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Introduction: Bone disease is present in the majority of patients with multiple

myeloma and can seriously affect quality of life and survival rate. In addition

to suppression of osteoclastogenesis, there have been developments made in

terms of the therapeutic agents available, such as novel immunomodulating

agents, proteasome and receptor activator of nuclear factor kB ligand

inhibitors.

Areas covered: Areas covered include in vitro, in vivo and clinical evidence

was collected using MEDLINE� (1950 -- May 2014), EMBASE (1980 -- May

2014) and Google Scholar (1980 -- May 2014) databases.

Expert opinion: Bisphosphonates are the mainstay of myeloma bone disease

treatment. Oral clodronate and intravenous pamidronate and zoledronic

acid are currently used drugs and seem to have comparable results in prevent-

ing skeletal-related events of the disease. Zoledronate can also have survival

benefits and based on the available evidence is the superior bisphosphonate;

however, its side effects have to be monitored. Denosumab had comparable

results with zoledronate on myeloma bone disease treatment; its use has

not been completely proven yet. There is an expanding set of drugs, protea-

some inhibitors, under investigation with great potential to reduce the

negative effects of myeloma cells on bone. Future clinical studies should

compare both the catabolic and anabolic effects of these agents on bone.

Keywords: bisphosphonates, bone, immunomodulation, multiple, myeloma, osteoclast,

proteasome
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1. Introduction

Multiple myeloma (MM) is a malignant hematological disease that results from
clonal multiplication of malignant plasma cells. The median age of patients at the
time of diagnosis of MM is 65 years [1]. The incidence of the disease is about
6 patients per 100,000 of the population in the EU, and 27,500 new cases are
reported every year [2]. It is more common in men rather than women and accounts
for about 10% of all hemopoietic tumors in the Caucasian race. Over 50% of
patients are over 65 and only 1% of the cases involve patients under 40 years old.
The annual death rate of the disease is 4.1 per 100,000 and the 5-year survival
rate is 28% [3,4].

Clonal multiplication of malignant plasma cells in MM leads to elevated immu-
noglobulin levels, anemia, immune system deficiency, renal failure and osteolytic
bone lesions [5,6] The treatment of MM remains highly individualized [7]. When
selecting the proper regimen, the following factors are to be considered: age of
onset, whether the patient was symptomatic or not at the time of diagnosis and
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any detected high-risk cytogenic abnormalities [8]. Treatment
can be divided into initial therapy, consolidation or mainte-
nance therapy and stem cell transplantation for eligible
patients [9]. There have been developments made in terms of
the therapeutic agents available, such as novel immunomodu-
latory drugs and proteasome inhibitors, which have been asso-
ciated with both tumor reduction and suppression [10,11]. There
is the important issue of continuous therapy tomaintain remis-
sion [12,13]. Recently, outcomes in MM have been remarkably
improved due to the use of combination therapies [14,15].
Bone disease is present in 80% of patients with MM, causing

pain, hypercalcemia and pathologic fractures that may warrant
surgical treatment and/or radiotherapy. It may also lead to spinal
cord compression following pathological vertebral fracture [5].

2. MM-induced bone disease

Bone disease is present in the majority of patients with MM
and can seriously affect the quality of life and survival rate
of MM patients [16]. This renders the understanding of the
pathophysiology of bone disease in MM crucial in order to
develop pharmacological agents that can slow down bone
destruction. The underlying cause of bone disease in MM is
the uncoupling of bone resorption from bone production [17].
MM is characterized by an elevated level of activated
osteoclasts (OCs) parallel to reduced osteoblastic activity [18].
The binding of myeloma cells to bone marrow stromal cells

(BMSCs) through vascular cell adhesion molecule-1
(VCAM-1) that binds to a4b1 integrin on myeloma cells leads
to differentiation and activation of OCs [19]. Factors that favor
osteoclastogenesis include cytokines IL-6, IL-1a, IL-1b, IL11,
macrophage-colony stimulating factor (M-CSF), TNF-a,
TNF-b, macrophage inflammatory protein (MIP-1a), MIP-b,
parathyroid hormone-related peptide and VEGF [20-22]. In addi-
tion, stromal cell derived factor-1a, IL-3 and hepatocyte growth
factor [23-25] also act as osteoclast stimulants. The cytokines that
favor the differentiation of OCs and increase their ability to
absorb bone are produced either by myeloma cells or by stromal
cells (BMSCs) that have been activated by myeloma cells. Over-
expressed genes in OCs displayed additional mechanisms
involved in osteoclast/MM cells interactions, suggesting target-
ing strategies to block this interaction and prevent drug

resistance [26]. In addition to these factors, another important
path of osteoclast activation is through the receptor activator of
nuclear factor kB ligand (RANKL) -- osteoprotegerin (OPG)
system [19]. If left without treatment, patients with bone disease
are expected to experience > 2 skeletal-related events (SREs) per
year, defined as pathologic fractures, vertebral body compression
fractures, hypercalcemia, pain and need for radiation or sur-
gery [27]. As a result, patients suffering from MM-induced
bone disease will probably need either anabolic or (more often)
antiosteoclastic treatment [27].

For MM patients suffering from bone disease, antiosteo-
clast treatment has been widely used to prevent bone
loss [28]. Although bisphosphonates (BPs) are the mainstay
for the treatment of MM disease, several novel drugs for
myeloma-related bone disease or novel antimyeloma drugs
are very promising and have entered clinical trials [29]. Agents
that have the ability to suppress osteoclastogenesis include
BPs, immunomodulatory drugs such as thalidomide and lena-
lidomide, proteasome inhibitor bortezomib and agents with
the ability to suppress RANKL. In addition, other agents
that suppress bone absorption are being researched either in
clinical trials or in experimental in vitro or in vivo models.

This article reviews the currently available literature on
existing or developing antiosteoclast treatment regimens in
patients suffering from MM bone disease.

3. Bisphosphonates

Currently, BPs are the cornerstone for the treatment of MM
bone disease [29]. They are analogs of inorganic pyrophosphate
and consist of two phosphonate groups linked to a carbon
atom. The carbon substitution renders them resistant to break-
down by enzymatic hydrolysis. Also, it allows two additional
chains of variable structure, the modification of which has led
to the biosynthesis of different BPs [30]. Their high affinity
for calcium allows them to bind to bone hydroxyapatite, some-
thing that is enhanced in areas of high bone turnover [31].

BPs are potent inhibitors of the activation and differentia-
tion of OCs and, at the same time, also contribute to their apo-
ptosis [32,33]. They have similar properties but differ with regard
to their ability to prevent bone resorption. Their activity is
drastically increased when an amino group is entered into the
aliphatic carbon chain. Second and third generation BPs con-
taining nitrogen, a group consisting of risedronate, alendro-
nate, pamidronate, ibandronate and zoledronate, are far more
potent than first generation non-nitrogen containing BPs
(non-N-BPs), to which clodronate and etidronate belong [31].

During the bone remodeling process, OCs release BPs from
the bone matrix and internalize them through fluid-based
endocytosis [34] binding to the site of geranyl diphosphate
and inhibiting farnesyl diphosphate synthase in the mevalo-
nate pathway. This leads to the inhibition of protein prenyla-
tion, key regulators of cell signaling [35,36] and ultimately
production of Appi, an ATP analog, and cell apoptosis [37].
The non-N-BPs are incorporated into analogs of ATP,

Article highlights.

. Bisphosphonates (BPs) are the mainstay of myeloma
bone disease treatment.

. Oral clodronate and i.v. pamidronate and zoledronic
acid are currently used drugs.

. Among the drugs currently in use, zoledronate appears
to be more effective in the treatment of myeloma bone
disease.

. Denosumab is in Phase III study for myeloma patients
with bone disease.

This box summarizes key points contained in the article
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leading to accumulation of metabolites within OCs and
finally cell apoptosis [38]. Other possible pathways of action
of BPs include the reduction of IL-6 production by BMSCs
and the increase of g/d Ta-cells with direct effect against
MM cells [39]. The effects of BPs on osteoblasts and osteocytes
are represented by a wide range of proanabolic or toxic effects
depending most likely on the time and concentration of the
BP tested, the time of exposure and the experimental
methodology.

Oral clodronate, intravenous (i.v.) pamidronate and i.v.
zoledronic acid have been found effective and licensed for
the management of myeloma bone disease [40]. However,
etidronate and ibandronate were found to be ineffective [41-43].
Until now, no data have demonstrated the ability of BPs to
heal osteolytic lesions [44]. Although several bisphosphonate,
placebo-controlled studies have been published (Table 1) con-
cerning MM bone disease treatment, only three randomized
comparative studies between two different BPs exist in the
literature (Table 2).

3.1 BPs with low effectiveness in MM-related bone

disease
3.1.1 Etidronate
Etidronate is considered ineffective in the treatment of mye-
loma bone disease. Etidronate, administered at 5 mg/kg/day
per os (p.o.) in a randomized placebo controlled in vivo study
showed no statistically significant difference between the
etidronate and placebo group as far as reduction of pain,
osteolytic lesions and SRE are concerned (Table 1) [41]. Simi-
larly, another placebo controlled in vivo trial where etidronate
was administered at 10 mgr/kg/day p.o., failed to show statis-
tically significant difference between groups in all the previous
mentioned categories [42].

3.1.2 Ibandronate
Ibandronate also proved to be ineffective. Mensen et al.
reported no significant reduction of pain and development
of new osteolytic lesions, as well as vertebral and nonvertebral
fractures in MM patients who received 2 mg/month i.v. for
1 -- 2 years [43]. However serum osteocalcin and C-terminal
telopeptides were significantly reduced in ibandronate group
(Table 1). This in vivo study alone provides only scarce
evidence for the effectiveness of ibandronate on MM-related
bone disease.

3.2 BPs with higher effectiveness in MM-related

bone disease
3.2.1 Clodronate
Clodronate was the first non-N-BP that demonstrated
usefulness in the clinical management of myeloma bone.
Clodronate administered at 2.4 mg/day p.o. for 2 years in a
randomized placebo controlled in vivo trial showed significant
reduction of pain and osteolytic lesions. Progression of osteo-
lytic bone lesions was twice as high in the placebo group

(p < 0.05). Although the incidence of vertebral fractures was
lower in the clodronate group, this difference was not statisti-
cally significant [45].

In another randomized placebo controlled in vivo study by
Mc Closkey et al., clodronate administered at 1.6 mg/day p.o.
in 530 myeloma patients was found to significantly reduce
vertebral and nonvertebral fractures at 1 year of follow-up.
At 2 years follow-up, the patients who received clodronate
had less myeloma-related pain than patients treated with
placebo. However, the clodronate group failed to show a
benefit in survival [46].

3.2.2 Pamidronate
Pamidronate is a nitrogen-containing BP drug that is effective
on myeloma bone disease; it demonstrates, however, differen-
tial outcomes related to the route of administration. In an in
vivo study, oral pamidronate failed to reduce SREs at
300 mg/day p.o. in 300 myeloma patients. Pamidronate was
effective only in reducing pain [47]. Although there was reduc-
tion in the number and size of osteolytic lesions, this differ-
ence was not statistically significant (p = 0.28). In contrast,
the IV administration of pamidronate was more effective. At
90 mg i.v. every 4 weeks, pamidronate significantly reduced
osteolytic lesions, pain and SREs but had no effect on overall
survival [48]. Additionally, patients treated with i.v. pamidro-
nate experienced significantly fewer episodes of hypecalcemia
after 3 cycles of therapy (p = 0.007).The overall positive result
of this study was attributed to the better biocompatibility of
i.v. administered BPs [48].

3.2.3 Zoledronate
There are three major comparative randomized studies
between the most effective BPs on MM bone disease therapy.
In a randomized Phase II in vivo trial reported by
Berenson et al. (2001), escalating i.v. doses (0.4 -- 4.0 mg)
of zoledronate were compared with 90 mg of i.v. pamidronate
on 280 MM patients or metastatic breast cancer [49]. Zoledr-
onate administered at either 2 or 4 mg/month, proved to be
as effective as 90 mg/month pamidronate in the reduction
of both pain and SRE, whereas when it was administered at
0.4 mg/month, it was less effective [49]. Greater doses of
zoledronate significantly reduced the need for radiation
(p = 0.05), N-telopeptide marker levels and episodes of
hypercalcemia, demonstrating at least equal efficacy to
pamidronate.

In another in vivo study Rosen et al. (2001) studied
1648 patients with either Durie--Salmon stage III MM or
advanced breast cancer and at least one bone lesion. Patients
were randomly assigned to i.v. 4 or 8 mg of zoledronic acid
versus 90 mg of pamidronate every 3 -- 4 weeks for 1 year.
Zoledronate administered at 4 mg proved to be equally as
effective as pamidronate in reducing pain and skeletal related
events [50]. Although skeletal morbidity was similar in patients
treated with zoledronate, the incidence of radiation therapy
was significantly reduced and the N-terminal cross-linking
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telopeptide of collagen type I (NTX) was more frequently
normalized compared with pamidronate treated patients.

More recently, Morgan et al. (2011) [51] reported the results
of the MRC Myeloma IX trial, a multi-center randomized,
open-label, in vivo trial. This study was designed to compare
the effect of oral clodronate 1600 mg/day versus i.v. zoledro-
nate 4 mg every 21 -- 28 days for patients with newly diag-
nosed symptomatic MM. Zoledronate was found superior in
reducing SRE. There was statistically significant reduction of
vertebral fractures (p = 0.008) and fewer new osteolytic lesions
in the zoledronic acid group (p < 0.0001). Most importantly,
zoledronate was associated with significant reduction in the
risk of death (HR 0.84; p = 0.0118) and a significant
improvement in progression-free survival (0.88, p = 0.0179)
[51]. Extension of survival by 10 months was more pro-
nounced for myeloma patients with osteolytic disease at diag-
nosis. Myeloma patients without bone disease at diagnosis
had no survival advantage with zoledronic acid [52]. Based
on the latter observation, the authors raised the hypothesis
that zoledronate may exhibit an indirect or direct antimye-
loma effect [53]. Pamidronate and zoledronic acid i.v. and
oral clodronate are currently used in Europe in the treatment
of MM. The International Myeloma Working Group sug-
gested that BPs should be considered in all patients with
MM receiving first-line antimyeloma therapy, regardless of
the presence of osteolytic bone lesions on conventional radi-
ography [40]. Treatment should be resumed in cases of relapse.
As regard to the side effects of BPs and their tolerability, the
European Myeloma Network suggests symptomatic treatment
and continuation of therapy, monitoring of creatinine clear-
ance and adjustment of dosage in cases of renal failure and
tactic dentist surveillance in order to prevent osteonecrosis
of the jaw (ONJ), one of the most serious side effects of
BPs. BPs should be stopped before an invasive dental
procedure. In the event of ONJ, BPs should also be
discontinued [54].

4. Novel antimyeloma agents

BPs’ side effects coupled with hesitance in administering them
on a long term basis, channeled research toward other
antiosteoclast agents. Immunomodulatory drugs such as tha-
lidomide, lenalidomide and pomalidomide, and proteasome
inhibitors, such as bortezomib and carfilzomib, are highly
active agents for the treatment of both newly diagnosed and
relapsed/refractory MM [29] Although they have established
activity against myeloma, all share in common but to a differ-
ent extent, the ability to reduce bone resorption, either by
direct action against OCs or by modulating the influence of
myeloma cells on OCs [29].

Although more sophisticated imaging modalities like MRI
can be used for the evaluation of skeletal involvement in
MM [47], plain radiographs remain the main diagnostic tool.
However, normal radiographs cannot exclude significant
bone turnover in patients suffering from MM [55].

Biochemical markers of bone turnover are mainly used in
preclinical or even clinical practice in order to find out antios-
teoclastic action of certain antimyeloma agents [49,50].

4.1 Thalidomide
Thalidomide has the ability to inhibit TNF-a, a cytokine,
produced by macrophages of the immune system and also a
mediator of inflammatory response. Thalidomide also alters
the production of IL-1, IL-6, IL-12 inflammatory cytokines
and IL-10, anti-inflammatory cytokine [56]. TNF-a is
believed to be inhibited through enhanced TNF-a RNA deg-
radation, resulting in diminished amounts of it secreted [57].
Thalidomide also favors myeloma cells apoptosis through
upregulation of the activity of caspase-8. This causes apopto-
tic activity between caspase-8 and caspase-9. Secretion of
IL-6 and the secretion of adhesion molecules are induced in
the presence of TNF-a. The reduction of adhesion molecules
ultimately affects OCs.

Thalidomide is considered to be an effective treatment of
both newly diagnosed and refractory MM disease [58-63]. How-
ever, recent studies highlighted this novel antimyeloma agent
as a promising drug against myeloma bone disease (Table 3) [60].
In a prospective nonrandomized in vivo study, Terpos et al. [60]
reported that the combination of an intermediate dose of tha-
lidomide (200 mg/day) with dexamethasone was very effective
for patients suffering from refractory/relapsed MM. Although
this combination had no effect on bone formation markers
and no healing of the observed lytic lesions, demonstrated sig-
nificant reduction of C-terminal type 1 collagen telopeptide
(CTX) and tartrate-resistant acid phosphatase 5b (TRACP-
5b) at 3 and 6 month and sRANKL and sRANKL/OPG at
6 months post-treatment [60]. It is possible that the combina-
tion of thalidomide and dexamethasone may have a positive
effect on myeloma microenvironment, thus reducing the path-
ogenesis of myeloma bone disease.

Similar results were reported by Tosi et al. [64] who used
thalidomide, dexamethasone and zoledronate for the treat-
ment of patients with newly diagnosed MM. Following
4 months of treatment, there was statistically significant
reduction in urinary NTX and serum crosslaps for those
patients who partially responded to therapy. Although the rel-
ative contribution of each drug could not be determined, the
combination of thalidomide, dexamethasone and zoledronate
seemed to have a positive effect on myeloma bone disease.

4.2 Lenalidomide
Lenalidomide is a synthetic compound derived by modifying
the chemical structure of thalidomide [65]. Lenalidomide is
more potent than thalidomide with regard to its immunosup-
pressant and antitumor abilities. Particularly, in MM, it is
able to alter the microenvironment. It directly decreases the
formation of tartrate-resistant acid phosphatase (TRAP)-
positive cells that form OCs [66]. Lenalidomide also decreases
aVb3-integrin, an adhesion molecule involved in osteoclast
activation, and downregulates cathepsin K, a cysteine protease
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expressed in OCs that is involved in matrix degradation dur-
ing resorption [66]. Furthermore, it reduces transcription
factorPU.1 and MAP kinase (ERK [extracellular signal-
regulated kinase]), all important mediators of osteoclastogen-
esis, and suppresses RANKL. Lenalidomide can reduce adhe-
sion molecules (ICAM-1,VCAM-1 and E-selectin) that
interfere in the adhesion of MM cells to BMSC [67].

Lenalidomide is an effective treatment for both the newly
diagnosed and refractory MM as thalidomide [68-76] Lenalido-
mide is another novel drug targeting MM and its microenvi-
ronment that has shown promising clinical results on
myeloma bone disease (Table 3) [66]. In vitro studies revealed
that this novel drug can effectively inhibit osteoclast forma-
tion as well as reduce the serum levels of RANKL in BMSCs
derived from MM patients [66].

In a randomized in vivo trial, Breikrutz et al. (2008) compar-
ing the effect of two different doses of lenalidomide on osteo-
lytic bone disease in patients with relapsed or refractory MM
at 2 months of treatment recorded significant reduction of
RANKL and increase of OPG [66]. In a similar retrospective
study, Terpos et al. confirmed the same effect of lenalidomide
on bone resorption markers for responders to therapy, although
no effect on bone formation markers was recorded [77].

Lenalidomide effect seems to be enhanced by the action of
bortezomib. In a prospective comparative in vivo study, the
effect of lenalidomide, dexamethazone (RD) and bortezomib
on 99 patients suffering from refractory or relapsed MM
was studied. Patients suffering from peripheral neuropathy
grade > 2 received RD, whereas those with
grade < 2 neuropathy were treated with RD plus bortezomib;
RD treatment significantly reduced only markers of bone
resorption (CTX, Dkk-1). Although the addition of bortezo-
mib has the same effect on CTX and Dkk-1, it also signifi-
cantly increased bone alkaline phosphatase (bALP) and
osteocalcin after six cycles of therapy, irrespective of treatment
response [77].

4.3 Pomalidomide
Pomalidomide has been newly approved and may be used for
relapsed and refractory MM. It has synergistic effects when
combined with dexamethasone and has currently undergone
Phase III trials [13,78]. Its combination with low-dose dexa-
methasone is effective and well tolerated in those with
relapsed or refractory MM who have exhausted treatment
with lenalidomide or bortezomib [79,80].

4.4 Bortezomib/proteasome inhibitors
Bortezomib is a proteasome inhibitor that specifically inhibits
the threonine residue of the 26S proteasome, an enzyme com-
plex that plays a key role in the cell by regulating protein deg-
radation in a controlled fashion. Proteins that are no longer
needed, including those involved in cell cycle control, apopto-
sis and cell signaling, are tagged with ubiquitin, which directs
them to the proteasome to be degraded. This process main-
tains the balance of inhibitory and stimulatory proteinsT
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involved in the cell cycle. The inhibition of the proteasome
leads to a deregulation of the process, resulting in a build-up
of cell cycle and regulatory proteins leading to cell death [81,82].
It is also possible that bortezomib dysregulates intracellular
calcium metabolism, resulting in caspase activation and
apoptosis [83].

Bortezomib is the first proteasome inhibitor with established
in vitro and in vivo activity against myeloma (Table 4) [84-89].
This antimyeloma agent seems to downregulate the osteoclastic
activity, leading to reduced bone resorption [29].

In an in vitro study by von Metzler et al. (2007), bortezo-
mib inhibited early and late osteoclast differentiation, activa-
tion and resorptional activity, creating prerequisites for the
clinical use of bortezomib in cancer-induced lytic bone dis-
ease. The early and late inhibition was mediated through
p38 MAPK-triggered and inhibition of AP-1 and NF-B acti-
vation, respectively [90].

Terpos et al. [91] demonstrated for the first time that the
administration of bortezomib in myeloma patients produced
a significant reduction of serum levels of bone-related cyto-
kines. These cytokines were responsible for both development
of lytic bone disease and myeloma cell growth (DKK-1 and
RANKL), osteoclast function (assessed by TRACP-5b) and
bone resorption (assessed by CTX). Changes in markers
were irrespective of response to therapy of the relapsed mye-
loma patients [91]. In the same in vivo study, bortezomib
also produced a dramatic increase in both markers of bone
formation, bALP and osteocalcin. Zangari et al. (2005)
supported the same effect of bortezomib treatment on bone
formation markers (bALP) concerning myeloma treated
patients [92]. In vitro and in vivo observations supported
the hypothesis that bortezomib treatment may have a direct
stimulatory effect on bone formation process [93].

In a prospective case control study, Heider et al. tried to
compare the effects of bortezomib monotherapy with other
treatments on newly diagnosed or refractory myeloma
patients [94]. There was statistically significant enhancement
of markers of osteoblast activity (bALP) in myeloma patients
treated with bortezomib in comparison with other treatment
group, suggesting a possible direct effect on osteoblasts,
unique to this proteasome inhibitor [94].

When bortezomib was administered with dexamethasone
and zoledronate in 27 relapsed myeloma patients, significant
decrease in serum NTX and increase in bALP and osteocalcin
was reported. Additionally, bone mineral density (BMD)
improvement in lumbar spine was observed very early at
6 months post-initiation of therapy in a subset of relapsed
MM patients with low BMD and nonextensive lytic
disease [95].

In a subanalysis of a Phase III in vivo study in newly
diagnosed patients, the combination of bortezomib with
melphalan and prednisone reduced substantially DKK-1 but
significantly increased the serum levels of bALP in responding
patients, in comparison with control group receiving only
melphalan/prednisolone [96]. Bortezomib had also a bone

formation effect evident in conventional radiography, provid-
ing sufficient evidence that bortezomib has an osteoblastic
capacity.

Despite its efficiency, a high proportion of patients do not
achieve sufficient clinical response with bortezomib. This has
prompted the development of second generation proteasome
inhibitors such as carfilzomib, marizomib, ixazomib [97] and
oprozomib. Carfilzomib has a potential to overcome drug
resistance and has less side effects compared to bortezomib.
Furthermore, carfilzomib can promote the osteogenic differen-
tiation of MSCs in vitro and in vivo by upregulating b-catenin/
transcription factor [98]. Bortezomib is reported to induce oste-
oclast apoptosis and carfilzomib increased mineralization and
reduced osteoclast formation, shifting bone microenvironment
from catabolic to anabolic state [99]. As BPs, these novel agents,
however, can cause serious side effects. Besides being dangerous
due to its ability to cause congenital malformations when
exposed to fetuses, thalidomide can also be responsible for sen-
sory peripheral neuropathy and venous thromboembolism [100].
Neuropathy is less frequent with lenalidomide, although cyto-
penia and venous thromboembolism are serious side effects of
the drug [100]. Bortezomib may cause both neuropathy and
thrombocytopenia [100-102].

5. OPG and RANKL inhibitors

Osteoclastogenesis requires ‘communication’ between osteo-
clast precursors and stromal cells or osteoblasts [103,104].
BMSCs express two molecules that are essential for osteoclas-
togenesis, M-CSF and RANKL, which is a member of the
TNF receptor family [105]. M-CSF expands the pool osteoclast
precursors and RANKL stimulates it to commit to osteoclast
phenotype. RANKL is expressed by activated T-cells, MSCs
and osteoblasts and binds to its receptor RANK, which is
expressed by osteoclast precursors, chondrocytes and mature
OCs [106]. The binding of RANK to its receptor RANKL
leads to the maturing of OCs through the metabolic pathway
of NF-kB, c-fos and Jun N-terminal kinase. Also, the binding
of RANK to RANKL leads to increased activity of mature
OCs and inhibits their apoptosis [106].

Parathyroid hormone, vitamin D3, glucocorticoids, IL-1b,
TNF-a, IL-11 and prostaglandin-E2 enhance the expression
of RANKL, whereas TGF-b reduces it [107]. OPG, which
belongs to the family of TNF receptors, binds to RANKL pre-
venting it from binding to RANK, which in turn inhibits
osteoclast differentiation and activation [108]. The expression
of OPG is triggered by IL-1b, TNF-a, TGF-b and 17b estra-
diol, whereas glucocorticoids, vitamin-D3 and parathyroid
hormone reduce it [109].

The imbalance of bone resorption and bone production in
MM-induced bone disease is largely due to the disruption of
the RANKL/RANK/OPG pathway [110]. Myeloma cells
increase the expression of RANKL and reduce the expression
of OPG [111]. According to some researchers, this could well
be a result of an interaction between myeloma cells and
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BMSCs and not direct production of RANKL by myeloma
cells [110]. In myeloma patients, RANKL/OPG ratio is
increased, thus enhancing osteoclast differentiation and func-
tion, leading to bone lytic disease [29].
OPG reduction is a result of the interaction between mye-

loma cells and BMSCs. Furthermore, myeloma cells decrease
OPG by internalizing and degrading it. They also produce
Dkk-1, which blocks the production of OPG through the
Wnt metabolic pathway. By blocking the Wnt pathway, mye-
loma cells interfere with the maturation of osteoblasts, result-
ing in the increase of RANKL production by immature
osteoblasts and decrease of OPG production by mature
osteoblasts [111].
Preclinical studies have demonstrated a strong interdepen-

dence between myeloma cells and OCs. Myeloma cells
enhance the formation of OCs, whose activity or products,
in turn, are essential for the survival and growth of the mye-
loma cells [29]. Yaccoby et al. (2002) reported that the treat-
ment of myelomatous hosts with pamidronate, zoledronate
or with a specific inhibitor of RANKL halted myeloma-
induced bone resorption and inhibited myeloma cell growth
and survival [112].

6. Treatment with recombinant OPG & anti-
RANKL-Abs

Recombinant-OPG and anti-RANKL antibodies have already
been studied in myeloma patients [113-117]. Table 5 summarizes
the clinical studies available for the latter treatment. In a ran-
domized, double-blind Phase I in vivo study, patients with
MM and with breast cancer were randomized into 2 groups
so as to receive either recombinant OPG or pamidronate.
The drop in urine NTX was found to be similar in both
groups, indicating that recombinant OPG is at least as effec-
tive with standard i.v. pamidronate treatment in reducing
bone resorption marker levels [113]. In another Phase I
in vivo study, patients with MM and with breast cancer
were randomized to receive either a subcutaneous dose of
denosumab (four escalating dosages were tested) or an i.v.
dose of pamidronate. There was a drop in urine NTX in all
groups that lasted longer, however, in the group of patients
who received the higher dosage of denosumab. The decrease
of NTX lasted longer (84 days) compared to pamidronate
group. No effect, however, was detected on bone formation
markers between the two groups. [114].. In a Phase II in vivo
study, patients with MM, prostate cancer or breast cancer
who had been previously treated with BPs were randomized
either to continue BPs or to receive denosumab every 4 or
12 weeks. In the denosumab group, fewer SREs occurred
compared with i.v. BP group (8 versus 17%, respectively).
Denosumab also decreased serum CTx, P1NP, TRAP-5b,
bone specific alkaline phosphatase and osteocalcin levels and
suppressed urinary NTX up until the 25th week of treat-
ment [115]. Vij et al. (2007) reported that denosumab when
administered monthly at a subcutaneous dose of 120 mg

was more effective in plateau patients compared to relapsed
cases. This denosumab effect was irrespective of the previous
exposure of patients to BPs [116]. Finally, in a Phase III
in vivo study, 5723 MM or patients suffering from other neo-
plasia were randomized to receive either 120 mg subcutaneous
denosumab or 4 mg i.v. zoledronic acid [117]. Denosumab was
superior to zoledronic acid in reducing the risk (p < 0.001) of
the first on study SRE (p = 0.0007) as well as the risk for mul-
tiple events (p = 0.001). There was no difference between the
two drugs regarding disease progression [117].

7. Future agents with possible use in MM
disease

Continuous better understanding of the complexity of mye-
loma bone disease has revealed several other pathophysiogical
pathways, leading to the development of new drugs. These
new category of drugs have now entered into clinical trials
in myeloma patients and may be used in the future in patients
with bone disease [29].

7.1 Activin A inhibitors
Activin A is a TGF-b family member cytokine enriched in
bone matrix, secreted by both osteoblasts and OCs and has
been found to induce osteoclast development and differentia-
tion through stimulation of RANK and other bone marrow
precursors [118,119] It also inhibits osteoblasts both in vitro
and in vivo via SMAD2-mediated DLX5 signaling
downregulation [120].

Vallet et al. [120] in an in vitro and in vivo study demon-
strated that Activin A correlates with osteolytic disease in
MM patients. During broad cytokine profiling of bone mar-
row plasma derived from MM patients with and without
osteolytic bone disease, Activin A showed a significantly
higher expression in patients with more than one osteolytic
lesion versus patients with one or no lesions (p = 0.03) [120].

A possible role of Activin in bone disease has been
highlighted in other studies too [121-124]. In a preclinical
in vitro study [121], Chantry et al. (2010) reported that a solu-
ble Activin receptor type IIA fusion protein (ActRIIA.muFc)
treatment in mice bearing murine myeloma cells stimulates
osteoblastogenesis (p < 0.01), prevents myeloma-induced sup-
pression of bone formation (p < 0.05), blocks the develop-
ment of osteolytic bone lesions (p < 0.05) and increases
survival (p < 0.05). The effect of sotatercept (ACE-011), an
inhibitor of Activin A was evaluated in a randomized, dou-
ble-blind, placebo-controlled in vivo study in 48 healthy,
postmenopausal women. ACE-011 caused a rapid and sus-
tained dose-dependent increase in serum levels of bALP and
a dose-dependent decrease in CTX and TRACP-5b
levels [122].

The effects of sotatercept have been also evaluated in a
Phase II in vivo study, where the drug was administered in
newly diagnosed and relapsed MM patients [123]. Thirty
patients randomized to receive sotatercept or a combination
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of oral melphalan, prednisolone and thalidomide. Although
Grade 3 and 4 adverse events, especially hematologic events,
were more frequent in sotatercept group, the drug demon-
strated clinically significant increases in biomarkers of bone
formation, and decrease in bone pain.

Activin A seems to be a promising therapeutic target for
myeloma bone disease. Its efficacy is evaluated also in con-
junction with other antimyeloma drugs as lenalidomide on
ongoing trials [124].

8. Dkk-1 antagonists

The secreted glycoprotein Dickkopf-1(Dkk-1), a soluble
inhibitor of the Wnt signaling pathway, is broadly expressed
in myeloma cells but highly restricted in normal tis-
sues [125,126]. It is produced by myeloma cells, suppresses the
osteoblast differentiation and its serum level correlates with
focal bone lesions in MM [126].

In vitro and in vivo murine models [127] demonstrated that
(BHQ880), a Dkk-1 neutralizing antibody increases osteo-
blast differentiation and inhibits myeloma cell growth and
development of osteolytic lesions in MM. Statistically signifi-
cant uniform increases in vertebral strength have been found

using quantitive computerized tomography, after the adminis-
tration of this agent [128]. Ongoing research has been targeting
Dkk-1 to find novel therapeutic strategies for myeloma bone
disease, such as Dkk-1 neutralizing antibodies.

8.1 Mitogen-activated protein kinase 1/2 inhibitors
The MAPK/ERK pathway is important in the pathogenesis of
MM. Activation of this pathway mediates myeloma cell
growth and survival and contributes to angiogenesis, as well
as the development of drug resistance within the bone marrow
microenvironment [89,129].

AZD6244 is a MEK1/2 inhibitor. It has been found to
have specific antiosteoclast activity, blocking the M-CSF and
RANKL related osteoclast differentiation and thus decreasing
bone resorption [90,130]. There is an ongoing Phase II clinical
trial of AZD6244 given to MM patients with relapsed refrac-
tory myeloma (www.clinicaltrials.gov).

8.2 Histone deacetylase inhibitors
PDX101 (belinostat) is a histone deacetylase inhibitor that
has been found to inhibit osteoclastogenesis both in vivo
and in vitro [131]. PDX101 has been given to patients with
relapsed/refractory myeloma in combination with bortezomib

Table 5. Major studies of either recombinant osteoprotegerin or denosumab on bone metabolism of patients

suffering from multiple myeloma or other neoplasia.

Author (year) Drug type/dose Study/trial type Number of patients Bone resorption Markers

Body et al.
(2003) [113]

AMGN-0007(genetically
engineered
osteoprotegerin)
Pamidronate 90 mg i.v.

Randomized,
double-blind,
double-dummy,
single-dose study

26 women with breast
carcinoma
28 patients with
multiple myeloma and
radiologic evidence of
bone disease

Similar drop in urinary NTX levels
between pamidronate and
AMGN-0007 group

Body et al.
(2006) [114]

Denosumab
0,1-0.3-1,0-3,0 mg/kg
subcutaneously
Pamidronate 90 mg IV

Phase I
randomized,
double-blind,
double-dummy,
multi-center study

25 patients with
multiple myeloma and
lytic bone disease
29 patients with
breast cancer with
bone metastases

Decrease in the levels of urinary and
serum N-telopeptide lasted for longer
period (84 days) at the higher
denosumab doses

Fizazi et al.
(2008) [115]

Zoledronic acid or
pamidronate i.v./
4weeks
Denosumab
180 mg/month or
180 mg/12 weeks
subcutaneously

Phase II random-
ized, open-label,
multi-center study

111 patients
(prostate cancer 50,
breast cancer 47,
multiple myeloma 15,
solid tumors 6)

Reduction in sCTx, P1NP, TRAP-5b,
BSAP, and Osteocalcin levels in
denosumab group until week 25
Significant lower time for NTX
reduction and greater odds of
achieving urinary NTx lower than
50 with denosumab group at week
13 (p = 0.01)

Vij et al.
(2007) [116]

Denosumab
120mg subcutaneously/
month for 4--6 cycles

Phase II single-arm
trial

96 relapsed or plateau
phase myeloma
patients

Substantial reduction of serum CTX in
both relapsed and plateau-phase
myeloma patients

Henry et al.
(2011) [117]

Denosumab
120 mg subcutaneously
vs zoledronic acid iv
4 mg/ month

Three identically
designed, random-
ized double-blind,
double-dummy
phase 3 trials

5723
patients
(breast cancer,
prostate cancer, other
solid tumors or
multiple myeloma)

Denosumab superior to zoledronate in
reducing the risk (p < 0.001)
and the median time of the first
on-study SRE (p = 0,0007) and the
risk of multiple SRE (p < 0.001)

BSAP: Bone specific alkaline phosphatase; NTX: N-terminal cross-linking telopeptide of collagen type I; SRE: Skeletal related events;TRAP: Tartrate-resistant acid-phosphatase.
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in a Phase II clinical trial that was discontinued due to toxicity
resulting from the dosage administered. Another Phase II trial
has been completed involving patients with advanced MM
who were given PDX101, the results of which have not yet
been reported (www.clinicaltrials.gov)
Vorinostat is also a histone deacetylase inhibitor. Results

from a Phase I in vivo clinical trial concluded in finding the
dosage at which vorinostat is well tolerated in patients with
MM [132]. A Phase II clinical study involving patients with
relapsed/refractory MM to which a combination of vorinostat
and bortezomib was administered has been completed but its
results have yet to be reported (www.clinicaltrials.gov).
There are also several ongoing trials concerning panobino-

stat, another histone deacetylase inhibitor, none of which have
been completed (www.clinicaltrials.gov).

8.3 Anti-IL-6 antibody
IL-6 is produced by BMSCs and contributes to the develop-
ment of myeloma cells and preventing their apoptosis as
well. It also activates osteoclast precursors.
CNTO328 is a chimeric monoclonic antibody with high

affinity for human IL-6. In a Phase II in vivo clinical study
involving patients with relapsed/refractory myeloma,
CNTO328 in combination with dexamethasone administra-
tion has shown this combination to have promising prelimi-
nary activity [133]. There are several ongoing clinical studies
concerning the administration of CNTO328 in combination
with other agents to patients with MM (www.clinicaltrials.
gov).

8.4 Fenretinide
Fenretinide is an analog of all-trans retinoid acid that has been
investigated in prostate and breast cancer. In an in vitro study
investigating the effect of fenretinide on myeloma cells it was
found to prevent their development. It also was found to pre-
vent the differentiation of OCs and reduce their viability [134].
There is an ongoing clinical trial where fenretinide is admin-
istered to patients with hematological cancer, including MM
(www.clinicaltrials.gov).

8.5 Other possible therapeutic agents in MM
TGF-b is a multifunctional cytokine that suppresses
osteoclastogenesis [135]. It is a potent regulator of terminal
osteoblast differentiation and mineralization [136-138] and is
produced by osteoblasts and osteocytes [139]. It is released
from bone matrices through bone resorption [140]. Two
TGF-b inhibitors, SB431542 and Ki26894 have been shown
both in vitro and in vivo, to favor osteoblast differentiation as
well as preventing myeloma cell proliferation [141].
Valproic acid is used in the treatment of epilepsy but also

has been found to be a histone deacetylase inhibitor. In an
in vitro and in vivo study of valproic acid in MM, it was found
to have a cytotoxic effect on myeloma cells and also an inhib-
itory effect on osteoclastogenesis [142].

Recently, brain derived neurotrophic factor (BDNF),
which is essential to the development, function and survival
of brain cells, has been identified as a factor that promotes
osteoclastogenesis. The potential osteoclastogenic effects of
BDNF may mediate stromal-MM cell interactions to upregu-
late RANKL secretion in myeloma bone diseases [143]. An
antibody against BDNF that is produced by myeloma cells
may reduce the production of OCs [144].

Additionally, the use of heparanase inhibitors in the treat-
ment of MM was strongly suggested. Newer experimental
in vitro and in vivo data provide important new insights into
the role of heparanase in all aspects of myeloma bone dis-
ease [145]. It was demonstrated that heparanase significantly
inhibited osteoblast differentiation and mineralization mainly
by shifting the differentiation potential of osteoblast progeni-
tors from osteoblastogenesis to adipogenesis. So the use of
heparanase inhibitors would be promising in myeloma bone
disease treatment.

Other promising agents are monoclonal antibodies (anti-
CS1 and anti-CD38) [146,147] to surface glycoproteins
expressed on myeloma cells, resulting in cell death through
mechanisms such as apoptosis, complement-dependent cyto-
toxicity and antibody-dependent cell-mediated cytotoxicity.
Both appear to enhance treatment efficacy when combined
with lenalidomide compared to lenalidomide alone.

9. Discussion

Bone disease is present in 80 -- 90% of patients with MM and
is responsible for most of the clinical features of this disease. It
is primarily the result of an increase of osteoclast production
and activation coupled with a decrease in osteoblast activ-
ity [18]. The binding of BMSCs to myeloma cells results in
the production of factors that favor osteoclastogenesis [19].
Therefore, agents with either antiosteoclast action or the
ability to suppress osteoclastogenesis are able to improve
living conditions for MM patients.

BPs are the cornerstone of myeloma bone disease treat-
ment.. To date, clodronate p.o. and i.v. pamidronate and
zoledronic acid have shown positive results when given to
patients with MM. Pamidronate has shown similar results to
zoledronic acid when administered to patients with advanced
bone disease, although both agents have to be given with
adjusted dosage to patients with kidney failure [50]. Zoledronic
acid has been found to be superior to clodronate with regard
to preventing skeletal events and overall survival but also has
a higher incidence of ONJ, one of the more serious side effects
caused by BPs [51]. Administration of BPs is not recom-
mended for patients with asymptomatic disease [54].

Certain immunomodulatory drugs, as thalidomide, lenali-
domide and proteasome inhibitors, as bortezomib are potent
antimyeloma drugs. They have been primarily administered
to two categories of patients, those who are about to be treated
with autologous stem cell transplantation and those who have
relapsed/refractory myeloma, in combination with other
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drugs. In addition to their antimyeloma effect, they have dif-
ferent levels of effect on abnormal bone metabolism, either by
reducing bone resorption or by enhancing bone formation.
Although there are no comparative studies between these anti-
myeloma agents concerning their efficacy on the treatment of
bone myeloma disease, the dual effect of proteasome inhibitor
as bortezomib on both resorption and formation seems to be
favorable [95].

Anti-RANKl antibodies and especially denosumab has
been used also in vitro and in vivo for myeloma bone disease
treatment. It seems that denosumab can suppress biochemical
markers of bone resorption and prevent to some extent SRE
in myeloma patients. Denosumab, has currently been com-
pared to zoledronic acid in a Phase III clinical study and
found to be noninferior. Time to first SRE as well as disease
progression was comparable between groups. As far as side
effects are concerned, denosumab is capable of causing ONJ
as well [129]. Denosumab has not yet been approved for use
in MM patients.

There are a number of other agents currently being used in
clinical studies or with established anti-OC action either
in vitro or in vivo that may be used in the future in the treat-
ment of MM. The discovery and eventual use of new agents
may provide solutions to the serious side effects arising from
the agents currently used and provide patients with MM
new and more effective ways for coping with MM bone
disease.

10. Expert opinion

BPs are the mainstay of myeloma bone disease treatment.
Oral clodronate and i.v. pamidronate and zoledronic acid
are currently used drugs. Zoledronate was found to be supe-
rior to clodronate as far as the prevention of SREs was con-
cerned. Pamidronate and zoledronate seem to have
comparable results in preventing SREs of the disease;

however, current studies proved that zoledronate can also
have survival benefits for the patients. This parameter makes
zoledronate more preferable in the treatment of myeloma
bone disease. All attention should be paid to avoid complica-
tions of BP treatment.

Although denosumab had comparable results with zoledro-
nate on myeloma bone disease treatment, its use has not been
proven yet. This drug is in Phase III study for myeloma
patients with bone disease. Immunomodulatory drugs that
are not currently in clinical use for MM bone disease as tha-
lidomide and lenalidomide, as well as proteasome inhibitors
as bortezomib, are potent antimyeloma drugs, having also
the ability to alter bone metabolism. Out of all the latter,
bortezomib appears to have beneficial effects on bone disease,
inhibiting OCs and inducing osteoblast activity, possibly
superior to all others. However, immunomodulatory drugs
alone are not capable of reversing SREs and especially healing
of bone lesions. There is an expanding set of drugs under
investigation with great potential to reduce the negative effects
of myeloma cells on bone, improve survival and quality of life.

Among the drugs currently in use, Zoledronate appears to
be more effective in the treatment of myeloma bone disease.
It has comparable results to pamidronate in preventing
SREs and also has survival benefits for the patients. Although
not yet licensed for myeloma bone disease, denosumab is
under investigation as a potential new drug.
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