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Mitochondrial homeostasis and aging: Mechanisms, disease associations,
and targeted intervention strategies

WANG Bao-Sheng, ZHOU Ben'

(Shanghai Institute of Nutrition and Health, Chinese Academy of Sciences, Shanghai 200031, China)

Abstract: Mitochondria act as the central hub for cellular bioenergetics and inter/intracellular signal transduction, with
dysregulation of their homeostasis emerging as a core driver of aging and age-related diseases (ARDs). Impaired mitochondrial
function disrupts oxidative phosphorylation (OXPHOS) and the tricarboxylic acid (TCA) cycle, directly reducing ATP
production while triggering cascading pathological events, including excessive reactive oxygen species (ROS) accumulation,
mitochondrial DNA (mtDNA) lesions and mutations, activation of NF-kB/cGAS-STING inflammatory pathways, and
dysregulated mitochondrial permeability transition pore (mPTP) gating. These perturbations collectively establish intimate
etiological links with diverse ARDs, such as neurodegenerative disorders (Alzheimer’s, Parkinson’s), cardiovascular pathologies
(atherosclerosis, heart failure), metabolic disorders (type 2 diabetes, non-alcoholic fatty liver disease), and multi-organ
degenerative diseases (osteoporosis, age-related macular degeneration). In this review, we delineate four core mechanisms
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underlying mitochondrial dysfunction-driven aging: (1) the vicious cycle of ROS overproduction and inflaimmaging, mediated
by the release of mitochondrial damage-associated molecular patterns (mtDAMPs); (2) mtDNA mutations (e.g., 4977 bp
deletion) and heteroplasmy increase; (3) compromised mitochondrial quality control (encompassing mitophagy, fusion-fission
dynamics, and biogenesis); (4) perturbed metabolic homeostasis involving NAD'-Sirtuin signaling, calcium buffering, and
ketone oxidation. We then summarize multi-dimensional targeted interventions, including (1) lifestyle modifications (exercise,
intermittent fasting, and calorie restriction) that activate the AMPK-Sirtuin-PGC-1a axis; (2) nutraceutical/pharmaceutical agents
(NAD" precursors: NMN, NR; mitochondria-targeted antioxidants: MitoQ, SS-31; AMPK agonists: metformin, AICAR; mTOR
inhibitors: rapamycin) restoring bioenergetic and redox balance; (3) bioengineering technologies (extracellular vesicle-mediated
mitochondrial transfer, mtDNA-editing tools, smart nanomedicines) overcoming delivery barriers. Notably, key challenges
remain, including unelucidated tissue-specific mitochondrial heterogeneity, suboptimal targeting efficiency, and long-term safety
of chronic interventions. By integrating cutting-edge advancements, this work provides a systematic scientific foundation for
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deepening the understanding of aging mechanisms and advancing precision prevention and treatment of ARDs.
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Figure 1 Core molecular mechanisms linking mitochondrial dysfunction to aging

The four core mechanisms linking mitochondrial dysfunction to aging are: ROS accumulation and inflammaging; mtDNA mutations
and heteroplasmy increase; dysregulation of mitochondrial quality control; and altered mitochondrial metabolic homeostasis. These
mechanisms are cross-regulated, forming the core network through which mitochondrial dysfunction drives aging.
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Figure 2 The vicious cycle of ROS accumulation and mtDNA mutations drives mitochondrial functional decline

ROS accumulation induces oxidative damage and mutations in mtDNA, thereby compromising the electron transport chain (ETC) and

ATP synthase activity, and ultimately diminishing ATP biosynthesis. The figure labels differentiate ROS-damaged segments of

mtDNA from its structural genetic elements, thus clearly delineating this regulatory cascade.
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Figure 3 Coordinated mechanisms of the mitochondrial quality control system

The mitochondrial quality control system consists of three coordinated pathways. Left: AMPK/SIRT1 activates PGC-1a, which drives

mtDNA transcription and replication via the NRF1/2-TFAM axis to achieve mitochondrial biogenesis; Middle: Mitochondria

maintain dynamic homeostasis through DRP1-mediated fission and OPA1/MFN1/2-mediated fusion; Right: Damaged mitochondria,

following labeling by the Parkin/PINK1 pathway, are degraded by the autophagosome-lysosome system.
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Figure 4 Associations between mitochondrial dysfunction and multi-system age-related diseases

Mitochondrial dysfunction underlies age-related diseases across multiple organ systems. In the nervous system, it contributes to the
pathogenesis of Alzheimer's disease (AD), Parkinson's disease (PD), and amyotrophic lateral sclerosis (ALS); in the eyes, it drives
age-related macular degeneration (AMD); in the cardiovascular system, it accelerates atherosclerosis (AS) and heart failure (HF); in
metabolic disorders, it promotes the development of type 2 diabetes mellitus (T2DM); in the liver, it manifests as non-alcoholic fatty
liver disease (NAFLD); and in the skeletal system, it exacerbates osteoporosis (OP). This schematic diagram illustrates that
mitochondrial dysfunction serves as a central pathological hub linking aging to the initiation and progression of chronic multisystem

diseases.
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Table 1 Mitochondria-Targeted Anti-Aging Intervention Strategies
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