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A B S T R A C T

Tendinopathy is a prevalent aging-related disorder characterized by pain, swelling, and impaired function, often 
resulting from micro-scarring and degeneration caused by overuse or trauma. Current interventions for ten-
dinopathy have limited efficacy, highlighting the need for innovative therapies. Mitochondria play an under-
appreciated and yet crucial role in tenocytes function, including energy production, redox homeostasis, 
autophagy, and calcium regulation. Abnormalities in mitochondrial function may lead to cellular senescence. 
Within this context, this review provides an overview of the physiological functions of mitochondria in tendons 
and presents current insights into mitochondrial dysfunction in tendinopathy. It also proposes potential thera-
peutic strategies that focus on targeting mitochondrial health in tenocytes. These strategies include: (1) utilizing 
reactive oxygen species (ROS) scavengers to mitigate the detrimental effects of aberrant mitochondria, (2) 
employing mitochondria-protecting agents to reduce the production of dysfunctional mitochondria, and (3) 
supplementing with exogenous normal mitochondria. In conclusion, mitochondria-targeted therapies hold great 
promise for restoring mitochondrial function and improving outcomes in patients with tendinopathy.

The translational potential of this article: Tendinopathy is challenging to treat effectively due to its poorly 
understood pathogenesis. This review thoroughly analyzes the role of mitochondria in tenocytes and proposes 
potential strategies for the mitochondrial treatment of tendinopathy. These findings establish a theoretical basis 
for future research and the clinical translation of mitochondrial therapy for tendinopathy.

1. Introduction

Tendons connect muscles and bones, and function in conveying 
muscle-generated contractile force unto the skeletal framework for 
facilitating body movement [1,2]. These anatomical entities primarily 
comprise meticulously arrayed strands of collagen fibers with a finite 
complement of cellular entities. The high density of collagen fibers 
significantly contributes to the tendon’s exceptional mechanical 
robustness [3]. It is widely recognized that aging is a major risk factor 
for the development of tendinopathy, which acts as diffused or localized 
edema, pain, compromised structural soundness of tissue, and hindered 

physical prowess [4]. Tendinopathy is characterized by distortions in 
the microstructural composition and cellular constituency of tendon [3]. 
Research suggests that the pervasiveness of tendinopathy in the lower 
extremities could attain an incidence as elevated as 10.52 per thousand 
individuals [5].

Rehabilitation strategies for managing tendinopathy encompass 
various approaches, which can be broadly categorized into two modal-
ities: passive and active. Passive modalities include pharmacotherapy 
[6], injection therapy [7], orthosis [8], extracorporeal shock wave 
therapy [9], therapeutic ultrasound [10], and low-level laser [11]. On 
the other hand, active modalities comprise tendon loading exercises 
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[12], patient education, and load management [13]. When non-surgical 
treatments fail for tendinopathy, surgical intervention is required. The 
aim of tendon surgery is to promote regenerative healing by initiating 
repair processes in the matrix environment. Surgical procedures involve 
excising degenerated tendons, removing peritendinous adhesions, and 
performing tendon decompression and/or multiple longitudinal tenot-
omies [13]. Recent years have seen the exploration of novel treatments 
such as gene therapy [14] and stem cell therapy [15,16] for tendinop-
athy. Despite the array of available treatment options, the effectiveness 
of tendinopathy interventions remains unsatisfactory [6]. Certain pa-
tients continue to experience persistent pain even following treatment, 
significantly compromising their quality of life and imposing substantial 
economic burdens [3].

Mitochondria represent indispensable organelles accountable for 
energy metabolism within eukaryotic cells, assuming a pivotal re-
sponsibility in sustaining vital life processes [17]. Apart from adenosine 
triphosphate (ATP) generation through nutrient sources, mitochondria 
also orchestrate fundamental processes such as apoptosis [18], cell 
signaling [19], calcium homeostasis [20], innate immunity [21], and 
phospholipid synthesis [22]. Recent studies have advanced our under-
standing and recognition of the pivotal role that mitochondrial 
dysfunction plays in various human pathologies [23]. An increasing 
number of studies have indicated the significance of mitochondrial 
function in the aging process [24]. Restoring mitochondrial function in 
senescent cells proves to be an effective therapeutic approach for 
ameliorating aging-related diseases [25]. Consequently, preserving 
optimal mitochondrial function emerges as an imperative prerequisite 
for safeguarding cellular and organismal well-being [26].

Mitochondria play a crucial role in facilitating the proliferation and 
differentiation of stem cells [27]. Within the context of chronic 
inflammation, malfunctioning mitochondria can detrimentally affect 
both the differentiation and functionality of mesenchymal stem cells 
(MSCs). Consequently, the restoration of proper mitochondrial and MSC 
functionality emerges as a promising therapeutic avenue for mitigating 
the progression of diseases [28]. Notably, tendon stem/progenitor cells 
(TSPCs) represent pivotal entities in tendon regeneration and repair 
processes [29,30]. The senescence of TSPCs is associated with degen-
erative tendinopathy [31]. Exploring the intricate interplay between 
TSPC mitochondrial function and the manifestation of tendinopathy as a 
promising realm of investigation. This comprehensive review delineates 
the significant role of mitochondria in tendinopathy, elucidates the 
mechanisms through which mitochondrial destabilization contributes to 
tendinopathy, and provides insights into mitochondria-targeted thera-
peutic alternatives for alleviating tendinopathy.

2. The role of mitochondria in tenocytes

A growing body of evidence suggested the pivotal role played by 
mitochondria in the physiology of tenocytes [32]. Mitochondria within 
tenocytes fulfill diverse functions, including ATP production, regulation 
of redox status, engagement in mitophagy, and preservation of calcium 
homeostasis. Maintaining proper mitochondrial physiology stands as a 
prerequisite for cellular viability. Additionally, the normative physio-
logical operation of mitochondria holds indispensable importance in 
upholding the internal organismal equilibrium [33]. Tenocytes, when 
exposed to stress and metabolic fluctuations, can modulate the structure, 
quantity, and function of their mitochondria in response [34]. The 
instability of mitochondrial homeostasis can lead to a reduction in ATP 
production, excessive oxidative stress, and subsequent cell death, as well 
as a range of abnormal cellular processes. Consequently, unraveling the 
precise mechanisms governing mitochondrial activities and their intri-
cate links to tendon ailments assumes paramount significance. This 
endeavor facilitates a comprehensive comprehension of tendon disorder 
etiology and the formulation of tailored, precision-oriented remedies 
(Fig. 1).

2.1. Energy production

Mitochondria serve as the principal energy source in eukaryotic cells, 
accounting for 90% of cellular energy supply [35]. They assume a 
pivotal function in upholding intracellular homeostasis, cellular opera-
tion, and the regulation of cell viability [36]. Substantial evidence has 
emerged connecting mitochondrial dysfunction to a range of degener-
ative disorders, encompassing lung diseases, cardiomyopathies, and 
brain injuries [37–40]. Given its association with the aging process, the 
significance of mitochondria in tendinopathy becomes undeniable [41].

Oxidative phosphorylation (OXPHOS) assumes a pivotal function in 
the synthesis of ATP and the provision of energy [42,43]. Enzyme 
complexes housed in the inner mitochondrial membrane (IMM) partic-
ipate in electron transfer within the respiratory chain [44]. ATP syn-
thesis occurs through the conversion of adenosine diphosphate (ADP) to 
ATP by ATP synthase, located at the end of the electron transport chain 
(ETC) [45]. Synergistic interactions between respiratory chain com-
plexes during the OXPHOS process generate ATP, which serves as an 
energy source for cells. Tendons, characterized by avascularity and lack 
of innervation, contain tenocytes within a relatively hypoxic extracel-
lular matrix [46]. Studies have convincingly showcased the indispens-
able role of OXPHOS in the energy metabolism of tenocytes [47]. 
Mitochondrial dysfunction possesses the potential to disrupt the equi-
librium between glycolysis and oxidative phosphorylation, precipitating 
a substantial reduction in ATP generation within tenocytes [48]. 
Impaired ATP synthesis in tenocytes could potentially exert a ripple 
effect on the production of extracellular proteins and undermine matrix 
stability, ultimately contributing to the genesis of tendon disorders [28].

2.2. Redox regulation

Reactive oxygen species (ROS) encompass a cluster of reactive 

Figure 1. Mitochondrial-associated induction of tendinopathy. Multiple 
intrinsic and extrinsic factors can damage tenocyte mitochondria to perturb cell 
metabolism and cause tendinopathy via decreased levels of adenosine 
triphosphate (ATP) levels, increased levels of mitochondrial reactive oxygen 
species (mtROS), decreased mitophagy, calcium imbalance, and decreased 
levels of mitochondrial biogenesis. Reduced mitochondrial adenosine triphos-
phate (ATP) production capacity leads to inadequate energy supply. Also, 
elevated levels of mtROS disrupt normal mitochondrial function and accelerate 
apoptosis. Impaired mitophagy impedes the removal of abnormal mitochon-
dria, while increased inward flow of mitochondrial calcium ions results in 
elevated oxidative stress levels within the cells. Furthermore, decreased mito-
chondrial biogenesis hinders the renewal process. These mitochondria-related 
factors collectively contribute to the development of tendinopathy.
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molecules intricately involved in diverse biological processes that 
contribute to the etiology of tendinopathy [3]. Within tenocytes, mito-
chondria constitute the principal wellspring of ROS generation [49]. 
ETC can yield ROS via proton leakage, commonly termed as mtROS [50,
51]. Incomplete oxidative phosphorylation in mitochondria, as well as 
the involvement of NADPH oxidase and xanthine oxidase, are significant 
sources of ROS production [52]. Significantly, mitochondrial electron 
transfer stands out as a physiologically substantial process propelling 
ROS production [53]. Ordinarily, oxygen molecules accept electrons 
relayed by the respiratory chain, resulting in their reduction and 
consequent water molecule formation. However, sites of instability 
within the ETC, exemplified by Fe-S clusters, flavins, or quinones, can 
trigger single-electron oxidation due to proximate oxygen molecules. 
This phenomenon culminates in the genesis of superoxide anion (O2-) 
radicals during the course of mitochondrial electron transport. Sponta-
neous or enzymatic decomposition of O2- produces hydrogen peroxide 
(H2O2), further promoting the generation of hydroxyl radicals (•OH) 
[54].

ROS have conventionally been perceived as agents that induce 
cellular dysfunction and contribute to pathological processes by 
inflicting oxidative harm upon intracellular constituents [55]. None-
theless, contemporary investigations have unveiled a paradigm shift, 
elucidating that modest ROS concentrations play an indispensable and 
advantageous role in sustaining fundamental cellular functions 
including but not limited to proliferation, differentiation, and survival. 
Notably, stem cells exemplify this phenomenon, characterized by low 
ROS levels that escalate upon differentiation. This increment in ROS 
content actively contributes to the initiation of transcriptional mecha-
nisms governing the modulation of gene expression patterns [56].

Mitochondria harbor an adept antioxidant defense system, meticu-
lously preserving comparatively modest levels of ROS. Within typical 
tenocytes, only a fraction of the ROS generated by mitochondria is 
released into the cytoplasm. ROS additionally engage in intricate in-
teractions with various mitochondrial components, impeding the escape 
of mitochondrial ROS (mtROS). The superoxide scavenging system en-
compasses vital entities like superoxide dismutase (SOD), cytochrome c, 
α-tocopherol or α-tocopherol radical, and ionic ligands. H2O2 functions 
as a less reactive yet pivotal mediator of redox signaling. Nevertheless, 
an excessive H2O2 yield can culminate in oxidative damage to proteins, 
lipids, and DNA. The quenching of H2O2 hinges on glutathione peroxi-
dase, leveraging reduced glutathione for the breakdown of H2O2 [53]. 
Moreover, mitochondria possess the capability to neutralize ROS 
generated by alternative cellular sources, encompassing cytoplasmic 
enzymes and diverse oxidative enzymes [54]. In specific pathological 
conditions, such as ischemia-reperfusion, the mitochondrial antioxidant 
defense system further endeavors to eliminate excess O2 and H2O2 [57].

Furthermore, mitochondria, replete with DNA, proteins, and lipids, 
are susceptible to assault by mtROS [58]. Heightened mtROS levels 
correlate with an elevated susceptibility to mtDNA mutations, compro-
mised ATP synthesis, and ensuing mitochondrial malfunction [59]. The 
mitochondrial theory of aging posits mitochondria as pivotal sources 
and targets of oxygen radicals, intricately intertwined with the aging 
trajectory. Escalated ROS levels instigate mtDNA impairment, thereby 
fostering mutations in mitochondrial proteins, ultimately escalating the 
generation of oxygen radicals [60,61].

2.3. Mitophagy

Mitophagy plays a crucial role in coordinating the apoptosis of 
dysfunctional cells, and its significance is particularly prominent in 
challenging cellular repair environments. This degradation process in-
volves the enclosure of mitochondria within double-membrane struc-
tures known as autophagosomes, followed by their fusion with 
lysosomes for organelle breakdown [62]. The activation of autophagy 
bestows a protective influence upon tenocytes, underscoring the pivotal 
contribution of mitophagy to cell survival [63,64]. Given their pivotal 

role in aerobic respiration and cellular energy provisioning, mitochon-
dria remain susceptible to impairment. Impaired mitochondria are 
immobilized within bilayer membrane structures and fuse with lyso-
somes, culminating in the formation of autophagosomes that are sub-
sequently broken down by enzymes [65]. The genesis of mitochondrial 
autophagosomes constitutes a critical juncture within 
mitochondria-mediated autophagy, facilitating the expeditious removal 
of damaged or surplus mitochondria. This autophagic process allows for 
the continuation of normal cellular functions and intracellular homeo-
stasis [66].

Mitophagy can be categorized into three types: proteins situated 
within the outer mitochondrial membrane (OMM), lipid moieties of the 
OMM, and those linked with ubiquitinated mitochondrial proteins [33]. 
Among the extensively studied mitochondrial autophagic pathways are 
those orchestrated by phosphatase and tensin homolog-induced Parkin 
and kinase 1 (PINK1) [67]. Under physiological circumstances, mito-
chondrial processing peptidase cleaves PINK1, releasing it into the 
cytoplasm [68]. The resulting PINK1 fragment directly binds to the E3 
ubiquitin ligase Parkin, impeding its relocation and stabilization within 
the OMM. This interaction acts as a suppressor of mitophagy [69]. 
However, upon disruption of the mitochondrial membrane potential 
(ΔΨm), PINK1 undergoes activation and localizes to the OMM, subse-
quently enlisting and activating Parkin. Parkin selectively recruits 
autophagy receptors to instigate mitophagy [70]. An additional auto-
phagy marker, outer mitochondrial membrane 20 translocase 
(TOMM20), is subject to degradation during the autophagic process 
[71]. Parkin and TOMM20 exhibit affirmative and negative associations 
with mitophagy, respectively [72]. Furthermore, when mitochondria 
are compromised, lipids located in the OMM interact with lipidated LC3 
(LC3-II), triggering mitophagy [73].

Recent studies have revealed that mitochondrial Ca2+ functions as a 
potential specific signal governing mitophagy. Mitochondrial AMPK- 
dependent mechanisms can enhance mitochondrial Ca2+ uptake, 
thereby attenuating excessive autophagy flux [74]. Consequently, the 
regulation of mitophagy is partially contingent upon the modulation of 
mitochondrial Ca2+ levels. Moreover, an overabundance of ROS can also 
precipitate mitophagy. Excess ROS triggers the disintegration of 
oxidized mtDNA through autolysis enzymes orchestrated by DNase II in 
vivo. Oxidative harm can disrupt mitophagy, contributing to the release 
of oxidized mtDNA, thereby potentially triggering inflammatory 
signaling [75].

Moreover, the dynamic processes of mitochondrial fusion and fission 
tightly intertwine with mitophagy. Through the fission and ejection of 
impaired mitochondria from elongated counterparts, cells uphold the 
integrity of its function and structure, sequestering the damaged or-
ganelles within autophagosomes for subsequent degradation [76].

However, mitophagy is a dual-faceted mechanism. It comes into play 
when oxidative stress damage exceeds the threshold of IMM potential, 
leading to the disposal of dysfunctional mitochondria through this 
autophagic process. While this action clears impaired mitochondria and 
safeguards cells against apoptosis, excessive mitophagy may result in the 
depletion of vital cellular constituents and eventual cell death.

2.4. Calcium homeostasis

Calcium homeostasis holds pivotal significance in cellular meta-
bolism within the realm of medical science. Calcium-mediated signaling, 
particularly in the context of ATP synthesis regulation, assumes a critical 
role in mitochondrial operations. Elevated mitochondrial Ca2+ levels 
culminate in cell death, whereas diminished calcium ion concentrations 
disrupt cellular energy metabolism [77,78]. Ordinarily, Ca2+ is released 
from the endoplasmic reticulum (ER) and subsequently shuttled to the 
mitochondrial matrix. Within this matrix, Ca2+ activates the TCA cycle, 
thereby stimulating ATP production [79]. Overabundant Ca2+ causes 
mitochondrial calcium overload, triggering the mitochondrial perme-
ability transition pore (PTP) opening, and ensuing tenocytes apoptosis 
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[80]. Conversely, Ca2+ deficiency can impede ATP generation and 
disrupt metabolic processes. Moreover, Ca2+ serves as a stimulus for 
mitochondrial enzymes that modulate TCA cycle. Dysregulation of 
mitochondrial Ca2+ diminishes ATP production and influences 
ATP-related metabolic activities [78]. While the mechanism trans-
duction of Ca2+ might be intertwined with mitochondrial polarization or 
depolarization, elucidating the precise mechanism necessitates further 
exploration [81].

The regulation of calcium homeostasis by mitochondria involves the 
mitochondria-associated endoplasmic reticulum membranes (MAMs), 
which facilitate the transport and regulation of Ca2+ between the ER and 
mitochondria [82]. Upon Ca2+ release from the ER, specific regions of 
mitochondrial surface exhibit significantly higher Ca2+ concentrations 
compared to the cytoplasm. Functioning as a channel for calcium 
transfer, MAMs establish a buffering system between the ER and mito-
chondria [72]. It is worth noting that the inositol 1,4,5-trisphosphate 
receptor (IP3R) serves as a crucial calcium channel located in the ER, 
responsible for controlling the release of calcium ions (Ca2+). On the 
other hand, voltage-dependent anion channel 1 (VDAC1) is a 
calcium-related protein located in the OMM, which mediates the uptake 
of Ca2+ by mitochondria [83,84]. The IP3R-VDAC1 complex represents 
a key structure within MAMs for calcium transport [85]. Upon stimu-
lation of tenocytes, Ca2+ is released from the ER via IP3R, and subse-
quently transported into mitochondria via the highly conductive protein 
VDAC1. The resulting high concentration of Ca2+ activates the mito-
chondrial calcium uniporter (MCU) complex on the mitochondrial 
membrane [86]. MCU facilitates Ca2+ transport across IMM, enabling 
Ca2+ entry into the mitochondrial matrix. Consequently, Ca2+ plays a 
crucial role in various metabolic reactions, such as cytoplasmic Ca2+

signal transduction, energy production, cell death, and extracellular 
matrix calcification.

2.5. Mitochondrial biogenesis

Mitochondria are dynamic organelles displaying various morphol-
ogies, including small spheres, short or elongated tubules, and inter-
connected structures. The regulation of their number, morphology, and 
positioning within cells is achieved through a coordinated cycle of 
fission and fusion. For instance, short tubule-like mitochondria can 
merge into elongated forms, while tubule-like mitochondria can un-
dergo fission to generate smaller spherical mitochondria. This balance 
between mitochondrial fusion and fission governs mitochondrial size, 
quantity, shape, membrane and content mixing, maintenance of mtDNA, 
and promotion of mitophagy [87]. These dynamic changes critically 
impact mitochondrial function and cellular metabolism [88]. Mito-
chondrial biogenesis, in turn, influences the quantity, distribution, and 
shape of mitochondria. The delicate interplay between fission and fusion 
acts as a fundamental mechanism for regulating mitochondrial structure 
and function, thereby ensuring cellular homeostasis [89].

Extensive research has aimed to uncover the molecular mechanisms 
underlying mitochondrial fission and fusion processes [88,90]. In 
mammalian cells, the primary orchestrators of mitochondrial fission are 
proteins such as cytoplasmic dynamin guanosine triphosphatase 
(GTPase), dynamin-related protein 1 (Drp1), mitochondrial fission 
protein 1 (Fis1), and dynamin2 (Dnm2) [91]. Drp1 operates in both 
mitochondrial and peroxisomal fission. It is dynamically recruited to 
future fission sites on the OMM where it forms cyclic structures, leading 
to GTP-dependent membrane constriction [92,93]. Dnm2 is attracted to 
the site of Drp1-mediated mitochondrial constriction, triggering the 
scission of the mitochondrial membrane [94]. Fis1 influences mito-
chondrial fission by interacting with Dnm2 and Drp1 [95,96]. This 
process facilitates the elimination of damaged mitochondria through 
autophagy and facilitates mitochondrial redistribution in tenocytes in 
response to ATP demand [97].

Mitochondrial fusion, in contrast, is regulated by optic atrophy 1 
(Opa1) and two highly homologous GTPases mitofusins (Mfn1 and 

Mfn2) [98]. Mfn1 and Mfn2 play a crucial role in coordinating the fusion 
of OMM, followed by Opa1, which facilitates fusion of IMM [99]. The 
interaction between the OMMs of two mitochondria occurs through 
trans interactions involving Mfns. GTP induce conformational changes 
in Mfns, promoting mitochondrial docking and facilitating membrane 
contact sites [100,101]. Subsequent to OMM fusion, Opa1 interacts with 
cardiolipin, linking the two IMMs, and GTP hydrolysis by Opa1 drives 
IMM fusion [102]. By enabling the exchange of crucial components, 
especially mtDNA, between mitochondria, mitochondrial fusion plays a 
vital role in maintaining the uninterrupted functionality of mitochon-
dria [103].

Mitochondrial mobility and morphodynamics are closely inter-
twined with the Ca2+ homeostasis [104], energy metabolism, and 
cytoskeletal proteins [105]. Aberrations in proteins associated with 
mitochondrial dynamics have been documented in numerous pathol-
ogies, including insulin resistance [106], cancer [107], and cardiovas-
cular diseases [108]. Dynamic changes in mitochondria play a critical 
role in facilitating efficient energy production, preserving the integrity 
of mtDNA, and regulating essential cellular functions such as calcium 
signaling and apoptosis.

In summary, mitochondria play a crucial role in the normal physi-
ological processes of cells. Mitochondrial abnormalities are the key 
factor that leads to tenocytes dysfunction, resulting in tendinopathy.

3. Mitochondrial abnormalities observed in tendinopathy

Tendinopathy has a complex, multifactorial pathogenesis. Tendon 
tissues primarily consist of type I collagen, alongside proteoglycans, 
glycosaminoglycans, glycoproteins, and other collagen subtypes like 
types III, V, and XII [109,110]. In tendinopathy, the issue matrix 
changes involve a loss of collagen structural organization and alterations 
in fibrocartilage composition, leading to the deposition of additional 
matrix proteins such as glycosaminoglycans [111]. Initially, type III 
collagen is rapidly produced in response to tendon injury to provide 
temporary protection despite its weak mechanical properties [112,113]. 
However, this repair mechanism is compromised in tendinopathy, 
resulting in an increased accumulation of type III collagen [3].

Cytologically, tendinopathy is often associated with inflammation 
and oxidative stress in tenocytes, both believed to be related to cellular 
mitochondrial function [114,115]. Recent studies utilizing single-cell 
and spatial omics techniques have unveiled that during tendinopathy, 
there is a notable infiltration of inflammatory cells, concomitant with 
chondrogenesis and intrachondral ossification [116]. The primary 
pathological process in tendinopathy is apoptosis, which is manifested 
by tendon collagen degeneration, impaired fiber orientation, and 
increased mucus matrix [117]. Apoptosis leads to a progressive decline 
in intrinsic tenocytes, further hindering the tissue’s repair capacity 
[118]. Samples from patients with degenerative rotator cuff tendinop-
athy and a rat model of overuse tendinopathy showed elevated expres-
sion of caspase 3 and caspase 8, which are important mediators of 
apoptosis [119,120].

Mitochondrial dysfunction plays a crucial role in the development of 
tendinopathy. Mitochondria, being both the primary source and target 
of ROS, have a significant impact on mitochondrial function [121]. 
Previous studies have shown that elevated ROS production by tenocytes 
during tendinopathy, highlighting the involvement of mitochondrial 
dysfunction and increased ROS levels [122–124]. Mitochondria 
contribute to tendinopathy through processes like inflammation, 
apoptosis, and fatty infiltration of tenocytes [117]. 
Mitochondria-associated molecules such as heat shock proteins (HSPs) 
can activate innate immune response and responding to tissue stress 
[125]. Under stress conditions, tenocytes release HSP70 to maintain 
repair-degeneration balance [126]. In addition, inflammatory cytokines 
and mediators, such as interleukins (ILs), substance P and alarmin 
molecules and damage-associated molecular patterns (DAMPs) such as 
HMGB1, HIF1α and IL-33 are also upregulated in degenerative 
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tendinopathy [127,128]. Recent studies revealed that mitochondrial 
function influences inflammatory signaling, with oxidized mitochondria 
initiating chronic inflammation, disrupting tendon homeostasis, and 
promoting tendinopathy [129]. Decreased mitochondrial function cor-
relates with elevated senescence-associated secretory phenotype (SASP) 
expression in tenocytes, while enhanced mitochondrial function can 
decrease SASP levels [130]. Apoptosis is a characteristic feature of 
tendinopathy and involves the mitochondrial pathway [119]. Oxidative 
stress induces apoptosis in human tenocytes via mitochondrial cyto-
chrome c release and caspase-3 activation. ROS act as key mediators in 
tendinopathy [118], potentially inducing apoptosis and regulating 
pro-apoptotic factors like BNIP3, leading to mitochondrial depolariza-
tion, dysfunction, and subsequent cell death [131]. The HSP family also 
influences the apoptotic cascade [132]. Fatty infiltration is a feature of 
degenerative tendinopathy, with mitochondria serving as the primary 
site for fatty acid β-oxidation [133]. Mitochondrial dysfunction can 
impede this process, resulting in decreased fatty acid oxidation rates. 
This disruption contributes to the pathogenesis of tendinopathy [134]. 
In summary, tendinopathy is multifactorial, with mechanisms involving 
inflammation, apoptosis, and fatty infiltration related to mitochondrial 
processes requiring further investigation to fully comprehend their role 
in tendinopathy development.

The majority of studies on mitochondrial abnormalities in tendin-
opathy exist at the molecular level and are mostly conducted in vitro. 
Currently, there is limited research on the influence of mitochondria on 
tendinopathy in vivo. However, there are still articles available that 
explore this topic.

To explore mitochondrial alterations in tendinopathy, Zhang et al. 
conducted a study employing a mouse model of supraspinatus tendin-
opathy [135]. Their investigation encompassed mitochondrial structure, 
activity, and function changes, revealing a connection between 
clip-induced tendinopathy and mitochondrial dysfunction. Remarkably, 
the removal of the clips resulted in an enhancement of mitochondrial 
activity. Structural modifications associated with tendinopathy encom-
passed reduced intracellular mitochondrial count and an increased 
number of cristae per mitochondrion. Notably, these changes exhibited 
partial reversal upon clip removal. At the genetic level, the study dis-
closed diminished expression of genes related to mitochondrial iron 
transport, respiration, ATP synthase, and mitophagy subsequent to clip 
insertion, thereby confirming the relationship between mitochondrial 
dysfunction and tendinopathy progression. Additionally, the levels of 
SOD, an enzyme countering highly reactive superoxide radicals, 
demonstrated a significant decrease in tendinopathy, contributing to 
ROS accumulation. Remarkably, SOD levels experienced a substantial 

rebound after clip removal, further substantiating the presence of 
mitochondrial dysfunction in tendinopathy development (Fig. 2).

In another investigation conducted by Lee et al., intact exogenous 
mitochondria were effectively transplanted into compromised tenocytes 
within a rat model of tendinopathy [28]. The study revealed that this 
transplantation exerted protective effects against tenocyte injuries 
induced by TNF-α and a collagenase-induced tendinopathy model. 
Furthermore, the transplantation of mitochondria substantially elevated 
the expression levels of specific tenocyte markers, including tenomo-
dulin (TNMD) and collagen type I (COL1), while concurrently dimin-
ishing the expression of matrix metalloproteinase-1 (MMP1) and 
tenascin-C (TNC), which are associated with the tendon’s response to 
compression.

In conclusion, mitochondrial dysfunction and abnormalities signifi-
cantly influence tendinopathy, affecting both its progression and heal-
ing. Further clarification of the mechanisms through which 
mitochondria contribute to tendinopathy, coupled with the formulation 
of targeted interventions, represents a promising avenue for future 
research.

4. Potential therapeutic approaches targeting mitochondria

The etiology of tendinopathy remains largely elusive, resulting in a 
dearth of effective treatment options [136]. Existing management ap-
proaches primarily prioritize pain alleviation, while the formidable task 
of reinstating the tendon to its original healthy state persists as a sig-
nificant challenge [3]. In recent years, researchers have increasingly 
recognized the crucial role of mitochondria in various diseases, 
including chronic metabolic disorders like obesity [137] and type 2 
diabetes [138], as well as degenerative conditions such as intervertebral 
disc degeneration [139] and osteoarthritis [140]. In view of this insight, 
investigators have delved into diverse therapeutic avenues targeting 
mitochondria for disease intervention. Broadly, mitochondrial therapy 
can be categorized into the following core components: (1) Mitigating 
the adverse impacts of mitochondrial dysfunction such as ROS reduc-
tion. (2) Restoring mitochondrial function via chemical drugs and bi-
ologics. (3) Exogenous mitochondrial replenishment from healthy donor 
cells. Restoring mitochondrial function can be further divided into two 
approaches: direct targeting of mitochondria and indirect modulation of 
mitochondrial function.

4.1. Mitigating the adverse impacts of mitochondrial dysfunction

Mitochondrial dysfunction frequently results in an overproduction of 

Figure 2. Mitochondrial abnormalities in tendinopathy. Tendinopathy is characterized by a decrease in the number of intracellular mitochondria and an increase in 
the number of cristae per mitochondrion. Additionally, the expression of genes associated with mitochondrial iron transport, respiration, ATP synthase, and 
mitophagy is reduced. Tendinopathy leads to a significant decrease in superoxide dismutase (SOD) levels, resulting in the accumulation of reactive oxygen spe-
cies (ROS).
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ROS, which detrimentally impacts cellular functions. Growing evidence 
indicates that countering the heightened ROS generation during ten-
dinopathy holds promise as an efficacious strategy for alleviating its 
symptoms [117]. Numerous therapeutic approaches have been explored 
within this context (Fig. 3).

Growth hormone-releasing hormone (GHRH) is a neuropeptide 
derived from the hypothalamus that triggers the release of growth 
hormone and demonstrates beneficial effects in various diseases [141]. 
Synthetic GHRH agonists [142] have shown efficacy in animal models of 
diabetes [143], myocardial infarction [144], lung injury [145], and disc 
degeneration [146]. Controlled-release GHRH agonists exhibit ROS 
scavenging properties [147], hinder tendon calcification, reinstate 
tendon function, and enhance collagen synthesis, thus mitigating ten-
dinopathy [122].

Proanthocyanidins (PC), potent natural antioxidants found in plants 
[148], showcases robust capabilities in scavenging free radicals [149,
150]. Moreover, it demonstrates anti-inflammatory effects and the 
ability to impede cardiac ossification. Researchers have harnessed 
mesoporous silica nanocomposites as carriers for PC, enabling 
controlled release directly to injured tendons in a mouse model. This 
targeted delivery proficiently mitigated ROS and suppressed abnormal 
tendon calcification [151].

OP2113, a synthetic drug recognized for its choleretic and anti- 
inflammatory properties, effectively curtails mitochondrial ROS pro-
duction while leaving mitochondrial oxidative phosphorylation unim-
peded [152]. Yet, a more comprehensive inquiry is warranted to unveil 
OP2113’s precise mode of action. These revelations underscore the 
therapeutic potential of quelling surplus mitochondrial ROS production 
as a viable strategy for mitigating tendinopathy. Prospects for the future 
include the development of biomaterials tailored to precisely target 
afflicted regions and efficiently neutralize ROS, holding significant 
promise for enhancing tendinopathy treatment.

4.2. Restoring mitochondrial function

Mitochondria play a pivotal role in governing intracellular calcium 
ion levels. Elevated calcium concentrations within mitochondria can 
induce the formation of mitochondrial permeability transition pore 
(mPTP) complexes, which are implicated in cellular demise, diminished 
membrane potential, and apoptosis [153]. An mPTP inhibitor, cyclo-
sporin A (CsA), a cyclic peptide, has been identified as capable of 
averting cell death triggered by oxidative stress [154]. CsA’s potential 
shines through in its ability to rectify mitochondrial dysfunction and 
apoptosis across diverse experimental models, encompassing 
ischemia-reperfusion injury [155], collagen VI myopathy [156], and 

traumatic brain injury [157], suggesting a prospective avenue where 
CsA might emerge as a therapeutic agent for managing tendinopathy 
(Fig. 4).

SS-31, or elamipretide, stands out as a synthetic tetrapeptide with 
the remarkable capacity to rejuvenate mitochondrial function. It ach-
ieves this by precisely targeting the inner mitochondrial membrane, 
inhibiting the production of harmful ROS and enhancing the stability of 
cardiolipin, a pivotal constituent of mitochondrial membranes [158,
159]. SS-31’s interactions are selective, centering on cardiolipin, which 
leads to the stabilization of mitochondrial cristae architecture, enhanced 
electron transfer, and the prevention of cytochrome c from converting 
into a peroxidase [160,161]. This protective effect upholds mitochon-
drial integrity, amplifies ATP synthesis and oxidative phosphorylation, 
diminishes ROS concentrations, and serves as a deterrent against 
apoptosis and inflammation [162]. Convincing preclinical studies have 
showcased SS-31’s prowess in countering oxidative stress [163], 
guarding against ischemia-reperfusion injury [164], and refining mito-
chondrial efficiency [165]. Presently, clinical trials are in progress to 
assess its potential in managing heart failure, primary mitochondrial 
myopathy, and stent revascularization in atherosclerotic renal artery 
stenosis [166–168]. In a further dimension, SS-31 demonstrates the 
ability to mend compromised mitochondria [169], exhibiting lasting 
benefits even post-treatment, thus spotlighting its potential to amelio-
rate mitochondrial function in degenerative tendons and reinstate ho-
meostasis to tenocytes (Fig. 4).

In chronic inflammation, an upsurge of calcium ions from the 
endoplasmic reticulum to mitochondria triggers mitochondrial calcium 
overload, instigating subsequent damage. In parallel, chronic inflam-
mation prompts activation of the Wnt/β-linked protein pathway, 
curbing mitophagy and culminating in the accumulation of impaired 
mitochondria and compromised cellular function. Recent advancements 
introduce a transformative solution in the form of METP/siβ-linked 
protein nanoparticles. These nanoparticles exhibit a distinctive config-
uration, comprising a positively charged mesoporous silica nanoparticle 
core (TMA-MSN) engorged with siRNA, embraced by a shell formed by 
the intricate coupling of ethylene glycol tetraacetic acid (EGTA, a cal-
cium chelator) and triphenyl phosphate (TPP, a mitochondrial targeting 
agent). The resultant METP NPs adeptly sequester mitochondrial- 
associated calcium. Remarkably, these nanoparticles additionally 
disperse siRNA, effectively suppressing the Wnt/β-linked protein 
pathway and thereby rejuvenating intracellular mitochondrial function 
[170]. This innovative approach heralds a fresh and promising avenue 
for the restoration of mitochondrial functionality within 
tendinopathy-affected tenocytes (Fig. 4).

Nicotinamide mononucleotide (NMN), a precursor to nicotinamide 

Figure 3. Mitigating the adverse impacts of mitochondrial dysfunction via ROS reduction. Growth hormone-releasing hormone (GHRH agonists), proanthocyanidins 
(PCs), and small molecule drugs such as OP2113 are utilized to scavenge excessive ROS produced by dysfunctional mitochondria, thereby restoring cellular function.
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adenine dinucleotide (NAD+), assumes a pivotal role in cellular energy 
metabolism. Through revitalizing the NAD+ recycling pathway, NMN 
augments NAD+ availability, thereby promoting oxidative phosphory-
lation, amplifying physiological reserves, and improving survival, 
observed both in aged mice and models of severe shock [171]. Notably, 
NMN exhibits efficacy in reinstating cardiac function in murine heart 
failure models. Unlike SS-31, NMN emphasizes NAD+ biosynthesis to 
fortify mitochondrial function [172]. Remarkably, a combination of 
SS-31 and NMN have synergistic potential in ameliorating cardiac 
dysfunction, suggesting the potential of mitochondria protection via 
NAD+ synthesis as a promising avenue in tendinopathy treatment 
(Fig. 4).

4.3. Mitochondrial replenishment

Given the pivotal role of mitochondrial function in tendinopathy, 
direct supplementation of mitochondria to tenocytes presents a prom-
ising avenue (Fig. 5). Lee et al. demonstrated the protective potential of 

intact exogenous mitochondrial transplantation against TNF-α-induced 
tenocyte injury and collagenase-induced tendinopathy in an animal 
model (Fig. 6A) [28]. Employing centrifugation and activation of 
damaged tenocytes, successful integration of mitochondria into teno-
cytes was achieved. Post-mitochondrial transplantation, alterations in 
TNMD, COL1, MMP1, and TNC levels were evident, accompanied by 
diminished pro-inflammatory markers. Exogenous mitochondria hold 
the potential to complement or supplant endogenous mitochondrial 
activity, with the presence of viable and healthy mitochondria proving 
pivotal in inducing favorable impacts on collagen production, oxidative 
stress, ATP content, and cell viability. However, the direct transfer of 
mitochondria encounters notable constraints, including the limited 
ability of tenocytes to directly access exogenous mitochondria. Sub-
stantial mitochondrial injections might be necessary, potentially 
fostering escalated production of mitochondrial DAMPs (dam-
age-associated molecular patterns) that could counteract the advanta-
geous consequences of mitochondrial transplantation. Consequently, 
enhancing the efficacy of mitochondrial transfer remains an imperative 

Figure 4. Restoring normal mitochondrial function via chemical drugs and biologics. Cyclosporin A (CsA) inhibits mitochondrial permeability transition pore 
(mPTP) complex, preventing cell death and restoring normal mitochondrial function. Elamipretide (SS-31) interacts with cardiolipin, stabilizing cristae morphology 
and protecting mitochondrial structure. Nicotinamide mononucleotide (NMN) promotes the biosynthesis of nicotinamide adenine dinucleotide (NAD+), enhancing 
mitochondrial function. METP/siβ binds excess calcium ions and initiates mitophagy to remove dysfunctional mitochondria.

Figure 5. Mitochondrial-based therapy to restore tenocyte function. Exogenous mitochondrial supplementation methods, including (i) direct supplementation, (ii) 
gap junctions of mesenchymal stem/stromal cells (MSCs) and (iii) nanotube-mediated transfer from MSCs, have the potential to provide functional mitochondria to 
tendon cells.
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concern.
Stem cells are emerging as potential mitochondrial donors [37,173], 

partly due to the lower energy requirements of MSCs in the glycolytic 
state, facilitating mitochondrial transfer to energy-demanding diseased 
cells [174]. Furthermore, MSCs possess notable homing capabilities 
toward diseased tissues [175], presenting an avenue for targeted mito-
chondrial delivery. These cells also exhibit immune-modulatory prop-
erties and minimal oxidative damage, amplifying their appeal. Recent 
studies have shown that bone marrow-derived mesenchymal stromal 
cells (BMSC) have been effective in mitigating tendinopathy in rats 
through mitochondrial delivery (Fig. 6B) [176]. Notably, augmenting 
stem cells’ capacity for mitochondrial transfer becomes crucial in this 
context. Huang et al. proposed the use of iron oxide nanoparticles 
(IONP) to engineer MSCs, with the aim of enhancing intercellular 
mitochondrial transfer. This approach involves the controlled release of 
iron ions within stem cells and the upregulation of Cx43, a pivotal 
protein governing intercellular gap junction channels, via the JNK 
pathway (Fig. 5). Elevated Cx43 expression fosters the transfer of 
functional mitochondria from stem cells to injured cells in vivo through 
gap junctions [177]. This innovative strategy presents an efficient means 
of bolstering mitochondrial infusion into compromised cells, particu-
larly pertinent to tendinopathy. Recently, Huang et al. further discov-
ered that pioglitazone can promote mitochondrial regeneration in MSCs 
[173]. This technique is also expected to promote mitochondrial 
regeneration in tenocytes, facilitating mitochondrial homeostasis and 
oxidative metabolism to aid in tendinopathy healing.

In 2004, Rustom et al. unveiled the phenomenon of organelle 
transfer between mammalian cells through tunneling nanotubes (TNTs, 
Fig. 5) [178]. These nanotubes, formed by microtubules and widely 
prevalent in vivo, play a pivotal role in facilitating mitochondrial 
transport. Notably, recent investigations have found that nanotubes 
enable tumor cells to acquire mitochondria from immune cells, 
enhancing their metabolic prowess while impeding immune cells’ 
capacities—culminating in immune evasion. Furthermore, in the 
context of acute myeloid leukemia (AML), cancerous cells acquire 
mitochondria from neighboring mesenchymal stem cells via nanotubes, 
thus sustaining their expansion capabilities [179]. Within the skeletal 
motor system, Gao et al. illuminated the significance of 

ER-mitochondrial connections in orchestrating mitochondrial transfer 
amid osteoblasts [180]. Noteworthy also is the pivotal role of microtu-
bule organization, dictating astrocytomas’ heightened resistance to 
chemotherapy and radiotherapy compared to oligodendrocytes [181]. 
Nanotubes, as swift and efficient intercellular channels, emerge as po-
tential channels for mitochondrial transport. Augmenting structural 
integrity of stem cell nanotubes and enhancing mitochondrial migration 
through these intercellular channels presents an enticing avenue for 
tendinopathy intervention.

5. Conclusion

Tendinopathy represents a multifaceted aging-related pathological 
progression in which mitochondrial dysfunction assumes a pivotal role. 
Mitochondria emerge as prominent generators of reactive oxygen spe-
cies (ROS) within degenerative tendons, their activity tightly governed 
by stress-induced pathways [182]. Recent investigations have under-
scored the compelling relationship between mitochondrial dysfunction 
and tendinopathy [135]. Hence, unraveling the impact of mitochondrial 
dysfunction on the initiation and progression of tendinopathy holds 
paramount significance in elucidating the fundamental mechanisms at 
play.

Addressing tendinopathy remains a challenge due to the lack of 
effective solutions, despite the array of current available treatments that 
primarily target symptom relief. Tendon tissue, characterized by poor 
vascularity [183], often suffers from fibrosis and abnormal regenerative 
differentiation during injury healing [122,123], culminating in tendon 
disorders and clinical challenges. Therefore, it is crucial to target the 
underlying causes of tendon regeneration and restore cellular homeo-
stasis during tendinopathy. Mitochondrial restoration/supplementation 
is believed to enhance cellular oxidative respiratory capacity, support 
normal cellular differentiation, and maintain homeostasis [36], pre-
senting a promising solution for tendinopathy. Recent studies have 
shown that topical injection of mitochondria in a rat model of tendin-
opathy has yielded significant results [28], and BMSC have been effec-
tive in mitigating tendinopathy in rats through mitochondrial delivery 
[176]. These findings highlight the potential of mitochondrial therapy in 
addressing tendinopathy and signify a promising direction for future 

Figure 6. Existing work of Mitochondrial replenishment therapy for tendinopathy. (A) Topical injection of extracted mitochondria effectively alleviated tendin-
opathy in a rat tendinopathy model in vivo and in vitro; (B) Bone marrow-derived mesenchymal stromal cells (BMSCs) are effective in mitigating tendinopathy in rats 
through mitochondrial delivery, both in vivo and in vitro.
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treatments.
Macrophage mitochondrial dysfunction is known to be associated 

with various diseases, including tendinopathy. Research indicates that 
M1-type macrophages transfer damaged mitochondria to mesenchymal 
stem cells (MSC), leading to osteoporosis [184]. Additionally, dysfunc-
tional macrophage mitochondria can exacerbate inflammation and 
impair myocardial repair [185]. As mentioned above, Mitochondrial 
protective strategies can mitigate mitochondrial stress and reduce 
cellular inflammation. Notably, a study utilizing energy-Supporting 
enzyme-mimic Nanoscaffold for tendons, focusing on mitochondrial 
protection and microenvironmental remodeling, effectively reduced 
SASP levels and modulated macrophage polarization, rebalancing repair 
signals and immune microenvironment dysregulation. This suggests that 
the efficacy of mitochondria-targeted therapy may be beneficial not only 
for tenocytes but also for macrophages in pathological processes [130].

Tendinopathy exert far-reaching repercussions, exacting a toll on 
mental health, life quality, professional engagements, physical activ-
ities, and social engagement. Current therapeutic avenues encompass a 
spectrum of approaches, spanning physical therapy to surgical in-
terventions. Although diverse in mechanisms, these strategies converge 
in their pursuit to alleviate symptoms—primarily pain—expedite 
tendon recovery, and restore patient functionality. Yet, the regenerative 
capacities of tendons remain constrained by their limited vasculariza-
tion, posing formidable obstacles to effective healing upon injury. 
Recognizing the paramount role of mitochondria harbors the potential 
for unveiling novel therapeutic modalities aimed at reinstating tendons 
to their inherent integrity. Insights into the healing trajectory of ten-
dinopathy reveal promising targets through increased mitochondrial 
activity [135]. Notably, the emergence of mitochondria-targeted agents 
like SS-31, currently in clinical trials for mitochondria-linked ailments, 
holds the promise of decelerating tendinopathy progression and cata-
lyzing tendon recuperation both in animal models and anticipated 
clinical investigations. Augmenting the efficiency of exogenous mito-
chondrial supplementation to ailing tenocytes carries the potential to 
amplify oxidative metabolism and effectively fulfill their physiological 
requisites. Capitalizing on distinct mitochondrial pathways further 
augments the therapeutic repertoire for tendinopathy, embarking on a 
course to identify innovative treatment strategies rooted in ameliorating 
mitochondrial malfunction.

Mitochondria have been widely studied for the treatment of various 
diseases due to their potent metabolic functions. In a study focusing on 
tendinopathy, local injection of extracted mitochondria successfully 
alleviated tendinopathy in a rat model [28], paving the way for potential 
clinical applications. Beyond local injections, systemic administration 
via intravenous delivery has shown promise in treating localized dis-
eases. Researchers have developed mitochondria-encapsulated carrier 
proteins that efficiently target the liver when injected intravenously in 
mice [186], and have demonstrated successful mitochondrial trans-
plantation through intra-arterial injection for treating acute kidney 
injury in pigs [187]. In addition to mitochondrial injection, intercellular 
mitochondrial transfer has emerged as a promising approach for disease 
treatment, ensuring the quality, functionality, and targeted delivery of 
transferred mitochondria. For example, studies have shown that BMSCs 
can alleviate rat tendinopathy through mitochondrial transfer [176]. To 
address potential limitations in donor cell mitochondrial quantity for 
disease correction, direct in vitro replenishment of MSCs with mito-
chondria before in vivo implantation appears to be a viable option, as 
described in a recent publication in Nature [188].

Mitochondrial therapy holds promise for treating tendinopathy, yet 
faces challenges in precise targeting. Mitochondrial dysfunction, often 
linked with aging, does not follow a specific pattern in conditions such as 
tendinopathy. One key challenge in targeting mitochondria for thera-
peutic purposes is the risk of unintended consequences and complica-
tions due to their ubiquitous and essential nature. Because mitochondria 
are present in nearly every cell in the body, any manipulation or inter-
vention that affects their function could have far-reaching and 

unpredictable effects. This makes it difficult to design therapies that are 
both specific and safe. Furthermore, the mechanisms underlying mito-
chondrial dysfunction in different diseases and conditions can vary 
significantly. While tendinopathy may involve alterations in mito-
chondrial bioenergetics, oxidative stress, or dynamics, these changes 
may not be the same as those observed in other age-related conditions or 
diseases. Therefore, therapies that target mitochondria in a general 
sense may not be effective or may even be harmful in specific contexts. 
Consequently, more precise mitochondria-targeted therapies are 
required in clinical practice, and this is what researchers are working 
towards. Currently, artificially supplementing normal mitochondria into 
diseased tenocytes, or even normal tenocytes, is an interesting and 
promising strategy to maintain or enhance intracellular mitochondrial 
function. This strategy offers a substantial quantity of mitochondria for 
therapy within a specific timeframe and avoids the systemic issues 
associated with pharmacological treatments [189]. However, challenges 
persist with this approach, including the acquisition and maintenance of 
isolated mitochondria’s integrity and functionality. Actually, trans-
ferring mitochondria with compromised quality may worsen disease 
progression [189,190]. Additionally, effectively targeting mitochondrial 
transport to specific damaged cells poses significant challenges [177]. As 
an alternative approach, intercellular mitochondrial transfer has been 
considered [191]. It has been observed that mitochondria are actively 
delivered from healthy to damaged cells under disease stress, indicating 
directional transfer [37,38]. However, the limited quantity of mito-
chondria in healthy cells often proves insufficient for effective disease 
treatment, significantly impacting treatment outcomes [173]. To ach-
ieve more effective mitochondrial transfer, one promising direction is 
the development of synthetic cell membranes capable of interacting 
with tenocytes to facilitate the efficient delivery of a large quantity of 
mitochondria into diseased cells [192]. Another feasible approach in-
volves enhancing the mitochondrial amplification capacity of normal 
tenocytes or TSPCs to ensure adequate mitochondrial transfer [173].
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Ziółkowski W, et al. Interaction of mitochondria with the endoplasmic reticulum 
and plasma membrane in calcium homeostasis, lipid trafficking and 
mitochondrial structure. Int J Mol Sci 2017;18(7).

[21] Weinberg SE, Sena LA, Chandel NS. Mitochondria in the regulation of innate and 
adaptive immunity. Immunity 2015;42(3):406–17.

[22] Tamura Y, Kawano S, Endo T. Lipid homeostasis in mitochondria. Biol Chem 
2020;401(6–7):821–33.

[23] Nunnari J, Suomalainen A. Mitochondria: in sickness and in health. Cell 2012;148 
(6):1145–59.

[24] Son JM, Lee C. Aging: all roads lead to mitochondria. Semin Cell Dev Biol 2021; 
116:160–8.

[25] Victorelli S, Salmonowicz H, Chapman J, Martini H, Vizioli MG, Riley JS, et al. 
Apoptotic stress causes mtDNA release during senescence and drives the SASP. 
Nature 2023;622(7983):627–36.

[26] Akbari M, Kirkwood TBL, Bohr VA. Mitochondria in the signaling pathways that 
control longevity and health span. Ageing Res Rev 2019;54:100940.

[27] Zhang H, Menzies KJ, Auwerx J. The role of mitochondria in stem cell fate and 
aging. Development (Cambridge, England) 2018;145(8).

[28] Lee JM, Hwang JW, Kim MJ, Jung SY, Kim KS, Ahn EH, et al. Mitochondrial 
transplantation modulates inflammation and apoptosis, alleviating tendinopathy 
both in vivo and in vitro. Antioxidants 2021;10(5).

[29] Wang Y, Jin S, Luo D, He D, Shi C, Zhu L, et al. Functional regeneration and repair 
of tendons using biomimetic scaffolds loaded with recombinant periostin. Nat 
Commun 2021;12(1):1293.

[30] Chen Y, Xie Y, Liu M, Hu J, Tang C, Huang J, et al. Controlled-release curcumin 
attenuates progression of tendon ectopic calcification by regulating the 
differentiation of tendon stem/progenitor cells. Mater Sci Eng C Mater Biol Appl 
2019;103:109711.

[31] Cai Z, Zhang Y, Liu S, Liu X. Celecoxib, beyond anti-inflammation, alleviates 
tendon-derived stem cell senescence in degenerative rotator cuff tendinopathy. 
Am J Sports Med 2022;50(9):2488–96.

[32] Lowes DA, Wallace C, Murphy MP, Webster NR, Galley HF. The mitochondria 
targeted antioxidant MitoQ protects against fluoroquinolone-induced oxidative 
stress and mitochondrial membrane damage in human Achilles tendon cells. Free 
Radic Res 2009;43(4):323–8.

[33] Ploumi C, Daskalaki I, Tavernarakis N. Mitochondrial biogenesis and clearance: a 
balancing act. FEBS J 2017;284(2):183–95.

[34] Thankam FG, Chandra IS, Kovilam AN, Diaz CG, Volberding BT, Dilisio MF, et al. 
Amplification of mitochondrial activity in the healing response following rotator 
cuff tendon injury. Sci Rep 2018;8(1):17027.

[35] Oyewole AO, Birch-Machin MA. Mitochondria-targeted antioxidants. Faseb J : 
official publication of the Federation of American Societies for Experimental 
Biology 2015;29(12):4766–71.

[36] Youle RJ, van der Bliek AM. Mitochondrial fission, fusion, and stress. Science 
(New York, NY) 2012;337(6098):1062–5.

[37] Islam MN, Das SR, Emin MT, Wei M, Sun L, Westphalen K, et al. Mitochondrial 
transfer from bone-marrow-derived stromal cells to pulmonary alveoli protects 
against acute lung injury. Nature medicine 2012;18(5):759–65.

[38] Hayakawa K, Esposito E, Wang X, Terasaki Y, Liu Y, Xing C, et al. Transfer of 
mitochondria from astrocytes to neurons after stroke. Nature 2016;535(7613): 
551–5.

[39] Fang EF, Hou Y, Palikaras K, Adriaanse BA, Kerr JS, Yang B, et al. Mitophagy 
inhibits amyloid-β and tau pathology and reverses cognitive deficits in models of 
Alzheimer’s disease. Nat Neurosci 2019;22(3):401–12.
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