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Abstract

All creatures are impacted by the complicated biological process of aging, although little is known about its
exact mechanics. Because of their simple body shape and amazing capacity for regeneration, sea anemones,
which belong to the phylum Cnidaria, provide a unique model for researching aging. With an emphasis on their
cellular and molecular traits, capacity for regeneration, and environmental effects, this article examines the
biology of anemones in relation to aging. The anatomy and physiology of anemones are first described, with a
focus on the function of specific stem cells in regeneration. Senescence and decreased stem cell activity are two
major biological changes that these creatures undergo as they age and have an effect on their ability to regen-
erate. The life cycles of different anemone species and the variables affecting their lifespan are also covered. To
clarify their roles in cellular aging, important molecular mechanisms of aging are investigated, including oxida-
tive stress, genetic factors, and signaling pathways (such as Wnt, Notch, and Hedgehog). The aging process is
also significantly influenced by environmental factors, such as pollution and temperature. There are also is-
sues, such as the paucity of longitudinal studies, despite their usefulness as models for aging research. But new
methods in imaging and molecular biology are starting to fill up these gaps. To sum up, research on anemone
aging advances our knowledge of their biology and has wider ramifications for aging studies in other animals
and regenerative medicine. We may discover a great deal about the basic mechanisms governing lifespan and
resilience in living things by investigating the interactions between aging, regeneration, and environmental
conditions.
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impaired intercellular communication. These alterations
collectively contribute to tissue degeneration, cellular se-
nescence, and systemic dysfunctions that influence both
longevity and overall health [1]. Beyond its biological
implications, aging has far-reaching social and economic
consequences. The rising incidence of age-related diseases
including cancer, cardiovascular disorders, and neurode-
generative conditions places increasing pressure on global
healthcare systems. As a result, there is an urgent need to
understand the underlying mechanisms of aging in order
to develop effective interventions that promote healthy
aging and extend lifespan [2]. Central to this endeavor is
the study of stem cells, which are critical for tissue main-
tenance and regeneration. With age, stem cell function

Introduction

Aging, or senescence, is a complex biological process
marked by the progressive decline of physiological func-
tions and increased susceptibility to disease in multicellu-
lar organisms. This process is driven by a range of genet-
ic, environmental, and lifestyle factors, leading to cellular
and molecular changes such as protein damage accumula-
tion, mitochondrial dysfunction, telomere shortening, and
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declines, manifested through reduced proliferation, altered
differentiation capacity, and increased cellular senescence.
These impairments compromise the ability of tissues to
repair damage and maintain homeostasis [2].

Recent studies have shown that enhancing stem cell activ-
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ity or mitigating the factors contributing to their decline
can improve tissue regeneration and delay the onset of
aging symptoms. Experimental treatments that stimulate
stem cell function have yielded promising results in model
organisms, such as fruit flies and mice, suggesting poten-
tial therapeutic applications for age-related conditions [3,
4]. This study explores the molecular and cellular mecha-
nisms of aging by utilizing Nematostella vectensis, a basal
metazoan from the phylum Cnidaria, as a model organism.
N. vectensis offers unique advantages for aging and regen-
erative research due to its simple body plan, remarkable
regenerative capabilities, and well-characterized genome.
Importantly, it possesses diverse stem cell populations
that actively contribute to tissue renewal, making it an
ideal system for investigating stem cell dynamics across
the lifespan. Furthermore, its phylogenetic position allows
researchers to explore the evolutionary conservation of
aging and regeneration mechanisms across metazoans [5,
6].

The main objective of this study is to characterize how
stem cell function in N. vectensis changes with age and
under environmental stress, and to identify molecular
pathways involved in these processes. By analyzing gene
expression patterns, cellular turnover rates, and regenera-
tive capacity in aging polyps, this research aims to un-
cover key factors that regulate stem cell activity and lon-
gevity. Insights gained from N. vectensis not only deepen
our understanding of fundamental aging biology but may
also inform strategies for improving stem cell function
and regenerative therapies in more complex organisms,
including humans [7].

Biology of anemone stem cells

Because of their extraordinary capacity for regeneration
and straightforward body structure, anemones especially
sea anemones belonging to the phylum Cnidaria make in-
triguing subjects for stem cell research.

Basic structure of anemones

The cylindrical body of an anemone has a central mouth
that is encircled by tentacles (Figure 1). The mesoglea, a
gelatinous substance, sits between the outer epidermis and
the inner gastrodermis, which make up their two primary
layers. Instead of having a centralized nervous system,
they have a rudimentary nerve net that enables simple re-
actions to stimuli [8].

Figure 1. Sea Anemone.

Types of stem cells in anemones

An unusual collection of stem cells seen in anemones,
especially sea anemones, helps explain their extraordinary
capacity for regeneration. In order to preserve their cel-
lular diversity and carry out amazing regenerative tasks,
anemones rely on a specific population of interstitial stem
cells [9]. Their resilience and flexibility in a variety of set-
tings are largely due to their capacity to transition between
stem and differentiated states. Different types for stem cell
anemone are mentioned in Table 1.

Mechanism of stem cell renewal and differen-
tiation

The regulation of stem cell renewal and differentiation in
sea anemones, such as Nematostella vectensis, involves
molecular pathways that are not only conserved across
metazoans but also exhibit unique adaptations. These
pathways are integral to the anemone’s remarkable regen-
erative abilities and tissue homeostasis. Below are the key
pathways studied in the context of anemones:

Wnt/B-catenin pathway

The Wnt/B-catenin signaling pathway is a fundamental
molecular mechanism that governs numerous develop-
mental and regenerative processes in many multicellular
organisms, including the sea anemone Nematostella vec-
tensis. In Nematostella, this pathway is crucial for axial
patterning, specifically the establishment and maintenance
of the oral-aboral axis, which is essential for organiz-
ing body structure and polarity during both embryonic
development and regeneration. One of the central com-
ponents of this pathway is B-catenin, a protein that, when
stabilized by Wnt ligands, accumulates in the cytoplasm
and translocates into the nucleus. Once in the nucleus,
[B-catenin acts as a transcriptional co-activator, partnering
with TCF/LEF transcription factors to activate gene ex-
pression programs that sustain stem cell pluripotency and
proliferation. In Nematostella, Wnt/B-catenin signaling is
especially active in areas undergoing regeneration, such
as around wounds or at the oral pole during body part
regrowth. This elevated signaling promotes cellular pro-
liferation and differentiation, facilitating the replacement
of lost or damaged tissues. Notably, experimental studies
have shown that interference with Wnt signaling, either
through genetic manipulation or pharmacological inhibi-
tion, can severely impair regenerative outcomes. Dis-
ruption of this pathway leads to loss of axial patterning,
misexpression of key developmental genes, and a failure
to maintain stem cell populations, ultimately resulting in
compromised tissue integrity. These findings emphasize
the central role of Wnt/B-catenin signaling in governing
stem cell behavior, orchestrating regeneration, and pre-
serving the overall structural organization in Nematostella
vectensis. Because of its evolutionary conservation, in-
sights gained from studying this pathway in anemones can
inform broader understanding of regeneration and stem
cell biology in more complex animals, including humans
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Table 1. Types of stem cells in anemones.

Stem Cell Type Location Function Characteristics Ref.
Epithelial stem cells Epidermis and gastrodermis Contribute to.eplthellal turnover High proliferation rate, multipotent [10]
and regeneration
Mesenchymal stem cells  Mesoglea Differentiate into muscle, nerve, Can migrate, multipotent [11]
Y s and other cell types grate, p
Regenerate nerve cells after _ . L .
Nerve stem cells Nerve net injury Exhibit neural differentiation potential [8]
Germline stem cells Gonads Responsible for gametogenesis Can give rise to sperm and eggs, regu- [12]

lated by environmental cues

Developing larvae (planula
stage)

Enable metamorphosis and tissue
formation

Unique to developmental stages, high

Planula stem cells ..
plasticity

[13]

Highly proliferative, involved in sensory

Ciliated stem cells .
functions

Epidermal layer Contribute to ciliary regeneration [14]

Can differentiate into various muscle

Muscle stem cells
types

Mesoglea and muscle tissue ~ Regenerate muscle fibers

(6]

Epithelial-mesenchymal
transition (EMT) cells

Facilitate wound healing and
regeneration

Plasticity, can switch between epithelial

Various tissues
and mesenchymal states

[15]

Stolon regions (in colonial  Enable asexual reproduction and ~ Multipotent, involved in forming new

Stolon stem cells

species) growth

polyps 16l

[17].
Notch signaling pathway

The Notch signaling pathway is a highly conserved cell
communication mechanism that plays a crucial role in cell
fate determination, tissue development, and regeneration
across metazoans. In the cnidarian Nematostella vecten-
sis, Notch signaling is particularly vital for regulating the
behavior of interstitial stem cells—a multipotent stem cell
population responsible for generating diverse cell types,
including nematocytes (stinging cells) and neurons. This
pathway enables cells to make tightly regulated decisions
about whether to remain in a stem-like state or differen-
tiate into specialized lineages, thus maintaining tissue
homeostasis and proper developmental patterning. In
Nematostella, Notch signaling operates largely through a
mechanism known as lateral inhibition, where interactions
between neighboring cells influence their developmental
fates. When Notch receptors on one cell interact with
ligands (such as Delta or Jagged) on an adjacent cell, a
cascade is initiated that leads to the cleavage of the Notch
receptor. The cleaved intracellular domain (NICD) trans-
locates to the nucleus, where it activates target genes that
suppress differentiation pathways, thereby maintaining the
stemness of the receiving cell. This system ensures that
not all neighboring cells differentiate at the same time,
creating a balance between stem cells and differentiated
cells during development and especially during regenera-
tive processes or tissue remodeling.

Experimental disruption of Notch signaling in Nema-
tostella such as through gene knockdown or chemical
inhibitors has demonstrated the critical nature of this
pathway. Loss of Notch activity results in the overproduc-
tion of differentiated cells at the expense of the stem cell
pool, ultimately compromising the organism’s ability to

regenerate tissues effectively. Conversely, overactivation
can suppress necessary differentiation, leading to an ac-
cumulation of undifferentiated cells and impaired tissue
structure. These findings underscore Notch signaling as a
regulatory checkpoint that preserves the delicate equilib-
rium between proliferation and differentiation, making it a
central component in the anemone’s regenerative toolkit.
The insights from Nematostella’s Notch pathway not only
illuminate ancient mechanisms of developmental biology
but also provide valuable parallels for understanding stem
cell regulation and regenerative medicine in higher organ-
isms [18].

BMP (bone morphogenetic protein) signaling

The BMP (bone morphogenetic protein) signaling path-
way is a key regulator of embryonic development and tis-
sue differentiation in many animals, and in Nematostella
vectensis, it plays a vital role in establishing and maintain-
ing germ layer identities—particularly the ectoderm and
endoderm. BMPs are members of the TGF-B (transform-
ing growth factor-beta) superfamily and function through
a highly conserved mechanism in which BMP ligands
bind to serine/threonine kinase receptors on the cell sur-
face. This leads to phosphorylation of receptor-regulated
SMAD proteins, which then translocate into the nucleus
to influence the expression of genes involved in cell fate
specification and tissue patterning. In Nematostella, BMP
signaling is especially important during early develop-
ment, where it contributes to defining the dorsoventral
axis and helps demarcate tissue boundaries. Beyond
initial development, BMP signaling continues to play a
role in tissue maintenance and regeneration. It has been
shown to regulate the differentiation of pluripotent stem
cells into specific germ layer derivatives by providing
context-specific cues that guide cells toward ectodermal
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or endodermal fates. Importantly, BMP signaling does not
act in isolation; it functions in conjunction with the Wnt/
B-catenin pathway, forming a complex signaling network
that modulates both stem cell maintenance and lineage
commitment. This interplay ensures that a precise number
of cells differentiate while a sufficient pool of pluripotent
cells is retained, which is essential for successful regen-
eration and proper tissue remodeling.

Experimental studies in Nematostella have demonstrated
that perturbation of BMP signaling, either through genetic
interference or molecular inhibitors, disrupts the normal
patterning of tissues, resulting in abnormal germ layer
formation and impaired regenerative capabilities. For ex-
ample, inhibition of BMP signaling during regeneration
can lead to a failure in the re-establishment of organized
tissue layers, highlighting its critical role not just in em-
bryogenesis but also in adult tissue renewal. These find-
ings underscore BMP signaling as a developmental and
regenerative linchpin, offering insights into how ancient
regulatory pathways control stem cell differentiation and
tissue architecture. Moreover, the conservation of BMP
function across species suggests that understanding its
role in Nematostella may provide valuable clues for en-
hancing stem cell-based therapies and regenerative medi-
cine in humans. [21].

Hedgehog signaling pathway

The Hedgehog (Hh) signaling pathway is a crucial regula-
tor of developmental processes and tissue regeneration,
and in sea anemones, such as Nematostella vectensis, it
plays an important role in tissue patterning, stem cell pro-
liferation, and regenerative growth. Hedgehog signaling is
known for its role in transmitting information required for
the proper spatial arrangement of tissues during embryo-
genesis, but in sea anemones, it extends its function into
post-embryonic regeneration, supporting the organism’s
remarkable ability to heal and regrow damaged or lost
body parts. The pathway operates through the interaction
of Hedgehog ligands with the Patched (PTCH) receptor.
In the absence of a Hedgehog signal, PTCH inhibits the
activity of another membrane protein called Smoothened
(SMO). When Hedgehog ligands are present, they bind to
PTCH, relieving this inhibition and allowing SMO to acti-
vate downstream intracellular components that eventually
regulate Gli transcription factors. These factors then enter
the nucleus and control the expression of genes involved
in cell proliferation, differentiation, and pattern formation.
In Nematostella, research has identified Hedgehog signal-
ing activity in regions undergoing active regeneration,
such as near wounds or amputation sites. Here, the path-
way contributes to the re-establishment of tissue architec-
ture by guiding stem cells toward appropriate fates and
promoting organized proliferation. Studies have shown
that disruption of Hedgehog signaling can result in defec-
tive regeneration, including disorganized tissue growth
and incomplete recovery of body structures. This high-
lights the pathway’s essential role in coordinating not only
when and where cells divide, but also how they differenti-
ate to restore functionally integrated tissues. Furthermore,

Hedgehog signaling often acts in concert with other key
developmental pathways, such as Wnt and BMP, forming
a complex signaling network that ensures precise spatial
and temporal control of gene expression during regen-
eration. The ability of Nematostella to use Hedgehog
signaling for such sophisticated regenerative purposes
underscores its evolutionary significance and suggests that
deeper understanding of this pathway in simple organisms
can provide profound insights into regenerative biology,
stem cell regulation, and potential therapeutic targets in
more complex animals, including humans [19].

PI3K/AKT pathway

The PI3K/AKT signaling pathway is a central regulator of
cell survival, metabolism, and proliferation, and in Nema-
tostella vectensis, it plays a crucial role in supporting the
survival and self-renewal of stem cells, particularly dur-
ing regeneration and tissue maintenance. This pathway
is activated when phosphoinositide 3-kinases (PI3Ks)
respond to extracellular signals—such as growth factors
or cytokines—by phosphorylating lipid messengers in the
cell membrane. These lipid messengers recruit and acti-
vate AKT (also known as Protein Kinase B), which then
phosphorylates a variety of downstream targets to regulate
cellular processes essential for regeneration. In Nema-
tostella, activation of the PI3K/AKT pathway promotes
cell cycle progression, enabling stem cells to proliferate in
response to injury or during routine tissue renewal. It also
plays a critical role in inhibiting apoptosis (programmed
cell death), ensuring that stem cell populations remain vi-
able and capable of sustained activity. This is particularly
important during regeneration, when stem cells must not
only survive in a potentially hostile or damaged environ-
ment but also expand in number to replace lost or dam-
aged tissues. Additionally, PI3K/AKT signaling supports
metabolic activity, helping stem cells meet the high energy
demands associated with rapid proliferation and differen-
tiation.

Experimental findings in Nematostella suggest that impair-
ing this pathway—through inhibition of PI3K or AKT—
leads to a marked reduction in cell proliferation, increased
cell death, and compromised regenerative outcomes.
Conversely, enhanced PI3K/AKT activity correlates with
increased stem cell robustness and more efficient regen-
eration. Moreover, the PI3K/AKT pathway often interacts
with other signaling cascades, such as the Wnt and Notch
pathways, forming an integrated network that finely tunes
stem cell behavior and tissue architecture. The signifi-
cance of the PI3K/AKT pathway in Nematostella mirrors
its vital functions in higher organisms, including humans,
where it is also linked to stem cell maintenance, cancer
biology, and age-related decline. Understanding how this
pathway operates in a simple yet highly regenerative or-
ganism like Nematostella offers valuable insight into how
similar mechanisms might be harnessed or modulated in
human regenerative medicine, anti-aging strategies, and
stem cell therapies [20].

Role of stem cells in anemone aging
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While stem cell dysfunction is well-documented in hu-
mans and other vertebrates, many fundamental ques-
tions about how aging affects stem cell biology remain
unresolved. To address these questions, researchers are
increasingly turning to simpler model organisms that of-
fer unique insights into conserved biological processes.
In this context, the sea anemone Nematostella vectensis
serves as a valuable model due to its evolutionary position
and remarkable regenerative capabilities. Studying such
basal metazoans provides an opportunity to uncover the
core principles governing stem cell maintenance and ag-
ing across species.

Stem cells play a critical role in the aging process of sea
anemones, especially in species like Nematostella vecten-
sis. These organisms demonstrate an exceptional ability to
regenerate and maintain tissue integrity, which is largely
attributed to the constant activity of their stem cells. Their
regenerative abilities and the absence of typical signs of
aging, such as senescence, have made sea anemones a
focal point in studies of longevity and regenerative medi-
cine. Stem cells in anemones contribute significantly to
cellular upkeep, stress resistance, and the continuous re-
newal of tissues, making them central to the organism’s
maintenance of youthful vigor over long periods. Below
are keys aspects of stem cell function in anemone aging,
supported by evidence from recent studies.

Continuous regeneration

Sea anemones are equipped with pluripotent stem cells,
which enable them to regenerate lost body parts, such as
tentacles and damaged tissues. These stem cells can dif-
ferentiate into a variety of specialized cell types, including
muscle, neuron, and epithelial cells, to restore damaged
tissues or even entire body structures. The regenerative
capacity of sea anemones is remarkable in its ability to
adapt to environmental changes, such as temperature
fluctuations and mechanical damage. Complex signaling
pathways such as Wnt/B-catenin, Notch, and Hedgehog
pathways regulate this continuous regeneration, ensuring
that the cells involved in regeneration are properly acti-
vated, differentiated, and integrated into the existing tissue
structures. Research on these pathways in sea anemones
provides valuable insights into the molecular mechanisms
of regeneration, which could have significant implications
for understanding aging in other species [10, 21].

Stem cell maintenance and homeostasis

The long-term health and regenerative potential of sea
anemones depend heavily on the continuous maintenance
of their stem cell populations. These cells undergo regu-
lar divisions to produce new progeny that replace aged
or damaged cells, thus contributing to the organism’s
ability to resist the degenerative effects of aging. This
regenerative process is not just a response to injury but
is continuously active, ensuring that cellular homeostasis
is preserved throughout the anemone’s life. For instance,
Nematostella vectensis possesses a specialized population
of stem cells that are maintained through dynamic regula-
tion by genes such as nanos and piwi, which are crucial

for maintaining stem cell pluripotency and preventing dif-
ferentiation. The efficient management of stem cell renew-
al ensures the preservation of tissue integrity and function,
slowing down the appearance of age-related degenerative
changes [21]. This continuous turnover and renewal of
cells help to sustain the organism’s overall fitness and
adaptability across various environmental conditions [22].

Response to environmental stress

Sea anemones are highly adaptable to fluctuating envi-
ronmental conditions, such as changes in temperature,
salinity, and the presence of pollutants. Their stem cells
play a key role in this environmental adaptability by re-
sponding to stress and minimizing cellular damage. Upon
exposure to stressful conditions, sea anemones activate
stress response pathways that protect cellular components
from damage. Heat shock proteins (HSPs) and antioxidant
systems are upregulated to manage protein folding and re-
duce oxidative stress. These mechanisms promote cellular
repair and recovery, which contribute to the organism’s
overall longevity and regenerative abilities. The ability of
sea anemones to maintain stem cell activity under stress
conditions supports the notion that these organisms can
survive in harsh environments over extended periods, fur-
ther enhancing their capacity for longevity [10, 22].

Minimal cellular senescence

Unlike many other organisms, sea anemones exhibit mini-
mal evidence of cellular senescence as they age. Cellular
senescence refers to a state in which cells permanently
stop dividing, contributing to tissue dysfunction and ag-
ing. In contrast, anemones maintain active stem cell popu-
lations that continue to support tissue growth and repair
throughout the organism’s lifespan. Research suggests
that sea anemones have developed specialized mecha-
nisms to preserve their stem cells, potentially through
enhanced DNA repair pathways and mechanisms that pro-
tect telomere length. Telomeres, the protective caps at the
ends of chromosomes, play a key role in cellular aging.
In Nematostella vectensis, telomeres appear to be main-
tained or repaired over time, preventing the accumulation
of senescent cells and supporting the ongoing function of
stem cells. This ability to avoid senescence is a significant
factor in the organism’s ability to resist the typical aging
processes seen in other species [23].

Genetic and molecular pathways

Critical genetic and molecular pathways, such as Wnt,
Notch, and Hedgehog signaling, regulate the maintenance
and differentiation of stem cells in sea anemones. These
pathways are highly conserved across species and play
pivotal roles in cellular development, tissue regeneration,
and homeostasis. The Wnt/B-catenin pathway is involved
in stem cell self-renewal and differentiation, while Notch
signaling is crucial for maintaining the balance between
stem cell maintenance and differentiation into special-
ized cell types. Hedgehog signaling, on the other hand,
controls tissue patterning and cell division during regen-
eration. Understanding how these pathways function in
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Table 2. Molecular markers of aging.

Molecular marker Description

Function Ref.

Telomere length f
cellular aging

Senescence-associated secretory  Release of pro-inflammatory cytokines by

phenotype (SASP) senescent cells

16™* expression . S .
p xp kinase inhibitor with age

Mitochondrial dysfunction DNA and decreased function

Accumulation of advanced glyc- Increased AGEs contribute to tissue damage  Alters protein structure and function; linked

ation end products (AGEs) and inflammation

Changes in DNA methylation patterns

Increased reactive oxygen species  Higher levels of ROS contribute to oxidative — Causes damage to lipids, proteins, and DNA,

(ROS) stress

Loss of proteostasis .
homeostasis

Shortening of telomeres with age, indicating  Protects chromosome ends; critical for cell

Increased expression of this cyclin-dependent

Accumulation of mutations in mitochondrial ~ Impairs energy production and increases

Age-related alterations in DNA methylation

division (23]

Contributes to tissue inflammation and aging ~ [26]

Regulates cell cycle and inhibits proliferation  [27]

oxidative stress (28]
to chronic diseases [29]
Affects gene expression and cellular function.  [30]
accelerating aging (31]
Impairment in the maintenance of protein  Leads to aggregation of misfolded proteins, (32]

affecting cell function

sea anemones can provide crucial insights into how stem
cells contribute to longevity and regeneration in these or-
ganisms. Furthermore, these findings could have broader
implications for aging research and regenerative medicine
in other species, potentially identifying therapeutic targets
for promoting tissue repair and longevity [21, 23].

Aging in anemones

Sea anemones, particularly Nematostella vectensis, are
extraordinary organisms that exhibit negligible senescence
and remarkable regenerative abilities. Their ability to
maintain tissue homeostasis and avoid age-related decline
provides valuable insights into aging and longevity. Mo-
lecular markers of aging, including telomere shortening,
accumulation of senescence-associated beta-galactosidase
(SA-B-gal), and activation of cell cycle inhibitors such
as p16™* and p21, are largely absent or minimally ex-
pressed in anemones (Table 2). These molecular signa-
tures, which are commonly associated with cellular aging
in other organisms, are significantly less pronounced or
non-existent in these organisms, suggesting that they have

evolved mechanisms to resist cellular aging. Additionally,
the activation of the Wnt and Notch signaling pathways
in anemones plays a crucial role in promoting cell divi-
sion, maintaining stem cell populations, and preserving
the regenerative capacity throughout their lifespan. The
ability of anemones to resist typical aging markers while
sustaining regeneration raises intriguing questions about
the evolutionary advantages of their regenerative capabili-
ties. This phenomenon could provide valuable insights
into tissue repair, longevity, and age-related diseases in
other species, offering potential avenues for developing
therapeutic strategies that delay or reverse aging processes
[6, 24]. Below, the biological changes associated with ag-
ing in sea anemones (Figure 2).

Protein misfolding and aggregation

Protein homeostasis, or proteostasis, plays a vital role in
preventing cellular damage and maintaining health in sea
anemones over time. Like other organisms, sea anemones
experience protein misfolding, which can lead to the accu-
mulation of misfolded proteins and interfere with cellular
functions if not managed properly. However, sea anemo-
nes possess a robust system to mitigate these effects. Heat

Protein

misfolding Stem cell
and dynamics
aggregation

Regenerative Absence of
capacity and tumor
tlssue. formation
remodeling

Figure 2. Biological changes associated with aging in sea anemones.
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shock proteins (HSPs), a group of molecular chaperones,
are particularly crucial in stabilizing misfolded proteins
and facilitating their refolding or degradation. This effec-
tive maintenance of proteostasis enables sea anemones to
avoid the cellular stress and damage that contribute to ag-
ing in other species, where the accumulation of misfolded
proteins is often linked to diseases such as Alzheimer’s
and Parkinson’s [23].

Stem cell dynamics

Sea anemones exhibit remarkable tissue regeneration ca-
pabilities, largely due to their populations of multipotent
stem cells. These stem cells are regulated by evolution-
arily conserved genes like nanos and piwi. Unlike other
organisms, where these genes are primarily associated
with germline maintenance, in sea anemones, they ensure
the long-term activity of somatic stem cells. These genes
help sustain stem cell potency and enable continuous dif-
ferentiation into various cell types required for tissue re-
pair and regeneration. Unlike aging organisms where stem
cell exhaustion leads to reduced regenerative capacity, sea
anemones maintain active and potent stem cell popula-
tions throughout their lives, contributing significantly to
their negligible senescence and exceptional longevity [21].

Regenerative capacity and tissue remodeling

One of the most distinctive traits of sea anemones is their
extraordinary regenerative capacity, which allows them
to replace lost or damaged tissues efficiently, even after
severe injuries. This process is driven by the activation
of their stem cell populations, which proliferate rapidly
and migrate to the injury site. During regeneration, criti-
cal signaling pathways such as Wnt/B-catenin, Notch,
and Hedgehog are upregulated, orchestrating cell divi-
sion, differentiation, and tissue patterning. Morphogenetic
gradients further guide tissue remodeling, ensuring that
regenerated tissues are functional and correctly patterned.
Beyond injury response, sea anemones also undergo con-
tinuous tissue turnover, a process that helps maintain cel-
lular integrity and combat the effects of aging over time

Table 3. Comparison of aging process in anemone with other animals.

[10].
Absence of tumor formation

Despite their high rates of cellular proliferation, sea
anemones rarely develop tumors, which is a significant
factor in their sustained health and longevity. This rarity is
attributed to tightly regulated mechanisms that control cell
division and prevent unchecked growth. Cell cycle check-
points ensure proper cell division, while programmed cell
death, or apoptosis, removes cells with DNA damage or
aberrant behavior. Additionally, sea anemones may pos-
sess innate immune-like responses capable of recognizing
and eliminating potentially cancerous cells. These mecha-
nisms collectively prevent tumorigenesis, a common hall-
mark of aging in other organisms, and further contribute
to the longevity and health of sea anemones throughout
their lives [22].

Comparison of aging process in anemone with
other animals

The diversity of aging mechanisms across species is vivid-
ly illustrated through the comparison of organisms such as
anemones, humans, mice, and Caenorhabditis elegans (C.
elegans), as outlined in Table 3. Humans and mice repre-
sent the more familiar pattern of aging, characterized by
progressive physiological decline, increased vulnerability
to disease, and reduced regenerative capacity as they age.
These organisms provide essential models for studying
age-related diseases and understanding the cellular and
systemic deterioration that occurs over time. In stark con-
trast, anemones exhibit remarkable regenerative abilities
and show minimal signs of aging, challenging traditional
definitions of senescence. Their biological resilience sug-
gests the presence of unique molecular mechanisms that
could potentially be harnessed for therapeutic regenera-
tion and age-delaying strategies in humans. Meanwhile, C.
elegans, a small nematode, serves as a powerful genetic
model for aging research. Its short lifespan and well-

Aspect

Anemones

Humans

Cellular mecha-
nisms of aging

Lifespan and
regeneration

Response to
environmental
stressors

Genetic regu-
lation of aging

Minimal signs of ag-
ing; continuous tissue
regeneration; less cellular
senescence.

Some species show
negligible aging and can
regenerate indefinitely.

Highly resilient to
environmental changes,
contributing to long-evity.

Unique genetic patways
for regeneration and
cellular main-tenance;
less understood.

Gradual physiological dec-
line; increased cellular sene-
scence; telomere shortening.

Defined lifespan with decl-
ining regenerative capacity.

Aging exacerbated by
environmental stressors (e.g.,
pollution).

Complex interactions among
many genes related to telo-
meres and inflammation.

Mice C. elegans Ref.
Faster aging; telomere Changes in metabollc
h . pathways; increased

shortening; increased S [33-36]

L oxidative stress; reg-
oxidative stress. .

ulated aging.

Shorter lifespan; dimi- Short lifespan (2-3
nishing regenerative  weeks); regulated aging

S . . . [37-39]
abilities, particularly in ~ with stress response
tissues. pathways.
Affected by environ-  Environmental factors
mental stressors that trigger pathways that [40-42]
accelerate aging. can extend lifespan.
Identified genes regul- Key pathways, like
ating metabolism and  insulin/IGF-1 signaling, [43, 44]

stress responses.

regulate longevity.
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Figure 3. Challenges of Anemone stem cell in
aging.

Ethical
considerations

mapped genome make it ideal for identifying specific
genes and pathways that influence longevity. Research in
C. elegans has led to the discovery of conserved genetic
pathways, such as insulin/IGF-1 signaling, which are also
relevant to aging in higher organisms. Collectively, the
study of these diverse species not only enhances our fun-
damental understanding of aging but also opens promising
avenues for advancements in regenerative medicine, age-
related disease prevention, and longevity interventions.
Building on this comparative perspective, the regenerative
capacity observed in anemones is particularly fascinating
for scientists studying cellular immortality and tissue re-
newal. Unlike mammals, anemones can replace damaged
tissues and even regenerate entire body parts with mini-
mal decline in function over time. This ability is largely
attributed to their abundant stem cells and efficient cel-
lular repair mechanisms. These features allow anemones
to maintain homeostasis and youthful function well into
what would be considered old age in other species. Un-
derstanding the molecular underpinnings of this phenom-
enon—such as how they regulate stem cell activity, man-
age oxidative stress, and maintain telomere length—could
provide invaluable insights for advancing regenerative
therapies in humans, especially for degenerative diseases
and age-related tissue damage.

On the other hand, the aging process in C. elegans offers
a window into the genetic and molecular foundations of
longevity. Researchers have identified several genes in
C. elegans that, when mutated, can significantly extend
lifespan. For instance, mutations in the daf~-2 gene, which
affects insulin/IGF-1 signaling, can double the worm’s
lifespan, revealing a conserved pathway that influences
aging across many species, including humans. These ge-
netic discoveries have laid the groundwork for develop-
ing pharmacological interventions aimed at modulating
these pathways to delay aging and enhance healthspan. By
studying C. elegans, scientists gain a clearer understand-
ing of how genetic regulation, environmental stressors,
and metabolic processes interplay to influence the aging
trajectory, offering a blueprint for strategies that might
one day be applied to humans to combat age-associated
decline and extend healthy living years.

Challenges of Anemone stem cell in aging

Research on the role of stem cells in anemone aging is
both promising and challenging due to the complex bio-
logical systems of these organisms and the limitations of
current methodologies. Below are detailed discussions of
the major challenges facing this area of research, high-
lighting the specific difficulties in understanding, experi-
mentation, and resource allocation (Figure 3).

Understanding cellular mechanisms

Anemones exhibit extraordinary regenerative abilities, yet
the specific cellular and molecular mechanisms underlying
these capabilities remain poorly understood. The role of
different stem cell types, signaling pathways such as Wnt,
Notch, and Hedgehog, and the processes by which stem
cells differentiate into specialized cells are not fully elu-
cidated. These pathways are essential for regulating cell
division, differentiation, and tissue repair, but deciphering
their interplay in anemones is a significant challenge. Ad-
ditionally, the lack of specific markers to clearly distin-
guish stem cells from differentiated cells makes it difficult
to study their exact functions in tissue regeneration and
aging. To advance the field, researchers must develop and
validate reliable biomarkers to track stem cell dynamics
and differentiation processes in anemones [33].

Species variability

The regenerative capacity and stem cell behavior vary
significantly among anemone species. For example, while
Nematostella vectensis is a highly regenerative model or-
ganism, other species like Aiptasia exhibit different regen-
erative potentials. This variability makes it challenging to
generalize findings about stem cell dynamics and aging
across the phylum Cnidaria. Moreover, the evolutionary
trajectories of these species have led to the diversification
of their regenerative mechanisms, adding another layer of
complexity. Comparative studies across multiple species
are necessary to understand the evolutionary basis of stem
cell mechanisms, but the lack of standardized models and
methodologies for cross-species analysis complicates this
endeavor [37].
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Environmental sensitivity

Anemones are highly sensitive to environmental changes
such as fluctuations in salinity, temperature, and water
quality. These variables can influence stem cell activity
and regenerative processes, complicating experimental
designs. For instance, environmental stressors may trig-
ger cellular responses, such as upregulation of heat shock
proteins or antioxidant systems, which can mask the
baseline regenerative capacity of stem cells. This makes
it difficult to isolate and study the intrinsic properties of
stem cells under controlled laboratory conditions. Further-
more, understanding how environmental stress impacts
long-term stem cell function and contributes to aging in
anemones requires extensive longitudinal studies, which
are resource-intensive and logistically challenging [40].

Research interest and funding

Research on stem cells in anemones often takes a backseat
to studies on more traditional model organisms, such as
mice, zebrafish, or Drosophila. This disparity is partly due
to the established genetic tools and resources available for
these conventional models, making them more attractive
to funding agencies. As a result, limited resources are al-
located to anemone-focused research, despite their unique
contributions to understanding regeneration and aging.
To address this challenge, researchers must advocate for
the importance of anemones as a model system by dem-
onstrating their relevance to broader biological questions,
including insights into human aging and regenerative
medicine. Increased public awareness and interdisciplin-
ary collaborations could help attract interest and funding
to this field [45].

Laboratory cultivation

Maintaining optimal laboratory conditions for anemones is
technically demanding. Different species require specific
environmental parameters, such as water quality, tempera-
ture, salinity, and light conditions, for healthy growth and
regeneration. Variability in these conditions can lead to
inconsistent experimental results, undermining the repro-
ducibility and reliability of findings. For example, minor

Table 4. Recent studies on anemone in aging.

deviations in water pH or temperature can significantly
impact stem cell behavior, making it essential to establish
and standardize cultivation protocols for different species.
Developing robust laboratory systems that replicate the
natural habitat of anemones while supporting experimen-
tal manipulation is crucial for advancing research in this
area [46].

Ethical considerations

Many anemone species face threats from environmental
changes, such as habitat destruction and climate change.
Researchers must consider the potential impact of their
studies on anemone populations and ecosystems. Ethi-
cal research practices, including sustainable sourcing of
specimens and minimizing harm to natural populations,
are essential. Additionally, maintaining genetic diversity
within laboratory populations is critical to ensure the
validity and applicability of research findings. Conserva-
tion efforts must be integrated into research frameworks
to balance scientific discovery with ecological preserva-
tion. This ethical responsibility underscores the need for
collaboration between researchers, conservationists, and
policymakers [47].

Future directions

There are several compelling avenues for future anemone
stem cell research, each offering unique insights and ap-
plications (Table 4). While the conclusion effectively
summarizes the current understanding of aging and re-
generation in sea anemones, to advance this field, future
studies should focus on several promising areas. Utilizing
advanced genomic and transcriptomic tools like RNA-seq
and CRISPR-Cas9 gene editing can elucidate the genetic
mechanisms underlying regeneration and aging by iden-
tifying key regulatory genes [33]. Comparative analyses
with other regenerative species such as zebrafish and pla-
narians can reveal conserved and unique pathways, poten-
tially guiding the development of new regenerative thera-
pies [13]. Investigating how anemone stem cells respond
to aging-related stress and cellular senescence will deepen

Study title Key findings

Research applications Ref.

Identification of multipotent stem cells in
Nematostella vectensis

The sea anemone Nematostella vectensis:
Mechano-sensitivity, extreme regeneration,
and longevity

Experimental tools to study regeneration in

the sea anemone
responses.

Do sea anemones live forever? . .
to their longevity.

Sea anemone delivery of collagen and y-PGA
for anti-aging benefits

Discovered multipotent stem cells
regulated by nanos and piwi genes, linked
to regeneration and negligible aging.

Demonstrated the organism’s exceptional
regenerative abilities and potential as a
model for longevity studies.

Provided methodologies for inducing
regeneration and analyzing molecular

Discussed telomere dynamics contributing

Identified collagen and y-PGA for
potential use in anti-aging skincare.

Basis for studying molecular mech-
anisms of aging and regenerative [50]
medicine.

Useful for biomedical research in aging

and regeneration. (511

Enhances experimental studies on

aging and regenerative biology. (521
Potential insights into telomere biology (53]
and human aging.

Applications in cosmetics for youth- [54]

preserving formulations.
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our understanding of how to enhance regenerative capac-
ity in older organisms [34]. Additionally, exploring bioac-
tive molecules specific to anemones could inspire biomi-
metic approaches for treating age-related diseases [48].
Environmental studies examining the effects of pollution,
habitat degradation, and climate change on anemone
populations are essential, as these factors may influence
their regenerative abilities and provide broader ecological
insights [41]. Finally, fostering multidisciplinary collabo-
ration among ecologists, molecular biologists, and bioin-
formaticians will be critical to integrating complex data
and fully uncovering the potential of anemone stem cell
biology [49]. These future directions will not only deepen
our knowledge of anemone biology but also contribute to
innovations in regenerative medicine and aging research.

Conclusions

The investigation of aging in sea anemones has produced
a number of important discoveries that improve our
knowledge of the aging process and the amazing capacity
for regeneration exhibited by these creatures. Unique bio-
logical traits of anemones include the capacity to restore
missing body parts and the presence of multipotent stem
cells. These stem cells are essential for maintenance and
repair, enabling anemones to heal from wounds and adjust
to shifting environmental conditions. However, anemones’
ability to regenerate can diminish with age, underscor-
ing the intricate connection between cellular function and
aging. Significant biological changes, such as the start of
stem cell senescence, modifications to communication
networks, and an increase in oxidative stress, have been
linked to anemone aging. Further research into the mo-
lecular mechanisms underlying these processes is crucial
since these factors might collectively hinder regeneration.
Gaining knowledge about how anemones control cellular
aging and preserve their capacity for regeneration may
help us better understand the basic biology of longevity
[55, 56].

It is impossible to exaggerate the significance of ongoing
study in this area. With potential uses in biogerontology
and regenerative medicine, anemones offer a straightfor-
ward yet effective model for researching aging and regen-
eration. Studies of anemones may provide insights into
more general biological and medical domains, especially
in the areas of aging-related illnesses and the creation of
innovative treatment approaches. In conclusion, research
on aging in sea anemones advances our knowledge of
aging processes in more complicated species, such as hu-
mans, while also enhancing our comprehension of these
intriguing creatures [57]. We can discover the complex
mechanisms governing lifespan and resilience by further
investigating the interaction of aging, regeneration, and
environmental factors. This will open the door to novel
methods to the treatment of health and disease.
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