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Abstract

Aging research has undergone unprecedented advances at an accelerating rate in recent years,
leading to excitement in the field as well as opportunities for imagination and innovation. Novel
insights indicate that, rather than resulting from a preprogrammed series of events, the aging
process is predominantly driven by fundamental non-adaptive mechanisms that are interconnected,
linked, and overlap. To varying degrees, these mechanisms also manifest with aging in bone where
they cause skeletal fragility. Because these mechanisms of aging can be manipulated, it might be
possible to slow, delay, or alleviate multiple age-related diseases and their complications by
targeting conserved genetic signaling pathways, controlled functional networks, and basic
biochemical processes. Indeed, findings in various mammalian species suggest that targeting
fundamental aging mechanisms (eg, via either loss-of-function or gain-of-function mutations or
administration of pharmacological therapies) can extend healthspan; ie, the healthy period of life
free of chronic diseases. In this review, we summarize the evidence supporting the role of the
spectrum of fundamental basic science discoveries contributing to organismal aging, with
emphasis on mammalian studies and in particular aging mechanisms in bone that drive skeletal
fragility. These mechanisms or aging hallmarks include: genomic instability, telomere attrition,
epigenetic alterations, loss of proteostasis, deregulated nutrient sensing, mitochondrial
dysfunction, cellular senescence, stem cell exhaustion, and altered intercellular communication.
Because these mechanisms are linked, interventions that ameliorate one hallmark can in theory
ameliorate others. In the field of bone and mineral research, current challenges include defining
the relative contributions of each aging hallmark to the natural skeletal aging process, better
understanding the complex interconnections among the hallmarks, and identifying the most
effective therapeutic strategies to safely target multiple hallmarks. Based on their interconnections,
it may be feasible to simultaneously interfere with several fundamental aging mechanisms to
alleviate a wide spectrum of age-related chronic diseases, including osteoporosis.
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Introduction

Aging, which has been defined as the time-dependent accumulation of cellular damage,® is
associated with progressive decline of physiological functions, resulting in increased
susceptibility to complications, pathologies, chronic diseases, and death.(3-3) Indeed, age is
by far the greatest risk factor for chronic diseases including cancer, cardiovascular disease,
frailty, metabolic dysfunction, macular degeneration, neurodegeneration, osteoarthritis, and
osteoporosis, as well as a host of other chronic conditions.(1-3) Because elderly people
represent the most rapidly growing segment of the population in most developed countries,
there is an increasing need to identify ways to forestall age-related chronic diseases to
thereby reduce the enormous burden of healthcare expenditures these diseases create.

The premise that aging results from a preprogrammed series of events is contrary to the now
overwhelming and generally accepted experimental evidence establishing that fundamental
non-adaptive processes predominantly drive the aging process. Logical evolutionary
reasoning implies that adaptive change, which optimizes for fitness and reproduction, does
not program aging or longevity given the declining force of natural selection with age.®
Accordingly, genes with adverse effects later in life can be conserved due to antagonistic
pleiotropy, whereby a gene variant controls a phenotypic trait that has beneficial effects in
youth but harmful effects in old age.(®) Several examples of antagonistic pleiotropy will be
discussed in the context of the spectrum of fundamental basic science mechanisms
contributing to organismal aging, and given the complexity the focus herein will be placed
on mammalian aging.

Although aging is associated with the decline in a multitude of different biological
processes, it is now irrefutable that aging can be manipulated by, eg, only a single genetic
mutation.() Although at first this is perhaps surprising there are, in fact, hundreds of
examples of genes identified in studies ranging across multiple invertebrate species (eg,
yeast, worms, and flies), demonstrating that ablated or diminished expression of an
individual gene can lead to lifespan extension.(®.7) This is further supported by mounting
evidence in mammals establishing that it is possible to slow, delay, or alleviate age-related
diseases and their complications by targeting conserved genetic signaling pathways,
controlled functional networks, and basic biochemical processes.(1-3) Indeed, findings from
studies in various mammalian species suggest that targeting fundamental aging mechanisms
(eg, via either loss-of-function or gain-of-function mutations or administration of
pharmacological therapies) can extend healthspan; ie, the healthy period of life free of
chronic diseases. Collectively, this has led to development of the “geroscience hypothesis,”
which posits that manipulation of aging will delay (in parallel) the appearance or severity of
multiple chronic diseases because these diseases share the same underlying major risk factor
—age itself.®)

This review summarizes the evidence supporting the role of the spectrum of fundamental
basic science discoveries contributing to organismal aging, with emphasis on mammalian
studies and particular focus on aging mechanisms in bone that drive skeletal fragility. These
mechanisms, in a broader context, have been reviewed in a landmark publication®) that
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proposed nine hallmarks of aging. This collaborative effort has helped guide the field to
better conceptualize and understand the mechanisms that drive the natural aging process.
The nine hallmarks are as follows: genomic instability, telomere attrition, epigenetic
alterations, loss of proteostasis, deregulated nutrient sensing, mitochondrial dysfunction,
cellular senescence, stem cell exhaustion, and altered intercellular communication.(t) To be
defined as a hallmark of aging,(!) each fundamental aging mechanism should meet the
following criteria: (i) the hallmark will manifest during natural chronological aging; (ii)
experimental manipulation of the hallmark will accelerate aging; and (iii) experimental
amelioration of the hallmark will forestall the natural aging process and hence extend
healthspan. In bone, each hallmark fulfills these criteria to varying degrees and for some
only suggestive evidence in this sense currently exists. This will be discussed along with
how the aging hallmarks are interconnected, linked, and overlap; thus, interventions that
ameliorate one hallmark can in theory ameliorate others. Herein, we focus on evidence
implicating each of these fundamental mechanisms in the pathogenesis of osteoporosis as it
manifests in the setting of aging.

Genomic Instability

There is extensive evidence that genomic damage accompanies aging and that its artificial
induction can provoke aspects of accelerated aging.(!) Of all DNA lesions, DNA double-
strand breaks are arguably the most harmful. DNA double-strand breaks can be induced by
radiation, radiomimetic chemicals, or ROS, but also during DNA replication when a
polymerase encounters a single-strand lesion at a replication fork.(%) DNA double-strand
breaks pose problems for cells because their immediate and efficient repair by ligation is
often constrained by their physical separation and/or the need to process damaged DNA
termini.(0) In the absence of repair, damaged cells can be eliminated by apoptosis.
Alternatively, mitotically active cells can respond to DNA double-strand breaks by
becoming senescent (see Cellular Senescence).

DNA damage triggers a repair response known as the DNA damage response (DDR). This
response is characterized by the activation of Ataxia Telangiectasia Mutated (ATM) and the
recruitment of RAD-3-related kinase (ATR)(1) to the site of damage, leading to
phosphorylation of Ser-139 of histone H2AX molecules (-y-H2AX) adjacent to the site of
DNA damage. The phosphorylation of histone H2AX activates the transducer kinases Chk1
and Chk2, which converge on p53/p21 and p16.(12) Additionally, the DDR stimulates the
senescence-associated secretory phenotype (SASP) by upregulating GATA4 and NF-kB.
Markers of DNA damage and the DDR are increased in osteoprogenitors and osteocytes
from old mice and are associated with increased cell senescence and apoptosis.

Cells contain several DNA repair mechanisms such as the global genome nucleotide
excision repair (GG-NER) pathway, which removes helix-distorting damage anywhere in the
genome. Transcription-coupled repair (TCR) eliminates lesions in the transcribed strand of
active genes when transcription is arrested by DNA damage. This allows for rapid
continuation of the transcription process and prevents cell death and senescence.(1314) |n
humans, deficiencies in DNA repair mechanisms cause progeroid syndromes such as Werner
syndrome, Bloom syndrome, xeroderma pigmentosum, trichothiodystrophy (TTD),
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Cockayne syndrome, or Seckel syndrome,(15:16) suggesting that DNA damage is causally
linked to aging. In several of these syndromes, skeletal abnormalities have been described.
(17.18) Similarly, DNA repair-deficient mouse models have reduced lifespan and display
multiple symptoms of premature aging including low bone mass.(1%-22) However, because
several of these mouse models die before 3 months of age, the relevance of these progeroid
syndromes to natural skeletal aging is minimal. By contrast, progeroid excision repair cross-
complementary group 1 (Ercc1~2) mutant mice have a longer lifespan of about 7
months(20:23) and exhibit low bone mass, associated with low bone formation and increased
bone resorption,?) similar to chronological aging. Furthermore, studies using a mouse
model of TTD(4-26) have shown that early bone development is not affected but TTD
causes accelerated bone aging from 9 months onward characterized by a decrease in
trabecular and cortical bone as well as a loss of periosteal apposition and a reduction in bone
strength with age. These effects are associated a reduction in the number of osteogenic and
osteoprogenitor cells, as determined in cultures of bone marrow cells. Nevertheless, because
of a significant downregulation of the IGF axis and lack of adipose tissue in the TTD mice it
remains unknown whether the skeletal defects resulted from bone cell intrinsic effects or
were a consequence of the metabolic defects.

In humans, signs of premature aging have been observed in survivors of childhood cancer
who received therapies known to induce DNA double-strand breaks, such as
chemotherapeutic drugs and radiation.(2728) In mice, DNA damage due to focal irradiation
in long bones causes senescence in osteoblast lineage cells, decreases bone formation, and
leads to bone loss.(29) Irradiation also causes changes in osteoprogenitors that are similar to
those seen with aging. Together, these studies support the idea that DNA damage interferes
with normal skeletal maintenance, and that accumulation of damage with aging contributes
to loss of bone mass.

Telomere Attrition

Another hallmark of aging in both animals and humans is telomere attrition. Telomeres are
the protective ends of chromosomes that shorten with advancing organismal age. Attrition of
telomeres is accelerated in several human diseases driven by pathological telomere
dysfunction.(39) Indeed, telomere attrition and mutations in telomere maintenance genes
represent a primary hallmark of aging that cause cellular damage, which subsequently
activates compensatory or antagonistic aging hallmarks that alleviate the damage in the
short-term, but ultimately fail to do so over time eventually leading to tissue dysfunction.
For example, telomere attrition induces chromosomal instability that can contribute to
tumorigenesis and trigger activation of the cell senescence program (see Cellular
Senescence), which in turn is followed by deleterious changes in communication between
cells (see Altered Intercellular Communication) as well as a reduction in the proliferation of
stem cells and their ability to regenerate tissues (see Stem Cell Exhaustion). In terms of
causality, several studies using animals with genetic mutations modeling human telomere
syndromes have established the causal role of telomere loss in organismal aging,® and
have demonstrated that genetic restoration of telomerase (a specialized telomere
synthesizing enzyme) can prevent premature aging in telomerase-deficient mice.(31) Taken
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together, these discoveries have stimulated the development of preclinical telomere-targeted
therapeutic approaches to delay aging.(3?)

Telomere attrition also represents an intrinsic dysfunctional aging mechanism in cells of the
osteoblast lineage as it impairs osteogenic differentiation and has negative effects on skeletal
remodeling.(33:3% For example, in osteoprogenitors aging causes dissociation of telomere
protective complexes composed of shelterin and associated proteins that together, along with
telomerase, normally serve to maintain telomere length, resulting in incomplete replication
of chromosomes. This age-related dissociation exposes the ends of chromosomes, leaving
them highly vulnerable to persistent insults from DNA damage (see Genomic Instability)
that over time leads to activation of the cell senescence program(3®) (see Cellular
Senescence), subsequent upregulation of a pro-inflammatory secretome (see Altered
Intercellular Communication), and diminished self-renewal capacity of osteoprogenitor stem
cell pools3:34) (see Stem Cell Exhaustion). This is an example of how the aging hallmarks
in the pathogenesis of age-related bone loss are interconnected, linked, and overlap.
Ultimately, these events lead to an age-related decline in osteoprogenitors, deficient bone
formation, and the inability to adequately repair and replace damaged or lost bone. Although
direct evidence for telomere attrition in osteoblast lineage cells with natural chronological
aging is lacking at this time, mice with invalidated telomerase reverse transcriptase (Terc)
have been shown to display a low bone mass phenotype, resulting from defective
osteoblasts,(36) a pro-inflammatory bone microenvironment that fuels osteoclastogenesis and
increased bone resorption,(37) as well as several indicators of increased cell senescence, such
as upregulated p53 and p21 levels.(38) Thus, it remains to be seen whether telomere-targeted
therapeutic approaches can be applied in the setting of skeletal aging to limit cell damage,
prevent the antagonistic or compensatory responses to cell damage, and restore proper
intercellular communication as well as adequate numbers of osteoprogenitors.
Notwithstanding, caution in doing so may be warranted given that long-term telomerization
using gene madifications in stem cells can cause spontaneous genetic changes (see Genomic
Instability) and cancer.(39)

Epigenetic Alterations

Chromatin remodeling, DNA methylation, and histone modifications are each specific
examples of ways in which the epigenome is regulated by complex enzymatic systems in the
setting of both normal and pathological conditions.(2) Indeed, epigenetic posttranscriptional
modifications of gene expression are common events that can occur in all cells throughout
life either as part of normal physiological programs or can be altered by various age-related
changes in external or environmental stressors.(t) For example, aging is associated with
chromatin redistribution and distention as well as epigenetic perturbations that can cause
shortening of telomeres(3%) (see Telomere Attrition) and higher-order unfolding of
heterochromatin,®) which are both hallmark features of senescent cells (see Cellular
Senescence). Experimental evidence from gain-of-function and loss-of-function studies in
invertebrates has revealed the significance of multiple enzymatic systems designed to
regulate epigenetic changes including chromatin remodeling of protein complexes, DNA
methyltransferases, methylases/demethylases, and histone acetylases/deacetylases.(!) For
example, gene expression can be repressed with aging by DNA methylation, catalyzed by
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DNA methyltransferases, which prevent regulatory transcription factors from binding to
their respective promoter regions. In addition, aging can contribute toward the excessive
removal of acetyl groups by histone deacetylases (Hdacs) as well as histone methylation by
histone methyltransferases that close the conformation of chromatin and subsequently
represses transcription. Noteworthy, however, is that this effect can be reversed by
acetylation of lysine residues on histone tails via histone acetyltransferases or Hdac
inhibitors. Both of these manipulations can promote transcriptional activation. In addition,
aging alters the transcriptional signature of small noncoding RNA molecules, referred to as
microRNAs (ie, miRNASs) that also have important roles in posttranscriptional epigenetic
regulation of gene expression by blocking mRNA translation or by inducing mRNA
degradation, thereby impacting healthspan and longevity. However, at the present time, our
understanding of how these complex networks are altered by aging is still in its infancy.
Nevertheless, epigenetic alterations not only fulfill all of the criteria of an aging hallmark,
but also can in theory be restored and therefore represent realistic therapeutic targets for
novel interventions to extend healthspan and prevent age-related bone loss.

Although DNA methylation is one of most extensively studied epigenetic mechanisms, age-
related changes in DNA methylation patterns in bone, as well as in other tissues, are
complex and still not well understood. Aging was thought for many years to predominantly
result in global hypomethylation(“D); however, more recent evidence has refuted this
apparently oversimplified conclusion.(t) Notwithstanding, there are data suggesting that
DNA methyltransferases regulate bone metabolism in vivo, at least in the setting of
accelerated aging models. For example, genetic deletion of the histone methyltransferase,
Suv39hl, in Zmpste24™~ mice (a model of Hutchinson-Gilford progeria syndrome)
increased bone mass and extended the lifespan of these animals.(42) Furthermore, DNA
methylation has been shown to influence gene transcription of several crucial factors
involved in regulating osteoblast and osteoclast development as well as their activity. These
factors include the receptor activator of NF-kB ligand (RANKL)-osteoprotegerin (OPG)
system(3) and sclerostin.(44) Thus, based on collective evidence to date, there is at least
proof-of-concept precedent for manipulating DNA methylation to delay or alleviate skeletal
aging, although there is still a need to rigorously test this hypothesis in the setting of natural
chronological aging.

There is also evidence for the role of both histone methylation and demethylation in the
regulation of osteoblast development and activity as well as in the control of lineage
commitment of mesenchymal stem cells (MSCs) in bone marrow toward osteogenic versus
adipogenic cell fates. For example, histone methylation regulates the promoter regions of
PPARYy target genes.(#3 In addition, osteogenesis is controlled by histone
demethylases6:47) that regulate transcription of several classic osteoblast genes during
differentiation, including Runx2and Osterix.(*8:49) However, if and how the epigenetic
mechanisms of histone methylation and demethylation are altered with aging in bone, and
whether these processes represent viable targets for intervention remains to be seen.

Perhaps even more convincing evidence implicating age-related epigenetic alterations in
skeletal aging comes from studies of histone acetylases and deacetylases (eg, Hdacs).
Indeed, the family of 18 Hdacs, including the subfamily of seven sirtuins (Sirt1-Sirt7), not
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only have crucial roles in bone development through control of both intramembranous and
endochondral ossification,®% but have also been implicated in the regulation of several other
aging hallmarks such as genomic instability, mitochondrial dysfunction, deregulated nutrient
sensing, and altered intercellular communication,®) again underscoring how the aging
hallmarks are interconnected, linked, and overlap. Of particular interest with regard to
potential therapeutic approaches to delay or alleviate skeletal aging, inhibition of Hdac or
Sirt activity though either genetic manipulations or pharmacological interventions can result
in accelerated skeletal aging.(>1) By contrast, activation of Sirtl, eg, in mice is associated
with a delay in the onset of many agingrelated diseases, including osteoporosis (see
Deregulated Nutrient Sensing). Therefore, strategies to activate sirtuins in older individuals
could delay or perhaps alleviate several aspects of skeletal aging.

Loss of Proteostasis

Our inevitable functional decline with aging is associated with accumulation of damaged
proteins and organelles inside cells, which results in toxic stress that drives age-related tissue
dysfunction. This can be the result of endogenous and exogenous stressors that causes
proteins within the cell to aggregate, unfold, or even become misfolded.() The fate of these
misfit proteins is twofold: they can either be reconfigured into their original state or cleared
from the cell via proteolysis.(2) With aging, these processes decline as intracellular
accumulation of damaged proteins results from failure to restore the structure of misfolded
polypeptides, refold unfolded proteins, or from defective proteasomal degradation and
impaired autophagy.() Despite the remarkable adaptability of these networks to rapidly
correct perturbations in proteasomal balance, with aging there is a chronically diminished
capacity of these precisely coordinated quality control mechanisms to maintain intracellular
protein homeostasis (ie, proteostasis), particularly under stressful conditions leading to
proteotoxicity.(>2) Therefore, a major goal of current experimental efforts to extend
healthspan is to develop interventions that effectively restore proteostasis. Thus far, several
interventions that prevent the loss of proteostasis with aging have been shown in both
invertebrates and mammals to improve healthspan and some even extend lifespan.(53.54)

One of the essential proteolytic “cleanup” mechanisms that cells can use to maintain proper
intracellular proteostasis and prevent proteotoxic stress is autophagy, whereby misfolded,
unfolded, aggregated, toxic, or damage proteins are selectively targeted (via chaperone-
mediated autophagy or macroautophagy) for destruction.(>2) Although we know the
efficiency of proteolysis declines with advancing age, our understanding of autophagy in the
pathogenesis of age-associated diseases is still evolving. Excessive intracellular
accumulation of damaged proteins due to failed autophagy has, however, been established as
a common feature observed in neurodegenerative disorders linked with aging such as
Alzheimer’s disease and Parkinson’s disease.(253) By contrast, situations that stimulate
autophagy, such as caloric restriction and physical activity, delay aging-related cellular and
tissue degeneration.(®) Furthermore, genetic manipulation that prevents the age-related
decline in autophagy in hepatocytes, eg, via upregulation of LAMP-2—a protein involved in
lysosomal degradation of damaged proteins, helps delay liver functional decline in old mice.
(56) These findings provide compelling evidence reinforcing the premise that proper
autophagy counteracts the aging process.
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Whether stimulating autophagy to adequately remove damaged proteins in old age causes
functional improvements in a multitude of tissues throughout the organism is still unclear.
An essential role of autophagy has been hypothesized in bone,®7) for example in osteocytes
which, analogous to neurons and hepatocytes, are long-lived postmitotic cells that require
defense mechanisms against various forms of endogenous and exogenous types of stress.
Work from the Charles O’Brien laboratory has shown that deletion of Atg7, a ubiquitin-
activating (E1)-like enzyme that activates LC3—a central protein that stimulates the
autophagy pathway—in dentin matrix protein 1 (DMP1)-expressing cells using DMP-cre
transgenic mice mimics several aspects of skeletal aging including low bone mass and
turnover.(®8) In subsequent studies by the same laboratory, deletion of Atg7 using Osterix 1
(Osx1)-Cre transgenic mice, in which deletion occurs at the earliest stages of osteoblast
lineage commitment,(®9 caused an even more pronounced low bone mass and turnover
phenotype as compared to that observed in mice lacking Atg7 in osteocytes.(60) Moreover,
defective autophagy in osteoblast progenitors (including their descendants) was associated
with diminished maturation of osteocyte morphology as well as retention of endoplasmic
reticulum and mitochondria in osteocytes.(60) Taken together, these findings suggest that
defective autophagy in osteoblast lineage cells prevents the proper transition of osteoblasts
into osteocytes and causes degeneration of the osteocyte canalicular network.(60)
Interestingly, the latter phenomenon has recently been associated with natural chronological
aging in mice.(8D) Given that impaired autophagy in osteoblast lineage cells and osteocytes
appears to be a consequence of overwhelming stress that becomes intensified in bone over
time, defective autophagy may have a causal role in skeletal aging. However, direct evidence
is lacking at this time. Therefore, it will be interesting in future work to examine the
potential effects of impaired autophagy in mediating bone loss in the setting of natural
chronological aging. Perhaps even more important, will be determining whether
interventions that restore autophagy, specifically in osteocytes and/or other cell types within
the bone microenvironment such as osteoprogenitors, can delay skeletal aging.

Deregulated Nutrient Sensing

IGFs

The insulin and IGF-1 signaling pathway is a critical aging mechanism and the most
conserved pathway in evolution, affecting worms, flies, and mammals. Current evidence
indicates that anabolic signaling accelerates aging, and decreased nutrient signaling,
achieved with caloric restricted diets or by stimulation of sirtuins, promotes healthspan and
longevity.(®2) The FOXO family of transcription factors and the mammalian target of
rapamycin (mTOR) complexes are the most relevant downstream effectors of the insulin and
IGF-1 signaling pathway for longevity in worms and flies.(63.64)

The growth hormone (GH)/IGF axis, acting in an endocrine and autocrine/paracrine fashion,
is the critical stimulator of skeletal growth. Studies in rodents have elucidated that IGFs
promote both bone length and radial bone growth. IGFs also promote trabecular bone
accrual via effects on osteoblasts, osteocytes, and osteoclasts.(6® In the growth plate IGFs
stimulate clonal expansion of chondrocytes at the proliferation zone, and maturation of
prehypertrophic chondrocytes. IGFs also regulate the mesenchymal and hematopoietic
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progenitor pools, enhance osteoblasto-genesis, and promote matrix deposition and
mineralization. Studies using human bone specimens have elucidated that skeletal content of
IGF1 and IGF binding protein 5 (IGFBP-5), which maintains the IGF pool in the bone
matrix, severely declines after the second decade of life.(66-68) Clinical studies have
attempted to correlate the reductions in serum IGF1 or IGF2 during aging with decreases in
bone density, but this has led to conflicting results. Trials with recombinant human growth
hormone (rhGH) or rhIGF-I in elderly patients either with primary osteoporosis or frailty
have also yielded conflicting outcomes.(69-73)

Studies aimed at elucidating the role of serum IGF1 in the aging skeleton have shown that
reductions in serum IGF1 after 5 months of age in mice, using an inducible liver-specific
IGF1 deletion model, modestly altered cancellous bone mass and had no effects on the loss
of cortical thickness with age.(74-76) Together, the existing evidence indicates that although
serum IGF-1 is essential for bone accrual during the postnatal growth phase, its effects after
peak bone acquisition (16 weeks) are limited to trabecular bone. Serum IGF-1 has no impact
on the age-related loss of cortical bone mass.

The FoxO family of transcription factors exerts seminal influences on survival, proliferation,
stress resistance, and longevity in model organisms.(®3.77.78) |n many mammalian tissues,
including bone, FoxO1, FoxO3, and FoxO4 have broad and overlapping patterns of
expression.(79.80) FoxOs are primarily regulated by insulin and IGF-1 signaling via PI3K/
Akt-mediated phosphorylates which prevents FoxO activity. Studies using single or
combined deletion of FoxO1, FoxO3, and FoxO4 or overexpression of FoxO3 in multiple
cell populations within the osteoblast and osteoclast lineage have elucidated the role of these
transcription factors on the skeleton.(8)) FoxOs decrease osteoblast number by sequestering
B-catenin away from T-cell factor (TCF)-mediated transcription in osteoblast progenitors.(82)
On the other hand, in mature osteoblasts and osteocytes FoxOs exert pro-survival effects and
also inhibit osteoclastogenesis via stimulation of OPG.(80.83.84) Downregulation of OPG,
due to inhibition of FoxO activity, mediates the pro-resorptive actions of insulin on bone. In
contrast, FoxOs in osteoblast progenitors are dispensable for the pro-osteogenic actions of
insulin.(®® These studies indicate that the role of FoxOs in mediating the actions of insulin
is cell-type— dependent. It remains unclear whether FoxO levels or activity are altered with
aging in bone cells.(80:83) Nevertheless, targeted FoxO1, FoxO3, and FoxO4 deletion in the
osteoblast lineage of adult mice increases bone mass; and at 22 month of age bone mass
remains higher in these mice.(®2) These findings suggest that FoxOs contribute to the
decreased bone formation that occurs with aging.

The mTOR kinase is part of two distinct multiprotein complexes, mMTORC1 and mTORC2,
that mediate all aspects of anabolic metabolism by coordinating the nutritional and energetic
status with a multitude of biosynthetic activities in the cell.(88) Genetic downregulation of
MTORC1 activity in lower organisms extends longevity. In mice, administration of the
mTOR inhibitor rapamycin increases healthspan and is the most robust intervention to
increase lifespan.8”) mTORC1 and mTORC2 perform important functions in bone
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development.(88) Genetic disruption of mMTORC1 in the osteoblast lineage inhibits the
transition of preosteoblasts to mature osteoblasts, and prevents the accrual of normal bone
mass or the response to Wnt-induced bone anabolism in mice.(8%.90) Accordingly,
constitutive activation of mMTORC1 increases osteoblast number and bone formation. (%)
Disruption of mMTORC2 also impairs osteoblast activity causing a severe reduction in cortical
bone growth.(92)

Several studies have attempted to elucidate the role mTOR in age-related bone loss. Rictor, a
specific component of MTORC?2, is downregulated with aging in osteoblasts,(93.94) An
increase in miR-188 and miR-218 with aging in either osteoprogenitors or osteoblasts may
be responsible for the age-dependent decrease in Rictor expression. These findings implicate
a decline in mMTORC2 activity in age-related osteoporosis. On the other hand, positive effects
of rapamycin have been found in cancellous bone of old rats and mice.(%:96) Rapamycin
also attenuates alveolar bone loss in old female C57BL6/JNia mice.(®”) Administration of
everolimus, another mTOR inhibitor, reduces the loss of bone mass in the ovariectomy
model due to an inhibitory effect on bone resorption.(®8:99) Genetic evidence for a role of
mMTOR in aging is provided by the findings that mice deficient in S6K1 (a main mTORC1
substrate) are long-lived and exhibit improved healthspan including higher bone mass, when
compared to control mice, at 21 months of age.(190) These results point to mMTORC1/S6K1
as a mediator of the effects of aging on the skeleton, but are at odds with the stimulatory
actions of mTOR on bone formation during growth. However, due to the systemic nature of
the interventions with mTOR inhibitors and S6K1 deletion, it remains unknown whether the
skeletal effects resulted from diminished mTOR activity in bone cells. It is also possible that
the outcome of mTOR activity in bone cells is different during skeletal growth versus aging.
Undoubtedly, further studies are needed to clarify the role of mMTOR in agerelated bone loss.

In addition to the insulin and IGF signaling pathway that participates in glucose-sensing, the
sirtuins sense low energy states by detecting high NAD+ levels.(190) The SIR2 family of
NAD+ dependent enzymes, known as Sirtuins, are evolutionarily conserved from yeast to
humans.(192) These enzymes catalyze the deacetylation of histone and nonhistone proteins
such as FoxOs. In mammals there are seven Sirtuins, of which Sirt1 is the most studied.(193)
Activation of Sirtl in mice is associated with a delay in the onset of many aging-related
diseases, including osteoporosis.(81:104.105) Sjrt1 actions in osteoblast progenitors stimulate
osteoblast formation and increase bone mass.(106.107) Deacetylation of FoxOs by Sirtl
prevents FoxO association with B-catenin and potentiates Wnt signaling, leading to
increased osteoblast proliferation.(107) The stimulatory actions of Sirtl on osteoblastogenesis
might also be mediated by direct effects on p-catenin and Runx2.(106:108) On the other hand,
Sirtl in osteoclasts inhibits bone resorption.(109.110)

Dietary restriction upregulates Sirtl and increases lifespan or healthspan in all investigated
species, including lower organisms, mice, and nonhuman primates,(62111.112) ynderlying the
relevance of deregulated nutrient-sensing as a hallmark of aging. Caloric restriction from
adulthood to old age in rodents attenuates skeletal aging.(113114) |n addition, a recent study
in which calorie restriction was initiated during adulthood (at 4 months of age) in C57BL/6J
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male mice, and maintained for 4 or 8 months, show a marked increase in bone mass.(19)
The beneficial effects of caloric restriction on bone mass are associated with a twofold
induction of Sirt1 expression in bone, as seen in other tissues.(115.116) |mportantly, long-term
administration of Sirt1 activators or overexpression of Sirtl attenuates the loss of bone mass
with aging.(110.117-119) Sjrt1 stimulators also cause significant increases in bone mass in the
ovariectomy or hind limb unloading models of osteoporosis.(110.119-122) More telling,
treatment with resveratrol, a natural Sirtl activator, caused a significant increase in bone
mass in elderly obese men.(123) Thus, Sirtl may serve as a therapeutic target for combating
age-related bone loss.

Mitochondrial Dysfunction

Cellular mitochondrial function declines with aging due to diminished mitochondriogenesis,
mutations or deletions in mitochondrial DNA, progressive inefficiency of electron transport
chain complexes resulting from destabilization, oxidative stress owing to excessive
production of ROS, and defective mitophagy that normally eliminates dysfunctional or
damaged mitochondria.(!) Possible links between mitochondrial dysfunction and aging have
been proposed long ago (eg, the mitochondrial free radial theory dates back over half a
century(24)): however, recent evidence has provoked reevaluation of some of these early
theories. Indeed, it is now generally accepted that a gradual increase in cellular levels of
ROS, a byproduct of cellular respiration, is well handled under normal conditions by several
antioxidant detoxification systems, which are beneficial in responding to various
physiological signals and modulating stress response pathways.(125) For example, in bone
ROS accumulation promotes the formation and activation of osteoclasts needed to remodel
the skeleton.(126) However, as ROS-independent cellular damage elevates with aging, ROS
production eventually becomes intensified to a point beyond the level of control by the
normal protective defense mechanisms, ultimately leading to ROS toxicity and progressive
free-radical damage of proteins, lipids, as well as DNA.(125) These events accelerate age-
related degenerative processes in multiple tissues and disease states.

Old bone is no exception to the oxidative stress—induced damage that occurs in response to
excessive ROS resulting from age-related accumulation of dysfunctional mitochondria and
progressive inefficiency of mitochondrial antioxidant defense mechanisms. As an example,
sex steroid deficiency contributes toward increased ROS and oxidative stress levels in the
bone microenvironment.(127-130) As in other tissues, bone has several defense mechanisms
to protect against ROS toxicity and oxidative stress (reviewed in Manolagas(!3D)), which
include multiple enzymatic reactions (eg, catalase, superoxide dismutases, and thiol-
containing oligopeptides) as well as changes in transcription factors (eg, p53 and FoxOs)
resulting in gene transcription alterations.

One of the most important lines of defense against ROS toxicity in bone and the age-
associated increase in oxidative stress is the FoxO family of transcription factors. Indeed, a
growing body of evidence implicates ROS toxicity with aging as an antagonist to Wnt
signaling by diverting the limited pool of B-catenin from TCF/Ilymphoid-enhancer binding
factor family of transcription factors to FoxO-mediated transcription in, eg, osteoblasts
thereby reducing bone formation in old age.(82132) Thus, similar to other defense
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mechanisms against aging, FoxO transcriptional activation protects bone against oxidative
stress, but as an unintended consequence suppresses Wnt signaling, thus contributing to
defective bone formation in old age.(133)

Additional evidence implicating the deleterious effects of excessive oxidative stress on the
skeleton comes from studies showing that pharmacological pro-oxidant administration to
mice causes bone loss,(129:130) whereas antioxidant treatments at least partially rescues this
effect.(128.134) Even further support comes from genetic mouse models of premature
aging(35.136) or global deletion of antioxidant genes (eg, Sod1(37) or Sod2(138)), which are
characterized by elevated oxidative stress levels yet low bone mass. Importantly, antioxidant
administration to SodZ~~ mice prevents bone loss in these animals,(137) thus supporting the
premise that restraining excessive ROS in mitochondria could have beneficial therapeutic
effects in old bone. This hypothesis is supported by studies demonstrating that reducing
H,0, (the most abundant species of ROS) production by overexpression of catalase targeted
to mitochondria (mitoCAT) extends murine lifespan.(!39) Based on this observation, Ucer
and colleagues(149) examined the effects of attenuation of H,0, specifically in cells of the
mesenchymal versus myeloid lineages in response to gonadectomy or natural chronological
aging. Whereas restraining H,O, in myeloid lineage cells prevented cortical, but not
trabecular, bone loss caused by sex steroid deficiency, it did not prevent age-related bone
loss from either skeletal compartment.(140) By contrast, attenuation of H,O, via mitoCAT in
mesenchymal lineage cells partially prevented cortical bone loss with aging as compared to
age-matched littermates, although the skeletal phenotype was not completely restored to that
observed in young animals suggesting that additional aging mechanisms were still of
consequence.(40) Thus, the results from this study suggest that multiple fundamental aging
mechanisms, including mitochondrial dysfunction, contribute toward defective bone
formation and increased bone resorption, independent of sex steroid deficiency.(240)

Another line of cellular defense against oxidative stress and electrophilic insults that occur
with aging is the Kelch-like ECH-associated protein 1-NF-E2-related factor 2 (KEAP1-
NRF2) system, which serves as a rapidly inducible mechanism to help maintain redox
homeostasis.(141) Under normal circumstances KEAP1 (a cysteine thiol-rich detector of
redox status and insults) functions as a repressor of NRF2 to prevent its transcriptional
regulation of cytoprotective genes, whereas in response to excessive oxidative stress a
derepression mechanism allows NRF2 to be rapidly unbound from KEAP1-mediated
repression (thus causing activation of NRF2) to maintain redox homeostasis.(141) The
actions of NRF2 on the skeleton have been examined by several laboratories using mice with
global deletion of NRF2 or NRF2 hyper-activation due to deletion of KEAP1. These studies
indicate that NRF2 is detrimental to the accrual of bone mass and contributes to bone loss in
old male mice.(142-144) |n contrast, NRF2 is required for the accrual of normal bone mass
but has no influence on the loss of bone mass in female mice.(145.146) |nterestingly, the
expression of phase 1 detoxifying enzymes is strictly dependent on NRF2 in females but not
in males suggesting sex-specific mechanisms for controlling the defense against ROS in
bone.(143) Further studies with targeted deletion of NRF2 in bone cell are needed to clarify
the cellular and molecular mechanisms of action.
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Mounting evidence in nonskeletal tissues points to additional effects of damaged or
dysfunctional mitochondria on age-related tissue degeneration, independently of ROS and
oxidative stress, through a number of mechanisms, including diminished
mitochondriogenesis, mutations or deletions in mitochondrial DNA, destabilization of
electron transport chain complexes leading to progressive inefficiency, and defective
mitophagy.(!) However, untangling the relative contributions of each of these effects in
mediating age-related bone loss remains a challenge to the field and therefore a better
understanding of how these processes contribute to skeletal aging will be an important
direction of future work.

Cellular Senescence

Cellular senescence is a dynamic process whereby a cell loses its proliferative potential,
undergoing an essentially irreversible growth arrest that occurs in response to various
stressors, triggering activation of the p16'"k42/RB and p53/p21 tumor suppressor pathways
as well as other pathways that can potentially induce senescence.(147-150) Despite cell cycle
arrest, senescent cells remain viable, with high metabolic activity and resistance to
apoptosis.(147:148) The process of senescence involves multiple steps that can take days to
weeks,(149) although once fully senescent these cells tend to display dramatic phenotypic
changes including increased cell size, extensive gene expression changes, telomere
shortening, and profound chromatin modifications (ie, decondensation of pericentromeric
satellite heterochromatin).(147:148) These common characteristics can be utilized to identify
senescent cells, regardless of the initial stressor that induced senescence. A further common
feature of senescent cells is the frequent development of a unique secretome, termed the
senescence-associated secretory phenotype (SASP), which is comprised of cytokines,
chemokines, and extracellular matrix degrading proteins that over prolonged periods have
deleterious effects on tissue structure and function (see Altered Intercellular
Communication).(151-153) Although the SASP components can vary among distinct
senescent cell types, pro-inflammatory cytokines and chemokines appear to be conserved,
which implies that an inflammatory response and immune cell attraction are important roles
of senescent cells.(149) Along these lines, accumulating evidence suggests that senescent
cells have beneficial roles in a number of physiological processes, including protection
against unrestricted growth of damaged cells, (154155 tumor suppression,(155:156) embryonic
development,(157:158) wound healing,(159:160) and tissue repair.(161) However, increased
senescence in some of these contexts tends to only occur acutely, after which under normal
conditions senescent cells are efficiently removed by the immune system.(161.162)

Chronic accumulation of senescent cells occurs in several tissues with aging coinciding with
the time and location of agerelated pathology in both rodents and primates.(147-150) This
may be due to an increase in the rate of the accumulation of senescent cells(163.164) and/or
slowing of the rate of clearance of senescent cells due to the deterioration and inefficiency of
the aged immune system.(165.166) Notwithstanding, there is a clear association between
increased abundance of senescent cells and tissue dysfunction in the setting of natural
chronological aging. Based on this association, the geroscience community hypothesized for
many years that senescent cells, through their sustained pro-inflammatory stress, drive
multiple age-related pathologies. However, the first evidence demonstrating a causal link
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between cellular senescence and age-related tissue dysfunction came from the Kirkland and
van Deursen laboratories at Mayo Clinic where, at least in a progeroid mouse model of
accelerated aging, Baker and colleagues(167) showed that eliminating senescent cells, using a
suicide gene—mediated approach to kill p16!"k4a-positive senescent cells (ie, INK-ATTAC-
p16/nk4a apoptosis through targeted activation of caspase), can delay multiple aging
phenotypes in adipose tissue, skeletal muscle, and the eye. Since this initial discovery, key
findings have been reported by several laboratories establishing that reducing the burden of
senescent cells in old mice extends healthspan by, for example, improving measures of
metabolic dysfunction,(168) hepatic steatosis,(169) vascular dysfunction/ cardiovascular
disease,(170.171) and sarcopenia/frailty.(172.173)

To determine which cell types in the bone microenvironment are prone to senescence with
natural chronological aging, Farr and colleagues(274) measured senescence and SASP
markers in young (6-month-old) and old (24-month-old) mice in vivo in enriched cell
populations, all rapidly isolated from bone/marrow without in vitro culture. These studies
showed that p16/744 |evels were significantly higher (5-10 fold) in old relative to young
mice in each of the enriched cell populations evaluated (ie, B-cells and T-cells, myeloid
cells, osteoprogenitors, osteoblasts, and osteocytes).(174) Similar results were observed in
bone biopsies isolated from elderly as compared to young women, indicating parallel
findings in humans.(74 Furthermore, the finding of increased osteocyte senescence with
aging has also been reported by Piemontese and colleagues(!7®) who found evidence of
elevated DNA damage and senescence biomarkers in osteocyte-enriched bone samples from
old relative to young mice. Concordant evidence supporting an accumulation of senescent
osteocytes in bone with aging came from the study by Farr and colleagues(174) in which
osteocytes in bones of old mice were found to display large-scale unraveling of
pericentromeric satellite DNA (ie, senescence-associated distension of satellites [SADS]
(40,169,174,176)y 'which is a feature of senescent cells. The finding of increased senescence
with aging in a postmitotic, terminally differentiated cell type (ie, the osteocyte) is consistent
with recent findings in other tissues indicating that senescence of postmitotic neurons,(77)
hepatocytes,(178) and adipocytes(17% may contribute to disease progression through the
detrimental effects of the SASP.

Consistent with stem cell exhaustion and dysfunction observed in other tissues with aging,
Kim and colleagues®®) demonstrated that in old relative to young mice the number of
osteoprogenitors in females and males declined by more than 50% using Osx-Cre; TARFP
mice to fluorescently label and isolate osteoprogenitors from bone marrow.(3® Interestingly,
this was due to arrest at the G1 phase of the cell cycle.(3%) Moreover, osteoprogenitors from
old mice exhibited several characteristics of senescent cells, including elevated levels of
YH2AX foci (a marker of DNA damage due to double-strand breaks), phosphorylated p53,
elevated p21 expression, and upregulation of several SASP factors such as GATA4 and
activation of NF-kB.(3%) Complementary to these findings in osteoprogenitors, Farr and
colleagues74) found upregulation of several SASP factors with aging, predominantly in
enriched populations of myeloid cells and osteocytes. In addition, expression of the SASP
factors, Sdfl and MMP-13, were also found to be elevated with aging in osteocytes in the
study by Piemontese and colleagues.(175) Collectively, these findings suggest that, within the
aging bone microenvironment, a subset of cells of various lineages become senescent,
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although senescent osteoprogenitors, senescent osteocytes, and senescent myeloid cells may
be the key producers of the SASP that contribute to age-related skeletal fragility.

In order to address whether senescent cells have a causal role in mediating age-related bone
loss, Farr and colleagues(176) used three different approaches, including the suicide gene-
mediated approach of ablation of p16!"k4a-expressing senescent cells in /NK-ATTAC mice,
(167) as well as pharmacological approaches to target senescent cells and examine effects on
age-related bone loss. The latter approaches included using the combination of “senolytics”
—dasatinib (D; an US Food and Drug Administration [FDA]-approved tyrosine kinase
inhibitor(180)) and quercetin (Q; a flavanol present in many fruits and vegetables(181))—that
specifically kill senescent cells without affecting proliferating or quiescent, differentiated
cells,(182-184) a5 well as a “senomorphic” approach (ie, using the JAK1/2 inhibitor,
ruxolitinib) to blunt the SASP. In old mice, each of these approaches improved bone mass,
microarchitecture, and strength with the beneficial effects of targeting senescent cells due to
suppressed bone resorption, reduced marrow adiposity, and on endocortical surfaces
increased bone formation.(76) Thus, from a therapeutic perspective, targeting senescent cells
appears to offer advantages over conventional anti-resorptive therapy (reviewed in Khosla
and colleagues(8). A major goal of future work will be to identify and optimize
senotherapeutic approaches that target senescent cells to alleviate multiple chronic disease of
aging, including age-related bone loss.

Stem Cell Exhaustion

The decline in regenerative capability of different tissues with aging, along with a significant
reduction in the number, proliferative capacity, or differentiation potential of distinct stem
cells, has led to the idea that aging is due, at least in part, to the loss of functional adult stem
cells needed for tissue repair.(186:187) For example, studies in mice have revealed that the
hematopoietic system exhibits myeloid skewing, and diminished production of adaptive
immune cells, associated with an increased incidence of anemia and myeloid malignancies.
(188,189) stem cell dysfunction has also been described in the brain,(290191) reproductive
organs,(192.193) and muscle.(194:195) |mportantly, administration of muscle-derived stem/
progenitor cells isolated from young mice to a mouse model of a human progeria caused a
significant healthspan and lifespan extension.(196) These findings suggest that adult stem/
progenitor cell dysfunction contributes to aging-related degeneration.

The identity of the MSCs that give rise to the osteoblast lineage has remained elusive due to
lack of specific cellular markers.(197) MSCs are commonly defined by their in vitro ability to
self-replicate or to differentiate into osteoblasts, chondrocytes, and adipocytes.(198-200)
Cultures of bone marrow stromal cells from humans and rodents, used as surrogates for
progenitor cells, have been used in an attempt to elucidate changes in MSCs with aging.
(201-204) Nevertheless, these studies have provided conflicting results, most likely because of
the heterogeneous nature of the cultured cells and different culture conditions. Recent
lineage tracing studies in mice have identified subsets of mesenchymal cells in the bone
marrow that express smooth muscle a-actin (aSMA), myxovirus resistance-1 (Mx1), leptin
receptor, and/or Collagen 2, which can give rise to osteoblasts present on the bone surfaces.
(205-208) Of note, marrow cells expressing leptin receptor give origin to the majority of
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osteoblast and osteocytes present in adult mice. However, whether aging affects the number
and osteoblastic differentiation capacity of these or other adult MSC populations in bone
remains to be established.

All osteoblasts in bone are derived from progenitor cells expressing Osx1. Studies with bone
marrow cells labeled using an Osx1-cre transgene have elucidated that the number of these
cells greatly decreases between adulthood and old age in mice. This decline is associated
with decreased proliferation and several other markers of cell senescence (see Cellular
Senescence).(3%) The age-related loss of Osx1-expressing cells has also been attributed to a
decrease in type H capillaries at the distal end of the arterial network which are critical for
the maintenance of perivascular osteoprogenitors.(29% Aging also leads to an increase in the
expression of PPAR-y, the master transcription factor for adipogenesis, in Osx1-expressing
progenitor cells.(®%) Indeed, one well established consequence of aging in MSCs is the
increased propensity for adipogenesis leading to the elevated number of adipocytes present
in the marrow of old humans and mice.(19) It remains unclear, however, whether any of
changes noted in osteoblast progenitors contribute to the decrease in bone formation with
aging and are functionally related to skeletal involution.

Altered Intercellular Communication

Mounting evidence indicates that, in addition to changes in cellautonomous processes
resulting from aging, age-driven dysfunction in one cell or tissue can cause age-related
deterioration systemically in other cells located in various tissues throughout an organism.(})
There are several types of intercellular communication that aging can alter, including
elevated inflammation, dysregulated endocrine and neuronal signaling factors, and changes
in the crosstalk between microorganisms and their host.()

One of the most constant alterations with aging that interferes with intercellular
communication is chronic low-grade “sterile” (absence of known pathogens) inflammation,
which can stem from several sources and tends to be caused by multiple age-driven
processes such as stochastic tissue damage, elevated stress response signals, accumulation of
senescent cells (see Cellular Senescence), inability of the debilitated immune system to
successfully eliminate pathogens and defective cells, defective autophagy (see Loss of
Proteostasis), and transcriptional overactivation of inflammatory pathways.(!) These
processes are driven in several tissues, including bone, and are interconnected; that is,
activation of one can stimulate the others resulting in persistent inflammation with aging.
For example, one of the key signatures of age-related inflammation is stimulation of the NF-
kB family of transcription factors, which has a role in driving the aging process in multiple
tissues.(?11) Indeed, NF-kB transcriptional activity is overstimulated in several tissues with
both natural chronological aging, and in, for example, progeroid mouse models of
accelerated aging such as £rccI™/2 mice (a model of human XPF-ERCC1 (XFE) progeria).
(18) These mice develop a well-characterized accelerated aging phenotype (by 6 months of
age), caused by defective repair of DNA damage, making them a suitable model for studying
age-related diseases. Moreover, compared to their WT littermates, progeroid £rccZ-® mice
display overt, progressive osteoporosis by 22 weeks of age, resulting from loss of
osteoprogenitors, defective bone formation, and increased osteoclastogenesis in the setting
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of increased senescence and a pro-inflammatory skeletal phenotype, driven at least in part by
upregulated NF-kB signaling.(1) These results suggest that inflammation has a major role in
driving the skeletal aging process.

Inflammation is also elevated in response to estrogen deficiency,?12) which is another
example of altered intercellular communication with aging that causes bone loss through
complex and multifaceted mechanisms (reviewed in Kholsa and Monroe(?13) and Almeida
and colleagues(214). In addition to alterations in sex steroid communication, there are
several examples of other hormonal changes that are modified with aging in a variety of
tissues, including bone. For example, evidence points to the bone-derived hormone,
osteocalcin, as having important roles in multiple physiological processes such as energy
metabolism,(15) male fertility,(?16) and more recently as an anti-aging hormone involved in
cognitive function.(?17) Indeed, the age-associated reduction in osteocalcin results in
elevated anxiety-like behavior in mice as well as deficiencies in memory and learning.(218)
Bone-derived osteocalcin also has a role in skeletal muscle where it increases IL-6
production as well as glucose uptake and catabolism for energy production to promote
adaptation to exercise.(?19) Because the functions of osteocalcin decline in mice with aging,
this hormone represents another example of age-related changes in one tissue (ie, bone) that
can lead to altered intercellular communication and deterioration in multiple other tissues. In
addition to age-associated changes in bone-derived factors that influence skeletal muscle,
there are also several examples of altered intercellular communication with aging in the
opposite direction; ie, secreted factors from skeletal muscle (so-called myokines(229)) that
signal to bone. How muscle-bone crosstalk and vice-versa is altered with aging is an
important question at the nexus of identifying novel therapies for treating age-related
musculoskeletal diseases, such as sarcopenia and osteoporosis, which often coexist in the
elderly population.

Age-associated changes in intercellular communication can also lead to the accumulation of
bone marrow fat, which is metabolically distinct from peripheral fat depots and commonly
associated with skeletal fragility and increased fracture risk.(221.222) |ndeed, mounting data
in both animals and humans suggest that bone is progressively replaced with adipose tissue
with advancing chronological age, resulting in a reciprocal relationship between marrow
adiposity and skeletal parameters such as bone density and strength.(223-225) This is also a
consistent observation inmurine modelsof accelerated aging, suchastheP6 strain of
senescence-accelerated mice (SAMP6)(226) and Hdac null mice.(27) Although the
underlying mechanisms explaining this phenomenon are not completely understood, it has
been hypothesized that age-related related changes in transcription factors result in altered
levels of several adipokines in the marrow milieu that cause a shift in lineage commitment of
bone marrow multipotent MSCs from the osteoblast to the adipogenic lineage.(?19) For
example, Nishikawa and colleagues(228) demonstrated that expression of Maf (also known as
c-Maf), a transcription factor that regulates the cell fate determination of MSCs into
osteoblast and adipocyte cell lineages, declines in MSCs with advancing age as a result of
prolonged age-related oxidative stress insults (see Mitochondrial Dysfunction), and that
partial deletion of Maf in old mice causes accelerated bone marrow adiposity and low bone
mass. In addition, aging stimulates adipogenic and suppresses osteogenic programs in MSCs
by upregulating the transcription factor PPAR-y and subsequent activation of the TGF-
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B/BMP signaling pathways. (229 Therefore, targeting age-related alterations in intercellular
communication in the bone microenvironment may be crucial to reversing the age-related
switch in the MSC cell fate commitment to ultimately mitigate skeletal fragility.

Additional evidence from multiple laboratories also points to alterations in neuronal
regulation of bone metabolism with aging. For example, elevated sympathetic outflow,
which occurs in humans with estrogen deficiency and aging,(23% contributes to activation of
b-adrenergic receptors on osteoblasts resulting in a relative impairment in bone
formation(231) and greater osteoclastic bone resorption by increasing RANKL production.
(232) Finally, aging may cause changes in blood-borne circulating factors(233.234) a5 well as
altered interactions between the gut microbiome and host immune system,(235.236) although
how these forms of intercellular communication impact the aged skeleton remains to be
defined. Collectively, these agerelated changes in intercellular communication represent
exciting potential therapeutic targets not only for the prevention and treatment of
osteoporaosis, but also chronic diseases of aging as a group.

Summary and Perspectives

As previously proposed,(!) the nine hallmarks of aging can be collated into three
subcategories (Fig. 1A, B): primary hallmarks, antagonistic hallmarks, and integrative
hallmarks. The primary hallmarks (depicted in blue) represent the initiating triggers or
stressors with clear detrimental effects that over time drive organismal aging, whereas to an
extent the antagonistic hallmarks (depicted in orange) represent protective compensatory
mechanisms; however, beyond a certain threshold, as discussed earlier, they become harmful
with negative consequences that over prolonged periods of time progressively accumulate.()
Eventually, when compensation can no longer limit the damage caused by the primary and
antagonistic hallmarks, a final consequence is the integrative hallmarks (depicted in green),
which result in tissue dysfunction and age-related chronic diseases.(®)

In bone, cellular senescence is an example of an antagonistic hallmark or fundamental aging
mechanism that has been conserved due to antagonistic pleiotropy whereby in youth,
senescence can be a favorable cell fate serving as a compensatory mechanism to acutely aid
in wound healing and tissue repair to promote bone regeneration and in response to sporadic
damage from various exogenous and environmental stressors can help prevent the
propagation of damaged and oncogenic cells. Under these circumstances, the immune
system can efficiently clear senescent cells to prevent their excess accumulation.
Subsequently, these cells need to be replaced by recruiting new cells from stem cell pools.
Therefore, in youth (as summarized in Fig. 14) senescence acts as a defense response to
damage in order to maintain skeletal tissue homeostasis and protect against cancer. In old
age, however (as summarized in Fig. 1B), this turnover system fails to keep up as the
primary aging hallmarks that initiate cell damage (ie, genomic instability, telomere attrition,
epigenetic alterations, and loss of proteostasis) intensify, thus accelerating the rate of
accumulation of senescent cells. At the same time, the primary hallmarks can also perturb
the other antagonistic hallmarks causing deregulated nutrient sensing and mitochondrial
dysfunction that not only become progressively detrimental (rather than antagonistic or
compensatory), but may even contribute to the further accumulation of senescent cells.
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Regardless of the initial senescence inducer, the senescent cells then need to be replaced at a
faster rate contributing to stem cell exhaustion and loss of tissue regenerative capacity.
Moreover, the inability of the aged immune system to efficiently eliminate or clear senescent
cells can contribute to their even greater burden. Meanwhile, the SASP (an example of
altered intercellular communication) continues to amplify, and beyond a certain threshold,
becomes a culprit causing dysfunction of neighboring cells and spreading the senescent
phenotype. Collectively, this feedback loop creates a vicious cycle that contributes to age-
related dysfunction in bone. As noted earlier (see Cellular Senescence), because osteocytes
comprise the majority of cells in bone and are long-lived cells they, along with
osteoprogenitors and osteoclast precursors (ie, myeloid lineage cells), could be among the
most vulnerable cell populations to endure chronic stress from the primary hallmarks of
aging. Thus, in response to these continued insults and the resulting accumulation of
damage, these cells may be particularly prone in old age to engaging the senescence
program. Noteworthy, however, based on the overlap and hierarchical order among the
hallmarks, it may be feasible to interfere with a single aging hallmark (eg, cellular
senescence or others) to simultaneously impact multiple hallmarks in order to ultimately
alleviate a wide spectrum of age-related chronic diseases, including osteoporosis.

Aging research has undergone unprecedented advances at an accelerating rate in recent
years, leading to excitement in the field as well as opportunities for imagination and
innovation. Current challenges in the field of bone and mineral research include defining the
relative contributions of each aging hallmark to the natural skeletal aging process, better
understanding the complex interconnections among the hallmarks, and identifying the most
effective strategies to target multiple hallmarks. As summarized in Table 1, at this time each
hallmark fulfills these criteria to varying degrees and for some only suggestive evidence
currently exists. A major goal is to discover, develop, and optimize interventions based on a
firm foundation of multidisciplinary discovery science that identifies novel approaches to
target multiple fundamental aging mechanisms, which may be possible because of their
interconnections. Preferably such targeted approaches will be accomplished with a drug or
limited combination thereof to minimize side effects and avoid polypharmacy. Therefore,
rather than the current model of treating each age-associated chronic disease individually,
which is inherently prone to adverse drug interactions, the hope is that this strategy of
targeting fundamental aging mechanisms will forestall age-related chronic diseases as group,
ultimately leading to improved healthspan in our elderly population. This concept of
intervening in the aging process to extend healthspan is, of course, quite attractive in the
aging research field and to most people. Although aging in humans is inevitable and the
challenges to delay this fate through extending the healthy period of life free of chronic
disease are seemingly insurmountable, a growing body of experimental evidence in model
organisms indicates that there is hope in one day achieving this goal.
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Fig. 1.

Tr?e hallmarks of skeletal aging. (A) Cellular senescence is shown as an example of an
antagonistic hallmark of aging or fundamental aging mechanism that, in youth, acts as a
defense response to damage in order to maintain skeletal tissue homeostasis and protect
against cancer. (B) Schematic representation of the nine hallmarks of aging: genomic
instability, telomere attrition, epigenetic alterations, loss of proteostasis, deregulated nutrient
sensing, mitochondrial dysfunction, cellular senescence, stem cell exhaustion, and altered
intercellular communication. The hallmarks are grouped into three categories: the primary
hallmarks (depicted in blue), antagonistic hallmarks (depicted in orange), and the integrative
hallmarks (depicted in green). Depicted is an overview of how with old age, the aging
skeletal hallmarks are potentially interconnected, linked, and overlap. Each hallmark may
manifest to varying degrees with chronological aging in bone where it can not only trigger
activation other hallmarks, based on their hierarchical relations, but also contribute to the
natural skeletal aging process. Cellular senescence is shown as an example of an
antagonistic hallmark (depicted in orange) that with aging can be perturbed by the primary
hallmarks (depicted in blue) as well as other antagonistic hallmarks, and beyond a certain
threshold becomes progressively detrimental rather than compensatory. Ultimately, these
events result in activation of the integrative hallmarks (depicted in green) leading to skeletal
dysfunction. Because the hallmarks are interconnected, interventions that ameliorate one
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hallmark can in theory ameliorate others. SASP = senescence-associated secretory
phenotype; ROS = reactive oxygen species.
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