washed, and reprobed for v-myc mRNA. B: The amount of mRNA relative to 28S rRNA over
time in HD-11EM treated with 10 nM 1α,25-(OH)2D3 or (D) with glucose/glucose oxidase 2.5
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mU, SOD, and ATZ. These figures contain representative data from one of three independent
experiments.
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