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ABSTRACT: Maintenance of mitochondrial homeostasis is crucial for ensuring healthy mitochondria and
normal cellular function. This process is primarily responsible for regulating processes that include
mitochondrial OXPHOS, which generates ATP, as well as mitochondrial oxidative stress, apoptosis, calcium
homeostasis, and mitophagy. Bone mesenchymal stem cells express factors that aid in bone formation and
vascular growth. Positive regulation of hematopoietic stem cells in the bone marrow affects the differentiation
of osteoclasts. Furthermore, the metabolic regulation of cells that play fundamental roles in various regions of
the bone, as well as interactions within the bone microenvironment, actively participates in regulating bone
integrity and aging. The maintenance of cellular homeostasis is dependent on the regulation of intracellular
organelles, thus understanding the impact of mitochondrial functional changes on overall bone metabolism is
crucially important. Recent studies have revealed that mitochondrial homeostasis can lead to morphological and
functional abnormalities in senescent cells, particularly in the context of bone diseases. Mitochondrial
dysfunction in skeletal diseases results in abnormal metabolism of bone-associated cells and a secondary
dysregulated microenvironment within bone tissue. This imbalance in the oxidative system and immune
disruption in the bone microenvironment ultimately leads to bone dysplasia. In this review, we examine the latest
developments in mitochondrial respiratory chain regulation and its impacts on maintenance of bone health.
Specifically, we explored whether enhancing mitochondrial function can reduce the occurrence of bone cell
deterioration and improve bone metabolism. These findings offer prospects for developing bone remodeling
biology strategies to treat age-related degenerative diseases.
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1. Introduction and degenerative changes encompass o0steoporosis,

intervertebral disc degeneration, and osteoarthritis (OA)

The spine and joints play crucial roles in human
movement and weight bearing. The spine serves primarily
to protect the bone marrow and support body weight,
while the structures of the joints and bones enable the
body to move with ease [1-3]. Bone metabolism disorders

[4-6]. Osteoporosis is a systemic bone disease resulting
from an imbalance of osteoblast and osteoclast coupling,
leading to the destruction of bone microstructure [7].
Degenerative changes in the spine are primarily caused by
abnormalities in nutrient metabolism in the intervertebral
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discs and matrix metalloproteinase expression, as well as
increased levels of inflammatory mediators and apoptosis
[8]. Osteojoint degeneration is marked by the wearing
down of articular cartilage, the formation of osteophytes,
and inflammation of the synovial tissue. This leads to the
gradual breakdown of the cartilage and the extracellular
matrix that supports it [9]. In the context of joint disorders
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in elderly individuals, several main causes stand out
sharing one common characteristic: correlation with
natural aging[10-12]. Additionally, it is worth noting that
metabolic disorders affecting functional cells may lead to
greater susceptibility to the development of bone diseases
[13, 14].
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Figure 1. The MRC in bone homeostasis. Degenerative osteoarticular diseases are characterized by an imbalance in osteoblast-
osteoclast coupling in bone tissue and chondrocyte degeneration. The dysfunction of the MRC within the bone microenvironment
may be the cause of this issue, resulting in the blockage of ATP production and leading to the release of ROS and cytochrome c
(cyto-c), as well as unbalanced calcium homeostasis. Ultimately, this leads to metabolic disorders in bone-related cells and worsens

osteodyscrasia as the body ages.

Bone is a central organ that is vital for maintaining
overall body health. It develops through two ossification
processes, intramembranous or intrachondral, and
undergoes remodeling throughout one's life [15, 16]. The
balance of bone remodeling is dependent on the close
coordination between bone resorption and bone

formation, along with the mutual regulation of different
cells within the bone [17-19]. The proper functioning of
bones depends on both their structural integrity and the
regulation of the bone microenvironment. Local
inflammation, oxidative stress, and metabolic immune
disorders can disrupt the balance of the bone
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microenvironment, lead to abnormal bone aging, and
ultimately result in bone-related diseases [20-22]. Any
factor that disturbs bone aging can negatively affect bone
development and lead to malformations. Therefore, the
key to regulating the internal metabolic imbalance of
various bone diseases lies in coordinating the functional
activities of various cell types, thereby providing a
healthy, stable internal microenvironment for the growth
of bone tissue.

The regulation of intracellular organelles is essential
for maintaining cell homeostasis, particularly regarding
functions related to bioenergetics, such as energy
metabolism and biological regulation [23-25]. As the
primary site of aerobic respiration in cells, mitochondria
play a crucial role in regulating body homeostasis,
generating energy to sustain normal physiological
activities [26, 27]. Research has also demonstrated their
importance in cell growth, differentiation, information
transfer, calcium homeostasis, and metabolic senescence
[28-33]. Furthermore, mitochondria control the entry and
export of proteins, lipids, and metabolites, while
safeguarding the cytoplasm from harmful substances [34,
35]. As individuals age, mitochondrial function naturally
declines because of changes in mitochondrial dynamics,
active oxygen content, and metabolites [36]. These
changes can cause dysfunction in the electron transport
chain and oxidative phosphorylation (OXPHOS), leading
to the development of age-related diseases [37].

Mitochondrial dysfunction is a hallmark of both
cellular senescence and chronic degenerative diseases.
Recent studies have revealed that various bone-related
cells exhibit morphological and functional abnormalities
resulting from disrupted mitochondrial homeostasis [38,
39]. De-energized mitochondria  with irregular
morphology and function resulting from disrupted
mitochondrial homeostasis have also been observed in
bone-related pathological conditions [40-42]. Therefore,
mitochondrial homeostasis may be involved in the
occurrence and progression of cell differentiation in
bones. Mitochondrial dysfunction is believed to be the
root cause of aging, inflammation, and oxidative stress
imbalance [27, 43, 44]. During bone degeneration, the
bone microenvironment is disrupted, causing bone-related
cells to exhibit abnormal metabolic and biological
function behaviors. Additionally, mitochondrial DNA
(mtDNA) is subjected to varying degrees of oxidative
damage, resulting in impaired cellular energy metabolism,
cellular dysfunction, and even cell death [45, 46].
Simultaneously, the continuous presence of low-level
inflammation in the body can hinder immune system
activation through various mechanisms. This results in the
buildup of inflammatory metabolites, which can worsen
bone building [47]. Given the central role of the
mitochondrial respiratory chain (MRC) in mitochondrial

energy production, large numbers mutations in its
components have been linked to metabolic or
degenerative diseases, predominantly affecting tissues or
cells that rely heavily on high levels of adenosine
triphosphate (ATP) [48-50]. In this paper, we examine the
current understanding of MRC regulation in bone
homeostasis. Specifically, we focus on the regulation of
energy metabolism, oxidative stress, apoptosis, calcium
homeostasis, and mitophagy that impact bone metabolism
throughout the body (Fig. 1). Our goal is to determine
whether improving mitochondrial function can actively
enhance bone metabolism and potentially serve as a
treatment for osteoporosis, OA, and other bone
degenerative diseases.

2. Mitochondrial structure of bone-associated cells

Mitochondria are semiautonomous organelles that have a
double-membrane structure. The chemical components of
mitochondria mainly comprise water, proteins, and lipids,
but they may also include small molecules, such as
coenzymes and nucleic acids [51-53]. Mitochondria can
be divided into four functional regions: the outer
mitochondrial membrane (OMM), the mitochondrial
membrane gap, the inner mitochondrial membrane
(IMM), and the mitochondrial matrix [54]. The OMM is
smooth and serves as the boundary membrane for the
organelle [55]. The inward folding of the IMM results in
the formation of cristae, which facilitate a great number
of biochemical reactions within the MRC, thereby
increasing the capacity for ATP production [56]. Notably,
the IMM serves as the primary site for ATP synthesis
within mitochondria. The mitochondrial membrane gap is
situated between the inner and outer layers of the
mitochondrial membrane, while the IMM surrounds the
mitochondrial matrix [57]. The size of mitochondria
varies across different tissues, and is influenced by
intracellular metabolism [58].

Mitochondria are  morphologically  dynamic;
however, most are short, with a rod-like shape and
granular appearance. Morphology is dependent on both
the biological species and the physiological state. In bone
tissue, cells are typically categorized into three types:
osteoblasts, osteoclasts, and osteocytes [59-61].
Mitochondria in osteoblasts possess a circular bilayer
membrane structure and are dispersed throughout the
cytoplasm, typically embedded in the rough endoplasmic
reticulum (ER) [62, 63]. The IMM is wrinkled, forming a
characteristic “crest” that protrudes outward. In
osteoblasts, mitochondria serve two functions: removal of
Ca?*ions from the cytoplasm and energy processing [64,
65]. Osteoclasts are the only bone cells capable of
absorbing mineralized tissues and local inflammatory
lesions [66, 67]. Their formation is an energy-intensive
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process that arises from the fusion of mononuclear
macrophages, which differentiate from myeloid
progenitors in the bone marrow, and relies on high
metabolic activity. The cytoplasm of osteoclasts contains
large numbers of mitochondria that provide continuous
energy for absorption [68, 69]. The mitochondrial number
increases significantly during the differentiation process
in human osteoclasts. Additionally, once the osteoclasts
have reached maturity, their mitochondrial size also
increases, and the cristae become abundant and arranged
in a complex tubular network [70, 71]. Osteocytes, which
are terminally differentiated cells of the osteoblast
lineage, comprise approximately 90% of the total cells in
adult bone [72]. Osteocytes have larger mitochondria than
osteoblasts, although their number is lower [73]. Research
has shown considerable intercellular mitochondrial
transfer in osteocytes, which maintains the dynamic
regulation of damaged cells and bone homeostasis [74,
75]. The normal survival of chondrocytes is dependent on
the structural integrity of their mitochondria. Under
physiological conditions, chondrocyte mitochondria are

typically oval in shape. However, when mitochondrial
damage occurs, irregularly shaped mitochondria become
more prevalent, and the density of mitochondria
decreases. Additionally, folded cristae are lost, and the
mitochondrial membrane is damaged. As OA progresses,
the swelling of chondrocyte mitochondria becomes
increasingly apparent [76-78].

3. Regulation of the MRC in bone metabolism

Mitochondria are responsible for producing energy via
oxidization, and the majority of the energy required for
cell survival is generated by the MRC [79, 80]. This chain
is primarily facilitated by a group of mitochondrial
respiratory enzymes comprising five complexes located
within the IMM [81, 82] (Fig. 2). These protein
complexes work together to transfer electrons and pump
out protons within the inner membrane. A significant
cause of bone disorders is the abnormal metabolism of the
MRC enzyme complex [83-85].
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Figure 2. Structure and exogenous regulatory factors of the MRC. The MRC provides 95% of the energy required
for cell survival, which is achieved by the activities of five mitochondrial respiratory enzyme complexes located in the
IMM. These protein complexes carry out a series of tasks involving electron transfer and proton pumping.

Mitochondrial respiratory complexes -V contain special

ized functional subunits that play a crucial role in regulating

bone metabolism and differentiation. Additionally, certain chemical drugs and exogenous signaling proteins modulate

mitochondrial complex activity, which can impact ele

ctron transport chain functionality and cellular processes.

Disrupted MRC transmission can lead to mitochondrial homeostasis disruption, which may result in undesirable bone
phenotypes. This dysfunction is the primary cause of bone aging and metabolic imbalance. Disorder within the bone
microenvironment can lead to abnormal metabolism and functioning of bone-related cells, resulting in impaired energy
metabolism, redox instability, cellular dysfunction, and cell death.
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Respiratory chain complex | (CI), also referred to as
nicotinamide adenine dinucleotide (NADH)-Q reductase,
is the largest membrane complex responsible for
transferring the electrons of NADH to coenzyme Q (coQ)
[86, 87]. Cl is responsible for initiating and creating the
electrochemical gradient necessary for ATP synthesis. A
previous study proposed that osteoporosis may be linked
to the build-up of pathogenic mtDNA mutations that
occur with age [85]. These mutations can result in
respiratory chain defects, ultimately leading to notable
impairments in osteoblast Cl with age. A recent mass
spectrometry imaging study of osteoblasts in
osteoarthritic imaging patients revealed that 60% of the
volunteers had defects in  NADH:ubiquinone
Oxidoreductase Subunit B8 (NDUFB8), 40% also had
defects in genes associated with NDUFAL13. Both
NDUFB8 and NDUFA13 are Cl modules and exhibit a
strong correlation in their function [88]. Long used a
broad-spectrum insecticide, rotenone, an active substance
extracted and isolated from rattan plants, was shown to be
a respiratory inhibitor that primarily targets CI [89, 90].
Specifically, rotenone acting on a component between
dehydrogenase and coQ leads to inhibited cell activity and
hindered ATP synthesis [91]. Studies have demonstrated
that epigallocatechin gallate and resveratrol can enhance
mitochondrial parameters, such as basic and maximum
respiration, reserve respiration capacity, and ATP
production, ultimately leading to the differentiation of
human fetal osteoblasts via the pAMPK-AdipoR1-PGCla
pathway. Rotenone counteracts the osteogenic effects of
these two dietary polyphenols [92]. A study by Porwal et
al. found that guava triterpene-enriched extract increased
glycolysis and mitochondrial respiration in vitro, leading
to induced osteogenic differentiation through the
activation of GSK-3 phosphorylation-mediated Wnt/[3-
catenin pathways. Interestingly, the inhibition of
osteoblast differentiation was only observed with
rotenone, and not with 2-deoxyglucose, which is
commonly used to block glycolysis [93]. These results
suggest that Cl-mediated OXPHOS and ATP generation
may play critical roles in osteogenic differentiation. The
Notch signaling pathway participates in regulation of cell
fate decisions and maintaining homeostasis in adult
tissues during mammalian development. Research has
demonstrated that Notch activation inhibits bone
mesenchymal stem cell (BMSC) glycolysis and
transcription of MRC genes, specifically the CI genes
NDUFC1, NDUFS5, NDUFAF2, and NDUFAF4,
through AMPK signaling cascades. Consequently, Notch
signaling inhibits osteoblast differentiation and helps to
maintain bone marrow mesenchymal progenitor cells
after birth [94]. Rothmund-Thomson syndrome (RTS), a
genetic disorder that is inherited in an autosomal recessive
pattern, is characterized by symptoms including short

stature, skeletal abnormalities, and an increased risk of
developing osteosarcoma. Individuals with RTS exhibit
reduced bone morphogenesis and have abnormalities in
mitochondrial respiratory CI genes, especially NDUFA7,
NDUFB1, NDUFB2, and NDUFS8 as well as large
chromosomal deletions including genes involved in the
bone development pathway of pre-osteoblasts and
osteoblasts. Nevertheless, studies have shown that higher
levels of accessory and catalytic subunits in mitochondrial
Cl are associated with the development of RTS, indicating
that increased expression of genes that produce ATP in
mitochondria may contribute to the development of
osteosarcoma [84].

Fully differentiated osteoclasts are functional cells
that require large amounts of ATP to complete bone
resorption [95]. These cells have higher levels of electron
transportases, increased expression of MRC proteins, and
higher rates of mitochondrial oxygen consumption [96,
97]. Levels of the MRC protein CI subunit NDUFB8 in
osteoclasts of aging mice were found to be lower than
those of young, wild-type mice [85]. Kim's team
discovered that, in postmenopausal estrogen deficiency-
induced osteoporosis, estrogen signaling mediated by
estrogen receptor alpha (ERa) reduces the activity of
OXPHOS and CI subunit gene expression in osteoclast
progenitors, inhibiting osteoclast differentiation by
reducing ATP production. They also found that rotenone
has the ability to promote the apoptosis of osteoclast
progenitors through Bak/Bax, ultimately leading to
reduced osteoclasts [97]. Interestingly, rotenone can also
effectively treat inflammatory bone loss by inhibiting
osteoclast differentiation through the c-fos/NFATcl
pathway in a dose-dependent manner [98]. However,
some researchers have shown that, while rotenone
enhances osteoclast activity at cytotoxic doses, enzymes
associated with the glycolytic pathway are also found near
the actin rings of polarized osteoclasts. This localization
suggests that energy-demanding activities associated with
bone degradation occur in this area [70]. The variation in
output may be attributed to the different substrate media
used to induce the osteoclastic differentiation process.
NDUFS4 encodes a nuclear-encoded subunit accessory of
Cl. Jin et al. utilized an NDUFS4 deletion as a model for
mitochondrial dysfunction, demonstrating that regular
mitochondrial metabolism prevents proinflammatory
macrophage activation and acts as a rheostat of innate
immunity. Furthermore, mice with global NDUFS4
deletion exhibit an increased bone mass phenotype, in
which histological staining indicated a reduction in both
the quantity and size of osteoclasts, while osteoblasts
remained unchanged. Further investigation involved
extracting bone marrow macrophages (BMMs) from
NDUFS4 knockout mice, which were then cultured in
vitro with induction of receptor activator of nuclear
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factor-kB (RANKL). The results indicated decreases in
the number and volume of osteoclasts and bone resorption
activity, accompanied by enhanced macrophage
activation and inflammation. Additionally, Toll-like
receptor 4/2 signaling was identified as an important
mediator in this process [99].

Cartilage serves as an attachment to the surface of
joints, providing support, cushioning, and lubrication for
joint movement [100]. Mature chondrocytes are found
within the interstitial cartilage. The decreases in basic
oxygen consumption and intracellular ATP levels of
chondrocytes in OA are thought to be due to reduced
mitochondrial biogenesis and impaired mitochondrial
function [101]. A study demonstrated a statistically
significant trend indicating reduced CI activity in
chondrocytes from older patients compared with normal
human chondrocytes. Cl activity decreases in response to
proinflammatory factors, such as the cytokines interleukin
(IL)-1B and tumor necrosis factor (TNF)-o, which in turn
leads to decreases in proteoglycan levels and cartilage
function [102]. Furthermore, decreased expression of
mitochondrial transcription factor A (TFAM) may be
responsible  for the inhibition of chondrocyte
mitochondrial CI activity in OA. Pharmacologically
activating AMPK signaling was shown to improve the
critical viability of chondrocytes by increasing the
expression of complexes (e.g., Cl) and the level of ATP
in chondrocytes through TFAM-mediated activation of
the silent mating type information regulation 2 homolog
(SIRT)1/PGC-1a pathway [103]. In a previous study,
researchers had discovered that the progression of OA
was mimicked in chondrocytes treated with monosodium
iodoacetate (MIA). This treatment reduced the expression
of several mitochondrial complex subunits, including
NDUFBS of Cl, SDHB of CIl, UQCRC2 of CllI, COX2
of CIV, and ATP5A of CV [104]. The negative effects of
MIA treatment were ameliorated by zinc treatment, which
promoted ATP production and the OXPHOS pathway in
chondrocytes. It is evident that maintaining the normal
structure and function of Cl is crucial for the survival of
chondrocytes and to impede the progression of bone and
joint degeneration.

Mitochondrial complex Il (Cll), also known as
succinate dehydrogenase-ubiquinone oxidoreductase,
does not pump protons; instead, it contributes to the
reduction of ubiquinone, which then transfers electrons to
complex I11 (CIII) [105, 106]. Mutations in SDHA of ClI
have been identified in osteoblasts from patients with
aging-related osteoporosis, indicating its potential
involvement in the disease pathogenesis [88] (Figure 3).
In vitro, induction of osteoblast differentiation gradually
enhanced the activities of mitochondrial Cl and CII. The
osteogenic regeneration potential of bone morphogenetic
protein (BMP) was found to accelerate the adhesion and

proliferation of osteoblasts by enhancing the activities of
Cl and CII. Peroxisome proliferator-activated receptor
gamma coactivator (PGC)-1a is an essential regulator of
mitochondrial production, responsible for activating the
expression of numerous transcription factors involved in
mitochondrial components and respiration through
transcriptional costimulation. Studies have demonstrated
that BMP-2 regulates osteogenic MRC activity through
the regulation of PGC-1a [107]. Normal mitochondrial
function is essential for physiological osteogenic
differentiation. Silent mating type information regulation
2 homolog 3 (SIRT3) is an important mitochondrial
deacetylase that participates in the activity of osteoblast
CI-V and mitochondrial membrane potential (AW),
leading to alterations in mitochondrial ultrastructure.
SIRT3 inhibition was observed to hinder the oxygen-
depleting activity of osteoblasts via PGC-1a0-SOD2-
mediated regulation of mitochondrial function, as
evaluated by measurement of Cll-driven respiration
[108]. The development of space technology has led to the
emergence of a new field: microgravity research. A recent
study revealed that the stress induced by exposure to
microgravity decreases mitochondrial protein and
respiratory chain efficiency in human primary osteoblasts.
This decrease may be attributed to alterations in Cll and
interruption of the Krebs cycle, obstructing ATP synthesis
and ultimately resulting in impaired osteoblast function
[109]. Collectively, these findings suggest that
mitochondrial CIl is crucial for osteoblast differentiation,
which in turn may affect the OXPHOS pathway and
energy metabolism in the course of cellular fate
regulation.

OA progression is characterized by decreased
numbers of chondrocytes, loss of extracellular matrix, and
pathological matrix calcification. Further analysis of
MRC activity in OA chondrocytes revealed a significant
reduction in CIl compared with normal chondrocytes.
This malfunction of CII disrupts the electron transfer
pathway, resulting in reduced ATP production in the
mitochondria [110, 111]. Kashin-Beck disease (KBD) is
a form of degenerative OA that is endemic to certain
regions and is characterized by the degradation of
extracellular matrix and necrosis of chondrocytes. A study
revealed significant reductions in the activities of CllI,
Clll, ClV, and CV in KBD chondrocytes compared with
those in normal controls. These reductions led to
decreases in intracellular ATP content and AY.
Furthermore, KBD cells exhibited release of the
proapoptotic factor cyto-c from the intermembrane space
and activation of cysteinyl aspartate-specific proteinase
(caspase)-9 and 3, resulting in larger numbers of apoptotic
chondrocytes [112].
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Figure 3. Age-related changes in MRC subunit activity in bone-related cells. The activities of osteoblasts, osteoclasts, and
chondrocytes are significantly decreased during aging. This decrease is accompanied by downregulation of MRC subunit activity
in bone-related cells due to the intrusion of various abnormal metabolic factors or harmful substances in the body. This
obstruction of MRC affects cellular energy metabolism and intracellular redox signaling, ultimately accelerating pathological

bone deterioration.

Clll, also known as  ubiquinone-cyto-c
oxidoreductase, plays a crucial role in the transfer of
electrons from QH2 to cyto-c [113]. Angiotensin II, a
hormone that regulates water and salt metabolism and
blood pressure, has been shown to inhibit the activities of
Cl, CIlIl, CIV and promote the apoptosis of calvarial
osteoblasts in mice via the c-Jun N-terminal kinase
pathway in mice [114]. Simulated microgravity
experiments in human primary osteoblasts led to a 60%
increase in mitochondrial CIIl (including subunits
UQCRC1 and UQCRFS1) and a 14% decrease in CIV
(including subunits COX5A and COX6C). This resulted
in a defect in osteoblast function, which may be due to the
impact of microgravity on mitochondrial energy potential
and cell status [109]. Additionally, the primary focus of
estrogen's effect is on osteoclast progenitor cells, and an
increase in the UQCC of the CIII subunit was observed in
ERa-deficient BMMs [97]. Antimycin A, an antibiotic
isolated from Streptomyces, inhibits electron transfer in
reductase, stimulates oxidative stress, and induces the

release of cyto-c in mitochondria in osteoblasts. This
results in the death of MC3T3-E1 cells together with the
loss of intracellular ATP and mitochondrial AY [115].
Therefore, it can be concluded that antimycin A has a
significant effect on mitochondrial function in MC3T3-E1
osteoblasts. In continued research, Professor Choi’s team
discovered that several natural molecules, including
paeoniflorin, honokiol, and liquiritigenin, offer protection
against antimycin A-mediated inhibition of the osteoblast
respiratory chain [116-118]. One common effect of these
substances is their ability to reduce the dissipation of
mitochondrial AY and loss of ATP. Additionally, they can
inhibit the production of superoxide in osteoblast
mitochondria. Conversely, antimycin A has been found to
delay osteoclast formation by inhibiting ATP production.
Regarding the metabolic coupling of osteoblasts and
osteoclasts, antimycin A has been shown to promote the
release of resorptive mediators associated with
osteoclastic differentiation in osteoblasts [119].
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Knee cartilage staining of aged mice with OA showed
a significant decrease in the expression of subunit
UQCRCL of CllI in situ. Additionally, TFAM expression
in human chondrocytes, especially that clustered in OA
cartilage, was found to be significantly correlated with
UQCRC1, suggesting that CIII was involved in cartilage
metabolism [103]. T-2 toxin, a mycotoxin produced by
Fusarium, has been identified as a possible causative
factor of KBD. Research has shown that a concentration
gradient of T-2 toxin can reduce the activity of
chondrocyte mitochondrial ClIl, CIV, and CV, while
inducing the intracellular accumulation of reactive
oxygen species (ROS). This ultimately leads to the release
of cyto-c and activation of caspase-9 and 3 in
chondrocytes, which mediate mitochondrial pathway
apoptosis [120]. The oxygen level in the environment
surrounding articular cartilage stroma and chondrocytes is
typically low and can be reduced to very low levels in
joint diseases, such as chronic inflammatory arthritis
[121, 122]. Studies conducted in vitro have demonstrated
that the intracellular pH levels of articular chondrocytes
exposed to hypoxia become more acidic due to the
inhibition of Na*/H* exchanger activity. CIlI has been
identified as a potential site for ROS production. During
hypoxia, the depolarization of the mitochondrial AY may
decrease ROS levels, which in turn can mediate the
pathophysiological outcome of OA [120]. Additionally,
antimycin A-induced inhibition of CIlI activity in human
articular chondrocytes leads to the synthesis of ROS and
the production of other proinflammatory stimuli, such as
ILs, prostaglandin E2, and various matrix
metalloproteinases (MMPs) [123, 124].

CIV, also known as cyto-c oxidase, is a multisubunit
protein complex that facilitates the transfer of electrons
from the respiratory chain to oxygen molecules via
cytochromes [125, 126]. As humans age, mitochondrial
mutations and respiratory chain defects tend to
accumulate. However, studies suggest that changes in
CIV are not detectable in patients under 35 years of age,
and osteoblast assays in older patients do not show
significant levels of CIV deficiency. This could be
attributed to the limited number of CIV genes in mtDNA
[88]. CIV comprises 13 subunits, of which the mtDNA-
encoded COX1 and COX2 are crucially important,
facilitating the transfer of electrons from cyto-c to oxygen.
In osteoblasts, estradiol triggers the expression of the
mitochondrial COX1 and COX2, leading to the activation
of ERa and subsequent ATP synthesis. However,
pretreatment of rat calvarial osteoblasts with
methylpiperidinopyrazole inhibits the expression of
COX1 and COX2 mRNA by mediating estrogen-induced
ERa translocation [127]. Reducing the translocation of
ERa from the cytoplasm to the mitochondria ultimately
impedes the maturation of osteoblasts. COX1 expression

is diminished with age in osteoblasts and osteoclasts in
wild-type mice, and this reduction is further exacerbated
in PolgA™¥Mt mitochondrial ‘mutator’ mice. These
observations imply that CIV may be actively involved in
bone metabolism, particularly in relation to aging and
mitochondrial damage [85].

Mitochondrial dysfunction in chondrocytes with OA
may occur because of somatic mutations in mtDNA or in
direct response to the effects of pro-inflammatory
mediators, such as cytokines, prostaglandins, and nitric
oxide (NO). The inflammatory environment induced by
NO causes chondrocytes to undergo apoptosis and
depolarization of AY [128, 129]. Previous studies that
used sodium nitroprusside as an NO donor to stimulate
normal chondrocytes found that the activity of CIV was
significantly lower than that of control cells. This was
accompanied by increased mRNA levels of caspase-3 and
7 as well as downregulation of BCL-2 protein, thereby
leading to matrix loss and cartilage mineralization [129].
Treatment of chondrocytes with NOC-12, another NO
donor, resulted in reductions in the activities of CI, ClIlII,
and CIV, and an increase in mitochondrial mass. These
reductions in mitochondrial complex activity lead to
dysfunction in the electron transfer pathway, ultimately
causing chondrocytes to increase anaerobic metabolism to
avoid overproduction of ROS [130]. Immunofluorescence
staining of COX in frozen sections of mouse femurs
showed that COX staining was limited to the lateral
growth plate and periosteum, which are adjacent to blood
vessels, and was virtually undetectable in the central
chondrocytes. In 13-day-old mice, COX staining was
primarily detected in proliferating chondrocytes after the
formation of secondary ossification centers. In 1-month-
old mice, the majority of cells in the growth plates were
COX-positive, with the highest level of staining observed
in proliferating chondrocytes [131]. These findings
suggest that chondrometabolism is partially aerobic and
that respiration is only activated later in postnatal
development, when blood vessels surround the growth
plate to provide sufficient oxygen and energy levels. In
recent years, studies have demonstrated that hypoxia leads
to decreased mitochondrial AY and activity of CIV and
inhibits cyclic AMP response element-binding protein
(CREB) phosphorylation in human cartilage C28/12 cells.
However, the protein RhoA has been found to inhibit the
hypoxia-induced reduction in CREB phosphorylation and
induction of apoptosis, while simultaneously improving
mitochondrial function [132]. SIRT3 is a deacetylase
located in mitochondria. One of its targets is CIV subunit
4 isoform 2 (COX4l12), a subtype of the COX4 subunit,
which plays a crucial role in maintaining cartilage
integrity. Studies have shown that SIRT3 regulates
COX4I2 in a deacetyl-dependent manner. Furthermore,
SIRT3 deficiency and mitochondrial respiratory
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dysfunction have been found to accelerate the destruction
of cartilage extracellular matrix and the progression of
OA [133].

The final component of the MRC, CV or ATP
synthase, is made up of two functional protein complexes:
hydrophilic FO and hydrophobic F1 [134, 135]. Its
primary function is to transfer protons through the
electrochemical gradient in mitochondria, ultimately
providing cellular energy via synthesis of ATP from the
raw materials ADP, Pi, and Mg?* [136]. CV is a crucially
important enzyme in the production of aerobic energy in
the postmitochondrial electron transport train. Its
regulatory effects are dependent on specific cellular
metabolic conditions, including hypoxia, metabolic
uncoupling of mitochondria and calcium concentration
[137]. A deficiency of CV subunit OSCP was identified
in the osteoblasts of elderly patients [88]. In mammalian
cells, oligomycin hinders the process of OXPHQOS in the
CV of the MRC by binding to FO, altering the
configuration of the enzyme [138]. This, in turn, inhibits
proton flow in the mitochondrial membrane gap,
preventing it from returning to the mitochondrial matrix.
Consequently, ATP synthesis is blocked, leading to a
shortage of energy required for biological metabolism.
Chuang and colleagues discovered that oligomycin
administration resulted in a substantial decrease in
simvastatin-mediated stimulation of both ATP content
and osteoblast proliferation. Additionally, upregulation of
the cell cycle proteins D2 and BCL-2 was completely
reversed by oligomycin treatment [139]. Christian et al.
discovered that transferring mitochondria from donor
bone marrow stromal cells to the same batch of recipient
bone marrow stromal cells, which had been passaged,
resulted in improved BMSCs proliferation and migration
capacity [140]. Additionally, this transfer led to an
increased osteogenic capacity, which was attributed to an
enhancement in aerobic metabolism. Transplantation of
modified BMSCs into a rat cranial bone defect model led
to an increase in bone formation at the site. However,
when the rats were treated with oligomycin, their
OXPHOS activity and ATP production decreased, which
ultimately downregulated bone formation. In osteoclasts,
differentiation has been linked to the transfer of metabolic
substrates. Studies have revealed that the use of
oligomycin can impede ATP production, thereby slowing
down the process of osteoclast differentiation [141].

Chondrocyte metabolism is closely linked to CV
health. Research indicates that the use of antimycin A can
disturb the proton gradient and ATP synthesis, resulting
in high levels of superoxide production and a marked
decrease in mitochondrial coupling efficiency. This can
have serious consequences for the respiratory ability of
chondrocytes, ultimately leading to apoptosis [142]. MRC
dysfunction has been found to trigger inflammatory

responses in chondrocytes and may also regulate
extracellular matrix remodeling of chondrocytes. When
chondrocytes were treated with oligomycin, the mRNA
levels of the MMP family, specifically MMP-1 and MMP-
3, were upregulated, leading to decreases in proteoglycan
levels and cartilage function [124]. The activation of
PKC-BI, induced by the production of endogenous ROS,
is believed to cause chondrocyte death. Furthermore, the
presence of oligomycin significantly enhanced cell
survival against poly-.-lysine, indicating that ROS
production may occur through CV in the mitochondrial
MRC [143]. Table 1 lists the functional subunits of the
MRC complexes that are altered in degenerative joint
diseases, along with their potential roles in bone
physiology and metabolism. We found declining activity
of the MRC complexes and their functional subunits in
bone-associated cells during skeletal aging. This may be
attributable to internal mitochondrial dysregulation
caused by the accumulation of metabolic waste and
activation of damage-related signals due to aging.

4. The MRC and energy regulation in bone
metabolism

Bone is a remarkable organ that undergoes constant
remodeling through the regulation of bone formation and
resorption. Cellular metabolism, which provides energy
for all cellular activities, also plays an important role in
regulating cellular behavior. Efficient energy metabolism
and regulatory programs are closely involved in both
skeletal development and maintenance of homeostasis
[144, 145]. Additionally, the energy-generating substrates
involved in metabolism exhibit varying efficiencies
during different stages of cellular differentiation [146].
The mitochondrial OXPHOS system is crucial for cell
metabolism, comprising five enzyme complexes and two
mobile electron carriers that function in the MRC. The
production of ATP is facilitated by coupling the oxidation
of reducing equivalents, along with the generation and
subsequent dissipation of proton gradients in the IMM.
Osteoblasts and osteoclasts, the primary cells responsible
for bone formation and resorption, require significant
amounts of energy to carry out their biological functions
[147, 148]. While early chondrocytes predominantly
utilize anaerobic glycolysis for energy, they also rely on
intact mitochondria and mitochondrial respiration in later
stages [9]. Abnormalities in mitochondrial respiratory
coupling of bone-associated cells in the skeleton and
impairment of energy metabolism can lead to a disruption
of bone metabolic homeostasis and the development of
bone metabolic diseases.

Osteoblasts mature and attach to the surface of bones.
Some become encapsulated in the bone matrix as
osteoblasts or become bone lining cells, while others
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undergo apoptosis and are metabolized by the body. Bone
marrow is a relatively hypoxic environment, especially in
ossification  centers.  Throughout the  growth,
development, and continuous remodeling of bone,
osteoblasts play a critical role in producing new bone
mass and increasing bone mass. These processes require
significant amounts of energy [149]. Mitochondria
consume over 90% of an organism's oxygen molecules.
As the terminal electron acceptor of the MRC, oxygen
plays a crucial role in the OXPHOS of ATP, which is
essential for sustaining life through energy metabolism.
Indeed, MRC-dependent OXPHOS generate more ATP
than glycolysis. However, recent research has shown that,
even though mature osteoblasts have more mitochondria,
they tend to utilize aerobic glycolysis to convert glucose
into lactate, even in the presence of sufficient oxygen.
Further research has shown that the aerobic glycolytic
reaction of glucose is responsible for generating
approximately 80% of the energy in osteoblasts. As
osteoblasts mature, the contribution of mitochondrial
respiratory reactions to energy production gradually
decreases, with aerobic glycolysis becoming the primary
mode of energy acquisition [147, 150]. In another study,
researchers  observed that, during  osteogenic
differentiation of human mesenchymal stem cells
(hMSCs), there was an increase in mitochondrial
OXPHOS, but no significant change in glycolytic levels
compared with undifferentiated cells. In contrast, Chen et
al. found that undifferentiated hMSCs had higher levels
of glycolytic enzymes and lactate [151]. These findings
suggest that cells of different origins may have distinct
metabolic patterns during osteogenic differentiation.
Although researchers can simulate microenvironmental
conditions of differentiation to some extent in vitro, they
cannot replicate the compensatory effects between
nutrients, or the ratios of nutrients utilized by cells at
different stages of differentiation. Consequently,
scientists are actively working to overcome these
limitations. Initial investigations have shown that
interference of the oxidative MRC of MSCs via
exogenous substances or pharmacological inhibition can
lead to changes in osteoblast function and ultimately
result in decreased osteogenic capacity.

Osteoclasts originate from primitive mononuclear
progenitor cells and undergo fusion to form
multinucleated cells. This process necessitates metabolic
reprogramming to maintain biosynthetic substrates.
Osteoclasts, which are responsible for bone resorption,
require significant amounts of ATP produced through
glycolysis and OXPHOS [68]. They play a crucial role in
bone remodeling, either by promoting their own migration
through rearrangement of the F-actin and microtubule
cytoskeleton or by sustaining their survival and
facilitating bone resorption. To accomplish these tasks,

osteoclasts require significant amounts of ATP, which
they release from their mitochondria and store in the
cytoplasm [95]. Mature osteoclasts exhibit augmented
mitochondrial protein content and decreased intracellular
ATP levels. However, the scarcity of intracellular ATP
results in irregularities in mitochondrial cristae,
enhancing their phagocytic activity. Unlike the osteogenic
differentiation of BMSCs, the differentiation of
macrophages to osteoclastic precursor cells in response to
RANKL stimulation involves significant increases in both
MRC-dependent OXPHOS and aerobic glycolysis. The
upregulation of MRC complexes and abundant
intracellular ATP levels in fully differentiated osteoclasts
indicate that mature osteoclasts primarily rely on
OXPHOS for energy production to facilitate the
biosynthesis of essential components required for
differentiation [152]. Previous studies have demonstrated
that inhibiting OXPHOS can hinder the differentiation of
osteoclast precursor cells into mature osteoclasts. In vivo
knockdown (KD) of NDUFS4 has been shown to
effectively impede osteoclast differentiation, ultimately
resulting in osteosclerosis [99]. TFAM, a transcription
factor that specifically enhances mtDNA transcription in
the presence of mitochondrial RNA polymerase and
transcription factor B, is important for maintaining
healthy mitochondrial genomes. KD of mitochondrial
TFAM in osteoclasts using the cathepsin K recombinant
mouse model resulted in significantly reduced
intracellular ATP levels and promotion of apoptosis
[153]. Furthermore, the in vivo KD of Ldha or Ldhb,
which encode catalytic enzymes important for aerobic
glycolysis, resulted in reductions in both glycolysis and
OXPHOS that led to impaired osteoclast formation [154].
These findings indicate that mitochondrial respiration and
glycolysis are interdependent during osteoclast
differentiation, and that their combined effects influence
the differentiation process and eventual maturation of
osteoclasts. Under RANKL-induced differentiation of
osteoclasts, mitochondrial respiration is enhanced.
However, blocking ATP production with mitochondrial
complex inhibitors, such as rotenone and antimycin A, or
ATP synthase inhibitors, such as oligomycin, impedes
osteoclast formation. The transcription factor MYC has
been shown to induce the expression of both estrogen-
related receptor a signaling and electron transfer chain
genes, which are critical for activating OXPHOS.
Interestingly, mice with an osteoclast-specific knockout
of MYC exhibit increased bone mass and are effectively
protected against bone loss induced by oophorectomy
[155]. However, research on osteoclasts that exhibit the
metabolic characteristics of bone resorption has shown
that OXPHQOS decreases as bone resorption increases, in
contrast to the effects of MYC on osteoclast
differentiation [70]. This may be explained by the fact that
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the energy metabolism of osteoclasts differs depending on
the stage of differentiation and bone resorption activity.

Table 1. The altered functional subunits in degenerative joint diseases.

Complex I
NDUFBS Nuclear NA Aging,
Osteoarthritis
NDUFA13 Nuclear NA Aging
NDUFS4 Nuclear NA Aging
NDUFC1 Nuclear NA Notch signaling
Complex II
SDHA Nuclear FAD Aging
SDHB Nuclear 2Fe-28, Aging
4Fe-48S,
3Fe—4S
clusters
Complex III
UQCRC1 Nuclear NA Microgravity,
Aging
UQCRC2 Nuclear NA Osteoarthritis
Complex IV
COX1 Mitochondrial ~ Cus, Mg*,  Aging
Haem a/a3
COX2 Mitochondrial Cua Aging
COX412 Nuclear NA SIRT3 signaling
Complex V
ATPSA Nuclear NA Osteoarthritis

Chondrocytes are found in articular cartilage and
exhibit high levels of glycolysis. Despite the presence of
oxygen, anaerobic glycolysis and lactic acid production
are involved in the respiratory metabolism of articular
cartilage [156]. Due to the lack of blood vessels and low
oxygen levels, cartilage is considered a hypoxic tissue; as
such, its mitochondrial metabolism has not been
extensively studied. Recent studies have shown that the
OXPHOS system produces 25% of the ATP in cartilage,
while O is mainly sourced from synovium. Additionally,
there is evidence suggesting that mitochondrial OXPHOS
metabolism is at the core of extracellular matrix
calcification [157]. In the development of OA, available
data suggest that there is a decrease in the number of
chondrocyte mitochondria, which leads to decreased ATP
levels due to reduced OXPHQOS within each chondrocyte.
This decrease in ATP production is compensated for by
an increase in glycolysis. When the chondrocyte MRC is
blocked, intracellular ATP levels and mitochondrial AY

Osteoblasts, Promote osteogenic [85, 88,
Osteoclasts, differentiation, 104]
Chondrocytes Slow the progression of
osteoarthritis
Osteoblasts Promote osteogenic [88]
differentiation
Osteoclasts Promote the activation of pro- [99]
inflammatory macrophages,
Inhibit osteoclasts
Osteoblasts Promote osteogenic [94]
differentiation
Osteoblasts NA [88]
Chondrocytes Slow the progression of [104]
osteoarthritis
Osteoblasts, Promote osteogenic [103, 109]
Chondrocytes differentiation,
Slow the progression of
osteoarthritis
Chondrocytes NA [104]
Osteoblasts Maintenance of osteogenic [127]
differentiation
Osteoblasts Maintenance of osteogenic [127]
differentiation
Chondrocytes Maintenance of cartilage [133]
integrity
Chondrocytes NA [104]

decrease, resulting in decreases in proteoglycan levels and
cartilage function. Furthermore, research has revealed that
the TFAM expression level in OA chondrocytes is low.
However, silencing of TFAM in chondrocytes further
reduced the mtDNA content and mitochondrial quality,
leading to inhibited expression of CI-V and ultimately
resulting in cartilage decompensation [103]. Therefore,
MRC-mediated OXPHOS also plays a critical role in
chondrocyte metabolism.

5. The MRC and ROS generation in bone
metabolism

Numerous studies have demonstrated that cell survival is
heavily reliant on functional mitochondria. Dysregulation
of intracellular ROS is a primary cause of mitochondrial
damage [158, 159]. Interestingly, mitochondrial damage
leads to changes in various cellular functions, such as
OXPHOS and the intracellular redox system, and triggers

Aging and Disease * Volume 15, Number 4, August 2024

1794



Tao H., et al.

Mitochondrial respiratory chain in skeletal aging

a series of chemical reactions that generate harmful
oxygen free radicals, ultimately disrupting cell growth
and metabolism. The resulting cellular damage can
contribute to the development of bone-related diseases
and senescence [160].

ROS are a group of molecules that include singlet
oxygen, superoxide anion, and hydrogen peroxide [161].
Recent research has demonstrated that ROS actively
regulate biological processes at all levels of an organism
[162]. In mitochondria, ROS are primarily produced
through two pathways: electron leakage from the electron
transport chain in normal cells and damage to the electron
transport chain in damaged cells [163]. Under normal
physiological conditions, a portion of the electron
transport chain in the IMM becomes detached, resulting
in the reduction of approximately 1-2% of oxygen to
superoxide anion. This anion damages the mitochondria
and leads to the production of additional ROS and reactive
nitrogen species [164]. Superoxide anions react with
manganese peroxide dismutase to produce hydrogen
peroxide. This hydrogen peroxide is then further
processed by enzymes, such as glutathione peroxidase and
catalase, which reduce it to water. However, some of the
hydrogen peroxide is converted into highly active
hydroxyl radicals through iron chelation [165-167]. The
peroxides produced by these pathways can cause
mitochondrial dysfunction and cell damage either directly
or indirectly.

Mitochondria are the primary source of
overproduction of intracellular ROS, which can cause
damage to the mitochondria. The pathways through which
ROS cause mitochondrial damage can be broadly divided
into two categories. First, ROS can affect the activity of
MRC complexes, which can reduce the efficiency of
MRC, thereby affecting mitochondrial OXPHOS and
resulting in reduced intracellular ATP synthesis. Mild
disruption in the cell will produce an increased amount of
ROS that, if not promptly eliminated, accumulate and
cause additional damage to the mitochondria, ultimately
resulting in the loss of cell function [168, 169]. Second,
excessive ROS production can alter the permeability of
the mitochondrial membrane, resulting in the release of
cyto-c into the matrix. This triggers the activation of
caspases, leading to cytotoxicity and ultimately resulting
in cell apoptosis or necrosis. Furthermore, excessive
production of free radicals can disrupt the transcription
and translation of mtDNA, leading to various
abnormalities, such as point mutations, deletions, or
insertions. This ultimately hinders the synthesis of
mtDNA-encoded proteins, causing reduced mtDNA
levels and mitochondrial numbers, and metabolic disorder
within the cell. When a cell is unable to compensate for a
large amount of ROS production, the ROS attack cellular
biological macromolecules, including proteins, lipids, and

nucleic acids. This can lead to a reduction in intracellular
antioxidant enzyme levels and the generation of a
significant amount of malondialdehyde, ultimately
causing oxidative damage [170, 171]. In summary, ROS
plays crucial roles in activating multiple signal
transduction pathways within cells, resulting in a wide
range of cellular biological responses.

Cl is the primary transporter of electrons and the
subsequent production of superoxide in mitochondrial
membranes. A deficiency in Cl can lead to an increase in
ROS production and a decrease in antioxidant defense,
ultimately impairing mitochondrial function [172]. One of
the key auxiliary subunits of CI is NDUFS6, which
downregulated during aging of BMSCs. Furthermore,
NDUFS6 deficiency in BMSCs has been shown to impair
Cl function and activate the ROS/p53/p21 signaling
pathway, ultimately leading to cellular aging. Mito-tempo
is a superoxide dismutase (SOD) mimic that targets
mitochondria and has the ability to effectively eliminate
superoxide and alkyl radicals. In a recent study, treatment
of NDUFS6”~ BMSCs with Mito-Tempo blocked the
generation of ROS and the expression of senescence-
related markers [173]. Notably, mutations in NDUFS4
have been identified as a significant cause of early-onset
Leigh syndrome. In fibroblasts with mitochondrial
NDUFS4 deficiency, researchers observed increased
levels of intracellular ROS and dysregulation of
antioxidant proteins. Additionally, all cell lines deficient
in Cl exhibited reduced basal and maximal respiratory
capacity. However, when these cell lines were cocultured
with  BMSCs, researchers observed significant
improvements in bioenergetic profiles and oxidation
levels [174]. Additionally, the construction of mice with
global NDUFS4 deletion resulted in systemic
inflammation and osteosclerosis. Loss of NDUFS4 in the
hematopoietic system leads to a shift in the intrinsic
lineage from osteoclasts to macrophages, further
decreasing osteoclast lineage commitment by activating
NDUFS4~~ macrophages through overexpression of ROS
[99]. Fe-S protein plays a crucial role in the respiratory
chain. Deferoxamine (DFO), an iron chelating agent, can
inhibit CI, CIl and CIIl. However, DFO-mediated
blockage of the respiratory chain did not stimulate
osteoclast differentiation through the RANKL-ROS-
mitogen-activated protein kinase (MAPK) pathway.
Instead, it interfered with osteoclast differentiation and
bone resorption by inhibiting MAPK [175]. Inhibition of
the respiratory chain by DFO in the presence of ROS also
inhibited osteoclast function, suggesting that abnormal
energy metabolism, or other factors caused by the
mitochondrial complex, may have a greater impact on the
regulation of bone phenotypes.

Compared with CI, CIlI produces significantly less
ROS and some researchers have proposed that Cll does
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not generate ROS at all. However, a follow-up study
revealed that antimycin A can bind to coQ, causing
electrons at Cll to aggregate and induce ROS [105, 176].
Quinlan et al. showed that simultaneous inhibition of ClI
and CIlI prevented electrons from flowing to CIlI, instead
reversing them to CllI through coQ [177]. The potential of
the succinate dehydrogenase site is thought to decrease,
leading to the generation of ROS by CII. However, recent
research has significantly improved our understanding,
revealing flavin mononucleotides as the primary source of
ROS in Cll. In isolated mitochondria, the production of
ROS by CII is highly regulated by the succinate
concentration.  Specifically, there is a bell-shaped
response, i.e., ROS production is optimized at succinate
concentrations that are neither too high nor too low. When
the substrate NAD* of mitochondrial ClI is restricted,
electrons can be transferred from CII to Cl with the
assistance of the CII substrate succinate. This process can
also enhance the activity of ClI, leading to increased
oxygen production [168, 169]. While the mechanism of
ROS production by CIlI is currently being clarified, its
roles in bone metabolism and total mitochondrial ROS
production under physiological conditions have yet to be
determined. In OA chondrocytes, the decreased activity of
MRC complexes results in decreased mitochondrial
bioenergy reserves and negatively impacts the cellular
redox balance, which is dependent on the physiological
production of low levels of ROS [178]. Restoration of
mitochondrial function through the reduction of ROS
levels within mitochondria has emerged as a promising
therapeutic target for OA.

The respiratory chain has two primary sites that
release superoxide: CI and CIIl. Under conditions of
hypoxia, the primary source of ROS is damage to
mitochondrial CIlIl. Within the CIIlI system, the Qo
oxidation site plays a critical role in the production of
intracellular ROS [179, 180]. Antimycin A can impede
the transfer of CIlI electrons from cytochrome B566 to
quinone reduction site "Qi", causing the accumulation of
semiquinone in the oxidation site Qo, which in turn
facilitates the conversion of O, to superoxide [181]. MT3,
a member of the metallothionein protein family, takes part
in promoting osteoblast differentiation by reducing
oxidative stress levels and promoting the expression of
Runx2/Osterix/DIx5. Antimycin A is known to inhibit
ClIl11 of the electron transport system and has been utilized
as an ROS generator in biological systems. When
combined with MT3-overexpressing PlasMIDs, there was
a significant decrease in osteoblast viability, which was
accompanied by a surge in intracellular ROS levels [182].

Furthermore, antimycin A has been shown to trigger a
disruption in the structure of mitochondrial CIII in
osteoblasts [119], resulting in overexpression of ROS and
ultimately leading to osteogenesis disorder. However,
numerous bioactive substances have been identified that
effectively reverse this phenomenon and restore stability
to redox homeostasis in osteoblasts [116, 118].

CoQ is a quinone compound that is ubiquitous in cells
throughout the body. It serves as a vital component of the
MRC and a cofactor in the mitochondrial electron
transport chain, where it moves within the IMM and
facilitates the transfer of electrons from Cl and Cll to ClII
[183, 184]. CoQ10 is involved in cellular energy
metabolism and circulates between oxidative and
reductive forms. Its unique function includes the transfer
of protons outside the mitochondrial membrane and the
transfer of electrons from the primary substrate to the
oxidase system, which results in the formation of a
gradient. This gradient is utilized by protons returning to
the mitochondria via the enzymes that make ATP, driving
ATP formation. Reportedly, CoQ10 activates the
PTEN/PI3K/AKT pathway in a dose-dependent manner,
leading to significant increases in the proliferation and
osteogenic differentiation of BMSCs, and the expression
of osteogenic markers [185]. Moon et al. discovered that
utilization of CoQ10 as an antioxidant at a biological dose
significantly reduced the formation of TRAP-positive
polykaryotic osteoclasts. This was achieved by
downregulating MAPK and IKBa signals [186]. Further
mechanistic studies suggested that the antagonistic effect
of CoQ10 on osteoclasts may be exerted through the
downregulation of intracellular inflammatory mediators
and lipid oxidation factors. Additionally, CoQ10
supplementation has been found to increase the levels of
antioxidant proteins, including SOD and catalase, as well
as molecular compounds that promote apoptosis [187].
Furthermore, active CoQ10 supplementation can regulate
osteogenesis and osteoclast coupling, and may have
positive impacts on postmenopausal and spinal cord
injury-induced osteoporosis, periodontal disease, and
rheumatoid arthritis [186, 188]. In a study of chondrocytes
treated with CoQ10, it was observed that CoQ10
effectively prevented cartilage inflammation and matrix
degradation by inhibiting MAPK signaling [189]. CoQ
plays prominent roles in regulating the connection
between osteoblasts and osteoclasts, and in maintaining
the integrity of cartilage. Supplementation with CoQ may
be a promising option for bone joints undergoing age-
related and functional degeneration due to epigenetic
alterations or loss of protein stability.
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Figure 4. The MRC and ROS generation in bone metabolism. Cells stimulated by external factors exhibit disrupted redox
homeostasis, resulting in the inhibition of IMM transmission and the production of a large amount of ROS. The viability of the cellular
mitochondrial complex is reduced, leading to opening of the cellular mitochondrial permeability transition pore (MPTP), which releases
cyto-c and triggers the caspase-induced mitochondrial apoptotic pathway. Additionally, abnormal conditions such as hypoxia, and aging
can cause ER stress and destabilize calcium influx. The excessive production of ROS and the interaction of apoptosis and impaired
calcium homeostasis trigger a cascade of downstream signals in the cytoplasm, which affects the transcription and translation of related
molecules, ultimately leading to changes in the differentiation of bone-related cells.

6. The MRC and apoptosis in bone metabolism

For healthy cells to remain vital, neighboring aged or
overly injured cells must undergo self-destruction. This
process, known as apoptosis, is essential for physiological
bone transformation, repair, and regeneration [190]. The
mitochondria act as a guiding hand in regulating cellular
activities, serving as both the center of cellular OXPHOS
and the control center for cell apoptosis. Recent studies
have identified several substances within mitochondria
that play crucial roles in apoptosis, including cyto-c,
apoptosis-inducing factor, Ca?*, and ROS. Of these, cyto-
c release is a pivotal step in the apoptosis process [191,
192]. Various signals ultimately converge at the
mitochondria, where they can either activate or inhibit
certain events. Furthermore, the loss of mitochondrial
function may be linked to the creation of short-lived free
radical intermediates during oxygen transfer. These

intermediates may transmit signals that trigger apoptosis.
Collectively, mitochondria regulate apoptosis through
specific signal transduction pathways. Understanding
apoptosis-specific triggering mechanisms is a crucially
important topic of bone metabolism research.

The size of the osteoblast population is determined by
the balance between osteoblast proliferation and
apoptosis. Osteoblasts with typical apoptotic features are
not commonly found in vivo, but can be found in fracture
calluses and at the anterior end of sutures of the
developing mouse skull [193, 194]. It is estimated that 60—
80% of the osteoblasts initially clustered in the absorption
pit undergo apoptosis. Apoptosis in osteoclasts is
typically characterized by cell contraction, chromatin
aggregation, nuclear fragmentation, and intense TRAP
staining. The importance of osteoclast apoptosis in bone
disease has been established through various genetically
modified animal models. Decreased osteoclast apoptosis

Aging and Disease * Volume 15, Number 4, August 2024

1797



Tao H., et al.

Mitochondrial respiratory chain in skeletal aging

can often result in increased bone loss, which occurs
under the estrogen-deficient conditions following
ovariectomy [195]. This phenomenon is also observed in
OA [196]. The involvement of the Fas signaling pathway
has been confirmed in osteoclast apoptosis in both mice
and humans. Activation of the receptor mediates the
mitochondrial release of cyto-c and the activation of
caspases [197]. The deterioration of human articular
cartilage with aging may be attributable to a decrease in
the number of chondrocytes, which are unable to properly
regenerate and reshape the cartilage. As OA progresses,
cartilage shows signs of chondrocyte apoptosis, including
a depletion of cells and lacunar emptying [76]. The
malfunctioning of MRC activity in chondrocytes, and the
resulting disturbance in the movement of electrons, can
lead to the generation of ROS, which may cause an
increase in the natural apoptosis of chondrocytes in OA
[198].

Cyto-c is a water-soluble pigment found on the
cytoplasmic side of mitochondria, where it freely diffuses
and plays a crucial role in electron transport between CllI|
and CIV. Its principal activity involves the oxidation of
tissues in the presence of enzymes, which restores the
original rapid enzyme-promoting effect [199]. During
anoxia, when the permeability of the cell membrane
increases, cyto-c is likely to enter cells and mitochondria,
enhancing cell oxidation and improving oxygen
utilization. Cyto-c is not only an electron transporter in the
respiratory chain, but also an important protein regulating
the apoptotic pathway. It is generally believed that
mitochondrial injury leads to cyto-c release from the
mitochondrial membrane space into the cytoplasm,
inducing apoptosis through a caspase-dependent pathway.
Studies have shown that IFN-y and TNF-o induce
osteoblast apoptosis through cyto-c release, caspase
activation, and BCL-2 downregulation in damaged
mitochondria. Additionally, AICI3 was found to induce
the appearance of osteoblast morphology and an increase
in the apoptosis rate, which was accompanied by
mitochondrial AY depolarization, cyto-c release from the
mitochondria to the cytoplasm, and caspase 9 activation
[200]. It is evident that mitochondrial release of cyto-c
negatively impacts osteoblast differentiation. The use of
traditional Chinese medicine has led to the discovery of
numerous herbal monomers that are involved in
mitochondrial apoptosis. These monomers mediate the
release of cyto-c and regulate the differentiation and
functional activity of osteoblasts [201-203]. Regarding
the regulation of osteoclasts, it has been established that
natural cyto-c and hydrogen peroxide derived from
mitochondria induce osteoclast apoptosis. In a study by
Angireddy et al., mitochondrial stress was induced in
macrophages via KD of a subunit of CIV. They
demonstrated that 1Vil KD cells exhibited elevated levels

of mitochondrial ROS, heightened cellular glycolysis and
increased potential for osteoclast differentiation [204]. In
mouse aging and OA models, significant reductions in
lysosome  acidification  induced  apoptosis  in
chondrocytes, which was mediated by mitochondrial
damage caused by BAX and cyto-c release [205].
Exposure of chondrocytes to oxidative stress induced by
H»0; resulted in increased release of cyto-c and inhibition
of SOD-2 activity. This led to mitochondrial damage,
which was found to disrupt energy metabolism and
ultimately trigger chondrocyte apoptosis through the
mitochondrial pathway [206].

7. The MRC and calcium transport in bone
metabolism

Although the concentration of Ca?" is less than 0.1% of
the total amount, it plays a vital physiological role in
maintaining homeostasis. Ca®" serves as the most
prevalent signal transducer, reversibly binding to
numerous intracellular proteins, and also functions as a
typical second messenger. Ca?* binding to calmodulin
activates kinases that dephosphorylate specific proteins,
leading to diverse biological effects in various cell types.
Additionally, Ca?* is a critically important accessory
factor for enzymes. The activities of many enzymes rely
on Ca?* binding, which remains unaffected by changes in
extracellular Ca* concentration [207, 208]. Endogenous
Ca?* signaling is active in bone metabolism and
remodeling. The involvement of various Ca?" channels
and calmodulin kinases in the life cycle of bone cells and
biological metabolism through molecular cascade signals
is well established. Intracellular Ca?* acts as a key factor
in the differentiation of osteoblasts, osteoclasts, and
chondrocytes, and its redistribution regulates cell
differentiation, proliferation, migration, and other
processes [209-211]. Several types of Ca?* channels exist
on the cell membrane structure, including: ryanodine
receptors, inositol-1, -4, and -5-trisphosphate receptors,
store-operated Ca?* channels, stretch-activated Ca?*
channels, voltage-gated Ca?* channels (VGCCs), and
members of the transient receptor potential superfamily
[212]. Inside the cell, mitochondria take up Ca?* mainly
through the mitochondrial Ca?* uniporter. The Ca?®*
release-activated and load-activated Ca?* channels on the
ER work together to maintain Ca?* homeostasis [213].
Alterations in these Ca?* channels have also been shown
to exacerbate pathological processes in MRC disorders
and lead to a cascade reaction.

NADH and flavin adenine dinucleotide (FADH)
transfer H™ and electrons through successive enzymatic
reactions to release energy. The MRC transfers electrons
and H*, resulting in the formation of an electrochemical
proton gradient on either side of the IMM, creating a AY
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difference. This AW provides a great driving force for Ca?*
uptake by mitochondria [214]. Therefore, normal
operation of the MRC is closely linked to Ca?* transport,
and blockage of the MRC leads to an imbalance in Ca?*
homeostasis. Ca?*-related apoptosis, oxidative stress, and
OXPHOS are also affected [215]. There are a variety of
Ca?* transport structures on the IMM. Although the link
between mitochondria and Ca* has been well established
in the physiology and pathology of cells, the regulation of
Ca?* transport by the MRC has not been thoroughly
investigated. What is known is that the MRC is the main
site of ROS generation, Ca?* signaling can influence ROS
production, and increased ROS production can also alter
Ca?* distribution [216]. In this paper, our focus is on the
impacts of MRC blockage on Ca?* transport and signaling
in osteogenesis, osteoclasts, and chondrocytes, with the
aim of providing insight into the chain reaction triggered
by Ca?*,

Defects in the chain reaction of Cl, which is the
largest complex in the OXPHQOS system, is a common
subject of discussion. When exposed to hypoxia, ClI
undergoes conformational changes that result in the
release of Ca?" from the mitochondria due to the
dissolution of calcium phosphate precipitates. These
precipitates are necessary for Cl to exchange Na* and
Ca?*. The inactivation of ClI under hypoxia has revealed
that the Cys39 residue of the ND3 subunit acts to maintain
the Na*/Ca?* exchanger [217]. The CI inhibitor rotenone
has been found to decrease Ca®* oscillations, likely by
hindering the MRC and impairing the mitochondrial
amplification of Ca®" signals [218]. Consequently,
depolarization of the AY results in a decline in ATP
production and insufficient ATP supply to the Ca®-
ATPase, ultimately leading to an overload of intracellular
Ca?*. Metformin, a classical hypoglycemic agent, is also
intriguing owing to its potential to stimulate osteoblast
proliferation and differentiation [219]. Studies have
demonstrated that metformin inhibits Cl and activates
AMPK by elevating the AMP/ATP ratio, resulting in
osteoprotective effects through the phosphorylation of
downstream targets of AMPK [220]. Despite these
findings, the effects of AMPK and Ca?* fluctuations on
osteoblasts remain unexplored. CCN6, also known as
Whnt-induced signaling protein 3, has been linked to the
skeletal disease known as progressive pseudorheumatoid
dysplasia [221]. This disease is characterized by
progressive cartilage loss and irregular bone growth. The
insulin growth factor (IGF) binding protein domain of
CCNG6 is believed to play a role in this disease by
modulating IGF1, and increased ROS production is
considered to be the hallmark process of cartilage
hypertrophy. Additionally, moderate depletion of CCN6
results in increased assembly and activity of CI, as
evidenced by increases in the NDUFB8 and NDUFS1

subunits [222, 223]. These findings suggest that CCNG6 is
an essential component of Cl, and that mutations in CCN6
can severely impair mitochondrial function and cell
survival. CCN6 induces increased production of ROS and
depletion of ATP, resulting in Ca?* overload. However,
this process can be inhibited by Nrf2. Subsequent
experiments have shown that such Ca?* signaling is
associated with cell matrix mineralization in chondrocytes
[224].

ClIl is an essential enzyme in oxidative metabolism
and the citric acid cycle. Cells that lack CIl often
experience a decline in mitochondrial function,
disruptions in AY¥, and Ca?" overload, which can
ultimately result in cell death [225]. Under respiratory
chain blockade, the expected changes in Ca?* uptake
triggered by alterations in AY are reversed [225].
Mitochondrial Ca** and ER Ca?" are closely linked, and
an increase in ER Ca?* leakage occurs in Cll deficiency,
ultimately resulting in mitochondrial Ca?* overload [226].
Additionally, Hipps et al. discovered a statistically
significant difference in the SDHA subunit of CII in the
respiratory chain state of osteoblasts from osteoporotic
patients [88].

CIll is made up of 11 polypeptides and contains two
revitalization centers: oxidation center Q, and reduction
center Qi. Antimycin A and myxothiazol have been
discovered to inhibit these two centers and regulate
VGCCs, respectively [227]. Although their binding
centers differ, studies have revealed that inhibiting CIII
function with both antimycin A and myxothiazol results
in increased ROS production. In one study, treatment with
antimycin A reduced the peak amplitude of the voltage-
gated Ca?" current in osteoblastic MC3T3-E1 cells and
increased bone resorption cytokines. This finding is
consistent with the previous section, which discussed how
antimycin A can lead to an increase in mitochondrial Ca%*
release through ROS [228]. Increases in ROS generation
and intracellular Ca?* concentration were observed in
osteoblasts following CIIlI blockade; however, no
abnormal increase in ROS was found in osteoblasts
following a control intervention that induced Ca?*. Ca?*
promotes bone resorption by releasing the bone resorptive
cytokines IL-6 and TNF-a from osteoblasts, and by
activating osteoclasts that destroy bone tissue. Antimycin
A has been found to trigger increased ROS production,
which leads to decreased OPG expression and increased
RANKL expression [228].

In the context of CIV, alterations in mitochondrial
Ca?* levels have been observed in response to the
inhibition of the respiratory chain by NO. Previous studies
have shown that the introduction of exogenous NO can
trigger the release of Ca?* from mitochondria, while the
disruption of CIV may impact the regulation of Ca?" flux
between mitochondria and the ER [229, 230]. Research
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has suggested that CIV blockade may lead to an increase
in intracellular Ca?* concentration due to an increase in
VGCC-mediated Ca?* influx. Additionally, it has been
found that an increase in ROS release from CIlII and
mitochondrial membrane hyperpolarization can lead to an
increase in cell membrane Ca®". Apart from these
findings, there is little research on how CIV specifically
regulates Ca?*.

Ivan Bogeski and colleagues discovered that hydroxy
CoQ exhibits a remarkable ability to bind Ca?*, suggesting
that it could be a key player in transmembrane transport
processes. The putative mechanism involves CoQ
undergoing structural modifications and generating
hydroxyl derivatives in response to exposure to alkaline
environments or interaction with CYP450 enzymes.
Specifically, the CoQ quinone ring binds Ca®" in its
reduced form and then releases it in its oxidized form.
Additionally, hydroxy CoQ may have a role in scavenging
ROS, buffering Ca?*, and facilitating Ca* transport across
the IMM [231]. Calcineurin is also a target protein
activated by Ca?'/calmodulin. In the context of CIV
blockade, there is a noticeable and sustained rise in
cytosolic Ca®" concentration resulting from the loss of
AY. This increase activates calcineurin, along with
downstream transcription factors, such as NFkB, NFAT,
CREB, and CCAAT/enhancer-binding protein &
(C/EBPd) [232]. Additionally, silencing of the IVil and
Vb subunits of CIV produces a form of retrograde
signaling from the mitochondria to the nucleus (MtRS),
which ultimately promotes osteoclast differentiation by
influencing M1 polarization of macrophages [204]. No
significant increases in the nuclear localization of MtRS,
C/EBPS, p50, or c-Rel were observed under Vb KD. By
contrast, KD of Vil led to high-level expression of IL-
2b, 1L-6, IL-10, and TNF-a, and a significant
enhancement in the ability of macrophages to differentiate
into osteoclasts [233]. However, it is worth noting that
ROS production was also increased in the presence of CIV
injury. There have been numerous reports on ROS-
RANKL pathway-mediated osteoclast formation, which
is enhanced by CIV impairment, and upregulation of
osteoclastogenesis. Alterations in mitochondrial AY and
electron transport coupled to ATP synthesis upregulate
lysine receptor-gated Ca?* channels and increase cytosolic
Ca?*. Activation of calcineurin, a Ca?"-calmodulin-
responsive phosphatase, affects massive production of
proinflammatory cytokines and enhances osteoclast-
related gene expression [204]. However, since Ca?*
transients and ROS generation are likely to coexist in their
co-regulation of osteoclasts, the possibility of cross-
reaction needs further study.

8. The MRC and mitophagy in bone metabolism

Mitophagy is a crucial process for maintaining the
integrity of mitochondria, serving as a form of
mitochondrial quality control. It plays a vital role in
regulating the number and function of mitochondria by
eliminating damaged organelles and excess proteins, thus
reducing cellular stress caused by harmful stimuli [234].
Under pathological conditions, mitophagy promotes
cellular homeostasis by minimizing intracellular
oxidative damage to impaired mitochondria. Cells
experiencing oxidative stress activate the mitophagy
pathway to remove dysfunctional mitochondria with
damage that has surpassed the MMP of the IMM [235,
236]. This helps to preserve the integrity and repair
capacity of mtDNA in response to stress. Emerging
evidence suggests that abnormal levels of mitophagy
disrupt bone metabolic homeostasis and act in bone
metabolic disorders.

The feasibility of bone-associated cells regulating
mitophagy via the MRC is supported by correlative
evidence. Electron leakage from the MRC increases
intracellular levels of ROS, and mitophagy plays a role in
maintaining tissue homeostasis by reducing the
intracellular ROS produced by damaged mitochondria. It
also recycles energy by limiting the energy demand of
ineffective organelles and generating ATP from
degradation, both under physiological and pathological
conditions. Damaged mitochondria release ROS and
apoptotic factors, leading to apoptosis in bone-associated
cells [237, 238]. However, mitophagy can degrade
damaged mitochondria, thereby protecting cells from
apoptosis. Additionally, mitochondria affect intracellular
Ca?* signaling by providing ATP for Ca?* transporter
proteins. The levels of mitophagy also influence
intracellular Ca?* signaling [239]. Disturbances in
mitophagy can have detrimental effects on mitochondrial
homeostasis, cellular energy metabolism, and the
physiological functions of bone-associated cells.

Mitophagy plays a crucial role in maintaining the
survival of osteoblasts during osteogenic differentiation
[240]. The PTEN-induced kinase 1 (PINKZ1)/Parkin
pathway is the most extensively studied mechanism for
inducing mitophagy. Under MMP impairment, PINKL1 is
unable to enter the IMM, leading to its accumulation on
the cytoplasmic surface of the OMM. PINK1
accumulation triggers the recruitment and activation of
Parkin, which then changes its spatial conformation into
that of an activated E3 ubiquitin ligase, subsequently
ubiquitinating proteins on the mitochondria. PINK1 and
Parkin interact to regulate mitophagy and maintain
mitochondrial mass [38]. Studies have revealed that
advanced oxidation protein products (AOPPs) can induce
the production of ROS and lead to depolarization of the
AWY. This, in turn, triggers the mitochondria-dependent
intrinsic apoptotic pathway in osteoblasts. Clearing
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excess ROS and damaged mitochondria is essential for
reversing AOPP-induced apoptosis. In this experiment,
rapamycin  was observed to further activate
PINK1/Parkin-mediated mitophagy in AOPP-stimulated
MC3T3-E1 cells. This activation significantly reduced
AOPP-induced apoptosis by eliminating ROS and
damaged mitochondria [241]. Other ubiquitin-dependent
pathways do not rely on Parkin. PINK1 recruits autophagy
receptor proteins (such as NIX, BNIP3 and FUNDC1)
directly  to  mitochondria ~ through  ubiquitin
phosphorylation. These receptor proteins then recruit
LC3, which enables the autophagosome to engulf the
mitochondria [242]. In a study investigating the
underlying mechanism of  glucocorticoid-induced
necrosis of the femoral head, mouse long bone osteoblast
Y4 cells were exposed to glucocorticoid under hypoxic
conditions. The study found that this exposure restored
cellular mitophagy and an increase in apoptosis.
However, when hypoxia-inducible factor (HIF)-1a was
overexpressed in a hypoxic environment, it was able to
resist glucocorticoid-induced apoptosis through its
downstream marker BNIP3. This was primarily achieved
by reducing the inhibition of hypoxia-induced mitophagy
caused by glucocorticoids, thus protecting osteoblasts
from apoptosis [243]. Chen et al. discovered that Apelin-
13, an adipokine produced by adipocytes, improved
oxidative stress by activating mitophagy in BMSCs. This
activation led to the restoration of osteogenic function
through AMPK-a phosphorylation [244]. In a similar
study, Liu et al. demonstrated that mitophagy provided a
protective effect against aluminum-induced osteoblast
dysfunction. Therefore, it can be concluded that the
maintenance of mitophagy is essential for the functional
regulation of osteoblasts [245].

The effects of mitophagy on osteoclast differentiation
have not been extensively studied. However, intracellular
mitophagy levels are known to increase during osteoclast
differentiation [246]. While recent reports suggest that
mitophagy and the Parkin pathway play roles in the entire
process of osteoclastogenesis, the impact of regulating
mitophagy levels on osteoclast metabolism remains
unclear. Sarkar et al. discovered that epigallocatechin-3-
gallate, a natural plant product, suppressed the mRNA and
protein expression of genes associated with mitophagy.
This inhibition was observed in vitro, in primary
osteoclast differentiation of bone marrow cells.
Epigallocatechin-3-gallate also reduced the levels of
mitochondrial ROS and ATP formation during osteoclast
differentiation [247]. However, a study by Yao et al.
found that Guizhi Shaoyao decoction, an herbal formula,
promoted  mitophagy in  osteoclasts  through
PINK1/Parkin signaling, resulting in the inhibition of
osteoclast differentiation. When PINK1 expression in
osteoclasts was reduced, the inhibitory effect of Guizhi

Shaoyao on osteoclastogenesis was eliminated [248].
Regulation of mitophagy levels can impact macrophage
inflammatory phenotypes. Research has revealed that the
activation of macrophage NLRP3 inflammatory vesicles,
which leads to the expansion of osteoclasts by
inflammatory macrophages, was significantly blocked by
pharmacological inhibition of STAT3. This blocking
process primarily occurs through the induction of PINK1-
dependent mitophagy, which then reverses the collapse in
mitochondrial AY and inhibits the release of
mitochondrial ROS [249].

As individuals age, imbalances in the catabolism and
anabolism of the extracellular matrix of cartilage lead to
the development of fragile joints that are more susceptible
to external damage. Research studies have revealed that,
while autophagy-related proteins are highly expressed in
clusters of human chondrocytes, their expression
decreases in older populations. Senescence also
significantly impacts the survival of chondrocytes through
autophagy, thereby contributing to the development of
OA [250]. Furthermore, mitochondrial dysfunction has
been identified as a potential cause of cartilage
degeneration, with recent studies highlighting the
importance of mitophagy in chondrocyte metabolism
[251]. Senescent chondrocytes exhibit increased lipid
accumulation and fatty acid oxidation. However, reducing
the activity of the fatty acid oxidation rate-limiting
enzyme Cptla has been shown to inhibit cellular ROS
levels and promote the mitochondrial autophagy pathway,
which helps maintain mitochondrial homeostasis [252].
Additionally, pharmacological activation of mitophagy in
chondrocytes has demonstrated significant protective
effects against mitochondrial dysfunction, thereby
preventing oxidative stress. One report indicated that
mitochonic acid-5 enhances the activity of SIRT3 and
promotes mitophagy through the Parkin-dependent
pathway, eliminating depolarized mitochondria and
providing protection to chondrocytes [253]. Additionally,
curcumin has been found to activate mitophagy by
activating the AMPK/PINK1/Parkin pathway, exhibiting
chondroprotective effects in OA [254].

9. Conclusion and perspectives

Mitochondria have become a prominent subject of
biomedical research because of their crucial involvement
in the process of aging and the emergence of various
human diseases. The MRC, which is composed of five
enzymatic complexes and two mobile electron carriers, is
responsible for aerobic respiration and the production of
most cellular ATP through OXPHQOS. Mitochondria are
also a significant source of cellular ROS and actively
regulate intracellular calcium homeostasis and apoptosis.
When the MRC is inhibited, the proton gradient in the
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IMM collapses, leading to a loss of mitochondrial AY and
the production of ROS. Disruptions in the breakdown of
ROS or AY can result in the opening of the mitochondrial
permeability conversion pore. This, in turn, can impair
energy metabolism and cause oxidative stress and
damage. In severe cases, cell death may occur as a result
of this dysfunction. To counteract the excessive
accumulation of free radicals, cells initiate mitophagy, a
process that removes depolarized mitochondria and
reduces intracellular levels of ROS. This mechanism
plays a crucial role in maintaining tissue homeostasis.

Intracellular energy metabolism plays a crucial role in
regulating the cascade amplification mechanism of
various molecular signals. This regulation ultimately
controls the processes of gene transcription and
translation, which in turn regulates the cell phenotype.
While there is limited research on the regulation of the
MRC complex in bone cells, it is evident that the energy
regulation facilitated by the MRC has a significant impact
on the overall physiology of bone. Several studies have
demonstrated that inhibiting the MRC pharmacologically
can block the continuation of the electron transport chain
and osteoclast differentiation. This inhibition primarily
works by reducing energy production and supply,
although it may also be influenced by ROS overflow and
Ca?* flow. Chondrocytes rely on glycolysis for their
function. Hence, disruptions in MRC transmission
primarily impact cell growth, survival, and function by
altering endogenous ROS and Ca?* levels, as well as
apoptotic signals. Although the MRC facilitates various
biological processes, the predominant factor affecting its
activity in bone is the primary form of energy metabolism
utilized by the specific cell type. Currently, the regulation
of MRC activity has shown potential in the treatment of
metabolic diseases and is also gaining attention in
orthopedic research. However, further studies are needed
to refine the roles of the functional MRC subunits in bone
metabolism.

The promotion of mitochondrial function in bone-
associated cells is crucial for maintaining bone health and
treating bone metabolism-related diseases. Natural aging-
induced degeneration often leads to mitochondrial
damage in bone-associated cells, resulting in decreased
bone density and increased risk of fractures. In basic
research, several strategies targeting mitochondrial
function have been developed to prevent and delay bone
problems. For instance, Hollenberg et al. reported that
electromagnetic field therapy can activate mitochondrial
OXPHOS and promote fracture repair [255]. Another
approach involves mitochondrial transfer, which has
shown potential in enhancing the function of BMSCs and
promoting in situ bone defect repair [256]. Additionally,
recent studies have indicated that osteogenic induction
can stimulate mitochondrial fragmentation and secretion

through CD38/cyclic ADP ribose signaling. Manipulating
mitochondrial dynamics via KD of Opal or over-
expression of Fisl can increase mitochondrial
fragmentation, leading to enhanced mitochondrial
secretion and accelerated osteogenesis [257]. Given these
clues, it is evident that enhancing mitochondrial function
in clinical practice is a powerful approach for regulating
bone health. By promoting mitochondrial function in
osteoblasts, it is possible to improve bone structure and
aid in fracture rehabilitation. While various clinical
approaches have been explored, specific methods for
promoting mitochondrial function in bone-associated
cells are still being investigated, and include gene therapy,
pharmacologic interventions, and physical exercise. The
safety and effectiveness of these approaches will require
extensive study and clinical trialing.

Research on the long-term effects and potential side
effects of enhanced mitochondrial function on bone health
is limited. However, preliminary information from
existing studies suggests that optimization of
mitochondrial function may accelerate fracture healing
and bone tissue repair [258, 259]. It is important to note
that excessive enhancement of mitochondrial function in
bone metabolism may increase the risk of abnormal bone
growth. Additionally, mitochondrial function is closely
intertwined with the immune system, thus over-regulation
of mitochondrial function may impact the functioning of
immune cells [260]. Furthermore, drugs that are used to
enhance mitochondrial function may interact with other
medications, influencing their metabolism and effects
[261]. Large-scale, long-term clinical studies of
mitochondria-enhancing drugs in bone health are essential
to better understand their mechanisms of action and to
thoroughly assess the potential risks and benefits.

Bone remodeling is a multifaceted process that
involves various bone cell types. Any disturbance in this
process can cause an imbalance and result in diseases. To
prevent bone resorption, it is reasonable to consider
strategies that inhibit osteoclast activation by blocking the
MRC. Although bone remodeling is complex, it is
important to note that it is not solely dictated by a specific
bone microenvironment or one intercellular interaction.
Therefore, utilizing methods that only target these factors
may have negative consequences, such as hindering bone
formation and cartilage proliferation and differentiation,
ultimately worsening the bone microenvironment.
Regardless of the approach used in the respiratory chain,
it is important to focus on targeted bone
microenvironment therapy to reduce skeletal and
extraskeletal side effects. In bone degeneration
with progressive of senescence, MRC activity in bone-
related cells decreases, leading to a deterioration of bone
homeostasis through various pathways. To counteract
this, upregulating mitochondrial complex activity to
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promote MRC electron transfer may be a feasible strategy
to alleviate joint degeneration. Our research has shown
that CoQ10 has great potential as a novel drug candidate
with multiple regulatory factors. It can inhibit osteoclasts
and promote  osteogenesis  while  maintaining
chondroproliferative activity, making it a promising
option for further development. The development of
clinical drugs that enhance CoQ10 activity also holds
promise. Recent studies have shown that targeted delivery
of mitochondria can have a positive impact on
degenerative  bone  diseases. Because intrinsic
mitochondrial homeostasis cannot be remodeled, the
option to inject cells with new mitochondria may provide
additional paths to healing.

Bone remodeling strategies hold promise for treating
age-related degenerative bone diseases. It is crucial to
develop novel drugs that adjust the bone remodeling
process by targeting key regulatory molecules to
modulate mitochondrial function. Additionally, the
identification of growth factors and cytokines that
influence mitochondrial function during growth, and
thereby promote bone formation and repair, is of the
utmost importance. Combining therapeutic approaches,
such as pharmacotherapy, exercise, and nutritional
support, may be necessary for age-related degenerative
diseases. Furthermore, their impacts on regulation of bone
homeostasis and mitochondrial function in bone-
associated cells should be further explored. High-impact
bone-remodeling drugs that can modulate mitochondrial
function in bone-associated cells require clinical trials and
long-term studies to confirm their effectiveness.
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