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Abstract

The classical paradigm of aging frames the process as the stochastic accumulation of molecular and cellular damage.
While this model catalogs numerous hallmarks of decline, it fails to explain the profound plasticity and phenotypic
reversibility demonstrated by interventions such as partial reprogramming and observed in robustly regenerative
organisms. This article posits a shift from a damage-centric to an information-centric theory of aging. I propose that
aging is, at its core, the progressive corruption and loss of coherent biological information necessary to maintain
cellular identity and systemic coordination. Within this framework, the cell is conceptualized as a non-equilibrium,
multi-scale information-processing entity. Longevity, therefore, hinges not merely on molecular repair, but on the
active preservation, error-correction, and synchronization of information across genomic, epigenetic, proteomic, and
metabolic layers. I argue that targeting the fidelity of biological information—moving beyond damage repair to systems-
level information stabilization—represents a foundational strategy for attenuating, halting, or reversing biological
aging. This perspective culminates in the conceptual target of a time-stable cellular system, wherein aging manifests as
escalating informational noise and desynchronization, and rejuvenation is achieved through information restoration.
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1. Introduction: The Need for a Unifying Principle in Aging
Biology

Decades of research have cataloged a suite of molecular and
cellular alterations associated with aging: genomic instability,
telomere attrition, epigenetic alterations, loss of proteostasis,
mitochondrial dysfunction, and cellular senescence, among
others. While these "hallmarks" provide a mechanistic inventory,
they lack an integrative, first-principles logic that explains the
directional, time-dependent nature of phenotypic decline [1-5].
What is the fundamental parameter that degrades, giving rise to
this constellation of symptoms?

Here, I advance a unifying hypothesis: Aging is the time-dependent
erosion of the coherent biological information required to establish
and maintain a functional cellular state within its tissue context
[6-10].

In this paradigm, the well-documented molecular "damage" is not
the root cause but a secondary consequence—a material readout
of underlying informational decay [11]. This reframing reconciles
the apparent irreversibility of aging in mammals with the striking
reversibility evidenced in reprogramming and regeneration,
suggesting the primary lesion is corrupt software, not irrevocably
destroyed hardware [12-17].
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2. The Cell as a Hierarchical, Non-Equilibrium Information

System

To move beyond metaphorical use, I formally model the living

cell as an open thermodynamic system that maintains its ordered

state through the continuous flow, processing, and preservation
of information. It is a multi-layered informational architecture
operating far from equilibrium:

¢ Information Encoding: Stable storage in nucleic acid
sequences (genome) and more labile, context-dependent
marking of chromatin (epigenome) [18].

¢ Information Processing & Integration: Dynamic regulatory
networks (transcriptional, signaling) that interpret encoded
data to execute cellular programs [19-22].

e Error Detection & Correction: Dedicated subsystems
(DNA repair, ubiquitin-proteasome and autophagy-lysosome
pathways, chaperone networks) that identify and rectify noise
in the informational stream.

e Temporal Synchronization:

Oscillatory systems (e.g.,

circadian clocks, metabolic cycles) that coordinate internal
processes with environmental periodicity.

The functional robustness of the cell, I contend, depends on

the fidelity and coherence of information across four primaries,

interacting tiers:

¢ Genetic Layer: The digital base sequence (high long-term
stability).

e [Epigenetic Layer: The analog chromatin state and
transcriptional profile (medium-term, plastic stability).

¢ Proteomic Layer: The quantity, folding, modification, and
localization of proteins (short-term stability).

e Metabolic-Signaling Layer: The fluxes, concentrations,
and spatial dynamics of metabolites and second messengers
(highly dynamic).

Aging, then, is the manifestation of declining signal-to-noise ratios
and increasing desynchronization between these tiers [23-30].
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Figure 1: The Hierarchical Information Architecture of the Cell

A schematic representation of the cell as a multi-tiered information-
processing system [31]. Information flows from the stable, digital
genetic layer (DNA sequence), through the plastic epigenetic
layer (chromatin states), to the dynamic proteomic layer (protein

networks), and culminates in the highly fluid metabolic-signaling
layer (metabolites, ions) [32-40]. Arrows depict the bidirectional
flow of information and error-correction feedback loops (e.g., DNA
repair, chaperone systems, mitophagy) that maintain coherence.
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Aging disrupts the fidelity and synchronization between these
layers.

3. The Dynamics of Informational Noise: From Stochastic

Fluctuations to Systemic Failure

I define biological noise as stochastic perturbations that degrade

the precision of information transmission within and between

the layers described above. Key sources of age-associated
informational noise include:

i. Epigenetic Drift: The cumulative stochastic loss of DNA
methylation patterning and histone mark precision, blurring
transcriptional identity.

ii. Transcriptional Bursting & Splicing Noise: Increased
variability in gene expression output and mRNA isoform
generation.

iii. Mitochondrial Heteroplasmy & Communication Failure:
The clonal expansion of defective mitochondrial genomes
and breakdown in organelle-nucleus signaling (mito-nuclear
cross-talk).

iv. Proteostatic Collapse: The increased burden of misfolded
proteins and formation of non-functional aggregates,
corrupting the proteomic data layer [41-45].

Over time, the rate of noise generation surpasses the capacity
of error-correcting subsystems [46-48]. This leads to a positive
feedback loop of informational entropy: loss of cell type-specific
gene expression patterns (identity), impaired stress response
and fate decision-making (function), and ultimately, tissue-level
dysfunction. The unidirectionality of this noise accumulation
underlies the biological arrow of time [49].

4. Re-framing Evidence: The Reversibility of Informational

States

A critical strength of the information-theoretic framework is its

capacity to explain empirical observations that challenge the

irreparable damage model:

* Partial Reprogramming: The transient expression of
Yamanaka factors (Oct4, Sox2, Klf4, c-Myc) can reset age-
related epigenetic noise and restore youthful transcriptomes

without altering cellular identity, effectively "rebooting" the
epigenetic information layer [50-53].

* Senescence: Senescent cells often possess largely intact
genomes but are locked into a stable, dysfunctional
informational state characterized by a pathological secretory
profile (SASP), representing a profound failure of regulatory
information processing.

* Biological Regeneration: Organisms like planarians and
hydra demonstrate that a precise, spatially organized body plan
can be regenerated from adult somatic cells, indicating that the
necessary instructional information for a youthful, functional
state persists but becomes inaccessible or dysregulated with
age [54,55].

I interpret these phenomena not as evidence against aging, but as
evidence that its core component—informational coherence—is
subject to modulation and restoration.

5. Engineering Time-Stable Cellular

5.1. Systems: A New Paradigm for Longevity

I define a time-stable cellular system as one engineered or evolved

to maintain a defined functional state indefinitely. Its hallmarks

are:

i. High-Fidelity Information Storage: Enhanced stability of
epigenetic memory and genomic integrity [56-60].

ii. Active Noise Suppression: Augmented capacity for
proteostasis, organelle quality control, and macromolecular
repair [61].

iii. Cross-Scale Synchronization: Reinforced coupling between
metabolic, transcriptional, and circadian oscillators.

iv. Robust Identity Preservation: Resilience of gene regulatory
networks to stochastic perturbation [62-65].

In this view, achieving longevity is not a quixotic quest to halt
thermodynamics but a tractable engineering challenge: the active
management of biological information entropy [66,67]. The goal
shifts from indefinite material repair to the maintenance of a
coherent, self-correcting informational state [68-75].
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Figure 2: The Dynamics of Informational Noise and the Biological Arrow of Time

A conceptual graph illustrating the balance between information-
generating/correcting processes and noise-generating processes
over a lifespan [76-85]. In youth (left), robust error-correction
mechanisms (blue line) outpace the accumulation of stochastic
noise (red line), maintaining a high-fidelity cellular state [86-90].
With age, error-correction capacity declines while noise generation
accelerates, leading to a crossover point and the exponential
accumulation of informational entropy [91,92]. This irreversible
divergence defines the biological arrow of time and underlies
phenotypic aging [93-96].

6. A Unifying Lens for Gerotherapeutic Interventions

The information-preservation framework provides a cohesive

rationale for diverse and seemingly distinct longevity strategies:

* Epigenetic Reprogramming: A targeted '"reset" of the
corrupted epigenetic information layer.

e Proteostasis Enhancers (e.g., HSP inducers, autophagy

activators): Amplification of noise-reduction systems in the
proteomic layer [97].

e Mitochondrial Quality Control (e.g., mitophagy inducers):
Restoration of signal fidelity in energy and metabolic
signaling.

e  Senolytics: The selective removal of cells that have entered
a pathological, informationally incoherent state (senescence),
eliminating a source of noise for neighboring cells [98,99].

*  Metabolic Modulators (e.g., mTOR inhibitors, AMPK
activators): Interventions that tune the dynamic signaling
layer to promote error-correction and suppress noise-
generating processes like anabolic drive [100-105].

Thus, I propose these interventions are not merely tackling parallel
"hallmarks" but are convergent on the singular objective of
preserving informational fidelity across cellular subsystems.

J. Archit. Eng. Built Environ, 2026

Volume 1 | Issue 2 | 4



A. AGED STATE

B. REJUVENATED/TIME-STABLE STATE

Epigentetic Reporramming Protectatis

E‘j — = -y Semolyis

\ y Proteodatis
‘Enhancnent

Figure 3: Engineering a Time-Stable Cellular System: From Noise to Coherence

A comparison of cellular aging states through an information-
theory lens [106-110]. Panel A (Aged State): Depicts a cell
with high entropy—characterized by disorganized epigenetic
marks (faded histone modifications), misfolded proteins (red
aggregates), dysfunctional mitochondria, and a dysregulated,
noisy transcriptome [111,112]. Panel B (Rejuvenated/Time-Stable
State): Shows the result of information-preserving interventions
[113-118]. The system exhibits restored coherence: precise
epigenetic patterning, a clear proteome, healthy mitochondria, and a
synchronized, low-noise gene expression profile. Key interventions
(epigenetic reprogramming, proteostasis enhancement, senolysis,
etc.) are shown as tools re-establishing order [119].

7. Conclusion and Future Perspectives

I conclude that reconceptualizing aging as a process of biological
information disorder offers a powerful, integrative paradigm.
It elevates the discourse from a list of broken components to a
theory of decaying organization [120]. Viewing the cell through
an information-theoretic lens unites the phenomena of aging,
rejuvenation, and regeneration under a single conceptual umbrella,
grounded in the principles of thermodynamics, cybernetics, and
systems biology [121]. This approach charts a course for the next
generation of longevity research: the rational design of time-stable
cellular systems [122]. The ultimate objective is not to achieve a
static, damage-free state, but to engineer dynamic equilibria where
biological self-information is perpetually preserved—enabling
sustained health and function across extended timescales.
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