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Abstract: Senescence mainly manifests as a series of degenerative changes in the morphological structure and function of the body.
Osteoporosis is a systemic bone metabolic disease characterized by destruction of bone microstructure, low bone mineral content,
decreased bone strength, and increased brittleness and fracture susceptibility. Osteoblasts, osteoclasts and osteocytes are the main
cellular components of bones. However, in the process of aging, due to various self or environmental factors, the body’s function and
metabolism are disordered, and osteoporosis will appear in the bones. Here, we summarize the mechanism of aging, and focus on the
impact of aging on bone remodeling homeostasis, including the mechanism of ion channels on bone remodeling. Finally, we
summarized the current clinical medications, targets and defects for the treatment of osteoporosis.
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Introduction
At present, human life expectancy is significantly longer than ever before, the process of aging is still not considered to
be healthy; instead, the proportion of an individual’s healthy life expectancy within their total life expectancy remains
low. The World Health Organization (WHO) defines healthy ageing as the process of maintaining the functional ability of
the elderly to enable them to achieve wellbeing. The incidence of many age-related diseases, including cardiovascular,
cerebrovascular, and neurodegenerative conditions, is increasing year by year, bringing about suffering and a great
economic burden to many elderly people.1 Moreover, aging has become a primary risk factor of certain chronic and
devastating diseases. Therefore, in the pursuit of longevity, attention to aging has become an important part of people’s
pursuit of healthy aging process.2 In this review, we will first explain the mechanism of aging, and then focus on the
effect of aging on the homeostasis of bone remodeling, and summarize the pathological mechanism of bone remodeling
after aging including some recent evidence of ion channels in bone remodeling.

Mechanism of Aging
Aging is considered in the literature to be the main cause of many chronic diseases in the body, yet its mechanism is still
unclear. The mechanism of cell senescence can inhibit the proliferation of damaged cells but, with the advancement of
age, senescent cells accumulate in various tissues and organs and the substances they secrete may destroy the structure
and function of tissues.3 As Berdasco reported, aging is a complex process that leads to complex biological changes in
the body and increases an organism’s susceptibility to disease and death.4 Several hypotheses about the mechanism of
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aging exist at this time. Unraveling the mechanism of aging can explain many age-related diseases and provide
theoretical basis for the research and development of anti-aging drugs. Cellular senescence is a basic activity of cells,
along with proliferation, differentiation, and apoptosis. Cellular senescence is a sign of aging and the accumulation of
senescence cells in senescence tissues is considered to be the driving factor of the senescence process.5 Cell senescence
has been shown to consist of three stages—namely, early, complete, and late.6 Here, in the early stage, the response to
stress is manifested by morphological and functional changes, while the second stage is the main senescence-associated
secretory phenotype (SASP) response. The late stage involves interferon type I reactions and the upregulation of L1
(line-1) retrotransposable elements.7 In general, the aging process encompasses genomic damage and telomere reduction
epigenetic changes that alter the protein balance and trigger nutrient perception disorders, mitochondrial dysfunction,
stem-cell pool collapse, intercellular communications disorders, and cellular senescence.8

Free Radical Theory and Senescence
Harman, a British molecular biologist, first proposed the free radical theory of aging: he believed that “oxidative stress
determines the life expectancy.” Aging is the result of the destruction of cells and tissues by oxygen free radicals in a
process closely related to the aging process controlled by the environment, disease, and heredity factors. With aging, the
metabolic mechanism maintaining the balance in vivo weakens and the concentration of free radicals increases,
facilitating irreversible changes to the biofilm, amino acid chain, and DNA molecular structure and accelerating the
aging process. Free radical inhibitors and antioxidants extend cell life. Some people believe that free radicals and their
associated oxidants are only part of the stressor. The body can adjust the homeostasis range of stress defense and repair
system through adaptive homeostasis and produce the most suitable complex structure for induction and specific
requirements of enzyme protection.9

Telomere and Telomerase Theory in Aging
Telomere is a complex of telomere DNA and binding proteins located at the end of chromosomes in eukaryotic cells.
Telomerase can regulate the replication of telomeres under specific conditions and keep them short in chromosome
replication. Maintaining the stability of the effect of telomerase on the regulation of telomeres is an important
consideration in the process of aging. It has been shown that overexpression of telomerase can rejuvenate tissues and
prolong life span.10 Telomerase may be a target to treat some senile diseases and even delay senescence. However, DNA
damage spreads the consequences of aging throughout the body, and it is the cause of age-related diseases. Some genetic
syndromes that encompass defective DNA repair are associated with premature aging.11

Autophagy and Senescence
Autophagy is one of the important regulatory mechanisms in the aging process that can regulate cell growth and realize
the homeostasis of substances and energy in cells. Three types of autophagy exist: macrophage autophagy (MA),
chaperon-mediated autophagy (CMA), and microautophagy, with MA being the main form among the three. It has
been reported that aging leads to decreased autophagy levels. Autophagy can be either nonselective or cargo-specific,
with mitochondria-specific autophagy known as mitochondrial autophagy. Increasing evidence supports the critical role
of autophagy and mitochondrial autophagy in regulating baseline homeostasis and stress. The decrease in autophagy
level leads to the aging of many organs such as bone, muscle and kidney.12 Autophagy theory explains the phenomenon
of slow metabolism and homeostasis destruction in the elderly.

Cell Senescence and Epigenetic Mechanisms of Senescence
Epigenetic factors, including histone modification, DNA methylation and microRNA (miRNA) expression, may play a
key role in regulating gene expression changes and genomic instability during aging. Epigenetic modifications can
regulate gene expression and participate in the occurrence and development of many diseases.8 Moreover, particularly in
the mammalian system, global and local changes in DNA methylation, heterochromatin site-specificity of loss and gain,
and significant restructuring occur.13 Prior research suggests that cytosine-methylation patterns of cytosine–guanine
dinucleotide (located at the CpG site) in the mouse and human genomes change with age.14 On this basis, an epigenetic
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clock reflecting the CpGs methylation level was established15 and used to measure the age of cells in different tissue
types; notably, research has suggested its accuracy was significantly higher than that of classical telomere length. This
could become a new standard for judging aging.16 DNA methylation plays an important role in maintaining DNA
stability, cell proliferation, and senescence. Evidences show that most methylation changes are programmed and occur in
subsets of tissue cells during normal aging.17 It has been reported that age-related diseases are often accompanied by a
drop in DNA methylation levels. Although DNA methylation clocks were initially considered molecular biomarkers of
real age, DNA methylation is now being used as a marker of disease risk.18

Aging Caused by Inflammation
The immune system can recognize and remove senescent cells, while the progenitor cells in the tissue can differentiate to
form young cells to replace senescent cells, preventing the spread of harmful cells such as a decaying or potential tumor
cell. With the aging of the body, however, cell senescence is accelerated and the immune system slows down the
elimination of senescence cells, resulting in more senescence cells remaining in the body. Senescence secretion of
proinflammatory cytokines and matrix metal albumin by senescent cells on peripherals is referred to as the SASP. SASP
and nuclear factor kappa B overactivate immune system dysfunction and reduce autophagy function and, together with
other factors, act on the body to cause inflammatory aging. This provides new ideas for the development of anti-aging
drugs. Aging releases many inflammatory factors, such as interleukin-1 and tumor necrosis factors (Figure 1). Reducing
the inflammatory factors that the body releases as it ages may delay aging. There have been reported that the inhibition of
nuclear factor kappa B by a drug or substrate led to a trend toward youth on the aging spectrum in aging mice.19

The Epidemiology of Bone Aging and Senile Osteoporosis
Human beings are gradually moving towards an aging society, which has become a consensus. For example, China is
facing significant medical challenges brought on by the aging problem; by 2050, the country will have 400 million people
older than 65 years, including 150 million over the age of 80 years.20 The 2015 United Nations (UN) report on the ageing
of the world’s population claimed that in the next 35 years the number of people aged 60 years or over will more than
double to 2.1 billion.21

Osteoporosis is a systemic metabolic bone disease defined by the World Health Organization (WHO). When bone
mass is reduced and the microstructure of bone tissue is impaired, it is characterized by fragility and increased fracture

Figure 1 Mechanism of aging.
Notes: Superoxide dismutase, glutathione peroxidase, and catalase in the body eliminate oxygen free radicals. These enzyme’s activity is inhibited while aging and too many
oxygen free radicals appear, leading to cell senescence. The autophagic lysosome formed by autophagic vesicles and lysosomes can encapsulate the molecules that need to be
degraded in cells for degradation. The level of autophagy decreases with age. Telomerase can regulate the replication of telomeres and prevent them from shortening in
chromosome replication, thus affecting aging. DNA methylation can reflect aging. The activation of the DNA damage response (DDR) in senescent cells promotes the
attainment of proinflammatory secretory phenotype (SASP), which, in turn, triggers the activation of DDR and SASP in adjacent cells, thus creating a proinflammatory
environment and accelerating senescence both locally and at the systemic level.
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susceptibility. With more and more of the population aging, osteoporosis has gradually become a global health problem
for people older than 50 years of age. As highlighted earlier, the proportion of the elderly in China is increasing and
osteoporosis has become a serious challenge faced by Chinese society.22 The annual number and cost of osteoporosis-
related fractures are expected to double by 2035 and increase to 5.99 million cases by 2050 at a cost of $25.43 billion per
year.23 At the level of clinical research and medical policy-making, assessing the vulnerability of older individuals
contributes to the assessment, management, and decision-making of osteoporosis and osteoporotic fractures.24

Osteoporosis caused by aging has become a social problem that cannot be ignored.

Marrow Stem Cell Depletion in Bone Aging Breaks the Homeostasis of Bone
Remodeling
Aging leads to the decline of the function of every tissue in the body and lead to age-related bone dysfunction.8 Bone
aging is characterized by massive loss of bone mass and accumulation of bone marrow adipose tissue (BMAT), which is
related to the exhaustion and abnormal differentiation of stem cells.25 Mesenchymal stem cells (MSCs) are found widely
in the bone marrow and spongy bone and play an important role in maintaining the dynamic balance of bone resorption
and formation.26 In older people, the ability of osteoblasts to differentiate and proliferate is reduced, while that of fat cells
is increased. This results in accumulation of fat in the bone marrow cavity, which threatens the survival of osteoblasts.27

Abnormal pedigree specification of bone stem cells contributes to decreased bone mass and increased bone marrow
adipose tissue in the context of osteoporosis and bone aging. Some studies have suggested that peroxisome proliferator-
activated receptor-γ coactivator 1-α (PGC-1α) may act as a key switch that determines the fate of cells. PGC-1α
expression levels decrease with age in bone stem cells in both humans and mice; thus, PGC-1α can be a potentially
important therapeutic target in the treatment of osteoporosis and bone aging.28 In animal experiments, it was found that
miR-188 expression in bone marrow–derived MSCs (BMSCs) significantly increased during the aging process, which
resulted in increased conversion of BMSCs to adipocytes and reduced differentiation to osteoblasts, culminating in
reduced fat accumulation; bone formation in bone marrow; and, eventually, age-related bone loss and osteoporosis.
However, the injection of a miR-188–specific antagonist into the bone marrow cavity reduced the degree of fat
accumulation and increased bone formation in the bone marrow of aged mice.29 A peroxisome proliferation-activated
receptor is the main regulatory factor of adipogenic differentiation and can inhibit the activity of osteoblasts by blocking
the expression of core-binding factor 1, thus playing an important role in the adipogenic differentiation of BMSCs.30

Aging increases the adipogenic differentiation of BMSCs, which may be related to the decrease of PGC-1α and the
increase of miR-188. Inhibiting the adipogenic differentiation of BMSCs may be a new way to treat senile osteoporosis.

Telomere dysfunction caused by aging of mesenchymal stem cells may also be another important reason for the
imbalance of bone remodeling. Through in vitro culturing of MSCs in a mouse model, Wang et al found that telomere
dysfunction could induce senescence and apoptosis in MSCs by stimulating the P53/P21 pathway, downregulating the
expression of osteoblastic transcription factor Runx2 in MSCs, and inhibiting the transformation and differentiation of
MSCs into osteoblasts, resulting in a reduced bone mass.31 Telomere dysfunction may be one of the causes of senile
osteoporosis.

The Accumulation of Oxidative Stressors in Aging Accelerates the Imbalance of Bone
Remodeling
A lot of evidence suggests that aging and the associated increase in reactive oxygen species (ROS) are the main culprits
of osteoporosis.32 The decrease in estrogen or androgen levels reduces the bone’s defenses against oxidative stress. The
accumulation of ROS simultaneously produces and survives osteoclasts, osteoblasts and osteocytes.33–35 Aging can lead
to the accumulation of oxidative stress products and the inhibition of bone formation, which may be related to the
blocking of the Wnt signal and the transfer of β-catenin from T-cell–specific transcription factors to the transcription-
factor binding site mediated by Forkhead box O.32 The important role of advanced protein-oxidation products in many
age-related diseases has been widely noted.36 As mentioned above, aging is closely related to free radicals, which can
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also damage bone cells and reduce bone mass, leading to osteoporosis. Zeng et al found that advanced protein-oxidation
products accelerated bone deterioration in elderly rats.37

Decreased Estrogen Levels Caused by Aging Lead to Bone Loss
The ovarian function declines in postmenopausal women, and the decline in estrogen levels is an irreversible fact.
Estrogen protects the remodeling homeostasis of adult bones by slowing down the speed of bone remodeling while
maintaining the local balance between bone formation and resorption.38,39 Kyunghee’s study found that RANKL caused
a decline in ovarian function. Decreased estrogen levels in vivo promote osteoclast differentiation by inducing the
phosphorylation of ERK1 and ERK2.40 Experiments have shown that estrogen decline is associated with an increased
OPG/RANKL ratio. Estrogen inhibits osteoclasts through OPG/RANKL pathway in early menopause, thus reducing
bone loss. Moreover, with greater estrogen doses, local vascular bone formation increases, suggesting that estrogen is
related to angiogenic osteoporosis.41 miRNA is a class of uncoded single-stranded RNA commonly found in eukaryotic
organisms, with a length of about 21 to 25 nucleotides, which is used for regulatory purposes after radical transcription.
The abnormal expression of miRNA is closely related to the occurrence of osteopenia. Zhang found that miR-221 can
directly target and inhibit Runx-2–mediated osteoblast differentiation,42 while Chen found that miR-125b inhibited the
differentiation and proliferation of bone marrow MSCs by downregulating the osterix expression.43 In addition, miR-145
can inhibit the expression of OPG, while estrogen can increase the expression of OPG by reducing the expression of
miR-145.44 Estrogen levels fall as women age, a risk factor for postmenopausal osteoporosis.

Immune System and Its Imbalance with Aging
The clearance of senescent cells is obviously a programmed process in which cellular immunity and humoral immunity
participate together.45 Immune senescence refers to a decline in the vitality and precision of the adaptive immune system
in old age, mainly due to thymus degeneration and changes in T lymphocyte subsets.46 Furthermore, senescent cells
appear to escape immune suppression, such as paracrine suppression of CD8+ cells by natural killer factors and
proinflammatory cytokines. RANKL is a member of the tumor necrosis factor superfamily that is secreted by T-cells
and B-cells and which binds to the biological receptor RANK on the surface of osteoclasts, thus stimulating the
differentiation of osteoclasts into mature multinucleated osteoclasts. B-cells are the main source of OPG in the bone
microenvironment. Activated B-cells can also overexpress RANKL. Studies have found that the number of B-cells
expressing RANKL in the bone marrow of ovoidless mice is significantly increased, while the loss of RANKL in B-cells
can protect from bone loss after ovoidectomy.47 With age, the immune system’s ability to recognize senescent cells
decreases, leading to the differentiation and maturation of osteoclasts, leading to osteoporosis.

The decrease in CD4+ T and CD8+ T lymphocytes leads to a decrease in OPG production.48–50 Surface T cells also
have anti-osteoclast properties. It shows that T cells play an important role in bone remodeling. In the aging immune
system, the decreased diversity of T cells may lead to aging osteoporosis.51

Autophagy and Senile Osteoporosis
Autophagy is a process in which the substrates in the cytoplasm are phagocytic by assembling the membrane structure
derived from the cell’s own organelles, such as misfolded or senescent proteins, while damaged organelles are combined
with lysosomes to degrade the ingestion phagocytes and recycle them.52 Studies have shown that, as the human body
ages, the autophagy level of bone cells gradually decreases, which increases the secretion of proinflammatory factors
such as interleukin-1β (IL-1β), accelerates bone loss, and affects bone metabolism, leading to osteoporosis.53 Almeida
demonstrated that autophagy can prevent bone loss in bone cells and reduce the apoptosis of bone cells with aging.54 A
loss of autophagy may lead to increased dysfunction of bone cells.55 In addition, autophagy induction can lead to the
survival response of BMSCs against oxidative stress.56 Studies have shown that BMSCs in osteoporosis patients present
a senescent phenotype with significantly lower autophagy levels and significantly reduced osteogenic potential as
compared with those in healthy subjects.57 Autophagy plays a role in downregulating oxidative stress in osteoblasts
and osteocytes. In a mouse model of osteoblast-specific autophagy, bone loss because of aging and estrogen deficiency
worsened significantly.58 Autophagy also regulates the homeostasis of the miRNA network, which can regulate bone
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formation through the Wnt signaling pathway and bone resorption through the RANKL/RANK pathway.59 In the aging
process, osteocyte autophagy is not correlated with osteocyte apoptosis, suggesting that osteocyte autophagy may be
related to bone loss. Senescence can cause a decrease of autophagy in cells and the decrease of autophagy in osteoblasts
and osteocytes related to senescence is considered to be another hotspot in the theory of osteoporosis. The decreased
autophagy activity of bone cells may be one of the causes of bone loss in senile osteoporosis.52

Vitamin D and Senile Osteoporosis
Studies have shown that 1,25-hydroxyvitamin D promotes osteogenic differentiation of human BMSCs. Senescence can
downregulate the expression and activity of 1α-hydroxylase in human BMSCs. Parathyroid hormone can promote the
activity of 1α-hydroxylase to repair bone defects, and can rejuvenate the osteogenesis of BMSCs in the elderly.
Moreover, aging affects the skin’s ability to make vitamin D. Senescence is associated with decreased kidney function,
reduced vitamin D receptors, a lack of intestinal responsiveness to active vitamin D, and limitations on calcium
absorption, which affects the production of active vitamin D.60

The Role of Ion Channels in Bone Remodeling
The transport of ions across cell membranes can participate in the basic life processes of cells through ion channels.61–65

The process of bone remodeling is finely regulated by various ion channels. For example, the mechanically controlled ion
channel Piezo1, Piezo1 is expressed in osteoblasts and osteocytes and regulates mechanical load-dependent bone
formation.66–68 Conditional knockout of Piezo1 in osteoblasts and osteocytes will result in a significant reduction in
bone mass and damage to bone structure and bone strength.69 In addition, abnormal subchondral osteoblastic metabolism
changes the NaV1.8 for osteoarthritis.70 Purinergic P2X receptors and their family proteins play a role in osteoclast bone
resorption, bone pain and inflammation, and may be promising potential therapeutic targets for osteoporosis.71

Five families of chloride ion channels exist: ligand-gated anion channels, CFTR, ClCs, bestrophins, and
anoctamins.72 When the CFTR chloride channel is missing, it can cause OPG to decrease, RANK to increase, and
RANKL/OPG ratio to decrease, thereby enhancing bone resorption.73 Chlorine channels may affect bone remodeling
by controlling acid secretion. When the proton pump and chlorine channel are activated, the pH in the local absorption
cavity of osteoclasts drops to about 4.5.74 Other research also shows osteoclasts secrete hydrogen ions through proton
pumps, while chlorine ions dissolve minerals in bone through chloride ion channels on the cell membrane near the
bottom of calcified bone.75 It is speculated that the opening of the chloride channel may be a key step of osteoclast
acid secretion and bone resorption. In addition, the chlorine channel also has a regulatory effect on bone formation. On
the one hand, the expression of the ClC-3 chloride channel in osteoblasts is conducive to the stimulation of PTH by
osteoblasts, thus mediating the differentiation of osteoblasts.76 The ClC-3 chloride channel regulates the bone
formation function of osteoblasts by regulating the estrogen a receptor.77,78 The increased expression levels of ClC-
3 chlorine channel proteins can upregulate the expression of the downstream Runx2 gene, thus promoting osteogenic
differentiation.79 The lack of ClC-7 function can lead to bone sclerosis (Figure 2).80,81

Treatment Strategies for Senile Osteoporosis
The drugs currently used to treat osteoporosis are mainly based on the principle of inhibiting bone resorption or
promoting bone formation. Commonly used anti-osteoporotic drugs include bisphosphonates, parathyroid hormone,
vitamin D, calcium and estrogen. Among them, calcium, vitamin D, simvastatin and parathyroid hormone mainly
promote bone formation, and estrogen, bisphosphonates and calcitonin mainly function by inhibiting bone resorption.
In Table 1,82–89 we have summarized the current methods, shortcomings and mechanisms of clinical medications for the
treatment of osteoporosis. Traditional drugs such as raloxifene and tamoxifen bind to estrogen α or β receptors in
osteoblasts and osteoclasts, promoting osteoclast apoptosis and inhibiting bone resorption. Teriparatide as well as
calcium tablet and vitamin D promote calcium and phosphorus metabolism and increase bone mineralization.
Bisphosphonates and salmon calcificin inhibit osteoclast activity and formation to reduce bone resorption. In addition,
some new drugs like simvastatin can improve the high metabolic state of bone, while monoclonal antibody drugs can
affect osteoclast activity and have a positive effect on bone reconstruction. A good diet that includes calcium-rich foods
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can help to prevent osteoporosis. Aging and SASP play a mechanistic role in age-related and obesity-related fat
deterioration, including inflammation and metabolic defects, which can be prevented or attenuated by exercise.90

Mechanical signaling promotes bone and muscle anabolism through exercise, while limiting the formation and expansion
of fat. By regulating the function of cells in bone tissue, machinery adjustment of bone and bone marrow fat can be
achieved while preserving bias in selection of bone marrow mesenchymal stem cells lineages.91 Calcium and vitamin D
are critical in the treatment of osteoporosis in older adults. Increased antiresorption or anabolic therapy or combination
therapy, at least in older adults with osteoporosis, may be effective in reducing the risk of vertebral fractures.92 Aging is
closely related to osteoporosis. The study of the pathogenesis of aging can provide theoretical basis for the treatment of
senile osteoporosis.

Conclusion
To sum up, aging is a complex biological problem: the pathogenesis of aging is multicausative and comprehensive and
complex aging is also a process in which various factors participate in and act together and various mechanisms interact
with each other to jointly promote aging of the body. To explore the various mechanisms of aging in many aspects is
helpful for us to fully understand the essence of aging and even delay the progress of aging. In the aging process,
autophagy levels decrease and proinflammatory factors are produced, thus increasing the incidence of osteoporosis.
Osteoporosis is a common metabolic disease, the incidence of which is increasing year by year in the population,
seriously affecting the global economy and health. However, few studies on the relevant mechanism that connects aging
and osteoporosis exist. It is believed that improving the level of autophagy, enhancing immune defense, limiting
adipogenic differentiation, antioxidant-free radicals, slowing down the decline of estrogen, can delay the occurrence of
senile osteoporosis. Therefore, we can enhance the immunity through daily exercise and limit the intake of fatty foods to
strengthen bone. In addition, in terms of drug research, we can design new antioxidation or ion channel-based estrogen
drugs to reduce bone loss.

Figure 2 Mechanism of SOP.
Notes: With aging, the ability of BMSCs to differentiate into osteoblasts decreases and that of adipocytes increases. A decrease in peroxisome proliferator-activated
receptor-γ coactivator 1 increases bone loss and fat accumulation during bone aging. Aging leads to the increase in reactive oxygen species (ROS), the accumulation of
oxygen free radicals, the destruction of bone cells, and the inhibition of bone formation. With the growth of age, estrogen synthesis in vivo is reduced, CFTR chloride
channel is lost, OPG is decreased, and overexpression of RANKL leads to osteoporosis. ClC-3 chloride channel in osteoblasts regulates the bone formation function of
osteoblasts by regulating estrogen A receptor. In addition, the decrease in immune cells during aging leads to the decrease of OPG production and the increase in secretion
of pro-inflammatory factors, which accelerates bone loss, affects bone metabolism and leads to osteoporosis. MiRNA networks can regulate bone formation through Wnt
signaling pathway and bone resorption through RANKL/RANK pathway. In aging, autophagy level decreases and homeostasis of miRNA networks is broken. Finally, aging can
down-regulate the expression and activity of 1α-hydroxylase in human bone marrow mesenchymal stem cells and inhibit the osteogenic differentiation of human bone
marrow mesenchymal stem cells.
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