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ABSTRACT

Cellular senescence is an irreversible cell cycle arrest associated with chronic inflammation and age-related diseases.
Senescent cells develop a senescence-associated secretory phenotype (SASP), largely regulated by NF-«B signaling,
which promotes tissue dysfunction and inflammaging. Key molecular pathways involved in senescence include
p53/p21, pl6INK4a/Rb, and SIRT1-mediated regulation. Recent therapeutic strategies focus on senolytics, which
selectively eliminate senescent cells, and senomorphics, which suppress their harmful phenotype without inducing
cell death. Natural flavonoids such as quercetin and rutin have shown promising senomorphic and context-dependent
senolytic effects through antioxidant activity, NF-«B inhibition, and SIRT1 activation. This review summarizes the
molecular mechanisms of cellular senescence and highlights current senotherapeutic approaches with emphasis on
SIRT1 and flavonoid-based interventions as potential anti-aging strategies.
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INTRODUCTION

Cellular aging is a major biological process involved in the development of many chronic and degenerative diseases.
One of the main hallmarks of aging is cellular senescence, a state of irreversible cell cycle arrest that occurs in response
to various internal and external stress factors, including oxidative damage and DNA instability (1,2). Initially,
senescence serves as a protective mechanism against malignant transformation; however, over time, the accumulation
of senescent cells disrupts tissue function and promotes chronic inflammation (3). Senescent cells are characterized
not only by growth arrest but also by the development of a pro-inflammatory phenotype known as the senescence-
associated secretory phenotype (SASP). This phenotype involves the secretion of cytokines, chemokines, and
proteases that disturb tissue homeostasis and contribute to the progression of age-related diseases. A central role in
this process is played by the NF-kB signaling pathway, which regulates the expression of inflammatory genes and
reinforces the senescent state (4, 5).

At the molecular level, cellular senescence is regulated by tumor suppressor pathways, particularly the p53 pathway
and cyclin-dependent kinase inhibitors such as pl6INK4a. These pathways induce permanent growth arrest in
response to cellular stress (3,4,5). However, persistent activation of these mechanisms leads to the accumulation of
dysfunctional cells, thereby accelerating aging and disease progression. In recent years, therapeutic strategies targeting
senescent cells have gained significant attention. Two major approaches have emerged: senolytics, which selectively
eliminate senescent cells, and senomorphics, which modulate the senescent phenotype without inducing cell death.
These strategies offer promising opportunities to alleviate age-related pathologies and improve healthspan (6, 7, 8).
Among the molecular regulators of senescence, sirtuins, particularly SIRT1, have attracted considerable interest due
to their role in controlling cellular stress responses, inflammation, and metabolic homeostasis. SIRT1 exerts its effects
through the deacetylation of key transcription factors, including p53 and NF-«kB, thereby influencing both senescence
and inflammatory signaling pathways (9, 10). Natural bioactive compounds, especially flavonoids such as quercetin,
are increasingly recognized for their ability to modulate senescence-related pathways. These compounds possess
antioxidant, anti-inflammatory, and SIRT1-regulating properties, suggesting a dual role as senomorphic agents and,
under certain conditions, as senolytic agents (11,12,13,14).

This review aims to provide a comprehensive overview of senolytics and senomorphics, with particular emphasis on
their molecular mechanisms and the emerging role of SIRT1 modulation. Special attention is given to flavonoid-based
compounds as potential therapeutic agents targeting cellular senescence in a stress-dependent manner.
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Molecular Mechanisms of Cellular Senescence

Cellular senescence is a complex and highly regulated biological process controlled by multiple interconnected
molecular pathways. It is primarily initiated in response to various internal and external stress factors, including DNA
damage, oxidative stress, and telomere shortening. These stress signals activate key regulatory networks that induce
stable and irreversible cell cycle arrest (15,16).

One of the central pathways governing senescence is the p53 pathway. In response to DNA damage or cellular stress,
p53 becomes activated and transcriptionally induces downstream targets such as p21, which inhibits cyclin-dependent
kinases and prevents cell cycle progression. As a result, a strong growth arrest is established, preventing the
proliferation of damaged cells. Although initially protective, persistent activation of the p53—p21 axis can lead to long-
term cellular dysfunction (17,18). In parallel, the pl6INK4a pathway plays a crucial role in maintaining senescence.
pl6INK4a inhibits CDK4/6 activity, leading to activation of the retinoblastoma (Rb) protein and permanent
withdrawal from the cell cycle. The pl6INK4a pathway is commonly associated with irreversible senescence and is
considered a hallmark of aging tissues (19, 20). A characteristic feature of senescent cells is the development of the
senescence-associated secretory phenotype (SASP). This phenotype involves the secretion of numerous pro-
inflammatory cytokines (such as IL-6 and IL-8), growth factors, and matrix-remodeling enzymes. SASP reinforces
the senescent state through autocrine signaling and induces paracrine senescence in neighboring cells, thereby
exacerbating tissue dysfunction (21, 22). Regulation of SASP is closely linked to activation of the NF-«kB signaling
pathway. Persistent NF-kB activation drives chronic inflammatory signaling and contributes to the pathogenesis of
age-related diseases (23). Importantly, epigenetic and metabolic regulators also contribute to the control of senescence.
Among them, sirtuins, particularly SIRT1, play a significant role. As mentioned above, SIRT1 modulates senescence
by deacetylating key transcription factors such as p53 and NF-«kB, thereby attenuating both cell cycle arrest and
inflammatory responses. Reduced SIRT1 activity has been associated with enhanced senescence and age-related
dysfunction (24, 25, 26).

Overall, cellular senescence arises from the dynamic interplay between cell cycle regulators, inflammatory signaling
pathways, and metabolic control mechanisms. Understanding these molecular processes provide an important
foundation for the development of targeted therapeutic strategies such as senolytics and senomorphics (15, 16).

Senolytics: Mechanisms and Major Compounds

Senolytics are a class of therapeutic agents designed to selectively eliminate senescent cells by targeting their survival
mechanisms (27, 28). One of the primary targets of senolytic therapy is the family of anti-apoptotic proteins belonging
to the BCL-2 family, which are often overexpressed in senescent cells. One of the best-known senolytic compounds
is navitoclax, which inhibits members of the BCL-2 family and effectively clears senescent cells in various
experimental models (29, 30). However, its clinical application is limited due to dose-dependent toxicity. Another
widely studied senolytic strategy is the combination of dasatinib and quercetin. This combination has been shown to
effectively reduce senescent cell burden in both in vitro and in vivo studies and has also been evaluated in clinical
trials (31, 32, 33). The combination has attracted attention because of its relatively broad activity across different types
of senescent cells. Mechanistically, senolytics function by disrupting key survival pathways in senescent cells. This
includes inhibition of anti-apoptotic signaling pathways, particularly those involving the BCL-2 family (34, 35, 36).
Since senescent cells rely heavily on these pathways for survival, their inhibition selectively induces cell death with
relatively limited effects on normal cells. Despite their promising therapeutic potential, senolytics face several
challenges. Off-target effects and systemic toxicity remain major concerns, especially for agents targeting broadly
expressed survival proteins. In addition, the heterogeneity of senescent cells across different tissues complicates the
identification of universal senolytic targets (37, 38, 39).

Overall, senolytics provide a powerful strategy for directly reducing the burden of senescent cells. However, further
research is required to optimize their safety profile and better understand their long-term effects in clinical settings.

Senomorphics: Modulating Senescence Without Eliminating Cells

Unlike senolytics, senomorphics represent an alternative therapeutic strategy aimed at modulating the functional
phenotype of senescent cells, particularly the senescence-associated secretory phenotype (SASP), rather than
eliminating the cells themselves. Senomorphic agents suppress the harmful effects of senescent cells, especially their
pro-inflammatory secretory profile, thereby alleviating tissue dysfunction while preserving cell viability (40,41). One
of the major signaling pathways involved in SASP regulation is the NF-kB pathway. By inhibiting this pathway,
senomorphic compounds reduce inflammation and attenuate the detrimental effects associated with senescence (40).
Natural compounds also play an important role in senomorphic regulation. In particular, flavonoids such as rutin and
quercetin have demonstrated significant senomorphic potential. These compounds possess antioxidant and anti-
inflammatory properties and are capable of modulating signaling pathways involved in senescence. Importantly, their
effects are dose- and context-dependent, with lower concentrations often exhibiting senomorphic activity (42.43). One
of the main advantages of senomorphics is their relatively low toxicity, since they do not induce apoptosis and may
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therefore be more suitable for long-term use in chronic conditions. However, a major limitation is that senescent cells
are not eliminated and may continue to accumulate over time (44). Overall, senomorphics offer a promising and
potentially safer approach to managing cellular senescence by modifying the senescent phenotype rather than
removing senescent cells entirely.

The Role of SIRT1 in Senescence and Senotherapeutics

Among the molecular regulators of cellular senescence, sirtuins have attracted significant attention as important
modulators of aging, metabolism, and cellular stress responses. In particular, SIRT1 has been extensively studied
because of its central role in maintaining cellular homeostasis and regulating pathways associated with senescence
and inflammation (45, 46).
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Figure 1. Senotheraputics interaction with SIRT1

As an NAD"-dependent deacetylase, SIRT1 targets several transcription factors, including pS3. By deacetylating p53,
SIRT1 suppresses its transcriptional activity and modulates cell cycle arrest (47, 48). In addition to regulating the cell
cycle, SIRT1 also plays a crucial role in controlling inflammation. Through deacetylation of the p65 subunit of the
NF-kB pathway, SIRT1 reduces the transcription of pro-inflammatory genes and suppresses the senescence-associated
secretory phenotype (SASP). This anti-inflammatory activity is important for reducing chronic inflammation
associated with aging and senescence (49,50). Decreased SIRT1 activity has been linked to enhanced cellular
senescence and age-related dysfunction (51,52). From a therapeutic perspective, SIRT1 is considered a key target for
senomorphic interventions. Activation of SIRT1 is a characteristic feature of several senomorphic compounds that
help suppress SASP and restore cellular homeostasis (53). Natural polyphenols and flavonoids, particularly rutin and
quercetin, exert part of their biological effects through SIRTI1-mediated pathways. These compounds have
demonstrated the ability to inhibit NF-kB signaling and modulate senescence-related processes (54). Overall, SIRT1
acts as a central regulator linking metabolic control, inflammation, and cellular senescence. Targeting SIRT1 provides
an important mechanistic basis for senotherapeutic approaches and highlights its potential as a promising target in
future anti-aging strategies (55).
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Figure 2. Proposed molecular mechanisms by which SIRT1 suppresses cellular senescence through
modulation of the p53, FOXO, and NF-kB signaling pathways.

This anti-inflammatory effect is important in alleviating chronic inflammation (56). At the same time, decreased
SIRT1 activity has been associated with enhanced cellular senescence and age-related dysfunction (57). From a
therapeutic perspective, SIRT1 is considered a key target for senomorphic interventions. Activation of SIRT1 is a
characteristic feature of many senomorphic compounds, contributing to the suppression of SASP and the restoration
of cellular homeostasis (58). Natural polyphenols and flavonoids, particularly rutin and quercetin, exert at least part
of their biological effects through SIRTI1-mediated pathways by activating SIRT1. These compounds have
demonstrated the ability to inhibit NF-kB signaling and modulate senescence-associated processes (59). Overall,
SIRT1 is considered a central regulator linking metabolic control, inflammation, and cellular senescence. Targeting
SIRT1 provides a mechanistic basis for understanding the effects of senotherapeutics and highlights its importance as
a promising target in future anti-aging strategies (60, 61, 62).

Dual Role of Flavonoids as Senolytic and Senomorphic Agents

Natural bioactive compounds, particularly flavonoids, are increasingly attracting attention as modulators of cellular
senescence due to their multi-target biological activities. Among them, rutin and quercetin have emerged as promising
senomorphic agents, while fisetin has shown considerable potential as a senolytic compound (63, 64, 65). Flavonoids
are well known for their antioxidant and anti-inflammatory properties, which are important in alleviating oxidative
stress and chronic inflammation, two major drivers of cellular senescence. One of the most interesting aspects of
flavonoid activity is their dual functional role, which appears to depend on concentration and cellular context. At low
concentrations, flavonoids primarily exhibit senomorphic effects by suppressing SASP and reducing pro-
inflammatory signaling (66, 67). In contrast, at higher concentrations or under conditions of increased cellular stress,
flavonoids such as quercetin may exert senolytic effects.
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Figure 3. Cellular senescent mechanism
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One of the key mediators of these effects is SIRT1, whose activity can be enhanced by flavonoids. Activation of
SIRT1 leads to the deacetylation of transcription factors such as NF-kB and p53, resulting in reduced inflammatory
responses and modulation of the senescent phenotype. In silico studies support the interaction between flavonoids and
SIRTI, providing a mechanistic basis for their observed biological effects (68, 69). Overall, rutin and quercetin
represent prominent examples of naturally occurring compounds with the potential to act as both senomorphic agents
and, under certain conditions, senolytic agents. Their ability to modulate SIRT1 and other signaling pathways
highlights them as promising therapeutic candidates for the management of aging and age-related diseases (70, 71).

Applications of Senotherapeutics in Diseases

Targeting cellular senescence has emerged as a promising therapeutic strategy for a wide range of age-related diseases.
The accumulation of senescent cells and their associated SASP significantly contributes to tissue dysfunction and
chronic inflammation (72, 73). Senolytic agents, such as the combination of dasatinib and quercetin, have
demonstrated the ability to reduce senescent cell burden in clinical studies (74, 75). Overall, senotherapeutics provide
a versatile framework for addressing multiple pathologies by targeting a fundamental mechanism of aging, and their
application across various disease contexts highlights their broad clinical potential (76, 77, 78).

Challenges and Limitations

Despite significant progress, several challenges hinder the clinical translation of senolytic and senomorphic therapies.
One of the main concerns is toxicity and off-target effects, particularly with senolytic agents such as navitoclax. Due
to the widespread expression of anti-apoptotic proteins, these agents may also affect non-senescent cells, raising safety
concerns, especially during long-term use (79). Another important limitation is the heterogeneity of senescent cells.
Senescent phenotypes vary depending on cell type, tissue, and stress stimuli, making it difficult to identify universal
therapeutic targets. As a result, an agent effective in one tissue may not show the same efficacy in another (80). For
senomorphic approaches, a key limitation is that they do not eliminate senescent cells. Although they reduce harmful
effects, the persistent presence of these cells may eventually lead to accumulation and recurrence of pathological
conditions. Furthermore, variability in dose response, treatment duration, and individual biological differences
complicates the standardization of therapeutic protocols.

Future Directions

Future research in senotherapeutics is expected to focus on improving specificity, safety, and efficacy through
innovative strategies. One of the most promising directions is the development of combination therapies that integrate
both senolytic and senomorphic approaches, enabling simultaneous elimination and functional modulation of
senescent cells.

Targeting key regulatory molecules such as SIRT1 provides an integrated strategy for modulating inflammatory and
stress-response pathways involved in senescence. Pharmacological activation of SIRT1 through natural compounds
may play an important role in future anti-aging interventions. Furthermore, integrating in silico approaches, including
molecular docking and computational modeling, with experimental validation may accelerate the identification of
novel senotherapeutic agents. This approach is particularly relevant for multi-target natural compounds such as
flavonoids. Finally, the development of personalized senotherapy based on individual molecular and cellular profiles
is expected to become an important future direction in the field.

CONCLUSION

Cellular senescence is a fundamental biological process with a dual role in health and disease, functioning both as a
protective mechanism and as a driver of age-related pathologies. The emergence of senotherapeutics, including
senolytics and senomorphics, has opened new avenues for targeting senescent cells and mitigating their detrimental
effects. While senolytics act through the selective elimination of senescent cells, senomorphics modulate their
phenotype, particularly by suppressing the SASP. Both strategies have distinct advantages and limitations,
highlighting the need for balanced and context-dependent therapeutic approaches.

In these processes, SIRT1 serves as a central regulatory hub linking metabolic and inflammatory pathways. Its
modulation represents a promising strategy for controlling cellular senescence (41, 46). Natural flavonoids such as
rutin and quercetin may exert both senomorphic and, under certain conditions, senolytic effects depending on cellular
stress levels. This dual functionality positions them as promising candidates for next-generation senotherapeutic
interventions.

In conclusion, integrative strategies combining molecular insights, natural compounds, and modern biotechnological
approaches hold significant potential for managing aging and age-related diseases through the targeting of cellular
senescence. However, further studies are required to translate these findings into safe and effective clinical
applications.
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