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Abstract

Aging is a complex, multifaceted process that affects all organisms, characterized by functional decline and
increased risk of death. Although the molecular and cellular basis of aging has been extensively studied, the
roles of bioelectricity, biochemical gradients, and biomechanical gradients in this process remain less under-
stood. This review investigates the current knowledge concerning these factors and their influence on aging at
molecular, cellular, and whole organism levels. I examine the connection between steady-state membrane
voltage (Vmem) and mitotic division, the relationship between mitochondrial membrane potential and aging,
the role of epigenetic modifications in regulating gene expression, and the deliberate manipulation of bioelectric
gradients to achieve desired outcomes in aging. This review emphasizes the need for further research to better
comprehend the role of bioelectricity and chemical gradients in aging, and to identify potential targets for
interventions to delay or alleviate the effects of aging.
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Highlights Key Concepts in Bioelectricity and Aging
e Bioelectricity, biochemical gradients, and biomechan- e Bioelectricity: The regulation and control of cellular
ical gradients play essential roles in physiological processes through the manipulation of electrical po-
processes, and may influence aging at molecular, cel- tentials, ion transport, and signaling molecules, which
lular, and organismal levels. are essential components of genetic and epigenetic
e Resting membrane voltage (Vmem) is a crucial factor regulatory networks.
in cellular processes, including mitotic division, and e Chemotactic concentration gradients: Gradients of
has strong implications in aging research. chemical substances that guide cellular movement, ei-
o Intercellular signaling mechanisms and their impact on ther toward or away from a source, influencing pro-
epigenetic modifications provide new insights into cesses such as cell migration and tissue repair.
the aging process and the development of targeted e Master regulators: Critical control nodes in regula-
interventions. tory networks that can be targeted to achieve complex,
e Understanding the relationship between transmem- coordinated outcomes in cellular processes and
brane voltage behavior and cellular dedifferentiation patterning.
provides valuable insight into the regulation of gene e Resting membrane potential: The electrical potential
expression and potential strategies for rejuvenating difference between the interior and exterior of a cell
cells and tissues. when it is not actively conducting an impulse.
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e Top-down control models: Approaches that offer a mech-
anistic roadmap for understanding and controlling complex
systems, such as cellular behavior and tissue dynamics.

e Voltage membrane (Vmem): The electrical potential .
difference between the cell cytoplasm and the extra-
cellular environment.

e Gap junctions: Intercellular channels composed of
connexin proteins that enable direct communication
between cells, allowing the exchange of ions, small °
molecules, and second messengers.

e Epigenetic modifications: Chemical changes to DNA
or histone proteins that can affect gene expression

without altering the underlying DNA sequence, such as
DNA methylation and histone acetylation or deacety-
lation.

Cellular reprogramming: The process of converting
specialized cells back into a more pluripotent state,
which has potential implications for rejuvenating cells,
tissues, and organs, as well as combating aging and
age-related diseases.

Sirtuins: A class of enzymes, such as histone deace-
tylases (HDACsS), that play a role in regulating gene
expression, chromatin structure, and cellular processes,
including aging and longevity.



Downloaded by Olga Sobkiv from www.liebertpub.com at 07/06/23. For personal use only.

EXPLORING THE CONNECTION BETWEEN BIOELECTRICITY AND AGING 3

Introduction
Exploring the role of bioelectricity in the aging process

AGING 1S A complex, multifaceted process that involves
the progressive decline in biological function and in-
creased susceptibility to diseases over time. Although a
universally accepted definition of aging remains elusive,
many scientists agree that it is characterized by a gradual loss
of physiological integrity, leading to impaired function and
increased vulnerability to death.! The aging process is highly
intricate and not fully understood, sparking numerous de-
bates within the scientific community regarding its funda-
mental causes and underlying mechanisms. Some researchers
argue that aging is primarily driven by genetic factors, while
others propose that environmental influences and lifestyle
choices play a more significant role.

Deciphering the molecular and cellular mechanisms un-
derlying aging is crucial for developing strategies to promote
health span and delay the onset of age-related diseases. One
emerging area of interest is the role of bioelectricity in the
aging process. Bioelectricity plays a critical role in various
physiological processes, including cell communication, dif-
ferentiation, and tissue regeneration. This review aims to
provide an overview of the role of bioelectricity, biochemical
gradients, and biomechanical gradients in the aging process,
as well as their potential therapeutic implications.

Bioelectricity refers to the regulation of signaling ions and
molecules essential for genetic and epigenetic networks,
playing a pivotal role in transcriptional and translational
control. The resting membrane potential, a critical aspect of
bioelectricity, is involved in regulating mitotic division, and
can influence aging at the molecular, cellular, and organismal
levels. Furthermore, chemotactic concentration gradients and
biomechanical gradients contribute to aging by modulating
gene expression and cellular processes.

The review will examine how bioelectricity affects stem
cell behavior and tissue regeneration, and discuss the interplay
between membrane voltage (Vmem) and aging, with an em-
phasis on its impact on mitotic division. In addition, it will
explore the relationship between epigenetic modifications and
gene regulatory networks in the context of aging, and how
intercellular signaling mechanisms influence age-related epi-
genetic changes. Finally, the review will delve into the con-
nection between transmembrane voltage behavior and cellular
dedifferentiation, providing insights into the potential of top-
down control models for targeting whole organism aging and
improving the effectiveness of cellular reprogramming.

Despite recent advancements, our understanding of the
complex relationships between bioelectricity and the aging
process remains limited. Continued research in this area
holds the potential to revolutionize our comprehension of
aging, and provide new avenues for the prevention and
treatment of age-related diseases. By developing targeted
interventions that directly address the root causes of aging,
we can work toward extending health span and life span,
ultimately improving overall human health and well-being.

The Relationship Between Steady-State Vmem
and Mitotic Division

There is evidence that suggests steady-state Vmem plays a
role in the regulation of mitotic division, the process by

which cells divide and replicate their DNA in preparation for
cell division.” In a series of experiments conducted in the late
1960s, Clarence D. Cone, Jr. observed that Vmem varied
throughout the cell cycle, and postulated that these variations
were related to progression through the G1/S and G2/M
transitions in proliferating cells.> Cone used microelectrodes
to measure Vmem changes in synchronized cell cultures,
providing valuable insights into the relationship between
Vmem and cell cycle progression.® Although these initial
studies were groundbreaking, they were limited by the
available technology and methods at the time, and subsequent
research has built upon Cone’s findings using more advanced
techniques.

In a follow-up study, Cone was able to induce a reversible
mitotic block by altering the intracellular ionic concentration
of cells to mimic Vmem levels observed in neurons, and also
showed that sustained depolarization could induce DNA
synthesis and mitosis in mature neurons.* Since Cone’s initial
work, other researchers have expanded upon these findings,
examining the role of specific ion channels and molecular
mechanisms that regulate Vmem in various cell types.

Membrane potential has been examined as a key regulator
of proliferation in a variety of cell types, and it has been
shown that modulation of Vmem is required for both G1/S
phase and G2/M phase transitions.* Depolarization of the
membrane through changes in extracellular ion concentration
has been shown to inhibit G1/S progression in lymphocytes,
astrocytes, fibroblasts, and Schwann cells.” This suggests that
hyperpolarization is a necessary step for S phase initiation
(Fig. 1). In contrast, mitotically active cells such as embry-
onic, cancer, and stem cells tend to be more depolarized (0 to
—-30mV) than terminally differentiated cells (=50 to
—100mV) that no longer proliferate.® The regenerative ca-
pacity of the mammalian liver, which resides toward the
middle of this scale, has been suggested to be correlated with
its cellular Vmem levels.?

Systematic analyses of genome-wide transcriptional
changes following steady-state depolarization in vivo have
been conducted, and potential biomedical endpoints of
Vmem modulation have been explored. One such study an-
alyzed the transcriptional changes in three species and
compared the results, providing valuable insights into the
molecular targets and transduction machinery downstream of
Vmem change.® The study identified putative transcriptional
targets through which Vmem regulates apoptosis, as well as
other cell death mechanisms such as anoikis.® The study also
identified, for the first time, fate specification genes regulated
by Vmenm for tissues from all three germ layers.®

The relationship between steady-state Vmem and mitotic
division is an important area of study in the field of aging
research. Dysregulation of mitotic division is a hallmark of
many age-related diseases, including cancer, and under-
standing the role of Vmem in this process will provide new
insights into potential therapeutic approaches.

Further research on the relationship between Vmem and
mitotic division may also shed light on the role of bioelec-
tricity in regulating dedifferentiation and regeneration, which
have potential implications for regenerative medicine.
Therapeutic interventions that target Vmem or its regulators
include small molecules that modulate ion channel activity,
gene therapies to alter the expression of ion channels, and the
use of electrical stimulation to influence cellular bioelectric
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properties. Overall, understanding the role of Vmem in mi-
totic division and other processes related to aging is crucial
for improving our understanding of the aging process and
developing interventions to promote healthy aging.

The Role of mTOR Signaling in Aging
and Its Potential Inverse Correlation
with Steady-State Vmem

The mTOR pathway is a key regulator of cellular growth,
metabolism, and aging. mTORCI1, a complex within the
mTOR pathway, has been shown to be a local, postsynaptic
voltage sensor regulated by positive and negative feedback
pathways.” Molecular mechanisms by which mTORCI
modulates ion homeostasis and membrane potential include
its interaction with ion channels and transporters, such as the
regulation of the activity of sodium—potassium pumps and the
expression of voltage-gated ion channels.

One study found that acute reduction of mTORCI activity
by rapamycin in vivo preferentially altered the expression of
proteins involved in ion homeostasis and regulation of the
membrane potential, suggesting a potential link between
mTORC]1 and Vmem.® Overactive mTORC] has also been
linked to excessive protein synthesis and neuronal hyperex-
citability, as well as the repression of several ion channels
that reduce excitability.

The presence of mMTORCI] in the postsynaptic region and
its ability to regulate ion channels and their associated pro-
teins suggest a link between dysregulated mTORCI1 activity
and abnormal membrane excitability. The relevance of the
mTOR pathway to aging research is well established.
mTORCI is thought to be involved in the regulation of cel-
lular growth and metabolism, which are both critical pro-
cesses in aging. Dysregulation of mTORCT1 activity has been
linked to several age-related disorders, including neurode-
generative diseases, cancer, and cardiovascular disease.

mTORC?2, another complex within the mTOR pathway,
has also been implicated in the regulation of cellular pro-
cesses related to aging.” While mTORC2’s role in Vmem
regulation is not as well established as mTORC1, it is known
to regulate the actin cytoskeleton and modulate cellular sur-
vival and metabolism.'® The potential relevance of mTORC?2
to aging and Vmem regulation may involve complemen-
tary or opposing effects compared with mTORCI1, war-
ranting further investigation into its specific roles and
interactions.

The relationship between mTOR signaling and Vmem may
have implications for the regulation of excitable membranes,
which are important in many physiological processes. Fur-
ther research on the relationship between mTOR signaling
and Vmem may provide insights into the molecular mecha-
nisms underlying these age-related diseases that will lead to
the development of new therapeutic strategies for their
treatment.

To fully understand the involvement of mTOR in Vmem
regulation and aging, it is essential to study both mTORC1
and mTORC?2 complexes, as well as their interactions with
ion channels, transporters, and other cellular components.
This comprehensive approach will provide a more accurate
understanding of the complex interplay between mTOR
signaling, Vmem, and the aging process.

Transmembrane Voltage Potential is a Regulative
Tool in the Thymus, Which Is Implicated
in Aging Immunology

The thymus is a critical organ in the immune system,
playing a vital role in the development and maturation of
T-lymphocytes (T-cells). With age, the thymus undergoes a
process of involution, or shrinkage, which is associated with a
decline in the number and function of T-cells. Aging is re-
lated to changes in the transmembrane voltage potential of
thymic cells, such as thymic epithelial cells and thymic
stromal cells. These changes include a reduction in the am-
plitude of the membrane potential and an alteration in the
balance of ionic currents across the membrane. '’

One study conducted using in vitro cell culture found that
progesterone, a steroid hormone, directly affects the physi-
ology of thymic epithelial cells. This impact is observed in
electrophysiological responses, such as alterations in trans-
membrane voltage and current, as well as changes in intra-
cellular calcium levels and thymulin secretion. These rapid
responses suggest the presence of a membrane-bound pro-
gesterone receptor in these cells. The mechanism by which
progesterone activates ion channels in thymic epithelial cells is
not yet known but bears similarity to the mechanism observed
in sperm, where progesterone activates an influx of calcium.'?

Another study discovered that aging is linked to changes in
the expression of ion channels and transporters in thymic
cells, which may impact the transmembrane voltage potential
and T-cell development. Specifically, the study found distinct
groups of ion channel genes, such as components of voltage-
gated calcium channels and potassium channels, which are
upregulated in preselection double-positive thymocytes and
selectively retained during the positive selection of thymo-
cytes with low self-reactivity. These changes in ion channel
expression may help enhance weak thymic cell receptor
signals both during the initial phase of positive selection and
during T cell homeostasis in the periphery.

In addition, it is suggested that the modulation of ion
channels may also impact thymic cell receptor triggering by
regulating local membrane charge at the receptor complex
and potentially affect ion-coupled transport of nutrients.'

These studies emphasize the role of bioelectric information
processing in the thymus and the importance of further research
in this area. Understanding the mechanisms behind these
changes in transmembrane voltage potential and ion channel
activity in thymic cells will provide insights into the molecular
mechanisms underlying age-related decline in the immune
system. In the context of the aging thymus, alterations in ion
channel expression or function could contribute to thymic in-
volution or decline in T-cell function.'* Further research in this
field may lead to the development of new therapeutic strategies
for improving T-cell function and immunity during aging.

Mitochondrial Membrane Potential Is Causally
Linked to Aging

Mitochondria are vital organelles that primarily contribute
to cellular energy production through the synthesis of ATP. It
has been posited that mitochondrial dysfunction is a central
contributor to the cellular declines that underlie biological

. 1 . .
aging.” However, the reasons and mechanisms behind the
age-related decline in mitochondrial function remain elusive.
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One critical aspect of mitochondrial function associated with
aging is the protonmotive force (PMF) across the inner mito-
chondrial membrane."® This gradient declines with age in var-
ious experimental models, leading to reduced energy production
and heightened cellular stress. Recent studies have offered di-
rect causal evidence that rescuing the age-related decline in
mitochondrial membrane potential through optogenetic reju-
venation can slow the rate of aging, and extend health span and
life span in the model organism Caenorhabditis elegans.'®

Another facet of aging linked to mitochondria is cellular
senescence. Calcium is an essential regulator of numerous
cellular processes, such as secretion, autophagy, migration,
proliferation, and cell death.!” Recent findings have revealed
that calcium is regulated during cellular senescence and can
influence its outcome.'®!'? In a particular study, it was ob-
served that the loss of the calcium channel ITPR2 diminished
the level of senescence in vitro and in vivo, and improved
aging, suggesting that ITPR2 regulates aging by impacting
cellular senescence. This study indicates that ITPR2 calcium
channels and endoplasmic reticulum-mitochondria contacts
promote cellular senescence and physiological aging.”®

Changes in mitochondrial membrane potential can pro-
foundly affect other cellular functions that are relevant to the
aging process, such as redox signaling and the production of
reactive oxygen species (ROS). The decline in mitochondrial
membrane potential is associated with increased ROS gen-
eration, primarily due to the impaired electron transport chain
function.”' This results in the leakage of electrons, which
react with molecular oxygen to form superoxide, a precursor
to other ROS. The accumulation of ROS can cause oxidative
damage to cellular components, such as DNA, proteins, and
lipids, thereby contributing to age-related dysfunction and
cellular senescence.

In addition, alterations in mitochondrial membrane potential
can disrupt energy metabolism, as the reduced PMF impairs
ATP synthesis.” This energy deficit can trigger a shift toward
less efficient metabolic pathways, such as glycolysis, ulti-
mately leading to a decrease in overall cellular bioenergetic
efficiency.** The resulting metabolic stress may activate stress
response pathways, such as AMPK and mTOR signaling, fur-
ther promoting cellular senescence and age-related decline.”

Changes in mitochondrial membrane potential can also
influence calcium signaling, as mitochondria play a critical
role in regulating intracellular calcium levels.”® Reduced
mitochondrial membrane potential impairs the uptake and
release of calcium by the mitochondria, leading to dysregu-
lated calcium homeostasis.”” This can subsequently affect
various calcium-dependent processes, including cellular
proliferation, apoptosis, and autophagy, all of which have
been implicated in the aging process.

The multifaceted role of mitochondrial membrane poten-
tial in aging underscores the significance of further exploring
the connection between bioelectricity and aging. A compre-
hensive understanding of the underlying mechanisms of ag-
ing is necessary to identify potential therapeutic targets and
devise effective interventions.

Bioelectric Information Processing and Its Role
in Aging

Bioelectricity is an essential aspect of cellular biology with
implications for aging. This section provides an overview of

ANDERSON

bioelectric information processing and its role in the aging
process by examining the influence of synchronized electric
potentials on individual cell cycles in various biological
systems.

At the molecular level, bioelectricity fine-tunes the ex-
pression of genes by controlling intracellular signaling cas-
cades involving specific ion channels or proteins. For
instance, voltage-gated potassium channels, calcium chan-
nels, and gap junction proteins such as connexins are in-
volved in these processes.”’ This coordinated regulation of
multiple genes increases the efficiency and specificity of the
regulatory network, allowing cells to rapidly change their
gene expression profile in response to changing conditions.

One of the key findings in bioelectric research is the syn-
chronization of electric potentials, which has been observed
in glioma cells, bacterial communities, and pancreatic islets.
In glioma cells, synchronized electric potentials regulate cell
proliferation, migration, and cell cycle acceleration.’®>' In
bacterial communities, synchronization influences cell
growth, division, gene expression, and cell death.*>>> In
pancreatic islets, synchronization affects insulin secretion
and glucose metabolism.*®>’ The potential relevance of these
findings to the aging process is an area of ongoing investi-
gation, as age-related changes in electric potential synchro-
nization could have implications for age-related diseases or
other conditions.

In the context of brain, synchronized electric potentials
play a significant role in neural activity, synaptic plasticity,
and neurogenesis.*®*’ These processes may also be relevant
to aging, as changes in synchronized electric potentials could
potentially contribute to age-related cognitive decline, al-
terations in neural stem cell function, or impaired tissue re-
pair and regeneration.*’

Further research is needed to fully understand the role of
bioelectric information processing in aging and its potential
impact on cellular processes. However, it is clear that the
synchronization of electric potentials plays a significant role
in the regulation of individual cell cycles in various biolog-
ical systems. The potential therapeutic applications of bio-
electric information processing in the treatment of aging and
various diseases warrant further investigation. Key un-
answered questions and areas of future research include the
mechanisms by which changes in synchronized electric po-
tentials might contribute to the aging process, and the extent
to which bioelectric modulation could be harnessed for
therapeutic purposes.

Epigenetic Modifications, Bioelectricity, and Their
Connection to Aging

Epigenetic modifications, which involve changes in the
regulation of gene expression without altering the underlying
DNA sequence, play a crucial role in cellular processes and
aging. These modifications encompass a range of mecha-
nisms, including histone modifications, DNA methylation,
noncoding RNAs, and chromatin remodeling. Understanding
the relationship between epigenetic modifications and aging
may provide insights into potential strategies for improving
health and delaying the onset of age-related diseases.

Epigenetic markers, such as DNA methylation, histone
modifications, and noncoding RNAs, are essential for con-
trolling gene expression in gene regulatory networks. For
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example, DNA methylation may favor the expression of
genes associated with plasticity while inhibiting the activity
of memory-suppressing genes.*' Histone modifications can
alter chromatin structure, thereby regulating the accessibility
of DNA to transcription factors and other regulatory proteins.
Noncoding RNAs, such as microRNAs and long noncoding
RNAs, can also modulate gene expression by interacting with
DNA, RNA, or proteins.

Specific genes, such as BDNF (brain-derived neurotrophic
factor) and CaMKII (calcium/calmodulin-dependent protein
kinase II), are regulated by epigenetic modifications, and have
been shown to influence synaptic plasticity.*>**> Other genes,
such as KCC2 (K*/CI” Cotransporter 2) and Nav/.I (Sodium
Voltage-Gated Channel Alpha Subunit 1.1), modulate ion
channels and regulate cell excitability.*** Age-related
changes in these epigenetic modifications may contribute to
cellular aging or age-related diseases, such as neurodegen-
eration and cardiovascular disease.

Bioelectric signals also influence epigenetic regulation. One
study found that genetic deletion of the DNA methyltransfer-
ase Dnmt3a in the hippocampus led to increased expression of
plasticity-associated genes, including BDNF, and improved
learning and memory.*® In addition, membrane depolarization
induced by potassium chloride can cause BDNF promoter
demethylation, disassociating the MeCP2 transcrigtion re-
pressor complex and allowing BDNF expression.*’*

Understanding the mechanisms by which epigenetic
modifications and bioelectric signals regulate gene expres-
sion is crucial for studying aging. Further research is needed
to elucidate the connections between these processes and
their potential therapeutic applications. Key unanswered
questions include the specific mechanisms by which bio-
electric signals influence epigenetic regulation, and how age-
related changes in epigenetic modifications and bioelectric
signaling contribute to aging and age-related diseases. As our
understanding of these relationships deepens, new insights
into the molecular basis of aging and potential targets for
therapeutic intervention will emerge.

Intercellular Signaling Mechanisms Regulate
Age-Related Epigenetic Modifications

Intercellular signaling enables cells to communicate and
coordinate their activities, playing a vital role in cellular
processes and aging. This communication can occur through
direct contact or through the release of signaling molecules,
known as ligands, which bind to cell surface receptors and
trigger intracellular signaling pathways. These pathways
regulate gene expression, cell growth, and other cellular
processes, and are influenced by various stimuli, such as
growth factors, hormones, and environmental cues.*’

Gap junctions are key structures in intercellular commu-
nication and are composed of connexin proteins. These
junctions facilitate the direct exchange of ions and small
molecules between adjacent cells, enabling coordinated cel-
lular responses to external stimuli. Connexin expression is
regulated by a complex network of mechanisms, including
transcrislé)tion factors, histone modifications, and micro-
RNAs.”® These regulatory mechanisms play a significant role
in biological processes such as long-term memory formation
and maintenance, where DNA methylation can inhibit the
activity of memory-suppressor genes.

As cells age, they experience changes in the levels and
activity of signaling molecules and receptors, leading to al-
terations in intracellular signaling pathways and ultimately
resulting in changes in gene expression. These changes con-
tribute to the aging process by altering cell and tissue function,
leading to a decline in physiological function and increased
susceptibility to disease. Altered function of gap junctions, for
example, may impact cellular communication in aging tis-
sues, contributing to age-related cellular dysfunction.

Epigenetic modifications, such as DNA methylation and
histone modifications, accumulate with age and lead to
changes in gene expression. For example, DNA methylation
patterns in certain regions of the genome change with age,
directly leading to the silencing of genes important for
maintaining cellular function and health. Histone modifica-
tions that occur with age can also impact chromatin structure
and accessibility of DNA to the transcription machinery,
which in turn affects gene expression and cellular function.

Bioelectric signals, such as voltage gradients and ion
flows, can be transduced into second-messenger cascades that
promote changes in gene expression (Fig. 2). This occurs
through mechanisms such as conformational changes in in-
tegrin signaling, activation of calcium influx through voltage-
gated calcium channels, regulation of small morphogen
movement by voltage-powered transporters, and voltage
regulation of phosphatase activity.”' These signals may be
altered in aging cells, contributing to age-related changes in
gene expression or other cellular processes.

During tadpole tail regeneration, bioelectric signals have
been shown to be linked to epigenetic modification. Perma-
nent resetting of anatomical structure from a transient,
physiological perturbation suggests that epigenetic modifi-
cations are involved in the control of regenerative pattern
formation. The involvement of histone deacetylases
(HDAC:Ss), which function as cofactors for serotonin, indi-
cates a connection between bioelectric signals and epigenetic
regulation.>>

This study demonstrates a mechanism by which bioelectric
signals can influence epigenetic modifications and ultimately
control regenerative pattern formation. This raises the ques-
tion of whether the same top-down control model can be used
to alter the aging phenotype and return it to a physiologically
healthy state. HDACs are a class of enzymes that remove
acetyl groups from the tails of histones, which are proteins
that package DNA into a compact structure called chromatin.
This process, known as deacetylation, can influence gene
expression by making the chromatin more or less accessible
to transcription factors and other regulatory proteins.

HDAC S have been shown to play a role in regulating gene
expression and influencing biological processes such as ag-
ing. One example of an HDAC implicated in aging is sirtuin,
which has been shown to promote longevity in yeast by
deacetylating histone H4K16Ac.>® Other HDAC inhibitors,
such as sodium butyrate and suberanilohydroxamic acid,
have been shown to increase global H3K27ac, and restore
homeostasis in the mouse brain by downregulating age-
upregulated genes and upregulating age-downregulated
genes. However, the precise and disease-relevant molecular
targets of HDACs, particularly sirtuins, have not yet been
fully characterized.

In conclusion, intercellular signaling mechanisms play a
crucial role in regulating age-related epigenetic modifications,
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which in turn can impact cellular function and contribute to
the aging process. Understanding the link between intercel-
lular signaling and epigenetic modifications provides a new
perspective on aging, focusing on cellular-level processes
rather than a gradual decline in overall health. Further re-
search into this topic can help identify potential therapeutic
targets for delaying or preventing the onset of age-related
diseases, leading to improved health outcomes for aging in-
dividuals.

The Relationship Between Transmembrane Voltage
Behavior and Dedifferentiation in Cells

Cellular reprogramming, the process of converting spe-
cialized cells into a more pluripotent state, has emerged as a
promising strategy for combating aging and age-related dis-
eases.” By utilizing techniques such as genetic manipulation
and epigenetic modulation, researchers aim to reset the epi-
genome of cells and restore their youthful gene expression
patterns. This rejuvenation of cells, tissues, and organs has the
potential to reverse the age-associated decline in function and
regenerative capacity. However, the current bottom-up inter-
vention strategy faces challenges such as low reproducibility.>

The absence of significant genomic sequence differences
between reprogrammed induced pluripotent stem cells and
their original counterparts suggests that epigenetic modifi-
cations, such as DNA methylation and histone modification,
play a critical role in successful reprogramming.

ANDERSON
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FIG. 2. Intercellular signaling-
dependent transcription. This figure
illustrates the importance of gap
junctions in intercellular commu-
nication and the role of bioelectric
signals in modulating cellular pro-
cesses. Gap junctions, composed of
connexin proteins, allow for the
exchange of ions and small mole-
cules between adjacent cells, fa-
cilitating coordinated responses to
external stimuli. Bioelectric sig-
nals, such as voltage gradients and
ion flows, can be transduced into
second-messenger cascades and
changes in gene expression. Al-
terations in these signals may con-
tribute to age-related changes in
gene expression and other cellular
processes. Understanding the role
of gap junctions and bioelectric
@ Acetyl group signals in aging may offer new

opportunities for developing inter-
@ 2nd messengers ~ ventions to improve age-related

cellular dysfunction.

Hyperpolarized (-)

Gap junctions
(e.g., connexins)

.. lon channel

Transmembrane voltage behavior, the regulation of elec-
trical potentials across cellular membranes, may offer an
alternative and potentially more effective approach to
achieving dedifferentiation in cells. Targeting bioelectric
signals could provide advantages over traditional genetic and
epigenetic interventions. Small-molecule compounds that
inhibit HDAC and increase chromatin acetylation levels have
been shown to enhance the efficiency of reprogramming.>®

Several studies have demonstrated the influence of trans-
membrane voltage behavior on dedifferentiation in cells. In
amphibian erythrocytes, small amounts of electric current
were found to stimulate morphological changes resembling
dedifferentiation, which were inhibited by the addition of
puromycin and cyclohexamide.”” Moreover, RNA synthesis
began concurrently with the morphological changes. In an-
other study involving mature neurons in the central nervous
system, sustained depolarization using agents that increased
intracellular sodium ion concentration and decreased potas-
sium ion concentration resulted in DNA synthesis and mitosis
in fully differentiated neurons.’® These findings suggest that
alterations in transmembrane voltage behavior can influence
dedifferentiation in cells, and further investigation into this
relationship could provide valuable insights for targeting
whole organism aging.

Transmembrane voltage behavior may hold the key to
advancing our understanding of cellular reprogramming and
dedifferentiation, which could ultimately lead to novel ther-
apeutic approaches for aging and age-related diseases. Many
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questions remain unanswered, and future research should
focus on exploring the precise mechanisms by which trans-
membrane voltage behavior influences dedifferentiation and
cellular reprogramming, as well as identifying potential tar-
gets for intervention.

Concluding Remarks

Throughout this review, I have explored the complex roles
of bioelectricity, biochemical gradients, and biomechanical
gradients in aging and their connections to cellular repro-
gramming, dedifferentiation, and epigenetic modifications.
Key findings include the influence of bioelectric signals on
regenerative pattern formation, the regulation of age-related
epigenetic modifications by intercellular signaling, and the
potential impact of transmembrane voltage behavior on cel-
lular reprogramming and dedifferentiation.

A deeper understanding of these systems and their intricate
interactions is crucial for continued research in this area. This
includes characterizing the specific signaling pathways and
epigenetic modifications altered with age, which can provide
valuable insights into the mechanisms underlying aging and
age-related diseases. By identifying these pathways and
modifications, we can develop targeted and effective inter-
ventions that directly address the root causes of aging,
thereby delaying the onset of age-related conditions.

The potential benefit of a more comprehensive under-
standing of bioelectricity in aging is vast. This knowledge
could lead to the development of personalized medicine, the
precise evaluation of small molecules capable of modulating
sirtuin activity, and a better grasp of the impact of environ-
mental factors and individual differences on the aging pro-
cess. Ultimately, these lines of inquiry hold the promise of
revolutionizing our understanding of the aging process and
contributing to the development of new strategies for ex-
tending health span and life span.

By delving further into the complex relationships between
these systems, researchers can unlock the secrets to extending
health and longevity, ultimately helping to determine optimal
strategies to modulate endogenous bioelectric networks for
efficient, precise, and translational rejuvenation.
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