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Introduction

he aging process leads to the deterioration
of bone composition, structure, and func-
tion [1, 2]. Given the strong association be-
tween age-related bone changes, research
into the mechanisms underlying these al-
terations has expanded significantly in recent years.

Bone is a dynamic organ that performs both mechani-
cal and homeostatic functions, constantly renewing itself
through a process known as remodeling. The process of
bone remodeling involves the degradation of old bone
tissue, which is subsequently replaced by newly formed
bone. This cyclical regeneration is critical for maintain-
ing skeletal integrity and adapting to physiological de-
mands. The activity occurs within localized regions of
the bone, referred to as bone metabolic units (BMU ).
These BMUs coordinate the actions of osteoclasts, which
resorb bone, and osteoblasts, which synthesize new bone
matrix, ensuring a balance between bone breakdown and
formation. This tightly regulated process is essential for
repairing microdamage, maintaining mineral homeosta-
sis, and adapting to mechanical stress [3]. Within each
BMU, the processes of bone formation by osteoblasts
and bone resorption by osteoclasts are finely coordinated
to maintain bone mass and structural integrity, enabling
the bone to resist deformation. However, with aging,
this balance is disrupted, resulting in an increase in bone
resorption and a decrease in bone formation. This im-
balance leads to a reduction in bone mass and strength,
ultimately contributing to osteoporosis and a heightened
risk of fractures.

During the initial three decades of life, bone turnover
is meticulously regulated to ensure equilibrium between
bone resorption and formation, promoting optimal skel-
etal health. While turnover rates can vary among in-
dividuals, peak bone mass and bone size are typically
achieved during adolescence and early adulthood. In
women, this peak generally occurs between the ages of
15 and 20 years, marking a critical period for bone de-
velopment and strength. Achieving optimal peak bone
mass during this time is crucial, as it serves as a deter-
minant of long-term bone health and resistance to age-
related bone loss [4, 5].

In later life, menopause in women triggers a significant
increase in bone resorption relative to formation, driven
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by decreased estrogen levels, which accelerates bone
loss. Age-related bone loss is driven by the interplay
of two opposing processes: Subperiosteal apposition,
which occurs on the outer surface of the bone, and end-
osteal resorption, which takes place on the inner surface.
With advancing age, the efficiency of bone remodeling
diminishes, leading to a negative bone balance at specif-
ic BMU sites. After the fourth decade of life, periosteal
bone formation begins to decline, while the activity of
remodeling units on the endosteal surface increases. This
shift leads to a progressive rise in endosteal resorption,
which contributes to a reduction in bone mass and struc-
tural deterioration. These changes occur in both sexes,
underscoring the importance of interventions to mitigate
age-related bone loss and maintain skeletal health [6, 7].
Significant reductions in lumbar spine (LS) volumetric
bone mineral density (vBMD), primarily attributed to
trabecular bone loss in the vertebrae starting in the third
decade, as well as a gradual decrease in cortical vVBMD
at the wrist, have been observed in both sexes as they

age [8].

Elevated levels of serum parathyroid hormone (PTH)
play a crucial role in regulating bone metabolism by
stimulating osteoclastic activity, thereby enhancing bone
resorption. This process predominantly affects corti-
cal bone, leading to its gradual reduction in density and
structural integrity. Over time, this progressive cortical
bone loss weakens the overall mechanical strength of the
skeleton, significantly increasing the risk of fractures.
Furthermore, the sustained elevation of PTH, often as-
sociated with conditions such as primary hyperparathy-
roidism or age-related changes in calcium homeostasis,
exacerbates these effects.

This condition underscores the importance of monitor-
ing and managing PTH levels to preserve bone health
and reduce fracture risk in vulnerable populations [9].
With advancing age, several factors can increase serum
PTH levels, significantly impacting bone health. Key
contributors include declining renal function, the use of
medications such as loop diuretics (e.g. furosemide), and
estrogen deficiency. In women, PTH secretion is initially
moderated during the rapid phase of bone loss that oc-
curs early in the postmenopausal period. However, as
time progresses, PTH levels gradually rise, contributing
to enhanced bone turnover. This age-related increase in
PTH secretion underscores its role in the complex inter-
play of hormonal changes that drive alterations in bone
remodeling and structural integrity [10].
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PTH secretion also increases in aging men, following
a pattern comparable to that observed in aging women.
As men get older, a gradual rise in PTH levels occurs,
contributing to changes in bone metabolism. This el-
evation in PTH is associated with reduced BMD and
an increased risk of bone loss, reflecting similar age-
related alterations in PTH regulation seen in women.
The increase in PTH secretion in both sexes highlights
its significant role in age-related bone remodeling pro-
cesses [11, 12].

In aging men, normal circulating levels of gonadal sex
steroids, such as testosterone, may offer some protec-
tive effect against bone resorption induced by elevated
PTH levels. These sex steroids help mitigate the bone
loss typically associated with increased PTH activity. As
a result, it has been more challenging to establish a di-
rect and unequivocal role for PTH in the development of
age-related bone loss in men, as the influence of sex hor-
mones appears to modulate the impact of elevated PTH
on bone metabolism. This protective effect of gonadal
hormones complicates the understanding of the precise
mechanisms driving bone loss in older men [13].

It is well established that sex steroids, particularly
estrogen and testosterone, are crucial for maintaining
skeletal health. In women, the cessation of ovarian func-
tion during menopause leads to a significant decline in
estrogen levels, which marks the onset of rapid bone
loss. This reduction in estrogen triggers an imbalance in
bone remodeling, favoring bone resorption over forma-
tion, and significantly increases the risk of osteoporosis
and fractures. The decline in estrogen is a key factor in
the accelerated bone loss observed in postmenopausal
women, highlighting the importance of hormonal regu-
lation in maintaining bone density and skeletal integrity
throughout aging [14, 15].

The mechanisms underlying bone loss due to estrogen
deficiency are complex, and the relative importance of
each factor in the pathogenesis of this process remains
unclear [16]. Generally, the impact of estrogen deficien-
cy on bone occurs due to the loss of estrogen’s regula-
tory influence over bone resorption mediators. Estrogen
typically suppresses osteoclast formation and activity by
enhancing the production of osteoprotegerin (OPG) and
transforming growth factor beta (TGF-B) [17, 18]. OPG
acts as a soluble decoy receptor for the receptor activator
of nuclear factor kB ligand (RANKL), thereby prevent-
ing osteoclast activation. Furthermore, TGF-§ promotes
osteoclast apoptosis, further aiding in the regulation of
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bone resorption [19]. Estrogen inhibits the production of
RANKL by osteoblastic cells, as well as by T and B lym-
phocytes, thereby preventing osteoclast activation and
bone resorption [ 18, 20]. Estrogen promotes apoptosis in
osteoclast precursor cells and diminishes their differen-
tiation by downregulating c-Jun activity, thereby inhibit-
ing RANKL/macrophage colony-stimulating factor (M-
CSF)-induced activating protein-1 (AP-1)-dependent
transcription. This process contributes to the suppression
of osteoclast formation and bone resorption [21, 22].
Estrogen may indirectly protect bone health by inhibit-
ing the production of various bone-resorbing cytokines,
including interleukin (IL)-1, IL-6, tumor necrosis factor
(TNF)-a, M-CSF, and prostaglandins. These cytokines
are key mediators of inflammation, which play a central
role in promoting bone resorption. By reducing the lev-
els of these inflammatory molecules, estrogen helps to
mitigate the inflammatory processes that drive excessive
bone breakdown, thereby contributing to the preserva-
tion of bone density and overall skeletal health [23-25].

It was previously believed that a decrease in serum tes-
tosterone in men was the primary driver of age-related
bone loss. However, recent research has demonstrated
that estrogen also plays a crucial role in this process.
Similar to its effect in women, estrogen helps regulate
bone metabolism in men, and its decline with aging con-
tributes significantly to bone loss. The conversion of tes-
tosterone to estrogen in men is a crucial factor in main-
taining bone density, underscoring the dual role of both
sex steroids in skeletal health as men age. This knowl-
edge has reshaped the understanding of age-related bone
loss in men, emphasizing the importance of estrogen
alongside testosterone [26-32]. Additionally, it has been
found that testosterone, when coupled with high levels
of sex hormone-binding globulin, is associated with a
significantly increased fracture risk, even after adjusting
for estradiol levels [33, 34].

The accumulation of bone marrow fat is the main char-
acteristic of age-related bone loss. This process occurs
at the expense of osteoblastogenesis. As individuals
age, the balance between adipogenesis and osteogen-
esis shifts, resulting in an increase in adipocyte produc-
tion within the bone marrow while osteoblast activ-
ity declines. This shift not only contributes to reduced
bone formation but also compromises bone density and
strength, further exacerbating the risk of fractures and
osteoporosis in older adults. The accumulation of bone
marrow fat is thus considered a key marker of aging-
related changes in the bone microenvironment [35]. The
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buildup of marrow fat seems to be an active process that
occurs independently of estrogen, as it starts to develop
in the third and fourth decades of life, long before the
decline in estrogen levels seen with menopause. This
finding indicates that factors beyond estrogen—such as
age-related hormonal shifts and alterations in the bone
microenvironment—play a role in the increased fat ac-
cumulation within the bone marrow. The progressive
accumulation of marrow fat may disrupt normal bone
remodeling, impairing osteoblast function and contribut-
ing further to age-related bone loss, even when there is
no substantial drop in estrogen level [36-41]. Addition-
ally, an inverse relationship exists between marrow fat
volume and bone volume, a connection that is indepen-
dent of sex and strongly correlates with the bone changes
observed in individuals with osteoporosis. As marrow
fat increases, there is a corresponding decrease in bone
mass and density, reflecting the disruption of normal
bone remodeling. This relationship highlights the poten-
tial role of marrow fat accumulation as both a marker
and a contributor to the pathophysiology of osteoporosis,
emphasizing its significance in the overall loss of bone
strength and increased fracture risk associated with ag-
ing and osteoporotic conditions. This condition indicates
that as marrow fat increases, bone volume decreases,
contributing to the loss of bone density and strength typi-
cally associated with osteoporosis [42].

Mechanistically, mesenchymal stem cells (MSCs) ap-
pear to differentiate into adipocytes rather than osteo-
blasts preferentially. This shift in differentiation contrib-
utes to the accumulation of marrow fat and a diminished
capacity for osteoblastogenesis, ultimately resulting in
decreased bone formation and increased bone loss dur-
ing aging [43]. Factors such as reduced growth factor
availability, compromised blood supply, and changes in
oxygen tension within the bone marrow drive this shift,
leading to increased marrow fat accumulation and de-
creased bone formation, which are key characteristics of
age-related bone loss [44]. Moreover, the primary lin-
eage-specific transcription factors that regulate MSC dif-
ferentiation are Runx2, which drives osteoblastogenesis,
and peroxisome proliferator-activated receptor gamma
2 (PPARY2), which governs adipogenesis. Runx2 is es-
sential for the commitment of MSCs to the osteoblastic
lineage, promoting bone formation. At the same time,
PPARY2 plays a pivotal role in directing MSCs toward
adipocyte differentiation, leading to the accumulation of
marrow fat. The balance between these two transcrip-
tion factors is crucial for maintaining normal bone ho-
meostasis, and disruptions in this balance can contribute
to pathological conditions such as osteoporosis, where
excessive adipogenesis may impair bone formation.
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Runx2 is crucial for osteoblast differentiation and bone
formation, while PPARY?2 is a key regulator of adipocyte
differentiation. The balance between these transcription
factors is critical in determining whether MSCs differen-
tiate into osteoblasts or adipocytes. Age-related changes
can disrupt this balance, promoting adipogenesis and
contributing to bone loss [35, 45]. As individuals age,
there is a shift toward increased expression of PPARy?2
in MSCs, accompanied by a concurrent decrease in
Runx2 expression. This alteration results in diminished
osteoblast differentiation and a heightened tendency for
MSC:s to differentiate into adipocytes rather than osteo-
blasts. As a consequence, bone formation is hindered,
and marrow fat accumulation rises, contributing to the
overall reduction in bone mass and quality associated
with aging [46].

Aging itself, independent of hormonal changes, ap-
pears to play a crucial role in the process of bone marrow
adipogenesis. Thus, senile osteoporosis may represent a
form of lipotoxicity, where the accumulation of adipo-
cytes in the bone marrow disrupts normal bone remod-
eling. In this scenario, the excessive bone marrow fat
interferes with osteoblast function, leading to a decline
in bone formation and contributing to the development
of osteoporosis. This finding highlights the importance
of investigating the underlying mechanisms by which
aging-induced adipogenesis influences bone health and
the pathogenesis of age-related bone loss [47]. Indeed,
bone marrow adipocytes seem to have a toxic effect on
osteoblasts. The accumulation of fat within the bone
marrow creates an environment that impairs osteoblast
function, potentially through the release of fatty acids
or inflammatory cytokines. This disruption in osteoblast
activity hinders bone formation, contributing to the im-
balance between bone resorption and formation seen in
conditions like osteoporosis. The toxic influence of mar-
row adipocytes on osteoblasts highlights the complex
interplay between adipogenesis and osteogenesis in the
pathophysiology of age-related bone loss [48]. Cocul-
tures of adipocytes and osteoblasts have demonstrated
that adipocytes inhibit osteoblast activity and survival,
likely through the secretion of adipokines and fatty ac-
ids. The increased number of adipocytes within the bone
marrow creates a detrimental microenvironment, where
these molecules disrupt osteoblast function. Adipokines,
which are signaling proteins produced by adipocytes,
and fatty acids released by the growing adipocyte popu-
lation can directly interfere with osteoblast differentia-
tion, activity, and overall bone formation. This interac-
tion disrupts the balance between bone resorption and
formation, leading to accelerated bone loss in conditions
like osteoporosis [49].
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Several clinical studies have highlighted the intricate
relationships between body fat, bone mass, and regulato-
ry hormones such as leptin and serotonin. Leptin, a hor-
mone elevated in obesity, is closely associated with fat
mass and has been found to influence bone metabolism
through its effects on osteoblast differentiation and neu-
ronal pathways. Similarly, serotonin has shown potential
regulatory effects on bone mass in both animal and hu-
man studies. The development of peak bone mass is a
critical determinant of age-related bone loss, with higher
peak bone mass serving as a protective factor against
osteoporosis. Other contributors to fracture risk include
medical conditions, behavioral factors, and possibly sar-
copenia, which can reduce muscle loading on the bone
[50-60]. Additional details are provided in Figure 1.

Aging is associated with decreased physical activity
and mechanical loading, resulting in reduced mechani-
cal stimulation of osteoblasts. As a consequence, osteo-
blasts show a diminished secretion of OPG and an in-
creased production of receptor activator of RANKL, as
well as pro-inflammatory cytokines such as IL-1, IL-6,
IL-11, and TNF-a. These alterations promote the forma-
tion and activation of osteoclasts, leading to increased

Figure 1. Factors influencing bone mass regulation
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bone resorption. The imbalance between osteoblast and
osteoclast activity contributes to the acceleration of age-
related bone loss, heightening the risk of osteoporosis
and fractures. Furthermore, the decline in OPG levels fa-
cilitates increased interaction between RANKL and the
receptor activator of nuclear factor kB (RANK), thereby
amplifying osteoclastogenesis and bone resorption [47,
61]. Recent studies have demonstrated that the anabolic
response to exercise is linked to the presence of Lamin
A/C [62]. In humans, functional loading has been shown
to enhance bone mass, with exercise training programs
able to prevent or reverse about 1% of annual bone loss
in the LS and femoral neck (FN) in both premenopausal
and postmenopausal women. This finding highlights the
significant role that mechanical loading, such as weight-
bearing exercises, plays in maintaining bone health.
Regular physical activity helps stimulate bone remodel-
ing, promoting the maintenance of bone density and re-
ducing the risk of osteoporosis and fractures. This effect
highlights the importance of exercise in both preventing
and mitigating age-related bone loss in women across
various life stages [63, 64].

The components of bone are precisely balanced to provide
resistance to fractures while minimizing skeletal weight.
Stiffness, which refers to the bone’s resistance to deforma-
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tion, and strength, the maximum stress a bone can withstand
before failure, are essential for supporting substantial loads
and maintaining structural integrity. At the same time, tough-
ness, or ductility, plays a critical role in absorbing impact
energy, allowing bones to withstand forces without fractur-
ing. This intricate balance between stiffness, strength, and
toughness is crucial in ensuring that bones can both support
mechanical demands and absorb stresses encountered dur-
ing daily activities, thereby reducing the likelihood of injury.
A shift in this balance toward higher tissue mineral content
typically results in stiffer but more brittle bones.

Furthermore, changes in collagen structure can increase
brittleness, as modifications in cross-linking not only
stiffen the organic matrix but also alter the morphology
of the mineral component, a topic explored further in this
discussion. Notably, while BMD decreases in conditions
such as osteoporosis, it increases in disorders like osteo-
petrosis [65-67]. BMD is widely regarded by researchers
and clinicians as a key marker of fracture susceptibility,
particularly due to its age-related decline in both men
and women. Understanding the mechanisms behind the
increased fragility and brittleness of bone with age is
therefore essential. Numerous studies have demonstrat-
ed that cortical bone becomes progressively more brittle
and weaker as individuals grow older [68-70].

Morphology refers to the shape and structure of bones,
which can be classified into several categories based on
their form and function. These categories include long
bones, such as the femur and tibia, which are primarily
responsible for support and movement; short bones, like
those found in the hands and feet, which provide stability
and support with limited motion; and flat bones, such as
the calvaria (skull) or sternum, which serve protective
roles and provide a broad surface for muscle attachment.
Each bone type is adapted to its specific functional re-
quirements, contributing to the overall efficiency and re-
silience of the skeletal system. The morphological char-
acteristics that influence bone strength include the size
and shape of the bones [71-74].

During both development and aging, bone shape adapts
in response to mechanical load, a process described by
Wolft’s Law. According to this principle, bones remodel
and adjust their structure in response to the stresses they ex-
perience, with increased load leading to bone formation and
reduced load resulting in bone resorption. As bones undergo
changes in shape—such as lengthening, thinning of their
walls, or altering their center of gravity—their functional
capabilities are also modified. These adaptations allow the
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skeletal system to optimize its strength and efficiency in
response to changing mechanical demands, ensuring that
bones remain resilient and capable of supporting the body’s
activities throughout life [75-79]. A recent study examining
the trabecular bones in the proximal tibias of 23-month-old
and 5-month-old rats found a significant decrease in miner-
al density, bone volume fraction, and trabecular number in
the older rats compared to the younger ones. These results
underscore the impact of aging on bone structure, indicat-
ing that as rats age, there is a notable deterioration in critical
bone characteristics that contribute to overall bone strength.
The reduction in mineral density and trabecular number ob-
served in the older rats reflects a decline in bone mass and
structural integrity, which may increase the risk of fractures
and other age-related bone pathologies [80].

In necropsied tibias from males aged 17 to 46 years,
significant alterations in mechanical properties were
found to correlate with the tibia’s size (slenderness),
independent of age. As individuals aged, there was a
noticeable increase in mechanical weakening, accompa-
nied by more brittle bone behavior. These findings sug-
gest that the structural changes in the tibia, particularly
related to its size, contribute to the decline in mechanical
strength over time, leading to increased fragility and a
higher risk of fractures as age progresses [81].

During development, long bones undergo significant
morphological changes. In the early stages of life, the
cross-sectional geometry of these bones is characterized
by a relatively uniform outer wall thickness. As the indi-
vidual matures, this structure gradually transforms into a
more ellipsoidal shape through a process known as “cor-
tical drift.” This process involves remodeling the bone’s
cortex, where the outer layer thickens and shifts, opti-
mizing its shape and strength in response to mechanical
forces. The resulting bone structure is more efficient in
supporting the body’s weight and movement, adapting
to the functional demands placed on the skeleton over
time [82]. As with other transformations, bone geometry
continuously changes throughout life in response to me-
chanical forces and biological signaling [82].

Bone is composed of several distinct cell types [83-86]. Os-
teoblastogenesis is regulated by various signaling pathways
[87, 88]. Some osteoblasts differentiate into small, inactive
bone-lining cells along dormant surfaces, while the remain-
ing osteoblasts become embedded in mineralized matrix and
develop long dendritic processes [88-90]. Connexin 43, the
most prevalent gap junction protein in bone, plays a crucial
role in bone modeling and remodeling [89, 90].
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Osteoclast differentiation is reduced in older animals
compared to younger ones, resulting in bone resorption
rates that significantly exceed the rates of new bone for-
mation. This imbalance between resorption and forma-
tion contributes to the progressive loss of bone mass and
density, which is a hallmark of age-related bone degener-
ation. The impaired differentiation of osteoclasts in older
animals may lead to an inefficient response to bone re-
modeling stimuli, further exacerbating the disparity be-
tween bone resorption and the ability to form new bone
tissue [80, 91-93].

Osteoblasts, osteoclasts, and osteocytes have a limited
lifespan, which is controlled by both intrinsic replication
cycles and external influences. The Hayflick limit refers
to the principle that cells can divide only a set number
of times, with this replicative capacity gradually declin-
ing with age. This limitation is thought to be a result of
telomere shortening during each cell division, leading
to cellular senescence or apoptosis once the telomeres
reach a critically short length. In bone cells, this reduc-
tion in proliferative capacity over time may contribute to
decreased bone regeneration and impaired bone remod-
eling in older individuals [94]. The activity of telomer-
ase is not infinite and decreases with age, resulting in a
gradual reduction in the regenerative potential of stem
cells over time [95]. Telomere damage induced by UV
light and oxidative stress can hasten telomere shorten-
ing, thereby reducing cell lifespan. This heightened dam-
age accelerates cellular aging and may play a significant
role in the progressive decline of tissue regeneration and
function over time [96].

Werner syndrome in humans is a genetic disorder that
leads to the premature onset of age-related diseases,
characterized by accelerated telomere shortening after
puberty. This syndrome results from mutations in the
WRN gene, which encodes a helicase involved in main-
taining genomic stability. As a consequence, individuals
with Werner syndrome experience accelerated cellular
aging, with telomeres shortening at a significantly faster
rate than in the general population. This rapid telomere
attrition contributes to the early onset of conditions
typically associated with aging, such as osteoporosis,
cardiovascular diseases, and diabetes, underscoring
the critical role of telomere maintenance in aging and
age-related pathologies. This rapid telomere attrition
contributes to the early development of aging-related
conditions, including atherosclerosis, osteoporosis, and
cancer [97, 98].
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Cells often undergo changes in gene expression and
activity with age, which may be attributed to alterations
in gene (MRNA) translation. A study has demonstrated
that treatments aimed at reducing mRNA translation in
animals can extend their lifespan, implying that modu-
lating protein synthesis could have an impact on aging
and longevity [99]. Aging is particularly significant for
bone cells, though it affects all cell types, as it is as-
sociated with a reduced ability to respond effectively
to mechanical forces. This diminished responsiveness
can negatively impact bone health and the regulation
of bone remodeling, contributing to age-related skeletal
problems [78].

Among the key cellular changes that occur with aging,
contributing to the decline in bone’s mechanical func-
tion, are alterations in both the amount and rate of bone
remodeling. Bone remodeling is a dynamic process that
involves the resorption of old bone by osteoclasts, fol-
lowed by the formation of new bone by osteoblasts. As
individuals age, this process becomes less efficient, with
a decrease in osteoblast activity and an increase in os-
teoclast activity. This imbalance results in a net loss of
bone mass and changes in bone architecture, leading to
decreased bone strength and increased fragility. Addi-
tionally, the reduced ability of osteoblasts to effectively
regenerate bone tissue contributes to the overall decline
in skeletal integrity, making bones more susceptible to
fractures and other age-related conditions. With age, the
amount of bone deposited during each remodeling cycle
diminishes. This reduction may be attributed to a decline
in the number of osteoblast precursors, a decrease in the
stem cell population from which these precursors are de-
rived, or a shortening of the lifespan of osteoblasts [100].
The signals that regulate the differentiation of osteoblast
precursors decline with age, which likely contributes
to the reduction in osteoblast numbers. These signaling
pathways, including factors such as bone morphogenetic
proteins (BMPs) and the Wnt/B-catenin signaling path-
way, are essential for promoting the maturation of os-
teoblasts from their precursor cells. As these pathways
become less effective with aging, the production of os-
teoblasts diminishes, leading to a decrease in bone for-
mation. This reduction in osteoblast activity can contrib-
ute to the overall decline in bone mass and the increased
risk of fractures typically observed in older individuals.
This diminished signaling further impairs bone forma-
tion, leading to a decline in bone density and mechanical
strength associated with aging [101]. In non-human pri-
mates, the number of hematopoietic cells, which serve
as osteoclast precursors, decreases with age [100, 101].
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Cell senescence may alter how cells respond to apop-
totic signals, potentially influencing the way bone cells
react to stress or damage. However, whether this occurs
specifically in bone cells is an area that requires further
investigation. Understanding the influence of senescence
on bone cell function could offer valuable insights into
age-related bone diseases and the mechanisms driving
bone fragility [96].

Various signaling pathways play a crucial role in regu-
lating the differentiation and metabolism of bone cells,
maintaining the delicate balance between bone forma-
tion and resorption. Among these, the Wnt/B-catenin
pathway is essential for osteoblast differentiation and
bone formation, while the RANK/RANKL/OPG sig-
naling axis governs osteoclast differentiation and bone
resorption. Additionally, BMPs are key regulators of
osteoblast differentiation, and pathways such as Notch
and Hedgehog further modulate bone cell activity. These
interconnected pathways not only oversee the develop-
ment of osteoblasts, osteoclasts, and osteocytes but also
influence their function and survival, ensuring skeletal
homeostasis. Disruptions in these signaling mechanisms
can lead to bone-related disorders, such as osteoporosis,
highlighting their importance in maintaining bone health
[93, 102].

Signaling through a family of genes known as Wt is
thought to regulate cellular aging across various cell
types. However, the exact mechanism by which Wnt
signaling influences aging remains a topic of ongoing
research and debate. The role of Wnt pathways in aging
may involve regulating cellular processes such as pro-
liferation, differentiation, and apoptosis, all of which are
essential for maintaining bone homeostasis [103-106].
The findings suggest that sustaining or augmenting
What signaling may offer a potential approach to miti-
gate age-related bone loss and promote bone health in
older individuals [107]. It suggests that increased levels
of sFRP-4 may contribute to reduced bone mass and a
higher risk of osteoporosis with aging, possibly by in-
terfering with the regulation of osteoblast activity and
bone formation [108].

Recent studies have suggested that oxidative stress
may play a significant role in the aging of bone cells,
with effects mediated indirectly through the Wnt signal-
ing pathway. Reactive oxygen species are thought to
activate FoxO transcription factors, which then bind to
B-catenin. This interaction may disrupt the normal func-

Orthopedic Science

tion of B-catenin, impairing osteoblast differentiation and
function. As a result, oxidative stress may contribute to
an imbalance in bone remodeling, potentially accelerat-
ing bone loss and increasing the risk of age-related bone
diseases such as osteoporosis. This binding reduces the
effective concentration of B-catenin in cells, subsequent-
ly impairing osteoblast formation. By disrupting the Wnt
signaling pathway, oxidative stress hinders osteoblast
differentiation and bone formation, thereby contribut-
ing to age-related bone loss [109, 110]. The reduction in
Wnt signaling, triggered by PPAR-y activation through
ligands produced during lipid oxidation, also plays a role
in the age-related decrease in osteoblast formation. This
reduction in Wnt signaling impairs the differentiation
and function of osteoblasts, thereby disrupting the bal-
ance between bone formation and resorption. As a result,
the ability to regenerate bone tissue is diminished, lead-
ing to a decrease in bone mass and increased susceptibil-
ity to fractures with aging. This process exacerbates the
bone cells’ inability to maintain bone mass and function
with age. The activation of PPAR-y, typically associated
with adipogenesis, inhibits osteoblast differentiation,
thereby disrupting the balance between bone resorption
and formation. This imbalance results in weakened bone
structure and an increased risk of fractures [65].

The organic matrix of bone is primarily composed of
collagen, with type I collagen accounting for the major-
ity, along with approximately 5% non-collagenous pro-
teins [111]. Collagen cross-links exhibit distinct changes
with aging, affecting the structural integrity and mechan-
ical properties of the bone [112-114]. Building on this
finding, the authors speculated that as aging progresses,
the rate of nonenzymatic cross-linking increases, while
the formation of mature enzymatic cross-links decreas-
es. These alterations could reduce bone strength and
toughness, ultimately compromising the bone’s ability
to resist crack propagation. Similar findings have also
been reported in bovine bone [115]. The accumulation of
advanced glycation end products promotes osteoclast ac-
tivity while inhibiting osteoblast differentiation, thereby
contributing to the increased bone fragility associated
with aging [116]. As tissue ages, the orientation of col-
lagen fibers becomes more aligned, which can affect the
mechanical properties of the bone [117]. With older age,
changes occur in the expression and relative abundance
of non-collagenous proteins in bone, which can impact
its structural integrity and function [118, 119]. It is im-
portant to note that with age, not only do the distribu-
tions of non-collagenous proteins in bone change, but
the extent of their post-translational modifications also

Tabrizian P, et al. Aging and Bone Health. J. Res Orthop Sci. 2024; 11(2):83-96.




Orthopedic Science

diminishes [120, 121]. A decline in protein production
with age has been documented, alongside an increase in
bone matrix protein fragments in the older group [122].

Bone mineral content, commonly known as “miner-
alization” or “ash content,” tends to increase with age.
Classical research has shown that bone-breaking stress
increases exponentially with higher ash content. How-
ever, once the ash content reaches its maximum level,
bone toughness—the ability to resist fracture—begins
to decline. This condition indicates that while greater
mineralization strengthens the bone against breaking
forces, excessive mineralization can lead to increased
brittleness, thereby reducing the bone’s ability to absorb
impact and making it more susceptible to fractures. This
interplay between strength and toughness is essential for
maintaining bone integrity over time [123].

The mineral present in bone is a form of hydroxyapa-
tite, a naturally occurring mineral with the chemical
formula [Ca, (PO,)(OH),]. Bone mineral crystals are
nanoscale structures, typically measuring about 1 to 1.5
nm in thickness, 5 to 25 nm in width, and 8 to 40 nm in
length. These nanoscale dimensions enable the unique
mechanical properties of bone, including its strength
and flexibility, which contribute to its ability to support
and protect the body while maintaining a light and re-
silient structure [124-126]. These bone mineral crystals
also incorporate various inclusions and substitutions that
evolve with age. A notable substitution is carbonate,
which replaces hydroxyl and phosphate groups within
the surface and crystal lattice of apatite. This alteration
can impact the structural characteristics of the crystals,
potentially modifying their mechanical properties. As
aging progresses, these changes in the mineral composi-
tion may affect bone mineralization, contributing to the
decline in bone strength and an increased risk of frac-
tures [127-129].

Conclusion

The aging process significantly disrupts bone remod-
eling, leading to a decline in bone mass, strength, and
structural integrity. Key factors, including hormonal im-
balances, elevated PTH levels, and the accumulation of
bone marrow fat, contribute to the deterioration of bone
health. Additionally, changes in bone cell functionality
and alterations in the bone matrix and mineral compo-
sition further compromise bone strength and toughness.
As these changes accelerate the risk of osteoporosis
and fractures, understanding the molecular and cellular
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mechanisms underlying bone aging is crucial for de-
veloping effective therapeutic approaches. Continued
research is essential for identifying novel interventions
that can mitigate the adverse effects of aging on bone
health and enhance the quality of life in the aging popu-
lation.
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