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Editorial on the Research Topic 
Mitochondrial plasticity and quality control in health and disease


1 INTRODUCTION
Mitochondria play a multifaceted role in cellular physiology extending from the regulation of energy production and cell metabolism to calcium buffering and the modulation of intracellular signaling. Given that mitochondrial dysfunctions are involved in a spectrum of complex human pathologies and inheritable disorders, preserving a functional mitochondrial network is crucial for health and disease status and it has become a focal point of innovative therapeutic strategies.
This Research Topic compiles articles focused on two primary areas of mitochondrial research: i) the investigation of mitochondrial dysfunction in various pathological conditions (including mitochondrial diseases) and the exploration of therapeutic interventions that target and/or exploit mitochondria; and ii) the elucidation of the crucial role of mitochondria in development and differentiation. Finally, this issue introduces a novel methodology that employs commercially available tools for the quantification of mitochondrial DNA and RNA within intact and complex tissues.
2 MITOCHONDRIAL DISFUNCTION IN PATHOLOGICAL CONDITIONS
2.1 Cardiovascular diseases
Preservation of mitochondrial homeostasis through mitochondrial quality control (MQC) is fundamental for organs with high energy demands, such as the heart. The comprehensive review by Atici et al. underscores the significance of MQC in the context of cardiovascular physiology and various disease states, including myocardial ischemia-reperfusion injury, atherosclerosis, heart failure (HF), cardiac hypertrophy (CH), hypertension, and both diabetic and genetic cardiomyopathies, as well as Kawasaki Disease. Enhancing mitochondrial function holds promise for mitigating tissue remodeling, preventing the onset of cardiovascular disease, regenerating the myocardium and potentially extending lifespan. Cardioprotection might be achieved through the application of either synthetic or natural mitochondria-targeted compounds that promote balanced mitochondrial fusion and fission, mitophagy, bioenergetics, ROS detoxification, replenishment of the mitochondria pool, and enhancement of inter-organelle communication.
Among the natural compounds, Moku-boi-to (MBT), a Japanese medical herbal concoction, has demonstrated promising protective effects in both in vivo and in vitro models of CH by restoring mitochondrial dynamics (Tagashira et al.). Altered mitochondrial fragmentation, which leads to excessive mitophagy and decreased ATP production, thus favoring ROS generation, can be addressed by MBT treatment (Quiles and Gustafsson, 2022; Yang et al., 2022). The authors demonstrated that in a mouse model of HF, MBT treatment improved heart contractility and mitigated CH (Tagashira et al.). Mechanistically, MBT prevents the accumulation of the mitochondrial pro-fission protein Dynamin 1 Like (DRP1) and the resultant mitochondrial fragmentation induced by hypertrophic stimuli, while concurrently reducing mitochondrial dysfunction, ROS production, intracellular Ca2+ dysregulation, and cell death.
The dynamic balance of mitochondrial fission and fusion ensures a prompt adaptation to the cell’s rapidly changing metabolic demands (Tilokani et al., 2018). Metabolic reprogramming, favoring glucose utilization over fatty acid oxidation, is a hallmark of both heart disease and malignant cell growth, shapes the epigenetic landscape of cardiomyocytes enabling heart regeneration (Li et al., 2023) and making mitochondria strategic targets in the cardio-oncology field (Karlstaedt et al., 2022). In a comprehensive review, Chen et al. provide insights into the complex processes that involve mitochondrial impairments in doxorubicin (DOX)-induced cardiotoxicity, with an emphasis on the metabolic consequences. Rebalancing mitochondrial dynamics by inhibiting DRP1-mediated mitochondrial fission and enhancing Mitofusin 2 (MFN2)-mediated mitochondrial fusion, could promote chromatin reconfiguration that is correlated to the shift in cellular energy metabolism from glycolysis to fatty acid oxidation with maintenance of oxidative phosphorylation. This dual-action has the potential to decrease the cardiac adverse effects of DOX, while enhancing its anti-cancer efficacy.
2.2 Metabolic diseases
In the skeletal muscle (SkM), a reduction in the elongated mitochondrial phenotype, indicative of dysregulated mitochondrial dynamics, is a feature of metabolic disorders such as type 2 diabetes mellitus (T2DM). Using SkM biopsies from T2DM patients, Castro-Sepulveda et al. showed that the activation of toll-like receptor 4 (TLR4), a mediator of both infectious and non-infectious inflammatory diseases (Wei et al., 2023), contributes to significant changes in mitochondrial morphology and cristae density. This effect is mediated by a reduction in the levels of the pro-fusion protein Mitochondrial Dynamin like GTPase (Opa1). Given the critical role of SkM in the pathophysiology of T2DM (DeFronzo, 2009), this mitochondrial-related signaling cascade may contribute to insulin resistance in T2DM thus exacerbating hyperglycemia-induced multiple organ failure.
Non-alcoholic fatty liver disease (NAFLD) represents another metabolic condition where mitochondrial remodeling plays a key role (Zheng et al., 2023). A recent observational case-control study highlighted that NAFLD patients (Houshmand et al.) present with an increased hepatic mitochondrial DNA copy number, a surrogate marker of mitochondrial functionality (Castellani et al., 2020). This finding correlated with increased expression of Fibroblast Growth Factor 21 (FGF21), a regulator of glucose and lipid metabolism, energy homeostasis, and insulin sensitivity (Cuevas-Ramos et al., 2009). These findings suggest an adaptive response aimed at increasing the liver’s capacity to metabolize fat. However, this compensatory response may ultimately turn detrimental by causing uncontrolled oxidative stress and progressive mitochondrial dysfunction.
2.3 Mitochondrial diseases
Mitochondrial dysfunctions are not only confined to complex-diseases; they can also arise from pathological variants in genes crucial for mitochondrial function and MQC. Given the genetic heterogeneity of mitochondrial disorders (MDs) and the current lack of effective therapeutic options, establishing a precise genetic diagnosis can significantly enhance our understanding of the disease. This, in turn, may lead to an improved ability to manage it.
The innovative use of next-generation sequencing (NGS) approaches, coupled with comprehensive analysis of the entire mitochondrial genome, as demonstrated by Nogueira et al., 2024 helped achieve genetic diagnoses across a wide demographic, encompassing both pediatric and adult cases. Notably, variants in mtDNA are predominantly associated with adult-onset MDs, while nuclear DNA variants are more frequently linked to early-onset forms of MDs.
2.4 Intercellular mitochondrial transfer in pathology and therapy
Mitochondrial transfer has been recently recognized as a crucial process for MCQ (Liu et al., 2023) and has emerged as a novel therapeutic approach in disease treatment (Clemente-Suárez et al., 2023). In their seminal review, Zhang et al., explored the role of mesenchymal stromal/stem cells (MSCs) in pulmonary development and their dysfunction’s contribution to bronchopulmonary dysplasia (BPD). The review focuses on the efficacy of MSC therapy in treating BPD, a condition linked to defects in mitochondrial structure, dynamics, and oxidative metabolism. MSC treatment has been shown to decrease mitochondrial dysfunction by i) stimulating mitochondrial replication in injured lung cells and by ii) restoring mitochondrial function through the direct transfer of healthy mitochondria from MSCs to the damaged primary cells of the lung. It is conceivable that tissue repair is mediated by mitochondria transferred from MSC-derived cells, similar to the observations obtained following transplantation of mitochondria-rich extracellular vesicles in the heart (Ikeda et al., 2021).
However, mitochondrial transfer can promote adverse effects favoring pathological conditions. For instance, Cereceda et al. suggested that the uptake of platelet-derived mitochondria by triple-negative breast cancer cell lines increases mitochondrial respiration, ATP production, cell proliferation, and metabolic adaptability. This enhancement in cellular functions may contribute to tumor progression, underscoring the multifaceted nature of mitochondrial transfer in the context of diseases.
3 MITOCHONDRIAL FUNCTION IN DIFFERENTIATION AND DEVELOPMENT
Myogenic differentiation, a key step in skeletal muscle regeneration, is characterized by significant changes in both the quantity and functionality of mitochondria to meet the increased energy demand. Throughout this process, transient and mild cellular stress triggers a variety of mitochondrial response pathways, collectively termed mitochondrial stress responses (MSRs), which favor cellular homeostasis. The review by Lin et al., described MSRs and their involvement in the regulation of physiological myogenic differentiation, providing new perspectives into potential treatments for muscle diseases associated to impaired myogenic differentiation.
Superoxide dismutase 2 (Sod2) is a key mitochondrial enzyme involved in MSR, which plays a primary role in ROS detoxification. Tarbashevich et al., using zebrafish models, demonstrated that Sod2 is also involved in the “purifying selection” of primordial germ cells (PGMs). Such process safeguards mitochondrial integrity across generations, ensuring the propagation of mtDNA devoid of deleterious mutations (Schwartz et al., 2022). Results by Tarbashevich et al. suggest that PGCs deficient in Sod2 are less competitive in generating gametes compared to their wild-type counterparts, due to the selective disadvantage imposed by higher levels of ROS-induced damage.
4 GENOME QUANTITATION
Finally, Giarmarco et al. introduced a new method for the spatial quantification of both mtDNA and mtRNA within fixed frozen tissue sections. This method employs a dual-probe strategy that combines RNAscope™ in situ hybridization (ISH) with immunohistochemistry (IHC) for precise labeling of mitochondria. Such a technique could prove to accurately quantify mtDNA copy numbers and expression levels, while preserving the integrity of cell morphology within its native microenvironment. The authors applied this methodology in a complex tissue like the retina, with the aim to evaluate circadian variations in mtDNA and mtRNA levels in zebrafish cone and rod photoreceptors, at an individual cells’ resolution.
5 CONCLUSION
Mitochondria are metabolic hubs, essential for cellular homeostasis, whose dysregulation is associated with a broad range of diseases. Targeting mitochondria is therefore an attractive strategy, and precision medicine based on mitochondria is emerging as a rapidly evolving field. The multi-layered research presented in this Research Topic emphasizes the crucial impact of this organelle in both health and disease. The studies highlight our increased understanding of mitochondrial dynamics within their cellular milieu and suggest the feasibility of targeting mitochondrial dysfunctions as a viable strategy for a range of pathologies, from cardiovascular diseases to metabolic disorders. Additionally, advancements in genetic diagnostics promise to refine our ability to manage mitochondrial disorders more effectively. Last, the exploration of mitochondrial transfer as a therapeutic intervention will require careful consideration of its dichotomous effects, offering benefits in regenerative medicine while posing challenges in cancer treatment. We anticipate a future where mitochondrial parameters emerge as pivotal biomarkers and therapeutic targets. The insights gained from these studies will inform the next-generation of mitochondrial researchers, propelling us towards more precise interventions.
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