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Abstract
Disulfiram (DSF), a cysteine modifying compound, has long been clinically employed for the

treatment of alcohol addiction. Mechanistically, DSF acts as a modulator of MAPK and NF-

κB pathways signaling pathways. While these pathways are crucial for osteoclast (OC)

differentiation, the potential influence of DSF on OC formation and function has not been di-

rectly assessed. Here, we explore the pharmacological effects of DSF on OC differentiation,

activity and the modulation of osteoclastogenic signaling cascades. We first analyzed cyto-

toxicity of DSF on bone marrow monocytes isolated from C57BL/6J mice. Upon the estab-

lishment of optimal dosage, we conducted osteoclastogenesis and bone resorption assays

in the presence or absence of DSF treatment. Luciferase assays in RAW264.7 cells were

used to examine the effects of DSF on major transcription factors activation. Western blot,

reverse transcription polymerase chain reaction, intracellular acidification and proton influx

assays were employed to further dissect the underlying mechanism. DSF treatment dose-

dependently inhibited both mouse and human osteoclastogenesis, especially at early

stages of differentiation. This inhibition correlated with a decrease in the expression of key

osteoclastic marker genes including CtsK, TRAP, DC-STAMP and Atp6v0d2 as well as a

reduction in bone resorption in vitro. Suppression of OC differentiation was found to be due,

at least in part, to the blockade of several key receptor activators of nuclear factor kappa-B

ligand (RANKL)-signaling pathways including ERK, NF-κB and NFATc1. On the other

hand, DSF failed to suppress intracellular acidification and proton influx in mouse and

human osteoclasts using acridine orange quenching and microsome-based proton trans-

port assays. Our findings indicate that DSF attenuates OC differentiation via the collective

suppression of several key RANKL-mediated signaling cascades, thus making it an attrac-

tive agent for the treatment of OC-mediated disorders.
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Introduction
Bone is a dynamic organ undergoing constant remodeling to ensure correct mineral homeosta-
sis and to maintain proper mechanical strength [1]. Bone remodeling is balanced by the com-
plementary yet opposing activities of two principal bone cells i.e. bone-resorbing osteoclasts
(OC) and bone forming osteoblasts (OB) [2]. It is now widely recognized that OCs are the prin-
cipal cells responsible for bone resorption [3]. These large multinucleated cells are formed by
the fusion of mononuclear progenitors of the monocyte–macrophage lineage [4]. The commit-
ment and fusion of OC progenitors is governed primarily by two crucial cytokines, namely
macrophage colony stimulating factor (M-CSF) and receptor activator of nuclear factor-B li-
gand (RANKL) produced by bone resident OBs, osteocytes and marrow stromal cells [5, 6].
Upon binding to its cognate receptor RANK (expressed on the surface of OC progenitors),
RANKL triggers the activation of several downstream nuclear transcription factors among
which nuclear factor kappa-light-chain-enhancer of activated B cells (NF-κB), activator protein
1 (AP-1) and nuclear factor of activated T-cells, cytoplasmic 1 (NFATc1) are indispensable for
OC differentiation [7]. During their RANKL-driven maturation, the OC plasma membrane is
furnished with specialized molecular machinery such as vacuolar H+-type ATPases
(V-ATPases) proton pumps and chloride channels which facilitates its unique bone-resorbing
function. The macromolecular V-ATPases are enriched on the bone-apposed ruffled border
membrane (the OCs resorptive apparatus) and serve to couple ATP hydrolysis and proton se-
cretion [8, 9], a process essential for the dissolution of inorganic bone matrix and the activation
of bone digesting enzymes such as Cathepsin K [10]. Moreover, certain V-ATPase subunits
have also been shown to relate to OC formation [11, 12].

While physiological osteoclastic bone resorption is essential for the maintenance of human
skeleton, enhanced OC formation and/or function result in excessive bone resorption, leading
to either localized osteolysis or systemic bone loss, as occurs in osteoporosis and bone metasta-
sis [13, 14]. To combat this, several antiresorptive agents including bisphosphonates, estrogens,
selective estrogen receptor modulators, calcitonin and monoclonal antibodies such as denosu-
mab have been developed over the past few decades. Despite these agents showing promising
potential to alleviate bone loss, each is, however, not without its limitations [15, 16]. Therefore,
the discovery of new antiresorptives remains an unmet challenge. With the strict regulatory re-
quirements imposed on the development of new drugs for antiresorptive therapy, rebadging
market approved agents for alternative applications may offer a safe and cost effective treat-
ment avenue for osteoporosis.

Disulfiram (DSF), a cysteine modifying compound, has long been employed (since the
1920s) for the clinical treatment of chronic alcoholism [17, 18]. Moreover, extensive data deter-
mined that DSF modulates mitogen-activated protein kinase (MAPK) and NF-κB pathways,
leading to apoptosis of various cancer cell lines [19, 20]. In addition, DSF has also been identi-
fied as a potential inhibitor of the yeast V-ATPase proton pump [21]. Considering that MAPK,
NF-κB pathways and V-ATPases all play crucial roles at various stages of the OC formation-
bone resorption cycle, DSF represents an attractive antiresorptive candidate. Here, we have ex-
amined the antiresorptive potential and molecular action of DSF on OC formation, bone re-
sorption and acidification. Our findings indicate that DSF potently inhibits OC differentiation
and function in vitro via attenuation of RANKL-induced NF-κB and NFATc1 activation but
does not influence V-ATPase activity. DSF may therefore represent a previously overlooked
class of antiresorptive therapy.
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Materials and Methods

Reagents
DSF, bafilomycin A1 (Baf), Acridine Orange (AO), nigericin and vanilomycin were purchased
from Sigma-Aldrich (St. Louis, MO, USA). Mouse M-CSF and GST-RANKL160-318 (rRANKL)
recombinant proteins were expressed and purified in our laboratory as previously described
[22]. Human M-CSF were purchased from (R&D Systems, Minneapolis, MN, USA). CellTiter
96 AQueous One Solution Cell Proliferation Assay (MTS) was purchased from Promega
(Madison, WI, USA). Luciferase substrate was purchased from Promega (Madison, WI, USA).
The α-MEM fetal bovine serum (FBS) and antibiotics were purchased from Gibco Invitrogen
(Carsbad, CA, USA). Hank’s Balanced Salt Solution (HBSS) were purchased from Thermo
Fisher Scientific (Scoresby, VIC, Australia). Primary antibodies used include mouse monoclo-
nal anti-β-actin (1/5000), mouse monoclonal anti-NFATc1 (1/1000) (DSHB University of
Iowa, USA), rabbit polyclonal anti-c-Fos (1/500), mouse monoclonal anti-p-ERK1/2 (1/1000),
rabbit polyclonal anti-IκBα (1/1000) (Santa Cruz, CA, USA), rabbit monoclonal anti-p65 (1/
1000), rabbit monoclonal anti-p-p38 (1/1000), rabbit monoclonal anti-p38 (1/1000), rabbit
monoclonal anti-p-JNK (1/1000), rabbit polyclonal anti-JNK (1/1000), rabbit monoclonal
anti-p-Src (1/1000), mouse monoclonal anti-Src (1/1000), rabbit polyclonal anti-p-Akt (1/
1000), rabbit monoclonal anti-Akt (1/1000) (Cell Signaling, MA, USA), rabbit polyclonal anti-
ERK1/2 (1/1000) (Promega, Madison, WI, USA), rabbit polyclonal anti-procathepsin K (1/
2000) (Abcam, Cambridge, UK), rabbit polyclonal anti-Atp6v0d2 (1/500) (produced by our
laboratory). All antibodies were used at the concentrations indicated above.

Cytotoxicity assay
Adherent M-CSF-dependent bone marrow monocytes (BMM) isolated from C57BL/6J mice
were seeded onto a 96-well plate at density of 1×104 cells per well and treated with various con-
centrations of DSF for 72 hrs or treated with 200 nM DSF for different periods. Cell prolifera-
tion was measured after incubation with MTS solutions [23] using a microplate reader
(BIO-RAD, Model 680). IC50 (50% inhibitory concentration) was calculated using GraphPad
Prism 6.

In vitro osteoclastogenesis and bone resorption
Adherent M-CSF-dependent BMMs were isolated from C57BL/6J mice as previously described
[24]. The use of laboratory animal in the current study was approved by the University of
Western Australia Animal Ethics Committee and all animal work was performed in accor-
dance to approved guidelines outlined by the committee. Briefly, BMMs were seeded onto a
96-well plate at density of 6×103 cells per well and stimulated with 100 ng/ml rRANKL and 30
ng/ml M-CSF in the presence or absence of DSF (12.5 nM, 25 nM, 50 nM, and 100 nM) at
37°C in 5% CO2 for 5 days for the formation of multinucleated OCs. After 5 days culture, cells
were fixed in 4% paraformaldehyde (PFA) and stained in solutions containing 50 mM acetate
buffer, 30 mM sodium tartrate, 0.1 mg/ml naphthol AS-MX phosphate and 0.3 mg/ml Fast
Red Violet LB for 30 min to show TRAP activity. TRAP positive cells which contained 3 or
more nuclei were scored as mature OCs, and cell spread area were measured using NIS-Ele-
ments BR.

For bone resorption assays, BMMs were seeded on bovine bone discs at 6×103 cells/well and
stimulated with rRANKL and M-CSF in the presence or absence of DSF for indicated time,
bone discs were fixed in 4% PFA and stained for TRAP activity. Cells were removed by
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brushing and resorption pits were visualized after staining with 1% toluidine blue solution. The
percentage of bone surface area resorbed was quantified using NIS-Elements BR.

Human osteoclast culture
Human monocytes were isolated from whole blood as previously described [25]. The isolated
monocytes were seeded into 96-well plates at a density of 1x106 cells/well. Cells were cultured
in complete α-MEM containing 10 ng/ml human M-CSF and 100 ng/ml rRANKL, with the
culture medium replaced at an interval of 3 days for a total of 10 days before fixing with 4%
PFA and staining for TRACP activity.

Luciferase Assay
To examine the effects of DSF on RANKL-induced NF-κB and NFATc1 activation, RAW264.7
cells were transiently transfected with luciferase reporter genes (p-NF-κB-TA-Luc, p-NFAT--
TA-Luc, pTA-Luc (Clontech, Mercury Pathway Profiling System) or pGL3-promoter (Pro-
mega)) as previously described [26, 27]. Cells were seeded (1.5×105/well) into 48-well plates.
After attachment, cells were pretreated with DSF for 1h and then stimulated with RANKL (100
ng/ml) for an indicated period of time. Luciferase activities were measured in cell lysates using
the Promega Luciferase Assay System according the manufacturer’s instructions.

Western blot analysis
Total cellular proteins were extracted from cultured BMMs or OCs using RIPA lysis buffer
(50 mM Tris pH 7.5, 150 mMNaCl, 1% Nonidet P-40, 0.1% SDS, 1% sodium deoxycholate)
supplemented with Protease Inhibitor Cocktail (Roche). Lysates were cleared by centrifugation
at 16,000 g at 4°C for 20 mins and supernatants containing proteins were collected. For
immunoblotting, 30μg of extracted proteins diluted in SDS-sampling buffer was resolved by
SDS-PAGE (10–15%) gels and then electroblotted onto nitrocellulose membranes (Hybond
ECL, Amersham Life Science). Following transfer, membranes were blocked with 5% (w/v)
skim milk in TBS-Tween (TBS; 0.05 M Tris, 0.15 M NaCl, pH 7.5 and 0.1% Tween-20) for 1 hr
and then probed with primary antibodies diluted in 1% (w/v) skim milk powder in TBS-Tween
at 4°C overnight. Membranes were washed and then incubated with HRP-conjugated second-
ary antibodies and antibody reactivity was detected by the Western Lightning Ultra Detection
Kit (PerkinElmer, Waltham, MA, USA) using the FujiFilm LAS-3000 Gel Documentation Sys-
tem (FujiFilm, Tokyo, Japan) and its associated software.

Semi-quantitative Reverse Transcription (RT)-PCR
Total cellular RNA was isolated from cultured cells using PureLink RNAMini Kit (Invitrogen)
in accordance with the manufacturer’s protocol. For RT-PCR, single-stranded cDNA was re-
verse transcribed from 500 ng total RNA using MLV-RT with oligo-dT primer. All PCR was
carried out using 1 μl of each cDNA using the following cycling parameters 94°C, 40 sec; 58°C,
40 sec; and 72°C, 40 sec. Primer sequences and cycle numbers are summarized in Table 1.

PCR samples were analyzed by agarose gel electrophoresis. The expression level of all genes
were transformed to grey scale by ImageJ 1.46r and normalized to the expression level of the
housekeeping gene (β-actin).

Intracellular acidification by acridine orange staining
Intracellular acidification was determined by acridine orange (AO) fluorescence quenching
method. BMM-derived OCs or human OCs treated with DSF or Baf for 12 hrs were incubated
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with 10 μg/ml AO for 15 mins at 37°C. Cells were washed twice with Hank’s Balanced Salt So-
lution (HBSS) and processed for fluorescent microscopy analysis on a NIKON Eclipse
TE2000-S fluorescence microscope and associated software or fluorescence measured on
FLUOStar Optima spectrophotometer (BMG LabTech) at excitation of 485 nm and emission
of 520 nm.

Proton transport assay
Microsomes were isolated from the mouse BMMs according to an established protocol [28].
BMMs were washed twice in 10 ml of homogenization buffer (20 mMHEPES-KOH, 1 mM
EDTA, 2 mM dithiothreitol, 250 mM sucrose, pH 7.4, at 4°C) and collected by centrifugation
at 1,000 g for 10 min. The pelleted cells were then resuspended in 1 ml of the above buffer and
passed 10 times through a 27-gauge needle. The homogenate was centrifuged for 10 min at
7000 rpm at 4°C to pellet unbroken cells and mitochondria. The supernatant was centrifuged
at 100,000 g for 60 min in a Beckman TLA110 rotor. The pellet was suspended in buffer A
(l50 mM KCl, 20 mMHEPES-KOH, 2mM dithiothreitol, pH7.4), and glycerol was added to
the suspension to 25% of the final volume. The microsomes were used for the proton influx
assay. The protocol was modified from Sørensen MG et al. [29]. Briefly, microsomes were incu-
bated in reaction buffer (5 mMHEPES, 150 mM KCl, 5 mMMgCl2; pH 7.4) containing 10μM
AO and 1.25μM valinomycin and the inhibitors were added as described in the figure legends.
The reaction was incubated at 37°C for 60 min. The reaction was initiated by addition of ATP
at a final concentration of 1.5 mM to the wells and monitored by measuring the uptake of AO
using excitation of 485 nm and emission of 520 nm. The fluorescence was read every 5 seconds
and the reaction was stopped after 300 seconds with the addition of 1.5 μM nigericin. The ini-
tial rate (-ΔF/Δt) was calculated from the slope generated during the first 60 seconds. To ensure
that the compounds had no effect on the fluorescence, the plate was read for 30 seconds before
addition of ATP to obtain a steady level.

Statistical analysis
All data are expressed as mean ± SD and represent three independent experiments for each ex-
perimental condition. Statistical analysis was evaluated with unpaired Student’s t-test to ana-
lyze differences between groups. The graphs and plots were produced with GraphPad Prism 6.

Results

Disulfiram attenuates osteoclast differentiation but does not influence
bone resorption function
To test the pharmacological effect(s) of DSF (Fig 1A) on OC formation, we first established the
half maximal inhibitory concentration (IC50) of DSF on OC progenitor cells (i.e. M-CSF-treat-
ed BMMs). To this end, OC progenitor cells were incubated with varying concentrations of

Table 1. Primer sequences and cycle numbers for semi-quantitative RT-PCR.

Forward primer Reverse primer Cycle number

CtsK 5’-CCAGTGGGAGCTATGGAAGA-3’ 5’-AAGTGGTTCATGGCCAGTTC-3’ 25

TRAP 5’-TCCTGGCTCAAAAAGCAGTT-3’ 5’-ACATAGCCCACACCGTTCTC -3’ 28

DC-STAMP 5’-ACCTTGTTTCTTGGAACCAGAC-3’ 5’-TGTCATTCATATGAGCCTCCA-3’ 28

Atp6v0d2 5’-CCTGGTTCGAGGATGCAA-3’ 5’-GGTCTCACACTGCACTAGGTTG-3’ 28

β-actin 5’-AGCCATGTACGTAGCCATCC-3’ 5’-CTCTCAGCTGTGGTGGTGAA-3’ 25

doi:10.1371/journal.pone.0125696.t001
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DSF for up to 72 hours and assayed by MTS assay solutions, a measurement of cellular meta-
bolic activity and cell viability. As shown in Fig 1B, the established IC50 of DSF was 214.95
±14.78 nM (n = 3). Furthermore, OC progenitor cells were treated with 200 nM DSF for differ-
ent time periods with no obvious cytotoxic effect up to 48 hours (Fig 1C).

To investigate the effect(s) of DSF directly on OC formation, we next cultured mouse
BMMs in the presence of pro-osteoclastogenic media (i.e. M-CSF (30 ng/ml) and rRANKL
(100 ng/ml)) in either the presence of DSF at varying concentrations (12.5 nM, 25 nM, 50 nM
and 100 nM) or vehicle control for various time points up to 4-days upon which TRAP-positive
(pink reaction product) multinucleated OCs (�3 nuclei) typically form under control condi-
tions (Fig 2A and 2B). As shown in Fig 2A and 2B, DSF dose-dependently reduced both the
number and size/area of TRAP-positive OCs. This reduction in OC formation was primarily
observed when DSF was administered to cultures during the early stage (Day 1–2), but not late
stage (Day 3–4) of the differentiation process (except for 100 nM DSF which reached signifi-
cance at both time points) (Fig 2B). This indicates that the inhibitory action of DSF predomi-
nates during the early stage of RANKL-driven OC differentiation.

To further validate the impact of DSF on OC formation, we have examined how DSF will af-
fect human OC differentiation. Monocytes were isolated from whole blood of two healthy par-
ticipants and cultured to mature OCs according to established protocols [25]. Varying

Fig 1. DSF-induced cytotoxicity in BMMs. (A) Chemical structure of DSF. (B and C) BMMs incubated with
various concentrations of DSF for 72 hours or with 200 nM DSF for various time periods were stained with
MTS assay solutions to determine the cytotoxicity of DSF. The calculated IC50 was 214.95 ± 14.78 nM (n = 3).

doi:10.1371/journal.pone.0125696.g001
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concentrations of DSF (12.5 nM, 25 nM, 50 nM and 100 nM) has been administered during
the whole culture period. As shown in S1A Fig and S1B Fig, DSF exhibited similar dose-depen-
dent inhibitory effect on human OC formation as observed in mouse osteoclastogenesis.

Consistent with the impairment of osteoclastogenesis, the expression levels of several estab-
lished OC marker genes, including cathepsin K (CtsK), tartrate resistant acid phosphatase
(TRAP), dendritic cell-specific transmembrane protein (DC-STAMP) and Atp6v0d2, were also
notably reduced upon exposure to DSF, which was most evident at 100 nM DSF (Fig 2C and

Fig 2. DSF inhibited osteoclastogenesis during the early stage of differentiation in vitro. (A) Time and dose-dependent inhibitory effect of DSF on OC
formation. During a typical 5-day culture of osteoclastogenesis, DSF treatment on days 1–2 are defined as the early stage and treatment on days 3–4 as the
late stage. Freshly isolated M-CSF-dependent BMMs cultured in the presence of rRANKL (100ng/ml) and various concentrations of DSF (12.5 nM, 25nM,
50 nM and 100 nM) for 4 days were fixed with 4% PFA followed by TRAP staining for the visualization of multinucleated OCs (scale bar = 500μm). (B) The
number and average size in areas (mm2) of TRAP-positive multinucleated OCs (�3 nuclei) at the different time points were quantified (mean ± SD; *: p<0.05,
**: p<0.01, ***: p<0.001, ****: p<0.0001, ns: not significant against vehicle). (C) Effect of DSF on OC-specific gene expression. Total RNA was isolated
from BMM cells cultured in the presence or absence of rRANKL and various doses of DSF (25, 50 and 100nM) for 4 days. cDNA was synthesized using 1μg
of total RNA and subjected to PCR amplification using specific primers for OC-specific genes, CtsK, TRAP, DC-STAMP, Atp6v0d2 and housekeeping gene
β-actin. PCR products were separated and analysed on 1.5% agarose gels. (D) The relative levels of gene expression was calculated as ratios against β-
actin (mean ± SD; *: p<0.05, **: p<0.01, ***: p<0.001, ns: not significant against RL+).

doi:10.1371/journal.pone.0125696.g002
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2D). On the other hand, the bone resorption activity of OCs was significantly reduced when
DSF was administered throughout the differentiation of BMMs into OCs cultured on bone (up
to 7 days) (Fig 3A). However, this effect was minor when DSF was administered for 48 hours
to pre-formed mature OCs on bone (Fig 3B). Taken together, these data indicate that DSF im-
pairs OC differentiation but does not influence OC bone resorptive function.

Disulfiram attenuates RANKL-induced MAPK and NF-κB signaling in
BMMs
To establish a mechanistic basis for the observed decrease in OC differentiation during the
early stage of osteoclastogenesis, we next examined the effect of DSF on key RANKL-mediated
signaling cascades including MAPK and stress-activated protein kinase (SAPK) phosphoryla-
tion. As expected, addition of rRANKL induced robust ERK1/2 phosphorylation with peak
phosphorylation observed after 10–20 min post-stimulation. By comparison, ERK1/2 phos-
phorylation was markedly attenuated following brief exposure (1hr) to high DSF concentration
(200 nM). On the other hand, DSF did not influence the phosphorylation signatures of several
additional key signaling MAPK/SAPK proteins examined including p38, JNK 1/2, Src and Akt
(Fig 4A and 4B).

Fig 3. Effect of DSF on bone resorption. (A) BMMs were seeded on bone discs and cultured to form OCs in
the presence or absence of DSF (50 nM, 100 nM and 200 nM). (B) BMMs were cultured to OCs on bone discs
and then treated with DSF (50 nM, 100 nM and 200 nM) for 48 hours. Bone discs were fixed and assessed for
bone resorption by toluidine blue staining (resorption pits shown by yellow arrow heads). The total resorbed
area on each bone disc was quantified as a percentage of the total bone disc area (mean ± SD; **: P<0.01,
***: P<0.001, ns: not significant against vehicle).

doi:10.1371/journal.pone.0125696.g003
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Next, we assessed the effects of DSF on NF-κB signaling pathways. For this we monitored
the effects of DSF on NF-κB transcriptional activity using mouse monocytic pre-OC cell line
RAW264.7 cells that were stably transfected with an NF-κB-driven luciferase reporter con-
struct [26]. As expected, RANKL treatment alone elicited an increase in NF-κB promoter driv-
en luciferase gene expression (~5-fold) as compared to cells cultured in medium alone (i.e.
without rRANKL, negative control) (Fig 5A). By comparison, treatment of RAW264.7 cells
with DSF (25 nM, 50 nM and 100 nM) significantly impaired RANKL-induced NF-κB tran-
scriptional activation. In keeping with these observations, DSF treatment (200 nM) reduced
the RANKL-induced degradation and nuclear translocation of core NF-κB components in-
cluding IκBα and p65 (Fig 5B and 5C). Whereas BMMs treated with RANKL alone showed
maximal degradation of IκBα at 20–30 mins, incubation with DSF postponed peak IκBα degra-
dation to 30 mins post-RANKL stimulation (Fig 5B). Similarly, while the total cellular protein
level of p65 remained unchanged in BMMs stimulated with RANKL in either the presence or
absence of DSF (200 nM) for 60 mins, cytoplasmic and nuclear protein partitioning revealed a
reduced ratio of p65 cytosol:nuclear translocation in the presence of DSF (Fig 5C and 5D) rela-
tive to the β-actin and TATA binding protein (TBP), loading controls for cytosolic and nuclear
proteins, respectively. Collectively, these data indicate that DSF directly attenuates RANKL-in-
duced NF-κB and ERK signaling cascades during OC differentiation.

Disulfiram impairs NFATc1 transactivation in RANKL-stimulated BMMs
Aforementioned, together with NF-κB, activation of NFATc1 is indispensable for OC differen-
tiation [30]. Therefore, we further probed for the expression of NFATc1 in RANKL stimulated
BMMs in the presence or absence of DSF (100 nM) by immunoblotting. As expected, RANKL

Fig 4. DSF attenuates RANKL-induced MAPK signaling in BMMs. Total cell lysates were extracted from
BMMs treated with rRANKL for 0, 5, 10, 20, 30 and 60 mins (A) or for 0, 24, 48 and 72 hrs (B) in the presence
or absence of DSF (200nM or 100nM). Proteins were separated on 12.5% SDS-PAGE gel, transferred onto
nitrocellulose membranes, and immunoblotted sequentially with antibodies to different components of the
MAPK and SAPK signaling pathways (ERK, JNK, p38, Src and Akt). β-actin was used as internal loading
control. Results shown represent one of three independent experiments.

doi:10.1371/journal.pone.0125696.g004
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alone induced a prominent up-regulation of NFATc1 expression 48–72 hrs post-incubation
(Fig 6A). By comparison, DSF treatment markedly diminished RANKL-induced NFATc1 ex-
pression levels at 72 hrs. Consistently, NFATc1 transactivation, as monitored by RAW264.7
cells stably transfected with an NFATc1-driven luciferase reporter construct, was significantly
impaired across all concentrations of DSF tested (25 nM, 50 nM and 100 nM) as compared to
the control in response to RANKL-stimulation (Fig 6B). This reduction in NFATc1 transacti-
vation corresponded with a notable reduction in the protein expression levels of several down-
stream osteoclastic markers known to be transcriptionally regulated by NFATc1 including
CtsK and Atp6v0d2 (Fig 6C). Together, the data extend NFATc1 to the list of key signaling
molecules modulated by DSF during OC differentiation.

Fig 5. DSF suppresses RANKL-induced activation of NF-κB. (A) DSF suppressed RANKL-induced NF-B
luciferase activity. RAW264.7 cells stably expressing a NF-B-driven luciferase reporter construct were pre-
treated with varying doses of DSF for 1 hr followed by rRANKL stimulation. Luciferase activity was assessed
after 8 hrs of RANKL stimulation (mean ± SD; *: P<0.05, **: P<0.01, ***: P<0.001 against RL+). (B) DSF
delayed IκBα degradation. Total cell lysates were extracted from BMMs treated with rRANKL for 0, 5, 10, 20,
30 and 60 mins in the presence or absence of DSF (200 nM). Proteins were separated on 12.5% SDS-PAGE
gel, transferred onto nitrocellulose membranes, and immunoblotted sequentially with antibodies to IκBα and
p65. β-actin was used as internal loading control. (C and D) DSF attenuated the nuclear translocation of p65.
BMMs were treated with RANKL for 1 hr in the presence or absence of DSF (200 nM). Cytoplasmic and
nuclear fractions were extracted using NE-PER Nuclear and Cytoplasmic Extraction Reagents, separated on
12.5% SDS-PAGE gel, and then transferred onto nitrocellulose membrane. Membrane was immunoblotted
for p65. -actin and TBP were used as loading controls for cytoplasmic and nuclear fractions respectively.
Results shown represent one of three independent experiments.

doi:10.1371/journal.pone.0125696.g005
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Disulfiram does not inhibit V-ATPase mediated acidification in
osteoclasts
Finally, given that DSF has been recently reported to inhibit V-ATPase-mediated acidification
in eukaryotes [21] together with the vital importance of this proton pump in OC differentiation
and function [11, 31, 32], we tested whether DSF modulates acidification in OCs. To this end,
we monitored the effect of DSF on intracellular acidification in BMM-derived OCs by acridine
orange (AO) fluorescence quenching assay [33]. AO fluorescence quenching assays are rou-
tinely employed to monitor changes in the intracellular acidification status of a variety of cells
and organelles [34]. Upon entering acidified compartments, unprotonated AO (green light;
Em 535 nm) becomes protonated and emits orange/red light (Em 580 nm) when excited by
blue light (Ex 492 nm). AO fluorescence intensity can then be measured by spectrophotometry
as a direct readout of acidification levels. As shown in Fig 7A, whereas established V-ATPase
inhibitors/macrolides Baf (10 nM) and SaliPhe (100 nM) [34, 35] potently blocked AO
quenching and thus intracellular acidification in OCs as signified by the predominantly green
fluorescence signal emitted by the Ex485/Em535 fluorescence spectra, DSF (100 nM) failed to
elicit a fluorescence shift of AO fluorescence away from typical acidified orange/red color (as
observed in vehicle-treated control) to green suggesting that DSF did not influence intracellular
acidification. Quantification of AO fluorescence intensity at Ex485/Em535 using a spectropho-
tometer further confirmed the dose-dependent elevation of intracellular pH levels (decreased
acidity) by Baf and SaliPhe while DSF treated shown no quantifiable shift away from control
acidification levels (Fig 7B). Additionally, AO staining was adopted to validate whether DSF af-
fects human OC V-ATPase activities. As shown in S1C Fig, untreated human OCs exhibited
bright orange staining on the site of podosomal belt which is a actin-rich structure on the pe-
riphery of a non-resorbing osteoclast [36], while Baf treatment potently impaired the

Fig 6. DSF inhibited RANKL-induced NFATc1 signaling. (A) DSF attenuated RANKL-induced NFATc1
protein expression. Total cell lysates were extracted from BMMs treated with rRANKL for 0, 24, 48 and 72 hrs
in the presence or absence of DSF (100nM). Proteins were separated on 10% SDS-PAGE gel, transferred
onto nitrocellulose membranes, and immunoblotted with specific antibody to NFATc1. β-actin was used as
internal loading control. (B) DSF dose-dependently inhibited RANKL-induced NFATc1 luciferase activity.
RAW264.7 cells stably expressing a NFATc1-driven luciferase reporter construct was pre-treated with
varying doses of DSF (25, 50, 100nM) for 1 hr followed by rRANKL stimulation. Luciferase activity was
assessed after 24 hrs of RANKL stimulation (mean ± SD; *P<0.05, **P<0.01, ***P<0.001 against RL+). (C)
DSF impaired NFATc1 downstream effector proteins CtsK and Atp6v0d2 expression. Total cell lysates were
extracted from BMM-derived OCs cultured in the presence or absence of DSF (100nM). Proteins were
separated on 12.5% SDS-PAGE gel, transferred onto nitrocellulose membranes, and immunoblotted with
specific antibodies to CtsK and Atp6v0d2. -actin was used as internal loading control. Results shown
represent one of three independent experiments.

doi:10.1371/journal.pone.0125696.g006
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acidification by inhibiting V-ATPaseS. Consistent with previous results, DSF failed to exert ob-
vious inhibitory effects on human OC V-ATPases.

We also verified these findings biochemically using a microsome-based proton influx assay
to directly monitor the effects of DSF in relation to bafilomycin and SaliPhe on V-ATPase me-
diated H+ transport. Acidic influx was initiated by the addition of ATP as indicated by the
steady decline in fluorescence intensity slope over time (Fig 7C). As expected, both bafilomycin
(10 nM) and SaliPhe (100 nM) significantly inhibited transmembrane proton transport as indi-
cated by the unchanged fluorescence intensity level over time following ATP addition. By com-
parison, DSF (25-100nM) failed to block H+ transport (Fig 7C and 7D). The slope (-ΔF/Δt) of

Fig 7. V-ATPase proton pump is not the target of DSF. (A) DSF does not affect V-ATPase-mediated acidification in OCs. Image merge of green and red
fluorescence spectra of acridine orange (AO) fluorescence quenching from BMM-derived OCs pre-treated for 12 hrs with various concentrations of DSF
(6.25, 12.5, 25, 50, 100 and 200 nM), Baf (10 nM) or SaliPhe (100 nM) followed by incubation with 5 μg/ml AO for 15 mins at 37°C. Cells were first excited
with wavelength of 485 nm. Fluorescence shift of AO from green to red indicate normal intracellular acidification. (B) Fluorescence intensity at excitation
485 nm and emission 535 nm was quantified using a spectrophotometer (mean ± SD; **: P<0.01, ****: P<0.0001 against vehicle). (C and D) DSF does not
affect V-ATPase-mediated proton transport in isolated microsomes. Microsomes isolated from RAW264.7 cells was subjected to AO proton transport assay
in the presence or absence of DSF (100 nM), Baf (10 nM) or SaliPhe (100 nM). Proton transport was initiated by the addition of ATP and influx was detected
by the fluorescence intensity measured with excitation 485 nm and emission 535 nm and results are represented as the initial rate of acidification (-ΔF/Δt as
calculated from the slope generated by the first 60 seconds after ATP supplement and normalized to vehicle). Results shown represent one of three
independent experiments.

doi:10.1371/journal.pone.0125696.g007
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each curve was calculated and demonstrated as percentage of vehicle (Fig 7D). Taken together,
these data indicate that DSF does not inhibit the OC V-ATPase complex.

Discussion
Disulfiram has historically been employed for the treatment of chronic alcoholism [37]. The
major findings of the present study indicate that DSF treatment dose-dependently impairs OC
formation in vitro at the early stages of differentiation. Moreover, this inhibition in OC differ-
entiation appears to be due, largely in part, to the suppression of several key RANKL-induced
signaling cascades including ERK, NF-κB and NFATc1. Thus, our data demonstrate, for the
first time, that DSF also possesses antiresorptive properties.

By reevaluating the cellular and mechanistic actions of DSF, our study highlights the poten-
tial of using pre-existing market approved agents as alternative anti-bone resorption therapies.
In support of this, previous studies by Pilar Peris et al. [38] reported that DSF treatment, in
combination with alcohol abstinence (for up to 2 yrs), correlated with an increase in lumbar
and femoral BMD in alcoholics. While at this point in time we cannot rule out the possibility
that the observed changes in BMD of these chronic alcoholics were not simply a culmination
of factors influenced by alcohol intake (i.e., dietary, hormone levels, physical activities etc), it is
tempting to speculate that our in vitro findings may provide a cellular basis for this BMD resto-
ration i.e. through the direct actions of DSF on OC formation. Moreover, a more recent study
by Monika Mittal et al. [39] indicated the DSF suppressed osteoblast survival and differentia-
tion via inhibition of Aldh2 function, which in turn suggests that DSF might display biphasic
effect on bone remodeling cycle and have greater effects towards preserving current bone mass.
Therefore, reexamination of DSF on a non-alcoholic cohort of osteoporotic patients will be re-
quired to substantiate this position.

By combining immunoanalytical methods with transcriptional reporter assays we demon-
strate that a short incubation with DSF inhibited the nuclear translocation of p65 after stimula-
tion with RANKL and the effect was mediated by the reduced degradation of IκBα, the
inhibitory subunit of NF-κB. Since IκBα has been suggested to be degraded in the proteasome
and DSF has been shown to possess proteasome inhibition potential, we speculate that the gen-
eral blockade of DSF on NF-κB transactivation is through proteasome inhibition [40–42].The
corresponding decrease in OC formation and reduction in NF-κB signaling is consistent with
the notion that NF-κB activation is vital to osteoclastogenesis which is best exemplified in stud-
ies of p50/p52 double knockout of NF-κB machinery in mice which exhibit greatly suppressed
OC formation and osteopetrosis [43]. The inhibitory actions of DSF on NF-κB signaling also
parallel the findings of other established NF-κB blockers such as the IκB supersupressor, which
reported a similar reduction in OC differentiation and activation in vitro [44].

Along with NF-κB, we found that DSF impaired the transactivation of NFATc1 and expres-
sion of downstream transcriptional targets including DC-STAMP and Atp6v0d2, each essential
for OC formation. Given the crucial role of NFATc1 regulation in the early phases of OC for-
mation, it is likely that this target accounts, at least in part, for the observed inhibition of osteo-
clastogenesis following continuous and/or early stage DSF treatment. On the other hand, when
administered at late-stages of differentiation, DSF had little influence of osteoclastogenesis
probably because NFATc1 expression had already elicited the induction of the necessary tran-
scriptional machinery required for OC precursor commitment and fusion [12, 45].

In the present study we found that DSF treatment inhibited ERK1/2 phosphorylation but
did not influence other key pathway components p38, JNK, Src and Akt. These findings were
not entirely unexpected as DSF has been previously shown to modulate MAPK/SAPK signaling
in various cancer cell lines when employed in combination with CuCl2 [18,35].
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Along with the abovementioned core RANKL-mediated signaling machinery, the
V-ATPase proton pump plays an essential role in OC formation and function. During bone re-
sorption V-ATPases are clustered at high density on the ruffled border to facilitate extracellular
acidification and bone resorption, thus the V-ATPase complex has long been considered a tar-
get for antiresorptive therapy [46]. Interestingly, DSF has recently been shown to be an inhibi-
tor of the yeast V-ATPase proton pump. However, in our hands, using multiple lines of
cellular and biochemical investigation, we failed to detect any inhibitory effects of DSF on
V-ATPase-mediated acidification in OCs. Whereas canonical V-ATPase inhibitors Baf and
SaliPhe exhibited potent inhibitory effects on acidification, as monitored by AO fluorescence
quenching and proton influx assays, DSF showed no obvious inhibitory effects across all doses
examined (up to 200 nM). While the precise reason for this discrepancy warrants further
study, it may simply reflect differences in the pharmacological action(s) of DSF and/or the con-
figuration of the V-ATPase complex observed between yeast and mammalian cells [32].

Finally, although our findings provide new mechanistic insights for DSF as a candidate
agent resorptive agent, several limitations remain to be addressed. After successfully evaluating
the known RANKL-induced signaling cascades, we found that with the exception of ERK 1/2,
DSF did not influence the phosphorylation signatures of other major MAPK/SAPK signaling
proteins including p38, JNK 1/2, Src and Akt. However the difference in ERK phosphorylation
was not addressed mechanistically. Furthermore, in vivomodels of osteoporosis (such as OVX-
induced bone loss in mice) along with future clinical trials will be the focus of further studies in
order to strengthen the resolve of our in vitro findings and potentially elevate DSF to the list of
established antiresorptive agents.

Conclusions
In summary, we demonstrate, for the first time, that DSF attenuates both mouse and human
osteoclastogenesis in vitro by disruption of several key RANKL-induced signaling pathways.
We posit that DSF may therefore be a potential candidate treatment for osteoclast-mediated
bone diseases like osteoporosis.

Supporting Information
S1 Fig. The effect of DSF on human osteoclasts. (A) Dose-dependent inhibitory effect of DSF
on OC formation. Freshly isolated human monocytes were cultured in the presence of
rRANKL (100ng/ml) and human M-CSF in the presence or absence of various concentrations
of DSF (12.5 nM, 25nM, 50 nM and 100 nM) for 10 days and fixed with 4% PFA followed by
TRAP staining for the visualization of multinucleated OCs (scale bar = 500μm). (B) The num-
ber and average size in areas (mm2) of TRAP-positive multinucleated OCs (�3 nuclei) were
quantified (mean ± SD; �: p<0.05, ��: p<0.01, ���: p<0.001, ����: p<0.0001, ns: not significant
against vehicle). (C) Image merge of green and red fluorescence spectra of AO fluorescence
quenching from human OCs. Cells were pre-treated for 12 hrs with DSF (100 nM) or Baf
(10 nM) followed by incubation with 5 μg/ml AO for 15 mins at 37°C (scale bar = 100μm). Re-
sults shown represent one of two independent experiments.
(TIF)

Author Contributions
Conceived and designed the experiments: HY AQ. Performed the experiments: HY TSC SR.
Analyzed the data: HY AQ TSC NJP MHZ. Wrote the paper: HY AQ TSC NJP KDMHZ.

Disulfiram as a Potential Antiresorptive Agent

PLOS ONE | DOI:10.1371/journal.pone.0125696 April 30, 2015 14 / 17

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0125696.s001


References
1. Teitelbaum SL. Osteoclasts: what do they do and how do they do it? The American journal of pathology.

2007 Feb; 170(2):427–35. PMID: 17255310. Pubmed Central PMCID: 1851862.

2. Harada S-i, Rodan GA. Control of osteoblast function and regulation of bone mass. Nature. 2003; 423
(6937):349–55. PMID: 12748654

3. Blair HC, Athanasou NA. Recent advances in osteoclast biology and pathological bone resorption. His-
tology and histopathology. 2004 Jan; 19(1):189–99. PMID: 14702187.

4. Udagawa N, Takahashi N, Akatsu T, Tanaka H, Sasaki T, Nishihara T, et al. Origin of osteoclasts: ma-
ture monocytes and macrophages are capable of differentiating into osteoclasts under a suitable micro-
environment prepared by bone marrow-derived stromal cells. Proceedings of the National Academy of
Sciences. 1990; 87(18):7260–4. PMID: 2169622

5. Takayanagi H. Osteoimmunology: shared mechanisms and crosstalk between the immune and bone
systems. Nature Reviews Immunology. 2007; 7(4):292–304. PMID: 17380158

6. Nakashima T, Hayashi M, Fukunaga T, Kurata K, Oh-hora M, Feng JQ, et al. Evidence for osteocyte
regulation of bone homeostasis through RANKL expression. Nature medicine. 2011; 17(10):1231–4.
doi: 10.1038/nm.2452 PMID: 21909105

7. Darnay BG, Ni J, Moore PA, Aggarwal BB. Activation of NF-κB by RANK Requires Tumor Necrosis
Factor Receptor-associated Factor (TRAF) 6 and NF-κB-inducing Kinase IDENTIFICATIONOF A
NOVEL TRAF6 INTERACTIONMOTIF. Journal of Biological Chemistry. 1999; 274(12):7724–31.
PMID: 10075662

8. Baron R. Molecular mechanisms of bone resorption by the osteoclast. The Anatomical Record. 1989;
224(2):317–24. PMID: 2549811

9. Blair HC, Teitelbaum SL, Ghiselli R, Gluck S. Osteoclastic bone resorption by a polarized vacuolar pro-
ton pump. Science (New York, NY). 1989 08/; 245(4920):855–7.

10. Gowen M, Lazner F, Dodds R, Kapadia R, Feild J, Tavaria M, et al. Cathepsin K Knockout Mice Devel-
op Osteopetrosis Due to a Deficit in Matrix Degradation but Not Demineralization. Journal of Bone and
Mineral Research. 1999; 14(10):1654–63. PMID: 10491212

11. Qin A, Cheng TS, Lin Z, Pavlos NJ, Jiang Q, Xu J, et al. Versatile roles of V-ATPases accessory subunit
Ac45 in osteoclast formation and function. PloS one. 2011; 6(11):e27155. doi: 10.1371/journal.pone.
0027155 PMID: 22087256

12. Lee S-H, Rho J, Jeong D, Sul J-Y, Kim T, Kim N, et al. v-ATPase V0 subunit d2–deficient mice exhibit
impaired osteoclast fusion and increased bone formation. Nature medicine. 2006; 12(12):1403–9.
PMID: 17128270

13. Seeman E, Delmas PD. Bone quality—the material and structural basis of bone strength and fragility.
New England Journal of Medicine. 2006; 354(21):2250–61. PMID: 16723616

14. Seeman E. Pathogenesis of bone fragility in women and men. The Lancet. 2002; 359(9320):1841–50.
PMID: 12044392

15. Chen JS, Sambrook PN. Antiresorptive therapies for osteoporosis: a clinical overview. Nature reviews
Endocrinology. 2012 Feb; 8(2):81–91. PMID: 21894214. Epub 2011/09/07. eng.

16. Seeman E. Reduced bone formation and increased bone resorption: rational targets for the treatment
of osteoporosis. Osteoporosis international. 2003; 14(3):2–8.

17. Kitson TM. The Disulfiram—Ethanol Reaction; a Review. Journal of Studies on Alcohol and Drugs.
1977; 38(01):96. PMID: 319300

18. Suh JJ, Pettinati HM, Kampman KM, O'Brien CP. The status of disulfiram: a half of a century later. J
Clin Psychopharmacol. 2006 Jun; 26(3):290–302. PMID: 16702894. Epub 2006/05/17. eng.

19. Yip N, Fombon I, Liu P, Brown S, Kannappan V, Armesilla A, et al. Disulfirammodulated ROS–MAPK
and NFκB pathways and targeted breast cancer cells with cancer stem cell-like properties. British jour-
nal of cancer. 2011; 104(10):1564–74. doi: 10.1038/bjc.2011.126 PMID: 21487404

20. Guo X, Xu B, Pandey S, Goessl E, Brown J, Armesilla AL, et al. Disulfiram/copper complex inhibiting
NFkappaB activity and potentiating cytotoxic effect of gemcitabine on colon and breast cancer cell
lines. Cancer Lett. 2010 Apr 1; 290(1):104–13. PMID: 19782464. Epub 2009/09/29. eng. doi: 10.1016/j.
canlet.2009.09.002

21. Johnson RM, Allen C, Melman SD, Waller A, Young SM, Sklar LA, et al. Identification of inhibitors of
vacuolar proton-translocating ATPase pumps in yeast by high-throughput screening flow cytometry.
Analytical biochemistry. 2010; 398(2):203–11. doi: 10.1016/j.ab.2009.12.020 PMID: 20018164

22. Xu J, Tan JW, Huang L, Gao XH, Laird R, Liu D, et al. Cloning, sequencing, and functional characteriza-
tion of the rat homologue of receptor activator of NF-kappaB ligand. Journal of bone and mineral

Disulfiram as a Potential Antiresorptive Agent

PLOS ONE | DOI:10.1371/journal.pone.0125696 April 30, 2015 15 / 17

http://www.ncbi.nlm.nih.gov/pubmed/17255310
http://www.ncbi.nlm.nih.gov/pubmed/12748654
http://www.ncbi.nlm.nih.gov/pubmed/14702187
http://www.ncbi.nlm.nih.gov/pubmed/2169622
http://www.ncbi.nlm.nih.gov/pubmed/17380158
http://dx.doi.org/10.1038/nm.2452
http://www.ncbi.nlm.nih.gov/pubmed/21909105
http://www.ncbi.nlm.nih.gov/pubmed/10075662
http://www.ncbi.nlm.nih.gov/pubmed/2549811
http://www.ncbi.nlm.nih.gov/pubmed/10491212
http://dx.doi.org/10.1371/journal.pone.0027155
http://dx.doi.org/10.1371/journal.pone.0027155
http://www.ncbi.nlm.nih.gov/pubmed/22087256
http://www.ncbi.nlm.nih.gov/pubmed/17128270
http://www.ncbi.nlm.nih.gov/pubmed/16723616
http://www.ncbi.nlm.nih.gov/pubmed/12044392
http://www.ncbi.nlm.nih.gov/pubmed/21894214
http://www.ncbi.nlm.nih.gov/pubmed/319300
http://www.ncbi.nlm.nih.gov/pubmed/16702894
http://dx.doi.org/10.1038/bjc.2011.126
http://www.ncbi.nlm.nih.gov/pubmed/21487404
http://www.ncbi.nlm.nih.gov/pubmed/19782464
http://dx.doi.org/10.1016/j.canlet.2009.09.002
http://dx.doi.org/10.1016/j.canlet.2009.09.002
http://dx.doi.org/10.1016/j.ab.2009.12.020
http://www.ncbi.nlm.nih.gov/pubmed/20018164


research: the official journal of the American Society for Bone and Mineral Research. 2000 Nov; 15
(11):2178–86. PMID: 11092398.

23. Malich G, Markovic B, Winder C. The sensitivity and specificity of the MTS tetrazolium assay for detect-
ing the in vitro cytotoxicity of 20 chemicals using human cell lines. Toxicology. 1997 12/31/; 124
(3):179–92. PMID: 9482120

24. Ng PY, Cheng TS, Zhao H, Ye S, Sm Ang E, Khor EC, et al. Disruption of the dynein-dynactin complex
unveils motor-specific functions in osteoclast formation and bone resorption. Journal of Bone and Min-
eral Research. 2013; 28(1):119–34. doi: 10.1002/jbmr.1725 PMID: 22887640

25. Rea SL, Walsh JP, Ward L, Yip K, Ward BK, Kent GN, et al. A Novel Mutation (K378X) in the Sequesto-
some 1 Gene Associated With Increased NF-κB Signaling and Paget's Disease of BoneWith a Severe
Phenotype. Journal of Bone and Mineral Research. 2006; 21(7):1136–45. PMID: 16813535

26. Wang C, Steer JH, Joyce DA, Yip KH, Zheng MH, XU J. 12‐O‐tetradecanoylphorbol‐13‐acetate (TPA)
Inhibits Osteoclastogenesis by Suppressing RANKL‐Induced NF‐κB Activation. Journal of Bone and
Mineral Research. 2003; 18(12):2159–68. PMID: 14672351

27. Ang ES, Zhang P, Steer JH, Tan JWY, Yip K, Zheng MH, et al. Calcium/calmodulin‐dependent kinase
activity is required for efficient induction of osteoclast differentiation and bone resorption by receptor ac-
tivator of nuclear factor kappa B ligand (RANKL). Journal of cellular physiology. 2007; 212(3):787–95.
PMID: 17477372

28. David P, Baron R. The catalytic cycle of the vacuolar H(+)-ATPase. Comparison of proton transport in
kidney- and osteoclast-derived vesicles. The Journal of biological chemistry. 1994 Dec 2; 269
(48):30158–63. PMID: 7982921. Epub 1994/12/02. eng.

29. Sorensen MG, Henriksen K, Neutzsky-Wulff AV, Dziegiel MH, Karsdal MA. Diphyllin, a novel and natu-
rally potent V-ATPase inhibitor, abrogates acidification of the osteoclastic resorption lacunae and bone
resorption. Journal of bone and mineral research: the official journal of the American Society for Bone
and Mineral Research. 2007 Oct; 22(10):1640–8. PMID: 17576165. Epub 2007/06/20. eng.

30. Takayanagi H, Kim S, Koga T, Nishina H, Isshiki M, Yoshida H, et al. Induction and activation of the
transcription factor NFATc1 (NFAT2) integrate RANKL signaling in terminal differentiation of osteo-
clasts. Developmental cell. 2002; 3(6):889–901. PMID: 12479813

31. Lee S-H, Rho J, Jeong D, Sul J-Y, Kim T, Kim N, et al. v-ATPase V0 subunit d2-deficient mice exhibit
impaired osteoclast fusion and increased bone formation. Nat Med. 2006 12//print; 12(12):1403–9.
PMID: 17128270

32. Qin A, Cheng T, Pavlos N, Lin Z, Dai K, Zheng M. V-ATPases in osteoclasts: Structure, function and po-
tential inhibitors of bone resorption. The International Journal of Biochemistry & Cell Biology. 2012.

33. Feng S, Deng L, ChenW, Shao J, Xu G, Li Y. Atp6v1c1 is an essential component of the osteoclast pro-
ton pump and in F-actin ring formation in osteoclasts. Biochem J. 2009; 417:195–203. doi: 10.1042/
BJ20081073 PMID: 18657050

34. Yoshimori T, Yamamoto A, Moriyama Y, Futai M, Tashiro Y. Bafilomycin A1, a specific inhibitor of vacu-
olar-type H (+)-ATPase, inhibits acidification and protein degradation in lysosomes of cultured cells.
Journal of Biological Chemistry. 1991; 266(26):17707–12. PMID: 1832676

35. Qin A, Cheng TS, Lin Z, Cao L, Chim SM, Pavlos NJ, et al. Prevention of wear particle-induced osteoly-
sis by a novel V-ATPase inhibitor saliphenylhalamide through inhibition of osteoclast bone resorption.
PloS one. 2012; 7(4):e34132. doi: 10.1371/journal.pone.0034132 PMID: 22509274

36. Jurdic P, Saltel F, Chabadel A, Destaing O. Podosome and sealing zone: Specificity of the osteoclast
model. Eur J Cell Biol. 2006 4/7/; 85(3–4):195–202.

37. Fuller RK, Branchey L, Brightwell DR, Derman RM, Emrick CD, Iber FL, et al. Disulfiram treatment of al-
coholism. JAMA: the journal of the American Medical Association. 1986; 256(11):1449–55. PMID:
3528541

38. Peris P, Parés A, Guan̄abens N, Del Río L, Pons F, Osaba D, et al. Bone mass improves in alcoholics
after 2 years of abstinence. Journal of Bone and Mineral Research. 1994; 9(10):1607–12. PMID:
7817807

39. Mittal M, Khan K, Pal S, Porwal K, China SP, Barbhuyan TK, et al. The Thiocarbamate Disulphide
Drug, Disulfiram Induces Osteopenia in Rats by Inhibition of Osteoblast Function Due to Suppression
of Acetaldehyde Dehydrogenase Activity. Toxicol Sci. 2014 Feb 13. PMID: 24496638. Epub 2014/02/
06. Eng.

40. Adams J. The proteasome: a suitable antineoplastic target. Nature reviews Cancer. 2004 May; 4
(5):349–60. PMID: 15122206. Epub 2004/05/04. eng.

41. Chen D, Peng F, Cui QC, Daniel KG, Orlu S, Liu J, et al. Inhibition of prostate cancer cellular protea-
some activity by a pyrrolidine dithiocarbamate-copper complex is associated with suppression of

Disulfiram as a Potential Antiresorptive Agent

PLOS ONE | DOI:10.1371/journal.pone.0125696 April 30, 2015 16 / 17

http://www.ncbi.nlm.nih.gov/pubmed/11092398
http://www.ncbi.nlm.nih.gov/pubmed/9482120
http://dx.doi.org/10.1002/jbmr.1725
http://www.ncbi.nlm.nih.gov/pubmed/22887640
http://www.ncbi.nlm.nih.gov/pubmed/16813535
http://www.ncbi.nlm.nih.gov/pubmed/14672351
http://www.ncbi.nlm.nih.gov/pubmed/17477372
http://www.ncbi.nlm.nih.gov/pubmed/7982921
http://www.ncbi.nlm.nih.gov/pubmed/17576165
http://www.ncbi.nlm.nih.gov/pubmed/12479813
http://www.ncbi.nlm.nih.gov/pubmed/17128270
http://dx.doi.org/10.1042/BJ20081073
http://dx.doi.org/10.1042/BJ20081073
http://www.ncbi.nlm.nih.gov/pubmed/18657050
http://www.ncbi.nlm.nih.gov/pubmed/1832676
http://dx.doi.org/10.1371/journal.pone.0034132
http://www.ncbi.nlm.nih.gov/pubmed/22509274
http://www.ncbi.nlm.nih.gov/pubmed/3528541
http://www.ncbi.nlm.nih.gov/pubmed/7817807
http://www.ncbi.nlm.nih.gov/pubmed/24496638
http://www.ncbi.nlm.nih.gov/pubmed/15122206


proliferation and induction of apoptosis. Frontiers in bioscience: a journal and virtual library. 2005;
10:2932–9. PMID: 15970547. Epub 2005/06/23. eng.

42. Kim I, Kim CH, Kim JH, Lee J, Choi JJ, Chen ZA, et al. Pyrrolidine dithiocarbamate and zinc inhibit pro-
teasome-dependent proteolysis. Exp Cell Res. 2004 Aug 1; 298(1):229–38. PMID: 15242777. Epub
2004/07/10. eng.

43. Franzoso G, Carlson L, Xing L, Poljak L, Shores EW, Brown KD, et al. Requirement for NF-κB in osteo-
clast and B-cell development. Genes & development. 1997; 11(24):3482–96.

44. Abu-Amer Y, Dowdy SF, Ross FP, Clohisy JC, Teitelbaum SL. TAT fusion proteins containing tyrosine
42-deleted IκBα arrest osteoclastogenesis. Journal of Biological Chemistry. 2001; 276(32):30499–503.
PMID: 11408488

45. Yagi M, Miyamoto T, Sawatani Y, Iwamoto K, Hosogane N, Fujita N, et al. DC-STAMP is essential for
cell-cell fusion in osteoclasts and foreign body giant cells. The Journal of experimental medicine. 2005
Aug 1; 202(3):345–51. PMID: 16061724. Pubmed Central PMCID: PMC2213087. Epub 2005/08/03.
eng.

46. Blair HC, Teitelbaum SL, Ghiselli R, Gluck S. Osteoclastic bone resorption by a polarized vacuolar pro-
ton pump. Science. 1989; 245(4920):855–7. PMID: 2528207

Disulfiram as a Potential Antiresorptive Agent

PLOS ONE | DOI:10.1371/journal.pone.0125696 April 30, 2015 17 / 17

http://www.ncbi.nlm.nih.gov/pubmed/15970547
http://www.ncbi.nlm.nih.gov/pubmed/15242777
http://www.ncbi.nlm.nih.gov/pubmed/11408488
http://www.ncbi.nlm.nih.gov/pubmed/16061724
http://www.ncbi.nlm.nih.gov/pubmed/2528207


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


