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ABSTRACT

The studies of rejuvenation are important for promoting health and longevity, preventing
age-related diseases, reducing economic burdens, improving quality of life and addressing the
challenges posed by an aging global population. This review explores the intersection of aging,
regeneration and bioelectric fields examining the emerging role of membrane potential in
processes like cell proliferation, differentiation, limb regeneration and potentially aging.
Manipulation of membrane potential opens a novel dimension to the rejuvenation landscape
offering an alternative or complementary approach to partial reprograming method presenting
exciting possibilities for therapeutic interventions targeting age-related cellular changes.

Background on aging and hallmarks of aging

Aging is a complex biological process that affects most
multicellular organisms, including humans. It is charac-
terized by a gradual decline in physiological functions,
increased vulnerability to age-related diseases and
heightened risk of mortality [1]. Understanding the
mechanisms underlying aging has been a longstand-
ing pursuit in biology and medicine. In 2013, a paper
by Loépez-Otin and colleagues [2] introduced the con-
cept of the ‘hallmarks of aging’ These hallmarks repre-
sent key processes and features associated with aging,
serving as a framework for comprehending the multi-
faceted nature of this phenomenon (Figure 1). The
original hallmarks of aging, as described in the paper,
included genomic instability, telomere attrition, epi-
genetic alterations, loss of proteostasis, deregulated
nutrient sensing, mitochondrial dysfunction, cellular
senescence, stem cell exhaustion and altered intercel-
lular communication [2].

Maintaining the integrity of the genome is crucial
for an organism’s survival and well-being. Yet, the
genome is constantly under assault from various
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internal and external factors. Internal factors include
normal cellular processes such as DNA replication and
recombination, which can introduce errors [3]. External
factors encompass exposure to environmental stress-
ors like ionizing radiation, chemical toxins, and reac-
tive oxygen species (ROS) generated during metabolic
processes [4]. These stressors can inflict various types
of damage on DNA, including single-strand breaks,
double-strand breaks, and chemical alterations to the
bases [5,6]. Genomic instability is a hallmark of aging
that stems from the cumulative effect of these
DNA-damaging processes over time. While cells pos-
sess a remarkable repertoire of DNA repair mecha-
nisms to correct these damages, the efficiency of these
processes can diminish with age. Cells may struggle to
repair damage accurately, leading to an increased like-
lihood of mutations or unrepaired DNA lesions.
Genomic instability does not merely affect the genome;
it also reverberates throughout cellular function.
Dysfunctional genes and regulatory elements resulting
from DNA damage and mutations can lead to errors in
protein synthesis, disrupted signaling pathways, and
impaired cellular processes. This can, in turn,
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Figure 1. The hallmarks of aging. These key factors represent a framework proposed to comprehensively describe the complex
processes that contribute to aging at the cellular and molecular levels. The hallmarks include: Loss of proteostasis (decline in the
cellular machinery responsible for maintaining protein homeostasis); Mitochondrial dysfunction (deterioration in mitochondrial
function, including reduced energy production and increased generation of reactive oxygen species); Stem cell exhaustion (reduced
regenerative capacity due to the depletion or dysfunction of stem cells); Cellular senescence (accumulation of cells that have
ceased dividing and often secreting pro-inflammatory molecules); Altered intercellular communication (changes in the communi-
cation between cells, leading to the chronic low-grade inflammation known as inflammaging); Genomic instability (accumulation
of DNA damage over time, leading to mutations); Telomere attrition (shortening of telomeres with each cell division); Deregulated
nutrient sensing (impaired metabolic function as a result of dysregulation of nutrient-sensing signaling pathways). According to
the prevailing opinion, one of the identified hallmarks of aging - Epigenetic changes (alterations in epigenetic marks, such as DNA
methylation and histone modifications) most likely has a leading role and controls the aging processes. Modified from Lépez-Otin

et al. [2].

contribute to cellular dysfunction and compromise the
overall health of tissues and organs.

Genomic instability is closely intertwined with
another hallmark of aging—telomere attrition.
Telomeres are specialized structures located at the
ends of linear chromosomes in eukaryotic cells. They
serve a vital function: to protect the genetic informa-
tion contained within the chromosome. Telomeres con-
sist of repetitive DNA sequences (TTAGGG in humans)
and associated proteins, forming a protective cap akin
on the ends of chromosomes [7]. Telomeres act as a
kind of ‘molecular clock’ that limits the number of
times a cell can divide and this phenomenon is often

referred to as the ‘Hayflick limit’ [8]. During each cell
division, a portion of the telomere is lost due to the
way DNA replication works. When telomeres become
critically short, cells enter a state of replicative senes-
cence. In this state, cells remain metabolically active
but lose their ability to divide and function normally.
Cellular senescence is associated with aging-related
pathologies and contributes to tissue dysfunction. The
cumulative impact of telomere attrition on individual
cells affects tissues and organs on a systemic level.
Over time, the decline in cellular function and the
reduced regenerative capacity of tissues contribute to
the aging phenotype [9].



Another hallmark of aging is the loss of proteosta-
sis. The term proteostasis refers to the precise regula-
tion of protein synthesis, folding, trafficking and
degradation within a cell. Maintaining proteostasis is
essential because proteins are the workhorses of cellu-
lar function, responsible for executing virtually every
biological process. As an organism ages, the efficiency
of protein folding can diminish. This can lead to the
production of misfolded or improperly folded proteins.
Misfolded proteins are often dysfunctional and can
aggregate, forming toxic protein clumps that interfere
with normal cellular processes [10]. These aggregates
are a hallmark of several age-related neurodegenera-
tive diseases, including Alzheimer’s and Parkinson’s dis-
ease [11]. Aging is also associated with a decline in
the capacity of cells to degrade and clear damaged or
misfolded proteins. The proteasome and lysosome,
two major protein degradation systems, may become
less efficient with age [12]. As a result, the accumula-
tion of damaged proteins can occur, contributing to
cellular dysfunction and the aging phenotype.
Moreover, chaperone function declines with age, mak-
ing it more difficult for cells to fold newly synthesized
proteins correctly. This can lead to the production of
misfolded proteins and contribute to proteostatic
imbalance [13].

Arguably one of the most universal strategies for
slowing down the aging process has been the reduc-
tion of the caloric intake, which leads to an increase in
both average and maximum lifespan across different
species ranging from worms to primates [14]. And this
is not a coincidence since it dramatically improves
nutrient sensing, the deregulation of which is one of
the hallmarks of aging. Deregulation of nutrient sensing
encompasses several key aspects, one of which is insu-
lin resistance. With age, cells may become less respon-
sive to insulin, which leads to elevated blood sugar
levels. Insulin resistance leads to type 2 diabetes and is
closely linked to aging [15]. Although the exact mecha-
nisms underlying the progressive decline in insulin sen-
sitivity with age are not yet fully understood, a study by
Guo et al. [16] in 2022 identified membrane-bound
matrix metalloproteinase 14 (MT1-MMP/MMP14) as a
significant factor regulating insulin sensitivity during
aging. As individuals age, MMP14 activity increases pro-
gressively in insulin-sensitive tissues, leading to the
cleavage of Insulin Receptors and subsequent suppres-
sion of insulin signaling. Additionally, Guo et al. [16]
demonstrated that inhibiting MT1-MMP restores Insulin
Receptor expression, thereby improving insulin sensitiv-
ity in aged mice [16]. Another key aspect of the dereg-
ulation of nutrient sensing is the mechanistic target of
rapamycin (mTOR) pathway.mTOR is an evolutionary
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conserved serine/threonine kinase, with homologues
found from yeast to mammals. In mammals and higher
eukaryotes, mTOR is part of two multiprotein com-
plexes—mTOR complex 1 (mMTORC1) and 2 (mTORC2),
which differ functionally and structurally and in their
sensitivity to rapamycin and regulate essentially all
aspects of anabolic metabolism. Many nutrient sensing
pathways involved in longevity like insulin/insulin-like
growth factor 1 (IGF-I) signaling (lIS) network converge
at the mTOR pathway which makes it a central player
affecting the aging process. One of its functions is to
sense nutrient abundance to promote cell growth, but
it can become chronically activated in aging cells. This
persistent activation may contribute to the develop-
ment of age-related diseases and conditions, including
cancer and neurodegenerative  disorders  [17].
AMP-activated Protein Kinase (AMPK) is another key
player in the nutrient sensing pathways. AMPK is a sen-
sor of cellular energy status. When cellular energy (in
the form of ATP) is low, AMPK becomes activated and
triggers processes to conserve energy and increase
nutrient uptake. Recent research suggests that the
effectiveness of AMPK signaling diminishes noticeably
as individuals age [18,19].

Mitochondrial dysfunction represents yet another
hallmark of aging, emphasizing the progressive decline
in mitochondrial function as an organism grows older.
With age, mitochondrial efficiency in generating ATP
tends to diminish. This can lead to reduced cellular
energy levels, impacting the functionality of tissues
and organs. Cells may also become less capable of
adapting to increased energy demands. Also, mito-
chondria are a primary source of reactive oxygen spe-
cies (ROS), which are chemically reactive molecules
that can damage many cellular components like DNA,
proteins and lipids including the mitochondria itself.
This creates a vicious cycle where dysfunctional mito-
chondria generate more ROS, worsening mitochondrial
damage and further elevating the mitochondrial dis-
function. While increased levels of mitochondrial ROS
may not be the direct cause of aging according to
existing evidence, they do contribute significantly to
the development of age-related diseases when com-
bined with other factors, such as epigenetic alterations
or a decrease in quality control systems [20]. Another
aspect of mitochondrial dysfunction is disruption of
the mitochondrial calcium regulation with age, poten-
tially affecting cellular calcium signaling and leading to
altered cellular functions and increased vulnerability to
stress [21].

As a hallmark of aging, cellular senescence rep-
resents the accumulation of senescent cells within tis-
sues and organs as an organism grows older. Over
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time, various stressors, including DNA damage, telo-
mere attrition and oxidative stress, can lead to the
accumulation of senescent cells in tissues. These cells
remain metabolically active but are no longer capable
of contributing to tissue repair and regeneration [22].
Senescent cells secrete pro-inflammatory molecules as
part of the senescence-associated secretory phenotype
(SASP) [23]. This can contribute to chronic, low-level
inflammation within tissues, known as ‘inflammaging.
Inflammation is a common feature of aging and is
linked to the development of age-related diseases [24].
The presence of senescent cells within tissues can
impair tissue homeostasis and regenerative capacity
by disrupting the normal function of surrounding cells
and may contribute to tissue dysfunction and
age-related pathologies. While senescence can be det-
rimental in the context of aging, the traditional view is
that it also serves as a protective mechanism against
cancer by halting the proliferation of cells with dam-
aged DNA. Although senescence is often seen as a
protective mechanism against cancer, emerging evi-
dence suggests that cells undergoing persistent senes-
cence may, in fact, develop characteristics that promote
tumorigenesis [25].

Stem cell exhaustion represents yet another hall-
mark of aging. It is responsible for the diminishing
regenerative capacity of tissues as an organism gets
older. Over time, the number of functional stem cells
in various tissues and organs can decline. This reduc-
tion may result from a combination of factors, includ-
ing decreased stem cell self-renewal, impaired
mobilization from their niches, and even programmed
cell death [26]. As the population of stem cells dimin-
ishes, tissues and organs become less capable of
repairing damage and regenerating new cells. This
leads to the gradual loss of tissue function and regen-
erative capacity. Stem cells themselves can become
senescent, losing their regenerative potential and con-
tributing to the overall accumulation of senescent cells
within tissues [27,28].

Altered intercellular communication is a hallmark of
the aging process, accentuating the change in the
accuracy and efficiency of cellular signaling as an
organism ages. Aging can disrupt the normal function-
ing of signaling pathways. This may lead to aberrant
responses to signals or the activation of detrimental
pathways, contributing to age-related diseases.
Dysregulated communication between immune cells
and other cell types can lead to chronic, low-level
inflammation, a condition known as inflammaging as
previously discussed [29]. Changes in hormone pro-
duction and sensitivity with age can disrupt endocrine
signaling, affecting metabolism, growth, and other

physiological processes. Stem cells receive signals from
their microenvironment (niche) to regulate their behav-
ior. Changes in these signaling cues can affect tissue
repair and regeneration.

Paradigm shift: epigenetic age as the ultimate
hallmark

Over the past decade, research in the field of aging
has led to a significant paradigm shift. While the orig-
inally proposed framework of nine hallmarks of aging
provided valuable insights, recent discoveries have
emphasized that one of them, the epigenetic alter-
ations, might be the ultimate hallmark that governs
the aging process and overwrites the others. Epigenetic
age, often abbreviated as EpiAge, represents a concept
in the field of aging research. Unlike chronological
age, which is simply a count of years, EpiAge is a mea-
sure of biological age based on the epigenetic modifi-
cations that accumulate in our cells and tissues over
time. These modifications primarily involve DNA meth-
ylation patterns, which can be thought of as chemical
marks on the DNA molecule that can influence gene
activity. To calculate EpiAge, sophisticated algorithms
and epigenetic clocks have been developed. These
clocks examine the patterns of DNA methylation at
specific sites across the genome, known as CpG sites.
By comparing these patterns to a reference database
of known ages, these clocks can estimate the biologi-
cal age of a cell, tissue or organism with remarkable
accuracy [30]. Importantly, it appears that by resetting
the EpiAge of cells by reprograming them to totipo-
tent or pluripotent state, the other hallmarks of aging
are also reset to a youthful state [31]. This reprogram-
ming can be done either by somatic cell nuclear trans-
fer (SCNT), which involves transferring a somatic
nucleus into an enucleated oocyte and relying on the
factors found there to reprogram it to totipotency [32],
or through the utilization of Yamanaka factors, which
lead to the induction of a pluripotent state in the
treated cells. This revolutionary approach, pioneered
by Shinya Yamanaka and his team in 2006 [33], utilizes
a set of transcription factors that can reprogram differ-
entiated, specialized cells back into a pluripotent state.
These factors include Oct4, Sox2, KIf4 and c-Myc
(OSKM). Yamanaka's groundbreaking discovery chal-
lenged the traditional dogma that once a cell becomes
specialized, it is irreversibly locked into its identity.
Yamanaka factors proved that cellular identity is not
fixed, and with the right molecular cues, cells can
regain pluripotency—the capacity to differentiate into
any cell type in the body. However, the process of cel-
lular reprograming to a pluripotent state brings with it



not only a reset of the EpiAge but also a loss of cellu-
lar identity, and up until recently it was not known if
the two processes can be uncoupled.

Partial reprogramming: a bridge to cellular
rejuvenation

The discovery that the rejuvenation effect can indeed
be uncoupled from the identity loss by a process
called partial reprograming opened up exciting possi-
bilities for interventions aimed at reversing the aging
process. This process involves the controlled activation
of Yamanaka factors within differentiated cells, initiat-
ing a process of dedifferentiation towards pluripotency.
However, unlike full reprogramming to iPS cells, partial
reprogramming is strategically halted before cells com-
pletely lose their specialized identity (Figure 2). This
means that the cells retain their original functions and
characteristics while undergoing epigenetic rejuvena-
tion [34].

Several studies have shown that OSKM-driven age
reprogramming can take place without overt dediffer-
entiation and loss of cellular identity (for review see
[31,35]). An in vivo study revealed that the periodic
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activation of Oct4, Sox2, KIf4 and c-Myc genes, with a
pattern of 3days ‘on’ followed by 4days ‘off, in
six-month-old wild-type mice over a period of 4months,
resulted in the rejuvenation of age-related characteris-
tics in dentate gyrus cells. Notably, this rejuvenation
occurred without an increase in mortality, as reported
by Rodriguez-Matelldn et al. in 2020 [36]. Another
investigation by Ocampo et al. [37] in 2016 demon-
strated that a similar cyclical expression of OSKM, with
a schedule of 2days ‘on" and 5days ‘off, in a mouse
model exhibiting premature aging, effectively rejuve-
nated four key hallmarks of aging: cellular senescence,
epigenetic modifications, mitochondrial dysfunction,
and DNA damage. Importantly, this rejuvenation
occurred without significant histological changes.
Browder et al. [38] further extended these findings in
2022, illustrating that the 2days ‘on, 5days ‘off’ expres-
sion of OSKM in 15-month-old mice experiencing nat-
ural aging for 7months led to a reduction in EpiAge
and rejuvenation of the skin, all while maintaining
overall health.

One of the primary goals of partial reprogramming
is to strike a delicate balance between rejuvenation
and dedifferentiation. Too much reprogramming may

REPROGRAMMING STAGES
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Figure 2. Cell reprogramming stages. Reprogramming of differentiated cells (blue cell) with a specific combination of transcription
factors: Oct4, Sox2, KIf4 and c-Myc (OSKM) leads to the induction of pluripotency and acquiring the characteristics of pluripotent
stem cell (red cell). During the reprogramming process, the cell passes through several stages including changes in DNA methyl-
ation patterns and histone modifications. This reshapes the cell’s epigenetic landscape but still leaves specific somatic genes
expressed (round green cell). If the reprogramming continues, the resulting changes would lead to the activation of the pluripo-
tent genes and, after their stabilization, the cells will become induced pluripotent cells (red cell). If the effects of Yamanaka factors
are terminated before the activation of pluripotent genes, the cell can stabilize in a rejuvenated state (green cell) without losing
its somatic identity. Cells in the blue box represent intermediate stages during reprogramming.
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lead to the loss of cell identity and function, while too
little may not achieve the desired rejuvenating effect.

Literature evidence indicates that employing alter-
nating OSKM expression for 35 cycles of 2days ‘on’ and
5days ‘off’ (equivalent to 35weeks) in mice with a sin-
gle copy of the OSKM transgenes does not result in a
higher occurrence of teratomas. However, when sub-
jected to only eight cycles of OSKM expression, ani-
mals possessing two copies of the transgenes exhibit
escalated cell proliferation and an increased likelihood
of teratoma formation in the liver, kidney and pan-
creas [31,37].

Researchers are actively working to optimize the
timing and dosage combination of reprogramming fac-
tors to achieve the most effective partial reprogram-
ming protocols. Partial reprogramming holds immense
promise for addressing age-related cellular changes. By
rejuvenating cells without altering their specialized
roles, it offers a unique opportunity to reset the epi-
genetic clock, potentially reversing age-related hall-
marks while maintaining tissue integrity [35]. However,
challenges remain in understanding the molecular
intricacies of this process and ensuring its safety and
efficacy for therapeutic applications.

Bioelectric fields: orchestrators of embryonic
development, cellular dynamics, limb
regeneration and potentially aging

At its core, bioelectricity is rooted in the movement of
ions, particularly sodium (Na*), potassium (K*), calcium
(Ca?*) and chloride (CI) ions, across cell membranes.
This movement generates electrical gradients and volt-
ages, resulting in electrical potentials that can be mea-
sured and manipulated. These ionic currents are
maintained by various ion channels, pumps and
exchangers, which are expressed on cell membranes.
Recent research has introduced a captivating per-
spective on the role of bioelectric fields in develop-
ment, regeneration and potentially aging. Beyond their
well-established functions in excitable cells, like neu-
rons and muscle cells, bioelectric fields have emerged
as pivotal regulators in cellular processes such as pro-
liferation, differentiation, wound healing and limb
regeneration. Studies have suggested that these fields
play a role in encoding and transmitting information,
acting not only as a repository of memory but also as
a computational layer through which collectives of
non-neural cells can solve problems and have goal
directed behavior, much like the collective of nerve
cells in our brains [39]. Although the goals of our brain
differ dramatically from those of our heart and liver or
from a collective of cells in the early embryo

attempting to construct an organism, it seems that the
underlying principles of computing the solutions to
the problems that have to be solved in order to reach
those goals are fundamentally the same.

As previously reviewed [40,41], the close association
between membrane potential (Vmem) levels and
events linked to cell proliferation, such as mitosis, DNA
synthesis, and the overall progression of the cell cycle,
has been a long-standing observation. Various cell
types exhibit resting potentials spanning a broad spec-
trum, typically ranging from —10mV to —90mV, and
the positioning of cells along this Vmem scale gener-
ally mirrors their proliferative potential [40,42]. Cells
characterized by a heightened degree of polarization
(@ hyperpolarized Vmem), particularly somatic cells,
tend to remain in a quiescent state and typically avoid
undertaking mitosis [40]. In contrast, cells undergoing
development or those associated with cancer often
display a lower degree of polarization (a depolarized
Vmem) and exhibit heightened mitotic activity [43].
Moreover, cells transitioning from an in vivo environ-
ment to in vitro culture tend to go through sponta-
neous  proliferation, accompanied by Vmem
depolarization. Similarly, proliferation induced by the
malignant transformation of somatic cells is also
marked by depolarization of Vmem [43]. It is important
to note that changes in membrane potential are not
simply a consequence of cells passing through the cell
cycle, but can actively change the direction of this
transition, that is, actively changing the membrane
potential can be used as a mechanism to change cell
behavior [40,41].

The state of the membrane potential not only plays
a critical role in regulating cell proliferation but can
also influence their differentiation. In 2022 Sempou
et al. [44] showed that depolarizing the cell mem-
branes of early Xenopus frog embryos by artificially
increasing etxracellular levels of K* ions prevents them
from differentiation and delays gastrulation. They also
demonstrated the same phenomenon in human
embryonic stem cells in which low Vmem (depolariza-
tion) blocks differentiation and high Vmem (hyperpo-
larization) promotes differentiation by inhibition of
mTOR [44].

These findings underscore the dynamic interplay
between membrane potential and various cellular
states, shedding light on the role of Vmem as a crucial
determinant in understanding the complex landscape
of cell proliferation and differentiation.

One of the most fascinating aspects of bioelectricity
is its role in regeneration. The process of limb regener-
ation in axolotls commences with the initiation of blas-
tema formation, a pivotal stage in which a cluster of



dedifferentiated cells assembles, with the ultimate pur-
pose of regenerating the missing segment of the limb.
Following a phase of extensive cellular proliferation
and subsequent differentiation, the nascent limb
becomes fully functional. However, a critical aspect to
underscore is that even though the cells within the
blastema undergo dedifferentiation to a state reminis-
cent of their embryonic origin, they retain a remark-
able memory of their lineage [45,46]. Research has
elucidated that cells originating from dedifferentiated
nerve cells maintain their identity as nerve cells, while
those originating from muscle cells persist as muscle
cells, and so forth. This phenomenon bears a striking
resemblance to the techniques employed in partial
reprogramming, as discussed earlier, where cells are
reprogrammed (dedifferentiated) by forced expression
of Yamanaka factors to a more embryonic-like state
with the purpose of rejuvenating their epigenome to
a more youthful state without losing their cellular
identity.

Another very useful model for studying regenera-
tion is the larval stage of the amphibian Xenopus
laevis. Many of the bioelectric signals that govern the
process of regeneration and blastema formation have
been extensively researched in this model using
approaches such as fluorescent reporter dyes [47] and
ion-selective vibrating probes [48]. Using these meth-
ods, it has been shown that the process of regenera-
tion requires several specific bioelectric events to occur
in a precise order and within certain timeframes. When
the tail is amputated, the normal regeneration bud
becomes depolarized. During the 24-h post-amputation
window, the regeneration bud has to be repolarized
for the regeneration process to proceed. Normally, this
is achieved through the flux of H* ions driven endog-
enously by the action of the V-ATPase pump, which is
specifically upregulated in existing wound cells by 6h
post-amputation. If this rapid repolarization fails to
occur, regeneration does not occur [49,50]. Notably,
induction of H* flux is sufficient to rescue the regener-
ation process in otherwise non-regenerative condi-
tions, even when using a non-native H* pump, such as
the yeast PMA H* pump. These results show that as
long as the cell membrane is repolarized during the
specific time window, regeneration can be rescued
despite the means used to achieve this [49,50].

These observations expand the resemblances
between the events during the process of partial
reprogramming and those occurring in the process of
regeneration, as they are both time-sensitive and
require at least the following two steps. Firstly, the
cells have to partially dedifferentiate, which is
probably not only coupled but induced by their
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depolarization. And secondly, the cells must be pushed
back towards their differentiated state, which seems to
be achieved by their rapid repolarization occurring in
a specific time window.

As pointed above, bioelectric fields are not only a
consequence of regenerative processes but can actively
instruct and guide tissue repair and growth. As an
example, in the process of limb regeneration observed
in some amphibian species, gradients of bioelectric
fields are established along the regenerating limb.
These bioelectric gradients effectively serve to ‘map’
the locations of various tissues and cell types. This spa-
tial information plays a crucial role in guiding the
accurate development of the new limb, encompassing
the positioning of bones, muscles, and nerves.
Moreover, altering the bioelectric fields through expo-
sure of the limb stub to an ionophore cocktail designed
to selectively modify the bioelectric state can initiate
the regenerative growth of an entire limb in adult
Xenopus frogs that are normally non-regenerative [51].
Furthermore, scientific studies have demonstrated that
manipulation of the bioelectric fields can lead to
remarkable outcomes. Disruption of the Xenopus laevis
homolog of Kir2.1, a channel linked to Anderson-Tawil
Syndrome in humans, results in craniofacial defects.
Optogenetic activation of a non-specific cation chan-
nel or a hydrogen pump, causing similar Vmem
changes as Kir2.1 disruption, reproduces these defects.
Conversely, disruption of a sodium-hydrogen exchanger,
anticipated to be electroneutral and have no impact
on Vmem, does not disturb craniofacial development
[52,53].

In 2012, Pai et al. [54] showcased the potential for
organ-level reprogramming through manipulation of
endogenous bioelectric patterns via forced expression
of specific ion channels. The induced change in the
targeted membrane potential (Vmem) by the expres-
sion of these ion channels in the frog embryo resulted
in the development of ectopic structures, such as
complete eyes, even in regions typically incapable of
forming eyes, such as the gut [54]. Notably, the induc-
tion of ectopic eyes was not restricted to a single ion
channel construct; various constructs leading to the
same change in Vmem gave rise to the same ectopic
eye formation [54]. Those findings indicate that devel-
opmental significance lies in the variations of Vmem
across cells, rather than specific ion channels or ions
[52,53].

While the precise mechanism by which alterations
in membrane potential are converted into epigenetic
changes remains not entirely comprehended, existing
data strongly suggests that fluctuations in cytosolic
calcium concentration, triggered by voltage or ligand
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gated Ca?* channels, significantly contribute to this
phenomenon. As a second messenger calcium modu-
lates a plethora of cell processes often via binding to
calmodulin, which regulates calmodulin kinases
(CaMKs). As an illustration, a rise in cytoplasmic cal-
cium triggers the activation of the serine/threonine
phosphatase, calcineurin, through the calcium-
calmodulin pathway. Calcineurin, in turn, dephosphorylates
NFAT family members, enabling their translocation into
the nucleus. Once in the nucleus, they collaborate with
activator protein 1 (AP-1) to modulate the transcrip-
tion of a diverse set of genes in a cell-type-dependent
manner [55]. Additional examples illustrate how shifts
in the cytosolic concentration of Ca?* can modify the
epigenetic state of cells by influencing various classes
of histone acetyltransferases (HATs) and deacetylases
(HDAGs) leading to specific histone modifications
[56,57].

Partial reprogramming techniques have shown great
promise in rejuvenating aging cells. However, concerns
regarding the loss of cell identity during this process
necessitate the development of innovative approaches
to enhance the efficiency of reprogramming while
safeqguarding cellular identity. One potential avenue
involves exploring the fact that artificially depolarizing

DEPOLARIZATION

the cell membrane leads to dedifferentiation and
potentially reprogramming of the epigenome to a
more youthful state, much like in the process of partial
reprogramming using Yamanaka factors (Figure 3).

As discussed above, there is a high resemblance
between the processes of partial reprogramming and
the process of regeneration, which brings to mind the
idea that artificially depolarizing the cells will partially
dedifferentiate them (potentially rejuvenating their
epigenome). The subsequent artificial repolarization
within the appropriate time window will bring them
back to their differentiated state, allowing them to
perform their original function, but hopefully for much
longer. If this holds true, partial reprogramming
through artificial depolarization of the cell membrane
followed by artificial repolarization may prove to be a
superior approach. At least judging from what is
observed in the process of blastemal formation, where
the cells retain memory of their identity during the
process.

Alternative potential application of modulating the
Vmem to enhance rejuvenation by partial reprogram-
ming using Yamanaka factors is to use artificial hyper-
polarization of the cell membrane as a safeguard

against cell identity loss during the process. As
HYPERPOLARIZATION
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Figure 3. Potential applications of membrane potential change in cell reprogramming. Yellow box: Since hyperpolarization is
associated with the differentiated cell state, there is a possibility that the experimental increase in membrane potential can be
used to slow down and even stop the process of cellular reprogramming carried out with Yamanaka factors. Such ‘stretching’ of
the process creates an opportunity to stabilize cells before the activation of pluripotency genes, but after the already occurring
epigenetic changes ensuring cellular rejuvenation. Green box: Conversely, forced membrane depolarization and following repolar-
ization of aged differentiated cells may be an alternative to the transfection-induced approach for partial reprogramming. Because
lowering the membrane potential by manipulating ion concentration or activity of ion channels are able to delay or block or
potentially revert differentiation, there is a possibility that this approach could prove to be an effective way of cell rejuvenation.



discussed above, low Vmem (depolarized) prevents
embryonic stem cells from differentiation, and high
Vmem (hyperpolarized) promotes cell differentiation. It
is only logical to assume that the opposite is also true,
and hyperpolarizing the cells will prevent them from
dedifferentiating. If this is the case, artificially hyperpo-
larizing the cell membrane can be used to enhance
partial reprogramming by Yamanaka factors in two
ways. Firstly, it will add an additional level of safety by
preventing unwarranted dedifferentiation of the cells,
which is one of the main hurdles of this emerging
technology. Secondly, it will potentially expand the
window for partial reprogramming, improving the effi-
ciency of epigenetic rejuvenation.

In the context of aging and rejuvenation, the
intriguing question arises: Could bioelectric fields hold
the secret to how cells can regain youthfulness? If the
manipulation of bioelectric fields can instruct cells to
dedifferentiate and form a blastemal during limb
regeneration, could manipulating bioelectric fields
potentially become a superior alternative to partial
reprogramming using Yamanaka factors? Manipulating
bioelectric fields, either by altering ion channels or
applying external electric or electromagnetic fields,
presents an exciting avenue for influencing cellular
behavior and potentially resetting the epigenetic clock
and reversing the aging process, as discussed in earlier
sections. While the precise mechanisms by which bio-
electricity influences aging and rejuvenation are still
being elucidated, it is becoming increasingly clear that
this dynamic force in biology has a pivotal role in
shaping the destiny of cells and tissues.

Some concerns may arise about the effectiveness of
cell rejuvenation by manipulation of bioelectric fields
considering the limitations imposed by the temporal
and partial nature of the process of membrane depolar-
ization or hyperpolarization. However, it is possible that
temporal and partial modulation of the cell's membrane
potential may prove to be sufficient for achieving the
desired effect on rejuvenation at the cellular level. This
consideration is based on the cyclical and time-dependent
nature of methods such as partial reprogramming.
Exploring innovative approaches to cellular rejuvenation
is essential for advancing our understanding of the com-
plex field of aging biology and is a necessary initial step
toward whole-body rejuvenation.

Conclusions

The emerging understanding of the relationship between
aging, rejuvenation, and bioelectric fields presents an
exciting new frontier in the quest to enhance human
health and longevity. This review emphasizes the
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significant impact of membrane potential on key biolog-
ical processes, including cell proliferation, differentiation,
limb regeneration and possibly aging. We explore the
concept of modulating cellular membrane potential
(Vmem) as a potential approach for cellular rejuvenation,
which may offer a complementary or superior strategy
compared to traditional partial reprogramming methods
using Yamanaka factors. The insights gained from the
study of bioelectric fields and their role in cellular dynam-
ics suggest potential therapeutic interventions targeting
age-related changes at a cellular level. In particular, the
parallels between the processes of partial reprogram-
ming and regeneration provide valuable lessons on how
cells might regain their youthfulness while retaining their
functional identity. This new approach may open alterna-
tive avenues for slowing down or even reversing the
aging process and treating age-related diseases.
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