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Abstract
The skeleton provides mechanical support for stature and locomotion, protects vital organs, and
controls mineral homeostasis. A healthy skeleton must be maintained by constant bone modeling
to carry out these crucial functions throughout life. Bone remodeling involves the removal of old
or damaged bone by osteoclasts (bone resorption) and the subsequent replacement of new bone
formed by osteoblasts (bone formation). Normal bone remodeling requires a tight coupling of
bone resorption to bone formation to guarantee no alteration in bone mass or quality after each
remodeling cycle. However, this important physiological process can be derailed by a variety of
factors, including menopause-associated hormonal changes, age-related factors, changes in
physical activity, drugs, and secondary diseases, which lead to the development of various bone
disorders in both women and men. We review the major diseases of bone remodeling,
emphasizing our current understanding of the underlying pathophysiological mechanisms.
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INTRODUCTION
Bone is a dynamic tissue that is constantly being remodeled to maintain a healthy skeleton,
which is crucial for the efficient and lifelong execution of important skeletal functions. Bone
has three vital functions: (a) It provides support and sites of attachment for muscles, (b) it
protects vital organs such as bone marrow and brain, and (c) it acts as a metabolic organ
with major reserves of calcium and phosphate. There are two major types of bone: (a)
cortical, which provides a mechanical function and is protective, and (b) trabecular, which
provides strength and, more importantly, the majority of the metabolic function. Trabecular
bone is the major site of bone remodeling; it is therefore the site of diseases of bone
remodeling, also termed metabolic bone diseases. Bone remodeling is a physiological
process in which old or damaged bone is removed by osteoclasts (i.e., bone-resorbing cells),
then replaced by new bone formed by osteoblasts (i.e., bone-forming cells).

The composition of bone is approximately 10% cells, 60% mineral crystals (crystalline
hydroxyapatite), and 30% organic matrix. The organic matrix includes primarily type 1
collagen (88%); other proteins represent 10%, and lipids and glycosaminoglycans represent
1–2% (see Reference 1 for a review). In normal bone remodeling, a balance between bone
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resorption (mediated by osteoclasts) and bone formation (mediated by osteoblasts) is tightly
regulated and maintained to ensure that, in mature healthy bone, there are no major net
changes in bone mass or mechanical strength after each remodeling cycle. Proper balance is
controlled by the coupling of bone formation to bone resorption, which involves a number of
coordinated signaling mechanisms. Nonetheless, an imbalance between bone resorption and
bone formation may occur under certain pathological conditions, which leads to abnormal
bone remodeling and the development of bone disorders.

The focus of this review is on diseases of bone remodeling or metabolic bone diseases. The
past two decades have seen considerable advances in our understanding of bone biology, the
pathobiology of bone diseases, and more importantly, the development of novel therapies.
Table 1 gives our simplified classification of diseases of bone remodeling. It omits many
secondary causes of osteoporosis, instead focusing on the primary forms of the disease and
two common secondary causes, glucocorticoid (GC)- and immobilization-induced
osteoporosis. The last four causes of metabolic bone disease listed in Table 1 are
considerably less prevalent than osteoporosis. Osteoporosis is present in at least 10 million
Americans over the age of 50, and an additional 33–34 million Americans have osteopenia,
a preosteoporotic condition. Twenty-six percent of women over age 65 have osteoporosis. In
contrast, Paget’s disease affects approximately 1 million Americans. The incidence of renal
osteodystrophy is unknown; however, almost 325,000 Americans are on dialysis therapy.
The percentage of those patients who have bone disease is not known. Osteopetrosis is rare;
approximately 14,000 people in the United States have the disease (2). Inherited rickets is
rare, and noninherited (dietary) rickets has also become a rare disease in the United States.

First, we review our current understanding of bone biology and remodeling, emphasizing
new developments. Second, we discuss each disease state, emphasizing what is known about
its prevalence and significance, its pathophysiology, and the state of current treatment
options. Because of disease prevalence, most of the review focuses on osteoporosis; we
describe the other four diseases—renal osteodystrophy, Paget’s disease, osteopetrosis, and
rickets—in less detail.

BASIC BIOLOGY OF BONE REMODELING
Bone remodeling is carried out by a functional and anatomic structure known as the basic
multicellular unit (BMU) and requires the coordinated action of four major types of bone
cells: bone-lining cells, osteocytes, osteoclasts, and osteoblasts (Figure 1) (3, 4). In a
quiescent state, the bone surface is covered by a monolayer of bone-lining cells, which
belong to the osteoblast lineage (5, 6). Osteocytes are the most abundant bone cells; they
also differentiate from osteoblasts and are embedded within the bone during skeletal
development or during previous cycles of bone remodeling (7). Osteocytes may serve as the
primary mechanosensing cells, and therefore they probably play a pivotal role in the
initiation of bone remodeling (8). Osteoclasts, the sole bone-resorbing cells, are
multinucleated giant cells that differentiate from mononuclear cells of the monocyte/
macrophage lineage upon stimulation by two essential factors: the monocyte/macrophage
colony–stimulating factor (M-CSF) and the receptor activator of nuclear factor κB (NF-κB)
ligand (RANKL) (9, 10). Osteoclast differentiation involves several key steps:
Hematopoietic stem cells give rise to colony-forming unit granulocytes/macrophages, which
further differentiate into cells of the monocyte/macrophage lineage in the bone marrow.
Mononuclear cells of the monocyte/macrophage lineage in the bone marrow or in the
circulation are generally considered to be osteoclast precursors, which are attracted to
prospective resorption sites and then attach to the bone matrix to differentiate into
osteoclasts in response to M-CSF and RANKL (10, 11). Osteoblasts, the boneforming cells,
are derived from mesenchymal stem cells (MSCs) through a multistep differentiation
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pathway. MSCs give rise to osteoprogenitors, which differentiate into preosteoblasts and
then mature osteoblasts (12). Emerging evidence indicates that MSCs and osteoprogenitors
not only reside in the bone marrow but also are present in the circulation (13–15).

The remodeling process involves four major distinct but overlapping phases:

Phase 1: initiation/activation of bone remodeling at a specific site.

Phase 2: bone resorption and concurrent recruitment of MSCs and osteoprogenitors.

Phase 3: osteoblast differentiation and function (osteoid synthesis).

Phase 4: mineralization of osteoid and completion of bone remodeling (Figure 1) (16,
17).

It has been proposed that when osteocytes either sense bone deformation caused by
mechanical loading or detect microdamage in old bone, they transmit signals of an unknown
nature to recruit osteoclast precursors to the specific bone site (Figure 1) (18). Emerging
evidence supports the concept that bone remodeling occurs within a closed system termed
the bone-remodeling compartment (BRC), which is highly vascular and characterized by the
presence of a canopy formed by bone-lining cells (5, 6, 19). Thus, osteoclast precursors may
be recruited either from the bone marrow, by crossing the bone-lining cell monolayer, or
from capillaries that penetrate into the BRC. Osteoclast precursors then attach to the bone
matrix to differentiate into osteoclasts in response to elevated concentrations of M-CSF and
RANKL within the BRC. With the formation of osteoclasts, the remodeling process
proceeds to Phase 2, in which bone resorption represents the predominant event, but the
recruitment of MSCs and/or osteoprogenitors into the BRC is also initiated (Figure 1).
Similarly, MSCs and osteoprogenitors can be recruited either directly from the bone marrow
or from capillaries that penetrate into the BRC. Osteoclast formation and bone resorption
continue, while recruited MSCs and osteoprogenitors differentiate into preosteoblasts and
subsequently osteoblasts throughout Phase 2. The remodeling process 3 as osteoblast
function (osteoid synthesis) begins to overtake bone resorptionas the predominant event
(Figure 1). Phase 3 continues for some time to allow the BRC to excavate more bone by
trenching the bone surface and replacing it with osteoid produced by osteoblasts. Osteoblast
formation and function continue even after cessation of bone resorption to ensure a balance
between bone removal and bone formation. Phase 4 involves the mineralization of osteoid
and concludes the bone-remodeling cycle (Figure 1).

The human adult skeleton has approximately 1–2 million active BMUs at any given time;
they are spatially and temporally separated from one another and function in an
asynchronous fashion within the cortical bone and on the surfaces of the trabeculae and
cortex (16). Figure 1 depicts the key steps of a BMU remodeling bone on the surface of
trabecular bone (semiosteonal remodeling); similar BMUs excavate and replace tunnels in
cortical bone (osteonal remodeling). Importantly, normal bone remodeling depends on the
tight coupling of bone formation to bone resorption to ensure no net change in bone mass or
quality after each remodeling cycle. Previously, investigators believed that two mechanisms
control the coupling: First, a number of local and systemic factors regulate the formation and
function of both osteoblasts and osteoclasts, resulting in concomitant changes in bone
resorption and bone formation (20, 21). Second, growth factors such as transforming growth
factor β (TGF-β), released from the bone matrix during the resorption process, participate in
regulating osteoblast differentiation and function (Figure 1) (22, 23), thereby coupling bone
formation to bone resorption. Interestingly, accumulating evidence suggests that osteoclasts
play a role in the coupling of bone formation to bone resorption by producing factors that
stimulate osteoblast differentiation and function (Figure 1) (24–26). Finally, the BRC may
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also serve as a physical mechanism for coupling bone formation to bone resorption by
confining the two biological processes in a closed compartment (19).

Understanding the basic biology of bone remodeling is critical for elucidation of the
molecular and cellular mechanisms underlying the pathogenesis of disorders of bone
remodeling. The updated bone-remodeling model described in Figure 1 suggests that the
bone-remodeling process may be derailed at different points or levels, resulting in various
metabolic bone diseases. Postmenopausal osteoporosis may reflect an increase primarily in
the frequency of activation of BMUs, and other bone disorders may involve the effects of
many systemic and local factors on the differentiation, function, and life span of bone cells.
In particular, the concept of the BRC supports the notion that systemic and local factors may
alter the bone-remodeling process by affecting the recruitment of bone cells into the BRC or
by disrupting the structural integrity of the BRC (27). Moreover, the deregulation of
secretion of osteoclast-derived factors may contribute to the pathogenesis of bone disorders.
In the following sections, we discuss new advances in our understanding of the mechanisms
underlying the pathogenesis of diseases of bone turnover in the context of this model and
associated concepts.

OSTEOPOROSIS
Osteoporosis is a common disorder of bone remodeling characterized by low bone mass and
structural deterioration of bone; it causes bone fragility and an increased vulnerability to
fractures (28). Osteoporosis represents a group of distinct pathological conditions, rather
than a single entity, and is traditionally classified into primary and secondary types (28, 29).
Primary osteoporosis is further divided into two subtypes: type I osteoporosis and type II
osteoporosis (30, 31). Type I osteoporosis (also referred to as postmenopausal osteoporosis)
is a common bone disorder in postmenopausal women and is caused primarily by estrogen
deficiency resulting from menopause, whereas type II osteoporosis (also known as age-
related osteoporosis or senile osteoporosis) is associated primarily with aging in both
women and men. In contrast, secondary osteoporosis refers to bone disorders that are
secondary complications of various other medical conditions, consequences of changes in
physical activity, or adverse results of therapeutic interventions for certain disorders (28,
29). Below, we discuss postmenopausal osteoporosis, age-related osteoporosis, and two
types of secondary osteoporosis: GC-induced osteoporosis and immobilization-induced
osteoporosis.

Postmenopausal Osteoporosis
The pathogenesis of postmenopausal osteoporosis is caused primarily by the decline in
estrogen levels associated with menopause. This hypothesis was initially proposed by
Albright et al. (32), whose seminal work in the 1940s demonstrated that postmenopausal
women with osteoporosis exhibit negative calcium balance, a condition that could be
reversed by estrogen replacement. Albright and colleagues believed that bone loss in
postmenopausal women was caused by impaired bone formation resulting from estrogen
deficiency, but subsequent studies (33–35) indicated that estrogen deficiency leads mainly to
an increase in bone resorption rather than to impaired bone formation. Nevertheless, it is
well established that both bone resorption and bone formation are increased in
postmenopausal osteoporosis; however, the extent of increased bone resorption exceeds that
of augmented bone formation, which causes an imbalance between bone resorption and bone
formation in favor of bone resorption (34–36). Since the establishment of a central role for
estrogen deficiency in the pathogenesis of postmenopausal osteoporosis, enormous effort
has been focused on elucidating the mechanisms by which estrogens exert their bone-
sparing effects. The past three decades have witnessed several major advances in the
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understanding of the molecular and cellular mechanisms underlying the role of estrogen
deficiency in the pathogenesis of postmenopausal osteoporosis.

Investigations in the 1980s demonstrated that osteoclast differentiation and activity are
regulated by a variety of cytokines, including interleukin (IL)-1, −6, and −7; tumor necrosis
factor (TNF); granulocyte/macrophage colony–stimulating factor; and M-CSF (37, 38),
which raises a question as to whether estrogen plays a protective role against osteoporosis
by modulating the production of these cytokines. Indeed, subsequent in vitro and in vivo
studies revealed that estrogen suppresses the expression of IL-1, TNF, and IL-6 in
monocytes and/or osteoblasts and stromal cells (Figure 2) (39, 40). Human peripheral-blood
monocytes from osteoporosis patients produce larger amounts of IL-1, and elevated
production of IL-1 was not observed in human peripheral-blood monocytes from either
estrogen-treated postmenopausal women with osteoporosis or untreated premenopausal
women (41). Later studies showed that human peripheral-blood monocytes from
ovariectomized premenopausal women secrete increased amounts of IL-1 and TNF (42).
Interestingly, another group (43) demonstrated that estrogen also inhibits the expression of
TNF and IL-1 in osteoblasts and stromal cells. The pathological role for TNF in
postmenopausal osteoporosis was further supported by animal model studies demonstrating
that knockout mice deficient in either TNF or TNF receptor 1 are resistant to ovariectomy-
induced bone loss (44). Taken together, these data support the notion that estrogen exerts
protective effects on bone via suppression of IL-1 and TNF expression. However, estrogen
inhibits the expression of IL-6 indirectly through the action of IL-1 and TNF, which
stimulate the expression of IL-6 in osteoblasts and stromal cells (45). Elevated levels of
these three cytokines augment bone resorption by distinct mechanisms (Figure 2). Early
studies showed that IL-6 exerts a primarily stimulatory effect on osteoclastogenesis (46). In
contrast, IL-1 and TNF directly target mature osteoclasts to enhance osteoclast activity and
indirectly stimulate osteoclastogenesis by upregulating the expression of IL-6. More recent
investigations have found that these two cytokines can also directly target osteoclast
precursors to promote osteoclastogenesis (Figure 2) (47–50). Although studies performed in
the late 1980s and early 1990s largely established that estrogen preserves the skeleton by
suppressing cytokine production, there remain numerous inconsistencies and controversies
regarding the precise target cells of estrogen, the exact effects and regulatory mechanisms of
the cytokines on osteoclasts and their precursors, and how these cytokines functionally
interact and are coordinated in the pathogenesis of postmenopausal osteoporosis.

The discovery of the RANKL/RANK/OPG (osteoprotegerin) system and the subsequent
unraveling of an essential role for this system in osteoclast biology in the late 1990s not only
represent milestones in bone biology research but have also significantly helped advance our
understanding of the pathological mechanism of various bone disorders, including
postmenopausal osteoporosis. RANKL (also known as OPGL, ODF, and TRANCE) was
identified as a new member of the TNF superfamily independently by several groups (51–
54). RANKL binds to its cognate receptor RANK (receptor activator of NF-κB), which is a
member of the TNF receptor superfamily (53). Moreover, a soluble decoy receptor for
RANKL, OPG, was identified and shown to antagonize RANKL functions by competing
with RANK for binding of RANKL (55, 56). Although initial in vitro studies showed that
the RANKL/RANK/OPG axis regulates several biological processes such as osteoclast
formation and function (51, 52), dendritic cell survival and activation (57, 58), and T cell
activation (59, 60), RANKL and RANK knockouts soon demonstrated that this system also
plays a critical role in lymph node organogenesis (59, 61), B cell differentiation (59, 61),
and mammary gland development (62). Intriguingly, a recent study revealed that in females
this system is implicated in thermoregulation as well as in fever response in inflammation
(63).
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In the bone microenvironment and, more specifically, in normal bone remodeling, cells of
the osteoblast lineage—including bone-lining cells, stromal cells (e.g., MSCs),
osteoprogenitors, and osteoblasts—serve as sources of RANKL as well as of M-CSF (Figure
2) (64). Cells of the osteoblast lineage express both M-CSF and RANKL (membrane-bound
RANKL and soluble RANKL), which bind to their receptors, c-fms and RANK,
respectively. These receptors are expressed on osteoclast precursors and stimulate osteoclast
formation. In mature osteoclasts, RANKL also stimulates osteoclast activation and survival
(51). In addition, OPG is derived primarily from cells of the osteoblast lineage in normal
bone remodeling. RANK activates intracellular signaling pathways to regulate osteoclast
formation and function in part through recruiting TNF receptor–associated factors (TRAFs).
RANK contains three functional TRAF-binding motifs (PFQEP369–373, PVQEET560–565,
and PVQEQG604–609) that collectively activate six major signaling pathways [NF-κB; c-jun
N-terminal kinase (JNK); extracellular signal–related kinase (ERK); p38; nuclear factor of
activated T cells, cytoplasmic 1 (NFATc1); and Akt], which in turn regulate osteoclast
formation, function, and/or survival (10, 65, 66). In addition, considerable experimental data
support an important role for Ca2+ and calmodulin in osteoclast development and function
(67, 68), and administration of calmodulin antagonists prevents ovariectomy-induced bone
loss in mice (69).

Since the discovery of the RANKL/RANK/OPG axis, it has become clear that estrogen also
exerts bone-sparing effects by targeting this regulatory axis (Figure 2). Specifically, estrogen
stimulates the expression of OPG in mouse osteoblasts and stromal cells (70). Moreover, the
expression of RANKL was elevated on the surface of bone marrow cells, such as osteoblasts
and lymphocytes, from postmenopausal women with osteoporosis compared with cells from
premenopausal controls (71); this finding indicates that RANKL plays an important role in
the pathogenesis of postmenopausal osteoporosis. Moreover, estrogen directly inhibits the
RANK-activated JNK pathway in osteoclast precursors (72, 73). As discussed above,
estrogen deficiency leads to an increase in the secretion of IL-1 and TNF, which promote
osteoclastogenesis by upregulating the expression of IL-6. IL-1 and TNF also stimulate
RANKL gene expression in osteoblasts and stromal cells (52), which adds another level of
complexity to the action of these two cytokines in the development of postmenopausal
osteoporosis.

The first decade of the new century has already seen several new developments in the
investigation of the molecular and cellular mechanisms that underlie the pathogenesis of
postmenopausal osteoporosis (Figure 2). First, nude mice, which lack T lymphocytes, are
protected from ovariectomy-induced bone loss (74), which demonstrates that circulating T
cells, not monocytes, are the major source of estrogen-regulated TNF. Second, estrogen
directly targets mature osteoclasts to promote apoptosis of osteoclasts via the action of the
Fas/Fas ligand system (75, 76). Modulation of osteoclast life span has long been considered
a potential mechanism through which estrogen exerts a protective effect against osteoporosis
(77), and an earlier study showed that estrogen regulates osteoclast life span indirectly
through the regulation of TGF-β (78). Finally, in 2006, Sun et al. (79) reported that the
pituitary follicle-stimulating hormone (FSH) plays a role in the pathogenesis of
postmenopausal osteoporosis, a finding that challenges the long-held notion that estrogen
alone is central to the pathogenesis of this disorder of bone remodeling (Figure 2). This
provocative notion remains controversial. Nonetheless, it has presented an intriguing new
concept and created an impetus for further validation. Future studies to address this issue
further will lead to a more precise understanding of the mechanism underlying the
pathogenesis of postmenopausal osteoporosis.

Given that postmenopausal osteoporosis reflects an imbalance between bone resorption and
bone formation in favor of the former, effective inhibition of bone resorption has long been
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recognized as an important therapeutic strategy for this disorder of bone remodeling.
Although calcium and vitamin D remain the first line of therapy for postmenopausal
osteoporosis, there are now four major classes of antiresorptive drugs (i.e., agents that can
inhibit osteoclast formation and/or function) on the market: estrogen (80), selective estrogen
receptor modulators (81), bisphosphonates (82), and calcitonin (83). Therapy for
postmenopausal osteoporosis has changed dramatically over the past two decades. Before
then, estrogen replacement therapy was the lone class of drugs used for treatment of
osteoporosis, in addition to calcium and vitamin D. Since then, several classes of drugs have
been developed. The most widely used are bisphosphonates, which generally shorten
osteoclast life span. In addition to selective estrogen receptor antagonists, a monoclonal
antibody to RANKL was recently developed (84, 85). All these drugs target osteoclasts and,
therefore, primarily inhibit bone resorption. On the anabolic (as opposed to antiresorptive)
side, parathyroid hormone (PTH) analogs increase bone mineral density when administered
daily (86). The osteoporosis drug industry is in a state of flux, given that in 2009 the first
bisphosphonate used widely for osteoporosis therapy, alendronate, became available as an
inexpensive ($0.25–$0.50 per day) generic.

Age-Related Osteoporosis
Age-related bone loss affects both women and men (36). Recent studies indicate that
significant trabecular bone loss begins as early as the twenties in men and women—long
before any major hormonal changes (87). In women, however, bone loss accelerates for 5 to
10 years after menopause due to the rapid decline in estrogen levels; after this phase, bone
loss continues at approximately the same rate as in elderly males. These observations
indicate that there is an element of the aging process in bone, other than an age-associated
failure of other organs or tissues, that is a common cause of bone loss in both aging women
and men. Thus, the pathogenesis of osteoporosis in women consists of two components
(Figure 3a). The first involves primarily osteoclasts (bone resorption) and results from
changes in estrogen and FSH levels at menopause (Figure 3a), as discussed in the preceding
section. The second component is age related, is centered on osteoblasts (bone formation),
and engages a number of distinct factors associated with the aging process in both men and
women, as we discuss below (Figure 3).

Reactive oxygen species (ROS), the radical forms of oxygen, are produced in the
mitochondria as by-products of respiration and oxidase activity and in cellular responses to
various external stimuli ranging from inflammatory cytokines to ionizing radiation (88).
ROS either cause cellular damage (proteins, lipids, and DNA), which lead to cell death, or
trigger the activation of cellular signaling pathways. Cells possess intricate antioxidant
defense mechanisms to counteract the adverse effects of oxidative stress. There is an age-
related increase in ROS levels that arises from age-related increases in ROS production and/
or a decrease in antioxidants (89, 90). Consistently, oxidative stress is inversely correlated
with longevity in flies, nematodes, and mammals. As discussed above, a healthy adult
skeleton is maintained by constant bone remodeling that involves osteoclasts and
osteoblasts, whose activities are tightly coordinated to ensure that no net change in bone
mass takes place during this process. Thus, age-related changes in the activity of either cell
type may lead to bone loss. Members of the Wnt family play an important role in osteoblast
differentiation and function (91). Binding of Wnts to the receptors Frizzled and LRP5/6
leads to the activation of β-catenin, which then translocates into the nucleus to associate
with T cell factor (TCF) transcription factors to activate target genes. Age-dependent
increases in oxidative stress antagonize Wnt signaling by diverting β-catenin from TCF to
forkhead box O transcription factor–mediated transcription in osteoblasts, leading to the
attenuation of osteoblastogenesis and bone formation (Figure 3) (92, 93). Calcium and its
intracellular receptor, calmodulin, also are important regulators of osteoblast differentiation
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through both calmodulin kinase II and calcineurin pathways (94–96), which may also be a
target for reactive oxygen species.

The growth hormone (GH)/insulin-like growth factor 1 (IGF-1) regulatory axis both plays a
pivotal role in longitudinal bone growth and acquisition of peak bone mass during skeletal
development and is critically involved in skeletal maintenance in adults (97). As discussed
above (Figure 1), osteoblasts differentiate from MSCs, which can differentiate into other cell
types, such as chondrocytes and adipocytes, in response to distinct differentiating
stimulators. GH promotes differentiation of MSCs into osteoblasts and inhibits
differentiation of MSCs into adipocytes (98, 99). GH also stimulates the proliferation of
osteoblasts (100, 101). In addition to these direct effects on osteoblast proliferation and
differentiation, GH regulates the differentiation and function of osteoblasts indirectly
through, for instance, bone morphogenetic proteins (BMPs) and IGF-1/IGF-2. Thus, GH
upregulates the expression of BMPs (102), which in turn promote osteoblast differentiation
and bone formation. Moreover, GH increases the expression of IGF-1 (98), which exerts a
primarily stimulatory effect on the function of osteoblasts. As such, a decline in IGF-1
production associated with the aging process has been implicated in the pathogenesis of age-
related osteoporosis (Figure 3). Serum IGF-1 levels are correlated with bone mineral density
in many osteoporosis patients, and polymorphisms of the IGF-1 promoter are linked to bone
mass (103, 104).

An increase in serum PTH levels associated with aging has also been implicated in the
pathogenesis of age-related bone loss (Figure 3). Multiple factors are probably involved in
increasing serum PTH levels in the elderly. First, vitamin D deficiency is fairly common in
the elderly and thus may contribute to the increase in serum PTH levels by decreasing
calcium resorption from the gastrointestinal tract (105). Moreover, estrogen deficiency
results in reduced intestinal calcium absorption as well as impaired renal tubular calcium
reabsorption, which leads to a chronic negative calcium balance (106). If this negative
calcium balance is not constantly compensated for by an increase in dietary calcium intake,
it may cause an elevation in serum PTH levels. PTH acts on osteoblast precursors directly
and indirectly by increasing IGF-1 production (107). Constant elevation of PTH is
detrimental to bone strength, in contrast to intermittent elevation of PTH, which is anabolic.

Age-related osteoporosis in men also has a multifactorial etiology (Figure 3b). The
decreased bone formation caused by changes in ROS, IGF-1, and PTH levels associated
with aging plays a predominant role in the pathogenesis of age-related osteoporosis in men
(87, 93). However, age-related changes in the levels of sex steroids, including both estrogen
and androgen, also contribute to the pathogenesis of age-related osteoporosis in men (108).
Sex steroid deficiency was not initially recognized as a cause of age-related osteoporosis in
men primarily because of the failure of earlier investigations to detect significant changes in
serum sex steroid levels. Subsequent studies revealed that free or bioavailable sex steroid
levels change with aging (109), prompting additional studies to examine the potential role of
sex steroids in the pathogenesis of age-related osteoporosis in men. Consequently, it is now
appreciated that a decline in bioavailable estrogen and androgen levels also plays a role in
the development of age-related osteoporosis in men by leading to an increase in osteoclast
formation and function (bone resorption) (Figure 3b). Moreover, a decline in bioavailable
androgen levels results in an increase in bone resorption as well as a decrease in bone
formation. The decline in bioavailable estrogen and androgen levels in men may begin as
early as the twenties. However, unlike the drastic decline in estrogen levels observed at
menopause in women, the change in bioavailable sex steroids levels in men is gradual and
related primarily to the aging process (109). The accelerated phase of bone loss observed in
postmenopausal osteoporosis does not occur in male osteoporosis.
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Despite the involvement of the sex steroids in the pathogenesis of age-related osteoporosis
in men, hormone replacement (estrogen or testosterone) therapy and selective estrogen
receptor modulators have not been approved for prevention and treatment of male
osteoporosis because of safety and effectiveness concerns. Currently, bisphosphonates
represent the best treatment option for bone loss in men (110).

Glucocorticoid-Induced Osteoporosis
GCs are potent immunomodulatory drugs that are commonly used to treat a variety of
inflammatory conditions and autoimmune disorders, such as rheumatoid arthritis, asthma,
and multiple sclerosis. However, therapeutic use of GCs often leads to numerous clinical
complications, including bone loss and increased risk of fracture (111). Bone loss occurs
within the first several months of initiating GC treatment, and prolonged GC-based therapy
leads to a significant decrease in bone mass and an increased risk of fracture (112). Despite
new advances in our understanding of GC-induced osteoporosis pathophysiology and
improvements in its clinical management over the past decade, this disease still represents
the most common form of drug-induced osteoporosis.

Pharmacological doses of GCs induce osteoporosis primarily by altering normal bone
remodeling. GCs exert deleterious effects on the differentiation, function, and survival of
multiple cell types involved in the remodeling process (Figure 4). GCs have profound
effects on osteoblast differentiation and function. Although physiological levels of GCs are
required for normal osteoblast differentiation, excess GCs exert an inhibitory effect on
osteoblast differentiation. As discussed above, osteoblasts are derived from MSCs, which
can also differentiate into a number of other cell types, including adipocytes (12, 113).
Pharmacological doses of GCs inhibit differentiation of MSCs into osteoblasts and promote
their differentiation into adipocytes (Figure 4a) (114). The GC-induced shift toward
increased adipogenesis leads to a reduced pool of osteoprogenitors in the bone marrow.
Thus, fewer osteoprogenitors are available for recruitment into the BRC during Phase 2 of
bone modeling, which results in fewer osteoblasts in the BRC to adequately replace the
resorbed bone. Moreover, GCs target mature osteoblasts by impairing their function and
increasing apoptosis (Figure 4b). GCs inhibit the expression of bone matrix proteins such as
type I collagen and osteocalcin (115, 116) and enhance the expression of two mineralization
inhibitors, Dmp-1 and Phex (117). The GC-mediated impairment in osteoblast function and
enhancement in osteoblast apoptosis further aggravates the reduction in bone mass and
quality. Also, high GC levels promote apoptosis of osteocytes (Figure 4c) (118); GC-
induced apoptosis of osteocytes is unlikely to significantly affect the ongoing bone-
remodeling process (active BMUs). However, osteocytes play a primary mechanosensing
role and are probably involved in the initiation of bone remodeling. Thus, GC-mediated
osteocyte apoptosis may affect the prompt and efficient initiation of bone modeling.

GCs can indirectly increase osteoclast formation and function by reducing OPG expression
and increasing RANKL expression in osteoblasts (Figure 4d) (119). As discussed above and
illustrated in Figure 1, bone remodeling has several distinct but overlapping phases. Bone
resorption is the predominant event in Phase 2 (the bone-resorption phase), whereas
osteoblast differentiation and function (osteoid synthesis) become predominant in Phase 3
(the bone-formation phase). The transition from Phase 2 to Phase 3 depends upon a critical
decrease in the RANKL/OPG ratio. The GC-induced increase in the RANKL/OPG ratio
changes the balance toward bone resorption or delays the reversal, both of which lead to a
net negative change in bone mass. Furthermore, GCs can directly target mature osteoclasts
to prolong their life span (Figure 4e) (120), which can further worsen the imbalance in favor
of bone resorption. However, Kim et al. (121, 122) recently showed that GCs exert a direct
inhibitory effect on osteoclast function (Figure 4f). The net effect of GCs on bone resorption
is determined by their combined actions on the RANKL/OPG ratio and osteoclast survival
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and function. As discussed above, osteoclasts play a role in enhancing bone formation by
secreting factors that promote osteoblast differentiation and function (24–26). Interestingly,
the GC-induced inhibitory effect on bone formation is indirectly mediated through
osteoclasts (121, 122), which suggests that GCs may also inhibit bone formation by
suppressing the production of osteogenic factors by osteoclasts (Figure 4g).

In addition to affecting the bone-remodeling process, pharmacological doses of GCs
contribute to the pathogenesis of osteoporosis by targeting other organs or physiological
processes (123). Excess GCs decrease calcium resorption in the gut and increase loss of
calcium in the kidney, which results in negative calcium balance. Moreover, GCs impair
production and function of sex steroid hormones and GH, which play important roles in
bone metabolism.

Clinical management of GC-induced osteoporosis currently involves reduction of GCs to
minimal levels, supplementation of calcium and vitamin D, and therapeutic intervention
with antiresorptive drugs at the initiation of GC therapy (111). Bisphosphonates are the most
frequently used antiresorptive drugs for the prevention and treatment of GC-induced
osteoporosis. PTH, an anabolic drug that has been approved for therapeutic intervention of
postmenopausal osteoporosis, has the potential to become another therapeutic option for
GC-induced osteoporosis, given that it exerts a stimulating effect on bone formation (124).

Immobilization-Induced Osteoporosis
One of the major functions of bone remodeling is to adapt bone material and structural
properties to the mechanical demands that are placed on the skeleton, including mechanical
loading and weight bearing. For ordinary individuals, the skeleton is developed in childhood
and then constantly remodeled throughout adulthood to maintain mechanical strength that
can sufficiently support normal weight bearing and routine physical activities. However, for
individuals such as construction workers and athletes, the mechanical needs increase for
certain regions of the skeleton; consequently, bone modeling results in the formation of
stronger bone to replace old bone that could not adequately meet the increased mechanical
demands. Conversely, prolonged bed rest or immobilization resulting from paralysis or
casting of a limb reflects a decrease in mechanical requirements, which results in a disorder
of bone remodeling termed immobilization-induced osteoporosis (also known as disuse
osteoporosis) (125). Another example of this disorder is whole-body microgravity exposure,
which is experienced by astronauts during prolonged space flight (126). Prolonged exposure
to microgravity leads to bone loss of 0.5% to 2.0% per month in load-bearing bones (127,
128); both increased resorption and decreased mineralization occur (129, 130). As described
above, postmenopausal osteoporosis, age-related osteoporosis, and GC-induced osteoporosis
result from altered normal bone remodeling caused by a change in hormones at menopause,
various aging-related factors, and therapeutic use of GCs, respectively. In contrast,
immobilizationinduced osteoporosis results from a physiological response of bone
remodeling to decreased mechanical demands.

Although we do not completely understand the molecular and cellular mechanisms by which
the remodeling process is regulated to adjust bone material and structural properties to
changes in mechanical loading or weight bearing, osteocytes have been proposed to play a
crucial role in the process by serving as primary mechanosensing cells (8). Mechanical
loading or weight bearing of the skeleton leads to deformation of bones (strain), shear
forces, and streaming potentials within osteocyte lacunae and the canalicular network, which
are detected primarily by osteocytes (131). The central role of osteocytes in adapting bone
properties to mechanical loading was convincingly demonstrated by a recent study (132)
showing that genetically modified mice lacking osteocytes develop osteoporosis due to
defective mechanotransduction. Moreover, osteoblasts function as important
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mechanosensing cells (133). Furthermore, several studies (134–137) indicate that
mechanical stress can exert direct and indirect effects on osteoclasts. All bone cells probably
respond in some fashion to loaded mechanical stress and contribute to the pathogenesis of
immobilization-induced bone loss.

Various cell-surface proteins or membrane structures, such as integrins, ion channels,
connexons, gap junctions, and primary cilia, are believed to serve as mechanosensors to
sense strains, flow-shear forces, and streaming potentials and to activate diverse intracellular
pathways that modulate the differentiation and function of bone cells (138, 139). For
instance, conditional knockout mice in which β1 integrin is deleted in cortical osteocytes are
protected from disuse (hindlimb-unloading)-induced bone loss in cortical bones (140).
Moreover, mechanosensitive ion channels have been identified in both osteoblasts (141) and
osteocytes (139). Various types of mechanical forces directly target osteoblasts through
these mechanosensors to activate intracellular pathways so as to modulate osteoblast
differentiation and function (142, 143). However, although mechanical stimuli can directly
affect the apoptosis of osteocytes in response to various mechanical stimuli, osteocytes
regulate bone remodeling mainly by signaling to osteoblasts and osteoclasts via soluble
factors and direct cell-cell contact (139).

Immobilization dramatically decreases mechanical loading of the skeleton, thereby
diminishing the deformation of bones and abolishing fluid-shear forces. Consequently, the
mechanosensing pathways and corresponding signaling pathways involved in promoting
bone formation and modulating bone remodeling are no longer activated, which leads to a
decrease in bone mass and strength. Currently, there is no better treatment for
immobilization-induced osteoporosis than prophylaxis. Thus, decrease in physical activities
should be minimized whenever possible, and therapeutic exercise may be prescribed to
apply a certain level of mechanical stress to the affected sites of the skeleton.
Pharmacological intervention with bisphosphonates or PTH analogs has not been rigorously
evaluated in humans, but these agents have been effective in treating bone loss in the
hindlimb-suspension model of weightlessness in rodents (144, 145).

RENAL OSTEODYSTROPHY
Renal osteodystrophy refers to a heterogeneous group of metabolic bone diseases that
accompany chronic kidney disease. There is considerable evidence linking the development
of renal osteodystrophy to increased cardiovascular calcification and associated morbidity
and mortality (146). Renal osteodystrophy remains multidimensional both
pathophysiologically and, more importantly, therapeutically. It is the only group of
metabolic bone diseases whose treatment can be aided by the evaluation of bone biopsies.
Quantitative histomorphometry, in conjunction with appropriate laboratory analyses, is often
used to make a specific diagnosis (147). The classification of renal osteodystrophy on the
basis of biopsy analysis includes assessment of three main parameters: bone turnover,
mineralization, and volume (TMV) (Table 2). In this classification, turnover reflects the rate
of remodeling, mineralization reflects the process of collagen calcification, and volume is
the relative amount of bone per total tissue volume. In a 2008 survey of 544 bone biopsies
from late-stage advanced chronic kidney disease, the TMV results were as follows: (a) for
turnover, 52% were low, 21% were normal, and 27% were high; (b) for mineralization, 3%
were defective and 97% were normal; and (c) for volume (trabecular), 32% were low, 30%
were normal, and 38% were high (147).

The pathophysiology of renal osteodystrophy is complex and clearly reflects the importance
of PTH and vitamin D on bone turnover and related pathological abnormalities. The
classification into high and low bone-turnover groups (Table 2) reflects the disparate nature
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and complexity of the pathophysiology. High-turnover renal osteodystrophy can best be
categorized as a secondary hyperparathyroidism state, whereas low-turnover disease is
characterized by a relative hypoparathyroidism state. Thus, the pathology of high-turnover
renal osteodystrophy is that of hyperparathyroidism bone disease. Sustained excess PTH
increases bone turnover with increased osteoblasts, osteoclasts, and osteocytes. Disordered
remodeling results in the formation of abnormal bone, increased osteoid, and fibrosis
(osteitis fibrosis). Primary factors contributing to secondary hyperparathyroidism are
hyperphosphatemia, hypocalcemia, and vitamin D deficiency (147, 148).

Abnormal mineralization reflects the process of calcification of collagen in bone and is
reflected histologically as abnormal osteoid. This parameter can be accurately assessed only
by biopsy and histomorphometric analyses. The processes that result in impaired
mineralization are poorly understood but are thought to be caused by one or a combination
of vitamin D and/or mineral deficiencies, aluminum toxicity, and possibly a prolonged
acidotic state.

The most common form of adynamic osteodystrophy is characterized by an absolute or
relative PTH deficiency and by an extremely low rate of bone formation. Aluminum toxicity
has historically been associated with adynamic renal osteodystrophy incurred through
dialysis. Adynamic bone disease without aluminum toxicity is common, but its pathogenesis
is not well understood. Factors implicated in this disorder include increased plasma calcium;
vitamin D toxicity; and altered growth factors and cytokines such as BMP, TGF-β and
IGF-1, and IL-6. These are only a few components of what is a poorly understood
multifactorial pathogenesis (148, 149).

The importance of making the distinction between low- and high-turnover states lies in the
differences in treatment. For high-turnover disease, therapy is focused on phosphorus
restriction or use of phosphate binders, correcting vitamin D deficiency, and the occasional
use of calcium supplements. Calcimimetic agents that bind to the parathyroid-gland
plasmamembrane Ca2+ receptor were recently used to inhibit PTH secretion (149). In
contrast, low-turnover disease is managed primarily by methods designed to increase PTH
levels. Reducing calcium and vitamin D is often necessary. Low-turnover disease is often
the consequence of aggressive treatment of high-turnover disease, and prevention should be
the therapeutic focus.

PAGET’S DISEASE OF BONE
Paget’s disease is a focal disease of high bone turnover that affects one or more bones; it
becomes more prevalent with increasing age (150). In the United States, Paget’s disease is
the second most common disorder of remodeling, after osteoporosis. Clinically, most
patients are asymptomatic, but those who are symptomatic have variable clinical
presentations. Symptoms include bone pain, bone deformities, secondary arthritis, and often
neurological problems that are secondary to bone deformities. Paget’s disease is believed to
be a primary disorder of increased osteoclast bone resorption with a secondary marked
increase in osteoblast activity and new bone formation. The resulting trabecular bone is
abnormal in that it has a “woven,” disorganized appearance. X-ray findings are highly
variable because of the multiple possible locations of the disease. One scenario is shown in
Figure 5, which illustrates the changes that took place over 23 years in the tibia of an
untreated woman with Paget’s disease. There is also an increased frequency of osteosarcoma
in the areas of the affected bone.

Little is known about the pathogenesis of Paget’s disease. Genetics plays a role, as the
disorder occurs in a strongly familial pattern. Several genes have been implicated; however,
the most commonly described mutation is a gene that encodes a ubiquitin-binding protein
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that plays a role in NF-κB signaling. The other pathogenic mechanism proposed to underlie
this disease is associated with chronic viral infection. A paramyxoviral association is most
frequently described; however, the canine distemper virus has also been implicated (152,
153).

Therapy is directed at inhibiting osteoclasts, most commonly through the use of
bisphosphonates. Sometimes calcitonin is used; in addition to exhibiting antiosteoclast
activity, calcitonin also has analgesic properties that often help treat patients with substantial
bone pain. Additional therapy includes analgesics and surgery to correct deformities (152).

OSTEOPETROSIS
Osteopetrosis refers to a heterogeneous group of rare heritable bone-remodeling disorders
that are characterized by increased bone density caused by a defect in bone resorption by
osteoclasts. Subclassification of these disorders is based upon the mode of inheritance, age
of onset, severity, and clinical symptoms. As a result, classification becomes rather fluid as
more complex syndromes are described. The best-known forms are generally classified as
(a) severe and (b) intermediate autosomal recessive types and (c) a milder autosomal
dominant subtype. Importantly, molecular genetic studies have identified several gene
mutations, all of which encode proteins that involve osteoclast-mediated bone resorption.
The incidence of the autosomal recessive form is approximately 1 in 250,000 to 1 in 300,000
births, whereas the autosomal dominant form is more common at approximately 1 in 20,000.
In addition to these three subtypes, there are several forms associated with other syndromes
such as renal tubular acidosis, ectodermal dyplasias, and leukocyte adhesion deficiencies
(154). For a complete summary of ostepetrosis subtypes, see Reference 155.

The pathophysiology of osteopetrosis involves mutations that affect osteoclast function. For
both the autosomal recessive and autosomal dominant forms, the most common mutations
are listed in Table 3. Our current knowledge of osteoclast function suggests that each of
these mutations impairs osteoclast function. The location of these mutations in the osteoclast
is shown in Figure 6. The three most important mutations—carbonic anhydrase II, proton
pump, and chloride channel—are highlighted. The proton pump, which is abundantly
present in the ruffled membrane, transports protons (H+) into the resorption lacuna to create
and maintain a low-pH (~4.5) environment. The low-pH condition deposits high
concentrations of acid onto a strongly basic mineral to dissolve the inorganic component of
bone hydroxyapatite: [Ca3(PO4)2]3Ca(OH)2 + 8 H+ ↔ 10 Ca3 + 6 HPO4

2− + 2 H2O. The
cytoplasmic protons are generated from carbon dioxide and water by carbonic anhydrase II
(CO2 + H2O ↔ H2CO3 ↔ H+ + HCO3

−). Importantly, the chloride channel, which is also
present in the ruffled membrane, transports Cl− into the resorption lacuna to maintain
electron neutrality. The removal of bicarbonates from the cell and the continuous supply of
Cl− ions into the cell for secretion into the resorption lacuna are accomplished by a passive
chloride-bicarbonate exchanger in the basolateral membrane. Also shown in Figure 6 is a
rare mutational defect in cathepsin K, which plays a crucial role in degrading the bone
matrix proteins such as type I collagen. The classification of these rare disorders is
continually being updated as new mutations and clinical syndromes are identified. A recent
review (155) extensively discusses the various clinical subtypes.

Osteopetrosis is diagnosed through the use of a combination of clinical and radiological
parameters. Increased serum concentrations of creatine kinase BB isozyme and tartrate-
resistant acid phosphatase (both derived from osteoclasts) are often observed. The prognosis
as outlined in Table 3 is highly variable: The severe infantile forms are lethal, as untreated
patients may die from bone marrow suppression in the first or second decade of life,
whereas life expectancy in the delayed-onset form is normal.
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Therapy is largely supportive. For severe lethal forms, hematopoietic stem cell
transplantation can prolong lives for five years or more (156). Various treatment regimens
with interferon-γ, calcium restriction, vitamin D, steroids, and PTH have all been tried
without consistent documented success. For the delayed-onset, benign form of disease with
normal life expectancy, supportive therapy involves managing complications such as
fractures, arthritis, hypocalcemia, and various levels of bone marrow failure.

RICKETS
The most common form of rickets is nutritional vitamin D deficiency, which may be either
primary or secondary to other diseases such as malabsorption, severe liver disease, impaired
renal function, and heritable abnormalities of vitamin D metabolism. The consequences of
vitamin D deficiency in bone are both direct inhibition of osteoblast progenitors and, more
prominently, an increase in RANKL and a decrease in OPG. The major effects of the last
two features are enhanced bone resorption and increased bone turnover (157).

It is crucial to place the pathophysiology of decreased vitamin D in the context of systemic
calcium and PTH. Low vitamin D is secondary either to low sunshine exposure and low
vitamin D intake or to decreased kidney function (vitamin D 1-α-hydoxylase is in the
kidney). The combination of low calcium and high PTH contributes to bone loss. If rickets
occurs in children before the growth plates heal, the bones may become markedly deformed.
If it occurs in adults, osteopenia or osteoporosis occurs, along with an increased risk of
fracture. There are additional, nonskeletal effects of vitamin D that may cause muscle
weakness and subsequent falls.

Treatment is focused on repairing the deficiency in vitamin D, whether by increased
sunshine (enhancing the skin’s ability to make vitamin D) and/or through dietary
supplements. Repairing the deficiency results in reversal of most of the bone changes,
except for major changes that occur during childhood. Given all the controversies about
nonbone benefits of vitamin D, the normal range of vitamin D levels is unknown. There may
soon be a generation of individuals whose serum levels of vitamin D are at least double the
values found in the current generation. The fact that some uncommon forms of rickets could
not be corrected by supplemental doses of vitamin D resulted in the discovery of rare,
inheritable forms of the disease, including abnormalities in the vitamin D receptor, the
rendering of cells insensitive to vitamin D, and abnormalities in vitamin D metabolism.

CONCLUSIONS
The mysteries of bone biology are being unraveled at an unprecedented pace, and our
understanding of bone-remodeling diseases and targeted therapies is rapidly evolving. The
concept of the BMU as the basic functional anatomic unit of bone remodeling and turnover
permits us to predict and describe the underlying pathophysiology of several bone diseases.
Of the eight forms of bone remodeling discussed herein, primary osteoporosis—both
postmenopausal and age related—is by far the most common. Breakthroughs in basic
biology that are being translated into clinical practice include the discovery of the roles of
RANK/RANKL and OPG in osteoclastogenesis. Elucidation of the signals that regulate
MSC differentiation—not only into osteoblasts but also into adipocytes, chondrocytes, and
muscle cells—could further our understanding of mineralization and bone-formation
disorders and may allow us to develop new anabolic therapies to build bone. Although the
molecular defects in osteoclast function in osteopetrosis are rare, they have confirmed the
vital components and molecular regulation of osteoclast function. In the future, we can
expect the development of even more new therapies to evolve from a better understanding of
the complex molecular aspects of bone turnover.
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Glossary

Glucocorticoid (GC)-
induced osteoporosis

characterized by bone loss and increased risk of fracture;
occurs in patients treated with GCs

Immobilization-induced
osteoporosis

characterized by bone loss and increased risk of fracture;
secondary to immobilization of all or part of the skeleton

Paget’s disease focal disease of high bone turnover that results in abnormal
bone architecture

Renal osteodystrophy refers to a heterogeneous group of metabolic bone diseases
that accompany chronic renal failure

Osteopetrosis refers to a rare heterogeneous group of genetic bone
diseases; characterized by a defect in bone resorption that
causes increased bone density

Rickets bone disease caused by absolute or relative vitamin D
deficiency

Basic multicellular unit
(BMU)

the functional and anatomic site of bone remodeling;
composed of bone-lining cells, osteocytes, osteoclasts, and
osteoblasts

M-CSF monocyte/macrophage colony–stimulating factor

RANKL receptor activator of nuclear factor κB ligand

MSCs mesenchymal stem cells

Bone-remodeling
compartment (BRC)

the anatomic compartment in which bone turnover occurs;
composed of BMUs

Postmenopausal
osteoporosis

occurs secondary to loss of estrogen at menopause

Age-related osteoporosis affects both men and women equally; increases with
increasing age

IL interleukin

TNF tumor necrosis factor

OPG osteoprotegerin

PTH parathyroid hormone

ROS reactive oxygen species

IGF-1 insulin-like growth factor 1
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SUMMARY POINTS

1. Bone remodeling is the result of a complex interaction among multiple cells in a
tightly controlled environment (BMU). Bone remodeling occurs in four phases:
(a) initiation/activation, (b) bone resorption and recruitment of MSCs and
osteoprogenitors, (c) osteoblast differentiation and function, and (d)
mineralization of osteoid.

2. Osteoporosis, which affects more than 10 million Americans, is by far the most
prevalent disorder of bone remodeling.

3. Pathogenesis of osteoporosis in women involves two major components: (a) an
increase in bone resorption resulting from changes in estrogen and FSH levels at
menopause and (b) a decrease in bone formation caused by a number of distinct
factors associated with the aging process.

4. Development of osteoporosis in men involves primarily a decrease in bone
formation caused by multiple factors associated with the aging process, but an
increase in bone resorption caused by a decline in bioavailability of sex steroids
may also contribute.

5. GC-induced osteoporosis is caused by adverse effects of excess GCs on
differentiation, function, and survival of the major bone cell types involved in
bone modeling. It represents the most common form of drug-induced
osteoporosis.

6. Immobilization-induced osteoporosis results from a physiological response of
bone remodeling to decreased mechanical demands.

7. Classification of renal osteodystrophy is the only disorder of bone remodeling
that can be accurately assessed only by bone biopsy.

8. Osteopetrosis is caused by inheritable specific defects in osteoclast function.
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FUTURE ISSUES

1. What is the relative contribution of estrogen deficiency and an increase in FSH
to the pathogenesis of postmenopausal osteoporosis?

2. What is the precise mechanism underlying the rapid bone loss that occurs within
5 to 10 years of menopause?

3. Do ROS play a role in the pathogenesis of osteoporosis by regulating the
differentiation, function, and survival of osteoclasts?

4. Can the BRC serve as a mechanosensing unit?
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Figure 1.
Current model for bone remodeling. The remodeling process consists of four major distinct
but overlapping phases: Phase 1: initiation/activation of bone remodeling at a specific site.
Phase 2: bone resorption and concurrent recruitment of mesenchymal stem cells (MSCs) and
osteoprogenitors. Phase 3: osteoblast differentiation and function (osteoid synthesis). Phase
4: mineralization of osteoid and completion of bone remodeling. In normal bone
remodeling, there is no net change in bone mass and strength after each remodeling cycle.
However, abnormal bone remodeling in certain pathological conditions, such as
osteoporosis, causes reduced bone mass and strength. Abbreviation: BRC: bone-remodeling
compartment.
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Figure 2.
Current understanding of the pathological mechanisms of postmenopausal osteoporosis.
Dates indicate the time of the discovery of the functions. Abbreviations: FSH, follicle-
stimulating hormone; IL, interleukin; M-CSF, monocyte/macrophage colony–stimulating
factor; OPG, osteoprotegerin; RANK, receptor activator of nuclear factor κB; RANKL,
RANK ligand; TNF, tumor necrosis factor.
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Figure 3.
Current understanding of the pathological mechanisms of age-related osteoporosis. (a)
Pathological mechanisms of osteoporosis in women. (b) Pathological mechanisms of
osteoporosis in men. Up and down arrows represent increases and decreases, respectively.
Abbreviations: A, androgen; b, bioavailable; E, estrogen; FSH, follicle-stimulating hormone;
IGF, insulin-like growth factor; PTH, parathyroid hormone; ROS, reactive oxygen species.

Feng and McDonald Page 28

Annu Rev Pathol. Author manuscript; available in PMC 2013 February 13.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 4.
Current understanding of the pathological mechanisms of glucocorticoid (GC)-induced
osteoporosis. (a) Inhibition of differentiation of mesenchymal stem cells (MSCs) and
osteoprogenitors into osteoblasts. (b) Impairment of osteoblast function and enhancement of
osteoblast apoptosis. (c) Induction of apoptosis of osteocytes. (d) Enhancement of receptor
activator of nuclear factor κB ligand and reduction of osteoprotegerin expression in
osteoblasts. (e) Prolonging of the life span of osteoclasts. (f) Inhibition of osteoclast
function. (g) Suppression of osteoclast-generated osteogenic factors. Abbreviation: BRC,
bone-remodeling compartment.
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Figure 5.
Radiographic changes in the left tibia of an untreated woman with Paget’s disease over 23
years (from age 45 to age 68). The arrows indicate the area of marked cortical thickening.
The distal tibia appeared normal in 1964, but sclerotic changes progressively increased by
1987. Anterior bowing, which was mild in 1964, became progressively worse by 1987
(150). Reprinted with permission from Reference 151.

Feng and McDonald Page 30

Annu Rev Pathol. Author manuscript; available in PMC 2013 February 13.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 6.
Defects in osteoclast function in osteopetrosis. The sites of the four main genetic defects in
osteoporosis—CAII (carbonic anhydrase), V-ATPase (proton pump), CLCN7 (chloride
channel), and CTSK (cathespin K)—are highlighted in blue.
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Table 1

Disorders of bone remodeling

Osteoporosis

Primary

• Menopause associated

• Age related

Secondary

• Glucocorticoid induced

• Immobilization induced

Renal osteodystrophy

Paget’s disease

Osteopetrosis

Rickets
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Table 2

Turnover, mineralization, and volume classification system for renal osteodystrophy

Turnover Mineralization Volume

Low Low

Normal

Normal Normal

Abnormal

High High
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Table 3

Genetic causes of osteopetrosis

Genetic subtype Gene Function Frequency Disease severity

Autosomal
 recessive

CAII Produces H+ in cytoplasm < 5% of patients with severe
 osteopetrosis

Somewhat more severe
 than the other types

Autosomal
 recessive

TCIRG1 Proton pump 60% of patients with severe
 osteopetrosis

Severe

Autosomal
 recessive

CLCN7 Chloride channel 15% of patients with severe
 osteopetrosis

Either severe or
 intermediate

Autosomal
 recessive

g1/g1 Unknown < 5% of patients with severe
 osteopetrosis

Extremely severe

Autosomal
 recessive

TNFSF1 1−/− RANKL Rare Severe

Autosomal
 dominant

CLCN7 Chloride channel Rare; 1 in 100,000 to 1 in
 500,000

Mild delayed onset
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