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It has been many years since the “secrets”
of osteoclast physiology began to be
revealed, largely owing to the contribution of
in vitro technologies. This fascinating cell
has central roles in bone remodeling, and its
deregulation severely affects skeletal
homeostasis. It is therefore timely to review
recent advances into its biology and to set
out some perspectives for the treatment of
osteoclast diseases.

Osteoclast Diseases

Dysfunctional osteoclasts are responsible
for altered bone remodeling, with severe
consequences for the quality of life. A lesson
was learned from osteoclast failure in
osteopetrosis, and this disease has been
fundamental for the understanding of the
role of specific molecular mechanisms
involved in bone resorption and regulation of
osteoclastogenesis (1). Geneticists have
taken advantage of the knowledge
accumulated in animal models and identified
subsets of genes involved in human
osteopetrosis (2). Genes encoding for
molecules implicated in the acidification of
resorbing lacuna account for the largest
portion of patients affected by osteopetrosis
(3,4). The impact of animal studies has been
even more important for the understanding
of the osteoclast origin of hematopoietic
tissue, which opened up an avenue for the
cure of osteopetrosis through bone marrow
transplantation (5,6). The extreme rarity of
patients who lack osteoclasts suggests that
defective osteoclastogenesis is generally
incompatible with life, at least in humans,
and the fact that osteoclasts are not rescued
by bone marrow transplantation in these
forms  (our unpublished observations)
indicates an environmental defect that is yet
to be identified.

Gradually, since the first pioneering work
that defined a root for osteoclast
differentiation from the
monocyte/macrophage lineage (7), we have
learned that osteoclasts not only originate
from hematopoietic bone marrow and are
regulated by members of the immune
system, but also are likely to belong to the
immune cell family (8). Significant evidence
supports this hypothesis, including (i)
negative autoregulatory loops -- for instance,
those through the autocrine receptor
activator of NF-kB (RANK) signal-dependent
interferon B system (9) and the recently
discovered endogenous negative regulator
interleukin 1 receptor-associated kinase M
(IRAK-M), which represents a natural
competitor of activating IRAK molecules in
the interleukin 1 (IL-1)/Toll-like receptor
signal transduction pathway (10); (i) the
need for typical immune cell coreceptors
containing the immunoreceptor tyrosine-
based activation motif (ITAM) for activating
the osteoclast-associated receptor (OSCAR)
and triggering receptor expressed on
myeloid cells 2 TREM-2) (9); and (iii) the
response to numerous inflammatory
cytokines (11). It is therefore likely that in the
future, osteoclasts will be regarded as
peculiar and well-controlled immune cells
that react against bone matrices of self. Like
other immune cells, osteoclasts would
therefore need an efficient suppression
mechanism that could control the size and
activity of the population, avoiding
uncontrolled and unjustified bone resorption.

Several questions arise from these
considerations, and it will be challenging to
understand what makes a specific bone site
suitable for aggression by osteoclasts, how
osteoclasts recognize an endogenous matrix
for resorption, and what changes a matrix
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must undergo to be recognized by
osteoclasts. In this context, the inflammatory
response that is believed to play a pivotal
role in osteoclast recruitment and the
induction of bone resorption (11) is likely to
be the central event, and the effort of
osteoclast biologists should probably
converge on this point in the future to
address many important questions.

Coupling and Uncoupling

Most of our understanding of osteoclast
physiology is based on the notion that
osteoclast activity is tightly associated with
that of osteoblasts (12). Balanced bone
resorption/bone  formation cycles are
believed to be essential for bone
homeostasis and explain well the continuous
renovation of skeletal tissues without
detrimental effects on bone mass (12).
Unbalanced activities of the two cell types
are claimed to induce severe consequences,
and when resorption exceeds formation,
bone becomes porous and prone to fracture.
Brittle bones are therefore seen in
postmenopausal women and patients with
senile osteoporosis, renal failure, and
systemic and local inflammatory diseases.
Consequences of increased bone
resorption, reduced bone formation, or both
are similar, resulting in increased risk of
fracture (13).

The concept of osteoclast-osteoblast
coupling is considered a milestone in bone
physiology, and nowadays, several
molecular mechanisms are claimed to
underlie the concerted activities of the two
cell types (14). Currently, not only are
factors released from bone matrix believed
to activate osteoblast bone formation, but
osteoclast cellular products are also
hypothesized to stimulate osteoblasts,
independent of bone resorption (15). Again,
a lesson arises from osteopetrosis in which
increased osteoblast numbers and activities
can be observed in the forms characterized
by increased osteoclasts (16; our
unpublished results). In contrast, osteoblast
numbers are generally unchanged or even
lower than average in the rare forms lacking
osteoclasts (our unpublished observations).
This finding suggests that osteoclasts could
release osteoblast-activating cellular

mediators  independently  from  their
resorbing activity. It is tempting to envision
these apparently new mediators as if they
had an anabolic effect on osteoblasts,
especially given that osteoclast inhibitors are
available and largely used in the therapy of
osteoporosis, but osteoblast anabolic agents
are not yet accessible, with the sole
exception of parathyroid hormone given
intermittently (17). Therefore, there is a
requirement for the identification of new
molecular mediators that could favor bone
formation, and in this context, osteoclasts
could be considered an important source of
osteoblast anabolic factors. The recognition
of osteoclast-derived anabolic factors could
therefore open up new possibilities for the
cure of bone diseases caused by osteoblast
failure.

Does the coupling of osteoblasts and
osteoclasts explain all activities in bone?
Most regulatory molecules are known to
affect osteoclasts indirectly through the
osteoblast lineage (14), and in the adult life
of a healthy individual, this coupling activity
ensures preservation of both bone
architecture and mass during remodeling. It
also explains well the detrimental sequel
that occurs in aging, when a number of
proosteoclast cytokines produced by
immune cells are increased because of
removal of the physiologic block by gonadal
steroid hormones, causing unbalanced bone
remodeling.

A detailed review of the literature, however,
shows quite confusing results. Let us
consider for a minute the response of the
interleukin  superfamily to inflammatory
cytokines. The same cytokine, for instance
IL-6, is found to directly affect osteoclasts,
which express IL-6 receptors, or to influence
osteoclast activity solely indirectly through
osteoblasts. IL-6 is shown to increase
osteoclastogenesis in vitro and contribute to
osteoclast activation in inflammatory
diseases and postmenopausal osteoporosis
(7;18;19), but is also found to reduce
osteoclast formation and activity in animal
models (20;21). In a recent study in our
laboratory, we clearly observed that
osteoclastogenesis and bone resorption are
significantly increased in young mice
overexpressing hlL-6, whereas in adult
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mice, they are considerably reduced (our
unpublished observations; 20;21). What
makes the response to IL-6 different in the
two groups of animals? Our currently still
speculative answer takes into account the
fact that osteoclast and osteoblast activities
in young animals are largely uncoupled for
at least three reasons: to favor bone
formation, to determine bone modeling, and
to form adequate cavities for hematopoietic
and nervous tissue development.

Our understanding of the complexity and
frequent inconsistencies observed in the
literature for IL-6 and other cytokines is that
in growing subjects, osteoclasts are able to
directly respond to these cytokines, their
activity being uncoupled from that of
osteoblasts, and pathological
overexpression of IL-6 at this stage further
dissociates the activities of the two cell
types. This point of view is supported by the
observation that in all transgenic IL-6 animal
models investigated, osteoblast matrix-
forming activity is inhibited. It should also be
noted that osteoblasts overexposed to IL-6
differentiate normally and are induced to
express IL-1, another important osteoclast
stimulator. In contrast, RANK ligand, its
decoy receptor osteoprotegerin, and tumor
necrosis factor a, typically involved in
osteoclast coupling to osteoblasts, remain
unchanged (our unpublished observation). It
is possible, however, that the cellular
features and molecular settling of
osteoclasts change with age, determining
uncoupled activity during growth, when sites
of bone formation are frequently different
from those of bone resorption and formation
must also overwhelm resorption. In adults,
to preserve bone mass and architecture,
osteoclast and osteoblast activity is required
to be quantitatively equilibrated and
associated with the same sites, so that each
“‘quantum” of damaged bone resorbed is
replaced by an equal “quantum” of good
quality, newly formed matrix. The removal of
the physiologic block by sex hormones,
which allows the release of inflammatory
cytokines at menopause or in aging people,
causes a “divorce” between osteoclasts and
osteoblasts,  with unbalanced bone
resorption that overrides bone formation.
Therefore, we believe that although
osteoblast regulators of osteoclast activity,

which are typically membrane-bound
molecules, could be regarded as coupling
factors, osteoclastogenic interleukin
superfamily members and other
inflammatory cytokines could be considered
uncoupling factors and have a physiologic
role during growth. However, uncoupling
becomes pathologic in growing subjects,
when they are overexposed to these
cytokines, as in the case of chronic
inflammatory diseases, and in aging, when
cytokines apparently uncouple a process
that should be tightly associated. In support
of this point of view, children with chronic
inflammation, as well as growing mice
overexpressing IL-6, have a bone phenotype
in which osteoclasts are activated and
osteoblasts are inhibited.

New Osteoclast Pathways

The cure of bone diseases is generally a
hard task. All therapies against osteoporosis
have pitfalls, and thus far, we cannot
efficiently prevent the risk of fracture with
any of the currently available treatments
(22). Inflammatory diseases are detrimental
for the skeleton, and antiinflammatory drugs,
such as the glucocorticoids, typically
negatively affect bone tissue, worsening the
primary effect induced by inflammation.
Although antiresorptive drugs are available
and largely used in therapy, there is a
requirement for the identification of more
specific osteoclast targets that could also be
stimulated to improve osteoclast
performance in osteopetrosis. In fact,
although infantile malignant osteopetrosis is
cured by bone marrow transplantation, albeit
with a high chance of failure and consistent
progression of the neurological deterioration,
the so-called benign forms, which however
frequently present with severe phenotypes,
have no cure at the present time.

One of the most specific mechanisms for
osteoclasts is the integrin V3. Its targeted
disruption causes osteopetrosis in mice (23),
and its decreased expression in in vitro
osteoclasts or the blockage of its activity by
specific antibodies or antagonists are known
to reduce bone resorption (24;25).
Unfortunately, however, a therapy based on
disruption of integrins is not available, and in
vivo treatments have not yet provided

19

Copyright 2005 International Bone and Mineral Society



BoneKEy-Osteovision. 2005 June;2(6):17-22

http://www.bonekey-ibms.org/cgi/content/full/ibmske;2/6/17

DOI: 10.1138/20050165

substantial evidence that they could affect
osteoclast activity.

Integrin  aVB3 elicits a yet unknown
intracellular signaling pathway. Of interest,
in a recent study performed in our laboratory
(26), selective activation of integrin by the
specific  monoclonal antibody LM609
isolated its signal from those of other
integrins and made it apparent that a
peculiar pathway is generated upon V(I3
ligation. The pathway leads to selective
extracellular signal-regulated kinase (ERK)
(but not p38 and c-Jun N-terminal kinase)
activation in a Ca*-, PKCa-, c-Src-
dependent manner. Most importantly, it is
totally independent of the classical Shc-
Grb2-Ras-Raf-1 axis, and MEK, the only
recognized ERK activator thus far, is not
involved. This finding is at variance with
what has been recognized for the largest
subsets of integrins (27), further increasing
interest in the use of aVP3 signaling as a
pharmacological target against osteoclast
diseases. Should this new pathway be
recognized and verified to be targetable, one
could predict the development of a novel
therapeutic approach either to block or
stimulate bone resorption. Therefore, we
believe that there is still room for new
avenues in therapy targeted at osteoclasts,

References

1. Tolar J, Teitelbaum SL, Orchard PJ.
Osteopetrosis. N Engl J Med. 2004
Dec 30;351(27):2839-49.

2. Teitelbaum SL, Ross FP. Genetic
regulation of osteoclast development
and function. Nat Rev Genet. 2003
Aug;4(8):638-49.

3. Jentsch TJ, Poet M, Fuhrmann JC,
Zdebik AA. Physiological functions of
CLC CI- channels gleaned from
human genetic disease and mouse
models. Annu Rev Physiol.
2005;67:779-807.

4. Van Hul W. Recent progress in the
molecular genetics of sclerosing bone
dysplasias. Pediatr Pathol Mol Med.
2003 Jan-Feb;22(1):11-22.

and expect in the near future a new
generation of drugs to prevent or cure
osteoclast diseases.

Conclusions

Many years of investigation in the field of
osteoclast biology have been quite fruitful,
and nowadays, we can proudly state that
our pioneering work aimed at efficiently
isolating or generating osteoclasts in vitro
has been well exploited. It is legitimate to
expect further developments and the full
elucidation of the molecular mechanisms
underlying osteoclast function, which may
then be successfully targeted for therapy.

Acknowledgments

This study was supported by Telethon grant
E.0831, Fondo per gli Investimenti per la
Ricerca di Base grant RBAUO1X3NH,
Associazione Italiana per la Ricerca sul
Cancro , Agenzia Spaziale ltaliana grant
I/R/108/00, and EC grants METABRE
(contract no. LSHM-CT-2003-503049) and
OSTEOGENE (contract no. LSHM-CT-2003-
502941). The precious help of Dr. Rita Di
Massimo in the editing of this commentary is
gratefully acknowledged.

5. Peters C, Steward CG; National
Marrow Donor Program; International
Bone Marrow Transplant Registry;
Working Party on Inborn Errors,
European Bone Marrow Transplant
Group. Hematopoietic cell
transplantation for inherited metabolic
diseases: an overview of outcomes
and practice guidelines. Bone Marrow
Transplant. 2003 Feb;31(4):229-39.

6. Steward CG, Blair A, Moppett J,
Clarke E, Virgo P, Lankester A,
Burger SR, Sauer MG, Flanagan AM,
Pamphilon DH, Orchard PJ. High
peripheral blood progenitor cell counts
enable autologous backup before
stem cell transplantation for malignant
infantile osteopetrosis. Biol Blood
Marrow Transplant. 2005

20

Copyright 2005 International Bone and Mineral Society



BoneKEy-Osteovision. 2005 June;2(6):17-22
http://www.bonekey-ibms.org/cgi/content/full/ibmske;2/6/17
DOI: 10.1138/20050165

10.

11.

12.

13.

14.

15.

Feb:11(2):115-21.

Reddy SV. Regulatory mechanisms
operative in osteoclasts. Crit Rev
Eukaryot Gene Expr. 2004;14(4):255-
70.

Baron R. Arming the osteoclast. Nat
Med. 2004 May;10(5):458-60.

Takayanagi H, Kim S, Matsuo K,
Suzuki H, Suzuki T, Sato K, Yokochi
T, Oda H, Nakamura K, Ida N,
Wagner EF, Taniguchi T. RANKL
maintains bone homeostasis through
c-Fos-dependent induction of
interferon-B.  Nature. 2002  Apr
18;416(6882):744-9.

Li H, Cuartas E, Cui W, Choi Y,
Crawford TD, Ke HZ, Kobayashi KS,
Flavell RA, Vignery A. IL-1 receptor-
associated kinase M is a central
regulator of osteoclast differentiation
and activation. J Exp Med. 2005 Apr
4;201(7):1169-77.

Goldring SR. Inflammatory mediators
as essential elements in bone
remodeling. Calcif Tissue Int. 2003
Aug;73(2):97-100.

Phan TC, Xu J, Zheng MH. Interaction
between osteoblast and osteoclast:
impact in bone disease. Histol
Histopathol. 2004 Oct;19(4):1325-44.

Rozenberg S, Vandromme J, Kroll M,
Twagirayezu P, Vyankandondera J,
Claus K. The brittle bone: how to save
women from osteoporosis. Int J Fertil
Womens Med. 1997 Mar-
Apr;42(2):101-6.

Martin TJ. Paracrine regulation of
osteoclast formation and activity:
milestones in discovery. J
Musculoskelet Neuronal Interact. 2004
Sep;4(3):243-53.

Martin TJ, Sims NA. Osteoclast-
derived activity in the coupling of bone
formation to resorption. Trends Mol
Med. 2005 Feb;11(2):76-81.

16.

17.

18.

19.

20.

21.

22.

Taranta A, Migliaccio S, Recchia |,
Caniglia M, Luciani M, De Rossi G,
Dionisi-Vici C, Pinto RM, Francalanci
P, Boldrini R, Lanino E, Dini G,
Morreale G, Ralston SH, Villa A,
Vezzoni P, Del Principe D, Cassiani F,

Palumbo G, Teti A. Genotype-
phenotype relationship in human
ATPG6i-dependent autosomal

recessive osteopetrosis. Am J Pathol.
2003 Jan;162(1):57-68.

Rosen CJ. What's new with PTH in
osteoporosis: where are we and
where are we headed? Trends
Endocrinol Metab. 2004 Jul;15(5):229-
33.

Blair HC, Robinson LJ, Zaidi M.
Osteoclast signalling pathways.
Biochem Biophys Res Commun. 2005
Mar 18;328(3):728-38.

Kwan Tat S, Padrines M, Theoleyre S,
Heymann D, Fortun Y. IL-6, RANKL,
TNF-1/IL-1:  interrelations in  bone
resorption pathophysiology. Cytokine
Growth Factor Rev. 2004
Feb;15(1):49-60.

Kitamura H, Kawata H, Takahashi F,
Higuchi Y, Furuichi T, Ohkawa H.
Bone marrow neutrophilia and
suppressed bone turnover in human
interleukin-6  transgenic mice. A
cellular relationship among
hematopoietic cells, osteoblasts, and
osteoclasts mediated by stromal cells
in bone marrow. Am J Pathol. 1995
Dec;147(6):1682-92.

Sims NA, Jenkins BJ, Quinn JM,
Nakamura A, Glatt M, Gillespie MT,
Ernst M, Martin TJ. Glycoprotein 130
regulates bone turnover and bone size
by distinct downstream signaling
pathways. J Clin Invest. 2004
Feb;113(3):379-89.

Hosking DJ, Geusens P, Rizzoli R.
Osteoporosis therapy: an example of
putting evidence-based medicine into
clinical practice. QJIM. 2005
Jun;98(6):403-13. Epub 2005 May 6.

21

Copyright 2005 International Bone and Mineral Society



BoneKEy-Osteovision. 2005 June;2(6):17-22
http://www.bonekey-ibms.org/cgi/content/full/ibmske;2/6/17
DOI: 10.1138/20050165

23. Feng X, Novack DV, Faccio R, Ory
DS, Aya K, Boyer MI, McHugh KP,
Ross FP, Teitelbaum SL. A
Glanzmann's mutation in 3 integrin
specifically impairs osteoclast
function. J Clin Invest. 2001
May;107(9):1137-44.

24. Villanova |, Townsend PA, Uhimann
E, Knolle J, Peyman A, Amling M,
Baron R, Horton MA, Teti A.
Oligodeoxynucleotide targeted to the
av gene inhibits av integrin synthesis,
impairs osteoclast function, and
activates intracellular signals to
apoptosis. J Bone Miner Res. 1999
Nov;14(11):1867-79.

25. Horton MA. Integrin antagonists as
inhibitors  of  bone resorption:
implications for treatment. Proc Nutr
Soc. 2001 May;60(2):275-81.

26. Rucci N, Digiacinto C, Orru L,
Millimaggi D, Baron R, Teti A. A novel
protein kinase C {alpha}-dependent
signal to ERK1/2 activated by
{alpha}V{beta}3 integrin in osteoclasts
and in Chinese hamster ovary (CHO)
cells. J Cell Sci. 2005 Jul 12; [Epub
ahead of print].

27. Giancotti FG. A structural view of

integrin activation and signaling. Dev
Cell. 2003 Feb;4(2):149-51.

22

Copyright 2005 International Bone and Mineral Society



	PERSPECTIVES 
	New Concepts in Osteoclast Pathophysiology 

