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Lung injury has become a critical clinical problem that urgently requires resolution due to its high morbidity, high mortality, and the limitations of existing treatment methods. Mitochondrial dysfunction, as the core mechanism of lung injury, promotes disease progression through energy metabolism imbalances, oxidative stress, and exacerbated inflammatory responses. Recent studies have found that intercellular mitochondrial transfer, acting as a “transcellular rescue” mechanism, can deliver functional mitochondria through pathways such as tunneling nanotubes, exosome. This process provides a novel approach to replenish energy for damaged cells, regulate inflammation, and repair tissues. In various lung injury models, mitochondrial transfer/transplantation has been shown to improve alveolar-capillary barrier function, reduce collagen deposition, inhibit the release of inflammatory factors, and restore mitochondrial membrane potential. This is particularly evident in conditions such as acute lung injury, pulmonary fibrosis, acute respiratory distress syndrome, and chronic obstructive pulmonary disease, where it shows significant therapeutic potential. The combination of diverse delivery methods and multi-source mitochondria provide a flexible strategy for clinical application. In summary, mitochondrial transfer, as an emerging intercellular communication and rescue mechanism, provides a promising new direction for the precision treatment of lung injury.
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1 Introduction

Lung injury is a pathological process caused by multiple factors, including infection, inflammation, ischemia, toxic exposure, and mechanical stress. Based on the progression of the disease, it can be divided into two categories: acute lung injury (ALI)/acute respiratory distress syndrome (ARDS) and chronic lung injury (such as pulmonary fibrosis, chronic obstructive pulmonary disease (COPD) (1–3). These diseases not only significantly affect patients’ quality of life but also impose a substantial medical burden (4–6). ARDS is one of the leading causes of death in intensive care units, with a mortality rate of up to 40%, which is even higher in elderly and immunocompromised individuals (7). The pathological features of ARDS include alveolar-capillary barrier destruction, pulmonary edema, inflammatory cell infiltration, and diffuse alveolar damage. Currently, standard treatments for ARDS mainly include mechanical ventilation, glucocorticoids, and anti-inflammatory drugs (8). However, these methods only alleviate symptoms and cannot reverse the underlying damage to lung tissue. For example, while mechanical ventilation can sustain oxygenation, prolonged use may lead to ventilator-associated lung injury and exacerbate alveolar damage. Although glucocorticoids suppress inflammatory responses, their nonspecific immunosuppressive effects can increase the risk of secondary infections, and they have no significant impact on the fibrosis process (5, 9, 10). In addition, biological therapies targeting specific inflammatory factors have shown limited effects in some patients, highlighting the heterogeneous nature of ARDS and the need for more precise treatment strategies (11). Representative diseases of chronic lung injury include idiopathic pulmonary fibrosis(IPF) and COPD. IPF is a progressive, irreversible interstitial lung disease, with a median survival of only 3–5 years (12). Its pathological features include the abnormal activation of fibroblasts and excessive deposition of extracellular matrix, which ultimately leads to the destruction of lung structure and loss of function. Although anti-fibrotic drugs can slow disease progression, they cannot repair existing scar tissue, and some patients discontinue the medication due to gastrointestinal side effects (13, 14). COPD is a disease characterized by persistent airflow limitation, with major pathological changes, including alveolar wall destruction and airway remodeling. It is the third leading cause of death worldwide, and currently, no cure exists (15). Existing treatments primarily relieve symptoms but do not prevent disease progression. Patients with COPD often experience mitochondrial dysfunction, manifested as reduced ATP production and excessive ROS production, which may contribute significantly to disease progression (16–18). Despite recent advancements in the treatment of lung injury, existing approaches still face numerous challenges. Traditional anti-inflammatory therapies, such as glucocorticoids, can reduce inflammation by broadly suppressing immune responses. However, their non-specific mechanisms of action lead to severe side effects, including osteoporosis, diabetes, and an increased risk of infection with long-term use. Additionally, their effect on slowing pulmonary fibrosis progression is limited, suggesting that inflammation and fibrosis may drive disease progression through distinct mechanisms (19, 20). In the field of stem cell therapy, although mesenchymal stem cells (MSCs) are highly expected for their immunomodulatory and tissue repair abilities, clinical outcomes have shown significant limitations. In addition, the standardization and heterogeneity of stem cell preparations have led to inconsistent results in clinical trials (21–23). In gene and cell therapy, while CRISPR and mRNA-based repair strategies theoretically offer high specificity, they face significant obstacles such as low delivery efficiency and insufficient targeting in practical applications. These limitations have prompted researchers to explore new therapeutic targets. As a key mechanism of lung injury, mitochondrial dysfunction has garnered increasing attention in recent years due to its core role in key pathological processes such as energy metabolism, oxidative stress, and apoptosis. This has opened a new avenue for developing more effective treatments for lung injury (24, 25).

Mitochondria are not only the “energy factories” of cells but also play crucial roles in calcium homeostasis, reactive oxygen species (ROS) regulation, and programmed cell death. In lung injury, mitochondrial dysfunction is a key factor driving disease progression. This dysfunction involves multiple mechanisms, including mitochondrial quality control imbalances, mtDNA mutations, and ROS bursts. Mitochondria maintain their functional integrity through dynamic balance and selective autophagy, processes that are crucial for the homeostasis of alveolar epithelial cells (AECs) and pulmonary microvascular endothelial cells (PMVECs) in lung tissue (25, 26). Studies have shown that in the lung epithelial cells of patients with IPF, the level of mitochondrial autophagy mediated by the PARK2 pathway is significantly reduced, leading to abnormal mitochondrial accumulation and excessive collagen secretion (27). This suggests that defects in mitochondrial autophagy could be an important pathogenic mechanism and therapeutic target in pulmonary fibrosis (28). At the same time, mitochondrial dynamics imbalance also plays a key role in lung injury. Disruptions in mitochondrial fission and fusion can aggravate the pathological process (29). For example, in the LPS-induced ALI model, Drp1 inhibitors (such as Mdivi-1) can reduce mitochondrial fragmentation and improve endothelial barrier function. Additionally, promoting mitochondrial fusion has been shown to significantly enhance the anti- apoptotic ability of AECs (30). These findings collectively highlight the core regulatory role of mitochondrial quality control mechanisms in lung injury. Mitochondrial DNA (mtDNA) is particularly vulnerable due to the absence of histone protection and its limited repair capacity, making it more susceptible to damage under oxidative stress. As a result, the level of free mtDNA in the plasma of patients with ARDS is significantly elevated, which can serve as a biomarker of disease severity (31). Once mtDNA is released into the cytoplasm, it can aggravate the inflammatory response by activating the cGAS-STING pathway or TLR9 signaling (32). Cx43 plays a crucial role in maintaining mitochondrial health. Cx43 forms a hemichannel with a conductance of ~130 pS in the inner submitochondrial membrane (33), maintaining ion homeostasis by regulating K+/Ca²+ flux. Its open probability is finely regulated by phosphorylation sites such as S262/S368. Inhibiting Cx43 significantly reduces the risk of calcium-triggered mitochondrial permeability transition pore opening (34). Cx43 can directly enhance complex I activity and improve oxidative phosphorylation efficiency (33). It also mediates mitochondrial transfer to remodel nucleoside metabolism in leukemic stem cells (35). Furthermore, in lung injury, Cx43 enables intercellular transfer of functional mitochondria via TNTs (36). The phosphorylation status of Cx43 determines the sensitivity of mPTP during cardiac ischemia (34), while lung tissue relies on its-mediated mitochondrial transfer to repair epithelial energy metabolism (36). These findings indicate that Cx43 is an important hub for regulating mitochondrial dynamic balance.

Traditionally, it’s believed that cells can only repair their own mitochondria through autophagy or biosynthesis. However, recent studies have revealed that mitochondria can actively transfer between cells, forming a “transcellular rescue” network (37). This discovery provides a new perspective for the treatment of lung injury. In 2012, Islam et al. demonstrated that bone marrow-derived MSCs (BM-MSCs) can transfer functional mitochondria to AECs via TNTs, thereby rescuing cell death caused by ATP deficiency (38). In addition to MSC-mediated mitochondrial transfer, mitochondria-rich tissues, such as muscle and liver, can also serve as mitochondrial donors, while damaged AECs and airway epithelial cells are the primary recipients (39). In the LPS-induced ALI model, MSC-derived mitochondria can be transferred to epithelial cells through vesicles or direct contact, restoring their oxidative phosphorylation capacity (40). Based on the discovery of mitochondrial transfer, researchers have proposed the possibility of extracting mitochondria in vitro and using mitochondrial transplantation as a therapeutic strategy for diseases. In a bleomycin-induced pulmonary fibrosis model, intravenous injection of exosomes containing functional mitochondria was shown to reduce collagen deposition (41). This suggests that mitochondrial transfer has great research potential in the treatment of lung injury diseases. This review discusses the current state of research on mitochondrial transfer and delivery in lung injury, as well as future directions in this promising field.




2 Biological mechanisms of mitochondrial transfer

As an emerging method of intercellular communication, the biological mechanism of mitochondrial transfer involves a complex structural foundation, cell interactions, and a molecular regulatory network (42). In recent years, advancements in super-resolution microscopy and in vivo imaging technologies have allowed researchers to gradually uncover the intricate regulatory mechanisms behind this process.

Mitochondrial transfer between cells occurs through multiple pathways, each with distinct mechanisms. One of the main pathways involves TNTs, which are cell membrane extensions with a diameter of 50–1000 nm. These TNTs can establish intercellular connections over distances that span multiple cell diameters in the microenvironment (43). TNTs are rich in F-actin, and their stability relies on the activation of Rho GTPase family proteins (44, 45). Miro1/2, as mitochondrial outer membrane anchor proteins, coordinate the directional migration of mitochondria along microtubules to the TNTs transport site through kinesin (46). Rac1 promotes actin polymerization by activating the WAVE complex, driving the cell membrane protrusion to form the physical structure of the TNTs (47). These mechanisms work together to optimize the efficiency of mitochondrial transfer between cells.

Studies have found that Eps8/IRSp53-dependent linear actin polymerization promotes the formation of TNTs. High-resolution electron microscopy shows that TNTs contain track proteins necessary for transporting organelles, such as mitochondria and the endoplasmic reticulum. Besides TNTs, exosomes (30–150 nm) and microvesicles (100–1000 nm), which are major subpopulations of extracellular vesicles (EVs), also mediate the delivery of mitochondrial components in lung injury. Mitochondria detached from the respiratory chain recruit phosphatase and tensin homolog-induced putative kinase 1 (PINK1) to the outer mitochondrial membrane. Subsequently, mitochondria expressing PINK1 interact with late endosomes/multivesicular bodies, which release small EVs after fusion with the plasma membrane. These exosomes are enriched with mitochondria and mtDNA fragments (48, 49). Recipient cells can take up mitochondria-containing exosomes via endocytosis. However, the molecular mechanisms behind the release of mitochondrial components from EVs once internalized by recipient cells remain unclear (50). The membrane components of EVs, including phospholipids, integrins, and tetraspanins, may facilitate this uptake by promoting membrane fusion or engaging in the endocytic pathway (50). Some believe that gap junctions are another pathway for mitochondrial transfer (51). However, this view remains controversial. Gap junction pores only allow the transfer of molecules with a molecular weight less than 2 kDa. Therefore, gap junctions may not be able to achieve mitochondrial transfer. In addition, cell fusion, while less common, is an efficient mitochondrial transfer method that relies on the activation of fusogenic proteins (such as syncytin-1) and phospholipase D (52). Together, these diverse transfer pathways form a complex intercellular mitochondrial communication network, providing a multi-level regulatory mechanism for lung injury repair. Mitochondrial transfer presents a cell-specific regulatory pattern, with MSCs being the primary mitochondrial donors (53). The CXCL12/CXCR4 chemokine axis plays a key role in this process (54), promoting the migration of MSCs to the injury site and facilitating their migration. Gene editing experiments have confirmed that knocking out CXCR4 can reduce the efficiency of MSC migration (55). An intriguing “energy selectivity” phenomenon has been observed in mitochondrial transfer (56, 57). Unlike the unidirectional transfer of MSCs, macrophages and endothelial cells maintain a dynamic equilibrium with bidirectional mitochondrial exchange between them (53, 58). At the molecular regulatory level, mitochondrial movement-related genes such as Miro1 and KIF5B directly activate this process (59–61), with CD38 acting as a regulator. The use of CD38 inhibitors or shRNA treatment can restore the mitochondrial transfer ability (62). These findings highlight the precise molecular regulatory network involved in mitochondrial transfer and provide a theoretical basis for developing targeted therapeutic strategies (Figure 1). 
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Figure 1 | The main ways of mitochondrial transfer between cells.

TNTs and exosomes are the main means of transferring mitochondria between cells.




3 Mitochondrial transfer/transplantation and its therapeutic potential in lung injury repair

Mitochondrial transfer/transplantation has shown significant therapeutic potential in the repair of lung injury across various disease models. These findings not only confirm the biological effects of mitochondrial transfer/transplantation but also provide insights into its mechanisms of action, laying a strong foundation for clinical application.



3.1 ALI

ALI is characterized by the destruction of the alveolar-capillary barrier, inflammatory infiltration, and oxidative stress, with mitochondrial dysfunction playing a key role in its pathogenesis. Studies have demonstrated that mitochondrial transfer can effectively improve the pathological processes associated with ALI. In the LPS-induced ALI model, MSCs are identified as key donors for mitochondrial transfer. Both lung tissue-derived MSCs and bronchoalveolar lavage fluid (BALF)-derived MSCs can transfer mitochondria to bronchial epithelial cells (BEAS2B) via TNTs or microvesicles. Importantly, the transfer efficiency between these MSCs and BM-MSCs is comparable, suggesting that endogenous lung MSCs can play an active role in the repair of ALI through mitochondrial transfer (63). In addition, exogenous airway instillation of BM-MSCs can enhance the repair effect of lung injury via local mitochondrial transfer (38). Recent advances in medical materials have further optimized mitochondrial transfer. For example, BMSCs modified with selenium nanoparticles (SeNPs@CS) have been shown to upregulate miR-20b, enhancing their ability to transfer healthy mitochondria to damaged AECs type II (AECII). This transfer reduces intracellular ROS levels, restores ATP generation, and significantly reduces cell apoptosis (64). Additionally, mitochondrial transfer in this context has been shown to reduce Th17 cell differentiation (lowering IL-17 levels) by inhibiting the RORγt/STAT3 signaling axis and to upregulate the anti-inflammatory factor IL-10, thereby reducing lung tissue inflammatory infiltration (64). In an LPS-induced pulmonary microvascular endothelial cell (PMVEC) injury model, MSCs regulated TNTs formation through mitochondrial transcription factor A (TFAM), enhancing mitochondrial transfer to PMVECs. This results in increased transmembrane resistance, decreased lung wet/dry weight ratios, and reduced Evans blue dye exudation, indicating improved vascular permeability (65). Further experiments in the mouse lung ischemia/reperfusion (I/R) model showed that both pulmonary artery injection and aerosol inhalation of mitochondria can improve lung dynamic compliance, reduce resistance, and significantly reduce neutrophil infiltration and cell apoptosis, suggesting that mitochondrial transplantation can improve lung mechanical function by protecting vascular endothelial and alveolar structures (66). Mitochondrial transplantation has also been shown to reduce oxidative stress damage by upregulating the expression of antioxidant enzymes. In endotoxin-induced ALI rats, allogeneic mitochondrial transplantation significantly increased the activities of superoxide dismutase and glutathione peroxidase in lung tissue, decreased malondialdehyde (MDA) levels, and increased arterial oxygen tension from 78.9 mmHg to 95.9 mmHg. These changes were accompanied by a reduction in protein content in bronchoalveolar lavage fluid (BALF), indicating repair of the alveolar-capillary barrier (67). Similar results were observed in the bleomycin-induced lung injury model, where mitochondrial transplantation increased glutathione levels, decreased MDA, and improved mitochondrial membrane potential and succinate dehydrogenase activity, further supporting its antioxidant and mitochondrial function protection effects (68). For sepsis-related ALI, in the mouse cecal ligation and puncture model, intravenous injection of muscle-derived mitochondria improved survival rates in septic mice, enhanced bacterial clearance, reduced levels of proinflammatory factors (IL-6, IL-1β), and alleviated damage to multiple organs, including the lung, liver, and kidneys. The underlying mechanism may involve the regulation of extracellular matrix receptor interactions and the complement-coagulation cascade (39). When comparing mitochondrial sources, a pig ex vivo lung perfusion (EVLP) experiment found that xenogeneic, autologous, and allogeneic mitochondrial transplantation all significantly improved the P/F ratio, reduced pulmonary artery peak pressure, and did not cause acute immune rejection. These results suggest that xenogeneic mitochondria could serve as a “ready-made” source to reduce ischemia-reperfusion injury in transplanted lungs (69).

These findings collectively highlight the multi-target regulatory advantages of mitochondrial transfer in ALI treatment. Mitochondrial transfer/transplantation not only improves energy metabolism by directly supplying functional mitochondria but also protects lung tissue structure by modulating inflammation and oxidative stress. Therefore, mitochondrial transfer could become a valuable complement to traditional anti-inflammatory and antioxidant treatments, providing additional options for clinical management of lung injury (Table 1).


Table 1 | Summary of research on mitochondrial transfer in ALI.
	Transplantation/transfer method
	Interventions
	Key findings
	Animal models
	Cell Model
	PMID



	BMSC-mediated transfer
	Airway instillation of BMSC
	BMSCs can prevent ALI by restoring alveolar bioenergetics through Cx43-dependent alveolar attachment and mitochondrial trafficking
	LPS-induced acute lung injury
	None
	22504485


	Intravenous injection or airway aerosolization
	Muscle-derived healthy mitochondria
	Mitochondrial transplantation via vascular delivery or nebulization improves lung mechanics and reduces lung tissue damage.
	Ischemia-reperfusion-induced lung injury
	None
	31693391


	BMSC-mediated mitochondrial transfer
	Tail vein injection of SeNPs@CS optimized BMSCs
	SeNPs@CS-optimized BMSCs reduced the levels of inflammatory markers in a mouse model, showing superior efficacy over conventional BMSC therapy
	Sepsis-induced lung injury
	LPS-treated AECII cells
	40114196


	TNTs
	TFAM gene knockdown in MSCs
	Controlling the expression of TFAM in MSCs plays a key role in TNTs-mediated mitochondrial transport to improve the permeability barrier of PMVECs.
	LPS-induced lung injury in mice
	LPS-induced PMVEC
	37060506


	Tail vein injection
	Muscle-derived healthy mitochondria
	Replenishing mitochondria can reduce systemic inflammation and organ damage, enhance bacterial clearance, and improve survival in patients with sepsis.
	Sepsis-induced lung injury
	None
	33060455


	Tail vein injection
	Muscle-derived healthy mitochondria
	Exogenous mitochondria can inhibit GSH depletion, reduce MDA production, increase SDH activity, and prevent MMP loss and histopathological abnormalities
	BLM-induced lung injury in rats
	None
	40063258


	Jugular vein injection
	Muscle-derived healthy mitochondria
	Living mitochondrial transplantation preserves the integrity of the alveolar-capillary barrier endothelium and improves gas exchange during the acute phase of endotoxin-induced acute lung injury
	LPS-induced lung injury in mice
	None
	35813297


	Airway instillation
	Mitochondria from liver and muscle
	Mitochondrial transplantation increased the P/F ratio of the lungs during EVLP and reduced the peak pulmonary artery pressure compared with lungs without mitochondrial transplantation.
	Ischemia-reperfusion-induced lung injury
	None
	39536924


	TNTs and microvesicles
	Co-culture with stem cells
	LT-MSCs and BAL-MSCs can donate cytoplasmic contents and mitochondria to bronchial epithelial cells through multiple mechanisms
	None
	BEAS2B epithelial cells
	27406134










3.2 Pulmonary fibrosis

Research on mitochondrial transfer/transplantation in pulmonary fibrosis has shown that regulating mitochondrial homeostasis, improving mitochondrial function, and removing damaged mitochondria can effectively alleviate the fibrotic process. These findings provide a promising new direction for the treatment of pulmonary fibrosis. At the mechanistic level, multiple studies have revealed the close relationship between mitochondrial dysfunction and pulmonary fibrosis. Mitochondrial dysfunction in AECs is a key pathological factor in the progression of pulmonary fibrosis. For instance, Pioglitazone has been shown to activate the PGC1α/NRF1/TFAM pathway, promoting mitochondrial biogenesis in MSCs. Furthermore, iron oxide nanoparticles can enhance mitochondrial delivery, improving the efficiency of mitochondrial transfer. This intervention has been shown to restore mitochondrial function in mouse models to 107.8% of normal levels, activate damaged mitochondrial autophagy, and reduce the accumulation of dysfunctional mitochondria (70). Abnormal mitochondrial iron metabolism is one of the key therapeutic targets in mitochondrial therapy for pulmonary fibrosis. In bleomycin-induced pulmonary fibrosis, the mitochondrial iron transporter MFRN2 is highly expressed in AECs type II (AECII), leading to iron deposition and mitochondrial dysfunction. Activation of the EP4 receptor can promote the ubiquitination and degradation of IREB2 by upregulating FBXL5, thereby inhibiting MFRN2-mediated iron accumulation and improving mitochondrial function (71). Recent advances in cell engineering and nanotechnology have further enhanced mitochondrial transfer efficiency. The Mito-MEN system, developed by Wang et al., uses nanoparticles to deliver Parkin mRNA, improving the efficiency of mitochondrial transfer to damaged cells. This system not only promotes Parkin-mediated mitochondrial autophagy but also reduces collagen deposition and TGF-β secretion in a bleomycin-induced mouse model, leading to a reduction in pulmonary fibrosis scores (72). Mitochondria derived from human umbilical cord MSCs have also been shown to inhibit TGF-β-induced fibroblast activation and epithelial-mesenchymal transition in vitro. In vivo, intravenous injection of these mitochondria in a bleomycin-induced mouse model reduced lung weight gain, inflammatory cell infiltration, and Ashcroft fibrosis scores (41). Mitochondrial transplantation operates through multiple mechanisms: it replenishes functional mitochondria, restores ATP production, reduces ROS levels, and mitigates cell damage by regulating mitochondrial autophagy and iron metabolism (71, 73).Additionally, it inhibits myofibroblast activation and excessive extracellular matrix deposition (41). In summary, mitochondrial transplantation has shown significant potential in the intervention of pulmonary fibrosis by enhancing the supply of functional mitochondria, clearing damaged mitochondria, and regulating key metabolic pathways. These findings provide a solid experimental foundation for the development of therapeutic strategies aimed at restoring mitochondrial homeostasis in pulmonary fibrosis (Table 2).


Table 2 | Summary of research on mitochondrial transfer in IPF.
	Transplantation/transfer method
	Interventions
	Key findings
	Animal models
	Cell Model
	PMID



	BMSC-mediated mitochondrial transfer
	Pioglitazone and iron oxide nanoparticles combined treatment of BMSCs
	Increasing the number of mitochondria in hMSCs can enhance mitochondrial transfer capacity
	BLM-induced PF model in mice
	Organoid Models
	37723135


	Tail vein injection
	Add mitochondria to cell culture medium
	Healthy mitochondria rescue BLM-lesioned AECII loss of mitochondrial iron deposition and cellular damage.
	BLM-induced PF model in mice
	BLM-induced damage in MLE-12 cells
	38773980


	Tail vein injection
	Mito-MEN anchors isolated healthy mitochondria
	Mito-MEN increases the load of functional exogenous mitochondria by enhancing mitochondrial delivery efficiency and promotes mitophagy of dysfunctional endogenous mitochondria
	BLM-induced PF model in mice
	None
	39546755


	Tail vein injection
	Mitochondria from umbilical cord mesenchymal stem cells
	Intravenous injection of umbilical cord mesenchymal stem cell-derived mitochondria reduces pulmonary fibrosis
	BLM-induced PF model in mice
	TGF-treated human lung fibroblasts and human bronchial epithelial cells
	39684495










3.3 ARDS

ARDS is an acute lung disease characterized by alveolar-capillary barrier destruction, uncontrolled inflammation, and oxidative stress, with a high mortality rate. Mitochondrial transfer/transplantation presents a promising new potential direction for its treatment. Mitochondrial transfer/transplantation plays a key role in immune regulation in ARDS. Studies have shown that alveolar macrophages are the core mediators of mitochondrial transfer, which allows them to exert both antibacterial and anti-inflammatory effects. If macrophages are depleted, the bacterial clearance ability of MSCs is completely impaired (74). When macrophages acquire mitochondria, their phagocytic ability is significantly enhanced, enabling them to clear bacteria more effectively. Moreover, mitochondrial acquisition leads to macrophage polarization toward the anti-inflammatory M2 phenotype, characterized by the upregulation of M2 markers such as CD206 and the reduced secretion of pro-inflammatory cytokines like TNF-α and IL-6. This, in turn, helps inhibit excessive inflammatory responses (49, 74, 75). In terms of mitochondrial repair of lung tissue, mitochondrial dysfunction in pulmonary microvascular endothelial cells and airway epithelial cells plays a significant role in ARDS pathology. The resulting loss of mitochondrial function leads to increased barrier permeability. By supplementing functional mitochondria, it is possible to restore mitochondrial respiratory function in these cells, improve ATP production, stabilize membrane potential, reduce ROS accumulation, and thus reduce cellular permeability and help repair the alveolar-capillary barrier (40). Additionally, mitochondria play a role in balancing mitochondrial autophagy and biogenesis, preventing excessive autophagy from causing cellular damage, and promoting the restoration of lung tissue homeostasis (40). In vivo experiments further support the therapeutic potential of mitochondrial transfer/transplantation in ARDS. In mouse models of ARDS induced by LPS or bacteria, mitochondrial transplantation significantly reduced inflammatory cell infiltration, lowered protein content and pro-inflammatory factor levels in BALF, and alleviated lung tissue damage (74, 75). Furthermore, transplanting alveolar macrophages pre-treated with mitochondria-containing EVs significantly reduced inflammation in lung tissue and decreased neutrophil infiltration (49). The therapeutic effect of mitochondrial transplantation is also influenced by the inflammatory phenotype of patients with ARDS. The reparative effect is more pronounced in patients with a low-inflammatory phenotype, whereas it is more limited in high-inflammatory environments (40) (Table 3).


Table 3 | Summary of research on mitochondrial transfer in ARDS.
	Transplantation/transfer method
	Interventions
	Key findings
	Animal models
	Cell Model
	PMID



	extracellular mitochondria
	Treatment with exosomes with or without mitochondria
	MSC-EVs improve alveolar capillary barrier properties by restoring mitochondrial function, at least in part through mitochondrial transfer.
	LPS-induced acute respiratory distress syndrome
	Human small airway epithelial cells and pulmonary microvascular endothelial cells and human precision-cut lung sections
	33334945


	extracellular mitochondria
	Exosomes containing EVs intervene in macrophages
	In the setting of ARDS, MSCs promote an anti-inflammatory and highly phagocytic macrophage phenotype via EV-mediated mitochondrial transfer.
	LPS-induced acute respiratory distress syndrome
	LPS-treated macrophages
	28598224


	Tail vein injection
	Human stem cell-derived mitochondria
	Mitochondria isolated from human stem cells have anti-inflammatory effects on alveolar macrophages and anti-apoptotic effects on alveolar epithelial cells
	ARDS mouse model established by LPS
	LPS-treated mouse alveolar macrophages and human pulmonary microvascular endothelial cells
	39334020


	TNTs
	Co-culture with MSCs
	Transfer of MSCs to the mitochondria of innate immune cells enhances phagocytic activity
	Escherichia coli-induced pneumonia model
	Monocytes
	27059413







Mitochondrial transfer/transplantation can improve IPF through TGF-β and mitophagy. Mitochondrial transplantation and transfer can promote M2 polarization and regulate TNF-α and IL-6 in ARDS. In ALI, mitochondrial transplantation and transfer can inhibit cell apoptosis and suppress oxidative stress.




3.4 Other lung diseases

COPD, asthma, airway hyperresponsiveness, and obesity-related allergic airway inflammation are all common lung conditions, characterized by airway inflammation, structural damage, and functional impairment. Mitochondrial transfer/transplantation shows significant therapeutic potential in these diseases by repairing damaged cells, regulating inflammation, and restoring mitochondrial function. In COPD, induced pluripotent stem cell-derived mesenchymal stem cells (iPSC-MSCs) exhibit stronger mitochondrial transfer ability than BM-MSCs. Studies have demonstrated that iPSC-MSCs can transfer functional mitochondria to airway epithelial cells damaged by cigarette smoke through TNTs, significantly restoring cellular ATP levels and reducing alveolar structural damage and fibrosis (76). The efficiency of this transfer is influenced by the damaged microenvironment, with cigarette smoke extracts promoting this process. In addition, iPSC-MSCs have a higher retention rate in the lungs and demonstrate a more significant repair effect compared to BM-MSCs. For airway hyperresponsiveness, mitochondrial transplantation has been shown to reverse cholinergic hyperactivity induced by the combination of cigarette smoke and lipopolysaccharide. Exogenous mitochondria reduce ROS production in airway epithelial cells, inhibit the sensitivity of M3 receptors, reduce the contractile response of the airway to acetylcholine, and improve the frequency of ciliary beating. These effects help reduce mucus secretion and inflammatory infiltration (77). A key mechanism of this process is mitochondrial transfer mediated by Cx43. iPSC-MSCs can transfer mitochondria to damaged airway epithelial cells through TNTs, and overexpression of Cx43 enhances TNTs formation and transfer efficiency. This significantly reduces the release of Th2 cytokines (IL-4, IL-5), restores mitochondrial membrane potential, and alleviates airway inflammation and mucus secretion (78). In contrast, silencing Cx43 impairs the therapeutic effect of mitochondrial transfer. In obesity-related allergic airway inflammation, MSCs derived from obese individuals (MSC-Ob) exhibit impaired mitochondrial transfer capacity due to mitochondrial dysfunction, characterized by cristae damage, ROS accumulation, and reduced cardiolipin content. However, Pyrroloquinoline quinone can enhance the mitochondrial transfer of MSC-Ob to airway epithelial cells by restoring cardiolipin-dependent mitochondrial autophagy. This treatment reduces Th2 cytokine levels and alleviates airway hyperresponsiveness (79). Moreover, when cytochalasin B is used to block TNTs formation, MSC-mediated mitochondrial transfer is completely inhibited (80). In vivo experiments have confirmed that mitochondrial transfer improves bacterial clearance and reduces pro-inflammatory factors such as TNF-α and IL-6. This mechanism underlies the antibacterial and anti-inflammatory effects of MSCs. Overall, mitochondrial transfer/transplantation shows therapeutic potential in various lung diseases by repairing damaged cell energy metabolism and regulating inflammatory pathways. The efficiency of mitochondrial transfer/transplantation is influenced by factors such as cell source, microenvironment, and molecular regulation, providing a basis for therapies targeting mitochondrial homeostasis (Table 4).


Table 4 | Summary of research on mitochondrial transfer in other lung disease.
	Disease type
	Transplantation/transfer method
	Interventions
	Key findings
	Animal models
	Cell model
	PMID



	Allergic airway inflammation
	TNTs
	obesity
	Obesity affects the therapeutic effect of mitochondrial transfer
	Allergic asthma mice induced by HDM and Ova
	None
	37173333


	asthmatic inflammation
	TNTs
	CX43 overexpression or silencing
	CX43 plays a key role in regulating TNTs formation by mediating mitochondrial transfer between iPSC-MSCs and epithelial cells
	OVA-induced asthma in mice
	OVA-treated lung epithelial cells
	30344008


	Lung inflammation
	TNTs
	cytochalasin B
	When cytochalasin B blocked TNTs formation, the effect of MSCs on macrophage phagocytosis was completely abolished
	None
	GM-CSF-treated macrophages
	28534038


	Airway Hyperresponsiveness
	Airway instillation
	Airway cell-derived mitochondria
	Mitochondrial transplantation effectively alleviates airway hyperresponsiveness induced by cigarette smoke and lipopolysaccharide by inhibiting ROS-enhanced epithelial cholinergic hyperactivity
	Rats treated with cigarette smoke plus LPS
	LPS-induced airway epithelial model
	27279915


	Pulmonary hypertension
	Tail vein injection
	Muscle-derived mitochondria
	Transplantation of viable mitochondria restores pulmonary artery contractile phenotype and vascular reactivity, resulting in reduced afterload and right ventricular remodeling in rats with established pulmonary hypertension
	Pulmonary hypertension induced by monocrotaline
	None
	32948302


	COPD
	TNTs
	MSC-derived mitochondria
	iPSC-MSCs have a higher mitochondrial transfer capacity than BM-MSCs, thereby being able to repair CS-induced mitochondrial damage
	Cigarette smoke-induced COPD
	BEAS-2B
	24738760











4 Mitochondrial transfer/transplantation in lung delivery

In studies related to lung diseases, the delivery methods of mitochondria are diverse, reflecting the special characteristics of the lung, which is directly exposed to the external environment and has both airway and vascular pathways. In addition to conventional intravenous injections, several local transfer/transplantation methods are commonly used to target the lungs more precisely. Cell-mediated transfer largely relies on MSCs (BM-MSCs, iPSC-MSCs, etc.) to transfer mitochondria directly to damaged lung cells. These MSCs transfer functional mitochondria to bronchial epithelial cells, AECs, and other lung cell types through various mechanisms, including TNTs, and microvesicles. In non-cell-mediated delivery, a variety of methods have been developed to directly transplantation mitochondria to the lung tissue. Besides intravenous injections, localized methods like airway perfusion, nebulization inhalation, and airway instillation are frequently used for targeted therapy. These approaches allow for precise transplantation to the lung, particularly useful for diseases affecting the airways or alveolar structures. For example, airway perfusion of mitochondria has shown promise in improving lung function during EVLP procedures, while nebulization or airway instillation can effectively treat airway hyperresponsiveness and alveolar damage. Systemic methods, such as pulmonary vascular injection or tail vein injection, are also explored for mitochondrial transplantation, offering broader distribution throughout the lung tissue. The sources of mitochondria for transplantation are varied, offering flexible strategies for mitochondrial therapy. Donor cells such as MSCs from tissues like bone marrow, umbilical cord, adipose, muscle, and liver are common sources of functional mitochondria. Additionally, iPSC-MSCs, and healthy mitochondria isolated directly from muscle, liver, or airway cells, are also used. Among these sources, iPSC-MSCs are particularly beneficial for repairing mitochondrial damage caused by cigarette smoke because of their stronger mitochondrial transfer ability compared to BM-MSCs. These diverse delivery methods, combined with a variety of mitochondrial sources and the unique anatomical and functional characteristics of the lungs, provide flexible and targeted strategies for mitochondrial-based therapies. This allows for more effective interventions in lung diseases such as pulmonary fibrosis, ALI, ARDS, asthma, and COPD.




5 Therapeutic potential and translational strategy

Mitochondrial transfer/transplantation offers unique therapeutic advantages and translational prospects in lung injury repair. Its core value lies in the synergistic effects of multi-target regulation and tissue repair. In terms of therapeutic potential, this mechanism can simultaneously improve the energy metabolism of damaged cells, inhibit oxidative stress, and regulate the inflammatory response by directly supplementing functional mitochondria, achieving a “two birds with one stone” therapeutic effect. In the ALI model, mitochondria derived from MSCs can repair the alveolar epithelial barrier; in the pulmonary fibrosis model, mitochondrial transplantation can reduce collagen deposition; in COPD, iPSC-MSCs can reverse airway damage caused by cigarette smoke. These findings support its broad applicability across various diseases.

Regarding translational strategies, diverse delivery methods provide flexibility for clinical applications: cell-mediated delivery enhances targeting due to its directional migration ability; non-cell-mediated delivery (such as aerosol inhalation and airway instillation) can directly act on the lung’s lesion site, reducing systemic side effects. The choice of mitochondrial sources is also expanding, including bone marrow, umbilical cord, muscle tissue, and stem cell-derived mitochondria. Among these, iPSC-MSCs show superior potential due to their high transfer efficiency and long retention time. However, key challenges remain in the translational process: standardizing the extraction and quality control of mitochondria, improving delivery efficiency while minimizing the risk of immune rejection, and determining the optimal timing for intervention at different disease stages. With advancements in in vivo imaging technologies and nanocarrier engineering, mitochondrial transfer is expected to move from basic research to clinical practice, offering a new precision therapy that could overcome current treatment limitations (Figure 2).
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Figure 2 | The mechanism of action of mitochondrial transfer in IPF, ALI, and ARDS.




6 Critical discussion

Existing research has primarily focused on the active role of mitochondrial transfer in repairing damaged tissues. However, recent studies have shown that active mitochondrial transfer also occurs within the tumor microenvironment, potentially supporting cancer cells’ energy metabolism, promoting tumor growth, invasion, and immune evasion (81–83). Although there is currently no direct evidence that therapeutic mitochondrial transfer can induce or promote the development of lung tumors, it is a potential risk that cannot be ignored. Long-term tumorigenicity assessment must be an integral component of safety evaluation in future preclinical and clinical studies. When transplanted mitochondria are derived from non-homologous donors, both the donor and the recipient’s own mtDNA will coexist in the recipient cells, forming a heteroplasmic state (84). The respiratory chain subunits encoded by the donor and recipient mtDNA may not be fully compatible, affecting the assembly and function of the respiratory chain complex (84). Heterogeneous mtDNA may be recognized as “non-self” by the recipient’s immune system, inducing a potential immune response. Although xenogeneic mitochondrial transplantation did not cause acute rejection in a lung injury model, this does not mean that long-term or systemic immune risks do not exist (69). Stringent screening of donor mitochondrial sources, optimization of purification protocols to reduce mtDNA contamination, and development of allogeneic “universal” mitochondrial libraries are potential approaches to mitigate this risk. Transfer/transplantation of functional mitochondria can directly restore ATP levels in recipient cells, improve mitochondrial membrane potential, reduce ROS, and enhance oxidative phosphorylation. However, supplementation of mitochondrial biomass alone may not be sufficient to explain all observed effects. The anti-inflammatory and enhanced phagocytic effects induced by mitochondrial transfer in MSCs or macrophages (40, 80) likely involve mitochondrial-associated molecules acting as signaling molecules to activate specific pathways. Blocking mitochondrial transfer completely abolishes the immunomodulatory effects of MSCs (80), suggesting that the transfer process itself or the signals it carries are crucial. The transferred vector itself is also an important mode of intercellular communication and may transmit independent signals. Current evidence suggests that replenishing functional mitochondrial biomass is essential for therapeutic benefits, especially in rapidly restoring energy metabolism and alleviating oxidative damage. However, the complex immunomodulatory, tissue repair, and homeostatic re-establishment effects are likely to be coordinated by signaling pathways triggered by the transferred mitochondria themselves or their associated molecules. Future studies will require more sophisticated experimental designs (such as using mitochondria with defective respiratory function but intact signaling molecules, or purified mitochondrial signaling molecules) to precisely dissect the relative contributions of the two.

Existing studies have primarily focused on short-term effects. The duration of mtDNA retention within recipient cells remains unclear. Studies have shown that donor mtDNA can persist for several days in co-culture systems (53); however, in the complex in vivo environment, its retention may be shorter, potentially being cleared or diluted by the recipient cell’s mitophagy system. Theoretically, long-term retention and expression of its gene products are essential for maintaining respiratory chain function. However, short-term therapeutic benefits may be achieved through the enzymes, metabolites, and signaling molecules carried by mtDNA before it is degraded or diluted. For chronic diseases, repeated treatments or strategies may be required to ensure long-term retention/expression of donor mtDNA. Clarifying the duration of mtDNA retention and its impact on long-term therapeutic efficacy is a key future research direction. Understanding the fate of exogenous mitochondria in vivo and the differences in their uptake mechanisms in different pathological settings is fundamental to designing effective, durable, and universally applicable therapeutic strategies. More sensitive tracking technologies are needed for long-term in vivo studies.





Author contributions

L-JW: Writing – original draft, Writing – review & editing. P-FG: Writing – original draft, Writing – review & editing. SZ: Writing – original draft, Writing – review & editing. SW: Writing – original draft, Writing – review & editing. Y-ZC: Writing – original draft, Writing – review & editing. H-WY: Writing – original draft, Writing – review & editing. X-LZ: Writing – original draft, Writing – review & editing.





Funding

The author(s) declare financial support was received for the research and/or publication of this article. This study was supported by The fifth round of Wenling City key disciplines -Cardiothoracic surgery (2022XK015).





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.

Any alternative text (alt text) provided alongside figures in this article has been generated by Frontiers with the support of artificial intelligence and reasonable efforts have been made to ensure accuracy, including review by the authors wherever possible. If you identify any issues, please contact us.





References

	 Mokrá D. Acute lung injury - from pathophysiology to treatment. Physiol Res. (2020) 69:S353–s66. doi: 10.33549/physiolres.934602, PMID: 33464919


	 Slutsky AS, Ranieri VM. Ventilator-induced lung injury. N Engl J Med. (2013) 369:2126–36. doi: 10.1056/NEJMra1208707, PMID: 24283226


	 Zhang J, Guo Y, Mak M, Tao Z. Translational medicine for acute lung injury. J Transl Med. (2024) 22:25. doi: 10.1186/s12967-023-04828-7, PMID: 38183140


	 Banavasi H, Nguyen P, Osman H, Soubani AO. Management of ARDS - what works and what does not. Am J Med Sci. (2021) 362:13–23. doi: 10.1016/j.amjms.2020.12.019, PMID: 34090669


	 Nasa P, Bos LD, Estenssoro E, van Haren FMP, Neto AS, Rocco PRM, et al. Defining and subphenotyping ARDS: insights from an international Delphi expert panel. Lancet Respir Med. (2025) 13:638–50. doi: 10.1016/S2213-2600(25)00115-8, PMID: 40315883


	 Burns GD, Alipanah-Lechner N, Daniel BM. The global definition and the future of ARDS research. Respir Care. (2025) 70:217–8. doi: 10.1089/respcare.12521


	 Latronico N, Eikermann M, Ely EW, Needham DM. Improving management of ARDS: uniting acute management and long-term recovery. Crit Care. (2024) 28:58. doi: 10.1186/s13054-024-04810-9, PMID: 38395902


	 Xie R, Tan D, Liu B, Xiao G, Gong F, Zhang Q, et al. Acute respiratory distress syndrome (ARDS): from mechanistic insights to therapeutic strategies. MedComm (2020). (2025) 6:e70074. doi: 10.1002/mco2.70074, PMID: 39866839


	 Cai Y, Shang L, Zhou F, Zhang M, Li J, Wang S, et al. Macrophage pyroptosis and its crucial role in ALI/ARDS. Front Immunol. (2025) 16:1530849. doi: 10.3389/fimmu.2025.1530849, PMID: 40028334


	 Meng L, Liao X, Wang Y, Chen L, Gao W, Wang M, et al. Pharmacologic therapies of ARDS: From natural herb to nanomedicine. Front Pharmacol. (2022) 13:930593. doi: 10.3389/fphar.2022.930593, PMID: 36386221


	 Vichare R, Janjic JM. Macrophage-targeted nanomedicines for ARDS/ALI: promise and potential. Inflammation. (2022) 45:2124–41. doi: 10.1007/s10753-022-01692-3, PMID: 35641717


	 Richeldi L, Collard HR, Jones MG. Idiopathic pulmonary fibrosis. Lancet. (2017) 389:1941–52. doi: 10.1016/S0140-6736(17)30866-8, PMID: 28365056


	 Spagnolo P, Kropski JA, Jones MG, Lee JS, Rossi G, Karampitsakos T, et al. Idiopathic pulmonary fibrosis: Disease mechanisms and drug development. Pharmacol Ther. (2021) 222:107798. doi: 10.1016/j.pharmthera.2020.107798, PMID: 33359599


	 Glass DS, Grossfeld D, Renna HA, Agarwala P, Spiegler P, DeLeon J, et al. Idiopathic pulmonary fibrosis: Current and future treatment. Clin Respir J. (2022) 16:84–96. doi: 10.1111/crj.13466, PMID: 35001525


	 Sandelowsky H, Weinreich UM, Aarli BB, Sundh J, Høines K, Stratelis G, et al. COPD - do the right thing. BMC Fam Pract. (2021) 22:244. doi: 10.1186/s12875-021-01583-w, PMID: 34895164


	 Maremanda KP, Sundar IK, Rahman I. Role of inner mitochondrial protein OPA1 in mitochondrial dysfunction by tobacco smoking and in the pathogenesis of COPD. Redox Biol. (2021) 45:102055. doi: 10.1016/j.redox.2021.102055, PMID: 34214709


	 Fang L, Zhang M, Li J, Zhou L, Tamm M, Roth M. Airway smooth muscle cell mitochondria damage and mitophagy in COPD via ERK1/2 MAPK. Int J Mol Sci. (2022) 23. doi: 10.3390/ijms232213987, PMID: 36430467


	 Faherty L, Kenny S, Cloonan SM. Iron and mitochondria in the susceptibility, pathogenesis and progression of COPD. Clin Sci (Lond). (2023) 137:219–37. doi: 10.1042/CS20210504, PMID: 36729089


	 Ren J, Deng G, Li R, Jin X, Liu J, Li J, et al. Possible pharmacological targets and mechanisms of sivelestat in protecting acute lung injury. Comput Biol Med. (2024) 170:108080. doi: 10.1016/j.compbiomed.2024.108080, PMID: 38306776


	 Sweeney RM, Griffiths M, Mcauley D. Treatment of acute lung injury: current and emerging pharmacological therapies. Semin Respir Crit Care Med. (2013) 34:487–98. doi: 10.1055/s-0033-1351119, PMID: 23934717


	 Xiao K, He W, Guan W, Hou F, Yan P, Xu J, et al. Mesenchymal stem cells reverse EMT process through blocking the activation of NF-κB and Hedgehog pathways in LPS-induced acute lung injury. Cell Death Dis. (2020) 11:863. doi: 10.1038/s41419-020-03034-3, PMID: 33060560


	 Li Y, Shen Z, Jiang X, Wang Y, Yang Z, Mao Y, et al. Mouse mesenchymal stem cell-derived exosomal miR-466f-3p reverses EMT process through inhibiting AKT/GSK3β pathway via c-MET in radiation-induced lung injury. J Exp Clin Cancer Res. (2022) 41:128. doi: 10.1186/s13046-022-02351-z, PMID: 35392967


	 Dos Santos CC, Amatullah H, Vaswani CM, Maron-Gutierrez T, Kim M, Mei SHJ, et al. Mesenchymal stromal (stem) cell therapy modulates miR-193b-5p expression to attenuate sepsis-induced acute lung injury. Eur Respir J. (2022) 59. doi: 10.1183/13993003.04216-2020, PMID: 34112731


	 Zhan B, Shen J. Mitochondria and their potential role in acute lung injury (Review). Exp Ther Med. (2022) 24:479. doi: 10.3892/etm.2022.11406, PMID: 35761815


	 Zhong Y, Xia S, Wang G, Liu Q, Ma F, Yu Y, et al. The interplay between mitophagy and mitochondrial ROS in acute lung injury. Mitochondrion. (2024) 78:101920. doi: 10.1016/j.mito.2024.101920, PMID: 38876297


	 Sharma A, Ahmad S, Ahmad T, Ali S, Syed MA. Mitochondrial dynamics and mitophagy in lung disorders. Life Sci. (2021) 284:119876. doi: 10.1016/j.lfs.2021.119876, PMID: 34389405


	 Kobayashi K, Araya J, Minagawa S, Hara H, Saito N, Kadota T, et al. Involvement of PARK2-mediated mitophagy in idiopathic pulmonary fibrosis pathogenesis. J Immunol. (2016) 197:504–16. doi: 10.4049/jimmunol.1600265, PMID: 27279371


	 Cala-Garcia JD, Medina-Rincon GJ, Sierra-Salas PA, Rojano J, Romero F. The role of mitochondrial dysfunction in idiopathic pulmonary fibrosis: new perspectives for a challenging disease. Biol (Basel). (2023) 12. doi: 10.3390/biology12091237, PMID: 37759636


	 Yu J, Shi J, Wang D, Dong S, Zhang Y, Wang M, et al. Heme oxygenase-1/carbon monoxide-regulated mitochondrial dynamic equilibrium contributes to the attenuation of endotoxin-induced acute lung injury in rats and in lipopolysaccharide-activated macrophages. Anesthesiology. (2016) 125:1190–201. doi: 10.1097/ALN.0000000000001333, PMID: 27575447


	 Sun M, Zeng Z, Xu G, An S, Deng Z, Cheng R, et al. Promoting mitochondrial dynamic equilibrium attenuates sepsis-induced acute lung injury by inhibiting proinflammatory polarization of alveolar macrophages. Shock. (2023) 60:603–12. doi: 10.1097/SHK.0000000000002206, PMID: 37647034


	 Faust HE, Reilly JP, Anderson BJ, Ittner CAG, Forker CM, Zhang P, et al. Plasma mitochondrial DNA levels are associated with ARDS in trauma and sepsis patients. Chest. (2020) 157:67–76. doi: 10.1016/j.chest.2019.09.028, PMID: 31622590


	 Messaoud-Nacer Y, Culerier E, Rose S, Maillet I, Rouxel N, Briault S, et al. STING agonist diABZI induces PANoptosis and DNA mediated acute respiratory distress syndrome (ARDS). Cell Death Dis. (2022) 13:269. doi: 10.1038/s41419-022-04664-5, PMID: 35338116


	 Boengler K, Leybaert L, Ruiz-Meana M, Schulz R. Connexin 43 in mitochondria: what do we really know about its function? Front Physiol. (2022) 13:928934. doi: 10.3389/fphys.2022.928934, PMID: 35860665


	 Gadicherla AK, Wang N, Bulic M, Agullo-Pascual E, Lissoni A, De Smet M, et al. Mitochondrial Cx43 hemichannels contribute to mitochondrial calcium entry and cell death in the heart. Basic Res Cardiol. (2017) 112:27. doi: 10.1007/s00395-017-0618-1, PMID: 28364353


	 Fu H, Xie X, Zhai L, Liu Y, Tang Y, He S, et al. CX43-mediated mitochondrial transfer maintains stemness of KG-1a leukemia stem cells through metabolic remodelingA. Stem Cell Res Ther. (2024) 15:460. doi: 10.1186/s13287-024-04079-3, PMID: 39623456


	 Swartzendruber JA, Nicholson BJ, Murthy AK. The role of connexin 43 in lung disease. Life (Basel). (2020) 10. doi: 10.3390/life10120363, PMID: 33352732


	 Brestoff JR, Singh KK, Aquilano K, Becker LB, Berridge MV, Boilard E, et al. Recommendations for mitochondria transfer and transplantation nomenclature and characterization. Nat Metab. (2025) 7:53–67. doi: 10.1038/s42255-024-01200-x, PMID: 39820558


	 Islam MN, Das SR, Emin MT, Wei M, Sun L, Westphalen K, et al. Mitochondrial transfer from bone-marrow-derived stromal cells to pulmonary alveoli protects against acute lung injury. Nat Med. (2012) 18:759–65. doi: 10.1038/nm.2736, PMID: 22504485


	 Zhang Z, Yan C, Miao J, Pu K, Ma H, Wang Q. Muscle-derived mitochondrial transplantation reduces inflammation, enhances bacterial clearance, and improves survival in sepsis. Shock. (2021) 56:108–18. doi: 10.1097/SHK.0000000000001681, PMID: 33060455


	 Dutra Silva J, Su Y, Calfee CS, Delucchi KL, Weiss D, McAuley DF, et al. Mesenchymal stromal cell extracellular vesicles rescue mitochondrial dysfunction and improve barrier integrity in clinically relevant models of ARDS. Eur Respir J. (2021) 58. doi: 10.1183/13993003.02978-2020, PMID: 33334945


	 Lee SE, Yu SH, Kim IH, Kang YC, Kim Y, Yeo JS, et al. Mitochondrial transplantation ameliorates pulmonary fibrosis by suppressing myofibroblast activation. Int J Mol Sci. (2024) 25. doi: 10.3390/ijms252312783, PMID: 39684495


	 Xiong X, Zhou C, Yu Y, Xie Q, Xia L, Li Q, et al. Mitochondrial transplantation/transfer: promising therapeutic strategies for spinal cord injury. J Orthop Translat. (2025) 52:441–50. doi: 10.1016/j.jot.2025.04.017, PMID: 40485848


	 Driscoll J, Gondaliya P, Patel T. Tunneling nanotube-mediated communication: A mechanism of intercellular nucleic acid transfer. Int J Mol Sci. (2022) 23. doi: 10.3390/ijms23105487, PMID: 35628298


	 Zhou C, Huang M, Wang S, Chu S, Zhang Z, Chen N. Tunneling nanotubes: The transport highway for astrocyte-neuron communication in the central nervous system. Brain Res Bull. (2024) 209:110921. doi: 10.1016/j.brainresbull.2024.110921, PMID: 38447659


	 Yuan J, Chen F, Jiang D, Xu Z, Zhang H, Jin ZB. ROCK inhibitor enhances mitochondrial transfer via tunneling nanotubes in retinal pigment epithelium. Theranostics. (2024) 14:5762–77. doi: 10.7150/thno.96508, PMID: 39346535


	 López-Doménech G, Covill-Cooke C, Ivankovic D, Halff EF, Sheehan DF, Norkett R, et al. Miro proteins coordinate microtubule- and actin-dependent mitochondrial transport and distribution. EMBO J. (2018) 37:321–36. doi: 10.15252/embj.201696380, PMID: 29311115


	 Hanna SJ, McCoy-Simandle K, Miskolci V, Guo P, Cammer M, Hodgson L, et al. The Role of Rho-GTPases and actin polymerization during Macrophage Tunneling Nanotube Biogenesis. Sci Rep. (2017) 7:8547. doi: 10.1038/s41598-017-08950-7, PMID: 28819224


	 Rabas N, Palmer S, Mitchell L, Ismail S, Gohlke A, Riley JS, et al. PINK1 drives production of mtDNA-containing extracellular vesicles to promote invasiveness. J Cell Biol. (2021) 220. doi: 10.1083/jcb.202006049, PMID: 34623384


	 Morrison TJ, Jackson MV, Cunningham EK, Kissenpfennig A, McAuley DF, O'Kane CM, et al. Mesenchymal stromal cells modulate macrophages in clinically relevant lung injury models by extracellular vesicle mitochondrial transfer. Am J Respir Crit Care Med. (2017) 196:1275–86. doi: 10.1164/rccm.201701-0170OC, PMID: 28598224


	 Suh J, Lee YS. Mitochondria as secretory organelles and therapeutic cargos. Exp Mol Med. (2024) 56:66–85. doi: 10.1038/s12276-023-01141-7, PMID: 38172601


	 Eugenin E, Camporesi E, Peracchia C. Direct cell-cell communication via membrane pores, gap junction channels, and tunneling nanotubes: medical relevance of mitochondrial exchange. Int J Mol Sci. (2022) 23. doi: 10.3390/ijms23116133, PMID: 35682809


	 Qiao X, Huang N, Meng W, Liu Y, Li J, Li C, et al. Beyond mitochondrial transfer, cell fusion rescues metabolic dysfunction and boosts Malignancy in adenoid cystic carcinoma. Cell Rep. (2024) 43:114652. doi: 10.1016/j.celrep.2024.114652, PMID: 39217612


	 D'Souza A, Burch A, Dave KM, Sreeram A, Reynolds MJ, Dobbins DX, et al. Microvesicles transfer mitochondria and increase mitochondrial function in brain endothelial cells. J Control Release. (2021) 338:505–26. doi: 10.1016/j.jconrel.2021.08.038, PMID: 34450196


	 Giallongo C, Dulcamare I, Tibullo D, Del Fabro V, Vicario N, Parrinello N, et al. CXCL12/CXCR4 axis supports mitochondrial trafficking in tumor myeloma microenvironment. Oncogenesis. (2022) 11:6. doi: 10.1038/s41389-022-00380-z, PMID: 35064098


	 Li Y, Feng Z, Zhu L, Chen N, Wan Q, Wu J. Deletion of SDF-1 or CXCR4 regulates platelet activation linked to glucose metabolism and mitochondrial respiratory reserve. Platelets. (2022) 33:536–42. doi: 10.1080/09537104.2021.1961713, PMID: 34346843


	 Huang T, Zhang T, Gao J. Targeted mitochondrial delivery: A therapeutic new era for disease treatment. J Control Release. (2022) 343:89–106. doi: 10.1016/j.jconrel.2022.01.025, PMID: 35077740


	 Court AC, Le-Gatt A, Luz-Crawford P, Parra E, Aliaga-Tobar V, Bátiz LF, et al. Mitochondrial transfer from MSCs to T cells induces Treg differentiation and restricts inflammatory response. EMBO Rep. (2020) 21:e48052. doi: 10.15252/embr.201948052, PMID: 31984629


	 Ma YX, Lei C, Ye T, Wan QQ, Wang KY, Zhu YN, et al. Silicon enhances functional mitochondrial transfer to improve neurovascularization in diabetic bone regeneration. Adv Sci (Weinh). (2025) 12:e2415459. doi: 10.1002/advs.202415459, PMID: 40125794


	 Guo Y, Fu T, Cheng Y, Li Y, Zhang R, Ma Q, et al. Mechanisms of electroacupuncture-induced neuroprotection in acute stroke rats: the role of astrocyte-mediated mitochondrial transfer. Cell Commun Signal. (2025) 23:316. doi: 10.1186/s12964-025-02287-9, PMID: 40598228


	 Novak J, Nahacka Z, Oliveira GL, Brisudova P, Dubisova M, Dvorakova S, et al. The adaptor protein Miro1 modulates horizontal transfer of mitochondria in mouse melanoma models. Cell Rep. (2025) 44:115154. doi: 10.1016/j.celrep.2024.115154, PMID: 39792553


	 Ahmad T, Mukherjee S, Pattnaik B, Kumar M, Singh S, Kumar M, et al. Miro1 regulates intercellular mitochondrial transport & enhances mesenchymal stem cell rescue efficacy. EMBO J. (2014) 33:994–1010. doi: 10.1002/embj.201386030, PMID: 24431222


	 Marlein CR, Piddock RE, Mistry JJ, Zaitseva L, Hellmich C, Horton RH, et al. CD38-driven mitochondrial trafficking promotes bioenergetic plasticity in multiple myeloma. Cancer Res. (2019) 79:2285–97. doi: 10.1158/0008-5472.CAN-18-0773, PMID: 30622116


	 Sinclair KA, Yerkovich ST, Hopkins PM, Chambers DC. Characterization of intercellular communication and mitochondrial donation by mesenchymal stromal cells derived from the human lung. Stem Cell Res Ther. (2016) 7:91. doi: 10.1186/s13287-016-0354-8, PMID: 27406134


	 Gu WJ, Zhao FZ, Huang W, Zhu MG, Huang HY, Yin HY, et al. Selenium nanoparticles activate selenoproteins to mitigate septic lung injury through miR-20b-mediated RORγt/STAT3/Th17 axis inhibition and enhanced mitochondrial transfer in BMSCs. J Nanobiotechnology. (2025) 23:226. doi: 10.1186/s12951-025-03312-2, PMID: 40114196


	 Zhang F, Zheng X, Zhao F, Li L, Ren Y, Li L, et al. TFAM-Mediated mitochondrial transfer of MSCs improved the permeability barrier in sepsis-associated acute lung injury. Apoptosis. (2023) 28:1048–59. doi: 10.1007/s10495-023-01847-z, PMID: 37060506


	 Moskowitzova K, Orfany A, Liu K, Ramirez-Barbieri G, Thedsanamoorthy JK, Yao R, et al. Mitochondrial transplantation enhances murine lung viability and recovery after ischemia-reperfusion injury. Am J Physiol Lung Cell Mol Physiol. (2020) 318:L78–l88. doi: 10.1152/ajplung.00221.2019, PMID: 31693391


	 Pang YL, Fang SY, Cheng TT, Huang CC, Lin MW, Lam CF, et al. Viable allogeneic mitochondria transplantation improves gas exchange and alveolar-capillary permeability in rats with endotoxin-induced acute lung injuries. Int J Med Sci. (2022) 19:1036–46. doi: 10.7150/ijms.73151, PMID: 35813297


	 Salimi A, Shabani M, Shahsavar SP, Naserian A, Khezri S, Karroubian H. Mitochondrial transplantation via injection of exogenous mitochondria into blood reduces bleomycin-induced oxidative damages and mitochondrial dysfunction in lung tissue. J Mol Histol. (2025) 56:104. doi: 10.1007/s10735-025-10386-7, PMID: 40063258


	 Bechet NB, Celik A, Mittendorfer M, Wang Q, Huzevka T, Kjellberg G, et al. Xenotransplantation of mitochondria: A novel strategy to alleviate ischemia-reperfusion injury during ex vivo lung perfusion. J Heart Lung Transplant. (2025) 44:448–59. doi: 10.1016/j.healun.2024.10.033, PMID: 39536924


	 Pitkänen AS, Halonen TO, Kilpeläinen HO, Riekkinen PJ. Cholesterol esterase activity in cerebrospinal fluid of multiple sclerosis patients. J Neurol Sci. (1986) 74:45–53. doi: 10.1016/0022-510X(86)90190-5, PMID: 3723135


	 Shao M, Cheng H, Li X, Qiu Y, Zhang Y, Chang Y, et al. Abnormal mitochondrial iron metabolism damages alveolar type II epithelial cells involved in bleomycin-induced pulmonary fibrosis. Theranostics. (2024) 14:2687–705. doi: 10.7150/thno.94072, PMID: 38773980


	 Wang Y, Hu LF, Liu NH, Yang JS, Xing L, Jeong JH, et al. Mitophagy-enhanced nanoparticle-engineered mitochondria restore homeostasis of mitochondrial pool for alleviating pulmonary fibrosis. ACS Nano. (2024) 18:32705–22. doi: 10.1021/acsnano.4c10328, PMID: 39546755


	 Huang T, Lin R, Su Y, Sun H, Zheng X, Zhang J, et al. Efficient intervention for pulmonary fibrosis via mitochondrial transfer promoted by mitochondrial biogenesis. Nat Commun. (2023) 14:5781. doi: 10.1038/s41467-023-41529-7, PMID: 37723135


	 Jackson MV, Morrison TJ, Doherty DF, McAuley DF, Matthay MA, Kissenpfennig A, et al. Mitochondrial transfer via tunneling nanotubes is an important mechanism by which mesenchymal stem cells enhance macrophage phagocytosis in the in vitro and in vivo models of ARDS. Stem Cells. (2016) 34:2210–23. doi: 10.1002/stem.2372, PMID: 27059413


	 Lee SE, Kim IH, Kang YC, Kim Y, Yu SH, Yeo JS, et al. Mitochondrial transplantation attenuates lipopolysaccharide-induced acute respiratory distress syndrome. BMC Pulm Med. (2024) 24:477. doi: 10.1186/s12890-024-03304-2, PMID: 39334020


	 Li X, Zhang Y, Yeung SC, Liang Y, Liang X, Ding Y, et al. Mitochondrial transfer of induced pluripotent stem cell-derived mesenchymal stem cells to airway epithelial cells attenuates cigarette smoke-induced damage. Am J Respir Cell Mol Biol. (2014) 51:455–65. doi: 10.1165/rcmb.2013-0529OC, PMID: 24738760


	 Su Y, Zhu L, Yu X, Cai L, Lu Y, Zhang J, et al. Mitochondrial transplantation attenuates airway hyperresponsiveness by inhibition of cholinergic hyperactivity. Theranostics. (2016) 6:1244–60. doi: 10.7150/thno.13804, PMID: 27279915


	 Yao Y, Fan XL, Jiang D, Zhang Y, Li X, Xu ZB, et al. Connexin 43-mediated mitochondrial transfer of iPSC-MSCs alleviates asthma inflammation. Stem Cell Rep. (2018) 11:1120–35. doi: 10.1016/j.stemcr.2018.09.012, PMID: 30344008


	 Sagar S, Faizan MI, Chaudhary N, Singh V, Singh P, Gheware A, et al. Obesity impairs cardiolipin-dependent mitophagy and therapeutic intercellular mitochondrial transfer ability of mesenchymal stem cells. Cell Death Dis. (2023) 14:324. doi: 10.1038/s41419-023-05810-3, PMID: 37173333


	 Jackson MV, Krasnodembskaya AD. Analysis of mitochondrial transfer in direct co-cultures of human monocyte-derived macrophages (MDM) and mesenchymal stem cells (MSC). Bio Protoc. (2017) 7. doi: 10.21769/BioProtoc.2255, PMID: 28534038


	 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) 41:1788–802.e10. doi: 10.1016/j.ccell.2023.09.003, PMID: 37816332


	 Baldwin JG, Heuser-Loy C, Saha T, Schelker RC, Slavkovic-Lukic D, Strieder N, et al. Intercellular nanotube-mediated mitochondrial transfer enhances T cell metabolic fitness and antitumor efficacy. Cell. (2024) 187:6614–30.e21. doi: 10.1016/j.cell.2024.08.029, PMID: 39276774


	 Hoover G, Gilbert S, Curley O, Obellianne C, Lin MT, Hixson W, et al. Nerve-to-cancer transfer of mitochondria during cancer metastasis. Nature. (2025) 644:252–62. doi: 10.1038/s41586-025-09176-8, PMID: 40562940


	 Frisbie L, Pressimone C, Dyer E, Baruwal R, Garcia G, St Croix C, et al. Carcinoma-associated mesenchymal stem cells promote ovarian cancer heterogeneity and metastasis through mitochondrial transfer. Cell Rep. (2024) 43:114551. doi: 10.1016/j.celrep.2024.114551, PMID: 39067022







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 © 2025 Wang, Guo, Zhang, Wang, Chen, Yan and Zhang. 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/cover.jpg
, frontiers | Frontiers in Immunology

Mitochondrial transfer/transplantation in
lung injury: mechanism, therapeutic
potential, and clinical application





OEBPS/Images/fimmu-16-1668281-g001.jpg
" RhoGTPase | |EPS8. IRSp53

\ :
F-actin| > - - )

Exosome






OEBPS/Images/fimmu-16-1668281-g002.jpg
ROS{

MDA
lGSHT 2,
Apoptosis| , @

\ o,
/ 5 %,
S‘e\N,Ps

Q@I

—

37, e

IL-6 ® \h W

M2 Polarization





OEBPS/Images/crossmark.jpg
©

2

i

|





