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Mitochondria are essential double-membrane organelles with intricate structures and diverse functions within cells. Under normal physiological conditions, mitochondria regulate cellular metabolism and maintain energy homeostasis via the electron transport chain, mediate stem cell fate, and modulate reactive oxygen species production, playing a pivotal role in energy supply and lifespan extension. However, mitochondrial dysfunction can lead to various pathological changes, including cellular aging, necrosis, dysregulated tumor immunity, and the initiation and progression of cancer. Moreover, abnormal mitochondrial metabolism is closely associated with numerous diseases, such as neurodegenerative disorders, metabolic syndromes, and cancers. In recent years, targeting mitochondria has emerged as a promising anticancer strategy, aiming to modulate mitochondrial functions and metabolism for therapeutic benefits. Nonetheless, such approaches face limitations, including low delivery efficiency and insufficient specificity. This review systematically explores mitochondrial structure and function, their physiological and pathological roles, and the potential and challenges of mitochondria-targeted strategies in cancer therapy, providing insights for future research directions.
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Introduction

As vital organelles in eukaryotic cells, mitochondria are involved in regulating cellular metabolism, health and longevity, cell death, tumor microenvironment, autophagy, and cell fate (1). Mitochondria evolved from prokaryotic α-proteobacteria and are present in most eukaryotic cells, consisting of five distinct structures: the outer mitochondrial membrane, inner mitochondrial membrane, intermembrane space, cristae, and matrix (2). Mitochondria are the only organelles in animal cells, besides the nucleus, that contain DNA. Mitochondrial DNA (mtDNA) is a circular DNA that encodes 13 proteins essential for oxidative phosphorylation complex formation, 22 transfer RNAs, and 2 ribosomal RNAs necessary for mitochondrial RNA translation (3, 4). As the center of cellular energy metabolism and biosynthesis, mitochondria produce ATP through oxidative phosphorylation to maintain cellular energy homeostasis (5), and their metabolic intermediates are crucial participants in biosynthetic pathways (6). Additionally, mitochondria regulate various cellular biological processes, including energy metabolism, cell fate determination, and immune responses, by releasing mtDNA, mtROS, and metabolic products. Increasing evidence indicates that mitochondrial dysfunction is associated with various diseases, including autoimmune diseases (7), and dysfunctional mitochondria drive cellular malignant transformation (8). Beyond their role in energy metabolism, mitochondria also regulate cell fate and function by modulating the release of different signaling molecules. CoAs, as important metabolic intermediates, mainly participate in chromatin remodeling as substrates for histone lysine acylation, and TCA cycle metabolites can act as substrates for histone-modifying enzymes to regulate gene expression through histone modifications (9). Calcium ions, as second messengers within cells, are also regulated by mitochondria (10). Mitochondria control calcium ion flux from the plasma membrane and endoplasmic reticulum, thus regulating the spatial and temporal distribution of calcium ions within cells (11). As a central hub for cell death and inflammation regulation, mitochondria control the release of cytochrome c (cyt c), initiating caspase-dependent cell death and inflammation-related cascade reactions (12). Reactive oxygen species (ROS) within cells can damage proteins, lipids, and DNA. The mitochondrial electron transport chain, as a major site of ROS production, is involved in cancer progression, cardiovascular diseases, and neurodegenerative diseases (13). Despite being by-products of metabolic processes, excessive ROS levels can harm cells. Nevertheless, intracellular ROS also plays a role in stem cell fate transitions. Embryonic stem cells and induced pluripotent stem cells maintain genomic integrity by sustaining low levels of endogenous ROS, while moderate increases in ROS are necessary for stem cells to differentiate into various lineages (14).

Tumor cells adapt to increasing energy and biosynthetic demands by reprogramming related metabolic pathways. In the tumor microenvironment, nutrient depletion and excessive production of metabolic by-products driven by tumor development regulate the metabolic reprogramming of tumor-infiltrating immune cells and activate related signals to control the polarization of different types of immune cells, inducing metabolic disorder-mediated anti-tumor immune response failure and helping establish an immune-suppressive tumor microenvironment. Mitochondria, as highly dynamic organelles with various biological functions within cells (15), play a key regulatory role in metabolism and immune cell activation. Studies have shown that mitochondrial dysfunction in various cells within the tumor microenvironment, including tumor cells and immune cells, is a crucial factor in cancer initiation, progression, and metastasis (16). This paper summarizes mitochondrial structural components, genomic features, and the role of mitochondria in regulating cellular metabolism, stem cell fate regulation, and longevity. Additionally, we explore the relationship between mitochondria in regulating cell death, aging, and tumor immune microenvironment. We discuss the role of mitochondria in immune cell activation, the regulatory role of key mitochondrial components mtDNA and mtROS in tumor initiation, progression, immune-suppressive tumor microenvironment formation, and tumor immune evasion. We also examine the dual role of mitophagy in tumor progression, aiming to deepen the understanding of the core role of mitochondria in tumor development and to provide a basis for developing mitochondrial-targeted anti-tumor therapies.

To guide readers through this manuscript, we provide the following structural roadmap: first, we outline the structural composition of mitochondria and their pivotal roles in normal physiological functions, including metabolic regulation, energy production via the electron transport chain, stem cell fate determination, reactive oxygen species (ROS) generation, and their impact on longevity. Next, we focus on the pathological consequences of mitochondrial dysfunction, such as cellular aging, necrosis, dysregulated tumor immunity, and the mechanisms underlying cancer progression. Subsequently, we analyze the strong association between abnormal mitochondrial metabolism and various diseases, including neurodegenerative disorders, metabolic syndromes, and cancer. Following this, we discuss the potential of mitochondria-targeted strategies in cancer therapy, highlighting their advantages as well as current challenges, such as delivery efficiency and specificity. Finally, we summarize the progress in this field and propose future research directions and potential solutions to advance the understanding of mitochondrial functions, offering new perspectives for further investigation.





Composition and physiological functions of mitochondria

Mitochondria provide the majority of the energy required for life activities and are thus considered the “powerhouses” of cells (17). Mitochondria consist of two layers of unit membranes composed mainly of lipids and proteins. The physicochemical properties of these special lipids and proteins (such as charge distribution) promote membrane curvature and fluidity, compartmentalizing the mitochondria into multiple aqueous cavities, leading to the concept of “mitochondrial compartmentalized structure.” The outer membrane is in direct contact with the cytosol, while the inner membrane can be further divided into the inner boundary membrane, adjacent to the outer membrane, and the cristae membrane, projecting into the mitochondrial matrix (18). The space between the outer membrane and the inner boundary membrane is known as the intermembrane space; the spaces between the cristae are referred to as the Intracoastal space; and the innermost cavity of the mitochondria is the matrix. The cristae themselves can be subdivided into functional regions, including crista junctions connecting the cristae membrane to the inner boundary membrane and the crista tips at the distal ends. Temporary contact points between the inner and outer membranes, called translocation contact sites, house protein complexes such as the mitochondrial contact site and cristae organizing system (MICOS) and translocases of the inner and outer membranes (TIM and TOM complexes) (19). The dynamic changes in the mitochondrial inner and outer membranes, along with the different distributions of macromolecules and biochemical processes occurring in various mitochondrial compartments, are linked to mitochondrial dysfunction, which is associated with aging and cancer (20).

Functionally, mitochondria serve as the core of cellular energy metabolism, generating ATP through oxidative phosphorylation to provide energy for cellular activities. In addition, mitochondria play crucial roles in regulating cell growth, differentiation, aging, and apoptosis (21). Mitochondria are also vital in sustaining cellular metabolic homeostasis, regulating immune responses, and adapting to various stress conditions (22). Therefore, mitochondria are not only the powerhouses of the cell but also critical hubs in determining cell fate (Figure 1).




Figure 1 | Structural composition and function of mitochondria.



Unlike other organelles, the number of mitochondria within a cell varies, and the total mitochondrial content in a cell is referred to as the “mitochondrial pool.” Mitochondria are maternally inherited and possess their own genetic system and protein translation system (23). Mitochondrial DNA (mtDNA) is a circular DNA molecule composed of 16,568 base pairs, divided into heavy and light strands (24). It primarily encodes 13 protein subunits of the electron transport chain, two rRNAs (16S and 12S), and 22 tRNAs. Unlike diploid nuclear DNA, mtDNA is polyploid, with tens to thousands of copies per cell, and healthy cells exhibit relatively low levels of mtDNA mutations (20). mtDNA attaches to the inner mitochondrial membrane, close to the electron transport chain (ETC), and in contact with reactive oxygen species (ROS). High levels of ROS are associated with increased mtDNA mutation load and tumor progression, also impairing the function of DNA polymerase γ, leading to replication errors in mtDNA (25). Due to the lack of protective histones and limited error correction mechanisms, the mtDNA mutation rate is 100 times higher than that of nuclear DNA. mtDNA mutations have been observed to expand and increase over time (26). Sequence changes in mtDNA are common in various tumors, significantly influencing tumorigenesis and progression by affecting mitochondrial ROS production and redox status (27).





Mitochondria and cellular energy metabolism

Mitochondria are key organelles in cellular energy metabolism, primarily involved in regulating energy through glycolysis, the tricarboxylic acid (TCA) cycle, and oxidative phosphorylation (28). In the cytosol, phosphorylated glucose substrates undergo glycolysis to produce pyruvate, which is further oxidized to acetyl-CoA and enters the TCA cycle. Glycolysis and the TCA cycle generate reduced electron carriers, NADH, which, under the action of dehydrogenases, release high-energy electrons into the mitochondrial inner membrane’s ETC (14). Through successive redox reactions, the ETC undergoes conformational changes, consumes oxygen, and transfers protons, creating a proton gradient between the mitochondrial intermembrane space and the matrix, thereby driving ATP synthesis (29). Mitochondrial metabolic reprogramming is a key process for cells to adapt to environmental changes, cope with stress, and support rapid proliferation. Studies have shown that cancer cells maintain high energy demand and support tumor growth by altering the balance between oxidative phosphorylation (OXPHOS) and glycolysis. Particularly in the tumor microenvironment, hypoxic conditions drive cancer cells to favor glycolysis through the “Warburg effect,” even when oxygen supply is sufficient. Additionally, mitochondrial metabolic pathways, such as fatty acid oxidation and amino acid metabolism, also play crucial roles in various types of cancer. Under hypoxic conditions, cells primarily generate energy through anaerobic respiration, where glycolysis-produced pyruvate is not funneled into the mitochondrial TCA cycle but is instead enzymatically converted into lactate as a less efficient energy source (30) (Figure 2).




Figure 2 | Composition and function of the electron transport chain on the mitochondrial inner membrane.







Formation of mitochondrial reactive oxygen species and antioxidant defense

Reactive oxygen species (ROS) are a class of highly reactive oxygen-containing radicals produced by aerobic cells during metabolism, including superoxide anions, hydrogen peroxide (H2O2), and hydroxyl radicals. Mitochondria are the primary source of ROS (31). As the cellular organelles responsible for energy production, mitochondria oxidize glucose, fatty acids, and amino acid metabolites to generate ATP through oxidative phosphorylation and the Krebs cycle (32). In this process, most electrons provided to the respiratory chain react with protons and oxygen, forming H2O at the level of cytochrome c oxidase (or Complex IV). These superoxide anion radicals quickly convert to H2O2, which can further react with divalent iron to produce hydroxyl radicals. The superoxide anion radicals generated in this process are an important source of ROS (33). Low levels of mitochondrial ROS appear to be crucial signaling factors for maintaining cellular homeostasis and inducing stress responses. Excessive mitochondrial ROS, resulting from mitochondrial dysfunction, can further damage mitochondrial DNA, proteins, and lipids, promoting more ROS production and creating a vicious cycle (34) (Figure 3). Thus, mitochondria act as both regulators and mediators of ROS, balancing cellular survival and apoptosis.




Figure 3 | Sources of mitochondria-associated reactive oxygen species.







Mitochondria and stem cell fate regulation

Stem cells possess the capabilities of self-renewal and differentiation into multiple lineages. The balance between maintaining pluripotency and differentiating into tissue-specific cells relies on cell fate determination, where transcription factors, chromatin modifications, and extracellular stimuli play key roles in regulating stem cell fate and function. Recent research indicates that mitochondrial metabolism also significantly influences stem cell fate and function (9). Mitochondria play diverse roles in different cell types and are crucial in regulating cell fate. They are not only the center of energy metabolism but also participate in various important biological processes, including cell growth, differentiation, apoptosis, and stress responses. Mitochondria play a key role in maintaining, proliferating, and differentiating stem cells. Stem cells typically have lower mitochondrial activity, which helps maintain their self-renewal potential. In neural stem cells, mitochondrial dynamics (fusion and fission) regulate NSC proliferation and fate by coordinating nuclear transcription programs (35). Mitochondrial metabolism correlates with cell pluripotency, and blocking mitochondrial glycolysis can reduce reprogramming efficiency. iPSCs producing varying levels of ATP exhibit different degrees of pluripotency. Studies have constructed ESC models carrying mtDNA mutations that do not affect genomic DNA, demonstrating that mtDNA mutations can impair embryonic stem cell pluripotency by regulating metabolic activity (36). During the reprogramming of somatic cells such as fibroblasts into iPSCs, mitochondrial morphology, ultrastructure, and distribution undergo reversible changes. Additionally, metabolic processes in mitochondria shift, with stem cells primarily relying on glycolysis for energy and producing large amounts of lactate, while differentiated cells primarily generate energy through oxidative phosphorylation, resulting in decreased glycolytic rates, increased oxygen consumption, and higher ATP content (37). Inhibiting or promoting glycolysis can suppress or enhance somatic cell reprogramming. Recent studies found that mitochondrial fission or formation of “donut” shapes, secreted into the extracellular bone matrix, promotes osteoprogenitor cell differentiation and maturation, accelerating bone regeneration (38).





Mitochondria and longevity

Recent advances in aging research suggest that interventions affecting multiple organs can extend healthspan and delay age-related diseases. These new interventions’ effects can be partially explained by mitochondrial physiology. Excess carbohydrates and calories weaken OXPHOS and antioxidant defenses, maintaining the electron transport chain (ETC) in a prolonged reduced state. This environment favors ROS production and mtDNA mutations, leading to premature cell death (39). Caloric restriction interventions reduce excess calorie intake, relieving the ETC from a reduced state, lowering ROS production, inducing OXPHOS, and enhancing antioxidant defenses, thus preventing age-related diseases and extending lifespan. There is evidence of reciprocal and multi-level interactions among longevity pathways, coupled with the complex regulation of mitochondrial physiology under caloric restriction, supporting the hypothesis that mitochondria may participate in lifespan regulation (13). Overall, this system is multifactorial, highly dynamic, and controls the aging process. Inhibiting the insulin/IGF-1 signaling (IIS) pathway significantly extends the lifespan of various organisms, suggesting it is an evolutionarily conserved mechanism (40). Extensive gene expression overlap was found between insulin receptor DAF-2 mutants and long-lived mitochondrial mutant strains in C. elegans, with DAF-2 mutants showing an overall reduction in mitochondrial protein turnover (41). Additionally, DAF-2 mutants participate in OXPHOS protein abundance, enhancing respiratory capacity and membrane potential. Increased respiratory capacity detected in DAF-2 mutants contrasts with observations in adult wild-type N2 worms (42). Similarly, FIRKO mice, with fat-specific insulin receptor gene knockout, have longer lifespans despite exhibiting a lean phenotype from an early age (3 months old) and normal food intake throughout their lives. Compared to age-matched control mice, FIRKO mice aged 2.5-3.0 years show increased gene expression for proteins involved in key metabolic processes such as glycolysis, TCA cycle, β-oxidation, and OXPHOS. Interestingly, when insulin receptors in adult mouse liver, fat, and muscle tissues are disrupted, the same phenotype is not observed, highlighting the complex role of the mammalian IIS pathway (43). In response to caloric restriction, yeast NAD biosynthesis gene PNC1 is induced, catalyzing the first and rate-limiting step of NAD+ biosynthesis. The resulting increase in NAD+ availability enhances SIR2 activity, promoting mitochondrial respiration and inhibiting DNA recombination, a known cause of yeast aging (44). Interestingly, increased expression of the mitochondrial biogenesis transcription driver HAP4 extends yeast lifespan under normal calorie conditions, and caloric restriction does not further extend this longevity benefit (33). In rodents, age-dependent NAD+ level decline reduces SIRT1 activity, ultimately affecting mitochondrial homeostasis (45). Interestingly, SIRT3 is considered a mediator of some caloric restriction’s longevity benefits by targeting and deacetylating mitochondrial proteins.





The role of mitochondria in aging, cell death, tumor immunity

Mitochondria play a central role in cellular aging, cell death, tumor immunity, and cancer progression. Mitochondrial dysfunction leads to increased oxidative stress, metabolic reprogramming, and alterations in cell fate. In cellular aging, mitochondrial functional decline is a key driving factor; in cell death, mitochondria are critical regulators of apoptosis and pyroptosis. In tumor immunity, mitochondrial metabolites and dynamics influence immune cell activity and the tumor microenvironment. During cancer progression, mitochondria provide energy and metabolic intermediates that support tumor cell proliferation and invasion. These findings provide a crucial theoretical foundation for the development of mitochondria-targeted anticancer strategies. Herein, we systematically summarize the functions and mechanisms of mitochondria in cellular aging, cell death, tumor immunity, and cancer progression (Table 1).


Table 1 | Summary the functions and mechanisms of mitochondria in different cell death, cellular aging, tumor immunity, and cancer progression.







The role of mitochondria in aging

Mitochondria are crucial organelles within cells, characterized by their complex structure. During cellular aging, both the function and structure of mitochondria undergo significant changes. Mitochondrial DNA is particularly susceptible to damage, leading to gene mutations and functional impairments. Furthermore, the decline in mitochondrial function results in reduced oxidative phosphorylation efficiency and diminished ATP production, causing an inadequate cellular energy supply. Mitochondria also generate increased levels of reactive oxygen species (ROS), which elevate intracellular oxidative stress, damaging cell membranes, proteins, and DNA, thereby accelerating the aging process. As mitochondrial autophagy (mitophagy) diminishes, damaged mitochondria are not effectively cleared, leading to accumulated damage that further compromises cellular health. In summary, mitochondria play a critical role in the process of cellular aging, and maintaining their function is essential for delaying cellular senescence.




Mitochondrial ROS and aging

Mitochondrial dysfunction is closely associated with aging, and the intracellular level of reactive oxygen species (ROS) is a key determinant of lifespan. Mitochondria, being the primary organelles producing ROS within cells, generate ROS that can attack various mitochondrial components, leading to increased mtDNA mutations and oxidative damage to associated respiratory chain enzymes (46). Damage to respiratory chain enzymes further promotes ROS production, resulting in mitochondrial dysfunction, cellular senescence, and declining organ function. Peroxidases play a vital role in cellular antioxidant defense (47). Compared to wild-type mice, knockout mice lacking catalase exhibit accelerated aging phenotypes, and overexpression of mitochondrial peroxidase extends the lifespan of mice by 18%. Reduced catalase expression accelerates ROS production and thereby speeds up aging (48). Overexpression of catalase can also mitigate the effects of cardiac aging in mice; aged mice display more mitochondrial oxidative damage in the heart, along with increased mtDNA deletions and mutation frequencies compared to young mice (49). During normal aging, the accumulation of damaged mitochondria significantly reduces mitophagy levels in mammals, leading to functional deficits in aging tissues and organs. Simulating decreased mitophagy by knocking out autophagy-related genes reveals that dysfunctional mitochondria gradually accumulate, and ROS levels rise significantly when autophagy is disrupted (50). Increasing mitophagy can extend lifespan, as demonstrated in fruit flies, where overexpression of Parkin enhances mitophagy levels and prolongs lifespan (33). Additionally, compounds like polyamine spermidine can promote mitophagy, thereby extending lifespan.





mtDNA mutations and aging

mtDNA mutations also affect individual and cellular aging, with the accumulation of mtDNA mutations increasing with age (51). Significant accumulation of mtDNA point mutations is observed in aging colonic crypts. Mitochondrial DNA polymerase gamma (POLG), as a repair enzyme in the mtDNA synthesis process, can reduce mtDNA mutation rates. Mutations in POLG impair its proofreading ability, leading to increased mtDNA mutations (52). Mice with POLG mutations exhibit premature aging phenotypes, including shortened lifespan, hair loss, kyphosis, anemia, and reduced mobility. Mitochondrial dysfunction is a hallmark of cellular senescence (53). Recently, researchers have found that mitochondrial outer membrane permeabilization associated with cell death occurs in senescent cells (54). During cellular senescence, a subset of mitochondria undergo outer membrane permeabilization, leading to the release of mtDNA into the cytoplasm through BAX and BAK pores, activating the cGAS-STING signaling pathway and promoting the senescence-associated secretory phenotype (55).





Genomic instability and aging

Genomic instability in the nucleus can influence mitochondrial physiology during aging through so-called anterograde stimulation (56). Besides its key roles in organismal health and mitochondrial physiology, NAD+ serves as a rate-limiting metabolite for poly (ADP-ribose) polymerases (PARPs), which are critical DDR proteins (57). When DNA breaks occur, PARP1 senses the break and initiates the DNA repair signal. Activated PARP1 consumes NAD+ and generates PAR through a process called PARylation (58). Additionally, studies in animal models and cells from xeroderma pigmentosum and Cockayne syndrome patients show that DNA damage-induced SIRT1 activity reduction and persistent PARP activation lead to mitochondrial imbalance (59). Pharmacological supplementation of NAD+ or inhibition of PARP1 can restore SIRT1 activity and mitochondrial homeostasis. Research on ATM supplements the link between PARP1 and mitochondrial physiology. ATM, caused by defects in the ATM gene encoding a DNA repair protein recruited by PARP1 to DNA break sites, is associated with mitochondrial dysfunction, increased ROS levels, and the accumulation of damaged mitochondria. Similarly, Atm-/- mice exhibit mitochondrial defects, and NAD+ supplementation-based interventions mitigate their health decline (60).






The role of mitochondria in cell death

Cell death is a crucial regulatory mechanism for maintaining organismal homeostasis. Mitochondria are involved in classic apoptosis by regulating cytochrome c release and caspase family protein activation (61). They also participate in various forms of cell death, including necrosis, pyroptosis, and ferroptosis (62). Abnormal regulation of cell death is a significant cause of neurodegenerative diseases and autoimmune disorders, with mitochondria playing a role in the development and progression of various diseases through their regulation of cell death mechanisms (Figure 4).




Figure 4 | Mechanisms by which mitochondria regulate cell death.






Apoptosis

Apoptosis is a programmed cell death mechanism orchestrated by genetic regulation to maintain internal homeostasis. This process ultimately results in the clearance of apoptotic cells by macrophages. Apoptosis can be mediated via two main pathways: the intrinsic (mitochondrial) pathway and the extrinsic (death receptor) pathway (63). The intrinsic pathway involves mitochondrial mediation and endoplasmic reticulum (ER)-mediated signaling.

The mitochondrial apoptotic pathway is triggered by intracellular stimuli such as DNA damage, growth factor deprivation, and mitotic arrest. These stimuli lead to the activation of the B-cell lymphoma 2 (BCL-2) protein family, which includes both anti-apoptotic proteins (e.g., BCL-2) and pro-apoptotic proteins, such as BH3-only members (Bid, Bik, Bad, Bim, etc.) and effector proteins like Bax and Bak (64). Bax and Bak increase outer mitochondrial membrane permeability, leading to the release of pro-apoptotic factors (e.g., cytochrome c, apoptosis-inducing factor (AIF), endonuclease G (ENDOG), SMAC/DIABLO, HTRA2/OMI) into the cytosol. Cytochrome c then interacts with apoptosome components in the presence of ATP and dATP, forming the apoptosome complex, which recruits and activates caspase-9. Caspase-9 subsequently activates caspase-3 and caspase-7, initiating the caspase cascade that drives apoptosis (65). The release of mitochondrial cytokines also contributes to apoptosis: AIF and ENDOG translocate to the nucleus causing chromatin condensation and fragmentation, while SMAC/DIABLO and HTRA2/OMI neutralize anti-apoptotic proteins such as XIAP, further promoting apoptosis (66).





Necroptosis

Necroptosis, a form of programmed cell death resembling necrosis, occurs when apoptosis is inhibited. This process features cellular swelling, membrane rupture, and the release of damage-associated molecular patterns (DAMPs), pro-inflammatory cytokines, and chemokines (2). Necroptosis primarily involves the phosphorylation and activation of mixed lineage kinase domain-like pseudokinase (MLKL) (67). Research shows that when caspase-8 is inhibited, tumor necrosis factor-alpha (TNFα) binds to death receptors on the cell membrane (e.g., TNFR1, Fas/CD95), activating these receptors and binding with adaptor proteins TRADD and TRAF2 (68). This interaction mediates the translocation of receptor-interacting protein kinase 1 (RIPK1) to the TNF receptor, forming a necrosome complex with RIPK3 and phosphorylating MLKL. Activated MLKL translocates to the plasma membrane, causing increased membrane permeability through interaction with phosphatidylinositol, leading to Ca2+ influx and cellular destruction (69). Additionally, mitochondrial reactive oxygen species (ROS) participate in a positive feedback loop in necroptosis, increasing RIPK1 serine autophosphorylation, thus promoting necroptosis. RIPK1 and RIPK3 also enhance mitochondrial metabolism, increasing mitochondrial ROS levels and stabilizing the necroptotic complex. RIPK3 can further activate pyruvate dehydrogenase complex through phosphorylation, promoting aerobic respiration and ROS production, thereby facilitating necroptosis (70).





Pyroptosis

Pyroptosis is a form of programmed cell death induced by inflammasomes, primarily in response to pathogen invasion and oxidative stress (71). Unlike apoptosis and necroptosis, pyroptosis is characterized by continuous cell swelling until membrane rupture and subsequent release of intracellular contents, triggering a strong inflammatory response (72). Pyroptosis depends on the activation of caspase family proteins and Gasdermin (GSDM) proteins. Upon detection of pathogen-associated molecular patterns, inflammasomes are activated and recruit pro-caspase-1. Activated caspase-1 cleaves GSDMD, releasing its N-terminal domain, which increases the permeability of the plasma membrane and mitochondrial outer membrane (73). This results in the release of pro-inflammatory cytokines such as IL-1β and IL-18 and changes in osmotic pressure, leading to cell swelling, rupture, and pyroptosis. Other caspase proteins, including caspase-4 and caspase-5, interact directly with intracellular lipopolysaccharides to regulate IL-1β and IL-18 maturation and release, or directly cleave GSDMD, inducing NLRP3 inflammasome assembly and promoting pyroptosis. Additionally, NLRP3 activation requires Ca2+ signaling, with Ca2+ overload causing mitochondrial damage and ROS release, which activates NLRP3 (2). Inflammasomes also increase mitochondrial outer membrane permeability by cleaving and activating BH3-only protein BID, leading to downstream caspase-3 activation, potassium channel opening, and potassium release, thus promoting inflammasome assembly.





Ferroptosis

Ferroptosis is a form of cell death driven by the accumulation of lipid peroxides dependent on iron ions (74). Cells combat ferroptosis through endogenous glutathione peroxidase 4 (GPX4) activity, which reduces lipid peroxides to lipid alcohols, with glutathione (GSH) being oxidized in the process. GPX4 knockout directly induces lipid peroxidation in mouse cells, leading to ferroptosis. GSH, as a cofactor for GPX4, requires cysteine for its synthesis. Cysteine enters cells via the cysteine/glutamate antiporter System Xc-, composed of SLC7A11 and SLC3A2. SLC7A11 specifically uptakes extracellular cysteine and releases glutamate, with increased SLC7A11 expression promoting GSH synthesis and enhancing resistance to ferroptosis (75). Thus, extracellular glutamate concentrations can inhibit System Xc- and induce ferroptosis. SLC7A11 is also regulated by endogenous factors such as the tumor suppressor gene p53, which downregulates SLC7A11 expression, decreasing cysteine uptake, reducing GPX4 activity, and impairing ferroptosis resistance (76). Iron ions are crucial for ferroptosis, and mitochondria, as key organelles for iron utilization, catalysis, and metabolism, play a central role in iron homeostasis and ferroptosis (77). Under pathological or stress conditions, excessive ROS generated from oxidative phosphorylation (OXPHOS) reacts with ferrous iron, promoting lipid peroxidation and disrupting redox balance. While mitochondria do not play a role in GPX4-induced ferroptosis, they are critical in cysteine deficiency-induced ferroptosis (78). Cysteine deficiency leads to lipid peroxide accumulation, glutamine breakdown, accelerated TCA cycle, increased mitochondrial respiration, hyperpolarization, ROS production, and ultimately ferroptosis (79).






The role of mitochondria in tumor immunity

Mitochondria evolved from prokaryotic α-proteobacteria, are diverse organelles found in most eukaryotic cells. Mitochondria are the only organelles in animal cells, apart from the nucleus, that contain DNA. Mitochondrial DNA (mtDNA) is a circular molecule encoding 13 proteins essential for oxidative phosphorylation complex formation, 22 transfer RNAs, and 2 ribosomal RNAs necessary for mitochondrial translation (80). As the center of cellular energy metabolism and biosynthesis, mitochondria produce ATP through oxidative phosphorylation to maintain cellular energy homeostasis (81), while metabolic intermediates play crucial roles in biosynthetic pathways. Furthermore, mitochondria regulate various cellular processes, including energy metabolism, cell fate determination, and immune responses, by releasing mtDNA, mtROS, and metabolic products. Consequently, numerous studies indicate that mitochondrial dysfunction is associated with various diseases, including autoimmune diseases (82), and that dysfunctional mitochondria drive cellular malignant transformation (83). Tumor cells reprogram metabolic pathways to meet the increasing demands for energy and biosynthesis. In the tumor microenvironment (TME), nutrient depletion and excessive production of metabolic byproducts driven by tumor development regulate metabolic reprogramming and signal activation in tumor-infiltrating immune cells, controlling the polarization of different immune cell types. This induces metabolic disorder-mediated antitumor immune response deficiency, establishing an immunosuppressive TME. As highly dynamic organelles with diverse biological functions (84), mitochondria play a key regulatory role in metabolic regulation and immune cell activation. Studies have shown that mitochondrial dysfunction in various cells, including tumor and immune cells in the TME, is a major cause of cancer development, progression, and metastasis (85) (Figure 5).




Figure 5 | Mechanisms by which mitochondria regulate the tumor immune microenvironment.






Mitochondrial regulation of immune cell activation, proliferation, and differentiation

The mitochondria of naive T cells are typically fragmented and spherical, with oxidative phosphorylation and fatty acid oxidation being the main pathways to meet their energy needs in a quiescent state (86). Upon T cell activation, there is a significant increase in the activity of aerobic glycolysis and fatty acid synthesis-related signals, supporting their proliferation and differentiation capabilities and promoting their biological functions (87). Additionally, mitochondria gather beneath the T cell receptor clusters The activation of T cell receptors enhances calcineurin activity, which activates dynamin-related protein 1 (88), inducing further mitochondrial fission and cristae relaxation. Increased mitochondrial number and cristae relaxation play important regulatory roles in glycolysis-related signaling during effector T-cell activation (21). Mitochondria also play crucial roles in T-cell signal transduction and cell fate determination. During T cell activation, mitochondria accumulate at the immunological synapse formed between T cells and antigen-presenting cells (89). T-cell receptor activation stimulates the production of reactive oxygen species (ROS) and ATP, essential for maintaining calcium ion homeostasis and activating downstream-related signals (90). When activated T cells transition into memory T cells or regulatory T cells, mitochondria gradually fuse into elongated structures, cristae become tighter, and the metabolic state shifts to fatty acid oxidation and oxidative phosphorylation, maintaining cell phenotype, survival, and functional transformation (91). In tumor tissues, tumor cells outcompete immune cells for glucose and other nutrients, inhibiting immune cell metabolism and function (92). Tumor-infiltrating T cells in the TME experience chronic oxidative stress, and their proliferation capacity, membrane integrity, and related signaling pathways are severely affected due to metabolic insufficiency induced by glucose and oxygen deprivation and persistent mitochondrial dysfunction mediated by the Akt1-PGC1α signaling pathway (75). This severely disrupts T cell antitumor immune effects and cytokine production, ultimately leading to immunosuppression and tumor immune evasion.





Mitochondrial regulation of NK cell activation

Natural killer (NK) cells are innate cytotoxic lymphocytes whose activity is significantly correlated with glucose metabolism levels. Elevated glucose levels enhance NK cell activity (93). Activated NK cells exhibit significantly increased glycolytic capacity, basal oxidative phosphorylation rate, and maximal respiration capacity. During the transition to memory stages, mitochondrial autophagy proteins BNIP3 and BNIP3L promote mitochondrial autophagy, removing damaged mitochondria and reducing ROS production, facilitating the formation of memory NK cells (94). Studies have shown that in the hypoxic TME, the mitochondrial morphology of tumor-infiltrating NK cells is notably fragmented compared to normal NK cells, resulting in significantly reduced NK cell activity and tumor-killing capacity, leading to the loss of tumor immune surveillance ability (95).





Mitochondria in macrophage polarization

Mitochondria play a key role in macrophage polarization (96). Macrophages can be divided into two subtypes: M1 pro-inflammatory macrophages activated by lipopolysaccharides/γ-interferon and M2 anti-inflammatory macrophages activated by IL-4. During polarization to the M1 subtype, cellular metabolism shifts from oxidative phosphorylation to aerobic glycolysis, increasing intracellular ROS levels, accompanied by increased mitochondrial fission. In contrast, during polarization to the M2 subtype, oxidative phosphorylation and fatty acid oxidation levels significantly rise, with mitochondria exhibiting a fused elongated state (97, 98).





Mitochondrial DNA-mediated activation of innate immune signaling and regulation of antitumor immunity

While numerous studies have highlighted the significance of mitochondrial DNA (mtDNA) in the activation of innate immunity, the precise mechanisms governing mtDNA translocation from the mitochondrial matrix to the cytosol remain unclear. Independent studies in 2014 demonstrated that mtDNA is released during mitochondrial apoptosis (99), and subsequent research indicated that apoptosis-associated mitochondrial outer membrane permeabilization plays a crucial regulatory role in mtDNA release (100). Moreover, voltage-dependent anion channels, which facilitate the transport of metabolites and ions, can form oligomers in the mitochondrial outer membrane. Short mtDNA fragments translocate through these oligomers into the cytosol, triggering type I interferon signaling; additionally, cell stress-induced formation of mitochondrial permeability transition pores contributes to the release of short mtDNA fragments (101). The release of mtDNA in tumor immunity has garnered significant attention. Under normal conditions, mitochondrial DNA is tightly protected to prevent its release into the cytoplasm. However, in tumor cells, mitochondrial dysfunction, oxidative stress, and other factors may lead to mtDNA leakage. Released mtDNA acts as a danger-associated molecular pattern (DAMP) and regulates tumor immune responses through various pathways (102). Released mtDNA can activate the intracellular cGAS-STING pathway, which detects foreign DNA and triggers a downstream type I interferon response, thereby initiating innate immune responses (103). Additionally, mtDNA can activate the NLRP3 inflammasome, promoting the secretion of pro-inflammatory cytokines such as IL-1β and IL-18, further driving inflammatory responses. These signaling pathways not only enhance anti-tumor immune responses but may also trigger immune evasion mechanisms, promoting tumor growth and metastasis.

When abnormalities in mtDNA integrity, replication, and damage repair lead to mtDNA leakage, the cytosolic DNA sensor cGAS rapidly detects mtDNA and induces the production of the second messenger 2’3’-cGAMP. Subsequently, 2’3’-cGAMP activates the endoplasmic reticulum-located adaptor protein STING, mediating the activation of downstream type I interferon signaling pathways and associated inflammatory responses (104). Recent research has revealed that cGAS-STING signaling activation plays a pivotal regulatory role in antitumor immunity. Tumor T cell infiltration is positively correlated with overall prognosis in various cancer types (105). Tumor-specific adaptive immune responses, including the activation of cytotoxic T cells (CD8+ T cells), rely on type I interferon signaling from antigen-presenting cells, with the cGAS-STING pathway being a critical mediator of type I interferon activation (106). Activating cGAS-STING signaling with small molecule drugs can trigger relevant innate immune signals, activating various immune cells, including dendritic cells, macrophages, NK cells, and CD4+ and CD8+ T cells, resulting in significant tumor shrinkage or even complete regression in vivo (107). Studies have shown that intratumoral injection of 2’3’-cGAMP to activate STING stimulates the infiltration of activated CD8+ T cells and promotes tumor clearance in multiple subcutaneous tumor models, including colorectal cancer and melanoma (108). In summary, STING-dependent interferon regulatory factor 3 activation plays a critical role in connecting innate and adaptive immunity in CD8+ T cell-mediated antitumor responses. However, some reports indicate that STING activation may also promote tumor growth in certain cell types (109). Tumor cells can inhibit downstream type I interferon and canonical NF-κB signaling activation, promoting STING-dependent non-canonical NF-κB signaling, and enhancing tumor cell metastasis. For example, chromosomal instability activates STING-dependent non-canonical NF-κB signaling, promoting epithelial-mesenchymal transition, cell invasion, and metastasis (110). In models of breast cancer and lung cancer brain metastasis, tumor cells transfer 2’3’-cGAMP to astrocytes through tumor cell-astrocyte gap junctions, activating STING signaling in astrocytes, promoting the production of inflammatory cytokines, and subsequently activating STAT1 and NF-κB signaling in brain metastatic cancer cells, supporting tumor cell growth and chemotherapy resistance (111).

TLR9 recognizes the CpG domains of mtDNA, activating downstream MAPK and NF-κB signaling, promoting associated inflammatory responses. Notably, extracellularly leaked mtDNA can also activate TLR9 and cGAS-STING signaling in adjacent immune cells, regulating the polarization and function of various immune cells, including macrophages, dendritic cells, and T lymphocytes (112). As a cytosolic multiprotein complex, NLRP3 can recognize mtDNA leaked into the cytosol, activating downstream caspase-1, promoting the cleavage and activation of IL-1 and IL-18 precursors, recruiting macrophages, neutrophils, and T lymphocytes to participate in related immune responses (113). Simultaneously, NLRP3 and caspase activation can further mediate mitochondrial damage and promote mtDNA leakage (114). During tumor-induced mitochondrial stress, mtDNA is released into the cytosol and extracellular space, mediating multiple innate immune signaling activations, and significantly driving tumor development. For example, in primary hepatocellular carcinoma, dynamin-related protein 1 overexpression-mediated mitochondrial dysfunction can activate TLR9-NF-κB signaling through mtDNA release, enhancing chemokine ligand 2 secretion from tumor cells, promoting TAM recruitment and polarization, and driving cancer progression (115). In esophageal squamous cell carcinoma, dynamin-related protein 1 overexpression induces mitochondrial dysfunction and cytosolic mtDNA stress, subsequently inducing autophagy through cGAS-STING signaling activation, driving cancer progression (116). It is noteworthy that reactive oxygen species (ROS) stress can induce the generation of extracellular vesicles containing mtDNA and PD-L1, regulating the microenvironment surrounding the tumor tissue (117). These extracellular vesicles can subsequently inhibit T cell immunity in the tumor microenvironment by promoting macrophage secretion of interferon and IL-6. Recent reports indicate that elevated exosomal PD-L1 levels in various cancer patients are positively correlated with mtDNA and interferon-γ production (118). In conclusion, multiple studies suggest that mtDNA-containing extracellular vesicles are key components influencing metabolism and promoting tumor growth, and the MDV-dependent mitochondrial quality control system is crucial for cell survival and inflammatory characteristics (119). In summary, the release of mtDNA is not only a response mechanism of tumor cells to internal and external stressors but also a crucial regulatory factor in tumor immune evasion. Understanding mtDNA release and the associated signaling pathways is of significant importance for developing new immunotherapeutic strategies and improving cancer treatment outcomes.






Critical regulatory role of mitochondrial reactive oxygen species in tumor immune evasion

Cellular oxidative stress refers to the process where cells experience harmful stimuli or significant metabolic changes, leading to the excessive production of highly reactive molecules like reactive oxygen species (ROS), causing an imbalance between oxidation and antioxidation systems and resulting in cellular damage (120). Mitochondria are the primary cellular organelles generating ROS through aerobic respiration’s electron transport chain and oxidative phosphorylation (121). Under physiological conditions, low levels of ROS act as crucial signaling molecules in cellular signal transduction, regulating gene expression, cell proliferation, differentiation, and stress responses. However, excessively high ROS levels cause oxidative damage to nuclear and mitochondrial DNA, proteins, and lipids, ultimately leading to cellular injury. Therefore, maintaining a dynamic balance between ROS production and consumption is vital for cellular homeostasis and overall health (122).

Compared to normal cells, tumor cells often harbor higher ROS levels. Multiple pro-tumor events, including oncogene activation, loss of tumor suppressor function, mitochondrial activity changes, and tissue inflammation, lead to excessive ROS production, while ROS-mediated oxidative stress further drives the pathological processes of inflammation, fibrosis, and tumors (123). As a crucial mediator in tumor development, ROS plays significant regulatory roles in various aspects of tumor cell proliferation, migration, invasion, angiogenesis, inflammation, and immune evasion. It helps tumor cells adapt to harsh survival environments, and its mediated inflammatory responses can alter the immune cell composition within the tumor microenvironment, influencing its immunosuppressive nature (124). It is important to note that ROS is a double-edged sword in tumor development; chemotherapy and radiotherapy may induce substantial ROS production in tumor cells, promoting tumor cell death and increasing sensitivity to antitumor treatments.





ROS promotes the formation of an immunosuppressive tumor microenvironment

Current research widely acknowledges that the tumor microenvironment is a chronic inflammatory environment, with ROS playing a central regulatory role in its formation, ultimately driving cancer development (125). Tumor cells adapt to high ROS environments by inducing inflammatory cytokine secretion, stabilizing hypoxia-inducible factor-1α, activating AMPK signaling, and promoting NADPH production, thereby avoiding cell death, promoting tumor metastasis, and angiogenesis (126). ROS can induce MAPK signaling activation, regulating the secretion of NF-κB-mediated inflammatory cytokines such as IL-1β, IL-6, and tumor necrosis factor-α, thereby modulating tumor cell inflammatory responses (127). Additionally, ROS regulates the activation states of immune cells within the tumor microenvironment that determine cancer progression. High ROS levels inhibit T cell receptor-antigen peptide-MHC complex formation on infiltrating T cells within the microenvironment, suppressing T lymphocyte activation and enabling tumor cells to evade immune system attacks, thereby promoting cancer progression (128). Studies have also found that tumor cells and immunosuppressive cells within the microenvironment synergistically induce mtROS production, aiding tumor tissues in establishing immune tolerance (129).





The role of mitochondria in cancer

Mitochondria play a dual role in cancer progression, acting both as promoters and suppressors depending on the cellular context. On one hand, mitochondria are central to energy production and biosynthesis, supporting rapid cell proliferation in cancer. They contribute to tumor progression by enhancing oxidative phosphorylation (OXPHOS), producing metabolites that fuel the tricarboxylic acid (TCA) cycle, and generating reactive oxygen species (ROS), which can promote genetic instability and oncogenic signaling. On the other hand, mitochondrial dysfunction can act as a barrier to tumorigenesis. For instance, excessive ROS levels can induce oxidative damage and apoptosis, while mutations in mitochondrial DNA (mtDNA) or disruptions in mitochondrial metabolism can impair tumor growth by limiting energy supply or triggering metabolic stress. This duality highlights mitochondria as potential therapeutic targets, where strategies could either inhibit their pro-tumorigenic functions or exploit their vulnerabilities to suppress cancer development.




Mitochondrial promotes tumor progression

Mitochondrial autophagy can prevent cancer cells from being induced into differentiation and programmed cell death by sodium butyrate, and it allows for the digestion and utilization of damaged mitochondria, thereby promoting tumor cell survival (130). Studies have shown that hypoxia can enhance autophagy in colon cancer cells HCT116 by regulating translation levels. During this process, highly conserved lysosomal glycoproteins PSAP and LAMP2 induce mitochondrial autophagy through upregulation of translation levels, thus protecting tumor cells (131). Furthermore, 12 mitochondrial-specific glycoproteins, such as MRPL36, can also promote mitochondrial autophagy in colon cancer cells by increasing translation levels, which supports the survival of HCT116 cells (132). BNIP3 and NIX are two crucial proteins mediating mitochondrial autophagy and play roles in tumor development. Under hypoxic conditions, BNIP3 and NIX are highly expressed in breast cancer, endothelial cancer, and epithelial cell carcinoma compared to healthy individuals. Additionally, BNIP3 is also highly expressed in lung cancer and follicular lymphoma (133). However, in primary colon cancer, methylated BNIP3 does not exhibit high expression but rather shows a downregulated trend, and this downregulation is associated with abnormal methylation mediated by DNA methyltransferase 3β (DNMT3β) and DNA methyltransferase 1 (DNMT1) (134). The downregulation of BNIP3 accelerates colon cancer cell growth and reduces sensitivity to chemotherapy, potentially related to BNIP3’s cellular localization. For instance, in glioblastoma tumor cells, despite increased BNIP3 expression in hypoxic regions, its localization is not in mitochondria or the cytoplasm but in the nucleus. Current evidence suggests that its nuclear localization is a marker of tumor dormancy, though its other potential functions within the nucleus remain unclear (135) (Figure 6).




Figure 6 | Regulatory mechanisms of mitochondrial metabolism and autophagy, and diseases associated with metabolic and autophagic dysregulation.



Other factors regulating hypoxia-induced mitochondrial autophagy, such as Src and CK2, also play significant roles in cancer cell homeostasis and tumor progression. Both factors have carcinogenic properties and are crucial participants in cancer development (136). Additionally, CNX is another component associated with hypoxia-induced mitochondrial autophagy and is highly expressed in cancer cells. This feature makes CNX a significant prognostic marker for tumors (137). Research has shown that CAV1 in the extracellular matrix is a potent biomarker for tumor progression and metastasis. ROS released by cancer cells can induce the loss of matrix CAV1, leading to metabolic changes in tumor matrix cells, mitochondrial dysfunction, and further enhancement of mitochondrial autophagy (138). Notably, studies on miRNAs in CAV1-deficient tumor matrix cells revealed two key cancer-related miRNAs, MIR31 and MIR34C, which drive mitochondrial autophagy. This function is closely linked to their ability to induce mitochondrial oxidative stress and activate hypoxic responses/HIF1a (139). This finding provides new insights into the role of miRNA regulation in mitochondrial autophagy during cancer development. Furthermore, CAV1 can negatively regulate transforming growth factor β (TGFβ) signaling, and TGFβ signaling activation is crucial for inducing mitochondrial autophagy in tumor matrix cells. In fact, in tumor matrix cells, TGFβ signaling activation, either through paracrine or autocrine mechanisms, induces metabolic abnormalities in the tumor microenvironment (140). As a well-known tumor suppressor gene, BRCA1 usually inhibits tumor growth by maintaining genomic integrity. However, BRCA1-deficient cancer cells can influence the metabolism of surrounding fibroblasts by producing large amounts of hydrogen peroxide, which activates nuclear factor-kappa B (NF-κB) signaling to induce mitochondrial autophagy in tumor matrix cells, thereby promoting tumor growth (141). Besides ROS, other cytokines or bioactive factors, such as migration-stimulating factors and genetic truncations of the N-terminal isoform of fibronectin, can also induce mitochondrial autophagy in tumor matrix cells through TGFβ and CD42-NF-κB activation, further promoting tumor cell growth (142). Overall, mitochondrial autophagy can be activated through carcinogenic signaling pathways (mainly TGFβ and NF-κB pathways), promoting tumor cell growth by regulating cancer cell metabolism. Thus, neutralizing ROS or inhibiting metabolic uncoupling to suppress TGFβ and NF-κB signaling levels in tumor cells and their surrounding microenvironment, and further suppressing mitochondrial autophagy in the tumor matrix, may be a viable strategy for inhibiting tumor cell growth (143). This provides valuable insights and potential anti-cancer strategies targeting mitochondrial autophagy.





Mitochondrial autophagy and tumor suppression

Mitochondrial dysfunction can compromise cellular integrity and impair cellular function. Mitochondrial autophagy plays a crucial role in eliminating damaged mitochondria, facilitating mitochondrial renewal, and participating in the adaptation to stress by controlling mitochondrial quality (144). However, the mechanisms by which cells distinguish between functional and non-functional mitochondria remain incompletely understood (9). Dysregulation of mitochondrial autophagy is associated with the development of various diseases, including neurodegenerative disorders, type 2 diabetes, and cancer (145). Increasing evidence indicates that mitochondrial autophagy dysfunction is a major contributor to tumorigenesis. The PINK1/Parkin pathway is considered a primary mechanism of mitochondrial autophagy (146). PINK1, a serine/threonine kinase, contains a mitochondrial targeting sequence (MTS) at its N-terminus. Under normal conditions, PINK1 is translocated to the mitochondrial inner membrane, where it is cleaved by the mitochondrial protease PARL into a 52 kDa protein and subsequently further degraded by other mitochondrial proteases (147). Parkin is recruited by PINK1 and phosphorylated at serine 65 within PINK1’s ubiquitin-like domain, which enhances Parkin’s E3 ligase activity. This leads to the polyubiquitination of Parkin, which in turn recruits the p62/SQSTM1 adaptor protein and interacts with LC3, promoting autophagy (148). Consequently, loss of Parkin function inhibits mitochondrial autophagy, leading to ROS accumulation, which in turn affects the function of cells, tissues, organs, and even entire systems. Mutations in Parkin are commonly detected in various cancers, including lung cancer, glioblastoma, and colon cancer. The PARK2 gene, which encodes the Parkin protein, is located on human chromosome 6 (FRA6E, 6q26), a region highly susceptible to gene mutations (149). Research has shown that PARK2 is significantly associated with human colorectal adenomatous polyposis, and overexpression of PARK2 can inhibit colon cancer cell proliferation (150). Furthermore, crossbreeding PARK2 gene knockout mice with mice exhibiting colorectal adenomatous polyposis leads to a dramatic acceleration in intestinal adenoma development in the offspring, accompanied by increased polyp diversity, indicating that PARK2 functions as a tumor suppressor gene (151). Hypoxic conditions provide a favorable microenvironment for cancer stem cells, enhancing the likelihood of cancer progression and metastasis. Hypoxia activates hypoxia-inducible factor 1α (HIF1α), which increases the expression of BCL-2 and the adenoviral E1B 19 kDa interacting protein 3 (134). BNIP3, a pro-apoptotic protein, enhances mitochondrial autophagy by promoting the elimination of damaged mitochondria through inhibition of mitochondrial fusion (152). In malignant glioblastoma cells, BNIP3 expression increases under ceramide induction, further activating mitochondrial autophagy and leading to cancer cell death. Similarly, treatment with 3,4-dihydroxybenzyl alcohol in esophageal cancer cells activates mitochondrial autophagy due to high BNIP3 expression, ultimately resulting in cancer cell death (153). Another regulator of mitochondrial autophagy, FUN14 domain-containing protein 1 (FUNDC1), is a newly discovered mitochondrial autophagy receptor protein with significant roles in mediating mitochondrial autophagy. Under hypoxic conditions, protein phosphatase 5 dephosphorylates FUNDC1, promoting its interaction with LC3 and thus enhancing mitochondrial autophagy. In early-stage cervical cancer, FUNDC1 expression is significantly higher in cancer cells compared to adjacent normal cells (154). This high FUNDC1 expression is negatively correlated with tumor progression and patient prognosis and can induce cancer cell apoptosis and increase sensitivity to cisplatin and ionizing radiation. Moreover, targeting FUNDC1 with X-rays can enhance mitochondrial autophagy for targeted cancer therapy (155). Notably, DCT-1, a transcription factor homologous to the Caenorhabditis elegans NRF2, is upregulated under mitochondrial autophagy conditions and activated by SKN-1 during oxidative stress to maintain mitochondrial homeostasis (156). HIF1α can downregulate mitochondrial expression, whereas SKN-1 stimulates the expression of core mitochondrial components and promotes the assembly of new mitochondria. Kosztelnik et al. found that SKN-1, as a novel mitochondrial autophagy regulator, promotes mitochondrial autophagy regeneration (157). Another mitochondrial autophagy regulator, nuclear factor erythroid 2-related factor 2 (NRF2), is a key regulator of cellular redox homeostasis and also impacts mitochondrial function. Small molecule activators of NRF2 maintain mitochondrial function by promoting mitochondrial autophagy and counteracting oxidative stress-induced permeability transitions (158). These findings suggest that activation of SKN-1/NRF2/NFE2L2 can induce mitochondrial autophagy and mitochondrial biogenesis, providing a new target for cancer therapy. Additionally, these factors may jointly enhance mitochondrial autophagy and stability by counteracting the Warburg effect (a metabolic shift from oxidative phosphorylation to glycolysis in hypoxic solid tumors, leading to increased glucose uptake and decreased oxygen consumption) and thus protect mitochondrial metabolism from carcinogenic transformation (159). Another major protein linking mitochondrial autophagy and cancer is insulin/insulin-like growth factor (IGF). Insulin/IGF signaling plays a critical role in the development and progression of many human cancers. While its role in altering the tumor microenvironment is well established, its effects on other malignant tumor phenotypes, such as distant metastasis, are still under investigation (160). Downregulation of insulin signaling is a highly conserved evolutionary pathway that can extend mitochondrial lifespan. Specific targeting of insulin and IGF receptors in cancer cells is a promising anti-cancer strategy (161). Given that mitochondrial autophagy provides beneficial regulatory effects through low insulin signaling, increased insulin/IGF signaling can induce mitochondrial autophagy in certain types of tumors, thereby inhibiting tumor progression.





Mitochondrial dysfunction-related diseases

Mitochondrial genetic metabolic abnormalities are closely associated with various diseases. Mitochondria serve as the central hub for cellular energy metabolism, responsible for generating ATP through oxidative phosphorylation. When mitochondrial DNA (mtDNA) undergoes mutations or incurs damage, it can lead to decreased efficiency of oxidative phosphorylation, resulting in reduced ATP production and subsequent cellular energy deficiency (162). Moreover, mitochondrial metabolic abnormalities can cause excessive production of reactive oxygen species (ROS), elevating intracellular oxidative stress, which damages cell membranes, proteins, and DNA. These changes are linked to the development of numerous degenerative diseases, cardiovascular diseases, and metabolic disorders (66). Understanding the relationship between mitochondrial genetic metabolic abnormalities and diseases is crucial for developing therapeutic strategies targeting these conditions (Figure 6).




Obesity

The World Health Organization defines obesity as an abnormal or excessive fat accumulation that may impair health. Excessive food intake and lack of exercise are the primary causes of obesity (163). In conditions of nutritional surplus, increased fatty acids are stored in large amounts of adipose tissue, leading to adipocyte hypertrophy and inadequate blood supply, which induces hypoxia. Hypoxia triggers macrophages in adipose tissue to secrete large amounts of pro-inflammatory factors, such as tumor necrosis factor-alpha (TNF-α). TNF-α induces adipocytes to release free fatty acids, which in turn bind to Toll-like receptors on macrophages and adipocytes, further activating inflammatory signaling pathways and promoting the release of inflammatory factors (164). Studies have shown that elevated levels of glucose and fatty acids directly impair mitochondrial function in adipocytes (165). Additionally, excessive activation of mineralocorticoid receptors during obesity can cause changes in mitochondrial function, including increased production of reactive oxygen species and uncoupling, leading to dysfunction of adipose tissue. Moderate weight loss can alleviate systemic inflammation and insulin resistance, improve mitochondrial dysfunction, and increase the expression of SIRT1 (Sirtuin1) and the antioxidant GPX1 (166). In the arcuate nucleus of the hypothalamus, neurons expressing agouti gene-related protein (AgRP) and proopiomelanocortin (POMC) regulate feeding behavior in opposing directions. High-fat diets increase AgRP neuron activity, which enhances food intake and disrupts systemic energy metabolism. However, the absence of Mfn2 in AgRP neurons can prevent adverse metabolic responses, reduce fat mass, restore insulin and blood glucose levels, and prevent obesity (167). Conversely, the effect in POMC neurons is entirely different, with Mfn2 deficiency causing severe obesity, binge eating, and endocrine disorders (17). Recent studies have also shown that high-fat diets lead to reduced mitochondrial volume, increased density, and elevated expression of the mitochondrial fission protein Drp1, which induces the expression of uncoupling protein 2 in hypothalamic microglia, increasing susceptibility to obesity (168). Normally, mitochondria clear dysfunctional mitochondria through autophagy. However, excessive mitochondrial autophagy reduces the number of mitochondria, leading to decreased substrate oxidation and exacerbating lipid accumulation (169). The role of mitochondrial autophagy in obesity requires further investigation.

Mitochondria usually clear reactive oxygen species through antioxidant systems, but impaired mitochondrial function in obese individuals can increase the production of these unstable molecules. Excessive eating, lack of exercise, and obesity can lead to long-term imbalances in energy metabolism, which may result in increased reactive oxygen species production. High-fat diets promote mitochondrial fatty acid β-oxidation, leading to excessive electron flow through cytochrome c oxidase and subsequent accumulation of reactive oxygen species (170) Reactive oxygen species play an important role in adipocyte formation, but during obesity, a vicious cycle of adipocyte hypertrophy → local increase in reactive oxygen species → adipocyte hyperplasia exacerbates obesity. These studies highlight the significant role of reactive oxygen species in the development and progression of obesity.





Type 2 diabetes

With increasing living standards, the prevalence of type 2 diabetes has surged, with insulin resistance and inadequate secretion being core factors in its pathogenesis (171). Mitochondria, as crucial regulators of insulin secretion, are closely linked to the onset of type 2 diabetes. Mitochondrial dynamics play a significant role in the development of type 2 diabetes. OPA1 is essential for the optimal function of the respiratory chain in β-cells (172). Research indicates that the loss of OPA1 leads to β-cell death, reduced insulin secretion, and impaired systemic glucose homeostasis. In type 2 diabetes patients, a reduction in skeletal muscle Mfn2 expression has been observed, with Mfn2 levels correlating positively with insulin sensitivity. Ramírez et al. found that during the transition from fasting to feeding, mice with Mfn1 deficiency in POMC neurons exhibit mitochondrial structural defects and loss of adaptive responses, leading to insufficient insulin secretion by pancreatic β-cells and abnormal glucose homeostasis (173). However, other studies have shown that Mfn1-deficient mice are protected from glucose intolerance and insulin resistance induced by a high-fat diet and are more sensitive to the hypoglycemic effects of metformin. Drp1 also contributes to type 2 diabetes by affecting insulin secretion and function. Hennings et al. found that Drp1 deficiency in pancreatic β-cells impairs insulin secretion (174). Conversely, Fealy et al. demonstrated that reduced Drp1 activity is significantly associated with improved fatty acid oxidation and insulin sensitivity and that exercise reduces Drp1 levels while increasing Mfn1 and Mfn2 expression (175). Additionally, metformin can activate AMPK to improve mitochondrial function and hyperglycemia in obese patients. These results suggest that the expression of mitochondrial dynamics-related proteins may underlie the development of type 2 diabetes, though their regulatory mechanisms require further investigation. Another potential mechanism underlying type 2 diabetes is the production of high levels of reactive oxygen species (ROS). Diabetic rats have been observed to have reduced mitochondrial ATP production and elevated ROS levels (176). Pancreatic β-cells are particularly susceptible to ROS and oxidative stress, with their antioxidant enzyme levels being notably lower compared to other metabolic tissues. Thus, high levels of ROS are considered a primary cause of β-cell dysfunction in diabetes. Excessive ROS production in mitochondria can activate inflammatory pathways, leading to impaired insulin signaling and insulin resistance. Houstis et al. found that ROS levels are elevated in insulin-resistant cell models induced by glucocorticoids or TNF-α, suggesting that increased ROS levels are a crucial trigger for insulin resistance. Overexpression of catalase in mitochondria can prevent insulin resistance (177). These seemingly contradictory results indicate that further exploration is needed to clarify the relationship between mitochondrial-derived oxidative stress and type 2 diabetes.





Atherosclerosis

Atherosclerosis forms the pathological basis of many cardiovascular diseases, beginning with endothelial damage that allows lipids to enter the subendothelial space. Subsequently, mononuclear macrophages and smooth muscle cells engulf these lipids, forming foam cells, and the accumulation of foam cells leads to the formation of fatty streaks (178). This process is followed by the formation of fibrous plaques and atherosclerotic plaques. Mitochondrial ROS can promote the oxidation of low-density lipoprotein (LDL) and proteins, causing damage to nuclear DNA and mitochondrial DNA in smooth muscle and endothelial cells. This damage leads to endothelial injury, abnormal smooth muscle cell proliferation, and accumulation of oxidized LDL (ox-LDL) in the arterial wall, all of which contribute to the progression of atherosclerosis (179). Endothelial injury represents an early physiological and pathological change in atherosclerosis, accompanied by reduced synthesis and secretion of nitric oxide (NO). NO inhibits platelet aggregation, monocyte adhesion, and smooth muscle cell proliferation. Oxidative stress induced by ROS can inactivate endothelial nitric oxide synthase, leading to decreased NO secretion (180). Dysfunctional endothelial nitric oxide synthase can further promote ROS production, which exacerbates endothelial damage by reducing NO synthesis and secretion. Recent studies have indicated that mitochondrial calcium overload, decreased membrane potential, ROS production, and cytochrome c release are involved in oxLDL-induced endothelial cell apoptosis (181). Overexpression of PGC1α can reduce mitochondrial ROS levels and reverse oxLDL-induced mitochondrial metabolic disturbances. Furthermore, overexpression of PGC1α can reduce inflammation by decreasing the activity of NF-κB and TNF-α (182). Additionally, overexpression of OPA1 promotes mitochondrial autophagy and fusion, restores endothelial cell vitality, and reduces oxLDL-induced apoptosis (183). Vascular smooth muscle cells are crucial components of fatty streaks and plaques. Mitochondrial dysfunction is a notable feature of atherosclerotic vascular smooth muscle cells. Mfn2 plays a significant role in the proliferation and apoptosis of vascular smooth muscle cells. In ApoE-/- mice, Mfn2 expression in vascular smooth muscle cells is significantly reduced, but overexpression of Mfn2 can inhibit abnormal smooth muscle cell proliferation (184). This is because Mfn2 overexpression can mediate smooth muscle cell apoptosis by inhibiting protein kinase B (Akt) signaling and activating mitochondrial apoptosis (185). Further research has shown that Mfn2 overexpression can inhibit oxLDL-induced smooth muscle cell proliferation by suppressing extracellular regulated protein kinases (ERK) and Akt phosphorylation (186). Additionally, mitochondrial DNA damage has been observed early in atherosclerosis, with an increase in heterogeneous mitochondrial DNA variants correlating with the degree of atherosclerotic morphological phenotype (187). ROS-induced mitochondrial DNA damage impairs mitochondrial function, promotes apoptosis of vascular smooth muscle cells and macrophages, inhibits smooth muscle cell proliferation, increases necrotic core size, reduces fibrous cap area, and increases plaque vulnerability. However, restoring mitochondrial DNA integrity can improve these conditions. In atherosclerosis patients, repair of nuclear and mitochondrial DNA in vascular smooth muscle cells requires ATP and reactive oxygen species, leading to further mitochondrial dysfunction, accelerated plaque formation, and impaired smooth muscle cell function.





Vascular calcification

Aging is currently associated with chronic low-grade inflammation, which exacerbates age-related diseases. Vascular calcification is a common complication of aging, particularly closely related to atherosclerosis and type 2 diabetes. It has been reported that aging elevates inflammatory cytokine levels, such as interleukin-6, and impairs mitochondrial function in the aorta (188). Studies have shown that vascular calcification is linked to inflammatory states, and mitochondrial dysfunction induced by inflammation can affect the development of vascular calcification. Therefore, the relationship between mitochondrial dysfunction and vascular calcification has been extensively studied. Zhu et al. found that lactate treatment accelerates the calcification process and leads to mitochondrial dysfunction in vascular smooth muscle cells, while BNIP3-mediated mitophagy can restore mitochondrial function and inhibit lactate-induced calcification (189). Rogers et al. (46) also found that Drp1 is highly expressed in calcified human carotid arteries, and inhibition of Drp1 expression can alleviate smooth muscle cell and human valve interstitial cell calcification. Additionally, mitochondria directly participate in the calcification process through reactive oxygen species (ROS) production (190). Furthermore, resveratrol can improve mitochondrial function and oxidative stress via the PKA/LKB1/AMPK pathway. Vascular calcification is a complex, multi-factorial, and prolonged process. Various mechanisms may influence the occurrence and development of vascular calcification through mitochondrial pathways. Despite significant advances in mechanical treatments such as rotational atherectomy, these methods are passive treatments for advanced calcification (191). The association between mitochondrial dysfunction and vascular calcification offers a new approach to prevention and treatment, namely mitochondrial-targeted therapy and antioxidant treatment.







Mitochondrial targeting in cancer therapy

Targeting mitochondria for cancer therapy represents an emerging treatment strategy that aims to inhibit tumor cell growth and dissemination by directly affecting mitochondrial function. Mitochondria play a crucial role in tumor cells, with their dysfunction often leading to metabolic reprogramming that supports rapid tumor growth and resistance to therapy. Mitochondrial-targeted therapeutic approaches are designed to disrupt mitochondrial function in tumor cells, thereby inducing apoptosis or other forms of cell death (192). These therapeutic strategies include the use of mitochondrial-targeted drugs, mitochondrial-penetrating peptides, and compounds that regulate mitochondrial dynamics and function. For instance, certain drugs can specifically accumulate within mitochondria, interfering with oxidative phosphorylation or increasing the production of reactive oxygen species (ROS), leading to tumor cell death. Additionally, promoting mitochondrial autophagy can clear damaged mitochondria, thereby reducing the survival capacity of tumor cells. Targeting mitochondria not only effectively kills tumor cells but also enhances anti-tumor immune responses. Disruption of mitochondrial function can alter the tumor microenvironment, boosting the activity and tumor-suppressive capabilities of immune cells. Although research in this area is still in its early stages, existing studies demonstrate the substantial potential of mitochondrial-targeted therapies for cancer, providing new directions for the development of novel anti-cancer drugs and treatment strategies (193). Representative drugs targeting mitochondria for cancer therapy include etoposide, betulinic acid, and doxorubicin. These agents exert their anticancer effects by disrupting mitochondrial functions, such as inhibiting the mitochondrial respiratory chain, inducing mitochondria-mediated apoptosis, or disrupting the mitochondrial membrane potential. Furthermore, advancements in mitochondrial-targeted delivery systems (e.g., MITO-Porter) are rapidly evolving, offering new avenues to enhance therapeutic efficacy while reducing toxicity. Such therapies hold significant promise for the treatment of various cancers. Herein, we systematically summarize the currently reported representative drugs targeting mitochondria in cancer therapy and their underlying mechanisms of action (Table 2).


Table 2 | Drugs targeting mitochondria for cancer therapy and their mechanisms of action.







Inducing mitochondrial ROS dysregulation in tumors

Evidence suggests that hypoxia and oxidative stress can control metabolic reprogramming in cancer cells and other cells within the tumor microenvironment, and reprogrammed metabolic pathways in cancer tissues can alter redox balance. Based on ROS therapy, an effective approach may exploit the characteristics of tumor cells to produce more ROS and antioxidants, inducing ROS dysregulation in tumor mitochondria (194). This approach aims to inhibit antioxidants in tumor cells, ultimately leading to selective tumor cell killing. Targeting mitochondrial antioxidants with drugs could be significant in cancer prevention and treatment. Triphenylphosphonium-doxorubicin (TPP-DOX) can induce ROS dysregulation in tumor cells, characterized by caspase activation, leading to apoptosis. Selective amplification of ROS generation in tumor cells is recognized as an effective strategy for cancer therapy. However, abnormal tumor metabolism, especially mitochondrial glutamine catabolism, can promote high levels of antioxidants in tumor cells to evade ROS-induced damage (36). Research has shown that a tumor-targeting nanoparticle platform combining inhibition of mitochondrial glutamine catabolism and chemotherapeutic agents can treat cancer by blocking nutrient supply and disrupting intracellular redox homeostasis, ultimately inhibiting tumor growth. In summary, targeted drugs inducing mitochondrial ROS dysregulation in tumor cells can have a suppressive effect on tumors.




Targeting mtDNA for cancer therapy

Mitochondrial DNA (mtDNA) is the only remaining extranuclear genetic material in cells, and the genes encoded within mtDNA can lead to mitochondrial diseases and malignancies. Notably, the D-LOOP region in the mammalian mitochondrial genome is crucial for mtDNA replication (6). Anticancer drugs that target mitochondria can interact with relevant DNA, further validating their role in genetic material replication and transcription, and guiding the selection of gene-related anticancer drugs (195). Studies have shown that mtDNA mutations are associated with small-cell lung cancer and multidrug resistance, and variations in mitochondrial DNA copy number are closely related to gastric cancer risk assessment. Some scholars believe that mtDNA copy number and telomere length are significantly associated with cancer incidence and mortality, though these associations vary by cancer type and require further investigation (196). Research on primary and metastatic uveal melanoma has shown that mtDNA copy number is significantly increased in metastatic uveal melanoma compared to primary uveal melanoma, which is closely linked to its migration and invasion (197). Studies indicate that polyphenols in pomegranate fruit can induce mtDNA damage and even nuclear DNA damage in oral cancer cells, promoting apoptosis and inhibiting tumor cell proliferation (198). Yeung et al. (12) found that bleomycin can induce mtDNA damage, making it a potentially effective drug for targeting mtDNA in acute myeloid leukemia (199). Exploring the relationship between mtDNA and tumors and targeting drugs will pave the way for advances in medical treatment.





Targeting the bcl-2 protein family to induce apoptosis

The Bcl-2 protein family is crucial in regulating apoptosis, comprising pro-apoptotic and anti-apoptotic proteins. Bcl-2 is one of the most potent anti-apoptotic factors, whereas Bax is a major pro-apoptotic protein, and their balance maintains cellular stability (200). Natural compound oroxylin A can reduce Bcl-2 expression and induce mitochondrial-mediated apoptosis, thus inhibiting colon cancer cell proliferation and migration (201). Literature indicates that α-tocopheryl succinate (α-TOS), a redox-silent analog of vitamin E, can inhibit the interaction of Bak’s BH3 domain with Bcl-2 and Bcl-xL, weakening their biological activity and increasing mitochondrial outer membrane permeability, leading to apoptosis in breast and colon cancer cells (202). In non-small cell lung cancer, a non-chromosomal structural maintenance protein complex subunit I G (NCAPG) regulates cell division. Downregulation of NCAPG promotes the expression of caspase-3 and Bax while inhibiting anti-apoptotic protein Bcl-2 expression, thereby promoting mitochondrial-related apoptosis in tumor cells (203). Interestingly, recent research shows that mango peel extract can inhibit cell viability in colon cancer cell lines, affecting the Bcl-2 protein family and apoptosis factors while causing mitochondrial damage, offering a potential new strategy for cancer treatment (204). Besides the increased mitochondrial outer membrane permeability caused by Bcl-2 protein family interactions and the BH3 domain, increased permeability due to the mitochondrial permeability transition pore can also effectively play an anti-tumor role (205). These studies suggest that drugs targeting the Bcl-2 protein family can activate the apoptotic system, promote cell apoptosis, and ultimately exert anti-tumor effects, potentially providing more effective and novel treatment options for cancer.





Targeting the inhibition of ATP production in tumor cell mitochondria

Mitochondria are the primary sites for cellular energy metabolism and aerobic respiration, utilizing oxidative phosphorylation or the electron transport chain to generate adenosine triphosphate (ATP) from carbohydrates. ATP is considered a potential strategy for tumor prevention or a carrier for tumor-targeting drugs (206). However, due to the rapid degradation and brief presence of ATP outside cells, current detection methods have limitations (207). Studies have shown that pomegranate polyphenol extracts can induce ATP depletion and disrupt mitochondrial membrane potential in three types of oral cancer cells, inhibiting proliferation and inducing apoptosis via mitochondrial pathways (208). Metformin can also target ATP production, impairing respiratory chain function and inhibiting the growth of insulin-dependent tumor cells, though the mechanisms of metformin’s action and its clinical dosing are still under investigation (209). Research indicates that metformin can enhance autophagy, thereby protecting neuronal cells from aging and apoptotic neurodegenerative changes (210). Some scholars have identified lichen compounds that inhibit the proliferation and metastasis of breast cancer cells, including triple-negative breast cancer. These compounds affect mitochondrial energy metabolism, impairing aerobic respiration and glycolysis, reducing ATP production, and further inhibiting tumor growth (211). Monitoring ATP levels in live cells is crucial for the clinical diagnosis of various diseases, including cancer. Therefore, future experimental research on tumors could focus on targeting mitochondrial ATP production inhibition.





Targeting mitochondrial autophagy to inhibit tumor biosynthetic pathways

Autophagy is a critical process for maintaining cellular homeostasis and participating in metabolic breakdown, playing important roles in anti-aging, immunity, anti-tumor responses, and stress resistance under complex conditions (212). In research on liver malignancies, it has been found that mitochondrial autophagy is crucial for cell growth, making autophagy a new target for cancer treatment (213). Mitochondria sustain normal cellular activities through fatty acid metabolism, the tricarboxylic acid cycle, and oxidative phosphorylation, and can also be influenced by various factors to initiate apoptosis (214). During tumor cell biosynthesis, hexokinase II, involved in glycolysis, is highly expressed and can bind to voltage-dependent anion channels. Research on anti-tumor drugs could focus on preventing the interaction between hexokinase II and voltage-dependent anion channels (215). Studies have shown that the active compound A-24 extracted from onions can regulate autophagy and apoptosis via the PIK/Akt/mTOR signaling pathway, significantly inhibiting proliferation in wild-type p53 gastric cancer cells (216). Among heat-clearing and detoxifying herbs, half-leaf and white flower snake tongue herbs exhibit anti-inflammatory, anti-tumor, and free radical scavenging effects, and are used in anti-tumor formulations (217)]. In one study, the ethyl acetate fraction of extracts from white flower snake tongue herb and half-leaf significantly increased the inhibition rate of gastric cancer cell proliferation, demonstrating its anti-cancer effects, which are closely related to mitochondrial autophagy (218). Additionally, high-phenol sorghum bran extract can inhibit cellular biosynthetic pathways by activating autophagy and related signaling pathways, ultimately suppressing colorectal cancer formation (219). Apoptosis and autophagy are critical for cellular life activities. Targeting mitochondrial biosynthetic pathways can activate apoptosis signaling pathways, thereby inhibiting cancer cell proliferation and metastasis, and inducing cancer cell apoptosis.





Limitations of mitochondrial-targeted therapies

Mitochondrial-targeted therapies, such as ROS modulators and mitophagy enhancers, have demonstrated significant potential in the treatment of cancer and other diseases. These therapies aim to restore intracellular homeostasis by modulating mitochondrial function, thereby inhibiting tumor growth or mitigating disease progression. For instance, ROS modulators help balance redox states to prevent oxidative stress-induced cellular damage, while mitophagy enhancers clear damaged mitochondria, reducing their toxic accumulation within cells. However, several challenges remain in the clinical application of these therapies. These include insufficient drug specificity, difficulties in achieving efficient mitochondrial delivery, the delicate balance between therapeutic dosage and toxicity, and variability in patient responses due to individual differences. Additionally, mitochondrial-targeted therapies may inadvertently affect the functions of healthy tissues, raising concerns about their safety profiles. Thus, despite their promising prospects, the clinical translation of mitochondrial-targeted therapies requires further investigation to overcome these challenges and optimize their therapeutic efficacy.






Conclusion

Mitochondria play a central role in cellular function, participating in energy metabolism, signal transduction, and metabolic regulation. Mitochondria generate ATP through oxidative phosphorylation, providing the primary energy source for cells, while also producing reactive oxygen species (ROS) and regulating the redox state within cells. Mitochondrial quality control is primarily achieved through mitophagy and the dynamic balance of fusion and fission, ensuring that damaged mitochondria are effectively removed and maintaining mitochondrial functional integrity (220). Mitochondrial biogenesis is regulated by nuclear-encoded proteins and the mitochondria’s own DNA (mtDNA). mtDNA is a circular double-stranded DNA encoding essential components of the respiratory chain complexes, tRNA, and rRNA. Mutations or damage to mtDNA can directly impact mitochondrial function, leading to various metabolic diseases (221). The stability of the mitochondrial genome is crucial for cellular health, and mechanisms for mtDNA replication and repair play a key role in this process. Mitochondrial function is closely related to health and longevity. Maintaining mitochondrial function is vital for delaying the cellular aging process. With aging, mitochondrial function declines and the accumulation of ROS accelerates cellular aging. Enhancing mitochondrial function or removing damaged mitochondria can extend cellular lifespan. In terms of regulating cell death, mitochondria initiate apoptosis by releasing cytochrome c and other pro-apoptotic factors and play significant roles in ferroptosis and pyroptosis (222). Mitochondria often referred to as the powerhouses of the cell, play a crucial role in maintaining cellular function by providing energy and regulating various physiological and pathological processes. These organelles are deeply involved in cellular dynamics, metabolic regulation, and cell fate determination. Dysfunctional mitochondria are linked to numerous diseases, including autoimmune disorders, neurodegenerative diseases, and cancer. Despite significant advances in understanding mitochondrial function, the complexity of these functions and the disturbances caused by their defects remain critical issues. It is essential to unveil new mitochondrial functions at the molecular level and develop animal models for mitochondrial diseases.

Mitochondria generate large amounts of ATP, which supplies cells with the energy required for life activities. They also play vital roles in the biosynthesis of macromolecules, cellular signal transduction, immune cell activation, and cell fate determination. This paper explores mitochondrial metabolism and biosynthesis, focusing on the intricate interactions between key mitochondrial signaling components (such as mtDNA and mtROS), the tumor microenvironment, and the immune system. The aim is to provide insights into the development of novel anti-tumor immunotherapies from the perspective of mitochondria and tumor immunity. Mitochondrial energy metabolism and biosynthesis are crucial in immune cell activation. However, tumor cells’ competitive glucose consumption and the hypoxic tumor microenvironment induce mitochondrial damage and excessive ROS production, resulting in immune cells enduring metabolic insufficiency and high oxidative stress. This environment disrupts immune cell activation and tumor immunosurveillance, leading to tumor immune escape. Therefore, combining metabolic therapy with immune checkpoint inhibitors by enhancing immune cell energy metabolism, reducing mitochondrial dysfunction and mtROS production in immune cells, and increasing the survival of effector T cells and the generation of memory T cells is a novel strategy to control tumor growth.

Moreover, ex vivo mtDNA editing of chimeric antigen receptor (CAR) T cells can promote mitochondrial biosynthesis and oxidative phosphorylation, compensating for the progressive loss of tumor-infiltrating effector T cells during anti-tumor immune responses and enhancing the anti-tumor immunity of immune cells. Additionally, radiotherapy can induce mitochondrial dysfunction and ROS outbursts, leading to tumor cell apoptotic cascades, which is a significant direction for anti-tumor immunotherapy research and clinical practice. MtDNA damage, mutations, and cytoplasmic leakage are critical factors in the development of various diseases, including cancer. During cellular damage, cytoplasmic mtDNA serves as an important signaling molecule that activates innate immune signaling pathways. Under physiological conditions, mtDNA exists in a nucleoid structure within the mitochondrial matrix. Upon cellular damage, mitochondria undergo outer membrane permeabilization or mitochondrial permeability transition pore opening, mediating mtDNA entry into the cytoplasm and activating multiple innate immune signals, including NLRP3, TLR9, and cGAS-STING, triggering inflammatory responses and cell death. Notably, while apoptosis is typically immune-silent, under certain conditions, such as caspase activity inhibition by drugs, mtDNA-mediated inflammatory responses are significantly enhanced, promoting immunogenic cell death and boosting the host’s anti-tumor immune response.

Targeting mtDNA has become a promising cancer treatment strategy. The response mechanisms following mtDNA damage are crucial for developing mtDNA-targeted drugs, predicting therapeutic efficacy, and analyzing potential resistance. Although mitochondria play a central regulatory role in the complex interplay between cancer and the immune system, therapeutic strategies that modulate the host’s anti-tumor immunity by targeting mitochondria are currently a focal point of basic and clinical research. However, these studies are still in their early stages. Investigating how mitochondrial activity and biological functions are regulated during the activation of different cell subpopulations, shifting energy balance toward immune cells, and promoting the repair of mitochondrial dysfunction and metabolic insufficiency in immune cells while inhibiting tumor cell metabolism are crucial research directions. These will become vital components in improving anti-tumor efficacy in clinical patients.

In the context of tumor progression, cancer cells often undergo metabolic reprogramming to meet the demands of rapid growth and proliferation, with mitochondrial dysfunction potentially promoting malignant transformation and metastasis. The role of mitochondria in the tumor immune microenvironment is also of significant interest, as mitochondrial metabolic abnormalities in the tumor microenvironment can influence anti-tumor immune responses by regulating the function and activation of immune cells. Metabolites and signaling molecules produced by mitochondria play critical roles in the polarization and functional regulation of immune cells. Mitochondrial metabolic abnormalities are closely related to various diseases, including neurodegenerative diseases, cardiovascular diseases, metabolic disorders, and cancer. Mitochondrial dysfunction leads to insufficient ATP production, excessive ROS generation, and metabolic imbalance within cells, ultimately causing cellular damage and disease (223). Understanding the role of mitochondria in these diseases is crucial for developing therapeutic strategies targeting mitochondrial dysfunction.





Future research directions




Mitochondrial immune regulation

Mitochondria play a crucial role in immune regulation, serving as both platforms for immune signaling and centers for metabolic control, which has garnered significant attention. For instance, ROS and metabolic byproducts produced by mitochondria act as key signaling molecules that regulate the activation and function of immune cells. Additionally, the release of mitochondrial DNA into the cytoplasm can activate the cGAS-STING pathway, triggering innate immune responses. In the future, investigating how mitochondria interact with immune checkpoints in the immune microenvironment may offer new strategies for cancer immunotherapy and advance the treatment of autoimmune diseases.





Mitochondrial spatial transcriptomics

With the rapid development of single-cell spatial transcriptomics technology, it has become possible to study the dynamic distribution of the mitochondrial transcriptome within tissue microenvironments. By analyzing the spatial heterogeneity of mitochondrial gene expression, specific functions of mitochondria in different cell types or subpopulations can be revealed. For example, the spatial characteristics of mitochondrial gene expression in tumor tissues may be closely associated with tumor progression and therapeutic resistance. Future research in this field will contribute to the construction of mitochondrial transcriptional networks in diseases, offering new targets for precision medicine.





Mitochondrial epitranscriptomics

Mitochondrial epitranscriptomics is an emerging research field that primarily explores the regulatory effects of mitochondrial RNA modifications (such as m6A, m5C) on its function and stability. These modifications not only affect the translation efficiency and degradation of mitochondrial RNA but may also regulate the communication between mitochondria and the nucleus. In the future, understanding the molecular mechanisms of mitochondrial RNA modifications and their roles in diseases will aid in developing therapeutic strategies based on epitranscriptomics.





Mitochondrial genome editing and replacement therapies

Mitochondrial genome editing technologies (such as modified TALEN and CRISPR-Cas9) are opening up new possibilities for the treatment of mitochondrial-related genetic diseases. These technologies can precisely edit mitochondrial DNA to correct pathogenic mutations and restore mitochondrial function. Additionally, mitochondrial replacement therapies (such as mitochondrial replacement therapy used in three-parent embryos) show great potential in preventing maternally inherited diseases. Although these technologies are still in the early stages, they hold promise for revolutionizing the treatment of mitochondrial diseases and certain complex disorders once safety and ethical concerns are addressed. In conclusion, the future direction of mitochondrial research will be increasingly diverse and precise. Through interdisciplinary exploration, it is expected to pave new paths for the diagnosis, treatment, and prevention of diseases.






Author contributions

QW: Conceptualization, Investigation, Methodology, Project administration, Validation, Visualization, Writing – original draft. YY: Conceptualization, Investigation, Methodology, Project administration, Software, Supervision, Validation, Writing – original draft. JL: Data curation, Investigation, Methodology, Writing – original draft. CL: Investigation, Project administration, Software, Supervision, Validation, Writing – original draft, Writing – review & editing. XJ: Data curation, Formal Analysis, Methodology, Project administration, Supervision, Validation, Writing – original draft, Writing – review & editing.





Funding

The author(s) declare that financial support was received for the research, authorship, and/or publication of this article. This study was supported by grants from the Scientific Research Project of Suining Central Hospital (Grant No. 2022yz103).




Acknowledgments

The authors acknowledges the use of Biorender that is used to create Figures 2, 3.





Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.





Generative AI statement

The author(s) declare that no Generative AI was used in the creation of this manuscript.




Abbreviations

Mito, Mitochontrial; NADH, Nicotinamide adenine dinucleotide (reduced); NADPH, Nicotinamide adenine dinucleotide phosphate (reduced); NF-κB, Nuclear factor-κB; GLS, Glutaminase; GLS1, Mitochondrial glutaminase; GSH, Glutathione; HIF-1α, Hypoxia-inducible factor 1α; I/Q/II/III/IV/V, Complexes of the electron transport chain; LC3, Microtubule-associated Protein 1 Light Chain 3; NQO-1, NADPH quinone oxidoreductase-1; NRF2, Nuclear factor erythroid 2–related factor 2; OXPHOS, Oxidative phosphorylation; P, Phosphate (or phospho); PARPs, Poly (ADP-ribose) polymerases; PGC-1α, Peroxisome proliferator-activated receptor gamma co-activator; ROS, Reactive oxygen species; SIRTs, Sirtuins; TCA, Tricarboxylic acid cycle; SASP, senescence-associated secretory phenotype; NK, natural killer.




References

1. Al Amir Dache, Z, and Thierry, AR. Mitochondria-derived cell-to-cell communication. Cell Rep. (2023) 42:112728. doi: 10.1016/j.celrep.2023.112728

2. Bock, FJ, and Tait, SWG. Mitochondria as multifaceted regulators of cell death. Nat Rev Mol Cell Biol. (2020) 21:85–100. doi: 10.1038/s41580-019-0173-8

3. Borcherding, N, and Brestoff, JR. The power and potential of mitochondria transfer. Nature. (2023) 623:283–91. doi: 10.1038/s41586-023-06537-z

4. Monzel, AS, Enríquez, JA, and Picard, M. Multifaceted mitochondria: moving mitochondrial science beyond function and dysfunction. Nat Metab. (2023) 5:546–62. doi: 10.1038/s42255-023-00783-1

5. Andrieux, P, Chevillard, C, Cunha-Neto, E, and Nunes, JPS. Mitochondria as a cellular hub in infection and inflammation. Int J Mol Sci. (2021) 22. doi: 10.3390/ijms222111338

6. Shen, K, Pender, CL, Bar-Ziv, R, Zhang, H, Wickham, K, Willey, E, et al. Mitochondria as cellular and organismal signaling hubs. Annu Rev Cell Dev Biol. (2022) 38:179–218. doi: 10.1146/annurev-cellbio-120420-015303

7. Wang, H, Liu, C, Zhao, Y, and Gao, G. Mitochondria regulation in ferroptosis. Eur J Cell Biol. (2020) 99:151058. doi: 10.1016/j.ejcb.2019.151058

8. Escrig-Larena, JI, Delgado-Pulido, S, and Mittelbrunn, M. Mitochondria during T cell aging. Semin Immunol. (2023) 69:101808. doi: 10.1016/j.smim.2023.101808

9. Chakrabarty, RP, and Chandel, NS. Mitochondria as signaling organelles control mammalian stem cell fate. Cell Stem Cell. (2021) 28:394–408. doi: 10.1016/j.stem.2021.02.011

10. Liu, Y, Chen, C, Wang, X, Sun, Y, Zhang, J, Chen, J, et al. An epigenetic role of mitochondria in cancer. Cells. (2022) 11. doi: 10.3390/cells11162518

11. Abate, M, Festa, A, Falco, M, Lombardi, A, Luce, A, Grimaldi, A, et al. Mitochondria as playmakers of apoptosis, autophagy and senescence. Semin Cell Dev Biol. (2020) 98:139–53. doi: 10.1016/j.semcdb.2019.05.022

12. Atayik, MC, and Çakatay, U. Mitochondria-targeted senotherapeutic interventions. Biogerontology. (2022) 23:401–23. doi: 10.1007/s10522-022-09973-y

13. Akbari, M, Kirkwood, TBL, and Bohr, VA. Mitochondria in the signaling pathways that control longevity and health span. Ageing Res Rev. (2019) 54:100940. doi: 10.1016/j.arr.2019.100940

14. Missiroli, S, Perrone, M, Genovese, I, Pinton, P, and Giorgi, C. Cancer metabolism and mitochondria: Finding novel mechanisms to fight tumours. EBioMedicine. (2020) 59:102943. doi: 10.1016/j.ebiom.2020.102943

15. Averbeck, D, and Rodriguez-Lafrasse, C. Role of mitochondria in radiation responses: epigenetic, metabolic, and signaling impacts. Int J Mol Sci. (2021) 22. doi: 10.3390/ijms222011047

16. Ren, B, Guan, MX, Zhou, T, Cai, X, and Shan, G. Emerging functions of mitochondria-encoded noncoding RNAs. Trends Genetics: TIG. (2023) 39:125–39. doi: 10.1016/j.tig.2022.08.004

17. Iovine, JC, Claypool, SM, and Alder, NN. Mitochondrial compartmentalization: emerging themes in structure and function. Trends Biochem Sci. (2021) 46:902–17. doi: 10.1016/j.tibs.2021.06.003

18. Zhao, LN, Björklund, M, Caldez, MJ, Zheng, J, and Kaldis, P. Therapeutic targeting of the mitochondrial one-carbon pathway: perspectives, pitfalls, and potential. Oncogene. (2021) 40:2339–54. doi: 10.1038/s41388-021-01695-8

19. Guan, S, Zhao, L, and Peng, R. Mitochondrial respiratory chain supercomplexes: from structure to function. Int J Mol Sci. (2022) 23. doi: 10.3390/ijms232213880

20. Chan, DC. Mitochondrial dynamics and its involvement in disease. Annu Rev Pathol. (2020) 15:235–59. doi: 10.1146/annurev-pathmechdis-012419-032711

21. Zhang, H, Yu, X, Ye, J, Li, H, Hu, J, Tan, Y, et al. Systematic investigation of mitochondrial transfer between cancer cells and T cells at single-cell resolution. Cancer Cell. (2023) 41:1788–1802.e10. doi: 10.1016/j.ccell.2023.09.003

22. Chen, W, Zhao, H, and Li, Y. Mitochondrial dynamics in health and disease: mechanisms and potential targets. Signal Transduction Targeted Ther. (2023) 8:333. doi: 10.1038/s41392-023-01547-9

23. Dujon, B. Mitochondrial genetics revisited. Yeast (Chichester England). (2020) 37:191–205. doi: 10.1002/yea.v37.2

24. Schlieben, LD, and Prokisch, H. Genetics of mitochondrial diseases: Current approaches for the molecular diagnosis. Handb Clin Neurol. (2023) 194:141–65. doi: 10.1016/B978-0-12-821751-1.00011-7

25. Ye, H, Robak, LA, Yu, M, Cykowski, M, and Shulman, JM. Genetics and pathogenesis of parkinson’s syndrome. Annu Rev Pathol. (2023) 18:95–121. doi: 10.1146/annurev-pathmechdis-031521-034145

26. Quintana-Cabrera, R, and Scorrano, L. Determinants and outcomes of mitochondrial dynamics. Mol Cell. (2023) 83:857–76. doi: 10.1016/j.molcel.2023.02.012

27. Popov, LD. Mitochondrial biogenesis: An update. J Cell Mol Med. (2020) 24:4892–9. doi: 10.1111/jcmm.15194

28. Kim, Y, Vadodaria, KC, Lenkei, Z, Kato, T, Gage, FH, Marchetto, MC, et al. Mitochondria, metabolism, and redox mechanisms in psychiatric disorders. Antioxid Redox Signaling. (2019) 31:275–317. doi: 10.1089/ars.2018.7606

29. Amorim, JA, Coppotelli, G, Rolo, AP, Palmeira, CM, Ross, JM, and Sinclair, DA. Mitochondrial and metabolic dysfunction in ageing and age-related diseases. Nat Rev Endocrinol. (2022) 18:243–58. doi: 10.1038/s41574-021-00626-7

30. Judge, A, and Dodd, MS. Metabolism. Essays Biochem. (2020) 64:607–47. doi: 10.1042/EBC20190041

31. Quan, Y, Xin, Y, Tian, G, Zhou, J, and Liu, X. Mitochondrial ROS-modulated mtDNA: A potential target for cardiac aging. Oxid Med Cell Longevity. (2020) 2020:9423593. doi: 10.1155/2020/9423593

32. Okoye, CN, Koren, SA, and Wojtovich, AP. Mitochondrial complex I ROS production and redox signaling in hypoxia. Redox Biol. (2023) 67:102926. doi: 10.1016/j.redox.2023.102926

33. Guo, Y, Guan, T, Shafiq, K, Yu, Q, Jiao, X, Na, D, et al. Mitochondrial dysfunction in aging. Ageing Res Rev. (2023) 88:101955. doi: 10.1016/j.arr.2023.101955

34. Noonong, K, Chatatikun, M, Surinkaew, S, Kotepui, M, Hossain, R, Bunluepuech, K, et al. Mitochondrial oxidative stress, mitochondrial ROS storms in long COVID pathogenesis. Front Immunol. (2023) 14:1275001. doi: 10.3389/fimmu.2023.1275001

35. Mas-Bargues, C. Mitochondria pleiotropism in stem cell senescence: Mechanisms and therapeutic approaches. Free Radical Biol Med. (2023) 208:657–71. doi: 10.1016/j.freeradbiomed.2023.09.019

36. Panigrahi, DP, Praharaj, PP, Bhol, CS, Mahapatra, KK, Patra, S, Behera, BP, et al. The emerging, multifaceted role of mitophagy in cancer and cancer therapeutics. Semin Cancer Biol. (2020) 66:45–58. doi: 10.1016/j.semcancer.2019.07.015

37. Scandella, V, Petrelli, F, Moore, DL, Braun, SMG, and Knobloch, M. Neural stem cell metabolism revisited: a critical role for mitochondria. Trends Endocrinol Metabol: TEM. (2023) 34:446–61. doi: 10.1016/j.tem.2023.05.008

38. Mochizuki-Kashio, M, Shiozaki, H, Suda, T, and Nakamura-Ishizu, A. Mitochondria turnover and lysosomal function in hematopoietic stem cell metabolism. Int J Mol Sci. (2021) 22. doi: 10.3390/ijms22094627

39. Chiang, JL, Shukla, P, Pagidas, K, Ahmed, NS, Karri, S, Gunn, DD, et al. Mitochondria in ovarian aging and reproductive longevity. Ageing Res Rev. (2020) 63:101168. doi: 10.1016/j.arr.2020.101168

40. Tang, BL. Sirt1 and the mitochondria. Mol Cells. (2016) 39:87–95. doi: 10.14348/molcells.2016.2318

41. Rose, G, Santoro, A, and Salvioli, S. Mitochondria and mitochondria-induced signalling molecules as longevity determinants. Mech Ageing Dev. (2017) 165:115–28. doi: 10.1016/j.mad.2016.12.002

42. Rostamian, H, Khakpoor-Koosheh, M, Fallah-Mehrjardi, K, Mirzaei, HR, and Brown, CE. Mitochondria as playmakers of CAR T-cell fate and longevity. Cancer Immunol Res. (2021) 9:856–61. doi: 10.1158/2326-6066.CIR-21-0110

43. Ziegler, DV, Vindrieux, D, Goehrig, D, Jaber, S, Collin, G, Griveau, A, et al. Calcium channel ITPR2 and mitochondria-ER contacts promote cellular senescence and aging. Nat Commun. (2021) 12:720. doi: 10.1038/s41467-021-20993-z

44. Zhu, D, Li, X, and Tian, Y. Mitochondrial-to-nuclear communication in aging: an epigenetic perspective. Trends Biochem Sci. (2022) 47:645–59. doi: 10.1016/j.tibs.2022.03.008

45. Tomita, K, Kuwahara, Y, Igarashi, K, Roudkenar, MH, Roushandeh, AM, Kurimasa, A, et al. Mitochondrial dysfunction in diseases, longevity, and treatment resistance: tuning mitochondria function as a therapeutic strategy. Genes. (2021) 12. doi: 10.3390/genes12091348

46. Miwa, S, Kashyap, S, Chini, E, and von Zglinicki, T. Mitochondrial dysfunction in cell senescence and aging. J Clin Invest. (2022) 132. doi: 10.1172/JCI158447

47. Burtscher, J, Soltany, A, Visavadiya, NP, Burtscher, M, Millet, GP, Khoramipour, K, et al. Mitochondrial stress and mitokines in aging. Aging Cell. (2023) 22:e13770. doi: 10.1111/acel.13770

48. Kudryavtseva, AV, Krasnov, GS, Dmitriev, AA, Alekseev, BY, Kardymon, OL, Sadritdinova, AF, et al. Mitochondrial dysfunction and oxidative stress in aging and cancer. Oncotarget. (2016) 7:44879–905. doi: 10.18632/oncotarget.v7i29

49. Bharath, LP, Agrawal, M, McCambridge, G, Nicholas, DA, Hasturk, H, Liu, J, et al. Metformin enhances autophagy and normalizes mitochondrial function to alleviate aging-associated inflammation. Cell Metab. (2020) 32:44–55.e6. doi: 10.1016/j.cmet.2020.04.015

50. Hofer, SJ, Liang, Y, Zimmermann, A, Schroeder, S, Dengjel, J, Kroemer, G, et al. Spermidine-induced hypusination preserves mitochondrial and cognitive function during aging. Autophagy. (2021) 17:2037–9. doi: 10.1080/15548627.2021.1933299

51. Chomyn, A, and Attardi, G. MtDNA mutations in aging and apoptosis. Biochem Biophys Res Commun. (2003) 304:519–29. doi: 10.1016/S0006-291X(03)00625-9

52. Bratic, A, and Larsson, NG. The role of mitochondria in aging. J Clin Invest. (2013) 123:951–7. doi: 10.1172/JCI64125

53. Wolf, AM. MtDNA mutations and aging-not a closed case after all? Signal Transduction Targeted Ther. (2021) 6:56. doi: 10.1038/s41392-021-00479-6

54. Sevini, F, Giuliani, C, Vianello, D, Giampieri, E, Santoro, A, Biondi, F, et al. mtDNA mutations in human aging and longevity: controversies and new perspectives opened by high-throughput technologies. Exp Gerontol. (2014) 56:234–44. doi: 10.1016/j.exger.2014.03.022

55. Taylor, RW, and Turnbull, DM. Mitochondrial DNA mutations in human disease. Nat Rev Genet. (2005) 6:389–402. doi: 10.1038/nrg1606

56. López-Gil, L, Pascual-Ahuir, A, and Proft, M. Genomic instability and epigenetic changes during aging. Int J Mol Sci. (2023) 24. doi: 10.3390/ijms241814279

57. Guo, J, Huang, X, Dou, L, Yan, M, Shen, T, Tang, W, et al. Aging and aging-related diseases: from molecular mechanisms to interventions and treatments. Signal Transduction Targeted Ther. (2022) 7:391. doi: 10.1038/s41392-022-01251-0

58. Chakravarti, D, LaBella, KA, and DePinho, RA. Telomeres: history, health, and hallmarks of aging. Cell. (2021) 184:306–22. doi: 10.1016/j.cell.2020.12.028

59. López-Otín, C, Blasco, MA, Partridge, L, Serrano, M, and Kroemer, G. The hallmarks of aging. Cell. (2013) 153:1194–217. doi: 10.1016/j.cell.2013.05.039

60. Niedernhofer, LJ, Gurkar, AU, Wang, Y, Vijg, J, Hoeijmakers, JHJ, and Robbins, PD. Nuclear genomic instability and aging. Annu Rev Biochem. (2018) 87:295–322. doi: 10.1146/annurev-biochem-062917-012239

61. Vringer, E, and Tait, SWG. Mitochondria and cell death-associated inflammation. Cell Death Differentiation. (2023) 30:304–12. doi: 10.1038/s41418-022-01094-w

62. Battaglia, AM, Chirillo, R, Aversa, I, Sacco, A, Costanzo, F, and Biamonte, F. Ferroptosis and cancer: mitochondria meet the “Iron maiden” Cell death. Cells. (2020) 9. doi: 10.3390/cells9061505

63. Jeong, SY, and Seol, DW. The role of mitochondria in apoptosis. BMB Rep. (2008) 41:11–22. doi: 10.5483/BMBRep.2008.41.1.011

64. Yang, F, Pei, R, Zhang, Z, Liao, J, Yu, W, Qiao, N, et al. Copper induces oxidative stress and apoptosis through mitochondria-mediated pathway in chicken hepatocytes. Toxicol Vitro: An Int J Published Assoc BIBRA. (2019) 54:310–6. doi: 10.1016/j.tiv.2018.10.017

65. Schapira, AH. Mitochondrial diseases. Lancet (London England). (2012) 379:1825–34. doi: 10.1016/S0140-6736(11)61305-6

66. Nguyen, TT, Wei, S, Nguyen, TH, Jo, Y, Zhang, Y, Park, W, et al. Mitochondria-associated programmed cell death as a therapeutic target for age-related disease. Exp Mol Med. (2023) 55:1595–619. doi: 10.1038/s12276-023-01046-5

67. Wallberg, F, Tenev, T, and Meier, P. Analysis of apoptosis and necroptosis by fluorescence-activated cell sorting. Cold Spring Harbor Protoc. (2016) 2016(4):pdb.prot087387. doi: 10.1101/pdb.prot087387

68. Tian, C, Liu, Y, Li, Z, Zhu, P, and Zhao, M. Mitochondria related cell death modalities and disease. Front Cell Dev Biol. (2022) 10:832356. doi: 10.3389/fcell.2022.832356

69. Yang, X, Li, G, Lou, P, Zhang, M, Yao, K, Xiao, J, et al. Excessive nucleic acid R-loops induce mitochondria-dependent epithelial cell necroptosis and drive spontaneous intestinal inflammation. Proc Natl Acad Sci United States America. (2024) 121:e2307395120. doi: 10.1073/pnas.2307395120

70. Chen, B, Xie, K, Zhang, J, Yang, L, Zhou, H, Zhang, L, et al. Comprehensive analysis of mitochondrial dysfunction and necroptosis in intracranial aneurysms from the perspective of predictive, preventative, and personalized medicine. Apoptosis: An Int J Programmed Cell Death. (2023) 28:1452–68. doi: 10.1007/s10495-023-01865-x

71. Miao, R, Jiang, C, Chang, WY, Zhang, H, An, J, Ho, F, et al. Gasdermin D permeabilization of mitochondrial inner and outer membranes accelerates and enhances pyroptosis. Immunity. (2023) 56:2523–2541.e8. doi: 10.1016/j.immuni.2023.10.004

72. Evavold, CL, Hafner-Bratkovič, I, Devant, P, D’Andrea, JM, Ngwa, EM, Boršić, E, et al. Control of gasdermin D oligomerization and pyroptosis by the Ragulator-Rag-mTORC1 pathway. Cell. (2021) 184:4495–4511.e19. doi: 10.1016/j.cell.2021.06.028

73. Hu, Y, Wen, Q, Cai, Y, Liu, Y, Ma, W, Li, Q, et al. Alantolactone induces concurrent apoptosis and GSDME-dependent pyroptosis of anaplastic thyroid cancer through ROS mitochondria-dependent caspase pathway. Phytomedicine: Int J Phytother Phytopharmacol. (2023) 108:154528. doi: 10.1016/j.phymed.2022.154528

74. Li, W, Xiang, Z, Xing, Y, Li, S, and Shi, S. Mitochondria bridge HIF signaling and ferroptosis blockage in acute kidney injury. Cell Death Dis. (2022) 13:308. doi: 10.1038/s41419-022-04770-4

75. Qiu, S, Zhong, X, Meng, X, Li, S, Qian, X, Lu, H, et al. Mitochondria-localized cGAS suppresses ferroptosis to promote cancer progression. Cell Res. (2023) 33:299–311. doi: 10.1038/s41422-023-00788-1

76. Bi, Y, Liu, S, Qin, X, Abudureyimu, M, Wang, L, Zou, R, et al. FUNDC1 interacts with GPx4 to govern hepatic ferroptosis and fibrotic injury through a mitophagy-dependent manner. J Advanced Res. (2024) 55:45–60. doi: 10.1016/j.jare.2023.02.012

77. He, J, Li, Z, Xia, P, Shi, A, FuChen, X, Zhang, J, et al. Ferroptosis and ferritinophagy in diabetes complications. Mol Metab. (2022) 60:101470. doi: 10.1016/j.molmet.2022.101470

78. Li, J, Jia, YC, Ding, YX, Bai, J, Cao, F, and Li, F. The crosstalk between ferroptosis and mitochondrial dynamic regulatory networks. Int J Biol Sci. (2023) 19:2756–71. doi: 10.7150/ijbs.83348

79. Stockwell, BR, Jiang, X, and Gu, W. Emerging mechanisms and disease relevance of ferroptosis. Trends Cell Biol. (2020) 30:478–90. doi: 10.1016/j.tcb.2020.02.009

80. Mangalhara, KC, Varanasi, SK, Johnson, MA, Burns, MJ, Rojas, GR, Esparza Moltó, PB, et al. Manipulating mitochondrial electron flow enhances tumor immunogenicity. Sci (New York N.Y.). (2023) 381:1316–23. doi: 10.1126/science.abq1053

81. Riley, JS, and Tait, SW. Mitochondrial DNA in inflammation and immunity. EMBO Rep. (2020) 21:e49799. doi: 10.15252/embr.201949799

82. Zecchini, V, Paupe, V, Herranz-Montoya, I, Janssen, J, Wortel, IMN, Morris, JL, et al. Fumarate induces vesicular release of mtDNA to drive innate immunity. Nature. (2023) 615:499–506. doi: 10.1038/s41586-023-05770-w

83. Liu, H, Fan, H, He, P, Zhuang, H, Liu, X, Chen, M, et al. Prohibitin 1 regulates mtDNA release and downstream inflammatory responses. EMBO J. (2022) 41:e111173. doi: 10.15252/embj.2022111173

84. Li, JY, Zhao, Y, Gong, S, Wang, MM, Liu, X, He, QM, et al. TRIM21 inhibits irradiation-induced mitochondrial DNA release and impairs antitumour immunity in nasopharyngeal carcinoma tumour models. Nat Commun. (2023) 14:865. doi: 10.1038/s41467-023-36523-y

85. Xu, Y, Shen, J, and Ran, Z. Emerging views of mitophagy in immunity and autoimmune diseases. Autophagy. (2020) 16:3–17. doi: 10.1080/15548627.2019.1603547

86. Bryant, JD, Lei, Y, VanPortfliet, JJ, Winters, AD, and West, AP. Assessing mitochondrial DNA release into the cytosol and subsequent activation of innate immune-related pathways in mammalian cells. Curr Protoc. (2022) 2:e372. doi: 10.1002/cpz1.v2.2

87. Saha, T, Dash, C, Jayabalan, R, Khiste, S, Kulkarni, A, Kurmi, K, et al. Intercellular nanotubes mediate mitochondrial trafficking between cancer and immune cells. Nat Nanotechnol. (2022) 17:98–106. doi: 10.1038/s41565-021-01000-4

88. Chen, S, Liao, Z, and Xu, P. Mitochondrial control of innate immune responses. Front Immunol. (2023) 14:1166214. doi: 10.3389/fimmu.2023.1166214

89. Sack, MN. Mitochondrial fidelity and metabolic agility control immune cell fate and function. J Clin Invest. (2018) 128:3651–61. doi: 10.1172/JCI120845

90. Rambold, AS, and Pearce, EL. Mitochondrial dynamics at the interface of immune cell metabolism and function. Trends Immunol. (2018) 39:6–18. doi: 10.1016/j.it.2017.08.006

91. Picca, A, Calvani, R, Coelho-Junior, HJ, and Marzetti, E. Cell death and inflammation: the role of mitochondria in health and disease. Cells. (2021) 10. doi: 10.3390/cells10030537

92. Harapas, CR, Idiiatullina, E, Al-Azab, M, Hrovat-Schaale, K, Reygaerts, T, Steiner, A, et al. Organellar homeostasis and innate immune sensing. Nature reviews. Immunology. (2022) 22:535–49. doi: 10.1038/s41577-022-00682-8

93. Morris, G, Gevezova, M, Sarafian, V, and Maes, M. Redox regulation of the immune response. Cell Mol Immunol. (2022) 19:1079–101. doi: 10.1038/s41423-022-00902-0

94. Rückert, T, Lareau, CA, Mashreghi, MF, Ludwig, LS, and Romagnani, C. Clonal expansion and epigenetic inheritance of long-lasting NK cell memory. Nat Immunol. (2022) 23:1551–63. doi: 10.1038/s41590-022-01327-7

95. Brenner, C, Galluzzi, L, Kepp, O, and Kroemer, G. Decoding cell death signals in liver inflammation. J Hepatol. (2013) 59:583–94. doi: 10.1016/j.jhep.2013.03.033

96. Dong, T, Chen, X, Xu, H, Song, Y, Wang, H, Gao, Y, et al. Mitochondrial metabolism mediated macrophage polarization in chronic lung diseases. Pharmacol Ther. (2022) 239:108208. doi: 10.1016/j.pharmthera.2022.108208

97. Bueno, M, Calyeca, J, Rojas, M, and Mora, AL. Mitochondria dysfunction and metabolic reprogramming as drivers of idiopathic pulmonary fibrosis. Redox Biol. (2020) 33:101509. doi: 10.1016/j.redox.2020.101509

98. Mouton, AJ, Li, X, Hall, ME, and Hall, JE. Obesity, hypertension, and cardiac dysfunction: novel roles of immunometabolism in macrophage activation and inflammation. Circ Res. (2020) 126:789–806. doi: 10.1161/CIRCRESAHA.119.312321

99. Banoth, B, and Cassel, SL. Mitochondria in innate immune signaling. Trans Res: J Lab Clin Med. (2018) 202:52–68. doi: 10.1016/j.trsl.2018.07.014

100. Resende, R, Fernandes, T, Pereira, AC, De Pascale, J, Marques, AP, Oliveira, P, et al. Mitochondria, endoplasmic reticulum and innate immune dysfunction in mood disorders: Do Mitochondria-Associated Membranes (MAMs) play a role? Biochim Biophys Acta Mol Basis Dis. (2020) 1866:165752. doi: 10.1016/j.bbadis.2020.165752

101. Pandey, S, Anang, V, and Schumacher, MM. Mitochondria driven innate immune signaling and inflammation in cancer growth, immune evasion, and therapeutic resistance. Int Rev Cell Mol Biol. (2024) 386:223–47. doi: 10.1016/bs.ircmb.2024.01.006

102. Li, Y, Chen, H, Yang, Q, Wan, L, Zhao, J, Wu, Y, et al. Increased Drp1 promotes autophagy and ESCC progression by mtDNA stress mediated cGAS-STING pathway. J Exp Clin Cancer Res: CR. (2022) 41:76. doi: 10.1186/s13046-022-02262-z

103. Beppu, AK, Zhao, J, Yao, C, Carraro, G, Israely, E, Coelho, AL, et al. Epithelial plasticity and innate immune activation promote lung tissue remodeling following respiratory viral infection. Nat Commun. (2023) 14:5814. doi: 10.1038/s41467-023-41387-3

104. Willemsen, J, Neuhoff, MT, Hoyler, T, Noir, E, Tessier, C, Sarret, S, et al. TNF leads to mtDNA release and cGAS/STING-dependent interferon responses that support inflammatory arthritis. Cell Rep. (2021) 37:109977. doi: 10.1016/j.celrep.2021.109977

105. Huang, LS, Hong, Z, Wu, W, Xiong, S, Zhong, M, Gao, X, et al. mtDNA activates cGAS signaling and suppresses the YAP-mediated endothelial cell proliferation program to promote inflammatory injury. Immunity. (2020) 52:475–486.e5. doi: 10.1016/j.immuni.2020.02.002

106. Decout, A, Katz, JD, Venkatraman, S, and Ablasser, A. The cGAS-STING pathway as a therapeutic target in inflammatory diseases. Nat Rev Immunol. (2021) 21:548–69. doi: 10.1038/s41577-021-00524-z

107. Samson, N, and Ablasser, A. The cGAS-STING pathway and cancer. Nat Cancer. (2022) 3:1452–63. doi: 10.1038/s43018-022-00468-w

108. Kwon, J, and Bakhoum, SF. The cytosolic DNA-sensing cGAS-STING pathway in cancer. Cancer Discovery. (2020) 10:26–39. doi: 10.1158/2159-8290.CD-19-0761

109. Luo, W, Zou, X, Wang, Y, Dong, Z, Weng, X, Pei, Z, et al. Critical role of the cGAS-STING pathway in doxorubicin-induced cardiotoxicity. Circ Res. (2023) 132:e223–42. doi: 10.1161/CIRCRESAHA.122.321587

110. Wang, Y, Luo, J, Alu, A, Han, X, Wei, Y, and Wei, X. cGAS-STING pathway in cancer biotherapy. Mol Cancer. (2020) 19:136. doi: 10.1186/s12943-020-01247-w

111. Chen, Q, Sun, L, and Chen, ZJ. Regulation and function of the cGAS-STING pathway of cytosolic DNA sensing. Nat Immunol. (2016) 17:1142–9. doi: 10.1038/ni.3558

112. Ghosh, M, Saha, S, Li, J, Montrose, DC, and Martinez, LA. p53 engages the cGAS/STING cytosolic DNA sensing pathway for tumor suppression. Mol Cell. (2023) 83:266–280.e6. doi: 10.1016/j.molcel.2022.12.023

113. Motwani, M, Pesiridis, S, and Fitzgerald, KA. DNA sensing by the cGAS-STING pathway in health and disease. Nat Rev Genet. (2019) 20:657–74. doi: 10.1038/s41576-019-0151-1

114. Zhou, J, Zhuang, Z, Li, J, and Feng, Z. Significance of the cGAS-STING pathway in health and disease. Int J Mol Sci. (2023) 24. doi: 10.3390/ijms241713316

115. Gan, Y, Li, X, Han, S, Liang, Q, Ma, X, Rong, P, et al. The cGAS/STING pathway: A novel target for cancer therapy. Front Immunol. (2021) 12:795401. doi: 10.3389/fimmu.2021.795401

116. Liu, N, Pang, X, Zhang, H, and Ji, P. The cGAS-STING pathway in bacterial infection and bacterial immunity. Front Immunol. (2021) 12:814709. doi: 10.3389/fimmu.2021.814709

117. Ou, L, Zhang, A, Cheng, Y, and Chen, Y. The cGAS-STING pathway: A promising immunotherapy target. Front Immunol. (2021) 12:795048. doi: 10.3389/fimmu.2021.795048

118. Gulen, MF, Samson, N, Keller, A, Schwabenland, M, Liu, C, Glück, S, et al. cGAS-STING drives ageing-related inflammation and neurodegeneration. Nature. (2023) 620:374–80. doi: 10.1038/s41586-023-06373-1

119. Li, A, Yi, M, Qin, S, Song, Y, Chu, Q, and Wu, K. Activating cGAS-STING pathway for the optimal effect of cancer immunotherapy. J Hematol Oncol. (2019) 12:35. doi: 10.1186/s13045-019-0721-x

120. Wu, L, Jin, Y, Zhao, X, Tang, K, Zhao, Y, Tong, L, et al. Tumor aerobic glycolysis confers immune evasion through modulating sensitivity to T cell-mediated bystander killing via TNF-α. Cell Metab. (2023) 35:1580–1596.e9. doi: 10.1016/j.cmet.2023.07.001

121. Gao, H, Nepovimova, E, Heger, Z, Valko, M, Wu, Q, Kuca, K, et al. Role of hypoxia in cellular senescence. Pharmacol Res. (2023) 194:106841. doi: 10.1016/j.phrs.2023.106841

122. Khalaf, K, Hana, D, Chou, JT, Singh, C, Mackiewicz, A, and Kaczmarek, M. Aspects of the tumor microenvironment involved in immune resistance and drug resistance. Front Immunol. (2021) 12:656364. doi: 10.3389/fimmu.2021.656364

123. Méndez-Ferrer, S, Bonnet, D, Steensma, DP, Hasserjian, RP, Ghobrial, IM, Gribben, JG, et al. Bone marrow niches in haematological Malignancies. Nat Rev Cancer. (2020) 20:285–98. doi: 10.1038/s41568-020-0245-2

124. Mao, C, Yeh, S, Fu, J, Porosnicu, M, Thomas, A, Kucera, GL, et al. Delivery of an ectonucleotidase inhibitor with ROS-responsive nanoparticles overcomes adenosine-mediated cancer immunosuppression. Sci Trans Med. (2022) 14:eabh1261. doi: 10.1126/scitranslmed.abh1261

125. Jin, Y, Qiu, J, Lu, X, Li, G, and Inhibited Ferroptosis, C-MYC. and promoted immune evasion in ovarian cancer cells through NCOA4 mediated ferritin autophagy. Cells. (2022) 11. doi: 10.3390/cells11244127

126. Zhong, T, Zhang, W, Guo, H, Pan, X, Chen, X, He, Q, et al. The regulatory and modulatory roles of TRP family channels in Malignant tumors and relevant therapeutic strategies. Acta Pharm Sinica B. (2022) 12:1761–80. doi: 10.1016/j.apsb.2021.11.001

127. Li, Z, Xu, W, Yang, J, Wang, J, Wang, J, Zhu, G, et al. A tumor microenvironments-adapted polypeptide hydrogel/nanogel composite boosts antitumor molecularly targeted inhibition and immunoactivation. Advanced Mater (Deerfield Beach Fla). (2022) 34:e2200449. doi: 10.1002/adma.202200449

128. Ford, K, Hanley, CJ, Mellone, M, Szyndralewiez, C, Heitz, F, Wiesel, P, et al. NOX4 inhibition potentiates immunotherapy by overcoming cancer-associated fibroblast-mediated CD8 T-cell exclusion from tumors. Cancer Res. (2020) 80:1846–60. doi: 10.1158/0008-5472.CAN-19-3158

129. Cheng, AN, Cheng, LC, Kuo, CL, Lo, YK, Chou, HY, Chen, CH, et al. Mitochondrial Lon-induced mtDNA leakage contributes to PD-L1-mediated immunoescape via STING-IFN signaling and extracellular vesicles. J Immunother Cancer. (2020) 8. doi: 10.1136/jitc-2020-001372

130. Li, YJ, Lei, YH, Yao, N, Wang, CR, Hu, N, Ye, WC, et al. Autophagy and multidrug resistance in cancer. Chin J Cancer. (2017) 36:52. doi: 10.1186/s40880-017-0219-2

131. Ascenzi, F, De Vitis, C, Maugeri-Saccà, M, Napoli, C, Ciliberto, G, and Mancini, R. SCD1, autophagy and cancer: implications for therapy. J Exp Clin Cancer Res: CR. (2021) 40:265. doi: 10.1186/s13046-021-02067-6

132. Gundamaraju, R, Lu, W, Paul, MK, Jha, NK, Gupta, PK, Ojha, S, et al. Autophagy and EMT in cancer and metastasis: Who controls whom? Biochim Biophys Acta Mol Basis Dis. (2022) 1868:166431. doi: 10.1016/j.bbadis.2022.166431

133. Gao, W, Wang, X, Zhou, Y, Wang, X, and Yu, Y. Autophagy, ferroptosis, pyroptosis, and necroptosis in tumor immunotherapy. Signal Transduction Targeted Ther. (2022) 7:196. doi: 10.1038/s41392-022-01046-3

134. Antunes, F, Erustes, AG, Costa, AJ, Nascimento, AC, Bincoletto, C, Ureshino, RP, et al. Autophagy and intermittent fasting: the connection for cancer therapy? Clinics (Sao Paulo Brazil). (2018) 73:e814s. doi: 10.6061/clinics/2018/e814s

135. Levy, JMM, Towers, CG, and Thorburn, A. Targeting autophagy in cancer. Nat Rev Cancer. (2017) 17:528–42. doi: 10.1038/nrc.2017.53

136. Patel, NH, Bloukh, S, Alwohosh, E, Alhesa, A, Saleh, T, and Gewirtz, DA. Autophagy and senescence in cancer therapy. Adv Cancer Res. (2021) 150:1–74. doi: 10.1016/bs.acr.2021.01.002

137. Onorati, AV, Dyczynski, M, Ojha, R, and Amaravadi, RK. Targeting autophagy in cancer. Cancer. (2018) 124:3307–18. doi: 10.1002/cncr.31335

138. Dikic, I, and Elazar, Z. Mechanism and medical implications of mammalian autophagy. Nat Rev Mol Cell Biol. (2018) 19:349–64. doi: 10.1038/s41580-018-0003-4

139. Choi, KS. Autophagy and cancer. Exp Mol Med. (2012) 44:109–20. doi: 10.3858/emm.2012.44.2.033

140. Mah, LY, and Ryan, KM. Autophagy and cancer. Cold Spring Harbor Perspect Biol. (2012) 4:a008821. doi: 10.1101/cshperspect.a008821

141. Hernandez, GA, and Perera, RM. Autophagy in cancer cell remodeling and quality control. Mol Cell. (2022) 82:1514–27. doi: 10.1016/j.molcel.2022.03.023

142. Huang, T, Song, X, Yang, Y, Wan, X, Alvarez, AA, Sastry, N, et al. Autophagy and hallmarks of cancer. Crit Rev Oncogenesis. (2018) 23:247–67. doi: 10.1615/CritRevOncog.2018027913

143. Smith, AG, and Macleod, KF. Autophagy, cancer stem cells and drug resistance. J Pathol. (2019) 247:708–18. doi: 10.1002/path.2019.247.issue-5

144. Ávalos, Y, Canales, J, Bravo-Sagua, R, Criollo, A, Lavandero, S, and Quest, AF. Tumor suppression and promotion by autophagy. BioMed Res Int. (2014) 2014:603980. doi: 10.1155/2014/603980

145. Kung, CP, Budina, A, Balaburski, G, Bergenstock, MK, and Murphy, M. Autophagy in tumor suppression and cancer therapy. Crit Rev Eukaryotic Gene Expression. (2011) 21:71–100. doi: 10.1615/CritRevEukarGeneExpr.v21.i1.50

146. Marsh, T, and Debnath, J. Autophagy suppresses breast cancer metastasis by degrading NBR1. Autophagy. (2020) 16:1164–5. doi: 10.1080/15548627.2020.1753001

147. Taraborrelli, L, Şenbabaoğlu, Y, Wang, L, Lim, J, Blake, K, Kljavin, N, et al. Tumor-intrinsic expression of the autophagy gene Atg16l1 suppresses anti-tumor immunity in colorectal cancer. Nat Commun. (2023) 14:5945. doi: 10.1038/s41467-023-41618-7

148. Russell, RC, and Guan, KL. The multifaceted role of autophagy in cancer. EMBO J. (2022) 41:e110031. doi: 10.15252/embj.2021110031

149. Jin, S, and White, E. Tumor suppression by autophagy through the management of metabolic stress. Autophagy. (2008) 4:563–6. doi: 10.4161/auto.5830

150. Chen, YH, Chen, HH, Wang, WJ, Chen, HY, Huang, WS, Kao, CH, et al. TRABID inhibition activates cGAS/STING-mediated anti-tumor immunity through mitosis and autophagy dysregulation. Nat Commun. (2023) 14:3050. doi: 10.1038/s41467-023-38784-z

151. Chen, YM, Xu, W, Liu, Y, Zhang, JH, Yang, YY, Wang, ZW, et al. Anomanolide C suppresses tumor progression and metastasis by ubiquitinating GPX4-driven autophagy-dependent ferroptosis in triple negative breast cancer. Int J Biol Sci. (2023) 19:2531–50. doi: 10.7150/ijbs.82120

152. Xing, Y, Wei, X, Liu, Y, Wang, MM, Sui, Z, Wang, X, et al. Autophagy inhibition mediated by MCOLN1/TRPML1 suppresses cancer metastasis via regulating a ROS-driven TP53/p53 pathway. Autophagy. (2022) 18:1932–54. doi: 10.1080/15548627.2021.2008752

153. Bialik, S, and Kimchi, A. Autophagy and tumor suppression: recent advances in understanding the link between autophagic cell death pathways and tumor development. Adv Exp Med Biol. (2008) 615:177–200. doi: 10.1007/978-1-4020-6554-5_9

154. Pimkina, J, and Murphy, ME. ARF, autophagy and tumor suppression. Autophagy. (2009) 5:397–9. doi: 10.4161/auto.5.3.7782

155. White, E. Role of the metabolic stress responses of apoptosis and autophagy in tumor suppression. Ernst Schering Foundation Symposium Proc. (2007) 2007(4):23–34. doi: 10.1136/jitc-2020-000785

156. Su, H, Yang, F, Fu, R, Li, X, French, R, Mose, E, et al. Cancer cells escape autophagy inhibition via NRF2-induced macropinocytosis. Cancer Cell. (2021) 39:678–693.e11. doi: 10.1016/j.ccell.2021.02.016

157. Kosztelnik, M, Kurucz, A, Papp, D, Jones, E, Sigmond, T, Barna, J, et al. Suppression of AMPK/aak-2 by NRF2/SKN-1 down-regulates autophagy during prolonged oxidative stress. FASEB J: Off Publ Fed Am Societies Exp Biol. (2019) 33:2372–87. doi: 10.1096/fj.201800565RR

158. Jiang, T, Harder, B, Rojo de la Vega, M, Wong, PK, Chapman, E, and Zhang, DD. p62 links autophagy and Nrf2 signaling. Free Radical Biol Med. (2015) 88:199–204. doi: 10.1016/j.freeradbiomed.2015.06.014

159. He, F, Ru, X, and Wen, T. NRF2, a transcription factor for stress response and beyond. Int J Mol Sci. (2020) 21. doi: 10.3390/ijms21134777

160. Vella, V, Malaguarnera, R, Nicolosi, ML, Morrione, A, and Belfiore, A. Insulin/IGF signaling and discoidin domain receptors: An emerging functional connection. Biochim Biophys Acta Mol Cell Res. (2019) 1866:118522. doi: 10.1016/j.bbamcr.2019.118522

161. Yang, NC, Chin, CY, Zheng, YX, and Lee, I. The attenuation of insulin/IGF-1 signaling pathway plays a crucial role in the myo-inositol-alleviated aging in caenorhabditis elegans. Int J Mol Sci. (2023) 24. doi: 10.3390/ijms24076194

162. Picca, A, Faitg, J, Auwerx, J, Ferrucci, L, and D’Amico, D. Mitophagy in human health, ageing and disease. Nat Metab. (2023) 5:2047–61. doi: 10.1038/s42255-023-00930-8

163. Heinonen, S, Jokinen, R, Rissanen, A, and Pietiläinen, KH. White adipose tissue mitochondrial metabolism in health and in obesity. Obes Reviews: An Off J Int Assoc Study Obes. (2020) 21:e12958. doi: 10.1111/obr.12958

164. Hammerschmidt, P, Ostkotte, D, Nolte, H, Gerl, MJ, Jais, A, Brunner, HL, et al. CerS6-derived sphingolipids interact with mff and promote mitochondrial fragmentation in obesity. Cell. (2019) 177:1536–1552.e23. doi: 10.1016/j.cell.2019.05.008

165. de Mello, AH, Costa, AB, Engel, JDG, and Rezin, GT. Mitochondrial dysfunction in obesity. Life Sci. (2018) 192:26–32. doi: 10.1016/j.lfs.2017.11.019

166. Bhatraju, NK, and Agrawal, A. Mitochondrial dysfunction linking obesity and asthma. Ann Am Thorac Soc. (2017) 14:S368–s373. doi: 10.1513/AnnalsATS.201701-042AW

167. Dietrich, MO, Liu, ZW, and Horvath, TL. Mitochondrial dynamics controlled by mitofusins regulate Agrp neuronal activity and diet-induced obesity. Cell. (2013) 155:188–99. doi: 10.1016/j.cell.2013.09.004

168. Zeng, X, Zhang, YD, Ma, RY, Chen, YJ, Xiang, XM, Hou, DY, et al. Activated Drp1 regulates p62-mediated autophagic flux and aggravates inflammation in cerebral ischemia-reperfusion via the ROS-RIP1/RIP3-exosome axis. Military Med Res. (2022) 9:25. doi: 10.1186/s40779-022-00383-2

169. Jin, JY, Wei, XX, Zhi, XL, Wang, XH, and Meng, D. Drp1-dependent mitochondrial fission in cardiovascular disease. Acta Pharmacol Sin. (2021) 42:655–64. doi: 10.1038/s41401-020-00518-y

170. Li, J, Xia, Q, Di, C, Li, C, Si, H, Zhou, B, et al. Tumor cell-intrinsic CD96 mediates chemoresistance and cancer stemness by regulating mitochondrial fatty acid β-oxidation. Advanced Sci (Weinheim Baden-Wurttemberg Germany). (2023) 10:e2202956. doi: 10.1002/advs.202202956

171. Javeed, N, and Matveyenko, AV. Circadian etiology of type 2 diabetes mellitus. Physiol (Bethesda Md). (2018) 33:138–50. doi: 10.1152/physiol.00003.2018

172. Rovira-Llopis, S, Bañuls, C, Diaz-Morales, N, Hernandez-Mijares, A, Rocha, M, and Victor, VM. Mitochondrial dynamics in type 2 diabetes: Pathophysiological implications. Redox Biol. (2017) 11:637–45. doi: 10.1016/j.redox.2017.01.013

173. Ramírez, S, Gómez-Valadés, AG, Schneeberger, M, Varela, L, Haddad-Tóvolli, R, Altirriba, J, et al. Mitochondrial dynamics mediated by mitofusin 1 is required for POMC neuron glucose-sensing and insulin release control. Cell Metab. (2017) 25:1390–1399.e6. doi: 10.1016/j.cmet.2017.05.010

174. Hennings, TG, Chopra, DG, DeLeon, ER, VanDeusen, HR, Sesaki, H, Merrins, MJ, et al. In vivo deletion of β-cell drp1 impairs insulin secretion without affecting islet oxygen consumption. Endocrinology. (2018) 159:3245–56. doi: 10.1210/en.2018-00445

175. Axelrod, CL, Fealy, CE, Erickson, ML, Davuluri, G, Fujioka, H, Dantas, WS, et al. Lipids activate skeletal muscle mitochondrial fission and quality control networks to induce insulin resistance in humans. Metabol: Clin Exp. (2021) 121:154803. doi: 10.1016/j.metabol.2021.154803

176. Sha, W, Hu, F, Xi, Y, Chu, Y, and Bu, S. Mechanism of ferroptosis and its role in type 2 diabetes mellitus. J Diabetes Res. (2021) 2021:9999612. doi: 10.1155/2021/9999612

177. Houstis, N, Rosen, ED, and Lander, ES. Reactive oxygen species have a causal role in multiple forms of insulin resistance. Nature. (2006) 440:944–8. doi: 10.1038/nature04634

178. Fan, J, and Watanabe, T. Atherosclerosis: known and unknown. Pathol Int. (2022) 72:151–60. doi: 10.1111/pin.13202

179. Libby, P. The changing landscape of atherosclerosis. Nature. (2021) 592:524–33. doi: 10.1038/s41586-021-03392-8

180. Falk, E. Pathogenesis of atherosclerosis. J Am Coll Cardiol. (2006) 47:C7–12. doi: 10.1016/j.jacc.2005.09.068

181. Zhu, Y, Xian, X, Wang, Z, Bi, Y, Chen, Q, Han, X, et al. Research progress on the relationship between atherosclerosis and inflammation. Biomolecules. (2018) 8. doi: 10.3390/biom8030080

182. Emini Veseli, B, Perrotta, P, De Meyer, GRA, Roth, L, van der Donckt, C, Martinet, W, et al. Animal models of atherosclerosis. Eur J Pharmacol. (2017) 816:3–13. doi: 10.1016/j.ejphar.2017.05.010

183. Pedro-Botet, J, Climent, E, and Benaiges, D. Atherosclerosis and inflammation. New therapeutic approaches. Med Clin. (2020) 155:256–62. doi: 10.1016/j.medcli.2020.04.024

184. Zhang, Y, Li, JJ, Xu, R, Wang, XP, Zhao, XY, Fang, Y, et al. Nogo-B mediates endothelial oxidative stress and inflammation to promote coronary atherosclerosis in pressure-overloaded mouse hearts. Redox Biol. (2023) 68:102944. doi: 10.1016/j.redox.2023.102944

185. Zhao, CC, Xu, J, Xie, QM, Fan, XY, Fei, GH, and Wu, HM. Apolipoprotein E negatively regulates murine allergic airway inflammation via suppressing the activation of NLRP3 inflammasome and oxidative stress. Int Immunopharmacol. (2020) 81:106301. doi: 10.1016/j.intimp.2020.106301

186. Li, Q, Li, Z, Luo, T, and Shi, H. Targeting the PI3K/AKT/mTOR and RAF/MEK/ERK pathways for cancer therapy. Mol Biomed. (2022) 3:47. doi: 10.1186/s43556-022-00110-2

187. Cao, Z, Liao, Q, Su, M, Huang, K, Jin, J, and Cao, D. AKT and ERK dual inhibitors: The way forward? Cancer Lett. (2019) 459:30–40. doi: 10.1016/j.canlet.2019.05.025

188. Lee, SJ, Lee, IK, and Jeon, JH. Vascular calcification-new insights into its mechanism. Int J Mol Sci. (2020) 21. doi: 10.3390/ijms21082685

189. Lin, Q, Li, S, Jiang, N, Jin, H, Shao, X, Zhu, X, et al. Inhibiting NLRP3 inflammasome attenuates apoptosis in contrast-induced acute kidney injury through the upregulation of HIF1A and BNIP3-mediated mitophagy. Autophagy. (2021) 17:2975–90. doi: 10.1080/15548627.2020.1848971

190. Rogers, MA, Hutcheson, JD, Okui, T, Goettsch, C, Singh, SA, Halu, A, et al. Dynamin-related protein 1 inhibition reduces hepatic PCSK9 secretion. Cardiovasc Res. (2021) 117:2340–53. doi: 10.1093/cvr/cvab034

191. Chen, Y, Zhao, X, and Wu, H. Arterial stiffness: A focus on vascular calcification and its link to bone mineralization. Arteriosclerosis Thrombosis Vasc Biol. (2020) 40:1078–93. doi: 10.1161/ATVBAHA.120.313131

192. Zong, Y, Li, H, Liao, P, Chen, L, Pan, Y, Zheng, Y, et al. Mitochondrial dysfunction: mechanisms and advances in therapy. Signal Transduction Targeted Ther. (2024) 9:124. doi: 10.1038/s41392-024-01839-8

193. Cruz-Gregorio, A, Aranda-Rivera, AK, Amador-Martinez, I, and Maycotte, P. Mitochondrial transplantation strategies in multifaceted induction of cancer cell death. Life Sci. (2023) 332:122098. doi: 10.1016/j.lfs.2023.122098

194. Ahuja, P, Ng, CF, Pang, BPS, Chan, WS, Tse, MCL, Bi, X, et al. Muscle-generated BDNF (brain derived neurotrophic factor) maintains mitochondrial quality control in female mice. Autophagy. (2022) 18:1367–84. doi: 10.1080/15548627.2021.1985257

195. El-Hattab, AW, Craigen, WJ, and Scaglia, F. Mitochondrial DNA maintenance defects. Biochim Biophys Acta Mol Basis Dis. (2017) 1863:1539–55. doi: 10.1016/j.bbadis.2017.02.017

196. Sun, X, and St John, JC. The role of the mtDNA set point in differentiation, development and tumorigenesis. Biochem J. (2016) 473:2955–71. doi: 10.1042/BCJ20160008

197. Taanman, JW. The mitochondrial genome: structure, transcription, translation and replication. Biochim Biophys Acta. (1999) 1410:103–23. doi: 10.1016/S0005-2728(98)00161-3

198. Sharma, P, and Sampath, H. Mitochondrial DNA integrity: role in health and disease. Cells. (2019) 8. doi: 10.3390/cells8020100

199. Kim, J, Gupta, R, Blanco, LP, Yang, S, Shteinfer-Kuzmine, A, Wang, K, et al. VDAC oligomers form mitochondrial pores to release mtDNA fragments and promote lupus-like disease. Sci (New York N.Y.). (2019) 366:1531–6. doi: 10.3389/fchem.2018.00108

200. Tsujimoto, Y. Role of Bcl-2 family proteins in apoptosis: apoptosomes or mitochondria? Genes To Cells: Devoted To Mol Cell Mech. (1998) 3:697–707. doi: 10.1046/j.1365-2443.1998.00223.x

201. Hao, Q, Chen, J, Lu, H, and Zhou, X. The ARTS of p53-dependent mitochondrial apoptosis. J Mol Cell Biol. (2023) 14. doi: 10.1093/jmcb/mjac074

202. Shen, Y, and White, E. p53-dependent apoptosis pathways. Adv Cancer Res. (2001) 82:55–84. doi: 10.1016/S0065-230X(01)82002-9

203. Ebrahim, AS, Sabbagh, H, Liddane, A, Raufi, A, Kandouz, M, and Al-Katib, A. Hematologic Malignancies: newer strategies to counter the BCL-2 protein. J Cancer Res Clin Oncol. (2016) 142:2013–22. doi: 10.1007/s00432-016-2144-1

204. Levine, B, Sinha, S, and Kroemer, G. Bcl-2 family members: dual regulators of apoptosis and autophagy. Autophagy. (2008) 4:600–6. doi: 10.4161/auto.6260

205. Heiser, D, Labi, V, Erlacher, M, and Villunger, A. The Bcl-2 protein family and its role in the development of neoplastic disease. Exp Gerontol. (2004) 39:1125–35. doi: 10.1016/j.exger.2004.04.011

206. Vidali, S, Aminzadeh, S, Lambert, B, Rutherford, T, Sperl, W, Kofler, B, et al. Mitochondria: The ketogenic diet–A metabolism-based therapy. Int J Biochem Cell Biol. (2015) 63:55–9. doi: 10.1016/j.biocel.2015.01.022

207. Caines, JK, Barnes, DA, and Berry, MD. The use of seahorse XF assays to interrogate real-time energy metabolism in cancer cell lines. Methods Mol Biol (Clifton N.J.). (2022) 2508:225–34. doi: 10.1007/978-1-0716-2376-3_17

208. Goliwas, KF, Libring, S, Berestesky, E, Gholizadeh, S, Schwager, SC, Frost, AR, et al. Mitochondrial transfer from cancer-associated fibroblasts increases migration in aggressive breast cancer. J Cell Sci. (2023) 136. doi: 10.1242/jcs.260419

209. Podhorecka, M, Ibanez, B, and Dmoszyńska, A. Metformin - its potential anti-cancer and anti-aging effects. Postepy Higieny I Medycyny Doswiadczalnej. (2017) 71:170–5. doi: 10.5604/01.3001.0010.3801

210. Xian, H, Liu, Y, Rundberg Nilsson, A, Gatchalian, R, Crother, TR, Tourtellotte, WG, et al. Metformin inhibition of mitochondrial ATP and DNA synthesis abrogates NLRP3 inflammasome activation and pulmonary inflammation. Immunity. (2021) 54:1463–1477.e11. doi: 10.1016/j.immuni.2021.05.004

211. Valero, T. Mitochondrial biogenesis: pharmacological approaches. Curr Pharm Design. (2014) 20:5507–9. doi: 10.2174/138161282035140911142118

212. Harrington, JS, Ryter, SW, Plataki, M, Price, DR, and Choi, AMK. Mitochondria in health, disease, and aging. Physiol Rev. (2023) 103:2349–422. doi: 10.1152/physrev.00058.2021

213. Villanueva Paz, M, Cotán, D, Garrido-Maraver, J, Cordero, MD, Oropesa-Ávila, M, de la Mata, M, et al. Targeting autophagy and mitophagy for mitochondrial diseases treatment. Expert Opin Ther Targets. (2016) 20:487–500. doi: 10.1517/14728222.2016.1101068

214. Strohecker, AM, and White, E. Targeting mitochondrial metabolism by inhibiting autophagy in BRAF-driven cancers. Cancer Discovery. (2014) 4:766–72. doi: 10.1158/2159-8290.CD-14-0196

215. Yan, C, Shi, Y, Yuan, L, Lv, D, Sun, B, Wang, J, et al. Mitochondrial quality control and its role in osteoporosis. Front Endocrinol. (2023) 14:1077058. doi: 10.3389/fendo.2023.1077058

216. Babar, A, Moore, L, Leblanc, V, Dudonné, S, Desjardins, Y, Lemieux, S, et al. High dose versus low dose standardized cranberry proanthocyanidin extract for the prevention of recurrent urinary tract infection in healthy women: a double-blind randomized controlled trial. BMC Urol. (2021) 21:44. doi: 10.1186/s12894-021-00811-w

217. Wang, Q, Su, CP, Zhang, HM, Ren, YL, Wang, W, and Guo, SZ. Anti-inflammatory mechanism of heat-clearing and detoxifying Chinese herbs. China J Chin Mater Med. (2018) 43:3787–94. doi: 10.1016/j.jacc.2018.08.101

218. Li, T, Gao, X, Yan, Z, Wai, TS, Yang, W, Chen, J, et al. Understanding the tonifying and the detoxifying properties of Chinese medicines from their impacts on gut microbiota and host metabolism: a case study with four medicinal herbs in experimental colitis rat model. Chin Med. (2022) 17:118. doi: 10.1186/s13020-022-00673-w

219. Liu, BB, Govindan, R, Muthuchamy, M, Cheng, S, Li, X, Ye, L, et al. Halophilic archaea and their extracellular polymeric compounds in the treatment of high salt wastewater containing phenol. Chemosphere. (2022) 294:133732. doi: 10.1016/j.chemosphere.2022.133732

220. Rocca, C, Soda, T, De Francesco, EM, Fiorillo, M, Moccia, F, Viglietto, G, et al. Mitochondrial dysfunction at the crossroad of cardiovascular diseases and cancer. J Trans Med. (2023) 21:635. doi: 10.1186/s12967-023-04498-5

221. Song, M, Ye, L, Yan, Y, Li, X, Han, X, Hu, S, et al. Mitochondrial diseases and mtDNA editing. Genes Dis. (2024) 11:101057. doi: 10.1016/j.gendis.2023.06.026

222. Cao, Y, Lu, C, Beeraka, NM, Efetov, S, Enikeev, M, Fu, Y, et al. Exploring the relationship between anastasis and mitochondrial ROS-mediated ferroptosis in metastatic chemoresistant cancers: a call for investigation. Front Immunol. (2024) 15:1428920. doi: 10.3389/fimmu.2024.1428920

223. Morse, PT, Arroum, T, Wan, J, Pham, L, Vaishnav, A, Bell, J, et al. Phosphorylations and acetylations of cytochrome c control mitochondrial respiration, mitochondrial membrane potential, energy, ROS, and apoptosis. Cells. (2024) 13. doi: 10.3390/cells13060493




Publisher’s note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2024 Wang, Yuan, Liu, Li and Jiang. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OEBPS/Images/fimmu-15-1520072-g005.jpg
mtDNA mtDNA

U DD X

e NIl O
cGAS NLRP3 MAPK NFKB

\J
STIlNG caspase-1 IL-1B/IL-6  TGFB

Anti-tumor L-1/IL-18 TNT’ IL-6

immunity

T cell activation NK cell Macrophage cell

gadprzisiaton geliation activation Immunosuppressive

microenvironment

Mitochondria and Tumor Immunity





OEBPS/Images/fimmu-15-1520072-g003.jpg
Cell uptake

o NADPH oxidase -
Radiation \0 of microbes

Metabolic reactions in Oxidative phosphorylation

peroxisome

ER stress and unfold
‘SU protein response

Enzymatlc
reaction ‘ ° ¥ s

ROS Generate





OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        The role of mitochondria in aging, cell death, and tumor immunity

      

        		

          Introduction

        



        		

          Composition and physiological functions of mitochondria

        



        		

          Mitochondria and cellular energy metabolism

        



        		

          Formation of mitochondrial reactive oxygen species and antioxidant defense

        



        		

          Mitochondria and stem cell fate regulation

        



        		

          Mitochondria and longevity

        



        		

          The role of mitochondria in aging, cell death, tumor immunity

        



        		

          The role of mitochondria in aging

        

          		

            Mitochondrial ROS and aging

          



          		

            mtDNA mutations and aging

          



          		

            Genomic instability and aging

          



        



        



        		

          The role of mitochondria in cell death

        

          		

            Apoptosis

          



          		

            Necroptosis

          



          		

            Pyroptosis

          



          		

            Ferroptosis

          



        



        



        		

          The role of mitochondria in tumor immunity

        

          		

            Mitochondrial regulation of immune cell activation, proliferation, and differentiation

          



          		

            Mitochondrial regulation of NK cell activation

          



          		

            Mitochondria in macrophage polarization

          



          		

            Mitochondrial DNA-mediated activation of innate immune signaling and regulation of antitumor immunity

          



        



        



        		

          Critical regulatory role of mitochondrial reactive oxygen species in tumor immune evasion

        



        		

          ROS promotes the formation of an immunosuppressive tumor microenvironment

        



        		

          The role of mitochondria in cancer

        

          		

            Mitochondrial promotes tumor progression

          



          		

            Mitochondrial autophagy and tumor suppression

          



          		

            Mitochondrial dysfunction-related diseases

          

            		

              Obesity

            



            		

              Type 2 diabetes

            



            		

              Atherosclerosis

            



            		

              Vascular calcification

            



          



          



        



        



        		

          Mitochondrial targeting in cancer therapy

        



        		

          Inducing mitochondrial ROS dysregulation in tumors

        

          		

            Targeting mtDNA for cancer therapy

          



          		

            Targeting the bcl-2 protein family to induce apoptosis

          



          		

            Targeting the inhibition of ATP production in tumor cell mitochondria

          



          		

            Targeting mitochondrial autophagy to inhibit tumor biosynthetic pathways

          



          		

            Limitations of mitochondrial-targeted therapies

          



        



        



        		

          Conclusion

        



        		

          Future research directions

        

          		

            Mitochondrial immune regulation

          



          		

            Mitochondrial spatial transcriptomics

          



          		

            Mitochondrial epitranscriptomics

          



          		

            Mitochondrial genome editing and replacement therapies

          



        



        



        		

          Author contributions

        



        		

          Funding

        



        		

          Acknowledgments

        



        		

          Conflict of interest

        



        		

          Generative AI statement

        



        		

          Abbreviations

        



        		

          References

        



      



      



    



  



OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/table2.jpg
Targets ug Mecha

Mitochondrial metabolism metformin Inhibit mitochondrial complex I, reduce ATP production, activate the AMPK pathway, and thereby inhibit tumor
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phenformin Inhibit mitochondrial complex I, induce oxidative stress, and promote cancer cell apoptosis

3-Bromopyruvate Inhibit mitochondrial oxidative phosphorylation and glycolysis, deplete the energy supply of tumor cells
Mitochondrial membrane mitoQ Protect the mitochondrial membrane through antioxidant action and regulate cancer cell survival and apoptosis

via ROS

dichloroacetate Activate mitochondrial function, reverse the Warburg effect, and enhance cancer cell sensitivity to apoptosis

venetoclax Target the BCL-2 protein, increase mitochondrial outer membrane permeability, and induce cell apoptosis
Mitochondrial ROS arsenic Trioxide Increase mitochondrial ROS levels, induce oxidative stress, and trigger apoptotic signaling pathways

elesclomol Induce cancer cell apoptosis by increasing mitochondrial ROS generation
Mitochondrial DNA BAY87-2243 Inhibit mitochondrial complex I, interfere with mtDNA replication and expression, and reduce tumor

cell proliferation

Doxorubicin Bind to mtDNA, disrupt mitochondrial function, and induce cell apoptosis
Mitochondrial obatoclax Bind to mtDNA, disrupt mitochondrial function, and induce cell apoptosis
apoptotic pathway
navitoclax Increase mitochondrial outer membrane permeability by inhibiting BCL-2 family proteins and trigger
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Apoptosis Release of cytochrome ¢ from mitochondria Mitochondria play a central role in apoptosis. The mitochondrial outer membrane becomes
permeable, allowing the release of cytochrome ¢ into the cytoplasm. Cytochrome c activates
caspase-9 and caspase-3, triggering a cascade of proteolytic events that lead to DNA
fragmentation, membrane blebbing, and ultimately cell death.

Necrosis Mitochondrial dysfunction Necrosis is often caused by external injury or internal stress (such as hypoxia or oxidative
damage), leading to mitochondrial membrane rupture. This results in mitochondrial
Decreased ATP synthesis dysfunction, reduced ATP production, and subsequent membrane instability, ultimately

causing the release of intracellular contents and triggering inflammation.
Membrane rupture leading to leakage of s Beering

cell contents

Ferroptosis Iron-dependent oxidative damage Ferroptosis is an iron-dependent form of cell death where mitochondria play a crucial role.
Excessive iron accumulation promotes the generation of reactive oxygen species (ROS), which
damages mitochondrial membranes. This leads to lipid peroxidation, mitochondrial
dysfunction, and eventual cell death. Mitochondrial iron homeostasis and oxidative stress
response are pivotal in ferroptosis.

Cuproptosis Copper ion accumulation Cuproptosis is a newly discovered form of cell death induced by copper ion overload. Copper
interacts with mitochondrial proteins, causing abnormal protein modifications, disrupting
Mitochondrial protein modification mitochondrial function. This inhibits mitochondrial respiration, leading to mitochondrial

dysfuncti d ultimately cell death. -mediated mitochondrial protein st 1
Inbibition of mitochondrial respiration chain ysfunction and ultimately cell death. Copper-mediated mitochondrial protein stress plays a
key role in cuproptosis.

Cellular Senescence Mitochondrial dysfunction Mitochondria are central to cellular senescence. As cells age, mitochondrial function declines,
leading to an accumulation of oxidative stress. Senescent cells release pro-inflammatory
Increased oxidative stress cytokines, a phenomenon known as the senescence-associated secretory phenotype (SASP),

which further influences the surrounding microenvironment and contributes to tissue aging.
Secretion of pro-inflammatory cytokines (SASP) J sing:

Tumor Immunity Role of mitochondria in immune cell function Mitochondria are crucial for the energy metabolism and function of immune cells such as T
cells and natural killer (NK) cells. Tumor cells often reprogram mitochondrial metabolism to
Metabolic reprogramming of immune cells evade immune surveillance. Mitochondria also regulate immune signaling pathways,

including calcium flux and ROS production, which influence immune responses.

Cancer Progression | Mitochondrial metabolic reprogramming Mitochondria are essential for cancer progression by supporting tumor metabolism, cell
proliferation, and survival. Cancer cells often exhibit altered mitochondrial function, such as
Mitochondria in tumor metabolism enhanced oxidative phosphorylation, altered mitochondrial biogenesis, and increased

production of ATP through aerobic glycolysis. These changes help sustain the rapid growth

Involvement in cell proliferation, migration, i i
and metastatic potential of tumors.

and metastasis





