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Abstract

In recent years, the terms “gerosuppressors” and “gerogenes” have been introduced to describe factors that respectively delay or accelerate
aging. These factors are present across various cell types. Specific proteins, such as tau predominantly expressed in neurons, may act as
neuron-specific gerosuppressors or gerogenes. Tau exhibits a dual role influenced by its post-translational modifications, particularly
phosphorylation. In this review, we discuss relevant examples of tau isoforms that demonstrate both roles, underscoring its dual influence
on neuronal aging.
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1. Introduction

Aging is commonly defined as the process of growing old, marked by a time-dependent decline in physiological and functional
capabilities. More specifically, it refers to the progressive accumulation of cellular and tissue changes over time, resulting from the
diminished ability to maintain homeostasis under stressful conditions. This decline ultimately increases the risk of disease and
mortality.

Although this aging-related decline shares some similarities across the brain and peripheral organs, notable differences exist. Several
hallmarks of aging have been identified that help characterize these shared features!':?l. However, this review focuses on the
distinctive aspects of brain aging, especially those driven by neuron-specific proteins such as Tau, which may be pivotal in
neurodegenerative aging processes.

Gerontology, derived from the Greek “geron” meaning “old man”, focuses on the physiological and functional changes occurring in
the human body during aging, either systemically or within specific organs. Some of these changes can be characterized by
established hallmarks of aging. At the molecular level, recent research has identified two opposing genetic influences on aging:
gerogenes, predominantly expressed in aged individuals and promote aging, and gerosuppressors, which may counteract or slow the
aging processt®l. In this context, we examine brain-associated gerogenes and gerosuppressors, with particular emphasis on tau, a
neuronal protein that may play a dual role in modulating brain aging.

However, aging does not affect all organs in the same way. Distinct differences between brain aging and peripheral aging have been
observed, and specific biomarkers have been proposed to differentiate organ-specific aging patterns!*>..

This study investigates two primary aspects: first, the differences in aging processes between the brain and peripheral tissues; and
second, the potential dual role of the neuronal tau protein. Tau exists in multiple isoforms, some of which may function as gerogenes
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(phosphoisoforms), while others act as gerosuppressors (unphosphorylated isoforms).

2. Hallmarks of Brain Aging

Two well-cited review articles!’? have identified several hallmarks of aging that, with few exceptions, are common across numerous
cell types. However, certain brain cells, particularly neurons, exhibit distinct characteristics that differentiate them from peripheral
cells.

According to the Human Brain Proteome data from the Human Protein Atlas, the brain expresses a remarkably high proportion of
proteins, approximately 76% of all human proteins. Some proteins, such as tau, are primarily localized in neurons!®.. Recently, a brain
aging signature characterized by the specific expression of 64 genes was also identified!".

Neurons exhibit distinct structural and functional features such as morphology, communication, proliferation, and energy
consumption, which distinguish them from peripheral cells. Their asymmetric morphology is largely attributed to a high
concentration of cytoskeletal proteins like tubulins!®), in contrast to the typically spherical shape of many peripheral cells. Neurons
communicate via electrical signals, a specialized process that requires substantial energy. Although the brain accounts for only about
2% of total body mass, it consumes approximately 20% of the body’s energy!”l. This is supported by the high density of mitochondria in
neurons!'’l, playing a crucial role in both neuronal function!'-'? and dysfunction!'®!4l, Energy metabolism declines with brain
aging!"l, and a significant portion of neuronal energy is allocated to protein turnover!'®l. As this process slows with age,
post-translational modifications such as tau phosphorylation accumulatel'’l. Glucose is the primary energy substrate for the brain,
and regions exhibiting accelerated aging often display elevated glucose hypermetabolism!'sl,

Another distinctive feature of neurons is their limited capacity for proliferation. In adults, neurogenesis is restricted to specific
regions, such as the dentate gyrus of the hippocampus!'’l. Although adult neurogenesis decreases with age, it has been observed even
in individuals up to 90 years old®°l In contrast, glial cells, making up roughly 50% of brain cells, retain the ability to proliferate
throughout life. Consequently, telomere length remains relatively stable in neurons, but progressively shortens in glial cells?!l.

Telomere attrition is considered one of the hallmarks of aging!-?. In neurons, additional hallmarks include epigenetic alterations, loss
of proteostasis, mitochondrial dysfunction, stem cell exhaustion, impaired intercellular communication, genomic instability,
dysregulated nutrient sensing, and cellular senescence under stress or damagel!l. Subsequent studies have expanded this list to
include macroautophagy dysfunction, chronic inflammation, and dysbiosis?l. Most of these twelve hallmarks are evident in brain
aging, though their manifestations may differ from those observed in peripheral tissues. For example, aging in brain microglia is
marked by a phenotypic shift from anti-inflammatory to pro-inflammatory states!??.

Epigenetic alterations at histone modifications during aging have been associated with heterochromatin loss(?}], and DNA methylation
patterns in both heterochromatin and euchromatin are disrupted in aging brain cellsl*?!l. Genomic instability is another key feature
of aging; DNA double-strand breaks (DSBs) increase with age and may be implicated in the formation of inflammatory engrams!>’l. The
efficiency of DSB repair mechanisms declines over time, potentially resulting in the accumulation of senescent cells. Although these
cells are non-proliferative, they can secrete pro-inflammatory factors that affect surrounding cells!>*?7l. To address this, senolytic
therapies are currently investigated to selectively eliminate senescent cells[?%-2%,

Nutritional changes, particularly those affecting folate metabolism, are also implicated in brain aging. Age-related intestinal
malabsorption can lead to reduced folate levels, which have been associated with aging®*’l. The consequences of folate reduction may
vary among different brain cell types. In glial cells, folate is crucial for oligodendrocyte survivall®!l, while in astrocytes, a folate
deficiency may contribute to telomere shortening!*?. The role of folate in neuronal aging will be discussed in the following section.

Given that aging is a major risk factor for numerous brain and peripheral diseases, reversing aged cells to a more youthful phenotype
has become a central focus of current research.

3. Aging Reversion

Early studies centered on converting differentiated cells cultured in vitro back to an embryonic-like state. Notably, Yamanaka’s group
demonstrated that a set of transcription factors, now referred to as the Yamanaka Factors (YFs), which are primarily expressed in
embryonic cells, could induce this reprogramming process!*’. The expression of YFs has also been associated with mitochondrial
remodelingl**, although additional research is required to clarify this relationship. This reprogramming has proven successful in
peripheral cells, but it has not been observed in cultured, non-proliferating neurons!**.

Subsequent in vivo experiments in mice involving continuous expression of YFs, also demonstrated signs of cellular rejuvenation, but
this was accompanied by tumor formation!*’l. However, when YF expression was applied cyclically, cellular rejuvenation occurred in
several peripheral organs without tumor developmentl®*’l. Remarkably, this cyclic YF expression in the brains of aged mice led to
observable neuronal rejuvenationl*8l. These findings suggest that YFs may reverse aging in both neuronal and peripheral tissues.
Despite these promising results, translating such approaches from mice to humans remains a challenge.


https://doi.org/10.70401/Geromedicine.2025.0006

Geromedicine. 2025;1:202503 | https://doi.org/10.70401/Geromedicine.2025.0006 Page 3 of 8

To identify safer alternatives for inducing cell rejuvenation, researchers explored the use of small molecules. A cocktail of four
metabolites, including the methyl donor methionine, was found to promote cellular rejuvenation in peripheral tissues and, to a lesser
extent, in brain cellsl**%]. Interestingly, replacing methionine with folate resulted in a more pronounced rejuvenation effect in the
brain cells of aged micel*’l,

To elucidate the mechanism behind this effect, researchers focused on the previously reported interaction between folate and folate
receptor alpha (FRQ), a receptor expressed in neuronsl‘*!l, This interaction facilitates the nuclear translocation of FRQ, where it acts
as a transcription factor to promote YF expressionl*!l, Our studies confirmed that this folate-FRO-mediated mechanism operates in
the brains of aged micel*!l. However, due to folate’s involvement in numerous metabolic pathways, its high-dose administration in
elderly animals may result in undesirable side effects.

To mitigate this risk, researchers screened for peptides capable of binding FRA in a similar manner(*?. One such peptide was found to
mimic the action of folate by binding to FRA without inducing toxic side effects[*?. Subsequently, a family of FRO-binding peptides
with the ability to cross the blood-brain barrier (BBB) was identified!*’l. These peptides have been shown to facilitate neuronal
rejuvenation when administered systemically!*3l.

The data discussed above support the following hypothesis for a neuronal rejuvenation pathway: FRa-binding peptides interact with
membrane-bound FRO on neurons, initiating its translocation to the nucleus. Once inside the nucleus, FRA may function as a
transcription factor, promoting the expression of YFs and thereby facilitating the restoration of a youthful neuronal phenotype.
Further research is required to experimentally validate this proposed mechanism. The next critical step is to evaluate the clinical
potential of these FRO-binding peptides in human trials.

Concerning neuronal aging, we will discuss the role of neuronal proteins such as tau.

4. Neuropathological Aging: Role of Tau Protein

Tau is a neuronal microtubule-associated protein expressed in the brain as multiple isoforms, generated through alternative
splicing!*!l, intron retention(*’], and post-translational modifications such as phosphorylation!®l. Its significance is underscored by its
central role in Alzheimer’s disease (AD), the most well-characterized tauopathy. One of the major pathological features of this disease
is the accumulation of tau aggregatesll. Given that aging is the primary risk factor for AD, the pathological effects of specific tau
isoforms, especially phosphorylated forms, may stem from their ability to accelerate neuronal aging.

The presence of amyloid may promote oxidative stress and activate specific tau kinases!*! (Figure 1), leading to tau modifications that
accelerate pathological aging. Notably, synaptic loss, which is closely associated with cognitive decline in pathological aging and AD
follows a pattern shaped by the brain’s connectome and is influenced by the degree of tau phosphorylation*’l,
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Figure 1. Amyloid pathology promotes tau phosphorylation. (A) Aggregated amyloid peptides may inhibit tau phosphatases, leading to the sustained presence of
phosphorylated tau; (B) Amyloid aggregates can also promote the activation of specific tau kinases, enhancing tau phosphorylation. AB: amyloid beta; RCAN1: regulator of
calcineurin 1; GSK-3b: glycogen synthase kinase 3@3; Cdk5: cyclin-dependent kinase 5; Pin1: peptidyl-prolyl cis-trans isomerase NIMA-interacting 1; p38: p38 mitogen-activated

protein kinase.

Tau pathology is closely linked to aging-related declines in cellular energy metabolism!‘l, which impair protein turnover and
promote intracellular Ttau accumulation. This buildup may (Figure 2):


https://doi.org/10.70401/Geromedicine.2025.0006

Geromedicine. 2025;1:202503 | https://doi.org/10.70401/Geromedicine.2025.0006 Page 4 of 8

A Physiological Brain Aging B Tau related Brain Aging

Changes in cytoskeleton (neuronal shape) Changes in tau phosphorylation facilitate changes
and cell-cell communication (synapses) in cytoskeleton and cell-cell communication (P-tau
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Figure 2. Tau protein in brain aging: from physiological decline to molecular duality. (A) Key processes involved in physiological brain aging include structural and functional
neuronal alterations, a decline in cellular energy metabolism, loss of heterochromatin integrity, increased permeability of BBB, and age-related changes in nutrient
availability; (B) The tau protein plays dual roles in brain aging, acting either as a gerosuppressor or a gerogene. Unphosphorylated tau isoforms function as gerosuppressors,
while phosphorylated forms tend to promote gerogenic activity. Impaired tau turnover, often resulting from persistent phosphorylation, contributes to aging-related
pathologies. Within the nucleus, unphosphorylated tau may help preserve genomic integrity, reinforcing its gerosuppressive role. In contrast, aggregated P-tau fibrils can
compromise BBB integrity, accelerating brain aging and positioning tau as a GG; (C) The transition of tau from acting as a GS to becoming a GG triggers changes that

represent important hallmarks of tau pathology in neurodegenerative diseases. BBB: blood-brain barrier; P-tau: phosphorylated tau; GG: gerogen; GS: gerosuppressor.
a) Enhance tau phosphorylation, impairing its cytoskeletal functions related to neuronal shape and synaptic transmission;

b) Facilitate tau aggregation, exacerbated by impaired clearance;

c) Promote tau translocation to the nucleus;

d) Lead to secretion of extracellular tau.

Additionally, tau-related neuroaging may involve altered adult neurogenesis!**! in the dentate gyrus and increased BBB permeability,
both associated with aging[*’). We investigated tau’s role in neuronal aging by examining its impact on cytoplasmic and nuclear
processes, BBB integrity, and adult neurogenesis.

In the cytoplasm, phosphorylated tau disrupts dendritic spine structure and synaptic communication. Tau phosphorylation,
prominent in ADPY), occurs in both the somal>!l and dendrites, affecting neuronal morphology and function>!>3l. Aging also induces
the relocation of N-methyl-D-aspartate (NMDA) receptors from synaptic to extrasynaptic sites!. Tau may participate in this shift,
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further acting as a gerogen>\.

In AD, phosphorylated and aggregated tau contributes to the formation of a “pathological connectome,” which aligns with the
progression of Braak stages!®®l. These stages are characterized by sequential tau phosphorylation events, from pre-fibrillar forms
(pTau262, pTau356) to early/mid-stage markers (pTau196, pTau202), and finally to late-stage paired helical filaments (pTau396,
pTau401).

In the nucleus, tau localizes to the nucleolus and pericentromeric heterochromatic regions, where it binds nucleic acids7->%1,
potentially protecting DNA from damage and acting as a gerosuppressor. However, age-associated tau phosphorylation reduces its
DNA-binding capacity, thereby weakening its protective role. Under physiological conditions, tau may prevent DSBs, particularly
those arising during inflammatory neural activity (“inflammatory engrams”)>>.

Conversely, tau’s presence in heterochromatin may prevent its decondensation®®’!, contributing to heterochromatin loss, a
recognized aging mechanism3l. Tau influences the transport of the Su(var)3-9 to histone H3 via HP1-a, affecting H3K9me3
methylation levelsi’l. When tau is absent!>”! or phospho-tau is present!®’l, heterochromatin loss may be promoted, highlighting tau’s
role as a gerosuppressor under normal conditions. This chromatin reorganization can activate repetitive DNA elements, such as
transposons, causing cytotoxicityl®!-°?, and further implicating tau as a gerogen.

Nuclear oligomeric tau, particularly in the nucleolus, can distupt RNA metabolic processes, such as ribosome biogenesis and
splicing®?l, thus further accelerating cellular aging and reinforcing tau’s role as a gerogen.

Moreover, aging increases BBB permeability. Extracellular tau, secreted due to intracellular accumulation, may exacerbate BBB
dysfunction by altering endothelial cell metabolism!®‘], representing another pathological facet of tau’s role in aging.

During adult hippocampal neurogenesis in the dentate gyrus, newborn DCX-positive cells migrate from the subgranular zone toward
the upper layers and project axons into the CA3 region. Comparative studies between wild-type and tau knockout mice have shown
that tau, acting as a gerosuppressor, facilitates this migratory process!*®], likely by promoting microtubule dynamics via its 3R isoform
specifically expressed in newborn neurons!®l,

On the other hand, although tau-related neuroaging has been discussed, the aging-associated changes in tau itself have rarely been
mentioned. In this context, the inclusion of certain exons in tau protein increases with age. In fact, this has been reported as a
common feature in several proteins during human aging!®®l. For Ttau, there is an age-related increase in the inclusion of exons 2 and
107, Moreover, as previously indicated, the age-dependent increase in nuclear taul®®l, along with reduced tau turnover, facilitates its
aggregation (Figure 2).

5. Conclusion

In summary, tau is essential for normal neuronal function, as evidenced by behavioral and cognitive differences observed in
wild-type vs. tau knockout models![®”l. In young animals, tau acts as a gerosuppressor. However, during aging, energy deficits impair
tau turnover, resulting in pathological phosphorylation by multiple kinases!’’! and the emergence of gerogenic phospho-tau isoforms.
Although kinase inhibition strategies have been explored!’!), enhancing neuronal energy metabolism to restore tau turnover seems to
be a more effective yet complex therapeutic approach. This consideration raises the question of whether neuronal energy
hypometabolism should be regarded as a distinct hallmark of aging or incorporated into existing categories such as proteostasis.

In any case, these findings highlight key differences between neuronal and peripheral aging, with neuron-specific proteins like tau
playing a critical role. During physiological aging, tau transitions from acting as a gerosuppressor to acting as a gerogen, resembling
a “travel companion” throughout brain aging.
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