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Abstract
The adverse effects of aging of other organs (ovaries at menopause) on the skeleton are well known,
but ironically little is known of skeletal aging itself. Evidence indicates that age-related changes,
such as oxidative stress, are fundamental mechanisms of the decline of bone mass and strength.
Unlike the short-lived osteoclasts and osteoblasts, osteocytes— former osteoblasts entombed in the
mineralized matrix— live as long as 50 years, and their death is dependent on skeletal age. Osteocyte
death is a major contributor to the decline of bone strength with age, and the likely mechanisms are
oxidative stress, autophagy failure, and nuclear pore “leakiness.” Unraveling these mechanisms
should improve understanding of the age-related increase in fractures and suggest novel targets for
its prevention.

Skeletal aging
After death, mammalian skeletons can remain intact for millions of years, but during life they
undergo a process of continuous regeneration (remodeling) during which old bone is removed
and replaced with new. With advancing age, the balance between the amounts of old bone
removed and new bone formed during the remodeling process becomes negative. In addition,
bone strength declines disproportionally to the decline of bone mass. Together the decrease of
bone mass and the decline of strength lead to the bone fragility syndrome known as osteoporosis
— the most common metabolic disorder of old age in humans. During the last sixty years,
skeletal involution with advancing age was thought primarily to be the result of age-related
changes in other organs, and in particular from the decline of ovarian function in women at
menopause [1,2]. Because of this “estrogen-centric” view, the so-called “post-menopausal”
form of the disease and its therapy with estrogens or selective estrogen receptor modulators
(SERMs) has held central stage.

Nonetheless, emerging epidemiologic evidence in humans and mechanistic studies in cell and
animal models, reviewed recently in greater detail elsewhere [3], provide a paradigm shift from
the “estrogen-centric” account to one in which age-related mechanisms (such as oxidative
stress) occurring within bone itself are protagonists, and age-related changes in other organs
and tissues, such as ovaries and the adrenals, are contributory (Box 1). In addition, mounting
evidence from the study of other degenerative disorders of old age suggests that osteoporosis
is not an isolated disease entity resulting from its own unique mechanisms but rather a co-
morbidity with other degenerative disorders such as atherosclerosis, myocardial hypertrophy,
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sarcopenia, hyperlipidemia, insulin resistance, and Alzheimer's disease, which inexorably
share pathogenetic mechanisms resulting from the aging of the respective tissues [4]. This fresh
perspective helps to explain exciting new discoveries that ligands of a class of nutrient-sensing
deacetylases, known as sirtuins, may be effective in treating more than one age-associated
disease, for example, insulin resistance and osteoporosis [5].

This article reviews what is known about the effects of the aging process on bone itself and on
the cellular constituents of bone, and discusses how the intrinsic aging of bone cells, as opposed
to aging of other organs which indirectly affect the skeleton, contributes to the detrimental
consequence of osteoporosis, namely bone fractures.

Bone remodeling
During remodeling, old bone is removed by teams of osteoclasts— highly specialized multi-
nucleated cells derived from hematopoietic precursors— and replaced with new bone by teams
of osteoblasts— a progeny of the mesenchymal stem cell lineage— which are responsible for
the production and mineralization of the bone matrix [1]. The teams of osteoclasts and
osteoblasts constitute distinct anatomical structures, called basic multi-cellular units (BMUs),
which move in tandem, with osteoclasts always in the front of the advancing BMU and
osteoblasts following in the rear. At any given time several millions of BMUs carry out turnover
at discrete sites of the skeleton. In healthy adult humans, the remodeling cycle lasts 6–9 months
[1,3]. A representative value for the average turnover (volume replacement) of bone is 10%
per year, corresponding to a mean lifespan of about 10 years and a mean age of about 5 years,
but there are large differences in turnover rate and mean age between different regions of the
skeleton [6].

Osteocytes – choreographers and master regulators of skeletal homeostasis
All osteoclasts and 60–80% of osteoblasts die via apoptosis [7]. The remaining osteoblasts
become either lining cells that cover quiescent surfaces or are entombed individually in lacunae
of the mineralized matrix and become osteocytes. In the process of their entombment,
osteocytes undergo a dramatic morphologic transformation which includes the development
of an average of fifty slender cytoplasmic processes that radiate from the cell body and give
osteocytes the resemblance of neuronal cells (Figure 1) [8]. The processes run, like buried
cable, along narrow canaliculi and are linked with the processes of neighboring osteocytes, as
well as with cells present on the bone surface, including the lining cells, cellular elements of
the bone marrow, and endothelial cells of the bone marrow vasculature, by gap junctions. In
contrast to osteoclasts and osteoblasts, which are relatively short-lived and transiently present
only on a small fraction of the bone surface, osteocytes are deployed throughout the skeleton,
are long-lived, and are far more abundant than either osteoclasts (one thousand times) or
osteoblasts (ten times). During the last few years, it has become evident that osteocytes are the
choreographers of the remodeling process on the bone surface by virtue of their ability to: a)
sense effete bone and direct the homing of osteoclasts (and perhaps osteoblasts) to the site that
is in need of remodeling [9], b) produce factors that influence osteoblast and osteoclast
generation as well as mineral homeostasis, c) mediate the homeostatic adaptation of bone to
mechanical loading, and d) control and modify mineralization of the matrix produced by
osteoblasts [10,11].

Bone vasculature, hydration, and strength
Besides specialized cells and mineralized matrix, there are spaces in bone that include not only
the bone marrow cavity, but also the lacunae and canaliculi which surround the osteocyte cell
bodies and cytoplasmic processes, respectively; these form an elaborate system of tubes and
vascular canals that deliver nutrients and oxygen to the cellular constituents of bone. In
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addition, bone contains water, which represents at least 25% of its wet weight and provides
much of its unique strength and resilience [12,13]. Of the total volume of water, approximately
90% resides in the lacunar-canalicular system, bone vasculature, and bone marrow [14]. The
remaining 10% is incorporated within collagen fibrils and hydroxyapatite crystals, and in
submicroscopic channels that are widely distributed and allow rapid percolation of water
soluble substances through apparently solid bone [15].

Bone formation almost always occurs in close proximity to capillaries [16]. Moreover,
mesenchymal stem cell progenitors of osteoblasts reside on the outer surface of blood vessels
and are critical for the formation of blood vessels as well [16,17]. In addition, one or more
capillaries are always in close proximity to the teams of osteoclasts and osteoblasts that remodel
bone, and are most likely the conduits by which both osteoclast and osteoblast precursors reach
the site that is targeted for remodeling [18,19]. In cancellous bone, blood vessels are juxtaposed
to a canopy of flat cells which separates the BMU from the bone marrow [20]. Low oxygen
tension, developed as bone accumulates and the distance of osteocytes from the surface and
the capillaries increases, stimulates the expression of endothelial growth factors by osteoblasts
and initiates a neovasculogenic program [21–23].

Osteocytes and their dendritic processes are surrounded by a gel-like matrix which is in
continuity with the peripheral circulation [24]. Transport of solutes through the lacunar-
canalicular system is accommodated in part by hydraulic vascular pressure and in part by
diffusion and convection induced by mechanical forces. Transmission of fluid shear stresses
to the cytoskeleton by the matrix is essential for the ability of osteocytes to sense mechanical
loading and choreograph the adaptation of bone to prevailing mechanical forces.

Osteoporosis is one of many factors responsible for the decrease of bone
strength with age

Osteoporosis, the Greek word for porous bones, is the term used to define decreased bone mass
per unit volume of anatomical bone. However, decreased bone mass is evidently only one of
many factors responsible for the increased risk of fracture in old age, since at the same bone
mineral density (BMD), the risk of fracture increases 4-fold with a 20-year increase in age
[25]. While decline in neuromuscular function and increased incidence of falls is undoubtedly
a factor for the age-related increase in fracture risk, several age-related changes in the bone
itself contribute to the increase in fracture risk for the same BMD. For example,the age-related
decline in cortical bone tensile strength [26] may be caused by deterioration of type I collagen,
resulting from loss of cross-linking between the component chains [27], and accumulation of
advanced glycation end products [28] — another general feature of the aging process. Further,
a fracture at any site increases the risk of a subsequent fracture at any other site [29],
highlighting the importance of non-mass factors. Likewise, only a small part of the decreased
fracture incidence in patients receiving anticatabolic therapies for osteoporosis can be
explained by the increase in bone mass [30], and many of the genetic effects on bone strength
are mediated by factors other than bone mass [31,32]. Small bone size [33], disrupted bone
architecture [34], changes in bone mineral and matrix [27], delayed repair of fatigue
microdamage [35], and excessive turnover [36], are some additional non-mass factors. But the
most important is loss of osteocyte viability with age. [37].

What cells are old in the aging skeleton?
Different components of the body grow old at different rates and die after different periods of
time [38]. Osteoclasts live only for a few days or weeks and osteoblasts (while they are making
bone) live only for a few months [1]; the only long-lived cells in bone are the stem cells from
which osteoclasts or osteoblasts are derived, cells of the periosteum about which very little is
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known [39], and the lining cell-osteocyte syncytium consisting of terminally differentiated
osteoblasts, which are the resident cells of bone [40] (Table 1). The bulk of bone substance
consists largely of an extracellular matrix, which changes with age in ways previously
summarized that are partly the result of changes in the resident cells and partly intrinsic to its
structure and composition [9,41].

The fate of lining cells, which separate all endosteal surfaces of bone from adjacent soft tissue,
is unclear. At the start of a new episode of remodeling, osteoclasts could destroy lining cells
as well as the underlying bone, but recent evidence indicates that lining cells can persist as a
canopy over the bone remodeling compartment [20]. However, when new lining cells arise
after osteoblasts stop making bone, it seems likely that the old lining cells die, presumably by
apoptosis. In either case, the lifespan of lining cells would approximate the time interval
between successive remodeling cycles at the same location, which is usually between one and
ten years [42]. The fate of osteocytes, permanently immured within the lacunar-canalicular
system, is more complex but better understood. In many regions of the skeleton, osteocytes
persist until the bone in which they lie is resorbed, so that their lifespan is the same as of that
bone. However, in regions where turnover is very low, osteocytes may die by apoptosis, leaving
lacunae which appear empty in histologic sections [43]. Seemingly empty lacunae may contain
the remnants of the osteocyte which have not undergone phagocytosis [44], but are removed
during section preparation.

Aging and osteocyte death
The notion that osteocytes have a lifespan that is both relevant to pathophysiology and
amenable to study was first conceived by Harold Frost almost fifty years ago [45]. In rib cortical
bone, he noted that osteocyte death, inferred from the presence of an empty lacuna, increased
in prevalence with age and was followed by hypermineralization of perilacunar bone and later
by filling of canaliculae with mineralized connective tissue. Such changes, collectively referred
to as micropetrosis, probably lead to increased brittleness of bone [46]. From these and other
data, Frost estimated the natural lifespan of osteocytes to be about 25 years [47]. It is generally
believed that only in cortical bone would osteocytes be left undisturbed by remodeling long
enough for this intrinsic lifespan to be exceeded, but this view disregarded the effect of distance
from the surface on the probability of remodeling, and hence mean bone age [42]. In human
cancellous bone, this effect is minor in bone less than 50 μm upon the surface, but as the depth
increases this effect increases rapidly, so that bone more than 75 μm from the surface is
essentially isolated from surface remodeling and will be at least as old as the duration since
skeletal maturity [42]. Since trabeculae increase in thickness by remodeling with positive
balance during growth, the age of such bone could be even greater [48].

Even in normal human iliac cancellous bone, a substantial proportion is more than 20 years
old [42], so it is not surprising that osteocyte death (inferred from an empty lacuna) has been
demonstrated. In superficial bone (<25 μm from the surface) obtained from healthy women,
the density (number/unit area) of total lacunae, osteocytes and empty lacunae does not change
with age [43], because bone in which some osteocytes have died is replaced by bone containing
a full complement of osteocytes [49]. The data suggest that rather than having a fixed lifespan,
osteocytes die by a stochastic process occurring at a fractional rate of about 2.5% per year.
Consequently, in deep bone (more than 45 μm from the surface) that is rarely or never
remodeled, osteocyte density declines exponentially with age, approaching an asymptotic
value which at age 75 is about 40% of the value at age 20 [49]. Evidently osteocyte death is
dependent on the age of the bone, not on the age of the subject. In deep bone, total lacunar
density is lower than in superficial bone and falls substantially with age, so that micropetrosis,
the only process that could lead to obliteration of lacunae, occurs in cancellous as well as in
cortical bone [43]. There is a close spatial relationship between empty lacunae and microscopic
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fatigue damage [50] and while both are the expected consequences of excessive bone age, it
is unclear which occurs first [9].

Contribution of osteocytes to bone strength
The described age related decline in osteocyte number is accompanied by reduced bone
strength, both in patients with vertebral fracture [51] and in healthy mice [52]. Moreover,
ablation of osteocytes rapidly leads to decreased bone strength, microfractures, and
osteoporosis in young mice [53]. Several mechanisms likely contribute to this relationship.
First, osteocytes release one or more factors that inhibit bone remodeling [54], so that reduced
osteocyte density in central cancellous bone is associated with increased surface remodeling
[49] which is an independent contributor to bone fragility [36]. Second, there is disruption of
several signals, likely including chemoattractants, proinflammatory cytokines, prostaglandins,
sclerostin, receptor activator for NF-kB ligand, and macrophage-colony stimulating factor, that
are necessary for microdamage repair [55]; these signals may be released during or shortly
after osteocyte apoptosis, but if the osteocyte is already dead, such signals cannot be generated.
Third, and probably most important, osteocyte death leads to a decline in bone vascularity and
hydration, which reduces bone strength by mechanisms not yet fully understood, but which
probably include changes in crystallinity and promotion of micropetrosis [37,46]. Conversely,
protection of osteocytes from the adverse affect of aging on their apoptosis maintains bone
crystallinity, vasculature volume, circulation of interstitial fluid, and strength [37].

Mechanisms of osteocyte death with advancing age
Aging, changes in systemic hormones levels such as sex hormone deficiency or glucocorticoid
excess, and loss of mechanical strains all promote osteocyte death [56]. Thus, the prevalence
of osteocyte apoptosis increases progressively with age in mice [52]. An increase in osteocyte
apoptosis occurs in sexually mature mice, rabbits, and humans following loss of ovarian or
testicular function [3]. Both in aging and acute sex steroid deficiency, the seminal mechanism
leading to increased osteocyte apoptosis is evidently oxidative stress (Figure 2). The increase
in osteocyte apoptosis is prevented in ovariectomised mice treated with anti-oxidants [52].
Increased osteocyte apoptosis has been also documented in animals and humans treated with
glucocorticoids [57]. A change in the prevalence of osteocyte apoptosis is thought to account
for the rapid increase of fracture incidence in patients receiving these drugs and the rapid return
of fracture incidence to normal following the cessation of treatment, long before any loss or
gain of bone mass [40,58]. Furthermore, the age related increase in endogenous glucocorticoid
levels in mice contributes to age related loss of both osteocyte liability and strength [37].
Increased osteocyte apoptosis also ensues shortly following immobilization in mice [59]. Both
glucocorticoid excess and loss of mechanical strain increase osteocyte apoptosis by interfering
with focal adhesion kinase-mediated survival signals, thereby leading to anoikis [60]. Hence,
oxidative stress, estrogen deficiency, endogenous hyperglucocorticoidism, and reduced
physical activity all contribute to osteocyte death with advancing age.

Autophagy failure and nuclear pore leakiness
Although not directly demonstrated, we strongly suspect that two mechanisms, both resulting
from long-term increases in oxidative stress, are likely culprits in the increased death of long-
lived osteocytes with advancing age: autophagy failure and nuclear pore leakiness (Figure 2).
Autophagy is a highly conserved endocytic process that is mediated by lysosomes and critical
for an efficient cell defense to stressful stimuli. Autophagy is responsible for the recycling of
cellular materials, such as unwanted or damaged proteins, and the generation of amino acids
during periods of starvation, as well as adaptive immunity. Many factors influencing aging/
longevity such as SIRTs, mTOR, FoxOs, NF-kB, and p-53 exert their effects by modulating
autophagy, and autophagy is stimulated by hypoxia [61] and caloric restriction [62]. Failure
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of autophagy, on the other hand, is responsible for the ultimate demise of long-lived post-
mitotic cells in many organs, including brain, heart, muscle, and kidney [63]. Moreover,
autophagy failure has been linked to degenerative diseases of the nervous system, like
Alzheimer's and Parkinson's disease as well as heart failure and cancer. It is therefore very
likely that osteocytes are not immune to autophagy failure, and that this mechanism plays a
role in the increased rate of osteocyte death with age.

Recent evidence also suggests that aging and age-related pathologies are associated with the
deterioration of nuclear pore structures [64,65]. Nuclear pore complexes (NPCs), aqueous
channels made by multiple copies of over 30 different types of proteins known as nucleoporins,
serve as physical barriers within the nuclear envelope by restricting the accessibility of
cytoplasmic proteins to DNA and allowing the selective export of the newly synthesized
mRNA from the nucleus to the cytoplasm and the ribosomes. NPCs disassemble during mitosis
and reassemble in the nuclei of newly formed cells. Once formed, however, their proteins are
extremely stable and persist for the entire lifespan of postmitotic cells. Exciting new evidence
indicates that NPCs deteriorate with age in postmitotic cells as a result of oxidative damage of
nucleoporins, like Nup93 [65]. In view of this finding, the exceptionally long lifespan of
osteocytes, and the evidence that oxidative stress promotes osteocyte death, it is possible that
nuclear pore leakage is also involved in the age-dependent depletion of osteocytes from bone
and/or the malfunction of these cells with age.

Future studies utilizing genetic manipulation of these pathways in osteoblasts progenitors and
osteocytes should establish the importance of age-dependent mechanisms of cell death and
functional deterioration to the age-dependent involution of bone mass and strength.

Box 1. A paradigm shift from the “estrogen-centric” account of osteoporosis

In contrast to traditional thinking that loss of estrogens at menopause is the seminal
mechanism of osteoporosis, bone loss begins as soon as the early part of the third decade
in both women and men — long before any decline in sex steroid production [66,67].
Consistent with this, an increase in oxidative stress (OS) is a fundamental pathogenetic
mechanism of age-related bone loss strength in sex steroid sufficient female or male mice,
leading to, among other changes, a decrease in osteoblast lifespan and bone formation [3,
52]. Constant defense against OS is indispensable for bone mass homeostasis at all ages as
deletion of FoxO transcription factors— an important defense mechanism against OS— for
only 5 weeks in young (3 month old) mice, recapitulates the adverse effects of aging in
bone, including increases in OS, osteoblast and osteocyte apoptosis, and osteoporosis;
conversely, over-expression of FoxO3 in osteoblasts increases bone mass [68]. In support
of the view that reactive oxygen species (ROS) are major regulators of bone homeostasis,
mitochondria biogenesis and ROS are critical for the generation and survival of osteoclasts,
osteoblasts, and osteocytes [3]. Loss of sex steroids accelerates the effects of aging on bone.
Indeed, loss of estrogens or androgens decreases defense against OS, and this mechanism
accounts for the increased bone resorption associated with acute loss of these hormones.
The same mechanism accounts for the suppressive effects of either class of sex steroids on
osteoclastogenesis, as well as the stimulatory effects of estrogens and androgens on
osteoclast apoptosis and their attenuating effects on osteoblast apoptosis. Further, age-
associated OS diverts multipotential mesenchymal progenitors into the adipocyte lineage
at the expense of osteoblasts, by diverting ß-catenin, a co-activator of Wnt signaling that
promotes osteoblastogenesis and suppresses adipogensis, from Wnt- to FoxO-mediated
transcription of anti-aging/anti-oxidant gene programs [69]. The same mechanism is
implicated in the pathogenesis of type 1 and 2 diabetes and the adverse effects of diabetes
on bone formation and may also provide an explanation for strong epidemiologic evidence
that atherosclerosis and aortic calcification (processes caused by lipid oxidation) are
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inversely related to bone mass and directly related to fractures [70,71]. Indeed, oxidized
lipids promote anti-oxidant FoxO-mediated transcription but attenuate pro-osteogenic Wnt-
signaling by acting themselves as oxidants as well as serving as PPARγ ligands [69]. Aging
is also associated with increased endogenous glucocorticoid production and increased
sensitivity of bone cells to glucocorticoids, resulting from increased production of 11β-
HSD1, the enzyme that converts inactive into active glucocorticoids [37]. Importantly,
endogenous hyperglucocorticoidism similar to exogenous glucocorticoid excess
contributes to skeletal fragility with advancing age by decreasing the volume of the
vasculature in bone, skeletal fluid flow, and thereby skeletal hydration [37]. The molecular
mechanism behind these effects is decreased angiogenesis secondary to decreased VEGF
production by osteoblasts/osteocytes as well as decreased VEGF action.
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Figure 1.
The osteocyte-canalicular network by scanning electron microscopy. Reliefs of the osteocytes
and their canalicular network were obtained following acid-etching of murine bone sections
to remove the mineral (Courtesy of Lilian Plotkin and Teresita Bellido, Indiana University,
and Lynda Bonewald, University of Missouri-Kansas City School of Dentistry).
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Figure 2.
Putative mechanisms of decreased osteocyte number by the age-associated increase in
oxidative stress (OS). The production of H2O2 and several other reactive oxygen species,
generated during aerobic metabolism within the mitochondria, increases with advancing age.
This increase is amplified by the phosphorylation of p66, which oxidizes reduced cytochrome
c (C) released from the electron transfer chain, and opens the permeability transition pore
leading to apoptosis. Cells attempt to counteract the adverse consequences of OS by several
mechanisms, including an increase in different types of autophagy, stimulated by the activation
of transcription factors such as FoxOs and NF-kB. Failure of autophagy with age further
contributes to the cell demise. Additionally, with advancing age, long lived post-mitotic cells
fail to maintain the nuclear pore diffusion barrier as a result of leakiness caused by the oxidation
of nucleoporins, such as Nup-93.
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Table 1

Life spans of bone cell nuclei (approximate ranges)

Osteoclasts 1–25 days

Osteoblasts 1–200 days

Lining cells 1–10 years

Osteocytes 1–50 years
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