8 frontiers ‘ Frontiers in Aging

’ @ Check for updates

OPEN ACCESS

EDITED BY
Richard C. Siow,
King's College London, United Kingdom

REVIEWED BY
Paolina Crocco,

University of Calabria, Italy

Jorge Sanz-Ros,

Stanford University, United States

*CORRESPONDENCE
Marlies Schellnegger,
Marlies.Schellnegger@uniklinikum.kages.at

RECEIVED 15 November 2023
ACCEPTED 11 January 2024
PUBLISHED 25 January 2024

CITATION
Schellnegger M, Hofmann E, Carnieletto M and
Kamolz L-P (2024), Unlocking longevity: the
role of telomeres and its targeting interventions.
Front. Aging 5:1339317.

doi: 10.3389/fragi.2024.1339317

COPYRIGHT
© 2024 Schellnegger, Hofmann, Carnieletto
and Kamolz. This is an open-access article
distributed under the terms of the Creative
Commons Attribution License (CC BY). The use,
distribution or reproduction in other forums is
permitted, provided the original author(s) and
the copyright owner(s) are credited and that the
original publication in this journal is cited, in
accordance with accepted academic practice.
No use, distribution or reproduction is
permitted which does not comply with these
terms.

Frontiers in Aging

TYPE Review
PUBLISHED 25 January 2024
Dol 10.3389/fragi.2024.1339317

Unlocking longevity: the role of
telomeres and its targeting
interventions

Marlies Schellnegger®?*, Elisabeth Hofmann®%3,
Martina Carnieletto®? and Lars-Peter Kamolz'?

'Division of Plastic, Aesthetic and Reconstructive Surgery, Department of Surgery, Medical University of
Graz, Graz, Austria, 2°COREMED-Centre for Regenerative and Precision Medicine, JOANNEUM
RESEARCH Forschungsgesellschaft mbH, Graz, Austria, *Research Unit for Tissue Regeneration, Repair
and Reconstruction, Division of Plastic, Aesthetic and Reconstructive Surgery, Department of Surgery,
Medical University of Graz, Graz, Austria

Average life expectancy has been steadily increasing in developed countries
worldwide. These demographic changes are associated with an ever-growing
social and economic strain to healthcare systems as well as society. The aging
process typically manifests as a decline in physiological and cognitive functions,
accompanied by a rise in chronic diseases. Consequently, strategies that both
mitigate age-related diseases and promote healthy aging are urgently needed.
Telomere attrition, characterized by the shortening of telomeres with each cell
division, paradoxically serves as both a protective mechanism and a contributor to
tissue degeneration and age-related ailments. Based on the essential role of
telomere biology in aging, research efforts aim to develop approaches designed
to counteract telomere attrition, aiming to delay or reduce age-related diseases.
In this review, telomere biology and its role in aging and age-related diseases is
summarized along with recent approaches to interfere with telomere shortening
aiming at well- and healthy-aging as well as longevity. As aging research enters a
new era, this review emphasizes telomere-targeting therapeutics, including
telomerase activators and tankyrase inhibitors, while also exploring the effects
of antioxidative and anti-inflammatory agents, along with indirectly related
approaches like statins.
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1 Introduction

In the past century, the average life expectancy has roughly doubled basically in all
developed countries worldwide. Demographic data estimate that by the year 2050, the
global population of individuals aged 60 and above is expected to reach 2.1 billion,
effectively doubling the figure reported in 2020. Additionally, the number of adults over
80 years old will triple and reach 426 million (United Nations Department of Economic and
Social Affairs, 2022). This demographic shift is clearly associated with an escalating social

Abbreviations: CAG, Cycloastragenol; mtDNA, mitochondrial DNA; ROS, reactive oxygen species; SASP,
senescence-associated secretory phenotype; TERRA, telomeric repeat-containing RNA; TL,
telomere length.
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and economic burden, challenging not only for our healthcare
system but also the social security systems, workforce dynamics,
housing infrastructure, and intergenerational relationships
(Partridge et al., 2018). Primarily, the aging process involves a
functional decline, which in turn leads to a steady increase in
chronic diseases, including cancer, neurodegenerative diseases,
diabetes melitus, and cardiovascular diseases (Hou et al., 2019;
Bellary et al, 2021; Liberale et al., 2022). These age-associated
diseases predictively double in incidence every 5years after the
age of sixty. Furthermore, the WHO designates advanced age as an
independent risk factor for major life-threatening disorders. For
instance, when considering coronary heart disease, advanced age is
rated as an equally significant risk factor as smoking (Melzer
et al., 2020).

Therefore, it seems to be of utmost importance to develop
strategies and interventions that interfere with the aging process,
prevent or at least mitigate age-associated diseases, and support
healthy aging patterns, not only to elongate the lifespan but also to
increase the healthspan - the phase of life spent in health, active, and
in absent of chronic diseases (Seals et al., 2016). Over the past
decades, the healthspan has not increased at the same pace as the
lifespan and lags far behind; this observed disparity raises significant
concerns. The quality of life and wellbeing during aging is to
prioritize; otherwise, the challenges posed by an excessively
growing aging population will become unmanageable (Gonzalez-
Freire et al., 2020). Not surprisingly, the potential to positively
intervene and modulate the aging process has been a longstanding
area of interest. Specifically, the defined hallmarks of aging are
frequently targeted in intervention strategies aiming to mitigate or
decelerate the mechanisms of the aging process (Shetty et al., 2018;
Campisi et al., 2019). The hallmarks of aging comprise twelve
identified variables as crucial contributors to the aging process
2013; 2023). These
hallmarks encompass genomic instability, the shortening of

(Lopez-Otin et al, Lopez-Otin et al,

telomeres,  deregulated  nutrient  sensing,  mitochondrial
dysfunction, changes in epigenetic regulation, loss of proteostasis,
cellular senescence, stem cell exhaustion, and altered intercellular
communication (Campisi et al., 2019). Telomere attrition belongs to
the cardinal hallmarks of aging and has garnered significant
attention in gerontological research over the past years.
Telomeres, the protective ends of chromosomes, progressively
diminish with each cell division. Once a critical length is
reached, cells may undergo senescence or apoptosis, serving as a
safeguard against genetic irregularities (Blackburn et al., 2006).
While this mechanism has actually protective origins, in the
context of aging, it counterintuitively accelerates tissue
degradation and ushers in age-related disorders. The central role
of telomere biology in aging has led research into therapies designed
to counteract telomere attrition, aiming to delay or mitigate age-
linked diseases (Aubert and Lansdorp, 2008; Shay and Wright, 2019;
Alder and Armanios, 2022). Targeting telomere dynamics presents a
promising avenue in gerontology, well-aging, and the development
of therapies for age-associated ailments, underlining the importance
of understanding telomere dynamics (Blackburn et al, 2015a).
Despite telomeres’ established role in aging, the field of telomere
biology faces a significant challenge: the lack of effective, clinically
proven therapies that directly target telomeres. This gap underscores

the complexity of translating fundamental telomere research into
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therapeutic applications and the challenges in addressing the
multifaceted nature of telomere dynamics and their systemic
impact on aging and age-related diseases. Therefore, continued
exploration and innovative strategies in telomere research are
essential to develop tangible, effective treatments for age-related
pathologies.

2 Telomere biology: the basics
and beyond

A comprehensive understanding of the underlying mechanisms
of aging and their impact on long-term health provides valuable
insights into resilience mechanisms, their influence on stress
responses, and the ensuing effects on health (Ferrucci et al,
2020). The defined hallmarks of aging are a fundamental part of
current research in aging; each one fulfills three premises: an age-
associated manifestation, an experimentally amplification
accelerates the aging process, and interventions targeting these
hallmarks offer potential to decelerate, maintain, or even reverse
aging (Lopez-Otin et al,, 2023). Although the individual hallmarks
are intricately interwoven, specific ones are selectively targeted to

develop intervention strategies and therapeutic approaches.

2.1 Telomere shortening: at the nexus of
cellular aging

In 2013, telomere attrition was described as a primary hallmark
of aging (Lopez-Otin et al,, 2013), and its research has increasingly
garnered attention in recent years. However, the notion of telomeres
emerged already in the 1930s when Creighton and McClintock
studied Zea mays and hypothesized the presence of a distinctive
structure at chromosome ends, critical for preventing chromosome
end fusion (Creighton and McClintock, 1931). Since then, extensive
research in this field has been has continually revealed new insights,
recognizing its role in the aging process and various diseases
(Cawthon et al., 2003; Rizvi et al., 2014; Wang et al., 2018; Yuan
et al.,, 2018).

Telomeres are described as consecutive repeats of the six-
nucleotide sequence (TTAGGG) in the form of a cap structure
(Blackburn and Gall, 1978), serving to protect chromosome ends
from initiating a DNA damage response. Due to the inherent
constraints of DNA polymerases in replication, telomeric DNA
cannot be completely replicated. This leads to the gradual
shortening of telomeres with each cycle of cell division (Allsopp
etal., 1992; Rhodes et al., 2002). When telomeres shorten to a critical
point, they cause genomic instability, which hinders further
replication, leading to senescence and eventually cell death
(Blackburn, 2001). At note, DNA polymerase requires a transient
primer to commence the unidirectional synthesis from the 5'to the
3’end, but it cannot fully replicate the 3’ ends of the chromosome,
which is described as the “end-replication problem” (Levy et al,
1992). Certain mechanisms are required to bypass this end-
replication problem, which leads to a milestone in telomere
research: the identification of telomerase in 1985 by Greider and
Blackburn. Telomerase, a ribonucleoprotein enzyme, elongates
chromosomes by adding DNA sequence repeats to their terminal
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regions, thus facilitating the extension of telomere length (Greider
and Blackburn, 1985). Lee et al. showed that in successive
exhibited
impaired spermatogenesis and reduced proliferative capacity in

generations of mice, late-generation specimens
bone marrow and spleen. These deficits were associated with
significant telomere attrition and chromosomal aberrations,
highlighting the critical role of telomerase and telomeres in
preserving genomic integrity in high-renewal organ systems (Lee
1998).

predominantly restricted to stem cells and certain progenitor

et al, However, the expression of telomerase is
cells; most somatic cells do not express or only have very low
levels of telomerase activity (Martinez and Blasco, 2015). This
results in progressive telomere shortening over time, acting as a
“biological clock” that caps the number of possible cell divisions
(Harley et al,, 1990). Although the lack of telomerase in somatic cells
is a limiting factor for proliferation, studies emphasize that it is also
preventing the uncontrolled growth of the cell, potentially leading to
cancer (Akincilar et al., 2016). About 85% of cancer types have been
found to reactivate telomerase, allowing cancer cells to maintain
their telomeres and thus enabling them to proliferate indefinitely
(Shay and Wright, 2005).

In the orchestration of telomere dynamics, the shelterin complex
stands out as a crucial player. It is composed of several proteins and
binds specifically to telomeric DNA, ensuring telomeres are not
erroneously identified as DNA breaks, thereby preventing an
inappropriate DNA damage response (de Lange, 2018). Any
dysfunction in shelterin components can lead to telomere
uncapping, exposing telomeres to degradation, recombination,
and chromosomal end-to-end fusions, inducing genomic
instability potentially resulting in cellular senescence (Sfeir and
de Lange, 2012). TRF1 and TRF2, both essential components of
the shelterin complex, help to maintain telomere integrity.
Particularly, TRF2 is essential for inhibiting the ATM kinase
signaling pathway, a primary responder to DNA double-strand
breaks (Karlseder et al,, 1999). Further, POTI, another crucial
component, attaches to the single-stranded overhang of the
telomere, preventing the ATR kinase-mediated DNA damage
response. The interplay between telomerase activity, telomere
length, and shelterin function is essential for the cellular stability.
Imbalances can result in conditions ranging from premature aging
to the onset of cancer (Pinzaru et al, 2016). Conversely, this
understanding offers also therapeutic targets. For instance, it has
been shown that the genetic removal of TRF1 hinders tumor
progression in aggressive lung cancer and glioblastoma mice
models, which occurred through direct telomere damage,
irrespective of telomere length (Bejarano et al, 2017; Bejarano
et al., 2019).

2.2 Telomeres: telling tales of human aging
and disease

Exploring the intricate nexus between telomeres and human
aging, a broad body of both in vitro and in vivo studies,
complemented by contemporary human research, has revealed
pivotal correlations. These studies demonstrate how changes in
telomere length may not only mirror the aging process but also
potentially influence the onset and progression of age-related
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diseases (Zheng et al, 2022). In a Southern Italian cohort of
516 individuals aged 65-106, a notable trend in leukocyte
telomere length was observed, with a decline post-70 years and a
subsequent increase after 92 years, paralleling demographic survival
curves. This trend suggests widespread telomere attrition linked to
increased mortality risk and organismal decline, while those in
better physical condition exhibited reduced attrition, contributing
to delayed senescence (Crocco et al., 2021). Concurrently, a study by
Crocco et al. highlighted a minimal genetic impact on leukocyte
telomere length in the elderly, challenging the concept of strong
genetic control over telomere length in older age groups and
underscoring the significant role of chromosomal structure
integrity genes, like TERF1 and TNKS2, in longevity (Crocco
et al, 2021). Additionally, a meta-analysis of 48,000 individuals
identified genetic loci, including TERC and TERT, associated with
mean leukocyte telomere length. These loci are implicated in
telomere biology and various cancers and age-related diseases,
such as idiopathic pulmonary fibrosis. An analysis of these
genetic variants revealed that alleles linked to shorter leukocyte
telomere length significantly increased coronary artery disease risk,
suggesting a causal relationship between telomere-length variation
and certain age-related diseases (Codd et al., 2013) Overall, these
findings underscore the complex yet critical role of telomeres in the
biological mechanisms of aging and disease susceptibility.

2.3 Telomere dysfunction in cellular aging:
the interaction with inflammation and
oxidative stress

In primary human cells, each cell division leads to a reduction
of 50-100 bases from the telomeres across all chromosomes. This
depletion rate is notably exceeding what the end-replication
mechanism would predict, which points to additional factors
influencing telomere attrition in human cells (Harley et al,
1990; Blackburn et al., 2015b). Factors including oxidative stress
and inflammation are associated with expedited telomere attrition,
consequently reducing the replicative lifespan of cells (Kawanishi
and Oikawa, 2004; Zhang et al, 2016a). While chronic
inflammation is one of the twelve hallmarks of aging identified
by Lopez-Otin et al. (2023) oxidative stress, per se, is not explicitly
listed as a separate hallmark. However, “mitochondrial
dysfunction” - which is closely linked to the production of
reactive oxygen species (ROS) and oxidative stress (Zhang et al.,
2016b; Kausar et al.,, 2018) - is recognized as one of the twelve key
contributors. Undoubtedly, oxidative stress is deeply interwoven
with several of the postulated hallmarks and, therefore, worth a
closer look.

2.3.1 Oxidative stress and telomers

The “Free Radical Theory of Aging,” introduced in the 1950s by
Denham Harman, suggests that the aging process in organisms is
due to the cumulative cellular damage caused by free radicals over
time. Free radicals, especially reactive oxygen species (ROS), can
inflict damage to various cellular macromolecules, with DNA being
a prime target (Harman, 1956). This influential approach laid the
foundation for subsequent research on aging. Over time, it has been
refined and adapted according to emerging insights.
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Oxidative stress, emerging from an imbalance between the
production of ROS and the
mechanisms, is significantly detrimental to telomeric regions.

cell's antioxidative defense
Telomeres, with their guanine-rich sequences, are particularly
prone to oxidative modifications due to the raised susceptibility
of guanine to oxidative damage (Singh et al., 2019). One notable
outcome of this vulnerability is the formation of 8-oxo-guanine (8-
0x0G) lesions, which is a prevalent DNA damage type caused by
ROS. A study by Fouquerel et al. demonstrated that 8-0xoG in the
telomeric region has a dual role, either hindering telomerase-
mediated elongation when incorporated as 8-oxodGTP or
promoting telomerase activity by destabilizing G-quadruplex
structures when preexisting in telomere DNA. This dual impact
of 8-0xoG on telomere function is a key factor in determining
whether a cell will experience telomere-related dysfunction or
maintain its genomic stability (Fouquerel et al., 2016).

2.3.2 Chronic inflammation and telomers

Over the past decade, the complex interplay between telomere
dynamics and chronic inflammation has gained further attention.
Evidence suggests that telomere length is closely tied to chronic
inflammatory states. Specifically, elevated levels of pro-
inflammatory cytokines, such as IL-6 and TNF-a, seem to trigger
accelerated telomere shortening (Blackburn et al, 2015a; Deo
et al., 2020).

One proposed mechanism suggests that chronic inflammation
directly affects telomerase activity. Elevated cytokine levels might
suppress telomerase activity, thereby limiting the enzyme’s ability to
counteract telomere shortening and leading to cellular senescence
(Liu et al.,, 2023). This senescence can further enhance inflammation
by releasing senescence-associated secretory phenotype (SASP)
factors, which induces a feedback loop between inflammation
and telomere attrition (Herranz and Gil, 2018). Jurk et al.
demonstrated in mice that chronic inflammation, induced by the
knockout of the nfkbl subunit of the NF-kB transcription factor,
exacerbates telomere dysfunction and cell senescence through a
feedback loop involving NF-kB, COX-2, and ROS, thereby leading to
premature aging and reduced tissue regeneration in liver and gut
(Jurk et al, 2014). These findings underline the importance of
managing chronic inflammation to preserve telomere integrity,

potentially delaying the onset of age-related diseases.

2.3.3 Interconnected dynamics of cellular aging:
the telomere-mitochondrial axis

Telomere shortening can disrupt normal cellular function and is
implicated in the increased production of ROS, which further
contribute to mitochondrial dysfunction and cell aging (Sahin
and DePinho, 2010). On the other hand, mitochondria are the
primary producers as well as targets of ROS. An excessive
accumulation of ROS can lead to damaged mitochondrial DNA
(mtDNA), which in turn may induce further mitochondrial
dysfunction. This dysfunction can exacerbate ROS production,
creating a detrimental feedback loop that significantly contributes
to cell aging and age-related pathologies (Akbari et al.,, 2019).

One proposed mechanism involves the tumor suppressor
protein p53. Dysfunctional telomeres can trigger the activation of
p53, which in turn may inhibit the transcription of the peroxisome
proliferator-activated receptor gamma coactivator 1-alpha (PGC-
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la), which is the primary regulator of mitochondrial biogenesis and
function. Reduced PGC-la levels can lead to mitochondrial
dysfunction and (Sahin and
DePinho, 2012).

Cells with critically short telomeres can undergo senescence,

increased ROS  production

which is often accompanied by a pro-inflammatory senescence-
associated secretory phenotype (SASP). SASP can exacerbate
mitochondrial dysfunction and further increase oxidative stress
(Wiley et al.,, 2016; Mohamad Kamal et al., 2020). In short, the
telomere-mitochondrial axis captures the dynamic crosstalk
between telomeres and mitochondria, both vital to cellular aging.
This axis underscores the intertwined -effects when either
component declines and can be seen a feedback loop between

telomere dysfunction and mitochondrial dysfunction.

5 Telomere-based interventions:
current market landscape for longevity

Telomere dysfunction intensifies the molecular hallmarks of
aging, potentially amplifying
neurodegeneration and cancer;

age-related  diseases  like
conversely, the profound
understanding of its underlying mechanisms offers avenues for
mitigating aging and its associated disorders (Chakravarti et al,
2021). The maintenance of telomere length, either through genetic
interventions or modulating telomerase activity, has been shown to
delay cellular aging and extend the healthspan in various model
organisms (Bernardes de Jesus and Blasco, 2013). Experimental
elongation of telomeres through genetic manipulation or
pharmacological means has already shown potential in delaying
cellular and tissue aging, suggesting an avenue for therapeutic
interventions by targeting the aging process itself (Webb and
Zakian, 2016). In the following section, we will elucidate and
critically discuss the approaches

previously explored to

beneficially modulate telomere biology.

3.1 Telomere-targeting therapeutics

The telomere complex, crucial for cellular senescence and
genomic stability, has become a promising target in age-related
research. Recent advances have elucidated potential therapeutic
modulation to address

strategies for telomere age-related

conditions and diseases (Gao and Pickett, 2022; Sagris et al., 2022).

3.1.1 Telomerase activators

Telomerase activation has gained prominence as a potential
length and
subsequently, cellular healthspan. As Telomerase catalyzes the

therapeutic approach for extending telomere
addition of TTAGGG nucleotide repeats to chromosome ends, it
counteracts telomere attrition resulting of cellular divisions (Greider

and Blackburn, 1985; Tsoukalas et al., 2019).

3.1.1.1 TA-65

A prominent agent of telomerase activators is TA-65, a
compound derived from the Chinese herb Astragalus
Studies suggest that TA-65 might activate
telomerase, potentially leading to telomere extension (Salvador

membranaceus.
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et al,, 2016; Kokubun et al., 2019; Tiendrébéogo et al., 2023). In a
randomized, double-blinded, placebo-controlled trial, involving
117 cytomegalovirus-positive adults, supplementation with a low
dose (250 U) of the telomerase activator TA-65 led to a significant
increase in telomere length over 1 year, while the placebo group
experienced a significant reduction in telomere length. A higher dose
(1000 U) of TA-65 showed a non-significant trend toward telomere
lengthening (Salvador et al., 2016). In another double-blinded,
randomized trial with elderly myocardial infarction patients, TA-
65 was assessed for its potential in modulating immune cell aging.
While TA-65 administration did not affect the proportions of
terminally differentiated CD8" T-lymphocytes, it led to
significant elevations in major lymphocyte subsets and a notable
62% reduction in high-sensitivity C-reactive protein (hsCRP) levels
after 12 months compared to placebo. Additionally, fewer adverse
events were observed in the TA-65 group (Bawamia et al., 2023).

3.1.1.2 Cycloastragenol (CAG)

Another postulated telomerase activator is Cycloastragenol
(CAG), which is also a compound derived from the Astragalus
membranaceus plant. Idrees et al. examined the role of CAG in
activating telomerase and its impact on the KIb (B-Klotho) gene in
mouse ovaries, a key factor in female fertility and aging. Molecular
simulations confirmed CAG’s binding to the hTERT model, and its
subsequent application rejuvenated telomerase activity, restoring
ovarian health in age-induced and Doxorubicin-induced damage
models. These findings highlight CAG’s potential in addressing
female infertility via TERT-dependent f3-Klotho regulation (Idrees
et al.,, 2023).

However, preliminary findings
comprehensive clinical trials are essential to ascertain the efficacy

while seem promising,
and safety in promoting telomere elongation and the associated
health benefits.

While these approaches hold promise, they are associated with
potential risks. For instance, activating telomerase has been
associated with an elevated risk of cancer, given that it may
permit cells to proliferate unchecked. As cancer involves the
unregulated growth of cells, and telomere shortening serves as a
natural limit to cell division, artificially extending telomeres could
inadvertently increase the risk of cancer (kumar and Sethi, 2023; Luo
et al,, 2019). The key lies in striking a balance between improving
cellular health by lengthening telomeres and avoiding the promotion
of tumorigenesis. Prior to the adoption of these treatments,
comprehensive clinical trials and rigorous safety assessments
are needed.

3.1.2 Telomerase gene therapy

Telomerase gene therapy is an emerging approach that seeks to
address cellular aging by directly modulating telomerase activity in
cells. In an in vivo study conducted in mice, telomerase gene therapy
using an adeno-associated virus to express TERT led to significant
health improvements and reduced aging markers without elevating
cancer incidence. Remarkably, the treatment extended the median
lifespan by 24% in 1-year-old mice and 13% in 2-year-old subjects,
underscoring the potential of TERT-focused interventions in aging
mitigation (Bernardes de Jesus et al., 2012). Another study in a
mouse model investigated the therapeutic potential of telomerase
gene therapy using adeno-associated virus 9 (AAV) gene vectors to
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treat aplastic anemia, which is associated with telomere shortening.
AAVO9-Tert effectively targeted the bone marrow, lengthened
telomeres, and mitigated the symptoms of the disease (Bir et al,
2016). An in vivo study investigated the influence of telomere length
on health in mice derived from embryonic stem cells with hyper-
long telomeres. The mice with hyper-long telomeres exhibited
reduced DNA damage with aging, improved metabolic markers
such as lower LDL levels, improved glucose and insulin tolerance,
decreased cancer incidence, and increased longevity (Munoz-
Lorente et al, 2019). Certainly, direct telomerase gene therapy
has not been tested in humans due to safety and ethical
concerns, unknown long-term effects, and the technically
challenging delivering mechanism. Nevertheless, abandoning the
telomerase gene therapy approach may be premature given its
potential to revolutionize aging and disease treatment. The
challenges in human translation certainly necessitate refined
methodologies and advanced clinical trials to bridge the gap,

ensuring the approach’s safety and efficacy for human therapeutics.

3.1.3 Tankyrase inhibitors

Tankyrase inhibitors are molecules designed to inhibit the
function of tankyrases (Tankyrase 1 and Tankyrase 2), which are
enzymes in the poly (ADP-ribose) polymerase (PARP) family
(Smith et al., 1998; Smith and de Lange, 2000). A fundamental
work in this field was conducted by Huang et al. showing that
tankyrases regulate the stability of axin, which is a key component of
the B-catenin destruction complex. By using a small-molecule
inhibitor of tankyrase, XAV939, they showed stabilization of axin
and downregulation of Wnt signaling (Huang et al., 2009). The Wnt
pathway is indirectly connected to telomere biology through its
regulation of adult stem cell function. Essential for stem cell self-
renewal and maintenance, Wnt signaling indirectly contributes to
telomere length preservation during stem cell divisions.
Consequently, any dysregulation in Wnt signaling can affect
these regenerative processes, potentially destabilizing telomeres
and thereby impacting aging and the onset of age-related diseases
(Brack et al., 2007; Liu et al., 2007; Kahn, 2014). By regulating the
Wnt pathway, tankyrase inhibitors have garnered interest as
potential therapeutic agents, particularly in cancer research, given
the crucial role of dysregulated Wnt signaling in tumor progression
and metastasis (Waaler et al., 2012; Huang et al., 2020; Neiheisel
etal., 2022). Even though tankyrases play a significant role in cellular
aging due to their influence on telomere maintenance, focused
research in this area remains sparse and should be pursued in
future research.

3.2 Antioxidants and anti-
inflammatory agents

Oxidative stress and chronic inflammation are significant
contributors to cellular aging; there is growing evidence linking
both to accelerated telomere attrition (Lopez-Otin et al, 2013;
Armstrong and Boonekamp, 2023; Lopez-Otin et al, 2023).
Consequently, there has been a rising interest in therapies that
combat oxidative stress and inflammation to indirectly preserve
telomere length, making antioxidants and anti-inflammatory
compounds key players in this research field. Antioxidants, such
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as vitamin C, vitamin E, and polyphenols, neutralize free radicals,
potentially mitigating DNA and telomere damage (Crous-Bou et al.,
2019). Simultaneously, anti-inflammatory agents, including omega-
3 fatty acids and curcumin, could reduce inflammation-mediated
telomeric attrition (Siopis and Porter, 2022). An overview of the
relevant antioxidants and anti-inflammatory agents influencing
telomere maintenance is given in Figure 1.

3.2.1 Antioxidants

Antioxidants neutralize free radicals, which can inflict damage
on cellular structures (Halliwell, 1996), including DNA and
telomeres. This protective effect can be essential in countering
telomere shortening, and thereby possibly delaying cellular aging
(Fenech et al., 2023).

3.2.1.1 Vitamin C

Vitamin C, a potent water-soluble antioxidant, scavenges free
radicals in the aqueous cellular environment, preventing damage to
critical biomolecules. Notably, it can also augment the enzymatic
action of telomerase, potentially supporting telomere elongation
(Furumoto et al., 1998). Recent studies underscore its capability to
enhance telomerase activity, elucidating its integral role in telomere
preservation. Among 586 women, the dietary intake of
multivitamins and telomere length was observed. Multivitamin
tended

micronutrient analysis revealed that especially the vitamins C and

users to have longer telomeres. Moreover, the

Frontiers in Aging

E were positively associated with telomere length (Xu et al., 2009). In
a recent cross-sectional analysis using the NHANES database with
7.094 participants, a positive correlation between dietary vitamin C
intake and telomere length was observed. Specifically, greater
vitamin C intake was associated with longer telomeres (Cai et al.,
2023). These findings add to the body of evidence that certain
vitamins, especially vitamin C, may play a protective role in telomere
maintenance, possibly through its antioxidant properties, reducing
oxidative stress.

3.2.1.2 Vitamin E

Vitamin E is a lipid-soluble antioxidant, primarily located in cell
membranes, with its primary role to protect polyunsaturated fatty
acids (PUFAs) from lipid peroxidation, which is a significant source
of DNA damage, including telomeres (Corina et al., 2019). In the
CORDIOPREV  study, involving 1.002 cardiovascular disease
patients, dietary intake of vitamin E was found to significantly
influence leukocyte telomere length, a biomarker for cellular
aging. Patients with inadequate vitamin E intake exhibited
shorter telomere length compared to those with sufficient intake
(Corina et al, 2019). Another study conducted by Shen et al.
examined the connection between DNA telomere length and
breast cancer risk, and how antioxidant intake might influence
this correlation. Shorter telomeres were associated with a higher
breast cancer risk among premenopausal women. While women
with the shortest telomeres and low dietary intake of antioxidants,
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including beta-carotene, vitamin C, and E, showed a moderate
increase in breast cancer risk, underlining the importance of an
accurate dietary intake of antioxidants (Shen et al., 2009).

3.2.1.3 Polyphenols

Polyphenols, widely present in sources such as fruits, vegetables,
or tea, exert antioxidant effects by neutralizing oxidizing species.
Resveratrol, a polyphenol found highly concentrated in berries,
nuts, grapes, and red vine, exerts antioxidant and anti-inflammatory
effects (Rotondo et al., 1998; Queiroz et al., 2009; Meng et al., 2021).
The anti-inflammatory effect is potentially facilitated through the
action of cyclooxygenase, AP1, and NF-«B, although the precise
mechanisms remain to be elucidated (Ros and Carrascosa, 2020).
The antioxidant effects occur via activating the SIRT1 pathway
(Pignet et al, 2021), also a recognized positive regulator of
telomere length (Amano et al, 2019; Opstad et al, 2021); it
supports cellular defense mechanisms against oxidative and
metabolic stress and enhances DNA repair (Palacios et al., 20105
Amano et al., 2019).

Resveratrol has been shown its protective effects on endothelial
cells and promoting mitochondrial biogenesis by activating the
SIRT1 pathway (Csiszar et al., 2009). An in vivo study explored
the potential anti-aging effects of a nutraceutical combination of
resveratrol and copper in mice. The prolonged administration of
resveratrol and copper for 12 months significantly mitigated
numerous biological indicators of aging in brain cells, including
telomere attrition, amyloid deposition, and DNA damage.
Moreover, blood glucose, cholesterol, and C-reactive protein
levels were reduced after treatment. These findings suggest that
cell-free chromatin particles might contribute to aging processes,
and resveratrol and copper could offer therapeutic benefits for
promoting healthy aging (Pal et al., 2022).

In human, resveratrol supplementation over 30 days led to
shifts
resting metabolic

metabolic resembling caloric restriction; resveratrol

decreased rates, reduced blood glucose,
triglycerides, liver enzymes, and inflammation markers, and
improved muscle cellular energy mechanisms and insulin
sensitivity (Timmers et al, 2011). In a double-blind, placebo-
controlled trial with 40 post-infarction patients, resveratrol
supplementation significantly enhanced left ventricular diastolic
function and endothelial function while reducing LDL-cholesterol
levels. Furthermore, resveratrol effectively protected against adverse
shifts in red blood cell deformability and platelet aggregation
(Magyar et al.,, 2012).

Given the existing evidence, there is increasing interest in
resveratrol as a potential therapeutic agent for promoting

telomere maintenance and healthy aging.

3.2.2 Anti-inflammatory agents

Prolonged inflammatory responses can increase oxidative stress
and DNA damage, potentially accelerating telomere attrition.
Several studies have been investigated anti-inflammatory agents
and its influence on telomere biology, being discussed in the
following section.

3.2.2.1 Omega-3 fatty acids

Omega-3 fatty acids, particularly eicosapentaenoic acid (EPA)
and docosahexaenoic acid (DHA), are essential polyunsaturated
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fatty acids (PUFAs) recognized for their anti-inflammatory
properties. Emerging research indicates a potential role for these
fatty acids in telomere biology (Chang et al., 2020; Ogluszka et al.,
2022). A prospective cohort study by Farzaneh-Far et al., examining
608 patients with stable coronary artery disease found that
individuals with higher blood levels of EPA and DHA had
reduced rates of telomere shortening over a 5-year period,
suggesting a protective effect of omega-3 fatty acids on telomeres.
The proposed mechanisms underlying these observations include
the ability of omega-3s to reduce oxidative stress and systemic
inflammation. Moreover, omega-3 fatty acids might modulate the
activity of telomerase, and thereby extending telomeric DNA
(Farzaneh-Far et al., 2010). O’Callaghan et al. (2014) investigated
the potential of omega-3 fatty acid supplementation to attenuate
telomere shortening in elderly individuals with mild cognitive
impairment. The findings suggest that omega-3s might play a
role in telomere maintenance, which could have implications for
aging and neurodegenerative diseases. While the study emphasizes
the connection between telomere length, cognitive decline, and
omega-3 supplementation, it adds to the growing body of
evidence on the potential benefits of omega-3s in cellular aging
(Barden et al,, 2016; Liu et al,, 2021). Also, dietary patterns such as a
mediterranean diet, known to be rich in omega-3 fatty acids, is
associated with longer telomeres, and thereby can be linked to
healthier aging (Canudas et al.,, 2020).

However, even though there is growing evidence highlighting
beneficial effects of several antioxidants and anti-inflammatory
agents, findings are not consistent. A cross-sectional study
examining 263 postmenopausal women, the relationship between
leucocyte telomere length and various dietary factors, including
vitamins and antioxidants like anthocyanidin. Although the main
analysis found no significant association between telomere length
and the dietary patterns, an exploratory observation did note a
connection between anthocyanidin intake and telomere length,
which, after further correction, emerged non-significant (Mickle
et al., 2019).

3.2.2.2 Statins

Statins are a class of drugs commonly prescribed to lower
cholesterol levels by inhibiting the enzyme HMG-CoA reductase
(Endo, 1992), thereby reducing the risk of cardiovascular diseases
(Baigent et al., 2010). The relationship between statins and telomere
length has been an area of interest, but the evidence is not entirely
conclusive. However, there is the assumption that they might
length
antioxidative effects or by increasing the activity of telomerase,
the enzyme responsible for maintaining telomere length. Some

influence telomere through anti-inflammatory and

observational studies have suggested that statin users tend to
have longer telomeres compared to non-users, which could imply
a potential protective effect of statins on cellular aging (Brouilette
et al,, 2003). In a cross-sectional study analyzing 3.496 adults, no
significant difference in leukocyte telomere length between statin
users and nonusers was observed. A non-statistically significant
trend indicated longer telomeres with prolonged statin use, but
potential biases could not be out (Tran et al, 2018). Further,
individuals with shorter mean leucocyte telomere lengths were
found to be at a higher risk of developing coronary heart disease
events. The risk was nearly doubled in those with shorter telomeres
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among placebo-treated patients, but this increased risk was
significantly reduced in those treated with pravastatin (Brouilette
et al, 2007). Considering these findings, statins likely influence
their
inflammatory and antioxidative effects. This mitigating effect on

telomere stability indirectly through systemic anti-
inflammation and oxidative stress implies that statins could
potentially slow down telomere attrition, thus contributing to an
overarching effect of aging deceleration. However, more profound
research, especially high-quality studies are needed to draw
conclusions about the influence of statins

definitive on

telomere biology.

3.2.2.3 Spermidine

Spermidine is a polyamine implicated in cellular autophagy and
anti-inflammatory pathways (Gabandé-Rodriguez et al., 2019), has
been demonstrated to influence telomere stability and elongation.
Further, spermidine is associated with its cardio-protective effects.
An in vivo study showed that spermidine intake in mice enhances
cardiac autophagy, mitophagy, and mitochondrial respiration, and
reduces cardiac hypertrophy and systemic inflammation, which are
closely linked to age-related cardiovascular disease (Eisenberg et al.,
2016). Also, a prospective cohort study emphasized the potential
cardioprotective effect, which might be mediated by its influence on
oxidative stress markers, although the exact mechanism was not
totally comprehended (Yu et al, 2022). Other studies, including
those by Eisenberg et al, provide evidence that spermidine
supplementation can extend the lifespan of different organisms;
the lifespan was significantly prolonged by counteracting oxidative
stress, possibly through the epigenetic downregulation of histone
H3 acetylation, thereby suppressing oxidative damage and necrosis.
This modulation resulted in the transcriptional activation of
autophagy-related genes, culminating in enhanced autophagy
(Eisenberg et al., 2009). Another study described that a 6-month
regimen of spermidine supplementation in aged mice significantly
mitigated various age-related physiological deteriorations, notably
metabolism, cardiac

improving brain  glucose

inflammation, lowering liver and kidney pathological conditions,

reducing

and decreasing age-induced hair loss. Further, spermidine
supplementation was associated with reduced rates of telomere
shortening (Wirth et al, 2021). While the findings underscore
spermidine’s potential as an agent for healthy aging, the
underlying mechanisms and its effects on telomeres and
longevity require further elucidation in human studies.

4 Conclusion and future directions

Over the past decades, medicine has already undergone a
notably transformation, shifting from a “sick care” approach,
which centered mainly on the treatment of diseases after
manifestation, to a “healthcare” paradigm that proactively
identifies and mitigates specific risk factors to prevent the
Nevertheless, the

manifestation of diseases. considering
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demographic shift towards a progressively aging population
worldwide, an even more health-focused approach must be
pursued to not only prevent a collapse of the healthcare
system but also other socioeconomic structures. A deep
understanding of the mechanisms and pathological processes
involved in aging is crucial not only for refining therapies for age-
related diseases but also for positively influencing the aging
process, thereby extending the prospect of a longer, active
lifespan. In this context, the telomere complex seems to have a
pivotal role. Consequently, unraveling the complexities of
telomere biology could unlock potential strategies for tackling
age-associated diseases and modulating the aging process itself.
Although  the described
interventions targeting dynamics
promise, further high-quality human studies and detailed

therapeutic  approaches and

telomere show some

investigations are needed to substantiate any recommendations.

Author contributions

MS:
Writing-original

Visualization,
EH:
Writing-review and editing, Investigation. MC: Writing-original
draft.
and editing.

Conceptualization, ~ Investigation,

draft, Writing-review and editing.

L-PK: Conceptualization, Supervision, Writing-review

Funding

The author(s) declare that no financial support was received for
the research, authorship, and/or publication of this article.

Acknowledgments

Figure 1 was created using BioRender.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

frontiersin.org


https://www.frontiersin.org/journals/aging
https://www.frontiersin.org
https://doi.org/10.3389/fragi.2024.1339317

Schellnegger et al.

References

Akbari, M., Kirkwood, T. B. L., and Bohr, V. A. (2019). Mitochondria in the signaling
pathways that control longevity and health span. Ageing Res. Rev. 54, 100940. doi:10.
1016/j.arr.2019.100940

Akincilar, S. C., Unal, B., and Tergaonkar, V. (2016). Reactivation of telomerase in
cancer. Cell. Mol. Life Sci. 73 (8), 1659-1670. doi:10.1007/s00018-016-2146-9

Alder, J. K., and Armanios, M. (2022). Telomere-mediated lung disease. Physiol. Rev.
102 (4), 1703-1720. doi:10.1152/physrev.00046.2021

Allsopp, R. C., Vaziri, H., Patterson, C., Goldstein, S., Younglai, E. V., Futcher, A. B.,
et al. (1992). Telomere length predicts replicative capacity of human fibroblasts. Proc.
Natl. Acad. Sci. 89 (21), 10114-10118. doi:10.1073/pnas.89.21.10114

Amano, H., Chaudhury, A., Rodriguez-Aguayo, C., Lu, L., Akhanov, V., Catic, A.,
et al. (2019). Telomere dysfunction induces sirtuin repression that drives telomere-
dependent disease. Cell Metab. 29 (6), 1274-1290. doi:10.1016/j.cmet.2019.03.001

Armstrong, E., and Boonekamp, J. (2023). Does oxidative stress shorten telomeres in
vivo? A meta-analysis. Ageing Res. Rev. 85, 101854. doi:10.1016/j.arr.2023.101854

Aubert, G., and Lansdorp, P. M. (2008). Telomeres and aging. Physiol. Rev. 88 (2),
557-579. doi:10.1152/physrev.00026.2007

Baigent, C., Blackwell, L., Emberson, J., Holland, L. E., Collins, R., Reith, C., et al.
(2010). Efficacy and safety of more intensive lowering of LDL cholesterol: a meta-
analysis of data from 170 000 participants in 26 randomised trials. Lancet 376 (9753),
1670-1681. doi:10.1016/S0140-6736(10)61350-5

Bir, C,, Povedano, J. M., Serrano, R., Benitez-Buelga, C., Popkes, M., Formentini, L,
et al. (2016). Telomerase gene therapy rescues telomere length, bone marrow aplasia,
and survival in mice with aplastic anemia. Blood 127 (14), 1770-1779. doi:10.1182/
blood-2015-08-667485

Barden, A., O’Callaghan, N., Burke, V., Mas, E., Beilin, L., Fenech, M., et al. (2016). n-
3 fatty acid supplementation and leukocyte telomere length in patients with chronic
kidney disease. Nutrients 8 (3), 175. doi:10.3390/nu8030175

Bawamia, B., Spray, L., Wangsaputra, V. K., Bennaceur, K., Vahabi, S., Stellos, K., et al.
(2023). Activation of telomerase by TA-65 enhances immunity and reduces
inflammation post myocardial infarction. Geroscience 45, 2689-2705. doi:10.1007/
s11357-023-00794-6

Bejarano, L., Bosso, G., Louzame, J., Serrano, R., Gémez-Casero, E., Martinez-
Torrecuadrada, J., et al. (2019). Multiple cancer pathways regulate telomere
protection. EMBO Mol. Med. 11 (7), €10292. doi:10.15252/emmm.201910292

Bejarano, L., Schuhmacher, A. J., Méndez, M., Megfas, D., Blanco-Aparicio, C.,
Martinez, S., et al. (2017). Inhibition of TRFI telomere protein impairs tumor initiation
and progression in glioblastoma mouse models and patient-derived xenografts. Cancer
Cell 32 (5), 590-607. doi:10.1016/j.ccell.2017.10.006

Bellary, S., Kyrou, L, Brown, J. E., and Bailey, C. J. (2021). Type 2 diabetes mellitus in
older adults: clinical considerations and management. Nat. Rev. Endocrinol. 17 (9),
534-548. doi:10.1038/s41574-021-00512-2

Bernardes de Jesus, B., and Blasco, M. A. (2013). Telomerase at the intersection of
cancer and aging. Trends Genet. 29 (9), 513-520. doi:10.1016/j.tig.2013.06.007

Bernardes de Jesus, B., Vera, E., Schneeberger, K., Tejera, A. M., Ayuso, E., Bosch, F.,
et al. (2012). Telomerase gene therapy in adult and old mice delays aging and increases
longevity without increasing cancer. EMBO Mol. Med. 4 (8), 691-704. doi:10.1002/
emmm.201200245

Blackburn, E. H. (2001). Switching and signaling at the telomere. Cell 106 (6),
661-673. doi:10.1016/s0092-8674(01)00492-5

Blackburn, E. H,, Epel, E. S, and Lin, J. (2015a). Human telomere biology: a
contributory and interactive factor in aging, disease risks, and protection. Sci. (1979)
350 (6265), 1193-1198. doi:10.1126/science.aab3389

Blackburn, E. H., Epel, E. S, and Lin, J. (2015b). Human telomere biology: a
contributory and interactive factor in aging, disease risks, and protection. Science
350 (6265), 1193-1198. doi:10.1126/science.aab3389

Blackburn, E. H,, and Gall, J. G. (1978). A tandemly repeated sequence at the termini
of the extrachromosomal ribosomal RNA genes in Tetrahymena. J. Mol. Biol. 120 (1),
33-53. doi:10.1016/0022-2836(78)90294-2

Blackburn, E. H., Greider, C. W., and Szostak, J. W. (2006). Telomeres and telomerase:
the path from maize, Tetrahymena and yeast to human cancer and aging. Nat. Med. 12
(10), 1133-1138. doi:10.1038/nm1006-1133

Brack, A. S., Conboy, M. ], Roy, S., Lee, M., Kuo, C. J., Keller, C,, et al. (2007).

Increased Wnt signaling during aging alters muscle stem cell fate and increases fibrosis.
Sci. (1979) 317 (5839), 807-810. doi:10.1126/science.1144090

Brouilette, S., Singh, R. K., Thompson, J. R., Goodall, A. H., and Samani, N. J. (2003).
White cell telomere length and risk of premature myocardial infarction. Arterioscler.
Thromb. Vasc. Biol. 23 (5), 842-846. doi:10.1161/01.ATV.0000067426.96344.32

Brouilette, S. W., Moore, J. S., McMahon, A. D., Thompson, J. R., Ford, I, Shepherd, J.,
etal. (2007). Telomere length, risk of coronary heart disease, and statin treatment in the
West of Scotland Primary Prevention Study: a nested case-control study. Lancet 369
(9556), 107-114. doi:10.1016/S0140-6736(07)60071-3

Frontiers in Aging

10.3389/fragi.2024.1339317

Cai, Y., Zhong, Y. di, Zhang, H,, lin, Lu P., Liang, Y., Hu, B,, et al. (2023). Association
between dietary vitamin C and telomere length: a cross-sectional study. Front. Nutr. 10,
1025936. doi:10.3389/fnut.2023.1025936

Campisi, J., Kapahi, P., Lithgow, G. J., Melov, S., Newman, J. C., and Verdin, E. (2019).
From discoveries in ageing research to therapeutics for healthy ageing. Nature 571
(7764), 183-192. doi:10.1038/541586-019-1365-2

Canudas, S., Becerra-Tomds, N., Hernandez-Alonso, P., Gali¢, S., Leung, C., Crous-
Bou, M, et al. (2020). Mediterranean diet and telomere length: a systematic review and
meta-analysis. Adv. Nutr. 11 (6), 1544-1554. doi:10.1093/advances/nmaa079

Cawthon, R. M., Smith, K. R., O’Brien, E., Sivatchenko, A., and Kerber, R. A. (2003).
Association between telomere length in blood and mortality in people aged 60 years or
older. Lancet 361 (9355), 393-395. doi:10.1016/S0140-6736(03)12384-7

Chakravarti, D., LaBella, K. A., and DePinho, R. A. (2021). Telomeres: history, health,
and hallmarks of aging. Cell 184, 306-322. doi:10.1016/j.cell.2020.12.028

Chang, X., Dorajoo, R., Sun, Y., Wang, L., Ong, C. N,, Liu, J., et al. (2020). Effect of
plasma polyunsaturated fatty acid levels on leukocyte telomere lengths in the
Singaporean Chinese population. Nutr. J. 19 (1), 119. doi:10.1186/s12937-020-
00626-9

Codd, V., Nelson, C. P., Albrecht, E., Mangino, M., Deelen, J., Buxton, J. L., et al.
(2013). Identification of seven loci affecting mean telomere length and their association
with disease. Nat. Genet. 45 (4), 422-427. doi:10.1038/ng.2528

Corina, A., Rangel-Zaniga, O. A., Jiménez-Lucena, R., Alcald-Diaz, J. F.,, Quintana-
Navarro, G., Yubero-Serrano, E. M., et al. (2019). Low intake of vitamin E accelerates
cellular aging in patients with established cardiovascular disease: the CORDIOPREV
study. Journals Gerontology Ser. A 74 (6), 770-777. doi:10.1093/gerona/gly195

Creighton, H. B., and McClintock, B. (1931). A correlation of cytological and genetical
crossing-over in Zea mays. Proc. Natl. Acad. Sci. 17 (8), 492-497. doi:10.1073/pnas.17.
8.492

Crocco, P, De Rango, F., Dato, S., Rose, G., and Passarino, G. (2021). Telomere length
as a function of age at population level parallels human survival curves. Aging 13 (1),
204-218. doi:10.18632/aging. 202498

Crous-Bou, M., Molinuevo, J. L., and Sala-Vila, A. (2019). Plant-rich dietary patterns,
plant foods and nutrients, and telomere length. Adv. Nutr. 10, $296-5303. doi:10.1093/
advances/nmz026

Csiszar, A., Labinskyy, N., Pinto, J. T., Ballabh, P., Zhang, H., Losonczy, G., et al.
(2009). Resveratrol induces mitochondrial biogenesis in endothelial cells. Am.
J. Physiology-Heart Circulatory Physiology 297 (1), H13-H20. doi:10.1152/ajpheart.
00368.2009

de Lange, T. (2018). Shelterin-mediated telomere protection. Annu. Rev. Genet. 52 (1),
223-247. doi:10.1146/annurev-genet-032918-021921

Deo, P., Dhillon, V. S., Lim, W. M., Jaunay, E. L., Donnellan, L., Peake, B., et al. (2020).
Advanced glycation end-products accelerate telomere attrition and increase pro-
inflammatory mediators in human WIL2-NS cells. Mutagenesis 35 (3), 291-297.
doi:10.1093/mutage/geaa012

Eisenberg, T., Abdellatif, M., Schroeder, S., Primessnig, U., Stekovic, S., Pendl, T., et al.
(2016). Cardioprotection and lifespan extension by the natural polyamine spermidine.
Nat. Med. 22 (12), 1428-1438. doi:10.1038/nm.4222

Eisenberg, T., Knauer, H., Schauer, A., Biittner, S., Ruckenstuhl, C., Carmona-
Gutierrez, D., et al. (2009). Induction of autophagy by spermidine promotes
longevity. Nat. Cell Biol. 11 (11), 1305-1314. doi:10.1038/ncb1975

Endo, A. (1992). The discovery and development of HMG-CoA reductase inhibitors.
J. Lipid Res. 33 (11), 1569-1582. doi:10.1016/s0022-2275(20)41379-3

Farzaneh-Far, R, Lin, ], Epel, E. S,, Harris, W. S., Blackburn, E. H., and Whooley, M. A.
(2010). Association of marine omega-3 fatty acid levels with telomeric aging in patients with
coronary heart disease. JAMA 303 (3), 250-257. doi:10.1001/jama.2009.2008

Fenech, M. F,, Bull, C. F, and Van Klinken, B. J. W. (2023). Protective effects of
micronutrient supplements, phytochemicals and phytochemical-rich beverages and foods
against DNA damage in humans: a systematic review of randomized controlled trials and
prospective studies. Adv. Nutr. 14, 1337-1358. doi:10.1016/j.advnut.2023.08.004

Ferrucci, L., Gonzalez-Freire, M., Fabbri, E., Simonsick, E., Tanaka, T., Moore, Z.,
et al. (2020). Measuring biological aging in humans: a quest. Aging Cell 19, e13080.
doi:10.1111/acel.13080

Fouquerel, E., Lormand, J., Bose, A., Lee, H. T., Kim, G. S,, Li, J., et al. (2016).
Oxidative guanine base damage regulates human telomerase activity. Nat. Struct. Mol.
Biol. 23 (12), 1092-1100. doi:10.1038/nsmb.3319

Furumoto, K., Inoue, E., Nagao, N., Hiyama, E., and Miwa, N. (1998). Age-dependent
telomere shortening is slowed down by enrichment of intracellular vitamin C via
suppression of oxidative stress. Life Sci. 63 (11), 935-948. doi:10.1016/s0024-3205(98)
00351-8

Gabandé-Rodriguez, E., Gémez de las Heras, M. M., and Mittelbrunn, M. (2019).
Control of inflammation by calorie restriction mimetics: on the crossroad of autophagy
and mitochondria. Cells 9 (1), 82. doi:10.3390/cells9010082

frontiersin.org


https://doi.org/10.1016/j.arr.2019.100940
https://doi.org/10.1016/j.arr.2019.100940
https://doi.org/10.1007/s00018-016-2146-9
https://doi.org/10.1152/physrev.00046.2021
https://doi.org/10.1073/pnas.89.21.10114
https://doi.org/10.1016/j.cmet.2019.03.001
https://doi.org/10.1016/j.arr.2023.101854
https://doi.org/10.1152/physrev.00026.2007
https://doi.org/10.1016/S0140-6736(10)61350-5
https://doi.org/10.1182/blood-2015-08-667485
https://doi.org/10.1182/blood-2015-08-667485
https://doi.org/10.3390/nu8030175
https://doi.org/10.1007/s11357-023-00794-6
https://doi.org/10.1007/s11357-023-00794-6
https://doi.org/10.15252/emmm.201910292
https://doi.org/10.1016/j.ccell.2017.10.006
https://doi.org/10.1038/s41574-021-00512-2
https://doi.org/10.1016/j.tig.2013.06.007
https://doi.org/10.1002/emmm.201200245
https://doi.org/10.1002/emmm.201200245
https://doi.org/10.1016/s0092-8674(01)00492-5
https://doi.org/10.1126/science.aab3389
https://doi.org/10.1126/science.aab3389
https://doi.org/10.1016/0022-2836(78)90294-2
https://doi.org/10.1038/nm1006-1133
https://doi.org/10.1126/science.1144090
https://doi.org/10.1161/01.ATV.0000067426.96344.32
https://doi.org/10.1016/S0140-6736(07)60071-3
https://doi.org/10.3389/fnut.2023.1025936
https://doi.org/10.1038/s41586-019-1365-2
https://doi.org/10.1093/advances/nmaa079
https://doi.org/10.1016/S0140-6736(03)12384-7
https://doi.org/10.1016/j.cell.2020.12.028
https://doi.org/10.1186/s12937-020-00626-9
https://doi.org/10.1186/s12937-020-00626-9
https://doi.org/10.1038/ng.2528
https://doi.org/10.1093/gerona/gly195
https://doi.org/10.1073/pnas.17.8.492
https://doi.org/10.1073/pnas.17.8.492
https://doi.org/10.18632/aging.202498
https://doi.org/10.1093/advances/nmz026
https://doi.org/10.1093/advances/nmz026
https://doi.org/10.1152/ajpheart.00368.2009
https://doi.org/10.1152/ajpheart.00368.2009
https://doi.org/10.1146/annurev-genet-032918-021921
https://doi.org/10.1093/mutage/geaa012
https://doi.org/10.1038/nm.4222
https://doi.org/10.1038/ncb1975
https://doi.org/10.1016/s0022-2275(20)41379-3
https://doi.org/10.1001/jama.2009.2008
https://doi.org/10.1016/j.advnut.2023.08.004
https://doi.org/10.1111/acel.13080
https://doi.org/10.1038/nsmb.3319
https://doi.org/10.1016/s0024-3205(98)00351-8
https://doi.org/10.1016/s0024-3205(98)00351-8
https://doi.org/10.3390/cells9010082
https://www.frontiersin.org/journals/aging
https://www.frontiersin.org
https://doi.org/10.3389/fragi.2024.1339317

Schellnegger et al.

Gao, J., and Pickett, H. A. (2022). Targeting telomeres: advances in telomere
maintenance mechanism-specific cancer therapies. Nat. Rev. Cancer 22 (9),
515-532. doi:10.1038/s41568-022-00490-1

Gonzalez-Freire, M., Diaz-Ruiz, A., Hauser, D., Martinez-Romero, J., Ferrucci, L.,
Bernier, M., et al. (2020). The road ahead for health and lifespan interventions. Ageing
Res. Rev. 59, 101037. doi:10.1016/j.arr.2020.101037

Greider, C. W, and Blackburn, E. H. (1985). Identification of a specific telomere
terminal transferase activity in tetrahymena extracts. Cell 43 (2), 405-413. doi:10.1016/
0092-8674(85)90170-9

Halliwell, B. (1996). Antioxidants in human health and disease. Annu. Rev. Nutr. 16
(1), 33-50. doi:10.1146/annurev.nu.16.070196.000341

Harley, C. B, Futcher, A. B, and Greider, C. W. (1990). Telomeres shorten during
ageing of human fibroblasts. Nature 345 (6274), 458-460. doi:10.1038/345458a0

Harman, D. (1956). Aging: a theory based on free radical and radiation chemistry.
J. Gerontol. 11 (3), 298-300. doi:10.1093/geronj/11.3.298

Herranz, N., and Gil, J. (2018). Mechanisms and functions of cellular senescence.
J. Clin. Investigation 128 (4), 1238-1246. doi:10.1172/JCI95148

Hou, Y., Dan, X., Babbar, M., Wei, Y., Hasselbalch, S. G., Croteau, D. L., et al. (2019).
Ageing as a risk factor for neurodegenerative disease. Nat. Rev. Neurol. 15 (10), 565-581.
doi:10.1038/s41582-019-0244-7

Huang, J., Qu, Q., Guo, Y., Xiang, Y., and Feng, D. (2020). Tankyrases/f-catenin
signaling pathway as an anti-proliferation and anti-metastatic target in
hepatocarcinoma cell lines. J. Cancer 11 (2), 432-440. doi:10.7150/jca.30976

Huang, S. M. A,, Mishina, Y. M., Liu, S., Cheung, A., Stegmeier, F., Michaud, G. A.,
et al. (2009). Tankyrase inhibition stabilizes axin and antagonizes Wnt signalling.
Nature 461 (7264), 614-620. doi:10.1038/nature08356

Idrees, M., Kumar, V., Khan, A. M., Joo, M. D., Lee, K. W., Sohn, S. H,, et al. (2023).
Cycloastragenol activation of telomerase improves (B-Klotho protein level and
attenuates age-related malfunctioning in ovarian tissues. Mech. Ageing Dev. 209,
111756. doi:10.1016/j.mad.2022.111756

Jurk, D., Wilson, C., Passos, J. F., Oakley, F., Correia-Melo, C., Greaves, L., et al.
(2014). Chronic inflammation induces telomere dysfunction and accelerates ageing in
mice. Nat. Commun. 5 (1), 4172. doi:10.1038/ncomms5172

Kahn, M. (2014). Can we safely target the WNT pathway? Nat. Rev. Drug Discov. 13
(7), 513-532. doi:10.1038/nrd4233

Karlseder, J., Broccoli, D., Dai, Y., Hardy, S., and de Lange, T. (1999). p53-and ATM-
dependent apoptosis induced by telomeres lacking TRF2. Sci. (1979) 283 (5406),
1321-1325. doi:10.1126/science.283.5406.1321

Kausar, S., Wang, F., and Cui, H. (2018). The role of mitochondria in reactive oxygen
species generation and its implications for neurodegenerative diseases. Cells 7 (12), 274.
doi:10.3390/cells7120274

Kawanishi, S., and Oikawa, S. (2004). Mechanism of telomere shortening by oxidative
stress. Ann. N. Y. Acad. Sci. 1019 (1), 278-284. doi:10.1196/annals.1297.047

Kokubun, T., Saitoh, S. ichi, Miura, S., Ishida, T., and Takeishi, Y. (2019). Telomerase
plays a pivotal role in collateral growth under ischemia by suppressing age-induced
oxidative stress, expression of p53, and pro-apoptotic proteins. Int. Heart ]. 60 (3),
736-745. doi:10.1536/ihj.18-564

kumar, N., and Sethi, G. (2023). Telomerase and hallmarks of cancer: an intricate
interplay governing cancer cell evolution. Cancer Lett. 578, 216459. doi:10.1016/j.canlet.
2023.216459

Lee, H. W, Blasco, M. A., Gottlieb, G. J., Horner, ]. W., Greider, C. W., and DePinho,
R. A. (1998). Essential role of mouse telomerase in highly proliferative organs. Nature
392 (6676), 569-574. doi:10.1038/33345

Levy, M. Z., Allsopp, R. C,, Futcher, A. B., Greider, C. W, and Harley, C. B. (1992).
Telomere end-replication problem and cell aging. J. Mol. Biol. 225 (4), 951-960. doi:10.
1016/0022-2836(92)90096-3

Liberale, L., Badimon, L., Montecucco, F., Liischer, T. F., Libby, P., and Camici, G. G.
(2022). Inflammation, aging, and Cardiovascular Disease: JACC review topic of the
week. J. Am. Coll. Cardiol. 79 (8), 837-847. doi:10.1016/j.jacc.2021.12.017

Liu, H., Fergusson, M. M., Castilho, R. M,, Liu, J., Cao, L., Chen, J., et al. (2007).
Augmented Wnt signaling in a mammalian model of accelerated aging. Sci. (1979) 317
(5839), 803-806. doi:10.1126/science.1143578

Liu, S., Nong, W., Ji, L., Zhuge, X., Wei, H., Luo, M,, et al. (2023). The regulatory
feedback of inflammatory signaling and telomere/telomerase complex dysfunction in
chronic inflammatory diseases. Exp. Gerontol. 174, 112132. doi:10.1016/j.exger.2023.
112132

Liu, X,, Liu, X., Shi, Q,, Fan, X, and Qi, K. (2021). Association of telomere length and
telomerase methylation with n-3 fatty acids in preschool children with obesity. BMC
Pediatr. 21 (1), 24. doi:10.1186/s12887-020-02487-x

Lépez-Otin, C,, Blasco, M. A, Partridge, L., Serrano, M., and Kroemer, G. (2013). The
hallmarks of aging. Cell 153 (6), 1194-1217. doi:10.1016/j.cell.2013.05.039

Lopez-Otin, C., Blasco, M. A, Partridge, L., Serrano, M., and Kroemer, G. (2023).
Hallmarks of aging: an expanding universe. Cell 186 (2), 243-278. doi:10.1016/j.cell.
2022.11.001

Frontiers in Aging

10

10.3389/fragi.2024.1339317

Luo, Z., Wang, W., Li, F., Songyang, Z., Feng, X., Xin, C,, et al. (2019). Pan-cancer
analysis identifies telomerase-associated signatures and cancer subtypes. Mol. Cancer 18
(1), 106. doi:10.1186/s12943-019-1035-x

Magyar, K., Halmosi, R., Palfi, A., Feher, G., Czopf, L., Fulop, A., et al. (2012).
Cardioprotection by resveratrol: a human clinical trial in patients with stable coronary
artery disease. Clin. Hemorheol. Microcirc. 50 (3), 179-187. doi:10.3233/CH-2011-1424

Martinez, P., and Blasco, M. A. (2015). Replicating through telomeres: a means to an
end. Trends Biochem. Sci. 40 (9), 504-515. doi:10.1016/j.tibs.2015.06.003

Melzer, D., Pilling, L. C., and Ferrucci, L. (2020). The genetics of human ageing. Nat.
Rev. Genet. 21 (2), 88-101. doi:10.1038/s41576-019-0183-6

Meng, T., Xiao, D., Muhammed, A., Deng, J., Chen, L., and He, J. (2021). Anti-
inflammatory action and mechanisms of resveratrol. Molecules 26 (1), 229. doi:10.3390/
molecules26010229

Mickle, A. T., Brenner, D. R,, Beattie, T., Williamson, T., Courneya, K. S., and
Friedenreich, C. M. (2019). The Dietary Inflammatory Index® and Alternative Healthy
Eating Index 2010 in relation to leucocyte telomere length in postmenopausal women: a
cross-sectional study. J. Nutr. Sci. 8, e35. doi:10.1017/jns.2019.32

Mohamad Kamal, N. S., Safuan, S., Shamsuddin, S., and Foroozandeh, P. (2020).
Aging of the cells: insight into cellular senescence and detection Methods. Eur. J. Cell
Biol. 99 (6), 151108. doi:10.1016/j.ejcb.2020.151108

Mufioz-Lorente, M. A., Cano-Martin, A. C., and Blasco, M. A. (2019). Mice with
hyper-long telomeres show less metabolic aging and longer lifespans. Nat. Commun. 10
(1), 4723. doi:10.1038/s41467-019-12664-x

Neiheisel, A., Kaur, M., Ma, N., Havard, P., and Shenoy, A. K. (2022). Wnt pathway
modulators in cancer therapeutics: an update on completed and ongoing clinical trials.
Int. J. Cancer 150 (5), 727-740. doi:10.1002/ijc.33811

OCallaghan, N,, Parletta, N., Milte, C. M., Benassi-Evans, B., Fenech, M., and Howe,
P. R. C. (2014). Telomere shortening in elderly individuals with mild cognitive
impairment may be attenuated with w-3 fatty acid supplementation: a randomized
controlled pilot study. Nutrition 30 (4), 489-491. doi:10.1016/j.nut.2013.09.013

Ogtuszka, M., Lipiniski, P., and Starzynski, R. R. (2022). Effect of omega-3 fatty acids on
telomeres—are they the elixir of youth? Nutrients 14 (18), 3723. doi:10.3390/nu14183723

Opstad, T. B., Berg, T. ., Holte, K. B., Arnesen, H., Solheim, S., and Seljeflot, I. (2021).
Reduced leukocyte telomere lengths and sirtuin 1 gene expression in long-term
survivors of type 1 diabetes: a Dialong substudy. J. Diabetes Investig. 12 (7),
1183-1192. doi:10.1111/jdi.13470

Pal, K., Raghuram, G. V., Dsouza, J., Shinde, S., Jadhav, V., Shaikh, A,, et al. (2022). A
pro-oxidant combination of resveratrol and copper down-regulates multiple biological
hallmarks of ageing and neurodegeneration in mice. Sci. Rep. 12 (1), 17209. doi:10.1038/
541598-022-21388-w

Palacios, J. A., Herranz, D., De Bonis, M. L., Velasco, S., Serrano, M., and Blasco, M. A.
(2010). SIRT1 contributes to telomere maintenance and augments global homologous
recombination. J. Cell Biol. 191 (7), 1299-1313. doi:10.1083/jcb.201005160

Partridge, L., Deelen, J., and Slagboom, P. E. (2018). Facing up to the global challenges
of ageing. Nature 561 (7721), 45-56. doi:10.1038/s41586-018-0457-8

Pignet, A. L., Schellnegger, M., Hecker, A., Kohlhauser, M., Kotzbeck, P., and Kamolz,
L. P. (2021). Resveratrol-induced signal transduction in wound healing. Int. J. Mol. Sci.
22 (23), 12614. doi:10.3390/ijms222312614

Pinzaru, A. M., Hom, R. A,, Beal, A, Phillips, A. F., Ni, E., Cardozo, T, et al. (2016).

Telomere replication stress induced by POT1 inactivation accelerates tumorigenesis.
Cell Rep. 15 (10), 2170-2184. doi:10.1016/j.celrep.2016.05.008

Queiroz, A. N, Gomes, B. A. Q., Moraes, W. M,, Jr.,, and Borges, R. S. (2009). A
theoretical antioxidant pharmacophore for resveratrol. Eur. J. Med. Chem. 44 (4),
1644-1649. doi:10.1016/j.ejmech.2008.09.023

Rhodes, D., Fairall, L., Simonsson, T., Court, R., and Chapman, L. (2002). Telomere
architecture. EMBO Rep. 3 (12), 1139-1145. doi:10.1093/embo-reports/kvf246

Rizvi, S, Raza, S. T., and Mahdi, F. (2014). Telomere length variations in aging and age-
related diseases. Curr. Aging Sci. 7 (3), 161-167. doi:10.2174/1874609808666150122153151

Ros, M., and Carrascosa, J. M. (2020). Current nutritional and pharmacological anti-
aging interventions. Biochimica Biophysica Acta (BBA) - Mol. Basis Dis. 1866 (3),
165612. doi:10.1016/j.bbadis.2019.165612

Rotondo, S., Rajtar, G., Manarini, S., Celardo, A., Rotilio, D., De Gaetano, G., et al.
(1998). Effect of trans -resveratrol, a natural polyphenolic compound, on human
polymorphonuclear leukocyte function. Br. J. Pharmacol. 123 (8), 1691-1699.
doi:10.1038/5j.bjp.0701784

Sagris, M., Theofilis, P., Antonopoulos, A. S., Tsioufis, K., and Tousoulis, D. (2022).
Telomere length: a cardiovascular biomarker and a novel therapeutic target. Int. J. Mol.
Sci. 23 (24), 16010. doi:10.3390/ijms232416010

Sahin, E,, and DePinho, R. A. (2010). Linking functional decline of telomeres, mitochondria
and stem cells during ageing. Nature 464 (7288), 520-528. doi:10.1038/nature08982

Sahin, E., and DePinho, R. A. (2012). Axis of ageing: telomeres, p53 and
mitochondria. Nat. Rev. Mol. Cell Biol. 13 (6), 397-404. doi:10.1038/nrm3352

Salvador, L., Singaravelu, G., Harley, C. B., Flom, P., Suram, A., and Raffaele, J. M.
(2016). A natural product telomerase activator lengthens telomeres in humans: a

frontiersin.org


https://doi.org/10.1038/s41568-022-00490-1
https://doi.org/10.1016/j.arr.2020.101037
https://doi.org/10.1016/0092-8674(85)90170-9
https://doi.org/10.1016/0092-8674(85)90170-9
https://doi.org/10.1146/annurev.nu.16.070196.000341
https://doi.org/10.1038/345458a0
https://doi.org/10.1093/geronj/11.3.298
https://doi.org/10.1172/JCI95148
https://doi.org/10.1038/s41582-019-0244-7
https://doi.org/10.7150/jca.30976
https://doi.org/10.1038/nature08356
https://doi.org/10.1016/j.mad.2022.111756
https://doi.org/10.1038/ncomms5172
https://doi.org/10.1038/nrd4233
https://doi.org/10.1126/science.283.5406.1321
https://doi.org/10.3390/cells7120274
https://doi.org/10.1196/annals.1297.047
https://doi.org/10.1536/ihj.18-564
https://doi.org/10.1016/j.canlet.2023.216459
https://doi.org/10.1016/j.canlet.2023.216459
https://doi.org/10.1038/33345
https://doi.org/10.1016/0022-2836(92)90096-3
https://doi.org/10.1016/0022-2836(92)90096-3
https://doi.org/10.1016/j.jacc.2021.12.017
https://doi.org/10.1126/science.1143578
https://doi.org/10.1016/j.exger.2023.112132
https://doi.org/10.1016/j.exger.2023.112132
https://doi.org/10.1186/s12887-020-02487-x
https://doi.org/10.1016/j.cell.2013.05.039
https://doi.org/10.1016/j.cell.2022.11.001
https://doi.org/10.1016/j.cell.2022.11.001
https://doi.org/10.1186/s12943-019-1035-x
https://doi.org/10.3233/CH-2011-1424
https://doi.org/10.1016/j.tibs.2015.06.003
https://doi.org/10.1038/s41576-019-0183-6
https://doi.org/10.3390/molecules26010229
https://doi.org/10.3390/molecules26010229
https://doi.org/10.1017/jns.2019.32
https://doi.org/10.1016/j.ejcb.2020.151108
https://doi.org/10.1038/s41467-019-12664-x
https://doi.org/10.1002/ijc.33811
https://doi.org/10.1016/j.nut.2013.09.013
https://doi.org/10.3390/nu14183723
https://doi.org/10.1111/jdi.13470
https://doi.org/10.1038/s41598-022-21388-w
https://doi.org/10.1038/s41598-022-21388-w
https://doi.org/10.1083/jcb.201005160
https://doi.org/10.1038/s41586-018-0457-8
https://doi.org/10.3390/ijms222312614
https://doi.org/10.1016/j.celrep.2016.05.008
https://doi.org/10.1016/j.ejmech.2008.09.023
https://doi.org/10.1093/embo-reports/kvf246
https://doi.org/10.2174/1874609808666150122153151
https://doi.org/10.1016/j.bbadis.2019.165612
https://doi.org/10.1038/sj.bjp.0701784
https://doi.org/10.3390/ijms232416010
https://doi.org/10.1038/nature08982
https://doi.org/10.1038/nrm3352
https://www.frontiersin.org/journals/aging
https://www.frontiersin.org
https://doi.org/10.3389/fragi.2024.1339317

Schellnegger et al.

randomized, double blind, and placebo controlled study. Rejuvenation Res. 19 (6),
478-484. doi:10.1089/rej.2015.1793

Seals, D. R, Justice, J. N., and LaRocca, T. J. (2016). Physiological geroscience:
targeting function to increase healthspan and achieve optimal longevity. J. Physiol. 594
(8), 2001-2024. doi:10.1113/jphysiol.2014.282665

Sfeir, A., and de Lange, T. (2012). Removal of shelterin reveals the telomere end-
protection problem. Sci. (1979) 336 (6081), 593-597. doi:10.1126/science.1218498

Shay, J. W., and Wright, W. E. (2005). Senescence and immortalization: role of
telomeres and telomerase. Carcinogenesis 26 (5), 867-874. doi:10.1093/carcin/bgh296

Shay, J. W., and Wright, W. E. (2019). Telomeres and telomerase: three decades of
progress. Nat. Rev. Genet. 20 (5), 299-309. d0i:10.1038/s41576-019-0099-1

Shen, J., Gammon, M. D., Terry, M. B, Wang, Q., Bradshaw, P., Teitelbaum, S. L.,
et al. (2009). Telomere length, oxidative damage, antioxidants and breast cancer risk.
Int. J. Cancer 124 (7), 1637-1643. doi:10.1002/ijc.24105

Shetty, A. K, Kodali, M., Upadhya, R, and Madhu, L. N. (2018). Emerging anti-aging
strategies - scientific basis and efficacy. Aging Dis. 9 (6), 1165-1184. doi:10.14336/AD.2018.1026

Singh, K., Saso, K., and Saso, L. (2019). Oxidative stress: role and response of short
guanine tracts at genomic locations. Int. J. Mol. Sci. 20 (17), 4258. doi:10.3390/
ijms20174258

Siopis, G., and Porter, J. (2022). Contribution of biological age-predictive biomarkers
to nutrition research: a systematic review of the current evidence and implications for
future research and clinical practice. Adv. Nutr. 13 (5), 1930-1946. doi:10.1093/
advances/nmac060

Smith, S., and de Lange, T. (2000). Tankyrase promotes telomere elongation in human
cells. Curr. Biol. 10 (20), 1299-1302. doi:10.1016/50960-9822(00)00752-1

Smith, S., Giriat, L, Schmitt, A., and de Lange, T. (1998). Tankyrase, a poly(ADP-
ribose) polymerase at human telomeres. Sci. (1979) 282 (5393), 1484-1487. doi:10.1126/
science.282.5393.1484

Tiendrébéogo, A. J. F., Soumagne, T., Pellegrin, F., Dagouassat, M., Tran Van Nhieu,
J., Caramelle, P., et al. (2023). The telomerase activator TA-65 protects from cigarette
smoke-induced small airway remodeling in mice through extra-telomeric effects. Sci.
Rep. 13 (1), 25. doi:10.1038/s41598-022-25993-7

Timmers, S., Konings, E., Bilet, L., Houtkooper, R. H., van de Weijer, T., Goossens, G.
H., et al. (2011). Calorie restriction-like effects of 30 Days of resveratrol
supplementation on energy metabolism and metabolic profile in obese humans. Cell
Metab. 14 (5), 612-622. doi:10.1016/j.cmet.2011.10.002

Tran, P. T., Meeker, A. K., and Platz, E. A. (2018). Association between statin drug use
and peripheral blood leukocyte telomere length in the National Health and Nutrition
Examination Survey 1999-2002: a cross-sectional study. Ann. Epidemiol. 28 (8),
529-534. doi:10.1016/j.annepidem.2018.04.010

Frontiers in Aging

11

10.3389/fragi.2024.1339317

Tsoukalas, D., Fragkiadaki, P., Docea, A., Alegakis, A., Sarandi, E., Thanasoula, M.,
et al. (2019). Discovery of potent telomerase activators: unfolding new therapeutic and
anti-aging perspectives. Mol. Med. Rep. 20, 3701-3708. doi:10.3892/mmr.2019.10614

United Nations Department of Economic and Social Affairs (2022). World population
prospects 2022: the 2022 revision. United States: Department of Economic and Social
Affairs.

Waaler, J., Machon, O., Tumova, L., Dinh, H., Korinek, V., Wilson, S. R., et al. (2012).
A novel tankyrase inhibitor decreases canonical Wnt signaling in colon carcinoma cells
and reduces tumor growth in conditional APC mutant mice. Cancer Res. 72 (11),
2822-2832. doi:10.1158/0008-5472.CAN-11-3336

Wang, Q., Zhan, Y., Pedersen, N. L., Fang, F., and Hagg, S. (2018). Telomere length
and all-cause mortality: a meta-analysis. Ageing Res. Rev. 48, 11-20. doi:10.1016/j.arr.
2018.09.002

Webb, C.J., and Zakian, V. A. (2016). Telomerase RNA is more than a DNA template.
RNA Biol. 13 (8), 683-689. doi:10.1080/15476286.2016.1191725

Wiley, C. D., Velarde, M. C,, Lecot, P., Liu, S., Sarnoski, E. A, Freund, A, et al. (2016).
Mitochondrial dysfunction induces senescence with a distinct secretory phenotype. Cell
Metab. 23 (2), 303-314. doi:10.1016/j.cmet.2015.11.011

Wirth, A, Wolf, B, Huang, C. K, Glage, S., Hofer, S. J., Bankstahl, M., et al. (2021). Novel
aspects of age-protection by spermidine supplementation are associated with preserved
telomere length. Geroscience 43 (2), 673-690. doi:10.1007/s11357-020-00310-0

Xu, Q., Parks, C. G., DeRoo, L. A., Cawthon, R. M., Sandler, D. P., and Chen, H.
(2009). Multivitamin use and telomere length in women. Am. J. Clin. Nutr. 89 (6),
1857-1863. doi:10.3945/ajcn.2008.26986

Yu, Z., Jiao, Y., Zhang, J., Xu, Q., Xu, ], Li, R,, et al. (2022). Effect of serum spermidine
on the prognosis in patients with acute myocardial infarction: a cohort study. Nutrients
14 (7), 1394. doi:10.3390/nu14071394

Yuan, X., Kronstrom, M., Hellenius, M. L., Cederholm, T., Xu, D., and Sjogren, P.
(2018). Longitudinal changes in leukocyte telomere length and mortality in elderly
Swedish men. AGING-US 10 (10), 3005-3016. doi:10.18632/aging.101611

Zhang, ]., Rane, G., Dai, X., Shanmugam, M. K., Arfuso, F., Samy, R. P., et al. (2016a).
Ageing and the telomere connection: an intimate relationship with inflammation.
Ageing Res. Rev. 25, 55-69. doi:10.1016/j.arr.2015.11.006

Zhang, J., Wang, X., Vikash, V., Ye, Q., Wu, D,, Liu, Y., et al. (2016b). ROS and ROS-
mediated cellular signaling. Oxid. Med. Cell Longev. 2016, 4350965-4351018. doi:10.
1155/2016/4350965

Zheng, Y., Zhang, N., Wang, Y., Wang, F.,, Li, G, Tse, G, et al. (2022). Association
between leucocyte telomere length and the risk of atrial fibrillation: an updated
systematic review and meta-analysis. Ageing Res. Rev. 81, 101707. doi:10.1016/j.arr.
2022.101707

frontiersin.org


https://doi.org/10.1089/rej.2015.1793
https://doi.org/10.1113/jphysiol.2014.282665
https://doi.org/10.1126/science.1218498
https://doi.org/10.1093/carcin/bgh296
https://doi.org/10.1038/s41576-019-0099-1
https://doi.org/10.1002/ijc.24105
https://doi.org/10.14336/AD.2018.1026
https://doi.org/10.3390/ijms20174258
https://doi.org/10.3390/ijms20174258
https://doi.org/10.1093/advances/nmac060
https://doi.org/10.1093/advances/nmac060
https://doi.org/10.1016/s0960-9822(00)00752-1
https://doi.org/10.1126/science.282.5393.1484
https://doi.org/10.1126/science.282.5393.1484
https://doi.org/10.1038/s41598-022-25993-7
https://doi.org/10.1016/j.cmet.2011.10.002
https://doi.org/10.1016/j.annepidem.2018.04.010
https://doi.org/10.3892/mmr.2019.10614
https://doi.org/10.1158/0008-5472.CAN-11-3336
https://doi.org/10.1016/j.arr.2018.09.002
https://doi.org/10.1016/j.arr.2018.09.002
https://doi.org/10.1080/15476286.2016.1191725
https://doi.org/10.1016/j.cmet.2015.11.011
https://doi.org/10.1007/s11357-020-00310-0
https://doi.org/10.3945/ajcn.2008.26986
https://doi.org/10.3390/nu14071394
https://doi.org/10.18632/aging.101611
https://doi.org/10.1016/j.arr.2015.11.006
https://doi.org/10.1155/2016/4350965
https://doi.org/10.1155/2016/4350965
https://doi.org/10.1016/j.arr.2022.101707
https://doi.org/10.1016/j.arr.2022.101707
https://www.frontiersin.org/journals/aging
https://www.frontiersin.org
https://doi.org/10.3389/fragi.2024.1339317

	Unlocking longevity: the role of telomeres and its targeting interventions
	1 Introduction
	2 Telomere biology: the basics and beyond
	2.1 Telomere shortening: at the nexus of cellular aging
	2.2 Telomeres: telling tales of human aging and disease
	2.3 Telomere dysfunction in cellular aging: the interaction with inflammation and oxidative stress
	2.3.1 Oxidative stress and telomers
	2.3.2 Chronic inflammation and telomers
	2.3.3 Interconnected dynamics of cellular aging: the telomere-mitochondrial axis


	3 Telomere-based interventions: current market landscape for longevity
	3.1 Telomere-targeting therapeutics
	3.1.1 Telomerase activators
	3.1.1.1 TA-65
	3.1.1.2 Cycloastragenol (CAG)
	3.1.2 Telomerase gene therapy
	3.1.3 Tankyrase inhibitors

	3.2 Antioxidants and anti-inflammatory agents
	3.2.1 Antioxidants
	3.2.1.1 Vitamin C
	3.2.1.2 Vitamin E
	3.2.1.3 Polyphenols
	3.2.2 Anti-inflammatory agents
	3.2.2.1 Omega-3 fatty acids
	3.2.2.2 Statins
	3.2.2.3 Spermidine


	4 Conclusion and future directions
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Publisher’s note
	References


