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Abstract

Many different theories have been proposed to explain ageing, but none has yet achieved either
theoretical consensus on its nature or sufficient empirical support to convince proponents of
competing theories to abandon their own in favour of a more predictive alternative. In this paper, I
present a testable proposal that may or may not achieve such a milestone once rigorously evaluated.
Most current approaches to ageing focus on identifying factors that affect its rate by observing their
impact on lifespan. While this yields useful information, it does not provide Popperian knowledge
about what ageing is—only about what modifies it. Many prevailing perspectives remain rooted in
outdated paradigms such as damage accumulation or are shaped by teleologically biased reasoning
that seeks purpose behind the ageing process. In contrast, this paper offers a non-teleological
explanation, grounded in a conception of life as a fundamentally information-based phenomenon.
From this view, ageing is understood as a purely information-processing problem. Specifically, I
propose that ageing, properly speaking, emerged when eukaryotic cells began transmitting to their
descendants two semi-independent codes of biological information: the genetic code and the
epigenetic code. This is not merely a theoretical concern for academic debate—our lack of a
fundamental understanding of what ageing is, and how it emerged during evolution, continues to
hinder the development of innovative biomedical strategies that could lead to more effective
treatments. The framework described here is amenable to experimental testing and thus holds the
potential to generate scientifically valid Popperian knowledge —knowledge about the nature of
ageing itself, not merely about factors that influence its rate.

Keywords: ageing theory; epigenetic inheritance; biological information theory; non-genetic
inheritance

1. Introduction

Ageing has long been a central enigma in biology. The prevailing view frames it as a
multifactorial process. In recent years, a broad consensus has emerged among ageing researchers to
study it within the framework known as the Hallmarks of Ageing [1-3]. This integrative model seeks
to address the apparent complexity of ageing by incorporating diverse insights into a cohesive
conceptual structure. The Hallmarks of Ageing concept is primarily a mechanistic framework
describing nine interlinked biological processes (e.g., genomic instability, telomere attrition,
mitochondrial dysfunction) that drive ageing. It draws upon both damage-based and programmatic
views—along with evolutionary concepts—to explain how these hallmarks arise and persist.
However, it does not explicitly unify all formal evolutionary theories of ageing, such as antagonistic
pleiotropy or mutation accumulation. Rather, it acknowledges that these evolutionary theories
provide the why (i.e., why organisms do not repair damage indefinitely), while the Hallmarks
framework addresses the how —the molecular and cellular processes that fail with age.

Although the Hallmarks of Ageing paradigm does not inherently prioritise one hallmark over
another, the historical development of ageing research has led to proposals that do exactly that.
Telomere attrition, mitochondrial dysfunction, DNA damage, deregulated nutrient sensing, cellular
senescence, protein damage, and others have all been proposed as primary drivers of ageing [4].
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Among the various models proposed, I wish to focus on one that suggests ageing results from the
loss of epigenetic information [5-7]. This idea has gained significant attention in recent years,
particularly following its popularisation by David Sinclair and colleagues under the term “The
Information Theory of Ageing.” However, I would like to clarify that this conceptual framework —
ageing as a phenomenon driven by the loss of epigenetic information —was developed independently
by myself and first made publicly available in a preprint in 2017 [7], prior to the earliest explicit
mention of the theory by Sinclair [6]. In this paper, I present a further step in the description of the
proposed framework: the Double Code Hypothesis of Ageing. This model posits that biological
information is transmitted intergenerationally through both the genome and the epigenome. Ageing
arises when mitotically dividing cells lose access to youthful epigenetic information that is only
selectively restored during meiosis. This theory not only provides a mechanistic basis for ageing and
rejuvenation, but also unifies observations on epigenetic inheritance, disease prevalence trends, and
the limitations of current damage- and program-based theories.

A central argument of the model proposed in this paper is that one of the fundamental
assumptions underpinning the current framework of biological knowledge is flawed: namely, the
view that DNA is the sole or primary source of intergenerational transmission of biological
information. This paper presents a refined and focused articulation of ideas originally developed in
a broader theoretical work. The full model —including supporting data on population-wide trends,
disease prevalence, and broader biomedical and societal implications—has been published as a
preprint on Zenodo [8]. Here, I concentrate on formalising the central theoretical framework —the
Double Code Hypothesis of Ageing—and its implications for understanding the mechanisms of
ageing and rejuvenation. Ideas beyond The Double Code Hypothesis of Ageing included in [8]
preprint will be made available elsewhere by this author.

2. The Double-Code Hypothesis of Ageing: Ageing as a Consequence of the
Intergenerational Inheritance of a Dual Code of Information—The Genome and
the Epigenome.

Modern biology largely accepts the view that the genome is the primary, if not exclusive, carrier
of intergenerational information. This paper challenges that assumption. I argue that the biological
code transmitted from parents to offspring comprises both genetic and epigenetic information. It is
this dual mode of transmission that gives rise to the phenomenon we recognise as ageing. This model
has profound implications: it redefines ageing not as a mere consequence of deterioration, but as an
outcome of how life is inherited.

I propose that ageing is simply a side consequence of the way epigenetic information is
transmitted across generations. Ageing succeeded as an evolutionary mechanism, enabling the
emergence of more complex organisms while mitigating the increased risk of external death
associated with the complex tasks that such organisms can perform [9]. Thus, ageing is an unpleasant
process at the individual level, but essential at the population level to ensure the preservation of
accumulated biological information [10]. To properly understand ageing, one must address this
simple question: what is inherited intergenerationally, and how?

2.1. What Is Inherited Intergenerationally, and How?

Since Watson and Crick proposed the structure of DNA in 1953 [11], explaining how genetic
information could be replicated and transmitted across generations [12], DNA has been regarded as
the primary bearer of intergenerational information. This perspective suggested that epigenetic
information was largely reset with each generation and derived solely from DNA sequences. The
discovery of two waves of epigenetic reprogramming during gametic and embryonic stages initially
reinforced this view [13-19].

However, recent research suggests that certain epigenetic marks can evade reprogramming and
be inherited. Multiple studies have investigated the phenomenon of Transgenerational Epigenetic
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Inheritance (TEI) in various model organisms, including mammals [20], plants [21], invertebrates [22],
and fission yeast [23]. A recent study demonstrated that methylation marks artificially placed at
ectopic loci in mice (normally unmethylated in wild-type individuals) were transmitted to offspring,
despite the well-documented waves of epigenetic reprogramming. The ectopic epigenetic marks
were undetectable in the primordial germ cells (PGCs) —specialised cells that serve as embryonic
precursors to gametes—or in the gametes themselves (sperm and oocytes). Similar findings were
observed post-fertilisation and implantation, with the methylation marks absent in the blastocyst
stage but detectable in the epiblast cells [24]. These observations suggest that, although
reprogramming may erase certain marks during one of the known waves, the memory of these
epigenetic marks can still be transmitted to subsequent generations. This is likely due to crosstalk
and reinforcement mechanisms between different epigenetic marks [24]. This provides a mechanistic
explanation for how, even in mammals—where the physiological significance of TEI remains a topic
of debate [20,24] —epigenetic information can be transmitted across generations.

What, then, is the true physiological significance of TEI? The primary issue I find with most
studies on TEI is that they are typically approached from a Lamarckian or “purpose-driven’
perspective. The flaw lies in this interpretation which is teleologically biased. In this paper, I propose
a non-Lamarckian framework for understanding how epigenetic traits are transmitted across
generations. This framework also explains how ageing emerged during evolution as a consequence
of the uncoupling of genetic and epigenetic inheritance [9,25]. The epigenetic code is inherited in a
manner that is semi-independent of the genetic code. The physiological significance of TEI extends
far beyond the simplistic Lamarckian idea of trait acquisition.

I propose that germline cells possess an epigenetic repair mechanism that corrects accumulated
epimutations in an organism [7]. This repaired epigenetic information is then transmitted to the
offspring, who exhibit a youthful phenotype. However, neither the somatic cells of the parents nor
those of the offspring can access this repair mechanism again. We are only afforded one opportunity
for repair, as only germline cells have this capability. Consequently, somatic cells accumulate genetic
and epigenetic defects over time, ultimately leading to cell death, primarily due to the loss of proper
epigenetic information.

In certain scenarios, most likely due to saturability issues, the cellular machinery becomes unable
to repair all the epigenetic errors accumulated over previous generations and present in the germline
(see Figure 1D). By contrast, when no such saturability issues are present (see Figure 1C), most
epigenetic defects are corrected. The concept of saturability during the proposed meiotic epigenetic
repair mechanism is part of a newly proposed framework that I have termed Epigenetic Degeneration
[7], further developed in [8], and to be expanded upon in a forthcoming dedicated paper. The
consequence of this process is the progressive accumulation of epigenetic defects across generations.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202507.1902.v1
http://creativecommons.org/licenses/by/4.0/

doi:10.20944/preprints202507.1902.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 24 July 2025
4 of 37

Epigenetic code

A
Genetic code (DNA)

Germline cells

Somatic cells
No saturable epigenetic repair

C
~—— e -
-EEean "= ageing ——
- i [ —

~m——— Meiosis -y Meiosis -~ NE———
-—_ —_— _—_ ................. > _—__
Lo —— _—’ —’

FO at mating F1 at birth F2 at birth

D . . .
Saturable epigenetic repair

[

T — [t ——
Sy T e—
Meiosis Me:)sis [
= e

= e
~EEEE

- -
'_—

— i
F2 at birth

FO at mating F1 at birth

Figure 1. Intergenerational Flow of Epigenetic Information. A. Epigenetic information is represented by a blue
cylinder atop the DNA (red cylinder). Arrows indicate the flow of functional information derived from the
genome (red) and the epigenome (blue). Adapted from Marsellach, 2021 [9]. B. Silenced loci in somatic cells are
represented as closed black dots, while the same loci, expressed in germline cells, are shown in green. Red lines
indicate how gene expression re-establishes youthful epigenetic information, effectively repairing epimutations
present in the previous generation (orange cylinders). C. When no saturability issues occur during meiotic
epigenetic repair, all defects are corrected, and the resulting organism is free of epigenetic defects. D. Persistent

saturability problems during meiotic epigenetic repair, occurring over successive generations, lead to the

progressive accumulation of epigenetic defects within the population.
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If the continuity of life depend on recovering lost information, as the above words imply, and
previously proposed [7,9], how ‘immortal” organisms achieve extremely long lifespans? Simply, by
always maintaining constant access to epigenome repair and not restricting it just to a group of cells
(as ageing organisms do). By establishing a semi-separated inheritance of the genome and the
epigenome, eukaryotic cells effectively invented ageing as we properly understand it. For a
discussion on ageing in non-eukaryotic organisms (see bellow in section 5). In summary, for
eukaryotic cells ageing is a mitotic issue. Meiotic divisions have the ability to bypass ageing.

To understand in greater detail why information management leads to ageing, it is first
necessary to discuss what constitutes a living organism. This discussion is provided in the next
section.

2.2. What Is Life?

At its core, life is information—but why? What exactly is life? Living beings can be defined as
structures formed using accumulated biological information, containing the instructions necessary
for actively interacting with the surrounding environment to ensure survival (maintaining their own
structures) and self-replication (creating new ‘instances” with the same or a similar biological code).
They achieve this while preserving the accumulated information to sustain these tasks. Life ends for
an organism when it can no longer sustain its own structures (see Figure 2D). However, the death of
an individual does not signify the end of its species. As long as other individuals of the same species
retain the accumulated information, this form of life continues to progress. For a species, extinction
occurs when all its individuals have died, resulting in the irremediable loss of its accumulated
information forever.

On 11 December 1867, James Clerk Maxwell proposed a thought experiment in a letter to a fellow
physicist and mathematician. He imagined a hypothetical being capable of sorting gas molecules by
speed. This being, later known as Maxwell’s demon, could control a small door between two
chambers, allowing fast-moving molecules to pass one way and slow-moving molecules the other,
thereby creating a temperature difference. This appeared to violate the second law of
thermodynamics by reducing entropy without expending energy. In the 20th century, physicists such
as Leo Szilard, Claude Shannon, and Rolf Landauer clarified that the demon’s sorting depends on
information. The processes of acquiring, storing, and processing this information require energy,
counteracting the apparent entropy decrease. Landauer’s principle states that erasing information,
such as the demon’s memory, generates entropy, thereby preserving the second law of
thermodynamics [26-28]. Maxwell’s demon is not a real physical entity, but a thought experiment
that illustrates the connection between thermodynamics and information theory. Modern
understanding reconciles Maxwell’s demon with the second law of thermodynamics. While the
demon decreases entropy locally, the overall entropy of the universe still increases when accounting
for the energy costs of information processing.

Living beings can be described as highly organised structures composed of numerous molecular
mechanisms that operate similarly to Maxwell’s demons [29]. By utilising biological information,
these mechanisms are able to locally decrease entropy and drive processes that would not
spontaneously occur without this informational guidance. This local decrease in entropy is achieved
at the expense of energy, which organisms obtain from their environment, ensuring that the second
law of thermodynamics remains upheld on a universal scale. An organism can cease to be a living
entity (die) through two primary mechanisms: 1) external causes of death, involving the destruction
of structures built using biological information (e.g., trauma or ectopically originated diseases); or 2)
internal causes of death, associated with the loss or degradation of biological information which
disrupts the organism’s ability to maintain its ordered state (the ageing process).

Ageing, like life itself, should be understood as a purely information-based phenomenon.

2.3. Why Does Ageing Exist?
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From an organism’s point of view, ageing does not make sense at all. If that is the case, why did
ageing persist—or even succeed —during evolution? First, we must acknowledge that evolutionary
success is relative. Consider Thermus aquaticus, a bacterium that thrives in environments where a
human would not survive more than ten minutes [30]. Would you call such an organism a failure —
or would you be the failure in a planetary environment with a mean temperature of 70 °C?

Moreover, at the population and evolutionary levels, life as we know it would be inconceivable
without ageing. First, ‘non-ageing organisms’ can only succeed if they have a low chance of dying
from external causes—this imply that they are not highly complex and are not exposed to a complex
lifestyle [9]. According to this proposal, such organisms can continuously reconstruct their
epigenome from their genome, thereby avoiding ageing —that is, avoiding internal causes of death.
Second, most ageing organisms, through a programmed developmental process that favours
epigenetic information loss (see below in section 5), eliminate older ‘instances’ from the population
while producing new, young ‘instances’ with full functional capacity. This is achieved by controlling
which information somatic cell lines (the older ‘instances’) and the germline (the source of new
‘instances’) have access to. This proposal posits that only the germline has access to the information
needed to rebuild the epigenome from the genome (see Figure 1B). This mechanism not only supports
a more complex lifestyle (by reducing the risk of extinction due to all individuals dying from external
causes) but also accelerates the evolutionary process of complex organisms by orders of magnitude.
The constant production of new, complex ‘instances’ creates opportunities for novelties to emerge in
a world with limited natural resources and external risks associated with complex lifestyles. By
inventing meiosis, eukaryotic cells introduced the ability to mix biological information through
crossover —preventing the accumulation of genetic errors—and enabled the rebuilding of epigenetic
information exclusively in new ‘instances.” This avoided the accumulation of epigenetic errors,
effectively establishing ageing as a mechanism uniquely suited for this purpose (see the section 2.4
below). At evolutionary scales, the invention of meiosis (incorporating both crossover and ageing) is
analogous to the transition from horse-drawn vehicles to rocket engines in human transportation
systems, enabling the achievement of more complex tasks (e.g., escaping Earth’s gravitational pull).

To explain why ageing prevailed in evolution in plain terms: if one assumes that, in nature,
events occur randomly, then any complex organism that does not age would still eventually die from
external causes—unless its chances of dying from such causes were extremely low. But this presents
an oxymoron. A complex organism cannot have very low chances of dying from external causes; it
can only have relatively lower probabilities compared to other organisms (as is the case in longer-
lived species; see below in section 4.1). Therefore, even if ‘complex immortal’ organisms did arise
during evolution—and it is likely that some incipient forms did —they most likely succumbed to
external causes of death and thus did not survive to the present day. In non-teleological terms:
evolution did not deliberately programme a loss of epigenetic information; rather, lineages that
experienced such a loss were able to tolerate a level of complexity that would otherwise have been
evolutionarily unsustainable [9]. In teleological terms, ageing is the price we pay for being complex
[7]. Put even more simply: being complex and being ‘immortal’ don’t go together. (see below in
section 3.3)

The views expressed in this section revisit Weismann's ideas on ageing [10], which are no longer
the dominant perspective in contemporary ageing research. All this ideas are discussed in more detail
in section 3 below.

2.4. Interplay Between Genome and Epigenome: The Ratchet Mechanisms

Organisms accumulate both genetic and epigenetic mistakes during ageing. While epigenetic
mistakes are reversible, genetic mistakes are not. How might this impact ‘non-ageing organisms? A
clue can be found in a study on Arabidopsis thaliana, which revealed a relationship between mutation
bias and epigenetic features. The study showed that de novo mutations occur less frequently in coding
regions, particularly in essential genes, due to the protective role of the epigenome in these regions
[31]. This finding suggests a scenario where a dual protection mechanism may be at play: genome
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sequences can be used to repair epigenetic defects, while epigenetic regions, in turn, ‘protect’ critical
genomic areas from accumulating mutations (see Figure 2A). Such a mechanism could enable ‘non-
ageing organisms’ to preserve biological information—both genomic and epigenomic—for extended
periods, thereby achieving remarkably long lifespans. In contrast, ageing organisms gradually lose
epigenetic features, potentially rendering these regions more susceptible to mutagenic compounds.
This results in the accumulation of not only epigenetic defects but also genetic defects (see Figure 2B),
thereby compounding the overall burden of biological information loss.

In practical terms, this creates a dual ratchet mechanism acting during meiosis: the well-known
genetic Muller’s ratchet and an epigenetic ratchet, which essentially is the ageing process [7] (see
Figure 2C). The genetic ratchet prevents the excessive accumulation of genetic defects in populations
of complex organisms through genetic crossover. Genetic crossovers avoid linkage of deleterious
mutations in a chromosome and creates variability which is later shaped by natural selection
resulting in the survival of the ones that have a functional genetic information. The epigenetic ratchet
(the ageing process) serves a similar purpose but for epigenetic defects. The rejuvenation process, in
which the information necessary to restore a functional epigenome is read (see Figure 1B),
established, and transferred to new generations (new ‘instances’) via the epigenome, is also followed
by natural selection, resulting in the survival of those with functional epigenetic information. In both
cases, slightly deleterious mutations or epimutations can accumulate in asexually dividing cells. If
this scenario persists over several generations, the likelihood of this evolutionary line becoming
extinct increases significantly.

Ageing is the accumulation of deleterious epimutations and mutations within an organism. The
soma, consisting of asexually dividing cells, is subjected to both genetic and epigenetic ratchets,
whereas germline cells, through meiosis, possess the mechanisms to avoid these accumulations.
Thus, ageing is fundamentally a mitotic issue. Germline cells bypass ageing while producing new
‘instances’ to preserve functional genetic and epigenetic information at the population level. Only
new ‘instances” with improved phenotypes—derived from their own genetic and epigenetic codes —
can establish successful evolutionary lines and avoid extinction. At the individual level, an organism
remains alive as long as its biological structures—encoded in its genetic and epigenetic codes—can
withstand environmental challenges (see Figure 2D). If not killed by external factors, an organism
will eventually succumb to ageing (an internal cause of death) due to accumulating defects in the
epigenome and genome. Epigenetic defects accumulate faster than genetic ones [7]. Once the
protective epigenetic shields are compromised, genomic errors accelerate (see Figure 2B). Ultimately,
death from ageing is primarily caused by the accumulation of epigenetic defects [7].
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Figure 2. Shields and Ratchets. A. Epigenome rebuilding illustrates how, during meiosis, the correct epigenetic
information required to produce the young phenotype is restored to generate a youthful phenotype. Epigenetic
factors are proposed to act as shields, protecting genomic regions from mutations [31]. B. As ageing progresses
and epigenetic defects accumulate (or epigenetic factors are lost), the shielding effect diminishes, leading to an
increased rate of genetic mutations. C. Schematic representation of Muller’s genetic ratchet (left) and the
proposed epigenetic ratchet-like mechanism (right). and B. Genetic and epigenetic information are plotted as in
Figure 1. D. Schematic representation of how genomic and epigenomic information are indispensable for

maintaining phenotypic functionality. The combined action of the epigenetic ratchet (the ageing process, red
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arrow) and genetic Muller’s ratchet (blue arrow) in non-meiotic cells compromises the phenotypic functionality

of living organisms and ultimately leads to cell death. C and D. Extracted from Marsellach 2017 [7].

3. What Distinguishes the Proposed Description of Ageing in This Work from
Current Ageing Studies?

Historically, the scientific approach to ageing has been primarily shaped by two key factors: 1)
theoretical considerations about the meaning and evolutionary origins of ageing (theories of ageing);
and 2) experimental methods aimed at studying how ageing organisms deteriorate, with a focus that
initially centred on factors affecting lifespan and more recently expanded to include healthspan. In
recent years, these approaches have increasingly emphasised rejuvenation strategies, particularly
inspired by the discovery and application of Yamanaka factors [32]. The evolution of experimental
methods in the field has been significantly driven by groundbreaking advancements.

It should be noted that, despite the relatively large number of research papers dedicated to
studying ageing, the very nature of ageing itself remains the elephant in the room —a fundamental
question that appears to be deliberately avoided by much of the ageing research community and for
which there is clearly no minimal consensus [7,33-35].

Most of the theories of ageing that have been proposed can be broadly classified into three
categories:

1. Evolutionary Theories of Ageing: These theories apply principles of natural selection and
evolutionary trade-offs to explain why ageing exists at all, rather than being eliminated by
evolution. Three classical theories are: Mutation Accumulation Theory, proposed by Peter
Medawar [36], Antagonistic Pleiotropy Theory, proposed by George C. Williams [37] and
Disposable Soma Theory, proposed by Thomas Kirkwood [38].

2. Damage (Stochastic) Theories of Ageing: These propose that ageing results from random but
cumulative damage to cells, tissues, and molecules, eventually overwhelming the body’s repair
systems over time.

3. Programmatic Theories of Ageing: These suggest that ageing is (at least partially) driven by
genetic or regulatory programs, as if ageing is an extension or byproduct of developmental
processes. This perspective is largely supported by the observation that there are conserved
mechanisms, such as dietary restriction [39], as well as mutations or treatments that affect
ageing.

The majority of these theories are reviewed in the following recent publications [4,40-42]. No
single theory has yet fully explained ageing in a manner accepted by the entire scientific community.
Most researchers consider ageing to be a multifaceted process involving genetic, environmental, and
stochastic (random) components. As explained above, to address this complexity, integrative
frameworks such as the Hallmarks of Ageing have been developed, aiming to incorporate multiple
insights into a cohesive and comprehensive model [1-3].

In this section, I first review the Evolutionary Theories of Ageing, which—as previously
explained —focus on why we age. In the following section, I discuss the Damage Theories of Ageing
and the Programmatic Theories of Ageing together, as both are primarily concerned with how we
age. I then examine how trade-offs have been addressed in ageing research, and conclude by
emphasising the importance of considering life and ageing as phenomena fundamentally grounded
in information theory.

3.1. Evolutionary Theories of Ageing

As previously explained, the basic assumption underlying this paper is that both the genome
and the epigenome cooperate in the intergenerational transfer of biological information.
Consequently, when analysing the evolutionary theories of ageing, I offer a key critique: most (if not
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all) of these theories are affected by a foundational flaw rooted in a core pillar of modern biological
thinking —namely, the assumption that intergenerational information is transmitted exclusively, or
nearly exclusively, through the genome. As a result, these theories attribute all evolutionary
responsibility to the genetic code alone. In other words, DNA is considered the sole substrate upon
which natural selection acts to shape evolution. I contend that this narrow assumption is a major
reason why the ageing process remains poorly understood and fundamentally unresolved.

I propose that the phenotype —the target of natural selection—is determined entirely by the
combined information from both the genome and the epigenome at any given moment (see Figure
2D). According to the ageing framework presented in this paper, ageing is primarily a process of
epigenetic information loss, which can also result in genetic information loss, as illustrated in Figure
2B and discussed in the main text. This proposal implies that natural selection is continuously at play,
acting as the engine that sustain life, with a prominent but often underestimated role played by
negative selection. I propose that we remain alive as long as we possess the necessary biological
information to sustain ourselves (see Figure 2D, Marsellach 2017 [7], and Marsellach 2021 [9]). This
implies that natural selection acts more strongly —specifically through negative selection —against
aged individuals who are less fit due to accumulated defects (lost information) and that even death
from old age can ultimately be attributed to the action of negative selection. Life is the absence of
negative selection on information-based organisms. This view contrasts with many ageing theories
that argue natural selection declines in intensity with chronological age [40]. Such claims are based
on a distinction between a reproductive period (when fitness is critical for passing genes to the next
generation) and a post-reproductive period. However, very few wild animal species exhibit a
significant post-reproductive lifespan comparable to that of human females (i.e., a well-defined
menopausal period followed by many years of life). Due to predation, disease, and other ecological
pressures, most wild animals simply do not live long enough to experience a prolonged post-
reproductive stage, even if their physiology might allow it. Remarkably, the idea of a decline in
natural selection with chronological age has gained popularity despite lacking a clear molecular
mechanism to support it. This perspective can only be understood within a narrow view of natural
selection—unfortunately, the prevailing one —that focuses primarily on its role at the population
level (i.e., passing genes to subsequent generations) while largely overlooking the significant and
continuous role of negative selection acting within individuals themselves.

The Epigenetic Degeneration paradigm that I have developed (see Marsellach, 2017 [7];
Marsellach, 2025 [8]; and a forthcoming dedicated paper based on Marsellach, 2025) proposes the
existence of a saturable epigenetic repair mechanism that operates during meiosis [7]. This implies
that the greater the number of epigenetic defects present at the onset of meiosis, the more defects will
be transmitted to the next generation. This proposal provides a clear mechanistic explanation for why
mating with a more epigenetically degenerated individual (e.g., an aged organism, according to the
ageing framework advanced in this paper) would result, on average, in offspring with lower fitness.
This is a testable prediction.

Indeed, the relationship between parental age and offspring health or fitness is a topic of active
research across multiple species, including humans. However, no clear consensus has been reached,
as contrasting results have been reported in model organisms. For instance, some studies in
Drosophila suggest that older parental age can be beneficial [43], whereas studies in C. elegans indicate
that offspring of young mothers may exhibit impairments compared to those of older mothers [44].
Conversely, other research demonstrates that successive generations of older parents in both species
result in clear detriments [45]. In some cases, contradictory results have even been reported within
the same study [46]. In humans, the bulk of evidence points to a correlation between advanced
parental age (both maternal and paternal) and an increased risk of certain health or developmental
issues in offspring. Although more systematic studies are necessary, these observations align well
with the framework proposed in this paper for several reasons. First, in studies covering only one
generation (or a few), the inheritance of a given character is expected to occur in a random manner.
This can be explained by the Schrodinger’s cat-like inheritance described earlier by this author [9,25].
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In a scenario involving a saturable epigenetic repair mechanism during meiosis [7], some defects are
corrected while others persist, creating variability in the inheritance process. Second, while the set of
studies is limited, the key insight is that several rounds of either beneficial [7] or detrimental [45]
epigenetic inheritance may be required to clearly observe effects. The randomness inherent in single-
generation observations may only reveal trends at the population level [8] or after multiple rounds
of meiosis. Iterative corrective processes during meiosis should, over time, increase the likelihood of
correcting the chosen character of interest, even if occasional failures occur due to the saturability
issue. Conversely, repeated instances of saturability in meiotic epigenetic correction are expected to
progressively increase the number of epigenetic defects present in a population or individual over
time. Third, some studies might have simply misinterpreted their findings. For example, Aguilar et
al. (2023) [43] claim that offspring of older parental flies are fitter because they weigh more than those
of younger parents. However, it remains unclear whether they actually selected for fitter organisms
or merely —albeit unintentionally —for obese flies.

The fact that natural selection acts on the phenotype —which, as proposed here, is governed by
the combination of genotype and epigenotype (see Figure 2D)—relieves some of the excessive
emphasis placed solely on the genotype. This genotype-centric view has strongly influenced modern
theories of ageing by suggesting that selection acts on individuals primarily through its effects on
individual genes, thereby downplaying the importance of preserving the full spectrum of biological
information at the group level. While it is undeniable that selection operates at the level of
individuals, this work proposes that phenotypes are shaped not only by the genomic sequences
inherited from one’s parents, but also by the epigenomic information transmitted across generations.

Epigenetics has existed since life forms began to be governed by DNA, following the RNA
world. DNA alone is meaningless unless it is read, and its stored information is used appropriately.
Epigenetic mechanisms ensure that this information is interpreted correctly, allowing for cellular
differentiation, the emergence of complex multicellular life, and, as proposed in this paper as well as
in previous works of mine, the evolutionary development of ageing [7,9,25]. By controlling the
accessibility of information in somatic and germline cells, epigenetics has provided a critical
evolutionary advantage, helping overcome external causes of death associated with complex
lifestyles and enabling the emergence of more sophisticated life forms [9]. This idea reinstates the
ageing advantage for group selection. Eukaryotic cells and the organisms formed from them have an
evolutionary advantage over other organisms because, thanks to epigenetic mechanisms, they are
able to build multicellular organisms (as differentiated multicellularity could not exist without
epigenetics), and, thanks to the ageing process (which also relies on epigenetics), multicellular
organisms can speed up their evolution even though they have lost the ability of unicellular
organisms to easily divide through binary fission (see below in section 5).

Moreover, ageing not only accelerates the evolutionary process by increasing the frequency of
new individuals, thereby enhancing variability, but it also serves as a mechanism to eliminate older
individuals while ensuring the continuity of species information preservation [10]. The allocation of
fitter biological mechanisms exclusively to young individuals provides a clear and precise
explanation for why natural selection operates differently as an organism or cell ages. Functional
epigenetic information is concentrated in younger individuals, benefiting their descendants more
effectively compared to offspring produced by older individuals.

For all the reasons outlined above, I propose a return to a Weismannian perspective on the
evolutionary necessity of ageing —as a mechanism that facilitates the survival of the group [10]. While
August Weismann originally framed ageing as an adaptive process that eliminates older individuals
to make room for the young, the model presented in this paper offers a modern reinterpretation. It
suggests that ageing arises from the intergenerational transmission of dual biological codes —genetic
and epigenetic—and that the gradual accumulation of uncorrected epigenetic defects across
generations (under conditions of saturable repair) may serve an implicit group-level function. By
limiting the long-term propagation of increasingly defective epigenomes, this process could
contribute to maintaining the overall integrity and adaptability of the population.
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3.2. Damage Theories of Ageing and Programmatic Theories of Ageing

Historically, ageing was first approached through damage theories of ageing, with the concept
of ‘wear and tear’ as the cause of damage accumulation. Technological advances during the Industrial
Revolution inspired comparisons between living organisms and mechanical devices (e.g., steam
engines, machinery), but due to the lack of knowledge about detailed biological mechanisms —such
as the structure of DNA or protein metabolism— ‘wear and tear’ was more a metaphor than a
rigorous hypothesis. Over time, it evolved into modern damage theories, where ‘wear and tear’ was
redefined in terms of mutation accumulation, oxidative stress, DNA breaks, protein misfolding, and
other molecular disruptions, providing a more precise scientific foundation for the original notion of
bodily breakdown over time.

The discovery that the rate of ageing could be modulated by single mutations [47] led to the rise
of programmatic theories of ageing, with more and more pathways being identified whose alteration
could influence the ageing process. This, in turn, spurred the emergence of a whole new subfield
within the ageing research community, often referred to as “The New Biology of Ageing’ [48,49]. This
research effort focuses on identifying pathways and modifications that affect lifespan, with the aim
of discovering ‘pieces of a puzzle’ that altogether contribute to ageing. These findings suggest that
ageing might not be solely a random accumulation of damage but could, at least in part, be genetically
regulated, challenging the traditional view of ageing as a purely stochastic process driven by damage
accumulation. Proponents of programmatic theories of ageing argue that if ageing were entirely
stochastic, it would be far more difficult to extend lifespan in a systematic, gene- or treatment-
dependent manner [50].

Several key genetic pathways have been extensively studied for their roles in regulating ageing,
with some of the most important including: the insulin/IGF-1 signalling pathway, which has been
shown to extend lifespan through both genetic and pharmacological interventions [47,51]; the mTOR
(Mechanistic Target of Rapamycin) pathway, which is central to nutrient sensing and longevity, with
inhibitors like rapamycin demonstrating significant lifespan-extension effects [52,53]; the sirtuins
pathway, particularly SIRT1, which regulates stress resistance and metabolism, playing a key role in
ageing and longevity [54,55]; FOXO transcription factors, which contribute to stress resistance and
lifespan extension across multiple species [56,57]; the AMP-activated protein kinase (AMPK)
pathway, a master regulator of energy homeostasis, which influences longevity by modulating
metabolic and stress responses [58,59]; the growth hormone/IGF-1 axis, which in mammals plays a
complex role, with reduced signalling often correlating with lifespan extension; and the
mitochondrial pathways, which impact ageing by regulating mitochondrial dynamics, biogenesis,
and reactive oxygen species (ROS) production [60].

Ultimately, damage-based and programmatic theories of ageing converged into the previously
mentioned unified framework known as the Hallmarks of Ageing paradigm [1-3], which established
a shared conceptual structure for studying ageing as a multifactorial process. Many of the pathways
discussed above were incorporated into the hallmark of deregulated nutrient sensing. According to
this paradigm, ageing is driven by the intricate interplay of all the hallmarks, reinforcing the view
that it is a highly complex and interconnected biological phenomenon.

This proposal challenges the prevailing perspective by arguing that, among all currently
recognised hallmarks of ageing, only one is truly fundamental: the epigenome [7]. The widespread
assumption—shared by both damage-based and programmatic theories—that all hallmarks are
merely interconnected “pieces of a puzzle” has led the ageing field into a conceptual dead-end, where
it largely remains today. As stated earlier, the primary reason for this impasse is the foundational
flaw addressed in this paper: the failure to recognise epigenetic intergenerational inheritance as a
core biological mechanism.

In summary, the proposal defended in this paper outlines a model suggesting that ageing,
properly speaking, originated alongside the emergence of meiosis in eukaryotic cells. It posits that
ageing is linked to how biological information is managed during cellular division. Cells undergoing
mitosis are thought to have limited access to certain information necessary for maintaining
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youthfulness, whereas meiotic cells retain this access. As a result, mitotically dividing cells undergo
ageing, while meiotic cells can reset or avoid it. It is worth noting that multicellular organisms,
although they reproduce sexually as a species, are fundamentally composed of mitotically dividing
cells [7]. This model thus provides an explanation for why organisms age, despite reproducing
through a process that—at least temporarily —escapes ageing.

This model helps to resolve the dilemma identified by Sinclair and colleagues as the central
mystery underlying the model that they propose, the “Information Theory of Ageing”: the location
of the “backup copy” of functional epigenetic information and how it is re-established during
rejuvenation [5]. According to the framework proposed in this paper, new generations receive their
“backup copy” of youthful epigenetic information through the epigenome inherited from their
parents. The conceptual flaw outlined in this paper—namely, the neglect of epigenetic
intergenerational inheritance —prevents Sinclair and colleagues from arriving at this explanation.

This proposal arose from serendipitous observations in fission yeast, which led me to formulate
a theoretical model in which the loss of epigenetic information is not just a correlate of ageing, but its
fundamental cause. While Sinclair’s work has been instrumental in both conceptualizing and in
demonstrating that epigenetic marks can be manipulated to induce partial rejuvenation [61-63], his
model focuses more on the somatic loss and reprogramming of epigenetic states. In contrast, this
hypothesis frames ageing as a consequence the transmission of information across generations tightly
coupled to the mechanism of inheritance itself. In this view, ageing and transgenerational epigenetic
inheritance are two sides of the same coin. My approach provides a mechanistic and evolutionary
answer to their central mystery. The epigenetic intergenerational transmission is, in effect, the source
of the rejuvenated epigenetic state Sinclair’s model postulates. Thus, while both models agree on the
central role of epigenetic information loss in ageing, they diverge in their mechanistic premises. My
framework views the dual inheritance of genome and epigenome as the root cause of both ageing
and rejuvenation, whereas Sinclair’s model remains centred on the reprogrammability of somatic
epigenomes and assumes the existence of an undefined epigenetic archive. The distinction has both
conceptual and experimental implications.

The conceptual ideas defended in this paper were already implicitly present in my previous
publications [7,9,25], which were openly shared and actively promoted by this author to relevant
individuals who might have had an interest. Ironically, I arrived at the model proposed in this paper
by serendipitously identifying a potential solution to the central question of Sinclair’s framework —
possibly well before that question had even been formally articulated by their group [7].

The model presented in this paper not only challenges Sinclair’s framework but also has
profound —and potentially uncomfortable —implications for proponents of damage-based and
programmatic theories of ageing. It suggests that much of the work many researchers have actively
pursued may, in fact, address only indirect aspects of ageing. According to this proposal, such
research primarily identifies mechanisms that modulate the rate of ageing, rather than contributing
to the emergence of the phenomenon itself.

First, the model I propose defines ageing without invoking damage as one of its primary causes.
In this framework, damage is viewed as a consequence of ageing rather than its origin. The only form
of damage that truly matters is the loss of biological information— primarily epigenetic, though also
genetic. As this information is progressively lost, the efficiency of damage repair pathways declines,
leading to the accumulation of molecular damage commonly observed in aged organisms. This
reframes damage accumulation as a downstream effect of ageing, rather than a direct cause.

Second, I propose that the pathways traditionally understood to regulate the rate of ageing
actually control the speed at which the developmental epigenetic program advances—ultimately
culminating in death by ageing, as defined in this paper. According to this model, death results from
the progressive loss of biological information, primarily epigenetic. Metaphorically, these pathways
determine the speed of the epigenetic ratchet (see Figure 2C), governing how quickly an organism
progresses toward functional decline and eventual death.
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The ‘Hallmarks of Ageing’ paradigm posits that ageing arises from a synergistic interaction
among multiple core processes or hallmarks, rather than being caused by any single factor. However,
I must argue that this is not true. I fully acknowledge that such a statement may be met with
resistance, particularly from researchers who have dedicated their careers to working within this
framework. Fortunately, some researchers are beginning to embrace the necessity of being open to
the possibility of being proven wrong [64]. Ultimately, experiments will provide the answers. The
framework I have developed offers a means to test the model I propose, and to get answers, in the
Popperian sense, about the nature of ageing itself (see Marsellach 2017 [7] and see section 6 below),
and not just on the factors that affects its rate as has been the main focus that, according to this
proposal, lead ageing research to a dead-end.

3.3. Trade-Offs in Ageing

Most ageing theories involve trade-offs between short-term reproductive or survival advantages
and long-term maintenance and longevity (especially evolutionary based, but not exclusively). A few
examples: Mutation Accumulation Theory argues that harmful mutations acting late in life are less
strongly selected against, thus accumulating in the gene pool and contributing to ageing (late-acting
deleterious effects vs. early-life reproduction) [36]. Antagonistic Pleiotropy considers that a single
gene may have beneficial effects for early-life reproduction or survival but harmful effects later in life
(increased reproductive success early on vs. late-life decline) [37]. Disposable Soma Theory posits
that organisms allocate a finite pool of resources between reproduction and somatic maintenance
(investing heavily in reproduction vs. allocating more to repair) [38]. Some Programmatic Ageing
Theories suggest that ageing might be at least partially regulated or ‘programmed’ (genes that
optimize early fitness vs. long-term survival). Finally, Damage Theories of Ageing hold that ageing
results from accumulated damage (e.g., oxidative stress, DNA breaks, protein misfolding) exceeding
repair capacity (short-term function vs. long-term maintenance), and so on.

Contrary to those traditional trade-offs, I propose that the trade-off central to understanding
why ageing exists is: a non-ageing, non-complex lifestyle versus an ageing, complex lifestyle [9]. This
perspective requires approaching the trade-offs scenario from a non-teleological standpoint and
conceiving both life and ageing as information-based phenomena.

We humans often interpret the functioning of many aspects of the universe from a teleological
perspective, likely because this mirrors how we approach tasks: analysing, planning, and executing
them with purpose. However, nature does not operate in this way. Teleological language is, though,
deeply embedded in our daily lives and has not been entirely excluded from scientific reasoning.
Indeed, it has been suggested that contemporary biological research is still influenced by teleological
thinking [65]. On the other hand, some argue that the negative effects of humans’ innate tendency
toward teleological thinking have been largely overcome in science [66]. While it can be claimed that
besides the fact that the concept of purpose remains a natural part of everyday discourse in biology,
it has largely fallen out of favour as a foundational element of scientific explanation since the works
of Newton and Darwin [67,68]. Newton’s mechanistic worldview and Darwin’s theory of evolution —
grounded in chance and natural selection —eliminated the need for purpose as a scientific explanation
[69]. In my view, however, alongside the flaw in how biological information is transferred
intergenerationally, as proposed in this paper, the ‘teleological obstacle’ [65] further hinders a deeper
understanding of how nature works, and therefore to the nature of ageing. One piece of evidence for
this is the tendency of many of today’s approaches to TEI to adopt a teleological (Lamarckian)
perspective, much like when Lamarck proposed his theory of evolution [70,71]. The ‘teleological
obstacle’ hinders our ability to fully embrace randomness as an essential force shaping our existence.
I argue that ageing is a direct consequence of the randomness that drives and underpins our lives
[7,25]. This randomness leads to the fundamental trade-off behind ageing: the choice between being
simple and amortal or complex and mortal.

3.4. Information-Based Conception of Life and Ageing
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The model defended in this paper aligns well with recent advances in understanding biology as
a purely information-based science. In recent years, a theoretical framework using information theory
has been proposed to address the fundamental question, ‘What exactly makes something an
individual?’ [72]. This framework suggests that an individual can be defined as an informationally
coherent entity—where its constituent parts ‘hang together’ in a specific way with respect to
information flow. To extend this paradigm to ageing, I propose two key ideas:

1) Biological information is always composed of both the genome and the epigenome, meaning
that a cells or individual’s phenotype is determined in ‘real time’ by the specific genomic and
epigenomic code it carries (see Figure 2D).

2) To describe the intergenerational transfer of information between individuals (parents and
offspring), I suggest borrowing the concept of ‘instantiation” from the Object Oriented
Programming Paradigm (OOP) in computer science, a concept I have been employing
throughout this paper.

In this framework, a specific organism can be conceptualized as an entity instantiated using a
particular biological code (composed of the inherited genomic and epigenomic information). For
example, monozygotic twins can be described as ‘two distinct objects’ instantiated from a single
‘class’ that contains the shared initial biological code (the zygote). When twins are produced,
resources are ‘allocated’ to create two individuals instead of one, following a division at the
embryonic stage. In contrast, when no twins are produced, resources are ‘allocated” to produce a

single individual from the biological code contained in the ‘class’. See Box 1 for clarification of these
terms.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202507.1902.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 24 July 2025 d0i:10.20944/preprints202507.1902.v1

16 of 37

Box 1. A conceptual analogy between object-oriented programming and biology: the genome-epigenome
system acts as a class blueprint, with each organism as an instantiation — highlighting how identical twins

emerge from a shared but independently instantiated biological code.

Object-Oriented Paradigm (OOP)

- InOOQP, a class is a blueprint describing how to build an object.

- Each object is an instantiation—i.e., a concrete realization—of the class.

- Two objects instantiated from the same class share the same blueprint but can differ in
their specific, dynamically assigned attributes or ‘states.’

- Instantiation allocates memory (resources) for the new object and typically initializes the

object’s state via a constructor (if the language uses one).
The Biological Analogy

- I'suggest that a fertilized egg (zygote) has ‘class-like” information (the genome + initial
epigenetic code).

- A developing organism is then the instantiation of that code, meaning the code is ‘run’ to
produce an actual phenotype in real time.

- Monozygotic (identical) twins can be viewed as two separate objects instantiated from
the same class. The ‘class’ is that initial genome-plus-epigenome in the zygote, but the
embryo splits, resulting in two individuals that share the same initial blueprint. Each of
them has its own allocated resources.

- Twins differentiate during their lifetime due the different evolution of their own genetic
and, above all, epigenetic code.

- If no embryonic split occurs, resources are allocated to produce just one individual (one

object instantiated from the class).

From this perspective, ageing in an organism can be viewed as the evolution of its genetic and
epigenetic code—primarily the epigenetic code—over the course of the organism’s life as the
‘program’ is run. Each individual ‘object’ (organism) undergoes its own unique evolution, influenced
by environmental inputs that impact both its genetic and epigenetic code.

I propose that the majority of environmental effects act primarily through their influence on the
epigenetic code. In a given ‘object’ (individual), these epigenetic modifications accumulate over time
and are not repaired. The epigenetic code is only repaired during the process of producing new
‘instances’ (offspring), ensuring that the next generation starts with a functional epigenome. This
mechanism allows for the intergenerational transfer of epigenetic information while maintaining the
continuity of life through rejuvenation in successive generations [9].

Moreover, I like others, propose in this paper to model ageing processes using concepts
borrowed from software-related problems [6,73]. However, this paper presents five significant
departures from previous perspectives:

1. Analogy of Biological Codes: The most appropriate analogy for describing the two biological
codes of information (genome and epigenome) is not the digital-analogue pair suggested by
Sinclair and LaPlante [6], but rather the OOP paradigm. In the digital-analogue comparison,
both systems convey the same message through different formats. In contrast, the OOP analogy
better captures the interplay between the genome and epigenome. OOP introduces additional
coding capabilities to the epigenetic code (the derived code) that the genome (the original code)

does not inherently possess. Although the genome encodes the instructions for constructing the
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epigenome, once built, the epigenome functions as a semi-independent code. While not a perfect
analogy, the OOP paradigm is the closest conceptual framework for understanding the genome-
epigenome relationship.

2. A further notable difference between the proposal defended in this paper and that of Sinclair
and colleagues is the causative relationship between DNA mutations and epimutations.
According to Sinclair and colleagues, DNA mutations drive the emergence of epimutations
[5,61,74], whereas the framework proposed here posits the reverse: that epimutations can lead
to DNA mutations (see Figures 2A and 2B). While it is likely that both factors contribute to the
overall defect burden, my view strongly supports epimutations as the primary driver, ultimately
leading to the progressive accumulation of DNA mutations over time. A recent study has shown
the correlation between mutations and DNA methylation epimutations in cancer samples,
though it has not yet determined which is the primary causal agent [75]. I propose that we
consider the dual protection mechanism hypothesized to exist between the genome and the
epigenome, as suggested by the study conducted by Monroe et al. (2022) [31] (see Figures 2A
and 2B).

3. DPerspective on Ageing: Ageing is not a design flaw. While it is often perceived as a flaw when
analysed from an individual human perspective [73], this perception arises from our recognition
of ageing’s negative implications for individuals. From a teleological viewpoint, ageing appears
flawed because humans would never intentionally design a process with such detrimental
consequences. However, ageing did not arise from intentional design—it emerged randomly,
guided by Weismannian logic. While ageing is detrimental to individuals, it is essential for
species maintenance and evolution, acting as a trade-off that supports the perpetuation of
biological information across generations.

4.  The Instantiation Mechanisms: Building on the flaw proposed in today’s biological knowledge
framework and inspired by the OOP paradigm analogy, this paper proposes that new ‘instances’
(offspring) are created using both genetic and epigenetic information inherited from parental
cells or individuals. Once formed, the somatic cells of a new individual can modify the
epigenome to produce differentiated cells but cannot restore the ‘young epigenome.” This
capability is exclusive to germline cells, which create new ‘instances’ that do not contribute to
the parent’s body. Some epigenetic information in somatic cells exists in its current state because
it was inherited from progenitors and cannot be reconstructed from the individual’s genome.
This is not due to a lack of necessary information in the genome but rather to the restricted access
somatic cells have to this information. Consequently, the epigenetic code of an individual
functions as a partially independent code from the genome.

5. Phenotype as a Dynamic Outcome: The phenotype of a given cell or organism is determined by
the ‘real-time’ biological information contained in its genome and epigenome. For multicellular
organisms, a developmental program runs alongside the ageing program from the moment of
‘instantiation.” Many ageing-associated diseases arise from the intrinsic loss of information —
primarily epigenetic but also genetic—which ultimately leads to the organism’s death when it
no longer retains the necessary information to sustain life.

Ultimately, all these reasonings leads to a concise and clear definition of life as the state in which

negative selection mechanisms —whether external (such as predation or injury) or internal (such as
ageing)—are absent in information-based organisms.

4. The Epigenetics of Ageing
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As I propose that epigenetics is the only relevant factor in explaining ageing, I summarise what
has already been achieved in the field of epigenetics and its relationship with ageing in this separate
section. This distinction underscores the pivotal role I attribute to epigenetics, distinguishing it from
other mechanisms traditionally implicated in the ageing process. By focusing solely on the interplay
between epigenetics and ageing, this section aims to provide a targeted overview of the current state
of research, highlighting how it aligns with or diverges from the framework proposed in this paper.

The relationship between ageing and epigenetics is not a novel concept that has emerged
recently. As early as the 1970s and 1980s, studies began linking ageing to epigenetic features [76-79].
Observations of DNA methylation changes in ageing tissues led scientists to coin the term ‘epigenetic
drift,” referring to the gradual, stochastic alterations in epigenetic marks over time [80-82]. Soon after,
other epigenetic marks beyond DNA methylation were also linked to ageing, including histone
modifications and chromatin remodelling [55,74,83-86]. Over time, the connection between
epigenetics and ageing has become increasingly evident, solidifying their intertwined roles in
understanding the ageing process. Today, epigenetics is widely recognised as one of the key
hallmarks of ageing [1-3].

In 2013, a revolution occurred in recognising the relationship between epigenetics and ageing.
That year, Steve Horvath published a seminal paper introducing a multi-tissue ‘epigenetic clock’—a
predictive model based on DNA methylation levels at specific CpG sites across the genome [87]. This
clock was groundbreaking due to its ability to estimate chronological age with remarkable accuracy
across a wide variety of human tissues (over 50 types), including blood, brain, liver, and more. Its
precision surpassed that of telomere length, which had been the most accurate biomarker of ageing
to date. Interestingly, Horvath faced initial resistance when trying to publish this work, with some
reviewers dismissing it as ‘too good to be true’ [88]. Around the same time this revolution began, at
the end of 2013 and the beginning of 2014, I started gathering serendipitously obtained data that led
me to consider a model of ageing based exclusively on epigenetic parameters. I encountered many
surprising and unexpected results while dissecting tetrads from fission yeast, particularly during self-
crosses, which indirectly pointed to epigenetic phenomena occurring in my experiments which lead
me to understand that the value of a self-cross seen in wild fission yeast strain was a biomarker of
their age (see Marsellach (2017) [7] and sections 6 below). Anyway, following Horvath’s landmark
study, additional epigenetic clocks were developed, such as Hannum’s clock [89], PhenoAge [90],
and GrimAge [91]. Each of these clocks was designed for specific populations or endpoints, further
advancing our understanding of ageing through epigenetic markers. For a recent review on ageing
clocks, see Teschendorff and Horvath (2025) [92].

These epigenetic clocks were soon shown to be associated with all-cause mortality [93,94].
Additionally, other studies demonstrated a relationship between DNA methylation patterns (not
specifically related to epigenetic clocks) and all-cause mortality [95-97]. These findings further
solidified the connection between epigenetic modifications and fundamental aspects of ageing and
health outcomes, emphasizing the critical role of DNA methylation in lifespan prediction and
mortality risk. This was consistent with the serendipitous data I obtained, which pointed towards
lethality in old age being a consequence of epigenetic information loss [7]. Clocks were also
developed for other species, accelerating their use as biomarkers to study ageing and its
modifications [98-109]. Moreover, this concept began to be used to investigate whether diseases [110-
120], lifestyle changes (e.g., diet, exercise) [121-124], pharmacological agents (e.g., metformin,
rapamycin) [125-133], or experimental therapies (e.g, Yamanaka-factor-based partial
reprogramming or chemical reprogramming) could alter the pace of these epigenetic clocks [62,134—
138].

With the information-based conception of life and ageing framework described in the sections
above in mind, the mechanisms behind Yamanaka-based approaches become clearer. The four
Yamanaka factors appear to ectopically reprogram somatic cells, effectively resetting their epigenome
without altering their genetic code [32]. Beyond altering cell type, reprogrammed cells exhibit
rejuvenated characteristics compared to their original state [87,139-141]. This reprogramming
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enables somatic cells to restart the developmental program from scratch, mimicking the epigenetic
state of an embryonic stem cell necessary to initiate a new ‘instance.” In contrast, unmodified somatic
cells cannot naturally perform this reset as they lack the ability to restore a ‘young epigenome.’
However, this process likely occurs naturally in germline cells, as evidenced by earlier experiments
by Gurdon, Wilmut, and colleagues, where somatic nuclei exposed to oocyte cytoplasm were
successfully reprogrammed [142,143]. This similarity reinforces the idea that germline cells
inherently possess mechanisms akin to those artificially induced by Yamanaka factors. Notably,
Yamanaka factors were also shown to be applicable in vivo [144-146], though their continuous
expression in adult animals often led to tumorigenesis, making them unsuitable for direct
rejuvenation purposes.

To address the challenges posed by continuous Yamanaka factor expression, partial
reprogramming strategies emerged, focusing on the transient expression of these factors to
ameliorate ageing phenotypes without inducing tumorigenesis. The first success in this area, though
limited to a mouse model of progeria, was achieved by Ocampo et al. in 2016 [138]. Since then,
numerous studies have built on this foundation (for a review, see Cipriano et al., (2023) [147]). While
these approaches have demonstrated the ability to alleviate ageing phenotypes and extend lifespan,
they fall short of providing an eternal ‘fountain of youth.” Even when applied periodically within a
limited timeframe, they fail to prevent death from old age, achieving instead a lifespan extension of
approximately 25% [148]. This limited efficacy raises an important question: why does complete and
indefinite rejuvenation remain unattainable? To address this, examining the characteristics of long-
lived species in nature and understanding how they achieve exceptional lifespans may offer valuable
insights.

4.1. Epigenetics of Long-Lived Organisms

When examining longevity across the tree of life in wild populations, researchers have focused
on two distinct groups: organisms often referred to as ‘immortal’ (e.g., jellyfish like Turritopsis dohrnii
and hydra) and those with exceptionally long lifespans compared to closely related species (e.g.,
naked mole-rats vs. other rodents). First, it is important to clarify that, in strict scientific terms, the
term ‘immortal’ should be avoided, as it originates from mythology and lacks relevance in the real
world. Even the longest-lived animal will die if its biological structures are destroyed. A more
accurate term would be ‘amortal’ or ‘ageless,” denoting an absence of —or extremely minimal —age-
related changes over time. In contrast, mortal animals exhibit either rapid or gradual, but progressive,
time-dependent functional decline, which increases their vulnerability to disease and ultimately
leads to death—a process we call ageing. Among the first group (the amortal organisms), the vast
majority are relatively simple animals with non-complex lifestyles that minimize their exposure to
external causes of death. In this scenario, their biology may have evolved to allow continuous access
to the information required to maintain a ‘young’ (functional) epigenome. This capability enables
them to remain fully functional indefinitely, avoiding the accumulation of epimutations in their
epigenome—since it is constantly being rebuilt—and mutations in their DNA, protected by the
epigenome’s regulatory shield (see Figure 2A). These organisms are capable, individually, of
circumventing both genetic and epigenetic ratchets. In contrast, mortal animals evolved with a
restriction on the ability of somatic cells to fully restore their epigenome. This limitation leads to a
progressive accumulation of epimutations and mutations within an individual, ultimately causing
its death (see Figure 2D)—a phenomenon we recognise as death from old age. This accumulation of
epimutations and mutations is also the underlying cause of age-related diseases. Mortal organisms
are individually subjected to both genetic and epigenetic ratchets. They mitigate the negative effects
of these ratchets by passing their biological information to successive generations, thereby creating
new functional ‘instances’ with an, ideally, fully restored and functional biological code. This process
ensures the continuity of life despite the progressive deterioration experienced by individual
organisms [9].
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If this is how it works, why then can’t complex organisms like the naked mole-rat become truly
amortal, as simpler organisms like hydra do? To address this, I propose the ‘turning an ocean liner
in a river’ metaphor: ‘Imagine you have a massive cruise ship (an ocean liner) that typically sails in
open seas. Now, you need to turn that enormous ship around within the tight confines of a narrow
river. Because of the ship’s size and the river’s constraints, even the smallest directional adjustments
become slow, challenging, and require significant effort and planning.” Similarly, complex organisms
require a developmental process to exist—an intricate set of biological instructions needed to build
an entire organism from a single cell, the zygote. The developmental and ageing processes (the latter
essential for the Weismannian conservation of the species beyond the human dream of immortality)
appear to have become intrinsically linked during evolution (see below in section 5). This
intertwining means that, for complex organisms, reversing or halting the developmental process is
as challenging as turning an ocean liner in a river. The intricacy and scale of biological systems in
complex organisms make achieving amortality nearly impossible due to the inherent limitations
imposed by their developmental complexity. Does this mean achieving true amortality in complex
organisms is impossible? Simply: we do not know. We have only just begun to experiment with
ectopic reprogramming approaches to reverse ageing [147]. For instance, it has been demonstrated
that using Yamanaka factors can be beneficial for certain tissues but detrimental to others [135]. In
summary, while partial reprogramming offers clear benefits for some ageing-related phenotypes, its
expression across an entire organism has shown detrimental or incomplete effects, failing to fully
‘turn the ocean liner in the river’ [148]. Yamanaka factors appear to restore the epigenetic code
necessary to start a new ‘instance’ from scratch, even this might not suffice, as problems have been
observed in offspring derived from iPSCs. While some iPSC-derived animals are viable, fertile, and
produce healthy offspring, others exhibit reduced lifespans, immune dysfunction, or hidden
phenotypes, indicating that being ‘normal’ at birth does not guarantee lifelong health [149-155].
Metaphorically, the challenge ahead is akin to dismantling the ocean liner within the river and
reassembling it in reverse orientation —without letting it sink during the process.

It is worth noting that in complex organisms with exceptionally long lifespans compared to
closely related species, longevity is often associated with effective protection against external causes
of death (e.g., turtles) or low natural predation (e.g., sharks and whales). Similarly, aquatic and aerial
species can achieve longer lifespans that terrestrial ones, because they are less likely to die from falls
or other such mechanical accidents [156-159]. This observation aligns with a well-established
principle in evolutionary biology: lower external mortality often correlates with longer lifespans.
From the perspective of the framework proposed in this manuscript, organisms with low exposure
to external threats can extend their lifespans by modulating ageing pathways, which ultimately
regulate the pace of the epigenetic ratchet. This ability allows them to maintain their species’
biological information, avoid extinction, and achieve longer lifespans. On the other hand, in
organisms with high predation rates, individuals with slow-ageing traits are unlikely to persist, as
they would succumb to predation before passing their biological information to new ‘instances.” In
such cases, short lifespans coupled with rapid reproduction ensure the continual generation of new
‘instances,” preserving the species’ biological information and preventing extinction [9]. In some
species, such as social insects, these longevity differences manifest within individuals of the same
species. In ants, for example, castes are epigenetically regulated, and research has shown that ageing
pathways directly influence the pace of ageing within different castes [160,161]. The relationship
between the pace of a biomarker of ageing —such as epigenetic clocks—and the rate of ageing is well
established and supported by robust empirical data [103,162-169]. A general pattern observed across
species is that DNA methylation change rates negatively scale with maximum lifespan —reflecting,
in terms of the model proposed in this paper, a slowing down of the epigenetic ratchet.

Within the context of the hallmarks of ageing paradigm —which attributes ageing to the
interplay of multiple independent pathways—the rise of epigenetic clocks based on a few DNA
methylation marks across the genome has catalysed the development of various other types of ageing
clocks. These include Al-based clocks [170], metabolomics-based clocks [171-174], microbiome-based
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clocks [175], mutational clocks [176], proteomics-based clocks [172,177-180], and transcriptomics-
based clocks [181-186], among others integrating multiple data inputs. From the perspective of the
framework proposed in this manuscript, these clocks are secondary as they measure downstream
effects or correlates of the primary driver of ageing: epigenetic phenomena. Efforts should therefore
focus on characterising diverse epigenetic marks, building on existing studies [187,188]. DNA
methylation clocks, which have been widely adopted, are among the most validated across diverse
cohorts and tissues, often showing strong correlations (>0.90) with chronological age. Although the
precise mechanisms linking methylation to ageing remain elusive, DNA methylation is directly tied
to gene regulation, with numerous studies implicating it in ageing pathways (potentially as an
endpoint of these pathways).

It is notable that many organisms lacking DNA methylation pathways also age, highlighting the
need for new approaches to detect epigenetic biomarkers of ageing in such species. My early work
with self-crosses in fission yeast indirectly underscored the potential of epigenetic markers.
Observing spore survival values in these experiments, I hypothesised that they were biomarkers of
ageing. I noted a decrease in spore survival after environmental insults (e.g., cold shock), as well as a
correlation between spore survival and pre-meiotic cell survival. The observed cell death exhibited
ploidy-dependent and sequence-independent patterns, suggesting epigenetic causation through the
accumulation of epigenetic defects [7]. Remarkably, similar to how DNA methylation clocks predict
mortality, these phenomena appeared to be epigenetically driven. Furthermore, spore survival
seemed to be repaired during meiosis [7], paralleling findings by Unal et al. in Saccharomyces
cerevisiae [189], where gametogenesis resets lifespan, and mimicking the ectopic effects seen with
Yamanaka factors [87].

5. Random vs. Programmed Ageing Processes: Information Maintenance in
Unicellular vs. Multicellular Organisms

The study of ageing in unicellular organisms—including prokaryotes, naturally unicellular
eukaryotes, and derived unicellular eukaryotes like yeasts —primarily revolves around the concept
of damage accumulation, framed within the ‘Hallmarks of Ageing’ paradigm [1-3]. These studies
generally assume that ageing results from the accumulation of cellular damage. Bacterial ageing was
initially considered paradoxical due to their single-cell nature, lack of a defined lifecycle, and the
potential for rejuvenation through damage dilution during cell division. However, studies have
demonstrated ageing-like behaviours in bacteria, sparking debates about whether asymmetry or
stressors are prerequisites for ageing to manifest [190-195]. While bacterial ageing does not strictly
parallel eukaryotic ageing, Asymmetric Damage Segregation (ADS) is now recognised as a central
mechanism in bacterial ageing [196-198]. Yeasts, particularly budding yeast and, more recently,
fission yeast, serve as widely used model organisms for ageing research. Most studies done about
ADS use yeasts [199-204] as model organism. Two types of ageing are studied in yeasts: replicative
ageing, defined as the number of daughter cells a mother cell can produce before senescence, and
chronological ageing, which refers to the survival of non-dividing, quiescent cells [205]. Yeasts are
also extensively employed in exploring pharmacological and genetic interventions that affect lifespan
[206-210]. Naturally unicellular eukaryotes like Paramecium, Tetrahymena, Chlamydomonas, and
Dictyostelium exhibit ageing-like phenomena despite their theoretical immortality under ideal
conditions. Although fewer in number, studies on these organisms similarly focus on damage
accumulation as the primary driver of ageing [211-214].

In summary, research on unicellular ageing highlights the central role of damage accumulation
while exploring diverse mechanisms, from ADS in replicative systems to stress resistance in quiescent
states.

As stated earlier, the model I defend in this paper defines ageing without relying on damage as
one of its causes. According to this model, the biological code that a newborn inherits should contain
the information necessary to produce flawless biological structures—structures that either do not
accumulate damage or are optimally equipped to handle the damage produced during normal
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biological processes. Damage accumulates during ageing because the information required for
flawless functioning is progressively lost. This loss of information drives ageing and represents the
evolutionary origin of the ageing process.

Unicellular organisms, most—if not all—can divide through binary fission or mitosis-related
mechanisms, sometimes producing millions of copies of themselves, as observed in certain bacteria
and yeast under laboratory conditions. In natural environments, this ability is one of their most
effective strategies for propagating and preserving their accumulated biological information under
favourable conditions. In harsher environments, many unicellular organisms have developed
specialised survival strategies, such as spore formation. Bacterial endospores, formed by species like
Bacillus and Clostridium, are highly resistant structures designed solely for survival. In contrast, yeast
spores, which are formed after meiosis, serve both as survival adaptations and reproductive units,
capable of germinating into new cells when conditions improve. These spores are specialised cell
types that can endure extreme environmental conditions, ensuring the organism’s long-term
persistence.

In all multicellular organisms, there exists the concept of somatic and germline cells. However,
while many multicellular organisms exhibit a clear distinction between somatic and germline cells,
this is not universal. In some organisms, the lines between somatic and germline cells are blurred,
and the distinction may be less rigid or absent. According to the model presented in this paper,
germline cells are ‘amortal’ compared to somatic cells, not because of how they handle damage, but
because of how they manage and preserve biological information. Although some ADS mechanisms
have been identified, they likely represent part of the normal biological processes that maintain
flawless structures. So far, there is no conclusive evidence to date that damage removal is the primary
reason for the youthfulness of a newborn individual. The framework I developed offers an
opportunity to test whether information management alone is sufficient to explain the youthfulness
of newborns (see Marsellach (2017) [7] and section 6).

Unicellular organisms lack the defining developmental processes observed in most multicellular
organisms, where a single cell grows, divides, and differentiates into specialised structures and
tissues in an organised sequence. While developmental processes offer evident advantages—
allowing the formation of more complex biological structures—they eliminate the simplicity of
creating a new organism through mechanisms like binary fission or mitosis. This imposes limitations
on the ease with which multicellular organisms can preserve their accumulated biological
information. Moreover, the increased likelihood of external death associated with a complex lifestyle
further underscores the necessity of a mechanism like ageing to prevent extinction and ensure the
preservation of biological information [9]. Once a developmental program and the need for a
mechanism like ageing align for survival, it becomes plausible for both processes to intertwine. Thus,
it is reasonable to describe ageing in multicellular organisms as a programmatic process. In
unicellular organisms, where developmental programs are unnecessary, ageing is more likely a
stochastic (random) process rather than a programmed one. In derived unicellular eukaryotes like
yeasts, a dual scenario may exist, with ageing exhibiting characteristics of both a programmatic and
a random process.

In summary, I propose that the multiple reasons why ageing succeeded during evolution are all
closely tied to the challenge of maintaining biological information —particularly in relation to the
levels of complexity that can be sustained by such information. The existence of ageing allowed for
the following:

1. The continuous replacement of older individuals with ‘young’, flawless newborns, thereby
reducing the risk of extinction associated with the increasing vulnerability to external causes of
death that accompany greater behavioural and structural complexity.

2. The ability of complex organisms—which inherently require a developmental process—to

maintain a stable balance between the creation and removal of individuals, without relying on
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simpler reproductive strategies such as binary fission or spore formation, which are used by less
complex organisms that do not undergo proper ageing.

3. An acceleration in the emergence of evolutionary novelties, by reinforcing the need for
population renewal. This mechanism helped overcome the limits imposed by external threats
on organismal complexity. As a result, increasingly complex organisms were able to evolve over

time—organisms that would likely not have arisen in the absence of an ageing process.

6. An Empirical Proposal to Test the Nature of Ageing in a Popperian
Framework —Beyond Identifying Factors that Influence Its Pace

The framework I developed —based on serendipitously obtained data [7]—allows us to do
precisely what the title of this section suggests: address the fundamental nature of ageing itself. To
my surprise, much of current ageing research avoids engaging with this question directly. Many
studies proceed with the uncritical assumption that if a factor modifies the pace of ageing, or is
observed to accumulate in aged individuals, it must be causally involved in producing the ageing
phenomenon. Ageing is frequently labelled as inherently complex, but this complexity is often
asserted rather than explained —without any rigorous justification for why that should be the case.

The serendipitous observations that led to the development of this framework suggest the
following:

1.  Fission yeast self-cross survival is a biomarker of ageing, where ageing is defined, as described
in this paper, as the number of epigenetic defects accumulated in a given clone [7].

2. The lower the self-cross survival value of a clone, the greater the inferred impact of accumulated
epigenetic defects on the survival of its mitotically derived progeny. This reflects the influence
of stochastic variation during the epigenetic copying process in mitotic divisions.

3. Different clones may show different self-cross survival values due to the accumulation of distinct
epigenetic defects at different epiloci.

4. During meiosis, a saturable “epigenetic repair mechanism” operates, which may or may not
improve fitness at any given epilocus. From the perspective of a single epilocus, the outcome is
random-like due to this saturability. Improvements in fitness can be detected as increased self-
cross spore survival.

5. Anindividual cell dies when the real-time biological information it carries is no longer sufficient
to sustain life (see Figure 2D).

6. A clonal lineage will cease to exist when all of its mitotically derived progeny reach the same
informational threshold described in point 5, i.e., when all cells from a given colony lose viability
due to excessive epigenetic damage (Figure 2D).

7. This creates a scenario where lethality due to old age is attributable to the epigenetic state of a
clonal group of cells—that is, a population-level property rather than a purely individual one.
This last point offers a clear experimental test for the hypothesis that loss of epigenetic

information is the causal mechanism of ageing. If the assumptions just exposed are correct, then any

intervention known to modify the pace of ageing should also influence the dynamics of self-cross
spore survival. As described, this metric provides an a priori estimation of the number and/or severity
of accumulated epigenetic defects, which would eventually produce the death of all of the individuals
due to the accumulation in all of them of epigenetic defects (see step 6). Self-cross spore survival thus
becomes a proxy for estimating the probability that individual cells in a clonal line will die. In

practice, it provides an early predictor of how a culture will behave under a fixed environmental
conditions.
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I observed this behaviour only circumstantially in ageing-focused experiments, but I repeatedly
noted it during experiments involving cold shock-like external stress. Such stress may destabilise the
epigenetic machinery, leading to reduced accuracy in the copying of epigenetic information in the
subsequent generation. This, in turn, increases the burden of accumulated epigenetic defects. In other
words, repeated cold shocks appear to accelerate the ageing process—at least in yeast—by
exacerbating the accumulation of epigenetic errors.

This observation resonates with a well-known phenomenon in yeast laboratories: when old
glycerol stocks stored at —-80 °C perform poorly —producing only a few colonies —researchers restore
performance simply by creating a new stock. This occurs because a hidden process of epigenetic
selection takes place during culture renewal, favouring the fitter cells. In such cases, environmental
conditions are not held constant, as fresh media are used. What actually happens is that when a new
culture is ‘instantiated” from an old one, a form of epigenetic selection is triggered: the fitter cells
within the loop used to inoculate the new culture disproportionately contribute to the next
population, effectively purging epigenetically unfit individuals (i.e., “old individual instances”). This
process explains why organisms like bacteria or yeast appear “immortal” under standard laboratory
conditions.

This phenomenon may also have a parallel in human biology. Individuals conceived through
Assisted Reproductive Technologies (ART) have been reported to exhibit an increased risk of ageing-
related diseases [215]. This could potentially be explained by the mechanisms described above.
During ART procedures, freezing and thawing of gametes or embryos is common, and—as
previously discussed —such processes may increase the burden of epigenetic defects, potentially
accelerating the ageing process from the earliest stages of development. This is a scenario that
warrants careful scientific investigation, as it may carry uncomfortable implications for individuals
conceived via ART. It is ethically inconsistent to prohibit experimental studies on human samples
while simultaneously turning a blind eye to potentially harmful outcomes when such risks arise from
personal or societal desires.

The empirical observation of a consistent correlation between spore survival and the viability of
mitotically dividing cells (i.e., cells that have never undergone meiosis), as observed at least once by
serendipity [7], does not in itself prove the epigenetic nature of the phenomenon. However, I also
serendipitously observed a case that supports such an interpretation. While working simultaneously
with haploid and diploid versions of fission yeast strains that shared nearly identical genetic
backgrounds (differing only in the selectable markers used for their construction), I noticed that most
haploid and diploid strains responded similarly to cold shock stress. Yet one strain —JB953—
exhibited a striking divergence: the haploids developed a defect much faster than the diploids under
the same conditions. This observation, alongside several others, led me to hypothesise that the defects
I was observing were epigenetic in nature. Cases in which haploids and diploids behaved similarly
could be explained by dominant epigenetic defects. In contrast, the JB953 case suggests the presence
of a recessive epigenetic defect—one in which both epialleles must accumulate alterations for the
phenotype to manifest. Such a scenario, however, is only plausible if epigenetic inheritance is taken
into account [7].

While more observations of this kind would be valuable, they will not be sufficient to confirm
the model. Ultimately, specific epigenetic defects must be mapped, identified, and reproducibly
introduced into multiple independent strains in order to gain robust experimental support.
Fortunately, the experimental malleability of yeast may make this possible. For example, transposon-
based approaches such as Hermes insertion mapping [216,217] could be used to detect ectopic linkage
between genetic markers and phenotypic differences in clonal strains that show no sequence
variation upon whole-genome sequencing. Once such genomic regions are identified, downstream
analyses such as quantitative proteomics [218] or other high-throughput assays could be applied to
pinpoint the molecular basis of phenotypic divergence in genetically identical but phenotypically
discordant clonal populations.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202507.1902.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 24 July 2025 d0i:10.20944/preprints202507.1902.v1

25 of 37

Overall, the ideas and experimental approaches discussed throughout this paper make it
possible to subject the hypothetical model proposed herein to proper Popperian testing —a standard
not consistently achieved by many ageing hypotheses presented to date.

Author Contributions: Conceptualization, XM. Writing, review, and editing: XM, with the collaboration of
Large Language Models (LLMs) developed by OpenAl, which supported the refinement of the manuscript’s

final form.
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