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Mitochondria are essential organelles responsible for cellular energy supply. The maintenance of mitochondrial structure and function relies heavily on quality control systems, including biogenesis, fission, and fusion. Mitochondrial fusion refers to the interconnection of two similar mitochondria, facilitating the exchange of mitochondrial DNA, metabolic substrates, proteins, and other components. This process is crucial for rescuing damaged mitochondria and maintaining their normal function. In mammals, mitochondrial fusion involves two sequential steps: outer membrane fusion, regulated by mitofusin 1 and 2 (MFN1/2), and inner membrane fusion, mediated by optic atrophy 1 (OPA1). Dysfunction in mitochondrial fusion has been implicated in the development of various acute and chronic lung injuries. Regulating mitochondrial fusion, maintaining mitochondrial dynamics, and improving mitochondrial function are effective strategies for mitigating lung tissue and cellular damage. This study reviews the expression and regulatory mechanisms of mitochondrial fusion proteins in lung injuries of different etiologies, explores their relationship with lung injury diseases, and offers a theoretical foundation for developing novel therapeutic approaches targeting mitochondrial fusion proteins in lung injury.
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1 INTRODUCTION
Mitochondria are crucial organelles in the cell that play a crucial role in the energy supply of cells. They are also the main source of reactive oxygen species, and their dysfunction leads to cell damage, contributing considerably to the development of multiple lung diseases (Tulen et al., 2023; Pokharel et al., 2024). The maintenance of mitochondrial structure and function relies on quality control systems, such as mitochondrial biogenesis, fission, and fusion (Atici et al., 2023). The dynamic balance between fission and fusion regulates mitochondrial size, number, and shape. Disruptions in this balance, such as excessive fission or reduced fusion, result in mitochondrial fragmentation and impaired function (Chan, 2020). Mitochondrial fission generates two functional submitochondria through symmetrical division, or separates damaged components via asymmetrical division, producing one healthy and one dysfunctional fragment to preserve normal mitochondrial activity (Quiles and Gustafsson, 2022). Conversely, mitochondrial fusion connects adjacent mitochondria, allowing material exchange, repair of damaged mitochondria, and restoration of normal function (Yapa et al., 2021).
Lung injury encompasses acute and chronic damage to lung tissues and cells caused by factors such as infection, cigarette smoke (CS), particulate matter (PM), hyperoxia, hypoxia, and trauma. These conditions disrupt gas exchange in the lungs, potentially leading to acute or chronic respiratory failure, which can be life-threatening (Bos and Ware, 2022; Wick and Matthay, 2021). Mitochondrial fusion and fission play key roles in maintaining mitochondrial homeostasis and are implicated in the onset and progression of lung injuries from various causes. Regulating mitochondrial function has emerged as a promising therapeutic strategy to alleviate lung tissue and cellular damage (Ye et al., 2024; Zhan and Shen, 2022). This study reviews research on mitochondrial fusion proteins in various lung injury conditions, examines their association with lung diseases, and offers insights and new perspectives on therapeutic strategies and future research targeting these proteins in lung injury.
2 MITOCHONDRIAL FUSION PROTEIN AND LUNG INJURY
Mammalian mitochondria are double-membrane organelles, and their fusion occurs in two steps: outer membrane fusion and inner membrane fusion. Outer membrane fusion is primarily regulated by mitofusin 1 and 2 (MFN1/2) (Zorzano et al., 2010), while inner membrane fusion is regulated by optic atrophy 1 (OPA1) (Gao and Hu, 2021). MFN1 and MFN2 are GTPase proteins. MFN1 contains GTPase domains and a four-helix bundle, enabling mitochondrial outer membrane fusion through synergistic oligomerization and GTPase hydrolysis of adjacent mitochondria (Cao et al., 2017; Alghamdi, 2024). Additionally, MFN1 inhibits cell proliferation, migration, and invasion (Zhang et al., 2020). MFN2 can form MFN1/MFN2 or MFN2/MFN2 polymers, facilitating mitochondrial proximity, perinuclear aggregation, and interactions with the endoplasmic reticulum (ER) (Mao et al., 2022; Zervopoulos et al., 2022). Beyond its mitochondrial functions, MFN2 can also suppress inflammation by stabilizing cell–cell adhesion and binding to the transcription activator β-catenin (Kim et al., 2021). Moreover, MFN2 plays a role in cell proliferation, apoptosis, and autophagy, contributing to fibroproliferative diseases (such as pulmonary fibrosis, cirrhosis, and cardiovascular fibrosis), atherosclerosis, pulmonary hypertension, tumors and other diseases (Xin et al., 2021). OPA1, located in the inner mitochondrial membrane, collaborates with MFN1 and MFN2 to regulate mitochondrial fusion (Cipolat et al., 2004). OPA1 also interacts with mitochondrial cristae regulators, the mitochondrial contact site and cristae organizing system (MICOS) protein family, and the protease Yme1L to modulate the shape and tightness of mitochondrial cristae (Hu et al., 2020). These interactions maintain the electrochemical boundary between cristae and the inner boundary membrane, preventing localized cristae dysfunction from affecting the entire mitochondria, thereby preserving mitochondrial membrane potential and cellular respiratory function (Wolf et al., 2019). A deficiency in OPA1 leads to mitochondrial fragmentation, translocation and microtubule destruction, impaired degranulation, disrupted functional network formation, and ultimately mitochondrial dysfunction (Amini et al., 2018) (Figure 1).
[image: Figure 1]FIGURE 1 | Mechanism of action of mitochondrial fusion protein.
Mitochondrial fusion facilitates the exchange of mitochondrial DNA (mtDNA), metabolic substrates, and proteins, while also regulating mtDNA replication (Silva Ramos et al., 2019). Moreover, mtDNA plays a role in modulating inflammation and immune responses. Dysfunctional mitochondrial fusion contributes to the development of various acute and chronic lung injuries (Yue and Yao, 2016). Regulating mitochondrial fusion, maintaining mitochondrial dynamics, improving mitochondrial function, and reducing lung tissue and cell damage are effective strategies for treating lung injury (Sun et al., 2023). Studies have shown that factors such as infection (Yu et al., 2016a), cigarette smoke (CS) (Wang et al., 2020), environmental changes, hyperoxia or hypoxia (Ma et al., 2017), drugs, and toxins can impact mitochondrial fusion proteins, leading to lung injury.
3 MITOCHONDRIAL FUSION PROTEINS IN LUNG INJURY CAUSED BY DIFFERENT FACTORS
3.1 Infection
Infection and sepsis, resulting from abnormal immune responses, are major contributors to acute lung injury. Mitochondrial dysfunction, caused by the abnormal expression of mitochondrial fusion proteins, is one of its pathogenesis (Mohsin et al., 2021; Oliveira et al., 2021). Investigating and regulating these proteins is effective for preventing and treating infection-induced lung injury.
Studies have shown that patients recovering from COVID-19 may experience long-term pulmonary complications, including dyspnea, impaired lung function, and pulmonary fibrosis (Desai et al., 2022). Serum MFN2 levels in patients with such complications were significantly higher than in those without pulmonary issues, indicating that MFN2, a mitochondrial fusion protein, may contribute to the development of these complications after COVID-19 infection (Siekacz et al., 2023). Similarly, animal and cell experiments have demonstrated that infection with influenza A virus or Newcastle disease virus alters the expression and protein levels of MFN1 and OPA1 in alveolar epithelial cells. These changes impair mitochondrial fusion, leading to mitochondrial fragmentation and dysfunction (Doolittle et al., 2022; Yu et al., 2024). Moreover, experiments targeting lung macrophages revealed that Rab26 promotes MFN2 expression and interacts with it to regulate macrophage phagocytosis and bacterial clearance, thereby alleviating acute respiratory distress syndrome in mice (Wu et al., 2023). Additionally, stress or corticosterone-induced upregulation of MFN2 expression in mouse lung tissue was found to suppress MAVS and β-interferon (IFN-β) levels by recruiting E3 ligase SYVN1, initiating ubiquitination and degradation of mitochondrial antiviral signaling (MAVS) protein. This process blocks the MAVS/IFN-β response and enhances influenza A virus replication in cells (Luo et al., 2020). Notably, Fufang Luohanguo Qingfei granules (LQG) were observed to inhibit MFN2-mediated MAVS ubiquitination in mouse lung tissue, enhance the IFN-β antiviral response, and reduce the susceptibility of mice to influenza A virus (Lu et al., 2024). In summary, viral or bacterial infections can lead to lung injury through distinct mechanisms involving mitochondrial fusion proteins. On one hand, decreased levels of MFN1, MFN2, and OPA1 disrupt mitochondrial fusion, causing fragmentation and dysfunction. This reduction in MFN2 also impairs macrophage phagocytosis and bacterial clearance, exacerbating lung tissue and cell damage. On the other hand, MFN1 and MFN2 can promote viral replication and worsen lung injury by modulating MAVS pathways (Figure 2).
[image: Figure 2]FIGURE 2 | Effects of infection, cigarette smoke, environmental factors, and hyperoxia or hypoxia on mitochondrial fusion protein expression.
Studies on sepsis-induced lung injury, caused by cecal ligation puncture or lipopolysaccharide (LPS), have shown decreased expression levels of mitochondrial fusion proteins MFN2 and OPA1 in lung tissue, alveolar epithelial cells, and macrophages (Li Z. et al., 2023; Shi et al., 2019). Dexmedetomidine treatment suppressed the upregulation of MFN1, MFN2, and OPA1 in LPS-induced lung tissue injury in mice (Song et al., 2022), while Hydrogen inhalation inhibited the downregulation of MFN2 in cecal ligation puncture-induced lung injury, thereby alleviating damage (Dong et al., 2018). Similarly, heme oxygenase-1 treatment increased MFN1 expression in lung tissue and macrophages (Yu et al., 2016b), whereas oxyberberine reduced MFN2 expression in alveolar epithelial cells exposed to LPS, mitigating cell injury (Zhao et al., 2021). In contrast, NR4A1 inhibited MFN1, MFN2, and OPA1 expression, worsening lung injury caused by sepsis (Zhu et al., 2022). Additionally, obesity-induced MFN2 downregulation exacerbates LPS-induced lung injury via ER stress. Rosiglitazone, a peroxisome proliferator-activated receptor-γ activator, was found to promote MFN2 expression, inhibit ER stress, enhance mitochondrial biogenesis, and alleviate lung injury (Wei et al., 2020; Tang et al., 2022). Further research revealed that MFN2 deletion increases pulmonary vascular permeability by impairing platelet number and function, intensifying LPS-induced lung injury and inflammatory bleeding (Jacob et al., 2024). Besides, MFN2 overexpression in fibroblasts promotes apoptosis, reduces activity, and inhibits proliferation and collagen synthesis, potentially limiting pulmonary fibrosis (Li et al., 2020). In summary, reduced levels of MFN1, MFN2, and OPA1 contribute to lung injury by disrupting alveolar epithelial cells, decreasing surfactant production, and impairing macrophage-mediated immune responses. The absence of MFN2 also increases vascular permeability and promotes fibroblast proliferation and collagen synthesis, contributing to pulmonary fibrosis. Thus, regulating or enhancing mitochondrial fusion protein activity represents a promising therapeutic target for sepsis-induced lung injury and pulmonary fibrosis (Figure 2).
3.2 Cigarette smoke (CS)
China is one of the largest producers and consumers of cigarettes. Over the past 2 decades, rising cigarette consumption, combined with an aging population, is projected to significantly increase smoking-related deaths in the coming decades (Chan et al., 2023). Research shows that cigarette smoke (CS) induces neutrophil infiltration and mitochondrial dysfunction in lung tissue, leading to excessive reactive oxygen species production, cell aging, DNA damage, and chronic obstructive pulmonary disease (COPD) (Antunes et al., 2021). Mitochondrial oxidative stress and dysfunction, driven by abnormal expression of mitochondrial fusion proteins, play a central role in this process (Hara et al., 2013; Yang D. et al., 2021). Understanding and regulating mitochondrial fusion proteins hold significant meaning for mitigating CS-induced lung injury, improving public health, and reducing the associated economic burden.
After exposure to cigarette smoke (CS), the expressions of mitochondrial fusion proteins MFN1, MFN2, and OPA1 in lung tissue were found to decrease (Maremanda et al., 2019). Pretreatment with the mitochondrial-targeted antioxidant SS-31, however, elevated OPA1 levels, alleviating lung injury caused by CS (Yang DQ. et al., 2021). Studies in cell models showed that CS exposure reduced MFN2 expression in airway smooth muscle and epithelial cells (Aravamudan et al., 2017; Li L. et al., 2022), as well as both OPA1 and MFN2 in alveolar and bronchial epithelial cells (Wang et al., 2019), exacerbating cellular aging and damage. Silencing MFN1, MFN2, or OPA1 induced mitochondrial fragmentation, increased reactive oxygen species production, and aggravated bronchial epithelial cell senescence (Hara et al., 2013). Various therapeutic interventions demonstrated protective effects: Bufei Yichen formula inhibited the reduction in MFN2 expression in bronchial epithelial cells exposed to CS extract (CSE) (Li MY. et al., 2022); transient receptor potential channel antagonists upregulated MFN2 and OPA1 expression in bronchial epithelial cells (Rao et al., 2021); and resveratrol reversed CSE-induced downregulation of MFN2 (Song et al., 2017). Promoters of MFN2 (leflunomide) or OPA1 (BGP-15) increased their respective protein levels in alveolar epithelial cells, stabilizing mitochondrial morphology and mitigating cell damage (Li C. et al., 2023). Interestingly, low-dose CS exposure was found by Allweg et al. to elevate MFN2 levels in alveolar epithelial cell mitochondria, leading to excessive mitochondrial fusion (allweg et al., 2014). Similarly, Hoffmann et al. observed that long-term CS exposure increased OPA1 levels in bronchial epithelial cells, highlighting the dependence of CS effects on concentration, dose, exposure duration, and individual metabolic conditions (Hoffmann et al., 2013; Aravamudan et al., 2014). Furthermore, OPA1 exists in multiple isoforms that jointly regulate mitochondrial morphology and crista integrity, and disruptions in their balance can impair mitochondrial function (Del Dotto et al., 2018). CS exposure was also shown to alter the quantity and ratio of OPA1 isoforms in bronchial epithelial cells, fibroblasts, and embryonic fibroblasts (Maremanda et al., 2021), leading to abnormal mitochondrial morphology and function. Despite these findings, the mechanisms underlying the regulation of OPA1 isoforms and mitochondrial functional improvement require further investigation.
3.3 Environmental change
Environmental pollutants such as particulate matter (PM), organic compounds, and metals can enter the human body through various pathways, leading to an increase in reactive oxygen species (ROS), mitochondrial dysfunction, impaired ATP production, and disrupted cellular homeostasis, ultimately contributing to the development of numerous diseases (Manzano-Covarrubias et al., 2023). As air pollution levels continue to rise, the susceptibility to respiratory illnesses, along with the incidence and mortality of chronic cardiovascular and pulmonary conditions, is expected to grow. According to the World Health Organization, over seven million deaths are attributed to air pollution each year (Monoson et al., 2023). In cases of lung injury induced by environmental factors, abnormal expression of mitochondrial fusion proteins, such as MFN2 and OPA1, in bronchial epithelial cells has been shown to exacerbate lung tissue damage and fibrosis by impairing mitochondrial and endoplasmic reticulum (ER) function (Bhat et al., 2022; Huang et al., 2020). Modulating the expression of these mitochondrial fusion proteins, particularly MFN1 and MFN2, can influence the mitochondrial morphology and functionality of alveolar epithelial cells, as well as lipid metabolism and surfactant production (Chung et al., 2019). This regulation presents a promising strategy for mitigating lung injury and pulmonary fibrosis caused by environmental pollutants.
In studies of lung injury caused by PM2.5 intranasal infusion and ozone inhalation, decreased expressions of OPA1 and MFN2 were observed in mouse lung tissue (Xu et al., 2021; Weng et al., 2024). However, the use of caspase-1 inhibitor VX765 inhibited the ozone-induced reduction of MFN2 expression (Xu et al., 2019a), while transient receptor potential anchoring protein-1 inhibitor A967079 or TRPV1 inhibitor AMG9810 mitigated the reduction of MFN2 and OPA1 expression (Li C. et al., 2022; Xu et al., 2019b), alleviating oxidative stress and airway inflammation in lung tissue. In rat models with lung injury induced by silver nanoparticles, OPA1 and MFN2 expressions were similarly decreased, but treatment with selenite inhibited this decline, reducing mitochondrial damage and improving lung tissue pathology and ultrastructure (Ma et al., 2020). Cell studies have demonstrated that arsenic exposure reduces MFN2 expression in alveolar epithelial cells, leading to ER dysfunction and the onset of ferroptosis. However, preconditioning with mitoquinone mesylate to prevent the decline of MFN2 expression or directly overexpressing MFN2 was shown to improve ER function and mitigate arsenic-induced acute lung injury (Li MD. et al., 2022). PM2.5 exposure significantly reduced MFN2 and OPA1 levels in alveolar epithelial cells and MFN1 levels in bronchial epithelial cells. Pretreatment with the OPA1 promoter BGP-15 effectively increased OPA1 and MFN2 levels (Liu Q. et al., 2023). Interestingly, low doses of PM (1.5 and 6 mg/kg body weight) were reported to increase MFN1 and OPA1 expressions in alveolar epithelial cells, while higher doses (24 mg/kg body weight) caused a decrease in MFN1, MFN2, and OPA1 expressions, leading to increased mitochondrial fragmentation (Li et al., 2015). These findings suggest that mitochondrial fusion protein expression varies with PM concentration and dose. Low doses of PM may induce mitochondrial damage and increase fusion protein levels, promoting mitochondrial repair, while high doses overwhelm the repair mechanisms, reducing fusion proteins and causing greater damage. Additionally, low-dose PM may increase mitochondrial fusion proteins but disrupt the fusion–fission balance, mitochondrial-ER connections, and mitochondrial perinuclear aggregation, contributing to mitochondrial dysfunction. In summary, mitochondrial fusion proteins such as MFN2 and OPA1 play dual roles in environmental factor-induced lung injury. On one hand, they alleviate oxidative stress and airway inflammation and reduce harmful particle accumulation in mitochondria. On the other hand, their dysregulation under specific conditions exacerbates lung damage. Furthermore, alterations in MFN1 and MFN2 expression in alveolar macrophages are linked to lung injury caused by environmental factors (Zhang et al., 2019), with macrophage and fibroblast dysfunction playing key roles in airway inflammation and injury (Li CH. et al., 2022; Liu et al., 2024). Additional research is needed to clarify the mechanisms through which mitochondrial fusion proteins regulate alveolar macrophage functions and their role in mitigating lung injury. The involvement of MFN1 in environmental factor-induced lung injury also requires further exploration to understand its specific changes and mechanisms.
3.4 Hyperoxia or hypoxia
Oxygen is essential for maintaining normal human metabolism as well as organ and cellular functions. However, prolonged exposure to either Hyperoxia (Amarelle et al., 2021) or hypoxia (Mikami et al., 2023) can increase reactive oxygen species production, disrupt the oxidative and antioxidant balance, and impair mitochondrial quality control processes, including mitochondrial biogenesis, fission, and fusion (Bartman et al., 2021). These changes can exacerbate pre-existing lung injuries or lead to new lung damage. Regulating mitochondrial quality control processes offers a potential therapeutic strategy to address such cellular dysfunctions (Ma et al., 2023).
In hypoxia-induced lung injury, MFN2 expression is reduced, while changes in MFN1 and OPA1 levels remain insignificant. Notably, pretreatment with dexamethasone to restore MFN2 levels (Chitra and Boopathy, 2013) or intermittent hypobaric hypoxia to upregulate compensatory expression of MFN1 and MFN2 (Chitra and Boopathy, 2014) has been shown to enhance hypoxia tolerance in experimental animals. In contrast, hyperoxia leads to an increase in MFN1 levels in alveolar epithelial cells, contributing to cellular damage (Mu et al., 2021). Treatment with agmatine or overexpression of miR-20b, both of which negatively regulate MFN1 expression, alleviates alveolar epithelial cell apoptosis (Liu G. et al., 2023; Liu et al., 2019). Additionally, hyperoxia-induced injury decreases MFN1, MFN2, and OPA1 expression in lung mesenchymal stem cells, but cinnamaldehyde treatment has been found to upregulate these proteins, mitigate oxidative stress, and reduce apoptosis (Ke et al., 2022) (Figure 2). Hyperoxia and hypoxia both influence mitochondrial fusion protein expression in alveolar epithelial cells, lung mesenchymal stem cells, and lung tissue, resulting in mitochondrial dysfunction, increased apoptosis, and exacerbated lung injury. Most studies indicate that mitochondrial fusion proteins support normal mitochondrial function by maintaining fusion. Conversely, reduced expression of these proteins leads to impaired fusion, mitochondrial dysfunction, cellular damage, and tissue injury. However, the mechanisms by which elevated mitochondrial fusion protein levels contribute to tissue damage remain unclear. We propose several possible mechanisms: (1) Mitochondrial fusion and fission are interrelated processes. Increased fusion protein expression may activate mitochondrial fission, creating an imbalance where fission dominates fusion, leading to mitochondrial fragmentation and dysfunction. (2) Excessive fusion protein levels may disrupt the balance of mitochondrial fusion and fission, causing abnormalities in mitochondrial networks and metabolic dysfunction. This imbalance reduces cellular adaptability and makes cells more susceptible to damage. (3) Beyond its role in fusion, mitochondrial fusion proteins are involved in other cellular processes, and their elevation may exacerbate tissue damage through these pathways. (4) Excessive fusion in the context of insufficient mitochondrial biogenesis may also lead to mitochondrial dysfunction (Yoon et al., 2006). This could be due to inadequate biogenesis and fission following cellular injury, where excessive fusion reduces mitochondrial numbers, impairs respiratory activity, increases intracellular reactive oxygen species, and aggravates tissue damage.
3.5 Other factors
In addition to the previously mentioned factors, poisoning, drug exposure, mechanical ventilation, and inflammation originating from other tissues and organs can also contribute to lung injury Table 1. In paraquat-induced lung injury, expressions of OPA1 and MFN2 are significantly reduced. However, treatment with oxaloacetate acid increases the levels of these proteins, alleviating lung damage (Li W. et al., 2022). Similarly, mitochondria-targeted antioxidants can promote MFN1/MFN2-mediated mitochondrial fusion, reducing paraquat-induced lung injury and extending the survival time of mice (Liu et al., 2022). In cases of lung injury caused by chemotherapy drugs, MFN1 and MFN2 expression levels are decreased, but treatment with Pleurotus eryngii extract can restore these levels and mitigate lung tissue damage (Tektemur et al., 2023). In lung injury induced by mechanical ventilation, MFN1 expression in lung tissues is upregulated, possibly due to oxygen oversupply (Lin et al., 2018; Xu et al., 2023). However, excessive oxygen has been shown to induce MFN1 upregulation in cells, exacerbating lung injury (Mu et al., 2021). Lung injury from mechanical ventilation is also associated with high airway pressures caused by increased tidal volume, though whether airway pressure specifically alters mitochondrial fusion proteins remains unclear. Additionally, MFN2 levels in lung tissues are elevated after chronic cold exposure, which enhances mitochondrial fusion but may disrupt mitochondrial physiological functions (Teng et al., 2022). In pulmonary inflammation caused by nonalcoholic fatty liver disease, MFN1 expression is significantly reduced; however, exercise training can restore MFN1 levels and reestablish pulmonary mitochondrial homeostasis (Cho et al., 2022). TNF-α stimulation has been found to decrease MFN2 expression, promote ER stress, disrupt the mitochondrial-ER tether, fragment mitochondria, and increase mitochondrial biogenesis. These changes reduce oxygen utilization efficiency per mitochondrion while increasing overall oxygen consumption (Delmotte et al., 2021; Yap et al., 2020). It has been suggested that inflammation and pathological changes in other organs or tissues can influence the expression of mitochondrial fusion proteins in lung tissues, leading to lung tissue and cell damage. However, the specific mechanisms and regulatory pathways involved remain to be fully elucidated.
TABLE 1 | Expression of mitochondrial fusion protein in lung injury caused by other causes.
[image: Table 1]4 SUMMARY AND OUTLOOK
Mitochondrial fusion proteins play a critical role in maintaining normal cellular and tissue function, and their dysregulated expression has been implicated in the development of various diseases (Sharma et al., 2021). Investigating the relationship between mitochondrial fusion proteins and lung injury provides valuable insights for the prevention and treatment of lung injury-related conditions (Zacharioudakis and Gavathiotis, 2023). Currently, decreased expression of mitochondrial fusion proteins is believed to contribute to cellular and tissue dysfunction by impairing mitochondrial fusion and repair mechanisms (Gao and Hu, 2021). However, the mechanisms through which increased expression or other functions of mitochondrial fusion proteins exacerbate lung injury remain poorly understood. Studies have demonstrated that compounds such as dexmedetomidine, guanidine, cinnamon, vitamin C, quercetin, Fufang LQG, Bufei, and Yishen formula can modulate the expression of mitochondrial fusion proteins, reducing lung tissue and cellular damage. However, the majority of this research has been conducted at the animal and cellular levels, and the changes and mechanisms of mitochondrial fusion protein regulation in humans remain largely unexplored. Thus, further investigation into the role of mitochondrial fusion proteins and their modulation by related clinical drugs offers a promising approach to preventing and treating lung injury diseases.
AUTHOR CONTRIBUTIONS
GJ: Investigation, Project administration, Visualization, Writing–original draft, Writing–review and editing. ES: Investigation, Writing–review and editing. QH: Investigation, Writing–review and editing. MC: Writing–review and editing, Supervision. GL: Supervision, Writing–review and editing, Investigation, Project administration.
FUNDING
The author(s) declare that financial support was received for the research, authorship, and/or publication of this article. This work was supported by the National Natural Science Foundation of China (No. 82160369), the Science and Technology Projects of Guizhou Province (NO. Guizhou Science and Technology Agency joint fund [2024] General 345). Guizhou province high-level innovative talents (No. gzwjrs 2024-023). Zunyi Medical University Future “Clinical Doctor” talent training program (No. Zunyi Future Clinical Doctor [2023]). The Science and Technology Projects of Guizhou Province (NO. Guizhou Science and Technology Agency joint fund LC [2024]077).
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.
REFERENCES
 Alghamdi A. (2024). A detailed review of pharmacology of MFN1 (mitofusion-1)-mediated mitochondrial dynamics: implications for cellular health and diseases. Saudi Pharm. J. 32 (4), 102012. doi:10.1016/j.jsps.2024.102012
 allweg K., Mutze K., Königshoff M., Eickelberg O., Meiners S. (2014). Cigarette smoke extract affects mitochondrial function in alveolar epithelial cells. Am. J. Physiol. Lung Cell Mol. Physiol. 307 (11), L895–L907. doi:10.1152/ajplung.00180.2014
 Amarelle L., Quintela L., Hurtado J., Malacrida L. (2021). Hyperoxia and lungs: what we have learned from animal models. Front. Med. (Lausanne) 8, 606678. doi:10.3389/fmed.2021.606678
 Amini P., Stojkov D., Felser A., Jackson C. B., Courage C. Schaller A., et al. (2018). Neutrophil extracellular trap formation requires OPA1-dependent glycolytic ATP production. Nat. Commun. 9 (1), 2958. doi:10.1038/s41467-018-05387-y
 Antunes M. A., Lopes-Pacheco M., Rocco P. R. M. (2021). Oxidative stress-derived mitochondrial dysfunction in chronic obstructive pulmonary disease: a concise review. Oxid. Med. Cell Longev. 12, 6644002. doi:10.1155/2021/6644002
 Aravamudan B., Kiel A., Freeman M., Delmotte P., Thompson M. Vassallo R., et al. (2014). Cigarette smoke-induced mitochondrial fragmentation and dysfunction in human airway smooth muscle. Am. J. Physiol. Lung Cell Mol. Physiol. 306 (9), L840–L854. doi:10.1152/ajplung.00155.2013
 Aravamudan B., Thompson M., Sieck G. C., Vassallo R., Pabelick C. M., Prakash Y. S. (2017). Functional effects of cigarette smoke-induced changes in airway smooth muscle mitochondrial morphology. J. Cell Physiol. 232 (5), 1053–1068. doi:10.1002/jcp.25508
 Atici A. E., Crother T. R., Noval Rivas M. (2023). Mitochondrial quality control in health and cardiovascular diseases. Front. Cell Dev. Biol. 11, 1290046. doi:10.3389/fcell.2023.1290046
 Bartman C. M., Awari D. W., Pabelick C. M., Prakash Y. S. (2021). Intermittent hypoxia-hyperoxia and oxidative stress in developing human airway smooth muscle. Antioxidants (Basel) 10 (9), 1400. doi:10.3390/antiox10091400
 Bhat S. M., Massey N., Shrestha D., Karriker L. A., Jelesijević T. Wang C., et al. (2022). Transcriptomic and ultrastructural evidence indicate that anti-HMGB1 antibodies rescue organic dust-induced mitochondrial dysfunction. Cell Tissue Res. 388 (2), 373–398. doi:10.1007/s00441-022-03602-3
 Bos L. D. J., Ware L. B. (2022). Acute respiratory distress syndrome: causes, pathophysiology, and phenotypes. Lancet 400 (10358), 1145–1156. doi:10.1016/S0140-6736(22)01485-4
 Cao Y. L., Meng S., Chen Y., Feng J. X., Gu D. D. Yu B., et al. (2017). MFN1 structures reveal nucleotide-triggered dimerization critical for mitochondrial fusion. Nature 542 (7641), 372–376. doi:10.1038/nature21077
 Chan D. C. (2020). Mitochondrial dynamics and its involvement in disease. Annu. Rev. Pathol. 15, 235–259. doi:10.1146/annurev-pathmechdis-012419-032711
 Chan K. H., Xiao D., Zhou M., Peto R., Chen Z. (2023). Tobacco control in China. Lancet Public Health 8 (12), e1006–e1015. doi:10.1016/S2468-2667(23)00242-6
 Chitra L., Boopathy R. (2013). Adaptability to hypobaric hypoxia is facilitated through mitochondrial bioenergetics: an in vivo study. Br. J. Pharmacol. 169 (5), 1035–1047. doi:10.1111/bph.12179
 Chitra L., Boopathy R. (2014). Altered mitochondrial biogenesis and its fusion gene expression is involved in the high-altitude adaptation of rat lung. Respir. Physiol. Neurobiol. 192, 74–84. doi:10.1016/j.resp.2013.12.007
 Cho J., Johnson B. D., Watt K. D., Niven A. S., Yeo D., Kim C. H. (2022). Exercise training attenuates pulmonary inflammation and mitochondrial dysfunction in a mouse model of high-fat high-carbohydrate-induced NAFLD. BMC Med. 20 (1), 429. doi:10.1186/s12916-022-02629-1
 Chung K. P., Hsu C. L., Fan L. C., Huang Z., Bhatia D. Chen Y. J., et al. (2019). Mitofusins regulate lipid metabolism to mediate the development of lung fibrosis. Nat. Commun. 10 (1), 3390. doi:10.1038/s41467-019-11327-1
 Cipolat S., Martins de Brito O., Dal Zilio B., Scorrano L. (2004). OPA1 requires mitofusin 1 to promote mitochondrial fusion. Proc. Natl. Acad. Sci. U. S. A. 101 (45), 15927–15932. doi:10.1073/pnas.0407043101
 Del Dotto V., Fogazza M., Carelli V., Rugolo M., Zanna C. (2018). Eight human OPA1 isoforms, long and short: what are they for?Biochim. Biophys. Acta Bioenerg. 1859 (4), 263–269. doi:10.1016/j.bbabio.2018.01.005
 Delmotte P., Marin Mathieu N., Sieck G. C. (2021). TNFα induces mitochondrial fragmentation and biogenesis in human airway smooth muscle. Am. J. Physiol. Lung Cell Mol. Physiol. 320 (1), L137–L151. doi:10.1152/ajplung.00305.2020
 Desai A. D., Lavelle M., Boursiquot B. C., Wan E. Y. (2022). Long-term complications of COVID-19. Am. J. Physiol. Cell Physiol. 322 (1), C1–C11. doi:10.1152/ajpcell.00375.2021
 Dong A., Yu Y., Wang Y., Li C., Chen H. Bian Y., et al. (2018). Protective effects of hydrogen gas against sepsis-induced acute lung injury via regulation of mitochondrial function and dynamics. Int. Immunopharmacol. 65, 366–372. doi:10.1016/j.intimp.2018.10.012
 Doolittle L. M., Binzel K., Nolan K. E., Craig K., Rosas L. E. Bernier M. C., et al. (2022). Cytidine 5'-diphosphocholine corrects alveolar type II cell mitochondrial dysfunction in influenza-infected mice. Am. J. Respir. Cell Mol. Biol. 66 (6), 682–693. doi:10.1165/rcmb.2021-0512OC
 Gao S., Hu J. (2021). Mitochondrial fusion: the machineries in and out. Trends Cell Biol. 31 (1), 62–74. doi:10.1016/j.tcb.2020.09.008
 Hara H., Araya J., Ito S., Kobayashi K., Takasaka N. Yoshii Y., et al. (2013). Mitochondrial fragmentation in cigarette smoke-induced bronchial epithelial cell senescence. Am. J. Physiol. Lung Cell Mol. Physiol. 305 (10), L737–L746. doi:10.1152/ajplung.00146.2013
 Hoffmann R. F., Zarrintan S., Brandenburg S. M., Kol A., de Bruin H. G. Jafari S., et al. (2013). Prolonged cigarette smoke exposure alters mitochondrial structure and function in airway epithelial cells. Respir. Res. 14 (1), 97. doi:10.1186/1465-9921-14-97
 Hu C., Shu L., Huang X., Yu J., Li L. Gong L., et al. (2020). OPA1 and MICOS Regulate mitochondrial crista dynamics and formation. Cell Death Dis. 11 (10), 940. doi:10.1038/s41419-020-03152-y
 Huang Z., Wang S., Liu Y., Fan L., Zeng Y. Han H., et al. (2020). GPRC5A reduction contributes to pollutant benzo[a]pyrene injury via aggravating murine fibrosis, leading to poor prognosis of IIP patients. Sci. Total Environ. 739, 139923. doi:10.1016/j.scitotenv.2020.139923
 Jacob S., Kosaka Y., Bhatlekar S., Denorme F., Benzon H. Moody A., et al. (2024). Mitofusin-2 regulates platelet mitochondria and function. Circ. Res. 134 (2), 143–161. doi:10.1161/CIRCRESAHA.123.322914
 Ke S., Zhu W., Lan Z., Zhang Y., Mo L. Zhu G., et al. (2022). Cinnamaldehyde regulates mitochondrial quality against hydrogen peroxide induced apoptosis in mouse lung mesenchymal stem cells via the PINK1/Parkin signaling pathway. PeerJ 10, e14045. doi:10.7717/peerj.14045
 Kim Y. M., Krantz S., Jambusaria A., Toth P. T., Moon H. G. Gunarathna I., et al. (2021). Mitofusin-2 stabilizes adherens junctions and suppresses endothelial inflammation via modulation of β-catenin signaling. Nat. Commun. 12 (1), 2736. doi:10.1038/s41467-021-23047-6
 Li C., Liu Q., Chang Q., Xie M., Weng J. Wang X., et al. (2023b). Role of mitochondrial fusion proteins MFN2 and OPA1 on lung cellular senescence in chronic obstructive pulmonary disease. Respir. Res. 24 (1), 319. doi:10.1186/s12931-023-02634-9
 Li C., Zhang H., Wei L., Liu Q., Xie M. Weng J., et al. (2022c). Role of TRPA1/TRPV1 in acute ozone exposure induced murine model of airway inflammation and bronchial hyperresponsiveness. J. Thorac. Dis. 14 (7), 2698–2711. doi:10.21037/jtd-22-315
 Li C. H., Tsai M. L., Chiou H. C., Lin Y. C., Liao W. T., Hung C. H. (2022e). Role of macrophages in air pollution exposure related asthma. Int. J. Mol. Sci. 23 (20), 12337. doi:10.3390/ijms232012337
 Li J., Xu M. X., Dai Z., Xu T. (2020). Mitofusion 2 overexpression decreased proliferation of human embryonic lung fibroblasts in acute respiratory distress syndrome through inhibiting RAS-RAF-1-ERK1/2 pathway. Curr. Med. Sci. 40 (6), 1092–1098. doi:10.1007/s11596-020-2305-y
 Li L., Liu Y., Liu X., Zheng N., Gu Y. Song Y., et al. (2022a). Regulatory roles of external cholesterol in human airway epithelial mitochondrial function through STARD3 signalling. Clin. Transl. Med. 12 (6), e902. doi:10.1002/ctm2.902
 Li M. D., Fu L., Lv B. B., Xiang Y., Xiang H. X. Xu D. X., et al. (2022d). Arsenic induces ferroptosis and acute lung injury through mtROS-mediated mitochondria-associated endoplasmic reticulum membrane dysfunction. Ecotoxicol. Environ. Saf. 238, 113595. doi:10.1016/j.ecoenv.2022.113595
 Li M. Y., Qin Y. Q., Tian Y. G., Li K. C., Oliver B. G. Liu X. F., et al. (2022b). Effective-component compatibility of Bufei Yishen formula III ameliorated COPD by improving airway epithelial cell senescence by promoting mitophagy via the NRF2/PINK1 pathway. BMC Pulm. Med. 22 (1), 434. doi:10.1186/s12890-022-02191-9
 Li R., Kou X., Geng H., Xie J., Yang Z. Zhang Y., et al. (2015). Effect of ambient PM(2.5) on lung mitochondrial damage and fusion/fission gene expression in rats. Chem. Res. Toxicol. 28 (3), 408–418. doi:10.1021/tx5003723
 Li W., Li M., Chen K., Tang Y., Yin R. Lan L., et al. (2022f). Oxaloacetate acid ameliorates paraquat-induced acute lung injury by alleviating oxidative stress and mitochondrial dysfunction. Front. Pharmacol. 13, 1029775. doi:10.3389/fphar.2022.1029775
 Li Z., Pan H., Yang J., Chen D., Wang Y. Zhang H., et al. (2023a). Xuanfei Baidu formula alleviates impaired mitochondrial dynamics and activated NLRP3 inflammasome by repressing NF-κB and MAPK pathways in LPS-induced ALI and inflammation models. Phytomedicine 108, 154545. doi:10.1016/j.phymed.2022.154545
 Lin J. Y., Jing R., Lin F., Ge W. Y., Dai H. J., Pan L. (2018). High tidal volume induces mitochondria damage and releases mitochondrial DNA to aggravate the ventilator-induced lung injury. Front. Immunol. 9, 1477. doi:10.3389/fimmu.2018.01477
 Liu B., Han Y., Ye Y., Wei X., Li G., Jiang W. (2024). Atmospheric fine particulate matter (PM2.5) induces pulmonary fibrosis by regulating different cell fates via autophagy. Sci. Total Environ. 923, 171396. doi:10.1016/j.scitotenv.2024.171396
 Liu C., Sun Z., Wang M., Yang Z., Zhang W. Ren Y., et al. (2022). Mitoquinone mitigates paraquat-induced A549 lung epithelial cell injury by promoting MFN1/MFN2-mediated mitochondrial fusion. J. Biochem. Mol. Toxicol. 36 (9), e23127. doi:10.1002/jbt.23127
 Liu G., Mei H., Chen M., Qin S., Li K. Zhang W., et al. (2019). Protective effect of agmatine against hyperoxia-induced acute lung injury via regulating lncRNA gadd7. Biochem. Biophys. Res. Commun. 516 (1), 68–74. doi:10.1016/j.bbrc.2019.04.164
 Liu G., Yin C., Qian M., Xiao X., Wu H., Fu F. (2023b). LncRNA gadd7 promotes mitochondrial membrane potential decrease and apoptosis of alveolar type II epithelial cells by positively regulating MFN1 in an in vitro model of hyperoxia-induced acute lung injury. Eur. J. Histochem 67 (2), 3535. doi:10.4081/ejh.2023.3535
 Liu Q., Weng J., Li C., Feng Y., Xie M. Wang X., et al. (2023a). Attenuation of PM2.5-induced alveolar epithelial cells and lung injury through regulation of mitochondrial fission and fusion. Part Fibre Toxicol. 20 (1), 28. doi:10.1186/s12989-023-00534-w
 Lu Y. H., Wang M., Lin J. Q., Wang M. Y., Zhou L. Y. He S. H., et al. (2024). Fufang Luohanguo Qingfei granules reduces influenza virus susceptibility via MAVS-dependent type I interferon antiviral signaling. J. Ethnopharmacol. 324, 117780. doi:10.1016/j.jep.2024.117780
 Luo Z., Liu L. F., Jiang Y. N., Tang L. P., Li W. Ouyang S. H., et al. (2020). Novel insights into stress-induced susceptibility to influenza: corticosterone impacts interferon-β responses by Mfn2-mediated ubiquitin degradation of MAVS. Signal Transduct. Target Ther. 5 (1), 202. doi:10.1038/s41392-020-00238-z
 Ma C., Zhang C., Ma M., Zhang L., Zhang L. Zhang F., et al. (2017). MiR-125a regulates mitochondrial homeostasis through targeting mitofusin 1 to control hypoxic pulmonary vascular remodeling. J. Mol. Med. Berl. 95 (9), 977–993. doi:10.1007/s00109-017-1541-5
 Ma L., Wang Y., Li X., Wang Z., Zhang B. Luo Y., et al. (2023). Tom70-regulated mitochondrial biogenesis via TFAM improves hypoxia-induced dysfunction of pulmonary vascular endothelial cells and alleviates hypoxic pulmonary hypertension. Respir. Res. 24 (1), 310. doi:10.1186/s12931-023-02631-y
 Ma W., He S., Ma H., Jiang H., Yan N. Zhu L., et al. (2020). Silver nanoparticle exposure causes pulmonary structural damage and mitochondrial dynamic imbalance in the rat: protective effects of sodium selenite. Int. J. Nanomedicine 15, 633–645. doi:10.2147/IJN.S232986
 Manzano-Covarrubias A. L., Yan H., Luu M. D. A., Gadjdjoe P. S., Dolga A. M., Schmidt M. (2023). Unravelling the signaling power of pollutants. Trends Pharmacol. Sci. 44 (12), 917–933. doi:10.1016/j.tips.2023.09.002
 Mao H., Chen W., Chen L., Li L. (2022). Potential role of mitochondria-associated endoplasmic reticulum membrane proteins in diseases. Biochem. Pharmacol. 199, 115011. doi:10.1016/j.bcp.2022.115011
 Maremanda K. P., Sundar I. K., Rahman I. (2019). Protective role of mesenchymal stem cells and mesenchymal stem cell-derived exosomes in cigarette smoke-induced mitochondrial dysfunction in mice. Toxicol. Appl. Pharmacol. 385, 114788. doi:10.1016/j.taap.2019.114788
 Maremanda K. P., Sundar I. K., Rahman I. (2021). Role of inner mitochondrial protein OPA1 in mitochondrial dysfunction by tobacco smoking and in the pathogenesis of COPD. Redox Biol. 45, 102055. doi:10.1016/j.redox.2021.102055
 Mikami Y., Grubb B. R., Rogers T. D., Dang H., Asakura T. Kota P., et al. (2023). Chronic airway epithelial hypoxia exacerbates injury in muco-obstructive lung disease through mucus hyperconcentration. Sci. Transl. Med. 15 (699), eabo7728. doi:10.1126/scitranslmed.abo7728
 Mohsin M., Tabassum G., Ahmad S., Ali S., Ali S. M. (2021). The role of mitophagy in pulmonary sepsis. Mitochondrion 59, 63–75. doi:10.1016/j.mito.2021.04.009
 Monoson A., Schott E., Ard K., Kilburg-Basnyat B., Tighe R. M. Pannu S., et al. (2023). Air pollution and respiratory infections: the past, present, and future. Toxicol. Sci. 192 (1), 3–14. doi:10.1093/toxsci/kfad003
 Mu G., Deng Y., Lu Z., Li X., Chen Y. (2021). miR-20b suppresses mitochondrial dysfunction-mediated apoptosis to alleviate hyperoxia-induced acute lung injury by directly targeting MFN1 and MFN2. Acta Biochim. Biophys. Sin. (Shanghai) 53 (2), 220–228. doi:10.1093/abbs/gmaa161
 Oliveira T. S., Santos A. T., Andrade C. B. V., Silva J. D., Blanco N. Rocha N. N., et al. (2021). Sepsis disrupts mitochondrial function and diaphragm morphology. Front. Physiol. 12, 704044. doi:10.3389/fphys.2021.704044
 Pokharel M. D., Garcia-Flores A., Marciano D., Franco M. C., Fineman J. R. Aggarwal S., et al. (2024). Mitochondrial network dynamics in pulmonary disease: bridging the gap between inflammation, oxidative stress, and bioenergetics. Redox Biol. 70, 103049. doi:10.1016/j.redox.2024.103049
 Quiles J. M., Gustafsson Å. B. (2022). The role of mitochondrial fission in cardiovascular health and disease. Nat. Rev. Cardiol. 19 (11), 723–736. doi:10.1038/s41569-022-00703-y
 Rao Y., Gai X., Xiong J., Le Y., Sun Y. (2021). Transient receptor potential cation channel subfamily V member 4 mediates pyroptosis in chronic obstructive pulmonary disease. Front. Physiol. 12, 783891. doi:10.3389/fphys.2021.783891
 Sharma A., Ahmad S., Ahmad T., Ali S., Syed M. A. (2021). Mitochondrial dynamics and mitophagy in lung disorders. Life Sci. 284, 119876. doi:10.1016/j.lfs.2021.119876
 Shi J., Yu J., Zhang Y., Wu L., Dong S. Wu L., et al. (2019). PI3K/Akt pathway-mediated HO-1 induction regulates mitochondrial quality control and attenuates endotoxin-induced acute lung injury. Lab. Invest 99 (12), 1795–1809. doi:10.1038/s41374-019-0286-x
 Siekacz K., Kumor-Kisielewska A., Miłkowska-Dymanowska J., Pietrusińska M., Bartczak K. Majewski S., et al. (2023). Oxidative biomarkers associated with the pulmonary manifestation of post-COVID-19 complications. J. Clin. Med. 12 (13), 4253. doi:10.3390/jcm12134253
 Silva Ramos E., Motori E., Brüser C., Kühl I., Yeroslaviz A. Ruzzenente B., et al. (2019). Mitochondrial fusion is required for regulation of mitochondrial DNA replication. PLoS Genet. 15 (6), e1008085. doi:10.1371/journal.pgen.1008085
 Song C., Luo B., Gong L. (2017). Resveratrol reduces the apoptosis induced by cigarette smoke extract by upregulating MFN2. PLoS One 12 (4), e0175009. doi:10.1371/journal.pone.0175009
 Song K., Shi J., Zhan L., Gao Q., Yang J. Dong S., et al. (2022). Dexmedetomidine modulates mitochondrial dynamics to protect against endotoxin-induced lung injury via the protein kinase C-ɑ/haem oxygenase-1 signalling pathway. Biomarkers 27 (2), 159–168. doi:10.1080/1354750X.2021.2023219
 Sun M., Zeng Z., Xu G., An S., Deng Z. Cheng R., et al. (2023). Promoting mitochondrial dynamic equilibrium attenuates sepsis-induced acute lung injury by inhibiting proinflammatory polarization of alveolar macrophages. Shock 60 (4), 603–612. doi:10.1097/SHK.0000000000002206
 Tang Y., Wei K., Liu L., Ma J., Wu S., Tang W. (2022). Activation of PPARγ protects obese mice from acute lung injury by inhibiting endoplasmic reticulum stress and promoting mitochondrial biogenesis. PPAR Res. 2022, 7888937. doi:10.1155/2022/7888937
 Tektemur N. K., Tektemur A., Güzel E. E. (2023). King oyster mushroom, Pleurotus eryngii (agaricomycetes), extract can attenuate doxorubicin-induced lung damage by inhibiting oxidative stress in rats. Int. J. Med. Mushrooms 25 (1), 1–12. doi:10.1615/IntJMedMushrooms.2022046311
 Teng T., Yang H., Xu T., Sun G., Song X. Bai G., et al. (2022). Activation of inflammatory networks in the lungs caused by chronic cold stress is moderately attenuated by glucose supplementation. Int. J. Mol. Sci. 23 (18), 10697. doi:10.3390/ijms231810697
 Tulen C. B. M., Opperhuizen A., van Schooten F. J., Remels A. H. V. (2023). Disruption of the molecular regulation of mitochondrial metabolism in airway and lung epithelial cells by cigarette smoke: are aldehydes the culprit?Cells 12 (2), 299. doi:10.3390/cells12020299
 Wang M., Zhang Y., Xu M., Zhang H., Chen Y. Chung K. F., et al. (2019). Roles of TRPA1 and TRPV1 in cigarette smoke -induced airway epithelial cell injury model. Free Radic. Biol. Med. 134, 229–238. doi:10.1016/j.freeradbiomed.2019.01.004
 Wang Z., White A., Wang X., Ko J., Choudhary G. Lange T., et al. (2020). Mitochondrial fission mediated cigarette smoke-induced pulmonary endothelial injury. Am. J. Respir. Cell Mol. Biol. 63 (5), 637–651. doi:10.1165/rcmb.2020-0008OC
 Wei K., Luo J., Cao J., Peng L., Ren L., Zhang F. (2020). Adiponectin protects obese rats from aggravated acute lung injury via suppression of endoplasmic reticulum stress. Diabetes Metab. Syndr. Obes. 13, 4179–4190. doi:10.2147/DMSO.S278684
 Weng J., Liu Q., Li C., Feng Y., Chang Q. Xie M., et al. (2024). TRPA1-PI3K/Akt-OPA1-ferroptosis axis in ozone-induced bronchial epithelial cell and lung injury. Sci. Total Environ. 918, 170668. doi:10.1016/j.scitotenv.2024.170668
 Wick K. D., Matthay M. A. (2021). Environmental factors. Crit. Care Clin. 37 (4), 717–732. doi:10.1016/j.ccc.2021.05.002
 Wolf D. M., Segawa M., Kondadi A. K., Anand R., Bailey S. T. Reichert A. S., et al. (2019). Individual cristae within the same mitochondrion display different membrane potentials and are functionally independent. EMBO J. 38 (22), e101056. doi:10.15252/embj.2018101056
 Wu D., Wang Y., Hu J., Xu Y., Gong D. Wu P., et al. (2023). Rab26 promotes macrophage phagocytosis through regulation of MFN2 trafficking to mitochondria. FEBS J. 290 (16), 4023–4039. doi:10.1111/febs.16793
 Xin Y., Li J., Wu W., Liu X. (2021). Mitofusin-2: a new mediator of pathological cell proliferation. Front. Cell Dev. Biol. 9, 647631. doi:10.3389/fcell.2021.647631
 Xu M., Wang L., Wang M., Wang H., Zhang H. Chen Y., et al. (2019a). Mitochondrial ROS and NLRP3 inflammasome in acute ozone-induced murine model of airway inflammation and bronchial hyperresponsiveness. Free Radic. Res. 53 (7), 780–790. doi:10.1080/10715762.2019.1630735
 Xu M., Wang X., Xu L., Zhang H., Li C. Liu Q., et al. (2021). Chronic lung inflammation and pulmonary fibrosis after multiple intranasal instillation of PM2.5 in mice. Environ. Toxicol. 36 (7), 1434–1446. doi:10.1002/tox.23140
 Xu M., Zhang Y., Wang M., Zhang H., Chen Y. Adcock I. M., et al. (2019b). TRPV1 and TRPA1 in lung inflammation and airway hyperresponsiveness induced by fine particulate matter (PM2.5). Oxid. Med. Cell Longev. 2019, 7450151. doi:10.1155/2019/7450151
 Xu Y., Li Y., Zhai D., Yan C., Liang J. Ichinomiya T., et al. (2023). Hyperoxia but not high tidal volume contributes to ventilator-induced lung injury in healthy mice. BMC Pulm. Med. 23 (1), 354. doi:10.1186/s12890-023-02626-x
 Yang D., Xu D., Wang T., Yuan Z., Liu L. Shen Y., et al. (2021a). Mitoquinone ameliorates cigarette smoke-induced airway inflammation and mucus hypersecretion in mice. Int. Immunopharmacol. 90, 107149. doi:10.1016/j.intimp.2020.107149
 Yang D. Q., Zuo Q. N., Wang T., Xu D., Lian L. Gao L. J., et al. (2021b). Mitochondrial-targeting antioxidant SS-31 suppresses airway inflammation and oxidative stress induced by cigarette smoke. Oxid. Med. Cell Longev. 2021, 6644238. doi:10.1155/2021/6644238
 Yap J., Chen X., Delmotte P., Sieck G. C. (2020). TNFα selectively activates the IRE1α/XBP1 endoplasmic reticulum stress pathway in human airway smooth muscle cells. Am. J. Physiol. Lung Cell Mol. Physiol. 318 (3), L483–L493. doi:10.1152/ajplung.00212.2019
 Yapa N. M. B., Lisnyak V., Reljic B., Ryan M. T. (2021). Mitochondrial dynamics in health and disease. FEBS Lett. 595 (8), 1184–1204. doi:10.1002/1873-3468.14077
 Ye L., Gao Y., Mok S. W. F., Liao W., Wang Y. Chen C., et al. (2024). Modulation of alveolar macrophage and mitochondrial fitness by medicinal plant-derived nanovesicles to mitigate acute lung injury and viral pneumonia. J. Nanobiotechnology 22 (1), 190. doi:10.1186/s12951-024-02473-w
 Yoon Y. S., Yoon D. S., Lim I. K., Yoon S. H., Chung H. Y. Rojo M., et al. (2006). Formation of elongated giant mitochondria in DFO-induced cellular senescence: involvement of enhanced fusion process through modulation of Fis1. J. Cell Physiol. 209 (2), 468–480. doi:10.1002/jcp.20753
 Yu J., Shi J., Wang D., Dong S., Zhang Y. Wang M., et al. (2016a). 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 125 (6), 1190–1201. doi:10.1097/ALN.0000000000001333
 Yu J., Wang Y., Li Z., Dong S., Wang D. Gong L., et al. (2016b). Effect of heme oxygenase-1 on mitofusin-1 protein in LPS-induced ALI/ARDS in rats. Sci. Rep. 6, 36530. doi:10.1038/srep36530
 Yu X., Jiang H., Li J., Ding J., Chen K. Ding Z., et al. (2024). NDV inhibited IFN-β secretion through impeding CHCHD10-mediated mitochondrial fusion to promote viral proliferation. Vet. Microbiol. 290, 109973. doi:10.1016/j.vetmic.2023.109973
 Yue L., Yao H. (2016). Mitochondrial dysfunction in inflammatory responses and cellular senescence: pathogenesis and pharmacological targets for chronic lung diseases. Br. J. Pharmacol. 173 (15), 2305–2318. doi:10.1111/bph.13518
 Zacharioudakis E., Gavathiotis E. (2023). Mitochondrial dynamics proteins as emerging drug targets. Trends Pharmacol. Sci. 44 (2), 112–127. doi:10.1016/j.tips.2022.11.004
 Zervopoulos S. D., Boukouris A. E., Saleme B., Haromy A., Tejay S. Sutendra G., et al. (2022). MFN2-driven mitochondria-to-nucleus tethering allows a non-canonical nuclear entry pathway of the mitochondrial pyruvate dehydrogenase complex. Mol. Cell 82 (5), 1066–1077.e7. doi:10.1016/j.molcel.2022.02.003
 Zhan B., Shen J. (2022). Mitochondria and their potential role in acute lung injury (Review). Exp. Ther. Med. 24 (1), 479. doi:10.3892/etm.2022.11406
 Zhang Z., Li T. E., Chen M., Xu D., Zhu Y. Hu B. Y., et al. (2020). MFN1-dependent alteration of mitochondrial dynamics drives hepatocellular carcinoma metastasis by glucose metabolic reprogramming. Br. J. Cancer 122 (2), 209–220. doi:10.1038/s41416-019-0658-4
 Zhang Z. Q., Zhang C. Z., Shao B., Pang D. H., Han G. Z., Lin L. (2019). Effects of abnormal expression of fusion and fission genes on the morphology and function of lung macrophage mitochondria in SiO2-induced silicosis fibrosis in rats in vivo. Toxicol. Lett. 312, 181–187. doi:10.1016/j.toxlet.2019.04.029
 Zhao R., Wang B., Wang D., Wu B., Ji P., Tan D. (2021). Oxyberberine prevented lipopolysaccharide-induced acute lung injury through inhibition of mitophagy. Oxid. Med. Cell Longev. 2021, 6675264. doi:10.1155/2021/6675264
 Zhu P., Wang J., Du W., Ren J., Zhang Y. Xie F., et al. (2022). NR4A1 promotes LPS-induced acute lung injury through inhibition of opa1-mediated mitochondrial fusion and activation of PGAM5-related necroptosis. Oxid. Med. Cell Longev. 2022, 6638244. doi:10.1155/2022/6638244
 Zorzano A., Liesa M., Sebastián D., Segalés J., Palacín M. (2010). Mitochondrial fusion proteins: dual regulators of morphology and metabolism. Semin. Cell Dev. Biol. 21 (6), 566–574. doi:10.1016/j.semcdb.2010.01.002
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.
Copyright © 2025 Jia, Song, Huang, Chen and Liu. 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.
OPS/images/fphys-16-1500247-t001.jpg
Damage elements

Paraquat

Paraquat

Doxorubicin

High tidal volume

Chronic cold stress

High-fat high-carbohydrate diet

‘Tumor necrosis factor-a (TNFa)

In vivoor in
vitromodels

‘Human normal lung epithelial
line BEAS-2B cells treated with
Paraquat for 48 h

Paraquat induced A549 cell
injury model in vitro

‘The rats were given
intraperitoneal injection of
doxorubicin (10 mg/kg BW)

‘Tracheotomized rats underwent
‘mechanical ventilation for 4 h

Yorkshire pigs were exposed to
natural ambient temperatures
(7°C£3C)

Fed a high-fat,
high-carbohydrate diet (58% fat,
25% carbohydrates, 17% protein)
with drinking water containing
42 /L carbohydrates in a high
fructose- to-sucrose ratio

hASM cells were then exposed to
TNFa for 12 h (50 ng/mL)

1L-OPAL, [MFN2

IMENT, | MEN2

IMEN1, | MEN2

TMEN1

TMEFN2

IMFN1

IMFN2

Intervention and
effects

Oxaloacetate acid: T L-OPAL, T
MFN2 > Promoted
mitochondrial fusion, alleviated

lung injury, extended survival
time

Mitoquinone alleviated
paraquat-induced lung epithelial
cell injury by enhancing
mitochondrial fusion through
MEN] and MEN2 regulation

Pleurotus eryngii extract
restored the decreased
expression levels of MEN1 and
MEN2 induced by doxorubicin,
thereby alleviating
doxorubicin-induced lung injury

‘The expression levels of
mitofusin 1 in animals ventilated
with HTV were significantly
upregulated

Chronic cold stress induces high
expression of MEN2, promoting
mitochondrial fusion

A high-fat, high-carbohydrate
diet impaired mitochondrial
function and reduced MFN1
protein levels in rats, whereas
aerobic exercise improved lung
mitochondrial function by
upregulating MEN1 levels

‘TNFa reduced MFN2 expression
in human airway smooth muscle
(hASM) cells and stimulated
their proliferation

Reference

Lietal. (2022f)

Liuetal. (2022)

Tektemur etal. (2023)

Lin etal. (2018)

Teng et al. (2022)

Cho etal. (2022)

Delmotte etal. (2021)
Yap etal. (2020)






OPS/xhtml/nav.xhtml
Contents

		Cover

		Mitochondrial fusion protein: a new therapeutic target for lung injury diseases		1 Introduction

		2 Mitochondrial fusion protein and lung injury

		3 Mitochondrial fusion proteins in lung injury caused by different factors		3.1 Infection

		3.2 Cigarette smoke (CS)

		3.3 Environmental change

		3.4 Hyperoxia or hypoxia

		3.5 Other factors





		4 Summary and outlook

		Author contributions

		Funding

		Publisher’s note

		References









OPS/images/cover.jpg
& frontiers | Frontiers in Physiology






OPS/images/fphys-16-1500247-g001.gif





OPS/images/fphys-16-1500247-g002.gif









OPS/images/crossmark.jpg
©

|





OPS/images/logo.jpg
¥ frontiers | Frontiers in Physiology





