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PUBLIC SUMMARY

The Central Dogma of Aging extends the canonical DNA—RNA—protein information flow to metabolites.

= Layer-specific imbalances in anabolism, modification and catabolism propagate across levels to drive aging.

The exposome acts hierarchically on the four layers and thereby sets the aging trajectory.

This framework offers a rationale for aging interventions at any layer, and the exposome.

[I The Innovation Life 4(4): 100262, October 19, 2026 1


mailto:ppliew@szu.edu.cn
mailto:ppliew@szu.edu.cn
https://doi.org/10.59717/j.xinn-life.2026.100262
https://doi.org/10.59717/j.xinn-life.2026.100262
https://doi.org/10.59717/j.xinn-life.2026.100262
https://creativecommons.org/licenses/by/4.0/
http://crossmark.crossref.org/dialog/?doi=10.59717/j.xinn-life.2026.100262&domain=pdf

www.the-innovation.org/the-innovation-life

{27138 Molecular & cell

The central dogma of aging

Jie Zhang,"**°* Wen Su,>*° Juanli Duan,’ Ying Sun,’ and Baohua Liu'*

OPEN aAccess s
Y

'Shenzhen Key Laboratory for Systemic Aging and Intervention (SKL-SAI), School of Basic Medical Sciences, Shenzhen University, Shenzhen 518055, China
“National Health Commission Key Laboratory of Bone Aging, Shenzhen University Medical School, Shenzhen 518055, China

3Shenzhen Key Laboratory of Cell Senescence and Regeneration Innovation, School of Basic Medical Sciences, Shenzhen University, Shenzhen 518055, China
“Department of Hepatobiliary Surgery, Xi-Jing Hospital, Fourth Military Medical University, Xi'an 710032, China

®Jiangsu Key Laboratory of Geriatric Precision Medicine and Aging Intervention, Xuzhou Medical University, Xuzhou 221004, China

“These authors contributed equally to this work
*Correspondence: ppliew@szu.edu.cn

Received: March 10, 2026; Accepted: September 30, 2026; Published Online: October 15, 2026; https://doi.org/10.59717/].xinn-life.2026.100262
© 2026 The Author(s). This is an open access article under the CC BY license (https://creativecommons.org/licenses/by/4.0/).
Citation: Zhang J., SuW., Duan J., et al. (2026). The central dogma of aging. The Innovation Life 4100262.

Aging is driven by interconnected molecular and cellular changes that lead
to functional decline and increased disease susceptibility. Here, we propose
a novel "Central Dogma of Aging” hypothesis that extends the classical
central dogma of molecular biology (DNA >RNA > protein) to encompass
DNA, RNA, protein, and metabolite. The four layers are interconnected and
mutually regulated by a 4C (Coding, Catalysis, Constitution and Catabolism)
rule, referred to as the Central Dogma; each is further modulated by
anabolism (synthesis), modification (post-synthesis alterations), and
catabolism (degradation) process. Aging arises from imbalances in
anabolism, modification, and catabolism across DNA, RNA, proteins, and
metabolites, and is dynamically challenged by the exposome—cumulative
environmental stimuli. The Central Dogma of Aging offers a comprehen-
sive model for aging mechanisms, with implications for targeted therapies
to promote healthiness and longevity.

INTRODUCTION
Current understanding of aging mechanisms

Aging represents the progressive deterioration of physiological functions,
increasing vulnerability to diseases like cardiovascular, neurodegenerative
disorders, and cancer.'” Despite extensive studies, the underlying mecha-
nisms remain incompletely understood, with environmental factors playing a
pivotal role alongside genetic predispositions.** The current "Hallmarks of
Aging", provide valuable frameworks for understanding age-related changes,
further categorized to primary, antagonistic, and integrative hallmarks.
Genomic instability (DNA and chromatin abnormalities), telomere attrition
(uncapping and shortening), epigenetic alterations (altered DNA and histone
modifications), loss of proteostasis (defective proteome homeostasis), and
disabled macroautophagy (impaired turnover of subcellular compartments,
including DNA, RNA, proteins, and metabolites) are categorized as primary
causes of aging. Mitochondrial dysfunction (DNA instability and metabolic
disturbance), deregulated nutrient sensing (metabolism fluctuation), and
cellular senescence constitute the antagonistic mechanisms. The integrative
hallmarks include extracellular matrix (ECM) changes, stem cell exhaustion,
altered intercellular communication, chronic inflammation, and dysbiosis.*®

The primary hallmarks reflect a progressive collapse of the central dogma
of molecular biology,” and disturbed metabolic homeostasis, although RNA
and metabolites are not explicitly highlighted. The transcriptome is not merely
an intermediary, but serves as a critical regulatory hub: deficits in transcrip-
tion efficacy, splicing, editing, modification, decay, and localization are not
fully a reflection of upstream genomic abnormality, but also independently
drive downstream proteostasis collapse and metabolic imbalances, inducing
aging. Metabolic perturbations are also prominent during aging, e.g., declines
in energy metabolite NAD*, accumulations of pro-inflammatory lipids, and
imbalances in amino acid pools. The changes are not merely manifestations
of other hallmarks but actively drive aging, extending beyond the DNA, RNA,
and protein layers of the central dogma of molecular biology. The boosting,
scavenging, restriction or supplementation of certain metabolites directly
modulate epigenetics, epitranscriptomics, proteostasis, and extends lifespan.
Recent integrated multi-omics enhance our comprehension of the mecha-
nisms underlying aging. The epigenomic and/or epitranscriptomic changes
affect the proteome, which in turn influence the metabolome.” Nonlinear and
interconnected pathways were revealed across the aging process and

outperform single-omics models to estimate biological age.”'' Yet, a
conceptual framework unifying all these layers is lacking.

The central dogma of aging hypothesis

Current aging models sometimes feel fragmented, with overlapping cate-
gories that do not always emphasize the sequential and interconnected flow
of biological information and processes. DNA acts as the genetic blueprint,
wherein aging manifests as genomic instability (DNA damage accumula-
tion),'”'* arising from DNA replication errors,'*'® telomere attrition,'”" and
epigenetic drift,”** particularly loss of heterochromatin,” and leading to cell
cycle arrest and senescence. At RNA level, altered transcriptional
elongation,”*’ editing capacity,”” and modifications (e.g., N6-methyladeno-
sine  (M°A), N7-methylguanosine (m’G)) compromise precise gene
regulation.””' The impairments in the flow from DNA to RNA, including tran-
scriptional stalling due to DNA damage (transcriptional stress) and reduced
RNA adaptability,” with increased transcriptional noise,” contribute to
decoupling of transcription and translation during aging across species.* At
protein level, the impaired post- translational modifications (PTMs),” and
accumulation of misfolded proteins,™”’ leading to proteostatic collapse.”*
Unlike the sequence-based fidelity of DNA, RNA, and protein, metabolic infor-
mation is encoded not in linear sequences but in the concentration gradients,
substrate—enzyme specificity, and dynamic equilibrium of anabolic and
catabolic process.” Loss of metabolic fidelity during aging manifests as
disrupted nicotinamide adenine dinucleotide (NAD*)/NADH ratios,”' accumu-
lation of oncometabolites,” or failure of allosteric regulation,” without involv-
ing template-directed errors.

Building on the flow of biological information and the hallmarks of
aging,”®** here, we propose a unifying model: The Central Dogma of Aging.
This framework is organized into four layers: DNA, RNA, protein, and metabolite,
each governed by anabolism (synthesis), (post-synthetic) modification,
catabolism (degradation); interconnected by C'oding (DNA coding RNA and
vice versa, RNA coding protein), C?atalysis (protein catalyzing replication,
repair, telomere lengthening, transcription, translation, folding [conformation],
modification, and metabolism; and ribosomal RNA (rRNA) catalyzing protein
synthesis), C®onstitution (nucleotides, amino acids, lipids, carbohydrates, and
derivatives constituting (modifying) DNA, RNA, and protein) and C*atabolism
(recycling DNA, RNA, and protein). Aging is a progressive loss of stoichiometric
and thermodynamic balance across the biosynthesis, modification, and
degradation of the four layers, culminating in systemic function decline
(Figure 1)."%° These intracellular layers form a tightly interconnected and
dynamic network; the dysfunction in any layer propagates bidirectionally,
generating vicious cycles that accelerate aging; e.g., metabolites influence
epigenetics, PTMs and protein functions,”** and genomic instability can trigger
transcriptomic and proteostasis loss.”**** The recursive crosstalk under-
scores aging as a failure of integrated communication. On top of the four
layers, exposome encompasses environmental factors, including microenviron-
ment, systemic factors, microbiota, diet, lifestyle, mental stressors, and space
elements, and modulates the Central Dogma, thereby influencing aging.

The Central Dogma of Aging model extends the classical central dogma of
molecular biology, incorporating metabolites, and emphasizing feedback
loops and influence of exposome.””*" The Central Dogma of Aging incorpo-
rates the major primary hallmarks of aging: DNA layer consists of genomic
instability, telomere attrition, and epigenetic alterations; protein layer includes
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THE HALLMARKS OF AGING
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Figure 1. The central dogma of aging The Central Dogma is organized into four layers, i.e., DNA, RNA, protein, metabolite, interconnected by C'oding (DNA encodes RNA; in
certain substances, RNA encodes DNA; RNA encodes protein), C?atalysis (protein catalyzes DNA replication, repair, and telomere lengthening; RNA transcription, processing,
translation and decay; folding, modification, activity, and stability; metabolism; some RNA catalyze RNA and protein synthesis), C®onstitution (nucleotides, amino acids, carbohy-
drates and lipids constitutes (modifies) DNA, RNA, protein and metabolite) and C*atabolism (recycling of DNA, RNA, protein, and metabolite). The Central Dogma of Aging posits
that aging arises from imbalances in anabolism, modification, and catabolism across the four layers of the Central Dogma: the disturbance of DNA layer corresponds to genomic
instability, including replication and repair impairment, chromatin modifications and remodeling deficits, telomere attrition and DNA fragmentation; the impairment of RNA layer
refers to transcriptomic alteration, including efficiency and accuracy decline, abnormal post-transcriptional processing (e.g., splicing/editing/modification), and impaired decay
and RNA aggregation; the deficiency of protein layer leads to proteostatic collapse, including defective biosynthesis, unfolded protein response (UPR), altered PTMs, dysfunc-
tional changes, mis-localization, aggregation, defective turnover (e.g., caused by defects in ubiquitin-proteasome and autophagy-lysosome system); the disrupted metabolite
layer dictates metabolic reprogramming causing signaling disturbance, energy deficits, epi-modification changes, and structural abnormality. Bridging to the Hallmarks of Aging:
the DNA layer includes genomic instability, telomere attrition, epigenetic alterations, mitochondrial DNA instability and disabled macroautophagy (DNA degradation); the RNA
layer covers disabled macroautophagy (RNA turnover); the protein layer consists of loss of proteostasis, and disabled macroautophagy (protein turnover); the Metabolite layer
covers mitochondrial dysfunction (energetic), deregulated nutrient sensing, and disabled macroautophagy (metabolite recycling); the Exposome comprises cellular senescence,
ECM changes, stem cell exhaustion, altered intercellular communication, chronic inflammation, dysbiosis, and psychological isolation. The term "anabolism" is employed in its
broadest thermodynamic sense to represent the energy-consuming synthesis of macromolecules from precursors; this definition rigorously applies not only to protein transla-
tion and lipid biosynthesis but also to template-directed processes such as DNA replication and RNA transcription.

loss of proteostasis, and disabled macroautophagy (protein turnover).® It The DNA serves as the foundational layer in the Central Dogma of Aging,
extends the primary causes of aging to RNA and metabolite layers, including  encoding the genetic information that is essential for cellular, tissue and
disturbed information flow from DNA to RNA, and RNA to protein, metabolite,  organismal function and homeostasis.”'® Aging is profoundly influenced by
defective function (e.g., rRNA, tRNA, miRNA, LncRNA), decay, and metabolic ~ defective maintenance of genomic integrity,”” including inherited/somatic
reprogramming, encompassing deregulated nutrient sensing, and mitochon- 9 chromosomal rearrangements, ***® and  structural
drial dysfunction. It posits that aging arises from imbalances in anabolism, 8% The perturbations arise from intrinsic processes like DNA repli-
modification, and catabolism across the four layers. Exposome covers  cation errors'®' and extrinsic factors such as oxidative stress.'*'® Accumu-
microenvironment, systemic factors, microbiota, diet, lifestyle, mental stress  lation of mutations, as revealed by whole-genome sequencing (WGS) and
and space elements. The aging-causal microenvironment changes include  single-cell genomics, is correlated with declined DNA repair efficiency and
not only ECM changes, but also altered 0,, H,0, ions, hormones, cytokines,  increased age-related disease risk.”*'*“!*> Mitochondrial DNA (mtDNA) also
growth factors, metabolites, antibodies, and extracellular vesicles (EVs) that acts as a potent driver of aging, wherein metabolic dysregulation and
influence the intercellular communication, and cellular senescence. Systemic  nucleotide imbalance promote ribonucleotide misincorporation; this leads to
disturbances comprise deregulated endocrine, water and electrolyte imbal-  cytosolic release of mtDNA and activation of the innate immune sensor cyclic
ance, hypertension, disturbed body temperature, immune surveillance decline, ~ GMP-AMP synthase (cGAS), which activates stimulator of interferon genes
as well as chronic inflammation, and stem cell exhaustion. Dysbiosis, irrequ-  (STING) pathway, thereby fueling aging-related inflammation and the senes-
lar lifestyle, and psychosocial stress comprise aging-accelerating macroenvi-  cence-associated secretory phenotype (SASP).'® Below, we dissect the role
ronment alteration. The environmental degradation emphasizes earth deteri-  of genome alteration in aging through the lenses of anabolism (synthesis,
oration (e.qg., heavy metals, radiation, fluctuation of ambient temperature,  repair), modification (epigenetic modification, chromatin remodeling), and
oxygen, light, and microgravity). The Central Dogma of Aging and the expo-  catabolism (DNA fragmentation, telomere attrition) (Figure 2).

some collectively influence cellular senescence and lead to systemic aging. DNA replication collapse and impaired repair. DNA anabolism primarily
The four layers, DNA, RNA, protein, and metabolite, with biological function,  involves replication and repair. DNA polymerases replicate the genome with
aging-causal anabolic, modificatory, catabolic deficits, and representative  high fidelity, but inherent errors occur at a rate of approximately 107 to 107

biomarkers, are summarized (Table 1). per nucleotide per replication cycle,'®” leading to point mutations, insertions or
deletions.'™ These errors accumulate over time due to replication stress,
Genomic instability caused by DNA lesions and secondary structures.'*'"® DNA replication stress
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Table 1. Layer-specific aging hallmarks across the Central Dogma of Aging.

Biological

Representative

Layer : Anabolic deficit Modification deficit Catabolic deficit .
function biomarkers
DNA replication collapse; Altered DNA methylation; loss Telomere attrition; DNA
. ._replication errors and stress;  of heterochromatin; chromatin fragmentation; cytosolic DNA YH2AX,” 5mC,”
Repository of genetic. . - . X L . : 8283
DNA information inherited/somatic mutations  remodeling failure; histone leakage; mitochondrial DNA  telomere length,
and chromosomal modification dysregulation; instability. SAHF #*
rearrangements.’”*’ epigenetic drift.*'*° O
Impaired RNA decay; exosome
Intermediary for Transcription inefficiency; RNA alternative splicing failure; circular/IncRNA
e . apiEn : , . . CDKN2A (p16)
RNA genetic information stalling; fidelity loss; Pol II/Pol Idefects; dysregulated RNA accumulation; toxic RNA MRNA " meA
transfer and decline; increased modifications; editing decline; aggregation; RNA exosome 106
. L (B S e . levels.
regulation transcriptional noise. aberrant processing. dysfunction.
101-105
Translational stalling; anabolic Aberrant enzymatic PTMs UPS and ALP failure; disabled
resistance; ribosome pausing (phosphorylation, acetylation, macroautophagy; chaperone- Carbonylated
: Functional executor and dysfunction; reduced ubiquitination, glycosylation); mediated autophagy decline; proteins'®, IL6,"*?
Protein s R . . . . . .
of cellular activities mTOR activation; impaired protein carbonylation and amyloid aggregation; histone
translation initiation and oxidation; PTM crosstalk proteasome activity modification.'**
elongation.'%"""* disruption.''*"'# decreases.'**'%
Biosynthetic wane; decline in  Non-enzymatic glycation Glycolytic/TCA pathway
. . de novo lipogenesis (DNL), (AGEs); altered chemical slowing; BCAA and lipid NAD*"' SAM,"**
Metabolic readout; . o . N . ) 150
. - . purine, and pyrimidine conjugations; increased catabolic block; reduced PGE,,"*” advanced
Metabolite energy and signaling

synthesis; reduced anabolic
intermediates; metabolic
anabolic resistance.'**'*!

source

oxidation of metabolites;
aberrant metabolite
modifications.

glycation end-
145

mitochondrial catabolic flux;
impaired glycolysis and B-
oxidation.'*""'*"

products.
142-146

can also arise from transcription-replication conflicts, notably through the
accumulation of unresolved R-loops—three-stranded RNA-DNA hybrids with
a displaced single-stranded DNA.""" DNA replication stress activates DNA
damage response (DDR), mediated by kinases including ataxia-telangiectasia-
mutated (ATM),'” and ataxia telangiectasia and Rad3-related (ATR),'” which
phosphorylate checkpoint proteins to halt cell cycle progression and recruit
repair machinery. With aging, DDR efficiency diminishes, accumulating unre-
solved damage and increasing genomic instability, a fundamental hallmark of
agingf’""‘ 74175

Telomeres, repetitive TTAGGG sequences at chromosome ends, protect
against end-fusion and degradation,””’" however, they are shortened by 50-
200 bp per division due to the end-replication issue.”"” When critically short,
the telomeric ends trigger DDR via ATM/p53 signaling, inducing senescence
or apoptosis.”“’* Reactive oxygen species (ROS) accelerate attrition,”” "™ which
is correlated with cardiovascular diseases.”"”'"® Heterogeneous telomere
lengths are identified by single-cell genomics in tissues,”* with shorter ones
driving inflammation via senescence associated secretory phenotype
(SASP).'""'"® The telomerase, with reverse transcriptase (TERT) and RNA
component (TERC), extends telomeres in stem cells, but its activity declines
with age, accelerating telomere shortening.'”'*

DNA repair machinery constitutes a critical anabolic countermeasure
against genomic instability,*'®" which encompasses multiple specialized
pathways: base excision repair (BER) addresses oxidative lesions by excising
damaged bases (e.g., via 8-Oxoguanine-DNA glycosylase-1, 0GG1) followed
by DNA polymerase/ligase-mediated gap filling and ligation;'®*'® nucleotide
excision repair (NER) resolves helix-distorting DNA lesions;'* and mismatch
repair (MMR) corrects replication errors.'™ Double-strand breaks (DSBs), the
most severe lesions, are repaired via cell-cycle restricted and error-free
homologous recombination (HR),'"®'* or error-prone non-homologous end
joining (NHEJ)."® Aging impairs these pathways: e.g., reduced expression of
repair enzymes like BER endonuclease AP-endonuclease 1 (APET) leads to
persistent single-strand breaks, which can be converted to DSBs during repli-

cation.''®” QOxidative stress from mitochondrial dysfunction exacerbates
genomic instability, as ROS induce lesions that overwhelm repair
capacity.'™'" The WGS and exome sequencing reveal age-related somatic

mutations in tissues like brain and heart, and the downregulation of repair
genes (e.g., BRCAT in HR) in aged cells are correlated with increased muta-
tion burden.'**'**'"*® The cellular genomic instability is heterogeneous, i.e.,
stem cells accumulate mutations faster than somatic cells, contributing to
tissue degeneration.'”” Unrepaired DNA lesions can trigger persistent DDR

signaling via p53 and p16ink4a pathways.'”*'* In addition, the DNA anabolic
deficits not only build up a fundamental layer of aging, but also drive other
hallmarks such as inflammation and senescence.”””’

Epigenetic alteration and chromatin remodeling. Genomic modifications
encompass epigenetic alterations that regulate gene expression, such as
DNA methylation,””*** histone modification,”*'** and chromatin remodeling.**
These changes are dynamic and reversible but dysregulated during aging,
leading to aberrant gene expression.”” DNA methylation involves an addition
of methyl groups to cytosine residues (5-methylcytosine, 5mC) by DNA
methyltransferases (DNMTSs) like DNMT1 (maintenance) and DNMT3a/b (de
novo).""** While global hypomethylation is uncovered, some allelic specific
hypermethylation is responsible for silencing tumor suppressors and
longevity genes during aging.”

Histone modifications, such as lysine acetylation by histone acetyltrans-
ferases (HATs) like p300™ and deacetylation by histone deacetylases
(HDACS) like sirtuin 1 (SIRT1), alter chromatin accessibility.” Histone acetyla-
tion opens chromatin for transcription, while deacetylation compacts it. Aging-
related decline in SIRT1 expression and activity increases global histone
acetylation, causing inappropriate gene expression and loss of heterochro-
matin.”"*® Aging shifts histone marks like methylation (e.qg., H3K27me3 for
repression of gene expression, H3K4me3 for activation), of which the
increase of H3K27me3 represses stem cell self-renewal, while the decrease
of H3K9me3 erodes heterochromatin, causing transposon activation and
inflammation.”*”***"" During aging, dysfunction of ATP-dependent chromatin
remodelers like SWI/SNF complexes, which reposition nucleosomes, and
alter the genome architecture, including loss of topologically associating
domains (TADs).”""” The epigenetic modifications usually interact with DDR:
the modifying enzymes are recruited to facilitate DNA repair, while persistent
damage in aging leads to "epigenetic scars".”'"*'"* Epigenetic de-repression
(e.g. loss of heterochromatin) activates the dormant endogenous retro-
viruses (ERVs),”"® which induce senescence and inflammation by activating
the cGAS-STING pathway.”*”'" Age-specific epigenetic patterns, e.g., DNA
methylation at specific CpGs, predict epigenetic drift and biological age,
namely, epigenetic clocks.”**'®*'" By incorporating physiological decline,
organ-system vulnerability, and mortality risk, next-generation clocks,
PhenoAge (trained on clinical biomarkers),”” GrimAge (trained on mortality
risk),””" and DunedinPACE (trained on longitudinal biological aging rate), are
built.”* These multi-dimensional clocks align more closely with multi-layered,
self-reinforcing systemic collapse central to the Central Dogma of Aging
model.
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Figure 2. Genomic instability This model delineates the causal roles of genomic instability in aging through the lenses of three interconnected processes: anabolism, encom-
passing DNA synthesis and repair, whose decline leads to replication errors and DNA damage accumulation; modification, involving epigenetic modification and chromatin
remodeling, such as aberrant histone modifications that regulate gene expression; and catabolism, characterized by telomere attrition and DNA fragmentation, contributing to

cellular senescence and functional decline. Mitochondrial DNA instability is included.

DNA fragmentation and telomere attrition. Catabolism encompasses
degradative process that erodes genome structure, e.g., DNA fragmentation,
which is a key feature of aging. Cumulative DNA damage leads to the leak-
age of genomic DNA fragments into the cytoplasm,® which are recognized by
the cGAS-STING pathway, and drive chronic inflammation and the SASP,
exacerbating local aging and inducing paracrine senescence in neighboring
cells.”?** During DDR, exonucleases and endonucleases process damaged
ends to facilitate repair; however, during aging, unresolved lesions may lead
to chromosomal aberrations like fusions and dicentrics.”” The Shelterin
complex (e.g., telomere repeat binding factor 1/2 (TRF1/2), protection of
telomeres 1 (POT1)) shields telomeres, but its disruption in aging exposes

ends to nucleases.”” In telomerase-deficient animal models, the inhibition of
the cGAS-STING signaling rescues premature aging, and extends healthspan,
showing that innate immune activation by genomic instability—including
telomere attrition and DNA fragmentation—is a key mechanism driving
organismal aging.””

Transcriptomic alteration

The transcriptome represents a dynamic ensemble of RNA molecules
transcribed from the genome. It serves as an intermediary in the Central
Dogma of Aging by translating genetic information into functional proteins,
responding to cellular and environmental cues. During aging, profound tran-
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scriptomic alterations occur, including shifts in gene expression profiles that
reflect deregulated pathways such as inflammation, immune response, and
synaptic function, often manifesting as a hallmark of altered intercellular
communication and chronic inflammation.””*** Transcriptomic dysregula-
tion involves errors in RNA synthesis, aberrant processing, and impaired
degradation, contributing to cellular senescence and age-related diseases like
neurodegeneration.”'** Advanced techniques such as RNA-seq and single-
cell RNA-seq capture these perturbations; multi-omics link them to genomic
instability and proteostatic collapse, highlighting the interconnected central
dogma of aging (Figure 3).%

Transcription efficacy decline. During RNA synthesis, RNA polymerase ||
(Pol 1) and associated factors convert DNA templates into messenger RNA
(mRNA), long non-coding RNA (IncRNA), and other transcripts. Transcription
initiation involves the assembly of the pre-initiation complex (PIC) at promoters,
including general transcription factors (TFs) like TFIID and TFIIH, which
unwind DNA and phosphorylate the C-terminal domain (CTD) of Pol Il to
enable elongation.®*% Pol Il advances at variable rates, modulated by chro-
matin state and pausing factors like the 5,6-dichloro-1-B-D-ribofuranosyl-
benzimidazole sensitivity-inducing factor (DSIF) and negative elongation
factor (NELF), which are disengaged following positive transcription elonga-
tion factor b (P-TEFb)-mediated CTD phosphorylation.**?"* During aging, the
Pol II stalling diminishes transcriptional fidelity, culminating in decreased
transcription and altered gene expression. This is attributed to accumulated
DNA damage, oxidative stress, as well as diminished levels of elongation
factors, which result in transcription errors—including base misincorpora-
tions—that ultimately lead to defective protein synthesis.”**** Notably, these
errors can generate damaged mRNAs, such as those containing 8-oxoG,
which cause mistranslation and the production of aberrant proteins.”” Like-
wise, ribosomal RNA (rRNA) synthesis by Pol | decreases with age,” linked to
promoter hypermethylation and diminished nucleolar activity, impairing ribo-
some biogenesis and overall protein synthesis.”"*® Age-related gene
expression alteration is exemplified by increased p16™#, pro-inflammatory
genes (e.g., nuclear factor kappa B (NF-kB)), and the downregulation of those
involved in metabolism and repair, with epigenetic shift that facilitate aber-
rant transcription.”****® P16"“-positive cells accumulate with aging,”® which
are heterogeneous, with distinct types playing different roles in pathology.”’

Post-transcriptional modification abnormality. Transcriptomic modifi-
cation involves post-transcriptional alterations that refine RNA structure and
function, including alternative splicing, editing, and chemical modifications.
The alternative splicing is orchestrated by spliceosomes—complexes of small
nuclear ribonucleoproteins (snRNPs) and splicing factors (e.qg., serine/argi-
nine-rich splicing factor (SRSF))—that excise introns and join exons, generat-
ing isoform diversity.”"'" The altered splicing factor expression and localiza-
tion lead to intron retention and exon skipping, which produce dysfunctional
isoforms implicated in senescence and diseases like Alzheimer's.”*® During
aging, remodeling of alternative splicing favors isoforms that promote
inflammation or reduce metabolic efficiency.”® Age-associated chromatin
changes drive RNA alternative splicing, as seen in hematopoietic stem cells
(HSCs), where modified RNAs influence lineage commitment and aging.”*”

RNA editing, primarily adenosine-to-inosine (A-to-I) by adenosine deami-
nases acting on RNA (ADAR) enzymes, recodes transcripts to alter protein
sequence; aging declines ADAR activity, reducing RNA editing efficiency, and
causing neurological decline.”” RNA m6A methylation, deposited by writers
like methyltransferase-like 3 (METTL3), regulate RNA stability, translation,
and splicing; its reduction in aging impairs synaptic protein synthesis and
correlates with cognitive deficits.”>*"** Other modifications, like pseu-
douridylation and 5-methylcytosine (m5C), modulate RNA folding and export,
but their dysregulation in aging promotes misfolded RNAs and cellular
stress.”#* 7

Impaired RNA decay. Proper RNA decay provides both quality control and
swift adaptation to cellular stress. mRNA decay involves the deadenylation by
the CCR4-NOT complex, decapping by DCP1/2, and 5'-3' exonucleolytic
digestion by XRN1, while 3'-5' degradation through the exosome complex.'”
Nonsense-mediated decay (NMD) targets aberrant transcripts with prema-
ture stop codons, mediated by UPF proteins.'”’ During aging, RNA turnover
slows due to reduced exosome activity and mislocalization of RNA-binding
proteins (RBPs), leading to accumulation of damaged or long-lived RNAs and

thus promoting senescence.'”'" RNA-binding protein AUF1 promotes INK4A
mRNA decay via its 3'UTR; AUF1 decline leads to INK4A stabilization'™ in
senescent cells. Circular RNAs (circRNAs) and IncRNAs become resistant to
exonucleases and accumulate with age, sequestering miRNAs and dysregu-
lating gene networks.”**** RNA helicases, like DDX family members, unwind
structures for degradation, but their downregulation exacerbates aging.”***°
Increased RNA stability is evidenced in aged cells.”"** Beyond enzymatic
decay, RNA metabolism is increasingly recognized to be governed by liquid-
liquid phase separation (LLPS), a process that concentrates RBPs and RNAs
into membraneless organelles such as stress granules and P-bodies; LLPS
facilitates rapid and spatially regulated RNA processing, storage, and
decay.”***" Aged cells exhibit reduced RNA concentration, leading to SGs
with elevated RBP-to-RNA ratios and increased viscosity, termed "alt-SGs",
which persist after stress removal and directly link RNA metabolic decline,
altered condensate dynamics to cellular aging.””' The RNA exosome serves
as a guardian of nuclear homeostasis, and its failure triggers a cascade of
nuclear RNA aggregation, disrupted transcription, and collapsed translation
that directly drives cellular senescence.”® Impaired RNA exosome function
promotes cellular senescence by enabling the accumulation of endogenous
retrotransposon-rich cytoplasmic double-stranded RNAs (dsRNAs). These
dsRNAs activate an interferon-mediated viral response pathway, establishing
a chronic inflammatory state that acts independently of, or in parallel to, the
cytoplasmic DNA/cGAS-STING axis to drive the SASP.'™ Depletion of
spliceosome components and accumulated unspliced RNAs suggest RNA
catabolic defects in aged neurons.”***

The transcriptome not only serves as a decisive regulatory hub, where the
compounding deficits in anabolism, modification, and catabolism reflect
upstream genomic instability and actively drive the downstream collapse of
proteostasis and metabolic equilibrium, the alteration of itself also directly
drive senescence, thereby propelling the systemic failure encoded by the
Central Dogma of Aging.

Proteostasis collapse

The proteome represents the entire set of proteins expressed by a genome
under specific conditions, and its alterations in aging are pivotal, manifesting
as loss of proteostasis—a core hallmark involving protein synthesis abnor-
mality, the accumulation of misfolded, aggregated proteins, PTM changes,
and impaired turnover.””* These changes contribute to inflammation, cell
dysfunction, and age-related diseases like neurodegeneration and sarcope-
nia. We summarize roles of proteostasis loss in aging through the perspec-
tives of anabolism (biosynthesis), modification, and catabolism (turnover)
(Figure 4).

Protein synthesis changes. Protein synthesis is a highly regulated
process where ribosomes assemble amino acids into polypeptides based on
MRNA templates, which comprises initiation (assembly of the 43S pre-initia-
tion complex with eukaryotic initiation factor 2 (elF2), GTP, and Met-tRNAI),
elongation (aminoacyl-tRNA delivery by eukaryotic elongation factor 1 alpha
(eEF1A) and peptide bond formation), and termination (release factors recog-
nizing stop codons). This process is energy-intensive and modulated by
signalings like mechanistic target of rapamycin complex T (mTORCT), which
phosphorylates the elF4E-binding protein 1 (4E-BP1) and ribosomal protein
S6 kinase (S6K1) to enhance cap-dependent translation.”"”** During muscu-
lar aging, the anabolic efficiency declines, leading to "anabolic resistance’,
wherein protein synthesis responds poorly to stimuli like amino acids or exer-
cise, contributing to sarcopenia. This resistance stems from reduced mTOR
activation, ribosomal stalling, and lower levels of initiation factors.'”"'*""" A
moderate suppression of translation in early adulthood extends lifespan by
reducing proteotoxic stress and error-prone protein production, as seen in
models with inhibited elF4E or elF4G."*""%"'* Age-related ribosomal dysfunc-
tion, including rRNA modifications and reduced polysome formation, impair
translational fidelity and favor the synthesis of shorter, dysfunctional
proteins.”'"#**? Reduction of translation machinery proteins, such as riboso-
mal subunits and elongation factors, was also evidenced by quantitative
proteomic, across aged tissues like skeletal muscle and brain.""*'"® The
anabolic deficits are correlated with upstream transcriptomic changes, such
as reduced mRNA levels for elFs, and downstream metabolomic shifts in

5

amino acid pools, forming feedback loops that exacerbate aging.”° A large-
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Figure 3. Transcriptomic alteration This model delineates the core mechanisms underlying transcriptomic alteration during aging, which stems from the dysregulation of three
fundamental processes: anabolism, modification (processing), and catabolism. The decline in biosynthesis is characterized by diminished transcriptional efficiency and reduced
fidelity, leading to increased gene expression noise. The abnormal modification encompasses erroneous alternative splicing, altered RNA modifications, and aberrant RNA edit-
ing such as A-to-I conversion, which collectively compromise RNA maturation and function. The collapse of catabolism is manifested as impaired RNA decay and toxic RNA
aggregation. These processes are interconnected, forming a self-reinforcing vicious cycle: the errors and noise from the synthesis stage burden the modification systems, while
the failures in modifications and degradation further amplify transcriptomic chaos, driving senescence and contributing to functional decline.

scale human proteomic study reveals blood vessels as an early-aging tissue
and the elevated growth arrest-specific 6 (GAS6) as a causal driver of vascu-
lar and systemic aging.”’

Altered post-translational modifications (PTMs). Proteome modifica-
tions involve a diverse array of PTMs, including phosphorylation, acylation,
ubiquitination, glycosylation, and oxidation, which dynamically regulate the
protein function, stability, localization, and interactions without altering the
underlying sequence. Molecularly, enzymatic PTMs like phosphorylation by
kinases (e.g., AMP-activated protein kinase (AMPK), cAMP/protein kinase A

(PKA) or acetylation by HATs (e.g., p300) enable rapid signaling transduction,
while deacylases like SIRT1 reverse them to maintain homeostasis.''"'*"”*
During aging, the PTM landscapes shift: increased non-enzymatic modifica-
tions from ROS, such as carbonylation and nitration, cause protein misfold-
ing and aggregation.'’*'” PTM crosstalk amplifies the effects; for example,
ubiquitination can follow phosphorylation, directing proteins to degradation,
however, aging disrupts this, leading to proteotoxic buildup.'® Enrichment-
based PTM proteomics (e.g., phospho- or glyco-proteomics), identify thou-
sands of age-specific sites; for instance, muscle PTM profiling reveals func-
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Figure 4. Proteostasis collapse This model delineates the contributing role of proteostatic collapse in aging through three interconnected processes—anabolism, modification,
and catabolism—revealing a self-reinforcing cycle of proteostasis failure. The impaired protein synthesis in aging manifests as translational disturbance and unresolved unfolded
protein response (UPR), generating error-prone polypeptides. Aberrant post-translational modifications (PTM), including single-type and chain-type modifications, cause func-
tion changes, or promote mislocalization and toxic aggregation. The catabolic abnormality depicts the ubiquitin-proteasome system and autophagy-lysosome pathway becomes
overwhelmed, resulting in defective protein degradation and disabled macroautophagy. These synchronously dysregulated processes create a vicious cycle that perpetuates and

amplifies proteome collapse during aging.

tion decline markers in long-lived species.'” Novel PTMs, like citrullination
and deamidation, are revealed and correlated with age-related disease
risk-HB,'HBJZZ

Loss of proteostasis. Catabolism involves the breakdown of proteins to
maintain quality control, primarily through the ubiquitin-proteasome system
(UPS) and the autophagy-lysosome pathway (ALP), collectively ensuring
proteostasis. UPS conjugates ubiquitin chains via E1 (activating), E2 (conju-
gating), and E3 (ligating) enzymes, marking proteins for 26S proteasome
degradation.””” Autophagy, categorized into macroautophagy, chaperone-

mediated autophagy (CMA), and microautophagy, sequesters substrates for
lysosomal fusion and hydrolysis.'**'*® During aging, the catabolic capacity
wanes: proteasome activity decreases due to oxidative damage and subunit
disassembly, while autophagic flux impairs owing to mTOR hyperactivation,
lysosomal acidification loss, and reduced ATG level, leading to aggregates
accumulation.'”"***“ In neurodegenerative diseases, such as Alzheimer's
disease, Parkinson's disease, and prion disorders, specific proteins (e.g., AB,
tau, a-synuclein, and PrP) undergo misfolding and aggregation, forming
amyloid fibrils."” These aggregates exhibit prion-like properties and can

8 The Innovation Life 4(4): 100262, October 19, 2026

www.the-innovation.org/the-innovation-life


https://www.the-innovation.org/the-innovation-life
https://www.the-innovation.org/the-innovation-life
https://www.the-innovation.org/the-innovation-life
https://www.the-innovation.org/the-innovation-life
https://www.the-innovation.org/the-innovation-life
https://www.the-innovation.org/the-innovation-life
https://www.the-innovation.org/the-innovation-life

promote the misfolding and aggregation of other native proteins via cross-
seeding or trans-seeding mechanisms.”' This proteostatic collapse triggers
cell aging and neurodegeneration.” Cells are primarily equipped with
aggrephagy, a selective form of autophagy, to clear these toxic aggregates.
This relies on a coordinated action of DNAJB6—HSPA/HSP70—HSPH1/
HSP110 chaperone module and the proteasomal 19S regulatory particle
(RPs), which collectively fragment and condense amorphous aggregates,
thus facilitating the clustering of selective autophagy receptor (SAR) and
formation of local phagophores.”™ With advancing age, the efficiency of this
clearance mechanism declines, leading to the accumulation of toxic aggre-
gates and exacerbating cellular dysfunction and aging. Emerging evidence
establishes LLPS as a critical mechanism linking proteostasis loss to aging.
RNA-binding protein RBM33 undergoes LLPS to bind CDKNTA promoter and
induce microglial senescence, accelerating hippocampal aging;'” conversely,
MRG15 condensation via its intrinsically disordered region delays senes-
cence in human mesenchymal stem cells (MSCs).'*’ Pharmacological modu-
lation of LLPS is emerging as a promising therapeutic to counteract protein
aggregation and restore proteostatic balance during aging."™

Metabolic reprogramming

The metabolome encompasses the complete set of small-molecule
metabolites within a biological system, reflecting the end products of cellular
processes and serving as a dynamic readout of physiological status in the
Central Dogma of Aging. Metabolome maintains its functional fidelity through
stoichiometric balance, metabolic fluxes, and enzyme kinetics." Aging
disrupts metabolic homeostasis, contributing to the hallmarks like deregu-
lated nutrient sensing, mitochondrial dysfunction, and altered intercellular
communication, which manifest in metabolic shifts toward inefficiency,
inflammation, and disease susceptibility.”"'***** Metabolic perturbations
include declines in energy metabolites like NAD', accumulations of pro-
inflammatory lipids, and imbalances in amino acid pools.”*>** Polyamines,
such as spermidine, also decline with age; this impairs elF5A hypusination
and reduces TFEB-driven autophagy.””” NAD"”"" spermidine, S-adenosylme-
thionine (SAM),”"* and gut-derived compounds, also regulate modifications
and functions of DNA, RNA and protein,”®*"**"* linking metabolic disturbance
to genomic instability, declined transcription and translation, and disrupted
nutrient signaling,”®”’" driving senescence and tissue functional decline.””®
Age-specific metabolic waves are revealed by integrated genomics, tran-
scriptomics, proteomics and metabolomics, where dysregulated metabolites
correlate with genomic instability and proteostasis loss.” At the molecular
level, metabolomic changes arise from imbalances in synthesis, chemical
modifications, and degradation.”””® Advanced techniques, like liquid chro-
matography-mass spectrometry (LC-MS) and nuclear magnetic resonance
(NMR), enable profiling of metabolomic alterations, developing of aging
clocks and identifying intervention targets.” We dissect the role of metabo-
lites in aging through anabolism (biosynthesis), modification (chemical alter-
ation), and catabolism (breakdown), incorporating both molecular and omics
evidence (Figure 5).

Deregulated biosynthesis. Metabolome anabolism encompasses the
biosynthesis of diverse molecules, including nucleotides, amino acids, lipids,
and carbohydrates. These metabolites are integral to inter- and intra-cellular
signaling, energy metabolism, and the construction of cellular structures,'*
which rely on enzymatic cascades; for instance, de novo lipogenesis (DNL)
synthesizes fatty acids via acetyl-CoA carboxylase (ACC) and fatty acid
synthase (FAS), regulated by sterol regulatory element-binding protein-1c
(SREBP-1c) and AMPK.'"*"#1%9141 Dyring aging, anabolic efficiency wanes,
leading to "metabolic anabolic resistance”; e.g., the branched-chain amino
acids (BCAAs) synthesis in muscle respond poorly to nutrients, resulting in
sarcopenia and insulin resistance.*'*"'*" The resistance may arise from
reduced enzyme activity, cofactor depletion (e.g., NAD* for sirtuins), and mito-
chondrial impairments that limit precursor availability, resulting in lowered
levels of anabolic intermediates like citrate in the TCA cycle.””' Aging declines
the biosynthesis of purine and pyrimidine, reducing folate cycle activity while
increasing oxidative burden.”*””** The metabolism of arachidonic acid (AA), a
polyunsaturated fatty acid, represents another central metabolic pathway
linking inflammation and aging.”***** AAis metabolized via the cyclooxyge-
nase (COX), lipoxygenase (LOX), and cytochrome P450 (CYP) enzyme path-
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ways into a series of highly bioactive eicosanoids, including prostaglandins
(e.q., PGE,), thromboxanes, and leukotrienes.'™ In aging, increased oxidative
stress and altered enzymatic activity often lead to enhanced production of
pro-inflalmmatory eicosanoids (e.g., PGE, LTB,), while synthesis of anti-
inflammatory or pro-resolving metabolites (such as lipoxins) may be
reduced.'*>”*" This imbalance drives chronic, low-grade systemic inflamma-
tion, which in turn affects other hierarchical levels—such as epigenetic regu-
lation and protein function—through signaling mechanisms, thereby promot-
ing aging and related pathologies.” The essential cofactor riboflavin (vita-
min B2) exhibits a paradoxical role in aging. Its uptake via the p53-target
SLCH2AT1 alleviates senescence by supporting mitochondrial complex 11,
whereas its moderate depletion extends lifespan in C. elegans through AMPK
activation,”” indicating that its optimal regulatory level is critical for metabolic
health. The targeted metabolomics reveals age-associated reductions in
anabolic metabolites, such as BCAAs and lipids, correlating with muscle loss
across cohorts.”” Nonlinear anabolic shifts were evidenced by longitudinal
studies, with midlife drops in synthesis rates, and as seen in metabolomic
aging.”” Single-Cell metabolomics uncovers aged fibroblasts with impaired
glucose anabolism leading to glycolytic intermediates buildup.”"***

Chemical alterations and conjugations. Modification of metabolome
refers to chemical changes that alter metabolite structure and function,
including oxidation, methylation, and acetylation etc., and conjugations like
glucuronidation and sulfation. At the molecular level, ROS induce oxidation,
such as lipid peroxidation forming malondialdehyde (MDA) or protein
carbonylation;'* the enzymatic modifications like N-acetyltransferase (NAT)
activity add acetyl groups to amines for excretion.'”'"** During aging, these
modifications accumulate aberrantly: increased ROS from mitochondrial
dysfunction leads to elevated oxidized metabolites (e.g., 8-oxo-dG), promot-
ing genomic instability. One-carbon metabolism (e.g., SAM for methylation)
declines, reducing metabolite methylation and altering histone/DNA marks.'*
AGEs accumulate via non-enzymatic glycation of sugars with amines, cross-
linking macromolecules and activating RAGE receptors to drive chronic
inflammation.'*® The untargeted metabolomics identifies age-specific modi-
fied metabolites, like dimethyl-guanosine and acetyl-carnosine, serving as
biomarkers in frailty studies."* Cohort analyses show ethnic and sex differ-
ences in modification profiles, with higher oxidative markers in aging popula-
tions predicting disease.'*

Disturbed degradation and breakdown. Catabolism in the metabolome
encompasses the breakdown of metabolites to generate energy and elimi-
nate waste, including pathways like glycolysis, B-oxidation, and the urea
cycle. Molecularly, glycolysis degrades glucose via enzymes like pyruvate
kinase (PK) to pyruvate, feeding the TCA cycle, while B-oxidationin mito-

chondria  breaks fatty acids into acetyl-CoA via  acyl-CoA
dehydrogenases.'™'** Catabolic flux impairs during aging: reduced mito-
chondrial efficiency slows down TCA cycle; accumulating intermediates like
succinate promote pseudohypoxia and inflammation.'*"'**"*" During aging,

catabolism of BCAAs declines due to lowered BCKDH activity, causing BCAAs
buildup and hyperactivation of mTOR, exacerbating insulin resistance.'**'®
Metabolomics shows that aging increases gut-derived toxins.'**'*® Multi-
omics links metabolic aging to mutations in catabolic genes and enzyme
declines.'*"*® Catabolic signatures predict human longevity, with protective

metabolites from the gut microbiome, and glucose metabolism slowdowns in

Interactions between the four layers

While the classical central dogma posits a partial bidirectional flow from
DNA to RNA to protein, the expanded Central Dogma recognizes bidirectional
and cyclic interactions (4C rule) among DNA, RNA, protein, and metabolite,
forming a complex regulatory network. The interactions are not merely linear;
they involve feedback loops, cross-talk, and nonlinear dynamics, for instance,
metabolites modulate epigenetic marks, proteins regulate transcriptome
stability, and genomic variants affect metabolism.”*** During aging, the
interactions weaken, causing systemic collapse; for instance, genomic insta-
bility alters transcriptome, which in turn disrupt proteostasis and
metabolomic flux, creating vicious cycles that accelerate the hallmarks of
aging like mitochondrial dysfunction and chronic inflammation.**#%%%

Genome-transcriptome interplay and feedback. Genomic mutations
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Figure 5. Metabolic reprogramming This model elucidates the hierarchical architecture of metabolic reprogramming during aging, arising from the dysregulation of three inter-
connected processes: imbalanced anabolism, altered modification, and catabolic disturbance. The chemical foundation of age-related metabolic deterioration is represented by
major metabolite classes—amino acids, carbohydrates, lipids and precursors, nucleotides, and other essential molecules. The manifestation of these processes in specific age-
related metabolic transformations is exemplified by their structural conversions: arginine-to-spermidine in polyamine metabolism, GA-3-P (D-Glyceraldehyde 3-phosphate)-to-
GLAP (Glyceraldehyde-derived pyridinium) transition in carbohydrate processing, arachidonic acid (AA)-to-prostaglandin E, (PGE,) transformation in inflammation, NR (nicoti-
namide riboside)-to-NMN (nicotinamide mononucleotide)-to-NAD* (nicotinamide adenine dinucleotide) pathway in nucleotide metabolism and redox homeostasis, and vitamin
B2-to-FAD conversion in cofactor regulation. These structural conversions create a self-reinforcing cycle that propagates metabolic dysfunction throughout the Central Dogma
of Aging, positioning metabolic reprogramming as both driver and manifestation of organismal aging.

and/or telomere shortening can lead to aberrant transcription, such as
increased noise or stochastic gene expression, contributing to cellular
heterogeneity as well as senescence.” A multi-omics study of human
prefrontal cortex across the lifespan found short, highly expressed house-
keeping genes accumulate mutations at the highest rate in aged neurons,
which is correlated with the transcription downregulation, and provides a
direct mechanistic link whereby genomic instability shapes the aging tran-
scriptome.”” R-loops, RNA-DNA hybrids that form during transcription,

provide a direct transcriptome-to-genome feedback. Age-related declines in
RNase H2 and Rat1 nucleases cause pathological R-loop persistence, which
stalls replication forks, triggers ATM/p53-mediated DNA damage response,
accelerates telomere attrition and cellular senescence.'”! Feedback also
occurs via IncRNAs that modulate chromatin structure, creating epigenetic
loops that stabilize or destabilize genome.*™*" At molecular level, histone
modifications and DNA methylation that evolve with aging, often lead to
global hypomethylation but local hypermethylation, and repress longevity
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genes but activate inflammatory pathways.””** The integration of epige-
nomics and transcriptomics in human cohorts demonstrate age-related
nonlinear shifts: midlife epigenetic changes are correlated with transcrip-

305

tomic deregulation in DNA repair genes.”'**"*" Aging disrupts the coherence
of methylome-transcriptome, leading to proteotoxic stress;™ " chronic
stress exacerbates the genome-transcriptome interplay by inducing ROS
which damages DNA, propagating errors to the transcriptome in model
organisms.*’

Transcriptome-proteome interface and dysregulation. The transcrip-
tome directs the proteome via translation, where mRNAs are decoded by
ribosomes into proteins. A panoramic proteomic atlas, for the first time,
systematically reveals the dynamic evolution of the proteome over a 50-year
lifespan, identifying transcriptome-proteome expression decoupling during
aging.”’ This interface further weakens with age;”” transcriptomic upregula-
tion of inflammatory genes (e.g., NF-kB targets) may not translate propor-
tionally to proteins due to ribosomal stalling or mRNA decay, leading to
proteostatic collapse.”” Senescence drives proteostasis collapse by crippling
stress-responsive transcription: despite intact stress sensing, senescent cells
fail to activate key transcriptional programs, including heat shock response,
alternative splicing, and ATF6-mediated UPR, leading to irrecoverable protea-
some dysfunction.””” Feedback from the proteome includes RBPs stabilizing
or splicing the transcripts, with age-related RBP mislocalization causing tran-
script accumulation and errors.”** Multi-omics reveals nonlinear dynamics in
human plasma: midlife transcriptomic waves predict proteomic shifts.”*’

Proteome-metabolome mutual shaping. The proteome shapes the
metabolome through enzymatic catalysis, where proteins like kinases and
oxidases convert substrates into metabolites, regulating energy homeostasis
and signaling. Aging-related loss of proteostasis impairs enzyme activity,
leading to metabolomic shifts such as NAD* depletion and lipid peroxidation
accumulation.””®?'" Reciprocal interactions occur as metabolites modulate
protein function via PTMs; for example, acetyl-CoA levels influence protein
acetylation, affecting enzyme kinetics. In human studies, proteomic aging
clocks predict metabolomic biomarkers of frailty, with shared pathways in
nucleotide metabolism.” These protein-metabolite interactions collectively
form a higher-level regulatory network of aging, provide a systems biology
foundation for developing precision geroprotective strategies.”’”

Metabolome-to-genome feedback and loop closure. Metabolome feeds
back to genome via metabolites acting as epigenetic cofactors: SAM enables
DNA methylation;”"® NAD" activates sirtuins for protein deacetylation.*'“*"
Aging-related metabolomic declines (e.g., one-carbon metabolites reduction)
lead to epigenetic drift, altering genomic stability and gene expression.*” This
creates cycles: genomic changes affect metabolism via altered enzyme
expression, in turn, metabolic byproducts influence DNA repair. The
metabolome-transcriptome  integration shows  microbiome-dependent
metabolic declines that impact nucleotide synthesis in aged mice.”’® In
humans, joint analyses link metabolomic signatures to the epigenetic clocks,
predicting mortality.”'

A hierarchy of evidence for metabolite-driven aging regulation

Evaluating the causal role of a given metabolite in aging requires integrat-
ing multiple lines of evidence: the strength of association with aging, speci-
ficity of molecular targets, and sufficiency and necessity via genetic or phar-
macological manipulations at cellular or organismal level. Based on these
criteria, evidence for metabolite-mediated regulation are categorized into
three tiers. (1) Causally established drivers possess well-defined molecular
targets and mechanisms, with both genetic and pharmacological interven-
tions establishing causality at the organismal level. For instance, NAD" serves
as the obligate co-substrate for sirtuins and declines with age; its precursor
nicotinamide riboside (NR) elevates NAD* levels in aged muscle stem cells,
improves mitochondrial function, and extends lifespan in mice, whereas Sirt7
conditional knockout abrogates the benefits, firmly establishing the
NAD*-SIRT1-mitochondria axis.”'® SAM functions as methyl donor for
H3K9me3 and maintains heterochromatin integrity; its age-related depletion
causes heterochromatin loss and DNA damage, while supplementation
restores these defects and improves muscle regeneration in aged mice.”***
B-Hydroxybutyrate (BHB) inhibits class | HDACs, suppresses NLRP3 inflam-
masome, and extends lifespan in C. elegans,™' while cyclic ketogenic diet
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reduces mid-life mortality in mice.*”” Spermidine induces autophagy, regu-
lates t lation, and extends lifespan across yeast, worms, flies, and
mice.”’"##%% g-Ketoglutarate (a-KG) supplementation compresses morbidity
and extends median lifespan in aged mice, with attenuation of systemic
inflammation and SASP.* In each case, multi-layered evidence, spanning
molecular mechanism, genetic manipulation, and organismal healthspan,
supports a causal role. (2) Indirect modulators exhibit compelling mechanis-
tic links to aging, but complete organismal validation of causality remains
incomplete. Acetyl-CoA acts as substrate for HATs driving H3K27ac and
INK4a transcription; its nuclear depletion induced by ACLY/ACSS?2 deficiency
or microbiota ablation triggers senescence, a phenotype reversible by
supplementation of acetate or SAHA.*****/ FAD directly binds to the catalytic
pockets of cGAS and RIG-I, suppressing nucleic acid sensing and type | inter-
feron-mediated inflammation; FLAD1 loss reduces FAD levels, aggravating
inflammation and senescence; FAD supplementation reverses the effects.*”
UDP-GIcNAc, an end-product of hexosamine pathway and a donor for N-
glycosylation and O-GlcNAcylation, enhances ER proteostasis via the IRE-
1/XBP-1 axis; its enhanced level alleviates proteotoxicity and extends lifes-
pan in C. elegans.”” Among short-chain fatty acids (SCFAs), acetate acti-
vates the SIRTT-NRF2 antioxidant axis, suppresses NF-kB-mediated SASP,
rescues endothelial aging, and extends lifespan in C. elegans and
Drosophila.”*" Yet, these metabolites lack complete reverse-genetic
evidence that chronic deficiency shortens lifespan; whether their supplemen-
tation consistently extends lifespan in normal aging also remains to be
systematically validated. (3) Associative candidates have been linked to aging
through multi-omics or observational studies, but causal mechanisms
remain unclear. Succinate level is elevated in aged hearts and correlate with
fibrosis severity; exogenous succinate inhibits autophagy and UPR™,
promotes a-synuclein aggregation and shortens lifespan in C. elegans.**’
Lactate regulates senescence through histone lactylation, modifying p53, NF-
kB, and other regulators™”. Ceramides accumulate in senescent T cells driven
by GIMAP5 deficiency.™* However, whether these metabolites are primary
drivers of aging or secondary consequences remains to be determined.
Collectively, this evidence spectrum, from causally established drivers
through indirect modulators to associative candidates, reinforces the
metabolome's dual role as both a readout and a driver of aging. It provides a
framework for distinguishing which metabolic changes are causal to aging
and which are merely correlative, a distinction that is essential for prioritizing
targets for geroprotective intervention.

Overall, the four layers form a resilient yet vulnerable network; aging erodes
their coherence, with reduced inter-layer correlations and increased stochas-
ticity.” Constraint-based modeling integrates layers to predict fluxes and
reveals aging-associated declines in microbial-host metabolic interactions.”'®
Targeting aging hubs (e.g., NAD* pathways) could restore balance and miti-
gate disruptions.””’

Lessons from nature

The remarkable diversity of aging trajectories and lifespans across the
animal kingdom provides compelling natural evidence that validates and
refines the Central Dogma of Aging. Genomic analyses of Pacific Ocean rock-
fishes, with lifespans ranging from 11 to over 200 years, pinpointed the posi-
tive selection of DNA repair pathways as a key genetic adaptation for extreme
longevity.™ Copy number expansion in the butyrophilin gene family, involved
in modulating inflammation, suggests a co-evolved adaptation at the tran-
scriptomic and proteomic layers to mitigate a major age-related
disturbance.” Research in diverse insects and Caenorhabditis elegans has
identified nuclear gene CG11837 (a DIMT1 ortholog) as a conserved regula-
tor of lifespan, which enhances mitochondrial oxidative phosphorylation and
links a transcriptomic regulator to the core of metabolomic anabolism.**
Evolution has optimized the proteome and metabolome layers for longevity.
The naked mole-rat exhibits exceptional resistance to age-related diseases,
owing to abundant high-molecular-mass hyaluronic acid (HMM-HA).™"# |t
directly protects cells from oxidative stress, improves gut barrier function
(preserving proteomic integrity), and systemically attenuates inflammation.
When the naked mole-rat HA synthase gene (hnmrHas2) was overexpressed
in mice, it increased HA levels, reduced cancer incidence, extended lifespan,
and shifted transcriptome signature toward that of longer-lived species.**
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Thus, nature's longevity solutions are not linear but orchestrated across the
genome, transcriptome, proteome, and metabolome, which bolster anabolic
repair, introduce protective modifications, and maintain efficient catabolic
turnover, thereby preserving the integrity and crosstalk between all layers of
the Central Dogma of Aging.

Exposome challenge: External modulators of aging

Exposome is conceptualized as the cumulative measure of environment
exposures that cells, tissues, organs, and individuals encounter, including
microenvironment change, systemic disturbance, dysbiosis, irregular lifestyle,
psychosocial pressure, and environment exacerbation. The exposome factors
constitute an integrated, multi-layered regulatory network that impinges on
the inner 4-layer core through a hierarchical relay architecture (Figure 6). The
microenvironment factor (e.g., H,0, O,, hormones, metabolite, ions, cytokines,
growth factors, immunoglobins, ECM and EVs etc.) directly interface with
cells and exert layer-specific effects. Some factors enter the cell by passive
diffusion, channels, carriers, endocytosis or membrane fusion, and influence
all four layers; others influence the surface proteins (receptors, antigens) and
lipid layer via direct interaction, and elicit cascading effect on the inner four
layers. Systemic disturbances (e.qg., hypertension, loss of immune surveil-
lance, diminished stem cell rejuvenation, deregulated CBT, and altered
microenvironmental factors that circulate systemically), dysbiosis (bacteria,
and virus), irregular lifestyle, psychosocial stress are transmitted, filtered, and
amplified through microenvironment changes before reaching the intracellu-
lar molecular layers and perturb the entire Central Dogma. Environment exac-
erbation affects cell states via directly interfacing with the inner four layers
(microgravity, radiation, disturbed light, oxygen, magnetic fields, or ambient
temperature), microenvironment change or systemic disturbance (pollutants).

Microenvironment change

Tissue microenvironment constitutes a proximate layer of exposome, serv-
ing as a primary interface through which systemic and some external expo-
sures exert their influence on cellular senescence.

Soluble factors. Dysregulated ionic homeostasis constitutes a critical
microenvironmental stressor that propagates aging. Central to this is the
calcium (Ca?) signaling. For instance, the age-related downregulation of the
TRPC3 channel leads to elevated mitochondrial Ca?* load, increasing oxida-
tive stress and driving cells to a pro-inflammatory, senescent state.” In
acidic microenvironment, acid-sensing ion channels (ASICla) and
mechanosensitive channels (Piezo1) are activated, triggering Ca* influx and
accumulation of ROS, which directly damage DNA and compromise RNA
polymerase Il activity.'**'#*#%*' AS|C1a degrades nuclear lamina protein
Lamin B1 via autophagy, a hallmark of senescence**** The inhibition of
Na*/K*-ATPase pump by compounds like ouabain selectively eliminates
senescent cells by disrupting crucial signal transduction and autophagy.***

Growth factors, cytokines, and immunoglobulins accelerate aging via inter-
connected mechanisms that disrupt the Central Dogma of Aging. The age-
related decline in growth hormone (GH) and insulin-like growth factor 1 (IGF-
1), a phenomenon known as "somatopause’, is associated with detrimental
changes in physical function.” Reduced activity of the GH/IGF-1 axis is
associated with longevity and may lower the risk of diabetes and cancer.**’ In
contrast, estrogen decline exacerbates osteoporosis and metabolic inflam-
mation.”“*** The vascular endothelial growth factor (VEGF) signaling declines
with aging owing to increased soluble VEGF receptor 1 (sVEGFR1), leading to
reduced tissue perfusion and capillary loss.****' Transforming growth factor-
B (TGF-B) induces deep senescent state under conditions like hypoxia.*****
Fibroblast growth factor 21 (FGF21) activates autophagy, thus alleviating
osteoarthritis.”** The accumulation of IgG across aged tissues induces
senescence in macrophages, fueling a pro-aging microenvironment.”*® The
chronically elevated inflammatory cytokines, such as IL-1B, IL-6, and TNF-q,
can drive genomic instability, and proteostatic collapse, referred to as
"inflammaging".>**® These diverse stressors converge to amplify SASP, which
reinforces inflammation, induces paracrine senescence, and disrupts tissue
structure, creating a feed-forward loop that systemically drives age-related
functional decline.””

Extracellular matrix and vesicles. During aging, ECM alters in composi-
tion, stiffness, and organization, and serves as a dynamic signaling hub that

actively modulates the Central Dogma of Aging. Matrix stiffening promotes
aberrant mechanotransduction, primarily through altered integrin-YAP/TAZ
signaling, which unleashes cGAS-STING signaling, while sustaining YAP
function rejuvenates senescent cells.™ It accelerates chondrocyte senes-
cence via the modification changes of the central dogma, such as HDAC3-
mediated deacetylation of Parkin and promoter methylation of a-Klotho, lead-
ing to mitochondrial dysfunction and age-related osteoarthritis.™***° Post-
menopausal decline in estrogen and progesterone exacerbates ECM disas-
sembly and senescence.”®' Age-related bone marrow stiffening induces HSC
aging and engineering a soft microenvironment ex vivo reverse HSC aging
and restore regenerative capacity.””> ECM fragments, e.g., elastin-derived
peptides, serve as matrikines disrupting intracellular proteostasis. ™

EVs are critical mediators of intercellular communication, and their cargo of
proteins, nucleic acids, lipids, and metabolites is essential for maintaining cell
homeostasis. EVs become dysregulated during aging and transforming from
vehicles for maintenance into potent vectors of aging. Senescent cells
secrete EVs that transfer specific microRNAs (like miR-34a) and proteins to
recipient cells, which may exacerbate genomic instability, disrupt proteosta-
sis, and fuel chronic inflammation, thus creating a feed-forward loop that
disseminates senescence.”™ EVs derived from young sources, such as the
plasma of young mice or human adipose-derived MSCs, counteract aging at
molecular, cellular, and physiological levels.”**" The rejuvenating effects are
mediated by cargos, which stimulate mitochondrial biogenesis via PGC-1a
activation and enhance antioxidant capacity via transfer of GSTM2 %6957
Thus, EVs offer a promise as regenerative therapies to counteract aging and
age-related decline.

Systemic disturbance

Hormones. Age-related hormonal imbalances constitute a critical
systemic factor that accelerates organismal aging. Estrogen promotes the
premature fusion of epiphyses by accelerating senescence of growth plate
chondrocytes.””" In human aging, menopausal transition represents a notable
shift in estrogen signaling, where the depletion of ovarian follicular reserves
causes circulating estrogen levels to drop precipitously to dramatically; this is
associated with a range of broader changes, including increased fracture risk,
accelerated bone turnover, and a heightened risk of cardiovascular
disorders.”™ Non-pituitary-derived GH increases with age and fosters a pro-
proliferative but repair-deficient microenvironment by suppressmg p53 and
attenuating DDR, thus accelerating aging-related pathologies.”

Water and electrolyte. \With advancing age, the ability to maintain water
and electrolyte balance declines. This micro-environmental factor directly
interferes with all layers of the Central Dogma by affecting molecular solubil-
ity, ion gradients, and enzyme activity. Aging is often accompanied by dimin-
ished thirst sensation, declining renal function, and altered hormonal regula-
tion (such as antidiuretic hormone), leading to mild dehydration and elec-
trolyte imbalances.” Common electrolyte abnormalities, such as hypona-
tremia and hypernatremia, occur more frequently in the elderly.” """ Aging is
associated with reduced activity of the renin-angiotensin-aldosterone system
(RAAS), leading to decreased potassium excretion capacity, and compen-
satory acid excretion under increased acid load.”"”

Blood pressure (hypertension). Chronic dysregulation of blood pressure
(BP) constitutes a significant systemic factor that accelerates aging through
chronic inflammation, oxidative stress, and endothelial dysfunction.”” These
processes promote genomic instability, epigenetic alterations, and mitochon-
drial damage, linking elevated BP and increased BP variability (BPV) directly
to the hallmarks of aging. Therefore, hypertension is not only a primary risk
factor for cardiovascular and cerebrovascular disease but also a major
contributor to collateral age- related conditions, including cognitive decline,
frailty, and loss of autonomy.”*** Beyond its traditional clinical implications,
BP dysregulation acts as a potent, systemic driver of aging, propagating
molecular and functional decline from the genome to the metabolome.

Immune surveillance. Immune surveillance machinery serves as a critical
mechanism for maintaining tissue health by efficiently eliminating senescent
cells, " however, which declines with aging, leading to the accumulation of
senescent cells in various tissues.”' The senescent cells can evade immune
clearance by expressing "senescence immune checkpoint” molecules. A
subset of senescent cells upregulates the immune checkpoint protein PD-LT;
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Figure 6. The Exposome: A hierarchical modulator of aging Schematic representation of the exposome as a multi-layered modulator of Aging. The innermost core depicts the

four layers; the outside circles represent exposome factors.

by interacting with its receptor PD-1, it inhibits the cytotoxic function of CD8"
T cells, allowing these PD-L1-positive cells to survive and accumulate.
Administration of PD-1 antibody in aged mice effectively removes these cells
and ameliorates aging.”* In non-oncogene induced senescent cells, sialyl-
transferase ST8SIA1 and subsequent disialylated ganglioside GD3 were
upregulated; the latter suppresses the cytotoxicity of natural killer (NK) cells,
conferring immune privilege to senescent cells; targeting GD3 successfully
attenuates pulmonary, liver fibrosis, and bone remodeling in aged animal
models.** Understanding the immune evasion mechanisms provides
promising targets for novel anti-aging strategies, such as immune check-
point blockade-based "senolytic" therapies, aiming to restore the body's
capacity to clear senescent cells and treat aging-associated diseases.™' "

: e
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Stem cell rejuvenation. During aging, tissue-specific stem cells manifest
as a decline in their self-renewal and regenerative capacity, directly contribut-
ing to degeneration and function decline.>****** This is driven by intracellular
cumulative damage across the Central Dogma of Aging, detrimental changes
in local microenvironment, and high turnover demand. Strategies for stem
cell rejuvenation have emerged as a convergent therapeutic avenue, revers-
ing this age-related functional decay.”**** These approaches integrate inter-
ventions across genome, transcriptome, proteome, and metabolome, lever-
aging intrinsic and extrinsic factors—from epigenetic remodeling (such as
partial reprogramming with Yamanaka factors) and metabolic manipulation
to niche modification (via parabiosis or senolytic clearance)—to restore stem
cell function.****>**" By targeting the core mechanisms of stem cell aging,
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Figure 7. Targeting the central dogma to mitigate aging This schematic illustrates a comprehensive strategy to combat aging through synergistic interventions that target both
its intrinsic biological and extrinsic environmental drivers. The framework concurrently addresses the core molecular hierarchies of the Central Dogma of Aging—encompassing
DNA (via DNA editing), RNA (through RNA editing and gene therapy), protein (by the activation, inhibition, and restoration of proteostasis), and metabolite (through metabolic
recalibration and redox balance restoration). In parallel, it implements active countermeasures against exposomal drivers, including: remodeling the tissue microenvironment via
cytokine neutralization, replenishment, ion rebalancing, and aggregate clearance; senolytic clearance, stem cell rejuvenation and serum replacement; reprogramming the micro-
biome; optimizing lifestyle with dietary restriction, circadian entrainment, exercise and joyful environment; and the developing of protective strategies against macro-environmen-
tal challenges, such as ultraviolet ray, temperature extremes, and alterations in atmospheric composition, etc. This integrated paradigm preserves molecular fidelity and physio-
logical resilience by simultaneously stabilizing cellular processes and modulating external environmental exposures. MF, magnetic fields; GR, gravity; LT, light; RAD, radiation; AT,

ambient temperature.

systemic inflammation and exacerbate neurodegeneration.*” These

elements form a multidimensional network through which microbes influ-
ence aging.

these promising strategies seek to enhance tissue homeostasis, improve
recovery from injury, and ultimately extend healthspan.
Dysbiosis. Microbial exposure serves as a critical exposome factor in

aging, driving systemic aging through diverse mechanisms: bacterial infec-
tions directly induce tissue damage;* the depletion of specific beneficial
microbes (e.g., Akkermansia muciniphila, AKK) erodes essential barrier and
metabolic support of the gut*® pathogens like viruses and prions induce

Bacterial infection. |_ung tissues from tuberculosis patients are charac-
terized by senescence, inflammation, and fibrosis, with downregulated
FOXO3 signaling and enhanced NF-kB-dependent thromboinflammation.®**
Beyond Mycobacterium tuberculosis, a broader mechanism involves bacte-
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rial genotoxins, such as cytolethal distending toxin (CDT), which induces DNA
damage in immune cells, leading to senescence in activated CD4" T cells.”"
During chronic mycobacterial infection, ensuing interferon-y (IFNy) response
provides a selective advantage for Dnmt3a-deficient HSCs, promoting clonal
expansion and linking chronic infection to aging-related clonal
hematopoiesis.™”

Gut microbiota. Emerging evidence positions gut microbiota, particularly
AKK, as a critical exposome factor that systemically influences aging. A
decline in AKK abundance is a hallmark of aged gut microbiomes across
species, from aging mice to centenarians, wherein its presence is notably
associated with longevity.™ Age-related decline of AKK causes translocation
of endotoxins, triggers CCR2* monocyte-mediated inflammation, and causes
insulin resistance via the expansion of 4-1BBL" B1a cells.”™ AKK also acts as
a key source of beneficial metabolites, notably acetic acid, which extends
healthspan in both invertebrate and mammalian models.**

Viral and prion. Viral infections, such as persistent cytomegalovirus (CMV)
and SARS-CoV-2, induce chronic inflammation and SASP, promoting senes-
cence and tissue dysfunction.”“*** Reactivation of ancient viruses produces
reverse transcription products (e.g., dsRNA) and viral particles, which trans-
mit intercellularly through paracrine or fluid-mediated mechanisms, amplify-
ing senescence signals in distal cells.”’® Prion represents another viral expo-
some factor that promotes age-related diseases. Prion protein (PrP) acti-
vates the endoplasmic reticulum (ER) glutathione peroxidase GPX8, reduces
ROS, and leads to polyunsaturated fatty acid phospholipids (PUFA-PLs)
accumulation, thus increasing cellular susceptibility to ferroptosis.**® N-
terminal soluble region of PrP is neurotoxic in vivo; key sequence KKRPKP
(CC1 region) surpasses a toxicity threshold and binds to membrane surfaces,
triggering rapid and lethal neurodegeneration.””

Irregular lifestyle

Irregular lifestyle constitutes a major modifiable exposome factor, exerting
profound and systemic influences on the Central Dogma of Aging. Dietary
components, such as specific amino acids, and fat, along with physical activ-
ity, serve as key environmental inputs that modulate metabolic homeostasis,
epigenetic regulation and gene expression, and proteostasis. These factors
either promote longevity, physiological resilience or accelerate aging, depend-
ing on their nature, timing, and context.

Amino acids. Specific amino acids, as exposome factors, act as potent
modulators of aging, with both restrictive and supplemental strategies show-
ing promise. Dietary restriction (DR) of certain amino acids emerges as a
powerful intervention. Methionine restriction (MetR) initiated in late life (18
months) improves metabolic health, neuromuscular and lung function, and
reduces frailty in mice.””” BCAAs restriction promotes metabolic health,
reduces frailty in midlife mice and extends lifespan.™ Conversely, impaired
BCAA catabolism in visceral adipose tissue activates mTORC1 signaling and
senescence.” Beyond restriction, supplementation of non-essential amino
acid asparagine (Asn) activates autophagy, inhibits intestinal stem cell (ISC)
hyperproliferation, and extends lifespan.’”

Lipids. Lipids constitute a critical exposome factor, with the systemic and
cellular deregulation being a central mechanism in aging. Circulating lipidome
undergoes significant, non-linear shifts, characterized by the accumulation of
specific lipid species like ceramides and a marked decline in ether-linked
phospholipids during aging.*”’ The changes occur in a gender-specific
manner, with men and women exhibiting distinct 'aging crests' at different life
stages, and point to impairments in lipid-driven bioenergetics, antioxidant
defense, and  cellular  signaling.””"  Specific  lipids, eg, bis
(monoacylglycero)phosphate (BMP), accumulate in aged mice tissues and in
human muscle, which can be mitigated by physical intervention.””” Molecu-
larly, epigenetic regulation of lipid metabolism is a key driver of aging, as
exemplified by ElovI2; its suppression disrupts polyunsaturated fatty acid
synthesis, induces ER and mitochondrial stress, and accelerates cellular and
organismal aging.”” Senescent cells accumulate cholesterol in lysosomes to
sustain mTORCT activity and SASP, linking lipid dyshomeostasis to chronic
inflammation.“**

High-fat diet (HFD) acts as an exogenous lipid stressor, rapidly inducing
cellular senescence in white adipose tissue (WAT), a process driven by ATP
overproduction that acts as a local danger signal’®. Senescent cells express-
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ing glycoprotein non-metastatic melanoma protein B (GPNMB) accumulate
under HFD, and senolytic elimination via a vaccination strategy ameliorates
metabolic dysfunction and reduces atherosclerotic burden.” Interventions
that bolster metabolic resilience by overexpression of FGF21 counter HFD
induced aging.””” Thus, lipid-exposures, from systemic metabolic shifts to
dietary intake, are powerful modulators of aging, operating via convergent
pathways of metabolic dysfunction, chronic inflammation, and cellular
senescence.

Caloric restriction (CR). CR elicits anti-aging benefits through remodeling
cellular and systemic landscape by slowing growth and development while
enhancing metabolic homeostasis.”” A key mediator is lithocholic acid (LCA),
which accumulates, binds to intracellular receptor, TUB-like protein 3
(TULP3), and activates the TULP3=Sirtuin—v-ATPase—AMPK axis to extend
healthspan and lifespan.*” Beyond specific molecules, CR reverses aging-
associated alterations in cell-type composition, reducing the accumulation of
pro-inflammatory immune cells like neutrophils, and rescues the expression
of aging-related genes across tissues.”” CR benefits are maximized not just
by calorie reduction, but also by circadian rhythms through daily fasting.”'”
Collectively, these findings delineate a multi-layered framework for CR,
encompassing a defined nutrient-sensing pathway, a systemic reversal of
transcriptional aging, and the potential for timing and diet quality to emulate
its potent geroprotective effects.***!”

Exercise. Exercise stands as a potent, non-pharmacological factor that
systemically counteracts the aging process. Exercise promotes a youthful
methylome and transcriptome profile in human skeletal muscle.”'”® Exercise
upregulates myokine Cardiotrophin-like cytokine factor 1 (CLCF1), improving
physical performance, glucose tolerance, mitochondrial activity, and bone
health in aged mice.”'" Exercise also enriches the metabolite betaine, which
exerts geroprotective effects by inhibiting TBK1.“"® At the cellular level, exer-
cise ameliorates age-associated inflammation, reduces senescence, and
rejuvenates stem cell function by restoring the transcriptomic landscape and
intercellular communication within stem cell niches.”'*"'® Critically, these
molecular benefits can translate into long-term systemic improvements, as
early-life exercise in mice confers lasting healthspan benefits, including
enhanced metabolism and reduced frailty in old age.”'” Collectively, by clear-
ing senescent cells, reducing the burden of SASP, and counteracting age-
related ECM stiffening, exercise remodels tissue microenvironment, and
solidifies its role as a cornerstone of healthy aging.”"*'**"®

Psychosocial stress. Psychological and social stress, and depression
constitute potent exposome factors that systemically accelerate aging by
dysregulating neuroendocrine pathways and inducing measurable molecular
alterations. Chronic social stress can directly induce neuronal DNA damage
and senescence in a p16™“-dependent manner, particularly in the brain and
peripheral tissues, linking psychosocial adversity to hallmark of aging.”'®
Social stress is independently associated with accelerated immune aging,
marked by reduced naive but increased terminally differentiated T cells.*"”
Chronic stress is associated with accelerated epigenetic aging as measured
by clocks like GrimAge.*”” The underlying mechanism involves specific neural
circuits like the central amygdala to dorsal motor nucleus of the vagus path-
way, which impairs ISC function and promotes an aging-like decline through
cholinergic signaling, independent of inflammation or microbiota.*

Environment exacerbation

Earth elements such as light, irradiation, oxygen, temperature, gravity,
magnetic field, and pollutants serve as critical environmental inputs that
disrupt the molecular circadian clock, trigger genomic instability, induce
oxidative stress, and overwhelm proteostatic capacity. These factors either
accelerate functional decline or be harnessed for potential interventions,
depending on their nature, intensity, and timing. Environment exposures,
except some pollutants, can directly assault the four intracellular layers, e.q.,
damaging DNA, disrupting transcription, translation, compromising
proteostasis and disturbing energy metabolism, which underscore environ-
ment exacerbation as pivotal drivers of aging.

Light-dark cycle. Earth's rotation around the sun creates a light-dark cycle
and controls circadian rhythms, which enable organisms to synchronize
internal biological processes.””” This systemic timekeeper comprises a
central pacemaker in the suprachiasmatic nucleus (SCN) that coordinates
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peripheral cellular clocks via humoral, neural signals, temperature, feeding
and fasting.”” At the molecular level, the cell-intrinsic clocks are driven by a
series of transcriptional-translational feedback loops of core clock genes
(e.g., CLOCK, BMAL1, PER, CRY), which in turn regulate rhythmic expression
of numerous genes governing cellular functions.””* The endocrine system
exhibits circadian oscillations, with insulin, cortisol, melatonin, and growth
hormone displaying diurnal patterns that synchronize feeding, sleep, periph-
eral clocks and activities.””***® The integrity of these rhythms is intrinsically
linked to aging. High-amplitude circadian rhythms are associated with well-
being and longevity in animals,”*" whereas circadian amplitude dampens and
phase shifts accelerate aging.“**”’ Mice with genetically disrupted Bmal7
exhibit shortened lifespan and premature aging.**” Senescence impairs circa-
dian gene expression®' Core molecular clocks like BMAL1 and CLOCK also
play non-canonical, transcription-independent roles in stabilizing heterochro-
matin and repressing retrotransposons, thus counteracting cellular senes-
cence in primate stem cells.*****

Oxygen. Both hyperoxia and hypoxia constitute significant exposome
factors. Chronic exposure to high O, level induces oxidative damage to DNA,
proteins, and lipids, accelerating age-related decline.”™ Conversely, intermit-
tent hypoxia, as in sleep apnea, is linked to inflammation, and increased risk
for cardiovascular and cognitive decline.”*® Notably, housing mice in a
hypoxic environment (11% oxygen, equivalent to an altitude of 5000 meters)
extends lifespan by approximately 50% and delays the onset of neurasthenia.
Thus, tight regulation of oxygen homeostasis is critical for health and
longevity.**

Ambient temperature (AT). AT is a critical exposome factor that bidirec-
tionally modulates aging via its profound impact on cellular and systemic
homeostasis. Chronic exposure to high temperatures accelerates molecular
aging, as sustained heat stress overwhelms the proteostatic capacity of
molecular chaperones, leading to proteasome overload and protein aggrega-
tion.”" This is compounded by heat-induced declines in transcriptional
fidelity and elevated replication error rates, with epidemiological studies
showing that for every 1.3°C increase in AT, biological age increases by an
average of 0.023-0.031 years.”* On the other side, cold exposure extends
lifespan by enhancing proteostasis through the activation of the proteasome.
In Caenorhabditis elegans, cold temperature (e.g., 15°C) upregulates PSME-3,
the orthologue of human PA28y/PSME3, which selectively activates trypsin-
like proteasome, improving protein degradation and reducing aggregation of
disease-related proteins, thereby promoting longevity.“”” Cold acclimation in
humans enhances autophagy and reduces apoptotic signaling, improving
cellular cold tolerance.” In rodents, lower the core body temperature (CBT) is
linked to extended lifespan, and interventions that reduce the CBT, such as
CR, contribute to longevity.*"'

AT is sensed by cutaneous nerves via the transient receptor potential (TRP)
channels;* the signals are then transmitted to the preoptic area (POA) in the
hypothalamus, which initiates/suppresses thermogenesis in brown adipose
tissues (BAT) to maintain CBT.“* Aging impairs cold adaptation, primarily
attributable to senescence of beige adipocyte progenitors, which blunts ther-
mogenesis.“ Subcutaneous white adipose lipoatrophy in a progeria mouse
model exacerbates cold stress, induces PGE, and causes high CBT and
accelerated aging.**” Overexpression of uncoupling protein 2 (UCP2) in
hypocretin neurons reduces CBT and prolongs murine lifespan;*® conversely,
mice exposed to hot AT display elevated CBT and reduced lifespan.*' Indeed,
modest, sustained reduction in CBT is a key feature of CR, which is mecha-
nistically linked to enhanced metabolic efficiency, and raising AT to ther-
moneutrality reverse a significant portion of systemic and hypothalamic
metabolic benefits.”***" Thus, thermal exposome factor serves as a potent
modulator of aging: excessive heat promotes molecular decay and acceler-
ates epigenetic age, while regulated hypothermia and preserved cold adapta-
tion are linked to longevity and metabolic vitality.

Irradiation, microgravity and pollutants. Environment degradation, espe-
cially loss of irradiation protection and microgravity, creates a distinct expo-
some factor. lonizing and ultraviolet radiation are potent inducers of DNA
damage, including DSBs and oxidative base modifications. Sustained DDR
triggers  cellular senescence.”®***  Microgravity induces cardiovascular
deconditioning, musculoskeletal atrophy, and immune dysregulation,*"**
and inhibits embryonic stem cells (MESCs) proliferation and induce senes-

cence and apoptosis.” At the molecular level, Piezo1 acts as a mechanical
sensor; its activation by a stiffened microenvironment induces calcium over-
load, resulting in mitochondrial dysfunction.”* These findings highlight roles
of mechanical forces in tissue homeostasis and mirror aspects of terrestrial
aging.

Pollutants like arsenic and benzene cause DNA hypermethylation, thus
silencing DNA repair genes via DNMT upregulation.” Components like pesti-
cides are correlated with epigenomic shifts in aging.”*® Phthalates and
bisphenols can impair RNA polymerase |l recruitment, reducing transcription
rates,”” and atmospheric pollutants like nitrogen dioxide (NO,) directly inter-
act with RNA Pol I, resulting in aberrant transcriptional elongation and
increased alternative splicing events.***

Therefore, the exposome function as key drivers of aging, systemically
corrupting the delicate balance of anabolic, modificatory, and catabolic fluxes
across the Central Dogma of Aging. This central role positions the exposome
as prime targets for strategic interventions aimed at preserving molecular
fidelity and promoting healthy longevity.

Targeting the central dogma to mitigate aging

The Central Dogma of Aging provides a structured framework for the iden-
tification of therapeutics to mitigate age-related decline, aiming to restore the
balances in anabolism, modification, and catabolism across the genome,
transcriptome, proteome, metabolome, and address exposome influences. To
this end, a diverse arsenal of targeted strategies is emerging, which are
broadly categorized into interventions targeting the intrinsic layers of the
Central Dogma and those modulating the extrinsic exposome (Figure 7).

At the genomic level, interventions aim to boost endogenous DNA repair
capacity and counteract instability.'* Relaxing chromatin structure by chloro-
quine extends lifespan via the ATM-SIRT6 axis.*”” DNA editing using CRISPR-
Cas9 system on aging-related loci (e.g, FOXO3) alleviate genomic
damages.” Targeting master regulators like the DREAM complex elevates
global DNA repair gene expression,”®’ and gene editing is employed to correct
specific repair defects, as demonstrated in progeria models.””* Atthe tran-
scriptomic level, partial reprogramming through short-term cyclic expression
of Yamanaka factors reverses cellular and physiological hallmarks of aging
and extends lifespan in progeroid mice.”®” RNA therapeutics with antisense
oligonucleotides (ASQOs) correct splicing defects in neurodegeneration.

Proteomic strategies focus on protein a(nta)gonists, (de)stabilizers and
bulk degradation, collectively proteostasis restoration. PTM modulators, such
as sirtuin activators (e.g., resveratrol) or kinase inhibitors, show potentlals to
correct PTM errors, restore youthful profiles and extend healthspan. %%
The treatment with HDAC inhibitor vorinostat and DNMT inhibitor azacitidine
reverses age-related methylation patterns in human trials.” Telomerase acti-
vator TA-65 extends telomeres, delaying cellular senescence, and improves
healthiness.*” Exosome activator can enhance RNA turnover, preventing
accumulation of damaged transcripts in senescence models.””' Enhancing
the function of elongation factor P-TEFb alleviates age-related transcrip-
tional noise and errors.”® Specifically targeting the cGAS-STING pathway
suppresses SASP and inflammation that drive aging.”® A cocktail of chemi-
cal reprogramming restore youthful transcript profiles in human cells.*"”
Enhancing proteome catabolism with autophagy inducers (e.g., spermidine,
rapamycin) or proteasome activators restores proteostatic balance and
extends lifespan.*’'*"* Metformin activates AMPK for efficient breakdown,
predicting longevity in metabolomic clocks.”” Natural compound myricetin
activates proteasome, improving clearance of damaged proteins in aging
cells.*™

Metabolomic interventions recalibrate homeostasis by metabolite boost-
ing, scavenging, restriction and supplementation. NAD* boosters (e.g., nicoti-
namide mononucleotide, NMN; nicotinamide riboside, NR) activate sirtuins,
improve mitochondrial function, ameliorate pulmonary hypertension, and
extend lifespan in rodent models.””"" SAM supplementation improves
muscle regeneration;”*** a-KG extends median lifespan in aged mice,” and
spermidine extends lifespan across speoles 210525524 Antioxidant NAC  allevi-
ate oxidative stress and AGE accumulation.””” Supplementation of Omega-3
polyunsaturated fatty acid (PUFAS) counteracts aging by activating PPARq,
enhancing fatty acid B-oxidation, and improving energy metabolism.*"**"’
Methionine restriction extends lifespan in models by improving metabolic
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homeostasis.'*

Targeting the exposome

The pervasive influence of the exposome on the Central Dogma of Aging
necessitates strategic intervention by mitigating harmful exposure and rein-
forcing protective factors. Targeting the exposome is not merely about avoid-
ing toxins; it is about actively shaping the molecular microenvironment to
maintain fidelity across the genome, transcriptome, proteome, and
metabolome. The interventions are categorized based on their level of action,
from targeted molecular approaches to systemic lifestyle changes (Figure 7).

The proximate cellular environment is a critical therapeutic target. Inter-
ventions include replenishing depleted growth factors, such as restoring
GDF11 levels to reverse age-related cardiac hypertrophy'’, and neutralizing
harmful cytokines, e.g., deploying anti-IL-11 therapy to extend lifespan® or
targeting IL-17 to ameliorate skin aging.”* The administration of youthful EVs
is an experimental frontier aiming to directly supply rejuvenating cargo to
aged cells, which restores transcriptional networks, mitochondrial
metabolism, and antioxidant defenses.” " Targeting senescent cells and
thereby the deleterious SASP has emerged as a powerful strategy to break
the vicious cycle of aging.*’ The genetic ablation of p16™*-positive cells
delays age-related deterioration and extends healthy lifespan in transgenic
models.”®” Pharmacologically, senolytics such as the combined dasatinib and
quercetin (D + Q) or Venetoclax inhibit anti-apoptotic genes (BCL-2, BCL-XL),
thereby selectively eliminating senescent cells.“***® This clearance has been
shown to reduce the systemic burden of key aging biomarkers (IL-23R,
CCL5), ameliorate physical dysfunction, and increase lifespan in aged
mice. ™% n parallel, senomorphics such as metformin, rapamycin, or
ruxolitinib suppress the SASP without eliminating senescent cells, offering a
complementary pharmacological approach to reduce the aging-related
chronic inflammation.”®” Beyond small molecules, innovative strategies are
harnessing the immune system for senolytic activity. Vaccination targeting
senescent cell-specific antigens, such as GPNMB or the surface protein
CD153, has been shown to generate antibody responses that facilitate the
clearance of senescent cells, improving metabolic health and extending lifes-
pan in mice models of aging and atherosclerosis."*** Taking this a step
further, adoptive cell therapy using chimeric antigen receptor (CAR) T cells
engineered to target senescent cell surface markers (such as UPAR or
NKG2D ligands) has demonstrated remarkable efficacy in treating aging and
age-related diseases. !

Complementing the clearance of senescent cells, stem cell rejuvenation is
a powerful regenerative strategy. Direct supplementation with young or
healthy stem cells, such as CD133" endothelial-like cells, has been shown to
restore tissue function and extend lifespan in both progeroid and naturally
aged mice.””” The efficacy of this approach can be enhanced through genetic
engineering; for instance, the senescence-resistant human mesenchymal
progenitor cells (SRCs) systemically reduce aging hallmarks and improved
cognitive function without adverse effects in aged non-human primates.*”* In
addition, a single transfer of aged blood is sufficient to induce cellular senes-
cence and tissue aging phenotypes in young mice; crucially, this pro-geronic
effect is abrogated if the aged blood is first cleared of senescent cells, prov-
ing that senescence is not merely a cell-intrinsic fate but a systemically
transmissible  phenomenon that can be countered by senolytic
interventions.**

Microbiome engineering via prebiotics, probiotics, or fecal microbiota
transplantation favorably alters the gut-derived metabolome, which in turn
influences host epigenetic marks and dampens inflammation, thereby allevi-
ating aging.”*'*** Dietary patterns like CR or its mimetics act as systemic
exposomal modulators.”"* A specific high-fiber diet that replaces 30% of
macronutrients with indigestible cellulose was found to induce robust CR-like
transcriptomic and metabolomic profiles, and reverse declines in motor and
cognitive functions in aging mice.'” Circadian-aligned lifestyles, including
regular sleep-wake cycles and timed feeding, reinforce robust transcriptional
rhythms, enhance proteostasis, and optimize metabolomic flux, thereby
buffering against the disruptive effects of shift work and light pollution.**#*
Structured exercise remodels the systemic milieu by reducing the SASP
factors, promoting youthful epigenetic and transcriptomic patterns in muscle,
and stimulating the release of protective myokines and metabolites like
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betaine, which systemically improve proteostasis and mitochondrial
function.*"**"®

Collectively, a multi-pronged strategy that concurrently reduces damaging
exposures, amplifies protective signals (e.g., through diet and exercise), and
corrects the aged microenvironment (e.g., via senolytics) holds immense
promise for intervening in aging. The framework of Central Dogma of Aging
posits that the most effective interventions will be those that create a virtu-
ous cycle, stabilizing one layer to impart resilience to others, e.g., exercise
(proteome/metabolome) induces epigenetic changes (genome) that favor
metabolic health, which in turn supports genomic stability.

CONCLUSIONS

The Central Dogma of Aging integrates the four layers with dynamic
processes and exposome influences, offering a novel lens for understanding
and combating aging and age-related decline. It enhances our understanding
of aging in the following aspects: (1) The 4C rule (C'oding, C%atalysis, C’onsti-
tution, C*atabolism) provides a mechanistic grammar for inter-layer commu-
nication, explicitly defines bidirectional feedback loops, and transforms aging
from a list of parallel events into a closed-loop system. (2) The RNA layer is
elevated from a passive intermediary to an active regulatory hub. It is not
merely an outcome of transcriptional or epigenetic changes, but also is an
independent and critical aging driver, with its own anabolic—modificatory—
catabolic imbalances. (3) The framework identifies a directional cascade,
termed as "first trigger” logic. Unlike the co-occurring hallmarks, the frame-
work posits a propagation sequence: the genomic insults to transcriptomic
errors, RNA defects to dysregulated translation, proteostatic collapse to
metabolic reprogramming, and feedback to genome via metabolites (loop
closure), thereby generating experimentally testable predictions. (4) The
model positions the metabolite as not only a readout but a driver of aging,
which functions as signaling molecules, enzyme cofactors, and epigenetic
substrates that feed back to the genome, transcriptome, and proteome. (5)
The framework positions exposome as a hierarchical modulator that
impinges on intracellular molecular layers, bridging external drivers to inter-
nal molecular circuitry of aging. The five aspects—4C rules, RNA layer as
active hub, directional propagation logic, metabolomic causality, and expo-
some integration—are woven to a unified framework that organizes known
phenomena into a predictive, and hierarchical architecture. The framework
underscores that aging is not merely a linear decline but a nonlinear, self-
reinforcing process wherein dysfunction at any level propagates across
layers, accelerating systemic failure. It offers practical guidance for aging
biomarker discovery, intervention design, and experimental validation. The
most informative biomarkers are those that capture information flow across
layers not static single-layer measurement. The hierarchical and "first trigger”
logic provides a basis for distinguishing causal drivers from correlative read-
outs, enabling rational prioritization of intervention targets. The exposome
integration highlights the need for multi-scale strategies.
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