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Bone defect repair faces clinical challenges due to complex conditions caused by
various factors such as trauma and aging. Traditional treatments have certain
limitations, which seriously affect patients’ prognosis. As the core organelle of
cells, mitochondria regulate the activity of key cells including osteoblasts,
osteoclasts, and bone marrow mesenchymal stem cells through functions
such as oxidative phosphorylation (OXPHOS), production and scavenging of
reactive oxygen species (ROS), regulation of Ca** concentration, modulation
of cell death, and immune response, as well as dynamic processes including
fusion, fission, mitophagy, and transport. Moreover, mitochondria interact
synergistically with the neuro-vascular-muscle axis, participating deeply in
bone defect repair. This article systematically reviews the mechanisms and
research progress of mitochondria in bone defect repair, providing a
theoretical basis for the development of novel mitochondria-targeted repair
strategies and facilitating the research and development of efficient clinical
treatment regimens. This will help to develop new treatment strategies for
bone defects. These strategies will be more effective, safe and targeted for
individual patients.

KEYWORDS

bone defect repair, mitochondria, mitochondrial dynamics, mitochondrial function,
osteogenesis

1 Introduction

Bone is a vital component of the human body, comprising various structures such as
bone tissue, periosteum, and bone marrow (Clarke, 2008). Its functions are diverse
(Figure 1), including providing support for the body and protection for vital organs,
acting as a storage medium for calcium and phosphorus, and facilitating blood formation
via red bone marrow (Sheehy et al.,, 2019). In healthy conditions, the internal environment
of the bone is subject to a sophisticated regulatory mechanism, involving the guidance of
new bone formation by osteoblasts and the absorption of old bone by osteoclasts,
collectively maintaining bone homeostasis (Kim et al., 2020; Zhang et al, 2025).
However, this balance can be influenced by various factors, including severe trauma,
infection, bone tumour removal surgery, congenital bone malformations and osteoporosis
(Zhang M. et al., 2022). These factors can disrupt bone homeostasis, leading to bone loss.
The body possesses a natural repair system for bone defects, which maintains the integrity of
bone structure and function through the coordinated action of mobilised cells and
cytokines. But the capacity of bone to repair itself is limited by a “critical-sized defect
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FIGURE 1

The Functions of Bone and the Mechanism of Bone Homeostasis. The functions include organs protection, hematopoiesis, mineral storage reservoir,
skeletal support and movement. Under physiological conditions, osteoblasts and osteoclasts jointly maintain bone homeostasis.
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(CSD)”, defined as the smallest bone defect that cannot be
spontaneously healed by the body’s
mechanisms without external intervention. When the defect
volume is smaller than the CSD, the body can initiate self-repair
through the process of endogenous repair without the need for
external intervention (Mancuso et al, 2021). Whereas defects

endogenous  repair

exceeding the CSD pose challenges for the endogenous repair
system to achieve bone regeneration independently. In such
instances, exogenous reconstructive measures such as autogenous
bone grafting or biomaterial implantation become essential (Li et al.,
2023). Otherwise, this will result in the failure of bone repair or poor
quality of repair, which will have a significant impact on the patient’s
ability to move and their quality of life. Despite the advent of a
plethora of treatment modalities for bone defects, the complexity of
the underlying pathologies, the heterogeneity of individual
biological ~characteristics, and the limitations of existing
treatments, the field of bone defect repair remains a significant
clinical challenge.

Mitochondria, as highly dynamic and interconnected organelles
(Mishra and Chan, 2016), are widely distributed throughout all
eukaryotic cells except mature mammalian red blood cells. Serving
as the cellular powerhouse, their core function is to convert nutrients
into adenosine triphosphate (ATP) via oxidative phosphorylation
(OXPHOS), thereby providing the energy necessary for cellular life
processes. Moreover, mitochondria are deeply involved in
numerous core cellular events, including reactive oxygen species
(ROS) production and clearance, intracellular Ca®>* homeostasis
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regulation, cell death, and innate immune signalling activation
(Bhatti et al, 2017). Thus, mitochondria play an irreplaceable
core role in maintaining cellular homeostasis and regulating cell
physiological functions by modulating osteoblastic/osteoclastic
markers (Table 1). In recent years, with the continuous
advancement of mitochondrial bioscience research, extensive
basic and clinical studies have confirmed that disruption of
mitochondrial structural integrity and functional abnormalities
can impair osteocyte proliferation, differentiation, and functional
activity, inducing or exacerbating a series of bone-related diseases
(Yang et al., 2020), thereby significantly hindering the bone defect
repair process. Given the critical regulatory role of mitochondrial
functional homeostasis in bone tissue metabolism and repair, this
paper aims to systematically review research progress on
mitochondrial regulation of bone defect repair, explore potential
mechanisms of action, and discuss future application potential.

2 Functions of mitochondria
2.1 Oxidative phosphorylation

In recent years, extensive research has demonstrated that
disturbances in energy metabolism—such as abnormal
metabolism of glucose, amino acids, and lipids—disrupt bone
homeostasis, triggering or exacerbating bone loss and
significantly increasing the risk of osteoporotic fractures.
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TABLE 1 Common osteoblastic and osteoclastic markers.

Protein

mechanism

Main function and molecular

10.3389/fbioe.2026.1763027

Core signaling
pathway

BMP2 Bone morphogenetic protein 2 Secreted ligand; Smad1/5/8-P — RUNX2 transcription | Osteo-induction BMP-Smad
WNT1 Wingless-type MMTYV integration site Ligand; stabilises p-catenin — TCF/LEF targets Commitment and mechano- =~ Canonical Wnt/B-catenin
family, member 1 response

RUNX2 Runt-related transcription factor 2 Master TF; heterodimer with CBFp — osteoblast gene = Early commitment BMP-Smad, Wnt/f-
battery catenin

SP7 Osterix Zinc-finger TF; downstream of RUNX2, represses Mid differentiation BMP-Smad, Notch
chondrogenesis

COL1A1 | Collagen a-1(I) chain Scaffold for mineral deposition; binds integrins Matrix formation TGF-B/integrin-FAK

ALPL Tissue-nonspecific alkaline phosphatase Hydrolyses PPi — Pi; promotes hydroxyapatite Mineralisation Wnt/B-catenin (indirect)
nucleation

RANKL Receptor activator of NF-kB ligand Trimerises RANK; master driver of osteoclast Differentiation and RANKL-RANK-OPG
differentiation activation

RANK Tumor necrosis factor receptor RANKL receptor; TRAF6 — NF-«kB and NFATcl Commitment RANKL-RANK-OPG

superfamily member 11A

CTSK Cathepsin K Cysteine protease; cleaves type I collagen at low pH Matrix resorption SRC-AKT-NF-«B

MMP9 Matrix metalloproteinase-9 Gelatinase; degrades denatured collagen, releases Resorption and angiogenic MAPK-JNK/PI3K-Akt
TGF-p coupling

ACP5 Tartrate-resistant acid phosphatase Dephosphorylates matrix proteins; generates ROS to | Maturation and function SRC-RACI-NOX
amplify resorption pit

OPG Osteoprotegerin Decoy receptor; neutralises RANKL. Resorption control RANKL-RANK-OPG

Mitochondria, serving as the primary sites for cellular biooxidation
and energy conversion, efficiently synthesise ATP to power all
physiological activities, earning them the widespread designation
as the ‘powerhouses’ of the cell (Figure 2). Cellular energy
metabolism primarily relies on two interconnected pathways
(Rigoulet et al., 2020): the anaerobic process of glycolysis, and
the aerobic process of oxidative phosphorylation. However,
oxidative phosphorylation exhibits a marked advantage in energy
production efficiency compared to glycolysis (Dobson et al., 2020).
This disparity renders Bone Marrow mesenchymal Stem Cells
(BMSCs) more reliant on oxidative phosphorylation to meet their
energy demands during the osteogenic differentiation stage.
BMSCs are adult stem cells of mesodermal origin, possessing
self-renewal capacity and multipotent differentiation potential.
Under specific induction conditions, they can be directed to
differentiate into mesoderm-derived cell lineages such as
osteoblasts, chondrocytes, and adipocytes (Li et al., 2017; Han
et al., 2019). Notably, a characteristic ‘differentiation equilibrium’
exists between osteogenic and adipogenic differentiation in BMSCs
(Hsu et al., 2016), wherein enhanced differentiation capacity in one
pathway typically accompanies diminished capacity in the other.
This imbalance constitutes a key mechanism underlying diseases
such as osteoporosis. Mitochondrial function and oxidative
phosphorylation activity represent central regulators of this
equilibrium, with relevant studies providing partial evidence. Li
B. et al. (2022) discovered that nicotinamide adenine dinucleotide
(NAD") positively regulates osteogenic differentiation in BMSCs by
modulating the mitochondrial OXPHOS pathway. Conversely,
with the NAD" inhibitor FK866
downregulated the expression of osteogenesis-related genes,

treatment significantly
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ultimately reducing new bone formation at bone defect sites in
animal models. Moreover, mitochondrial morphological and
functional remodelling is intrinsically linked to osteogenic
differentiation. Studies indicate that during BMSCs differentiation
towards osteocytes or adipocytes, the mitochondrial-to-cytoplasmic
area ratio (Forni et al, 2016), whilst individual
mitochondrial surface area remains largely stable. This implies a
marked increase in mitochondrial number during differentiation (Li

increases

et al, 2017), directly facilitating the assembly of oxidative
phosphorylation complexes and enhancing cellular OXPHOS
activity and ATP production capacity. Mitochondrial dysfunction
inhibits osteogenic differentiation: Research by He et al. (2021)
confirmed that defects in the mitochondrial tRNA modifying
enzyme Mtul result in insufficient 2-thiouridine modification of
mitochondrial tRNAs. This leads to a marked reduction in the
activity of mitochondrial respiratory chain complexes I, III, and IV,
impairing OXPHOS function. This mitochondrial dysfunction
inhibits the osteogenic differentiation potential of BMSCs,
ultimately resulting in an osteoporotic phenotype in mice
(reduced bone density/disrupted trabecular structure). Given the
positive regulatory role of mitochondrial function in osteogenic
differentiation, targeting mitochondrial OXPHOS activity has
emerged as a potential strategy for promoting bone repair. Guo
et al. (2020) developed a mitochondrial transplantation-based
intervention: introducing healthy mitochondria into BMSCs
significantly upregulated cellular OXPHOS activity and markedly
increased ATP production. Further investigations revealed that
mitochondrial transplantation not only enhances the in vitro
proliferation and migration capabilities of BMSCs but also
elevates their osteogenic potential by activating osteogenic
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FIGURE 2

Mitochondrial Architecture and the Mechanism of Oxidative Phosphorylation. NADH/FADH, donate electrons to the inner-membrane respiratory
chain (complexes 1-1V), coupling redox energy to proton pumping; the generated H* electrochemical gradient powers ATP synthase to phosphorylate
ADP. Molecular oxygen serves as the terminal electron acceptor, forming water and sustaining electron flow. NADH nicotinamide adenine dinucleotide,
FADH flavin adenine dinucleotide, ATP adenosine triphosphate, ADP adenosine diphosphate. TAC tricarboxylic acid cycle.

differentiation pathways (such as the Wnt/B-catenin pathway).
Moreover, it effectively promotes in situ bone repair in animal
bone defect models. This research provides experimental evidence
for mitochondrial-targeted therapies in bone metabolic disorders.
Notably, oxygen and nutrient supply within the microenvironment
constitute prerequisites for mitochondrial OXPHOS function.
Under physiological conditions, functional osteoblasts responsible
for bone matrix synthesis predominantly reside in perivascular
regions. This anatomical arrangement ensures adequate oxygen
and metabolic substrate availability for osteoblasts, establishing
favourable conditions for oxidative phosphorylation. Further
studies by Van Gastel and Carmeliet (2021) confirmed that
enhanced OXPHOS activity
expression levels of antioxidant enzymes (such as SOD) within
BMSCs, stress
resistance. Conversely, inhibiting OXPHOS activity via chemical

synchronously elevates the

significantly ~ bolstering cellular antioxidant
inhibitors (such as antimycin A) or inducing oxidative stress with
exogenous hydrogen peroxide impedes osteogenic differentiation in
BMSCs, manifested by downregulated osteogenic gene expression
and reduced mineralised nodule formation. This finding reveals the
synergistic role of OXPHOS activity and cellular redox homeostasis

in osteogenic differentiation.
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2.2 The generation and clearance of ROS

ROS constitute a class of highly reactive oxygen-derived small
molecules, encompassing both free radicals such as superoxide
anion (O,") and hydroxyl radical (¢«OH), as well as non-radical
species including hydrogen peroxide (H,0O,) and singlet oxygen
('0,). Mitochondria serve as the primary site for ROS generation,
where both free radicals and non-radicals are continuously
2024). ROS exhibit dual
effects (Figure 3): at physiological levels, they function as

produced and converted (Liu et al,

crucial intracellular molecular signals, participating in the

regulation of cellular processes such as proliferation,

differentiation, and apoptosis (Sart et al, 2015); conversely,
when ROS levels exceed the cell’s scavenging capacity, they can
directly damage cellular structure and function by attacking cell
2014). To counteract potential ROS

damage, mitochondria rely on a sophisticated antioxidant defence

membranes (Tsang et al,

system to maintain homeostasis (Ighodaro and Akinloye, 2018).
This comprises both enzymatic antioxidants, such as SOD and
CAT, and non-enzymatic antioxidants, including glutathione
(GSH) and vitamin C. These work synergistically to scavenge
excess ROS, thereby safeguarding cellular survival and function.
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The Concentration-Dependent Dual Role of ROS in Regulating Mitochondria-Mediated Apoptosis and Cell Survival. At low levels, ROS act as
signaling molecules that activate the p38-MK2-Hsp60 axis, promoting NF-kB mediated pro-survival gene expression and maintaining mitochondrial
homeostasis. In contrast, elevated ROS trigger apoptosis through BAX oligomerization, cytochrome c release, and apoptosome formation, while
concurrently inducing mitochondrial membrane potential collapse and impairing oxidative phosphorylation. ROS reactive oxygen species, AY
mitochondrial membrane potential, OXPHOS oxidative phosphorylation, Apaf-1 apoptotic protease activating factor 1, Caspase family cysteine aspartate
specific protease family, BAX BCL2-associated X protein, VDAC voltage-dependent anion channel, Hsp60 heat shock protein 60, p38 p38 mitogen-
activated protein kinase, MK2 mapk-activated protein kinase 2, IKKa/IKKy/IKKB IkB kinase a/y/B, kB inhibitor of NF-kB, NF-kB nuclear factor kappa-light-

chain-enhancer of activated B cells.

Therefore, maintaining cellular ROS homeostasis is of critical
importance for bone defect repair.

When the body’s oxidative and antioxidant systems become
imbalanced, excessive ROS can induce oxidative stress. Oxidative
stress not only induces osteoblast apoptosis but also promotes
osteoclast formation (Tao et al.,, 2020; Zan et al,, 2023), ultimately
impeding bone defect repair. Existing research has confirmed that
multiple strategies regulating ROS homeostasis can improve bone
repair outcomes. Research by Qiu et al. (2019) revealed that
melatonin regulates ROS levels through a dual mechanism. On
one hand, it upregulates the expression of antioxidant enzymes
such as SOD and CAT, enhancing ROS scavenging capacity. On
the other hand, it downregulates the expression of NADPH oxidases
(NOX1 and NOX2), reducing ROS sources, while further
diminishing ROS production by inhibiting the NF-xB pathway.
Moreover, melatonin antagonises TNF-a induced excessive ROS
production. TNF-a itself inhibits osteoblast differentiation by
activating NF-kB and MAPK pathways whilst suppressing the
SMAD1/5/8 pathway (Zuo et al, 2018). Thus, melatonin
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promotes BMSCs osteogenic differentiation via this pathway (Qiu
etal, 2019). Notably, physiologically concentrated ROS exert positive
regulatory effects on bone repair: studies by Khalid et al. (2020)
demonstrated that low-concentration ROS induced by extracellular
phosphate (Pi) and H,O, activate the ERK1/2 pathway, upregulating
the expression of osteogenic markers such as osteopontin (OPN),
thereby promoting extracellular matrix mineralisation. Furthermore,
interventions targeting oxidative stress regulation demonstrate bone
repair potential: Zheng et al. (2020) confirmed that 4-octyl itaconic
acid ester (4-OI) enhances osteoblast antioxidant capacity by
activating the Nrf2 signalling pathway, thereby suppressing H,O,
induced oxidative damage and osteoblast death. Within materials
science, ROS responsive bone defect repair materials designed by Sun
H. et al. (2023) and Liu et al. (2024) release active components in
response to the high ROS microenvironment within bone defects.
This simultaneously improves
synergistically ~ promoting  osteogenic
angiogenesis, and inhibiting osteoclast activity, thereby effectively

local redox balance while

differentiation  and

enhancing bone defect repair efficiency.
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2.3 Regulation of Ca®* concentration

The chemical composition of bone is primarily divided into
organic and inorganic components, which synergistically confer the
biomechanical properties of flexibility and strength upon the skeletal
structure. The organic component consists mainly of collagen fibres
and an amorphous matrix, whose reticular structure provides the
bone with resilient and elastic support. The inorganic components,
also termed bone salts, comprise ions such as calcium and
phosphorus. These are deposited within the organic matrix in the
crystalline form of hydroxyapatite, forming the material foundation
for bone strength and compressive resistance. When bone salts are
deposited rhythmically within osteoid, the latter progressively
transforms into hard bone tissue—a process termed bone
calcification. The generation and deposition of bone salts depend
upon the regulated activity of osteoblasts, which primarily originate
from the directed differentiation of BMSCs. Both the differentiation
of BMSCs into osteoblasts and the subsequent mineralisation
process are precisely regulated by ROS, with this regulation
relying on the synergistic

and mitochondrial

interaction between osteogenic

induction signals function. Osteogenic
induction regulates ROS production via two pathways: firstly, by
enhancing mitochondrial activity to promote ROS generation from
the respiratory chain; secondly, by activating the BMP-2 signalling
pathway (Li Y. et al,, 2022), which upregulates NADPH oxidase
activity to further increase ROS production. In mature osteoblasts,
physiological levels of ROS are generated in response to Pi
stimulation, thereby activating extracellular signal-regulated
kinase ERK1/2 and OPN expression (Khalid et al, 2020),
ultimately promoting extracellular matrix mineralisation.
Mitochondrial regulation of Ca** homeostasis participates in
bone mineralisation, and thus Ca** imbalance significantly impedes
bone repair processes (Shuai et al., 2021; Van Gastel and Carmeliet,
2021). The mitochondrial calcium uniporter (MCU), a specific Ca**
channel located in the inner mitochondrial membrane, primarily
functions to transport Ca®* from the cytoplasm into the
mitochondrial matrix along its concentration gradient. By
regulating mitochondrial Ca®* levels, the MCU indirectly
participates in numerous physiological processes including
cellular Ca®" homeostasis, energy metabolism, apoptosis pathway
regulation, and sarcolemmal repair (D’Angelo and Rizzuto, 2023).
Consequently, it may modulate osteoblastic mineralisation function
by influencing Ca®* signalling and energy supply within osteoblasts.
Abnormal Ca®* homeostasis constitutes a common pathological
basis for multiple diseases (Modesti et al., 2021). In bone defects,
excessive mitochondrial Ca*" uptake triggers a cascade of reactions.
On one hand, excessive Ca** accumulation disrupts the
mitochondrial ~membrane potential, inhibiting oxidative
phosphorylation and reducing ATP synthesis (Antony et al,
2016), thereby impairing osteoblast function. Concurrently,
abnormal mitochondrial Ca** uptake promotes electron leakage
in the respiratory chain, resulting in substantial ROS production
(Chen et al., 2024). Excessive ROS not only damages mitochondrial
structure (establishing a vicious cycle of “mitochondrial
injury-increased ROS”), but also oxidatively modifies bone
matrix proteins, thereby suppressing osteoblast activity and
promoting apoptosis. This ultimately exacerbates the impairment

of bone defect repair.
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2.4 Cell death

Cell death represents the terminal stage of the cellular life cycle.
As the pivotal regulatory hub of apoptosis, the functional state of
mitochondria directly influences the progression of bone defect
repair. Upon initiation of the apoptotic programme, mitochondria
undergo a series of characteristic alterations (Saunders et al., 2024),
the most critical being the release of cytochrome ¢ (cyt ¢), regarded
as the core element in mitochondrial regulation of apoptosis (Glover
et al,, 2024). This release activates the caspase cascade, ultimately
inducing cell death. Bao et al. (2024) demonstrated that interferon-y
and TNF-a directly induce osteoblast death by downregulating the
anti-apoptotic protein B-cell lymphoma 2 (Bcl-2) and promoting
mitochondrial cyt C release. Furthermore, as a key signalling
molecule in apoptosis, elevated ROS levels form a vicious cycle
with mitochondrial dysfunction: increased ROS production during
apoptosis leads to mitochondrial membrane potential decline or
collapse, enhancing inner mitochondrial membrane permeability
and further promoting cyt C release (Morse et al., 2024). These
mechanisms demonstrate that ROS and mitochondria interact to
regulate apoptosis in bone tissue cells, directly influencing the
efficiency of bone defect repair.

Iron is an essential trace element for maintaining osteoblast
differentiation and mineralisation, yet excessive iron accumulation
can disrupt skeletal homeostasis by inducing ferroptosis. The
essence of ferroptosis lies in the imbalance of the cellular
antioxidant system: under normal physiological conditions,
Glutathione Peroxidase 4 (GPX4) relies on GSH to scavenge
excess ROS, thereby maintaining redox equilibrium. However,
during iron overload, GPX4 activity markedly diminishes and
GSH becomes depleted. Intracellular Fe®* then catalyse lipid
peroxidation via the Fenton reaction, generating substantial ROS.
This ultimately leads to cell membrane damage, mitochondrial
dysfunction, and cell death (Tang et al., 2021; Yan et al,, 2021).
Consequently, disruption of bone homeostasis constitutes a
significant precipitating factor in abnormal bone metabolism.

With advancing age, iron gradually accumulates within the body
alongside elevated ROS levels. This disrupts bone homeostasis
through a dual mechanism: inhibiting osteoblast function while
promoting osteoclast activity, thereby increasing the risk of
osteoporosis. Borriello et al. (2016) observed that although iron
overload promotes proliferation of BMSCs and accelerates their
entry into the S phase of the cell cycle, it simultaneously suppresses
their differentiation into osteoblasts and extracellular matrix
calcification, directly impairing osteogenic capacity. Che et al.
(2021) confirmed that iron overload induces osteoblast apoptosis
by elevating ROS levels, disrupting calcium homeostasis, and
subsequently triggering mitochondrial dysfunction through
activation of the p-elF2a/ATF4/CHOP pathway. Furthermore,
Xia et al. (2023) discovered that REPINI gene knockout mitigates
iron overload toxicity in osteoblasts by downregulating
LCN2 expression, modulating protein levels of Bcl-2, cyt ¢, and
BAX in the mitochondrial apoptosis pathway, thereby indirectly
preserving osteoblast viability. Osteoclasts are the sole cells in vivo
capable of bone resorption. Iron overload enhances their activity
through multiple mechanisms: iron overload, Fe** within osteoclasts
generates substantial ROS via the Fenton reaction, activating the
MAPK signalling pathway and directly promoting bone resorption
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Mitochondrial Stress as a Central Hub for Initiating Diverse Immune Signaling Pathways. The RLR-MAVS pathway activates transcription factors (IRF3,
NF-xB) to induce interferons and pro-inflammatory cytokines. Simultaneously, mitochondrial damage releases mtDNA/ROS, activating the

NLRP3 inflammasome. Active caspase-1 cleaves GSDMD to trigger pyroptosis and processes IL-1f/IL-18 for secretion, amplifying immune responses. RLR
RIG-I-like receptors, MAVS mitochondrial antiviral signaling protein, TRAF tumor necrosis factor receptor-associated factor, IRF-3 interferon
regulatory factor 3, mtDNA mitochondrial DNA, TLR9 toll-like receptor 9, NLRP3 nod-like receptor pyrin domain-containing protein 3, GSDMD gasdermin
d, IFN-a/p interferon a/p, IL-1p/18 interleukin-1p/18, TNF-a tumor necrosis factor a.

(Chen Y. et al., 2023). Guo et al. (2024) further demonstrated that
iron overload promotes osteocyte apoptosis via oxidative stress and
upregulates receptor activator of nuclear factor B ligand (RANKL)
expression. As a key factor in osteoclast differentiation, RANKL
osteoclast ~maturation and bone

significantly ~ enhances

resorption activity.

2.5 Immune response

Mitochondria are not only a source of energy for the cell, but
also a crucial regulator of the immune response. The core function is
to release damage-associated molecular patterns (DAMPs) to
initiate the immune response (Figure 4). When mitochondria are
damaged or the cell dies, the mitochondria DNA (mtDNA) and ROS
are released into the cytoplasm. These act as DAMPs to activate
several innate immune pathways, including the MAVS, cGAS-
STING, and NLRP inflammasome pathways (Zhong et al., 2018),
which in turn trigger inflammatory responses. This process serves as

Frontiers in Bioengineering and Biotechnology

both a ‘warning signal’ for cell damage (Mills et al., 2017) and
contributes to the development of inflammatory responses,
providing a new direction for targeted therapy for immune-
related bone loss. Staphylococcus aureus (S. aureus) is the most
prevalent causative agent of bacterial infections in the
musculoskeletal system (Ma et al., 2024). It is also the primary
cause of bone infections. Staphylococcus aureus disrupts the process
of bone repair through multiple mechanisms that cause cell death in
bone-forming cells and stimulate the differentiation of osteoclasts
and the expression of bone-resorbing factors, thereby accelerating
bone dissolution (Li et al., 2020). Ultimately, this delays bone
healing. In the infected state, maintaining the stability of the
crucial ~ for

mitochondria is spread  of

inflammation and protecting the function of bone cells. In recent

preventing the

years, new breakthroughs have been made in the field of targeted
mitochondria immune regulation for bone repair: Ghosh et al.
(2022) designed VCD-077, which carries bone cement, and
achieved the dual goals of preventing infection and repairing
bone defects through the “drug-device” synergistic effect. Chen
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Integrated Overview of Mitochondrial Dynamics, Quality Control, and Signaling Functions. Mitochondrial fusion requires outer-membrane
mitofusins (MFN1/2) and inner-membrane OPAL to merge lipid bilayers and cristae, whereas cytolic DRP1 is recruited by FIS1 to constrict and divide the
organelle, thereby regulating network morphology, quality control, and apoptosis signaling. DRP1 dynamin-related protein 1, MFN1/2 mitofusin 1/2,

FIS1 mitochondrial fission 1 protein, OPAL optic atrophy 1.

X. et al. (2023) constructed the chameleon-like HA@Ce-TA
nanoplatform, which not only remodels mitochondrial dynamics
by upregulating mitochondrial fusion genes but also mimics SOD
and CAT activity to scavenge excess ROS. This achieves synergistic
antibacterial and anti-inflammatory effects, effectively enhancing
bone repair efficiency within the infected microenvironment.

In addition, BMSCs secrete cell-derived extracellular vesicles
(EVs), which are rich in functional nucleic acids, such as microRNA
and tRNA. These EVs have a unique advantage in promoting bone
repair by regulating bone differentiation, vascularisation and
inflammation (Zhang M. et al, 2022). Furthermore, Liu et al.
(2020) have demonstrated that, under hypoxic conditions, HIF-
la mediated EVs secretion is increased, which significantly enhances
the bone-forming and vascularisation abilities of EVs derived miR-
126. Consequently, combining the regulation of the immune
microenvironment with the EVs secretion of BMSCs is expected
to provide a multifaceted regulatory mechanism that can “modify
the immune microenvironment - promote bone regeneration” and
provide a more effective treatment for infected bone defects.
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3 Mitochondrial dynamics

Mitochondrial dynamics encompasses the comprehensive
biological processes describing mitochondrial structure and
function, primarily involving the coordinated processes of
mitochondrial fusion and fission, biosynthesis, autophagy, and
transport (Altieri, 2019; Dorn, 2019). These processes, through
precise
morphological plasticity, functional integrity, and quantitative

regulation,  collectively  maintain  mitochondrial
homeostasis (Figure 5). When mitochondrial dynamics become
imbalanced, mitochondrial structural assembly and functional
execution are disrupted, thereby forming a crucial pathological
basis for various diseases, including neurodegenerative disorders,
cardiovascular diseases, cancer, and bone-related conditions such as
osteoporosis (Chan, 2020). Therefore, elucidating the molecular
regulatory mechanisms of mitochondrial dynamics and clarifying
the roles of key dynamic proteins in disease progression may provide
novel therapeutic targets for the targeted treatment of these

conditions (Zacharioudakis and Gavathiotis, 2023).
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3.1 Mitochondrial fusion

Mitochondrial fusion denotes the process whereby two or more
mitochondria merge their membranes to form larger mitochondria
or a network of interconnected mitochondria. With advancing age,
cellular senescence leads to the accumulation of mtDNA mutations.
Mitochondrial fusion maintains mitochondrial function and genetic
stability by facilitating material exchange and information
communication between distinct mitochondria (Pernas and
Scorrano, 2016). Mitochondrial fusion requires coordinated
action between the outer and inner mitochondrial membranes,
regulated by specific proteins: Mitochondrial Fusion Proteins 1/2
(MEN1/2) govern outer membrane fusion, while Optic Atrophy
Protein 1 (OPA1) governs inner membrane fusion. The synergistic
action of these proteins maintains the dynamic equilibrium of the
mitochondrial network, safeguarding mtDNA integrity and
ensuring efficient respiratory chain function.

Recent studies have confirmed that mitochondrial fusion directly
influences bone homeostasis and defect repair by regulating osteocyte
metabolism and differentiation. Yue et al. (2014) discovered that the
diterpene derivative 15-oxospirolaminolactone (S3) enhances non-
ubiquitination of MFNI1/2 by inhibiting the
USP30, thereby restoring normal
mtDNA distribution, mitochondrial membrane potential, and
oxidative phosphorylation function. While enhanced MFN1/

degradative

deubiquitinating enzyme

2 activity promoted mitochondrial fusion, providing an energy
foundation for osteogenic differentiation. Fan et al. (2020) found
that miR-181c¢ enhances mitochondrial fusion by regulating the
AMPK-MENT1 signalling pathway, effectively mitigating oxidative
stress-induced damage to BMSCs and offering a novel therapeutic
target for craniofacial bone defect reconstruction. Furthermore, Huo
et al. (2022) demonstrated that MFN1/2 overexpression induces
mitochondrial clustering and peroxidase enrichment, wherein
peroxidase scavenges excess ROS and alleviates oxidative stress,
potentially promoting bone defect repair. Concerning osteoclasts,
Ballard et al. (2020) discovered that MFN2 deficiency inhibits the
in vitro differentiation capacity of osteoclast precursors and reduces
their sensitivity to RANKL-induced bone resorption, suggesting
MEN2 is indispensable for osteoclast maturation and functional
maintenance.

3.2 Mitochondrial fission

Mitochondrial fission refers to the process whereby a single
mitochondrion divides into two smaller daughter mitochondria.
This process is crucial for maintaining mtDNA integrity and
membrane potential stability. Mitochondrial fission enables the
segregation  of

segments carrying mutated mtDNA and

depolarised membrane structures into specific daughter
mitochondria. Abnormal mitochondria are subsequently cleared
via the ubiquitin-proteasome system or mitochondrial autophagy,
thereby preserving mitochondrial functionality (Quintana-Cabrera
2023).

mitochondrial fission is dynamin-related protein 1 (DRPI).

and  Scorrano, The core regulatory molecule for
Beyond mediating fission, it also participates in regulating
osteoclast differentiation by influencing the formation of actin

rings on the osteoclast surface.
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Mitochondrial fission is crucial for maintaining the stem cell
characteristics of BMSCs. Inhibition of this process leads to reduced
expression of BMSC-specific surface markers and significantly
diminishes their multipotent differentiation potential (Ren et al.,
2020). Research by Wang et al. (2024b) revealed that high-salinity
environments induce upregulation of DRP1 expression, leading to
excessive mitochondrial fission that disrupts normal mitochondrial
morphology and function. This inhibits activation of the canonical
Wnt signalling pathway, significantly impairing the osteogenic
differentiation capacity of BMSCs and ultimately resulting in
bone loss in mice. The study further revealed that exosomes can
restore the osteogenic capacity of damaged BMSCs by transferring
healthy mtDNA, offering a novel approach for bone regeneration.
Abnormal mitochondrial fission is closely associated with tissue
calcification, and multiple studies confirm that targeted inhibition of
DRP1 can improve calcification pathology. Chen et al. (2020)
demonstrated that melatonin suppresses vascular calcification by
inhibiting mitochondrial fission through activation of the AMPK/
DRP1 (2017)
demonstrated that DRP1 inhibition reduces vascular calcification

signalling pathway. Rogers et al similarly
under conditions of collagen secretion and oxidative stress. These
studies collectively indicate that DRP1 inhibition effectively
mitigates vascular calcification. As a key target regulating
calcification, DRP1 inhibitors or modulators hold potential for
improving vascular calcification or abnormal bone matrix
calcification that may accompany bone defect repair.

3.3 Mitochondrial autophagy

Mitochondrial autophagy is a receptor-mediated selective
autophagy process whose core function is the targeted clearance
of damaged or dysfunctional mitochondria in response to metabolic
stresses such as inflaimmation, hypoxia, genotoxicity, and
malnutrition (Wang et al., 2020). Impairment of mitochondrial
autophagy leads to substantial

mitochondria and ROS, subsequently inhibiting osteogenesis and

accumulation of damaged

exacerbating bone resorption (Wang et al., 2023; Pays, 2025). Thus,
maintaining mitochondrial homeostasis and cellular energy
metabolism equilibrium through mitochondrial autophagy creates
favourable conditions for bone defect repair.

The functional activity of BMSCs is intrinsically linked to
autophagy, primarily regulating bone tissue repair and
regeneration via two mechanisms (Ceccariglia et al., 2020): On
one hand, autophagy safeguards mitochondrial oxidative
phosphorylation by eliminating damaged mitochondria and excess
ROS, thereby promoting the directed differentiation of BMSCs into
osteoblasts. On the other hand, BMSCs modulate the autophagic
capacity of immune cells, mitigating local inflammatory responses
and furnishing a suitable microenvironment for bone regeneration.
Research by An et al. (2018) indicates that autophagy regulates the
paracrine function of BMSCs. Following autophagy enhancement via
rapamycin or inhibition via si-Beclinl, it was observed that increased
autophagy significantly elevated BMSCs secretion of vascular
endothelial growth factor (VEGF). VEGF, in turn, promotes
angiogenesis by activating the MAPK/ERK signalling pathway,
thereby indirectly supplying nutrients and oxygen to the bone

defect site and aiding the bone repair process.

frontiersin.org


https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org
https://doi.org/10.3389/fbioe.2026.1763027

Hu et al.

As the core cells of bone formation, the survival and function of
osteoblasts depend on the precise regulation of mitochondrial

autophagy. Research indicates that autophagy levels are
significantly ~upregulated during osteoblast differentiation.
Appropriate levels of autophagy maintain mitochondrial

functional homeostasis, thereby safeguarding osteoblast survival

and core functions such as bone matrix synthesis and
mineralisation (Wang et al, 2023). Mitochondrial autophagy
positively regulates osteoblast proliferation and differentiation
through multiple signalling pathways including SIRT1, PINKI,
FOXO03, and PI3K (Wang et al.,, 2020). Furthermore, inhibiting
autophagy elevates intracellular oxidative stress levels, not only
suppressing osteoblast differentiation but also inducing apoptosis.
Conversely, promoting autophagy effectively scavenges ROS and
rescues cells from apoptosis, thereby preserving osteoblast activity

(Yang et al,, 2014).

3.4 Mitochondrial transport

Mitochondrial transport refers to the biological process whereby
mitochondria move directionally within a single cell along the
cytoskeleton, or transfer between different cells via intercellular
contacts, secretion, and other mechanisms (Brestoff et al., 2025).
This process is central to the cell’s allocation of mitochondria
according to local energy demands and maintenance of regional
functional homeostasis. Intracellular mitochondrial transport
primarily relies on the microtubule system as its ‘track’,
coordinated by a series of proteins: transport-associated proteins
such as TRAK1 and KIF5B bind to mitochondrial Rho GTPase 1
(MIRO1) on the mitochondrial membrane, forming functional
complexes that guide mitochondria along microtubules in a
directed manner (Ding et al., 2025).

MIROL!1 is a core protein in the mitochondrial transport
mechanism and an essential molecule mediating mitochondrial
transport (Castro et al.,, 2018). In the study by Liao et al. (2024):
conditional knockout of the Rhotl gene encoding MIROL1 in
osteoblasts revealed significant reductions in mitochondrial
number, translocation rate, the area ratio of mitochondria to
trans-cortical vessels (TCV), and the number of TCV branches.
Furthermore,the study confirmed that vascular endothelial cells
acquiring mitochondria from osteoblasts effectively restored
endothelial dysfunction. This manifested as enhanced OXPHOS
activity, reduced ROS production, and improved angiogenic
capacity, ultimately promoting healing of cortical bone defects.
These findings indicate that MIROI1-mediated mitochondrial
transfer from osteoblasts to vascular endothelial cells plays a
crucial role in maintaining TCV vascularisation and establishing
the blood supply microenvironment essential for bone repair,
demonstrating potential value in promoting bone regeneration.

Recent studies have demonstrated that mitochondrial transfer
occurs among osteoblasts, osteoclasts, and BMSCs. This process is
mediated by either cell-cell contact or exosomes, and exerts a
synergistic regulatory role in bone defect repair (Liu et al., 2020;
Zhang M. et al, 2022; Liao et al.,, 2024; Zeng et al., 2025). For
instance, mitochondria derived from BMSCs can be transferred to
functionally impaired osteoblasts via exosomes, restoring their
oxidative phosphorylation activity and mineralization capacity.
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Meanwhile, mitochondria released by osteoblasts can be
internalized by osteoclasts, and inhibit excessive bone resorption
through modulating the intracellular ROS levels. Such directional
intercellular mitochondrial trafficking constructs a functional
synergy network among distinct cell populations within the bone
repair microenvironment, thereby providing an efficient regulatory
pathway for bone regeneration. Additionally, mitochondrial transfer
between neurons and BMSCs can enhance the nerve-bone crosstalk,
which further improves the bone regeneration efficiency of critical-
sized defects. These findings collectively highlight the crucial role of
mitochondrial trafficking in multi-system coordinated bone repair.

Extensive research confirms that imbalances in mitochondrial
dynamics—encompassing  fusion, fission, autophagy, and
transport—constitute a critical pathological link in numerous
bone-related disorders. By precisely regulating energy metabolism,
oxidative stress levels, and signalling pathway activation within bone
cells, mitochondrial dynamics directly influences the functional
activity of core cells such as osteoblasts, osteoclasts, and BMSCs,
thereby determining the efficiency of bone defect repair. Current
research indicates that mitochondrial-targeting biomaterials offer
novel strategies for bone defect repair by restoring mitochondrial
while
differentiation. However, the precise molecular mechanisms by
which  mitochondrial ~dynamics processes—particularly the

coordination of fusion and fission, and the coupling of transport

morphology and function promoting  osteogenic

and autophagy—regulate osteogenic differentiation remain unclear
and warrant further investigation.

4 Synergistic role of the neuro-
vascular-muscular axis and
mitochondrial regulation in bone
defect repair

Bone defect repair constitutes a complex pathophysiological
process involving multiple systems, wherein the nervous, vascular,
and muscular systems form a synergistic network through their
respective functional characteristics to jointly regulate the bone
regeneration process. Mitochondria, serving as the core regulatory
hub of cellular function, participate in the coordinated regulation of the
neuro-vascular-muscular axis through multidimensional actions,
thereby facilitating bone defect repair: Firstly, by maintaining
mitochondrial homeostasis and energy supply in neurons, ensuring
normal transmission of neural signals; Secondly, by enhancing
oxidative phosphorylation activity in vascular endothelial cells and
regulating VEGF secretion to promote angiogenesis; Thirdly, by
improving mitochondrial function in myogenic stem cells, thereby
enhancing their proliferation and differentiation potential. These
theoretical
mitochondrial-targeted adjuvant therapies in bone defect repair.

mechanisms ~ provide  crucial foundations  for

4.1 Neurons

As a highly innervated organ, bone harbours intricate functional
interactions between its intrinsic nerve fibres and skeletal cells such
as osteoblasts and osteoclasts (Sun W. et al., 2023). Neural tissue
skeletal homeostasis

maintains through  multidimensional
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mechanisms: regulating local blood flow within bone tissue,
precisely modulating bone metabolic equilibrium, secreting
the
proliferation and differentiation of stem cells including BMSCs

neurotransmitters and neuropeptides, and controlling
(Zhang Z. et al, 2022). During the early stages of bone defect
repair, nerve regeneration frequently initiates prior to bone
regeneration, rendering the bone repair process markedly neuro-
dependent. Chen et al. (2019) demonstrated that knocking out the
prostaglandin E2 receptor 4 (EP4) gene in sensory nerves resulted in
significantly reduced bone mass and markedly diminished
osteoblast numbers in adult mice. Furthermore, research by Xia
et al. (2021) demonstrated that EVs released from hippocampal
neurons following traumatic brain injury can carry miR-328a-3p
and miR-150-5p to target bone progenitor cells, directly stimulating
osteogenic pathways and promoting bone formation. These studies
indicate that neurogenic factors can regulate bone regeneration and
maintain bone homeostasis by targeting distinct bone metabolism-
related cells or organs.

Nerve growth factor (NGF) and its receptor p75 constitute one of
the core regulatory pathways governing bone formation and

metabolism. This signalling pathway promotes osteocyte
migration, proliferation, and differentiation by activating
downstream  signalling molecules. Deficiency in NGF-p75

signalling leads to impaired sensory innervation of bone tissue,
delayed local vascularisation, reduced numbers of bone progenitor
cells, and skeletal developmental disorders (Xu et al, 2022),
ultimately ~ potentially affecting bone healing. Moreover,
neuropeptides such as calcitonin gene-related peptide (CGRP),
substance P (SP), vasoactive intestinal peptide (VIP), and
neuropeptide Y (NPY) participate in bone formation and
metabolism by binding to specific receptors on osteocyte surfaces
(Sun W. et al, 2023). Additionally, these neuropeptides indirectly
promote bone regeneration by regulating angiogenesis and the
activity of immune cells.

The morphogenesis, functional maintenance, and repair of
neuronal damage are highly dependent on mitochondrial function.
Mitochondria safeguard neural function through the following
mechanisms, thereby indirectly supporting the neurodependence of
bone repair. Mitochondria dynamically adjust their morphology and
activity according to the spatial and temporal demands of neurons,
providing both energy and structural support for neuronal function.
Established research confirms that mitochondrial dysfunction
constitutes a significant precipitating factor in neurodegenerative
diseases. Mitochondrial homeostasis and energy metabolism
represent pivotal regulatory elements in damaged neuronal repair,
serving as core regulatory hubs for neuronal responses to injury
(Garone et al., 2024). Furthermore, maintaining normal Ca*" levels
is essential for proper neural signal transmission (Rosenberg and
Spitzer, 2011). Mitochondria regulate Ca®* concentrations between
the cytoplasm and mitochondrial matrix through mechanisms such as
the mitochondrial calcium uncoupling protein (MCU), preventing
neuronal damage from abnormal Ca® accumulation and ensuring
stable neural signal transmission. The directed transport of
provides the energy

foundation for axonal regeneration. Damaged neurons enhance

mitochondria within neuronal axons

mitochondrial mobility towards injured axonal sites, supplying

ample ATP to facilitate axonal regrowth and promote functional
recovery of injured neurons (Zhou et al., 2016).
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4.2 Blood vessels

Blood vessels are extensively distributed throughout bone tissue.
The growth of blood vessels and the establishment of vascular
networks facilitate the transport of oxygen, nutrients, and
immune cells to sites of bone defects, forming a prerequisite for
bone defect repair (Sadeghsoltani et al., 2024). As a complex process
involving multicellular cooperation, angiogenesis is closely linked to
mitochondrial function. Mitochondria not only supply energy to
endothelial cells but also regulate their metabolism through
associated proteins and signalling molecules (Luo et al, 2023).
ROS  signalling molecules produced by
stabilise HIF-la, thereby inducing VEGF
production (Reichard and Asosingh, 2019). This subsequently
promotes  endothelial
angiogenesis,

Furthermore,
mitochondria

and
of

cell migration, proliferation,

the
vascularisation and the outcome of bone defect repair.

ultimately  influencing efficiency

TCV constitute a distinct category of capillaries originating from
the bone marrow and composed of endothelial cells spanning the
cortical bone (Griineboom et al, 2019). By connecting the
periosteum and periosteum, they provide a crucial foundation for
cellular communication and material exchange. As demonstrated by
Liao et al. (2024), osteoblasts maintain the structural and functional
homeostasis of the TCV network by transferring mitochondria to
cortical bone endothelial cells. Further mechanistic studies suggest
that osteocyte-derived mitochondria may regulate endothelial
proliferation by enhancing the sphingosine signalling pathway.
mitochondrial ~ transfer

Collectively, osteocyte-to-endothelial

maintains endothelial function through multiple pathways:

mitigating oxidative stress damage, promoting endothelial

proliferation and migration, and enhancing vasculogenesis

capacity. This ultimately supports bone regeneration by
sustaining TCV homeostasis. Wang et al. (2024a) isolated
mitochondria from BMSCs and transplanted them into BMSCs
in a co-culture system, successfully establishing a “BMSCs-
mitochondria (BMSCs-mito) system”. Results demonstrated that
the transplanted system significantly promoted functional vascular
network formation defect

Mechanistically, mitochondrial transplantation was found to

and accelerated bone healing.
enhance vascular endothelial cell synergy by activating the DLL4-
Notchl signalling pathway, offering a novel strategy for bone repair.
Further corroborating the broad restorative value of mitochondrial
transplantation, research by Levoux et al. (2021) demonstrated its
efficacy not only in promoting wound healing and muscle repair but
also in enhancing the angiogenic potential of endothelial cells under
ischaemic conditions. This provides theoretical support for treating
ischaemic bone defects, such as diabetic non-union. Collectively,
these findings indicate that mitochondrial transplantation, as an
emerging therapeutic approach, holds considerable promise for
application in the field of bone repair.

4.3 Muscle

The functional synergy between bone and muscle extends

beyond mechanical coupling to form a profoundly

interconnected regulatory network via molecular signalling
pathways. As the core hub for musculoskeletal coordinated
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TABLE 2 Regulation of bone metabolism by myokines: mechanisms and contexts.

Myokine Primary inducers of secretion Molecular mechanisms in osteoblasts

Irisin Exercise Activates integrin receptors (e.g., aV/p5), leading to the activation of the
canonical Wnt/B-catenin pathway, promoting osteogenic differentiation.
Concurrently inhibits osteoclastogenesis

IGF-1 Exercise, mechanical loading Binds to IGF-1R, activating PI3K/Akt/mTOR and MAPK/ERK pathways to
stimulate osteoblast proliferation, differentiation, survival, and bone matrix
synthesis

BDNF Exercise Signals through the TrkB receptor, activating PI3K/Akt and MAPK/ERK
pathways to promote osteoblast differentiation, mineralization, and cell
survival

IL-11 Muscle contraction Signals through the GP130/JAK/STAT3 pathway to upregulate osteogenic

master regulators (e.g., Runx2)

FGF-2 (bFGF) Exercise, muscle injury

Binds to FGFRI, primarily stimulating the MAPK/ERK pathway to induce
potent proliferation of osteoprogenitor cells, crucial for bone repair

Myostatin (GDF-8) Muscle atrophy, disuse, aging

Signals through ActRIIB, inducing Smad2/3 phosphorylation to
transcriptionally repress osteogenic genes (e.g., Runx2). Promotes RANKL

expression
TNF-a Chronic, Inflammation, aging Activates NF-kB signaling, which inhibits the Wnt/B-catenin pathway.
Induces osteoblast apoptosis and stimulates osteoclastogenesis via RANKL.
IL-6 Acute: Exercise Acute: Mild anabolic effects via MAPK/ERK. Chronic: Sustained signaling
Chronic: Inflammation, aging via JAK/STAT3 and NF-«B stimulates RANKL production, promoting
osteoclastogenesis
FGF-21 Exercise, Fasting, metabolic stress Physiological: Metabolic regulation. Pathological: Chronic elevation

repair, mitochondria maintain muscle energy metabolism and the
secretion of myokines. Once mitochondrial function is impaired, it
leads to a reduction in muscle ATP production, a decrease in
myokines levels, and a decline in osteogenic markers.

As a functional endocrine organ, muscle secretes multiple
myokines (Table 2), which modulate bone metabolic homeostasis
by targeting bone tissue cells (Kim, 2022). Concurrently, muscle-
derived stem cells (MDSCs), serving as a primary source of bone
progenitor cells, can differentiate directionally into chondrocytes
and osteoblasts, directly participating in bone defect repair processes
(Shah et al., 2013). However, in cases of fractures accompanied by
extensive muscle injury, bone defect repair remains suboptimal even
with intervention by osteogenic regulators such as BMP-2,
frequently inducing complications that lead to poor prognosis
(Borok et al, 2020). Moreover, with advancing age or disease
impact, mitochondrial autophagy function within skeletal muscle
may become impaired, leading to the accumulation of dysfunctional
mitochondria. This not only compromises muscle contraction and
secretory  functions but also indirectly disrupts the
microenvironment for bone defect repair.

5 Outlook, perspective, and conclusion

There exists an intricate relationship between mitochondria and
bone defect repair. This paper systematically examines the
mechanisms by which mitochondria influence bone defect repair,
addressing three key aspects: mitochondrial function, mitochondrial
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increases RANKL/OPG ratio and may inhibit differentiation (e.g., Osterix
suppression)

dynamics, and the interplay between mitochondria and tissues.
Mitochondria promote bone tissue repair by regulating cells
(such as bone marrow mesenchymal cells, osteoblasts, and
osteoclasts), nerves, muscles, and angiogenesis. Increasing
evidence indicates that mitochondrial structural and functional
impairments constitute key factors in disorders such as impaired
bone osteoarthritis,

repair, osteoporosis,

Consequently,

and osteogenesis
imperfecta. mitochondrial-targeted  therapeutic
strategies have emerged. By restoring mitochondrial structure
and function, these approaches regulate bone homeostasis, laying
the groundwork for clinical interventions in bone defect repair.
Nevertheless, the precise molecular mechanisms underpinning
mitochondrial promotion of bone repair remain incompletely
understood, with relatively limited research in this area.
Deepening our understanding of the relationship between
mitochondria and bone repair will not only shed light on the
intrinsic mechanisms of bone defect repair but also provide
crucial evidence for developing novel therapeutic drugs and
treatment approaches. Future research should focus on the
signalling pathways and metabolic regulatory mechanisms of
mitochondria in bone repair, aiming to deliver safer and more
effective solutions for clinical treatment.
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Glossary

ATP Adenosine Triphosphate

ADP Adenosine Diphosphate

OXPHOS Oxidative Phosphorylation

ROS Reactive Oxygen Species

BMSCs Bone Marrow Mesenchymal Stem Cells

NAD* Nicotinamide Adenine Dinucleotide

NADH Nicotinamide Adenine Dinucleotide

FADH, Flavin Adenine Dinucleotide

TAC Tricarboxylic Acid Cycle

AY Mitochondrial Membrane Potential

Apaf-1 Apoptotic Protease Activating Factor 1

Caspase Family Cysteine Aspartate Specific Protease Family

BAX BCL2-Associated X Protein

VDAC Voltage-Dependent Anion Channel

Hsp60 Heat Shock Protein 60

p38 P38 Mitogen-Activated Protein Kinase

MK2 MAPK-Activated Protein Kinase 2

IKKa/ IkB Kinase a/y/p

IKKy/IKKB

IxB Inhibitor of NF-«xB

NF-«xB Nuclear Factor Kappa-Light-Chain-Enhancer of
Activated B Cells

Cyt C Cytochrome C

Bdl-2 B-Cell Lymphoma 2

GPX4 Glutathione Peroxidase 4

RLR RIG-I-Like Receptors

MAVS Mitochondrial Antiviral Signaling Protein

TRAF Tumor Necrosis Factor Receptor-Associated Factor

IRF-3 Interferon Regulatory Factor 3

mtDNA Mitochondrial DNA

TLRY Toll-Like Receptor 9

NLRP3 NOD-Like Receptor Pyrin Domain-Containing Protein 3

GSDMD Gasdermin D

IFN-a/f Interferon a/p

IL-1p/18 Interleukin-1p/18

TNF-a Tumor Necrosis Factor a

DRP1 Dynamin-Related Protein 1

MEN1/2 Mitofusin 1/2

FIS1 Mitochondrial Fission 1 Protein

OPA1l Optic Atrophy 1
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