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[Abstract] Cellular senescence has long been considered an irreversible process. However, recent breakthroughs in
partial cellular reprogramming have demonstrated that senescent cells maintain a metastable state amenable to resetting.
This review outlines a systemic framework for anti-aging interventions that integrate three core dimensions. First,
metabolic reprogramming through the elevation of nicotinamide adenine dinucleotide (NAD") levels provides the
energetic and coenzymatic foundation necessary for a systemic reset. Second, spatiotemporally controlled epigenetic
resetting, mediated by Oct4-Sox2-Klf4-c-Myc (OSKM) factors or small molecules, restores youthful transcriptional
programs without compromising cellular identity. Third, the restoration of proteostasis via the autophagy-lysosome and
ubiquitin-proteasome systems serves as the critical execution mechanism that eliminates damaged biomaterials and
ensures the proper folding of newly synthesized proteins. Despite these advances, the research field still faces major
challenges, including the lack of a clearly defined therapeutic window for safe reprogramming, limited efficiency of tissue-
specific delivery, and insufficient evidence regarding the long-term safety of therapeutic interventions. Future studies
should focus on integrating single-cell omics, DNA methylation clocks, and artificial intelligence-assisted analyses to
establish precision-based evaluation metrics for evaluating cellular rejuvenation. In addition, the development of next-
generation delivery platforms, including lipid nanoparticles (LNPs) and engineered exosomes, will facilitate precision-
based regulation of multi-level synergistic interventions. Ultimately, anti-aging medicine is evolving from single-pathway
interventions toward a comprehensive paradigm of systemic reprogramming driven by the multi-axial synergy of
metabolism, epigenetics, and proteostasis.
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Fig 1 NAD" decline is a key metabolic driver that accelerates aging

NAD": nicotinamide adenine dinucleotide; ROS: reactive oxygen species; SIRT1/6: sirtuin 1/6; PARP: poly (ADP-ribose) polymerase; CD38: cluster of differentiation

38. Age-associated NAD" depletion integrates mitochondrial dysfunction, impaired DNA repair, and epigenetic drift through reduced sirtuins activity and PARP-

dependent NAD" consumption, forming a self-amplifying loop that accelerates cellular aging.
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Fig 2 The "reversible basis" of aging: epigenetic instability and the reprogramming window
H3K9me3: histone H3 lysine 9 trimethylation; H3K27me3: histone H3 lysine 27 trimethylation; OSK: octamer-binding transcription factor 4 (Oct4)-SRY-box
transcription factor 2 (Sox2)- Kruppel-like factor 4 (KIf4). Comparison of the epigenetic states in young and senescent cells is made. Young cells maintain stable chromatin

and low transcriptional noise, whereas senescent cells display epigenetic drift, structural instability, DNA damage, and pro-inflammatory profiles. Moderate epigenetic

reprogramming facilitates a "reset" of chromatin homeostasis without loss of cell identity (dedifferentiation), establishing a basis for cellular rejuvenation therapies.
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Fig 3 Mechanistic model of epigenetic rejuvenation via partial reprogramming while preserving cell identity
ROS: reactive oxygen species; the other abbreviations are explained in the note to Fig 2. Aging manifests as a loss of epigenetic stability and DNA integrity. Here, we
show that pulsed OSK expression resets the epigenetic landscape, shifting cells toward a youthful state via an intermediate "reprogramming window". Unlike full
reprogramming, this partial approach maintains cell-type specificity. However, the transition from rejuvenation to malignancy is dose-dependent; excessive OSK stimuli

compromise genomic stability and cell fate, underscoring the critical importance of balancing reprogramming intensity and duration.
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Fig 4 The "Reprogramming Window" model: intensity and duration dictate the balance between rejuvenation and dedifferentiation

The abbreviation is explained in the note to Fig 2. Cellular responses to OSK induction are sensitive to both dosage and temporal dynamics. While sub-threshold

stimuli result in negligible epigenetic shifts, balanced induction facilitates rejuvenation without compromising somatic identity. Beyond this threshold, over-

reprogramming leads to aberrant dedifferentiation and oncogenic risks. These findings underscore the necessity of stringent spatiotemporal control for the clinical

translation of chemical and genetic rejuvenation strategies.
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Fig 5 Proteostasis restoration: effector safeguard of rejuvenation

This schematic highlights proteostasis restoration as a critical execution layer required for stable cellular rejuvenation. Age-associated proteome collapse,

characterized by the accumulation of misfolded proteins and damaged organelles, counteracts rejuvenation outcomes despite metabolic or epigenetic resetting. Two major

proteostasis-maintaining systems are illustrated: the autophagy-lysosome pathway (ALP), responsible for bulk clearance of protein aggregates and dysfunctional

mitochondria, and the protein quality control (PQC) network, comprising molecular chaperones and the ubiquitin-proteasome system (UPS) that ensures proper folding

and selective degradation of abnormal proteins. Metabolic support (e.g., nicotinamide adenine dinucleotide [NAD'] boosting and AMP-activated protein kinase [AMPK]

activation) and epigenetic resetting synergistically reinforce these clearance mechanisms, enabling long-term maintenance of a youthful cellular state.
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