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Abstract: Background: Cellular senescence is a biological process with a dual role in
organismal health. While transient senescence supports tissue repair and acts as a tumor-
suppressive mechanism, the chronic accumulation of senescent cells contributes to aging
and the progression of age-related diseases. Senotherapeutics, including senolytics, which
selectively eliminate senescent cells, and senomorphics, which modulate the senescence-
associated secretory phenotype (SASP), have emerged as promising strategies for managing
age-related pathologies. Among these, polyphenols, a diverse group of plant-derived bioac-
tive compounds, have gained attention for their potential to modulate cellular senescence.
Methods: This review synthesizes evidence from in vitro, in vivo, and clinical studies on
the senolytic and senomorphic activities of bioactive polyphenols, including resveratrol,
kaempferol, apigenin, and fisetin. The analysis focuses on their molecular mechanisms of
action and their impact on fundamental aging-related pathways. Results: Polyphenols
exhibit therapeutic versatility by activating SIRT1, inhibiting NF-kB, and modulating au-
tophagy. These compounds demonstrate a dual role, promoting the survival of healthy cells
while inducing apoptosis in senescent cells. Preclinical evidence indicates their capacity to
reduce SASP-associated inflammation, restore tissue homeostasis, and attenuate cellular
senescence in various models of aging. Conclusions: Polyphenols represent a promis-
ing class of senotherapeutics for mitigating age-related diseases and promoting healthy
lifespan extension. Further research should focus on clinical validation and the long-term
effects of these compounds, paving the way for their development as therapeutic agents in
geriatric medicine.
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1. Introduction

Senescence and aging are closely related but not synonymous. Aging is the overall
process of becoming older, while senescence focuses on the specific cellular changes which
contribute to the aging process. In more detail, aging is the physiological process of a
time-dependent functional decline, a predictable, natural, gradual process of an organism
which occurs due to pro-aging mechanisms such as DNA damage, lipid-peroxidation,
and protein misfolding, resulting in cell death or senescence. Cellular senescence was
first identified in fibroblasts by Hayflick and Moorhead when cultured primary cells were
found to undergo a limited number of cell divisions in vitro [1,2], but this was considered
an in vitro artifact [3] rather than an aging hallmark which may potentially serve as a
connecting factor among other known hallmarks of aging [4]. Nowadays, senescence is
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known as a mechanism of fundamental aging and cellular fate in eukaryotic life, following
intrinsic or extrinsic factors, including oncogene activation, oxidative stress, mitochondrial
dysfunction, irradiation, and exposure to chemotherapeutics [5].

Regarding oxidative stress, it has been hypothesized that during aging, cells lose their
functions because of ROS-induced damage [6]. In physiological conditions, cells undergo
proliferation, quiescence, or differentiation, but in the presence of environmental stress,
severely damaged cells undergo stable and irreversible growth arrest, losing their capacity
to divide, exiting cell cycle, and entering a state of cellular senescence or cell death. These
cells are then referred to as senescence cells (SCs) (Figure 1) [7-12].
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Figure 1. Schematic representation of senescence cell (SC) formation.

Notably, this process is not necessarily undesirable, since SCs are important mediators
of various physiological mechanisms such as tumor development and aging. During early
tumor initiation, cellular senescence (CS) acts as a barrier by inducing cell cycle arrest and
preventing malignancy. This process is accompanied by a shift in cellular metabolism,
characterized by enhanced mitochondrial pyruvate dehydrogenase activity and increased
mitochondrial ROS levels. CS also triggers the senescence-associated secretory phenotype
(SASP), which has both tumor-suppressive and pro-tumorigenic roles. The SASP can recruit
immune cells, promote immune surveillance, and aid fibrosis resolution by attracting
macrophages. However, in some contexts, SASP components like IL-6 and IL-8 can support
tumor growth by driving epithelial-mesenchymal transition (EMT) and cancer stem cell
phenotypes, as well as by promoting angiogenesis and invasion through the secretion of
VEGF and matrix metalloproteinases (MMPs). The effect of the SASP on tumor progression
depends on the stage of tumor development, with a weakened immune response in later
stages allowing SASP factors to enhance tumor growth [7,8].

To better understand the physiological roles of senescence, animal models have been
developed to visualize and eliminate senescent cells in vivo. Studies have shown that
senescent fibroblasts and endothelial cells appear early during wound healing, where they
contribute to tissue repair by secreting platelet-derived growth factor AA (PDGF-AA),
accelerating wound closure [9]. Additionally, developmentally programmed senescence
occurs during embryonic development in the mesonephros and endolymphatic sac, where it
is regulated by p21 and plays a key role in tissue remodeling, representing the evolutionary
origin of damage-induced senescence [10].

In aged tissues, senescence is marked by the increased expression of pl6 and p21,
which are commonly used as markers for identifying senescent cells [11]. A study
by Yousefzadeh et al. [12] examined senescence in both wild-type (WT) and progeroid
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Erccl—/A mice, which have accelerated aging due to a DNA repair deficiency. In both
groups, the expression of senescence markers was higher in aged mice compared with the
young controls, with varying levels across different tissues. Specifically, elevated levels of
SASP markers, including IL-6, are correlated with the progression of age-related pathologies.

Current research in this domain is now focused on understanding the effect of bioac-
tive molecules as modulators of cellular senescence, and among these polyphenols are
a promising class of compounds. Polyphenols are phytocompounds found in fruits and
vegetables and nowadays are considered important constituents of a healthy diet due to
their well-documented role in many diseases and, more specifically, in the prevention and
treatment of oxidative damage and inflammation [13]. Polyphenols are represented by
several principal groups according to the number of phenolic rings and the structural ele-
ments of those rings, namely flavanols (catechins, epicatechin, and procyanidins), flavonols
(quercetin glycosides), stilbenes, phenolic acids (chlorogenic, gallic and coumaric acids),
dihydrochalcones (phloretin glycosides), and anthocyanins (cyanidin glycosides) [14]. Stud-
ies reported in the literature have already highlighted the signaling pathways modulated
by polyphenols in order to exert their beneficial effects, such as nuclear factor erythroid 2-
related factor 2 (N1f2), nuclear factor-«B (NF-«kB), mammalian target of rapamycin (mTOR),
and sirtuins, as well as key processes such as autophagy, immunomodulation, cell prolif-
eration, and apoptosis [15]. Moreover, evidence suggests that long-term consumption of
dietary polyphenols confers a protective role in a multitude of age-related degenerative
diseases and even organismal longevity [16].

This review aims to give an overview of the studies reported in the recent literature
concerning the therapeutic potential and mechanism of action of the major polyphenols in
the senescence process, highlighting the importance of these natural compounds in being
considered as possible future nutraceuticals.

2. Senescence Cells (SCs)

SCs are physiologically removed by the immune system. However, in the presence
of an increasingly dysfunctional immune system in elderly individuals or “do not eat
me” signals carried by some of them, in both cases, they may manage to evade their
clearance. In this way, their accumulation begins with the consequences of an accelerated
aging-like state and the onset of different pathologies [17]. SCs display distinctive features.
They already exhibit a flattened morphology and an increased cell size in the early stages
of senescence, initiated as a consequence of one or more of the aforementioned stimuli.
At this point, SCs also present a remodeling of nuclear chromatin, the loss of lamin-B1,
the induction of an oxidative metabolism in mitochondria, and activation of the SC” anti-
apoptotic pathway (SCAP), making SCs resistant to death. Moreover, senescence-associated
[-galactosidase activity (SA-B-gal) caused by an increase in lysosomal activity is also
detected. In addition, SCs are accompanied by a senescence-associated secretory phenotype
(SASP), namely a chronic pro-inflammatory behavior which mediates the secretion of
numerous pro-inflammatory cytokines, proteases, growth factors, and other extracellular
proteins [18-20].

Another fundamental characteristic is permanent cell cycle arrest. In fact, SCs cannot
reenter the cell cycle through any known physiological stimulation, and some of them
contain senescence-associated heterochromatin foci (SAHF), which helps establish and
maintain cell cycle arrest by suppressing proliferation-related gene expression [21]. Notably,
SCs remain highly active metabolically and are able to modulate the surrounding microen-
vironment [18,19]. Furthermore, these cells are characterized by shortened telomeres,
hypertrophy, an altered chromatin structure, accumulation of DNA damage and reactive
oxygen species (ROS), and the development of senescence-associated heterochromatic foci
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(SAHFs) [22]. Also, autophagy is thought to be tightly linked to senescence, even if the
precise connection is still unknown. Autophagy contributes to maintaining homeostasis in
an organism through the degradation of damaged macromolecules or organelles through
lysosomes in cells and may be associated with both senescence and apoptosis [23]. Indeed,
increased autophagy leads to cell death, but its inhibition can lead to senescence. Recent
studies confirmed that the outcome of the interplay between autophagy and senescence
depends on the cell type, microenvironment, and probably other factors which are still
unclear [23,24]. The activation of cell cycle p53, p16Ink4a, and p21CIP1 inhibitory pathways
have been identified and recently reported in the literature as senescence-associated, being
triggered by internal or external stimuli and DNA damage response (DDR). The first phase,
where senescence is still reversible and in which cells stop dividing but are metabolically
active, is controlled by p53 and p21, the latter of which is the main p53 effector and in-
volved in G1/S and G1/M cell cycle arrest, modulating the activity of p53 targets CDC25B
and CDC25C in particular and survival (Figure 2) [25]. In the second phase, senescence
becomes irreversible, and p16 plays the major role. In particular, it indirectly modulates
the Rb family members and E2F target gene expression. Senescence progression is strictly
correlated to E2F-4, which regulates E2F target genes, and the complex Rbl2/p130, which
is implicated in cell cycle arrest and senescence maintenance [26-29]. In actuality, even the
second phase is not to be considered irreversible anymore. Indeed, recent studies demon-
strated that in some cases, SCs can reenter the cell cycle in tumors [30] or be reprogrammed
into pluripotent stem cells [31].
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Figure 2. Schematic representation of the main features of senescence cells (5Cs).

3. Therapeutic Approaches

The elimination of SCs from cell cultures, tissues, and even whole organisms represents
a promising therapeutic strategy to prevent the onset of chronic diseases and extend healthy
lifespans, and it may be possible with the assistance of senolytic drugs [32]. Senolytic drugs
are developed to target a specific cell type (S5Cs) and are a step forward from the usual
one target, one drug, one disease approach since it is not a signaling pathway, receptor, or
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enzyme they address their action toward. Indeed, in order to define if a drug may be a
senolytic, a modified set of Koch’s postulates has been suggested [33]:

1. The SCs and phenotype must be strictly associated, and if an individual does not
present SCs, then he or she will not present the phenotype;

2. The phenotype is caused by an induced accumulation of SCs, and as a consequence,
removing the induced SCs ameliorates the phenotype;

3. Senolytics have minimal effects on the phenotype in young individuals without SCs;

o

An intermittent administration of senolytics has been proven to be effective;
5. Senolytic drugs are able to alleviate various age-related diseases.

Moreover, it is worth mentioning that after senolytics clear SCs, these cells take some
time to accumulate again, and this “hit and run” regimen allows reducing any potential
adverse effects which senolytic drugs may present. As senolytic drugs represent a novel
therapeutic approach aimed at targeting the underlying processes of aging to prevent or
alleviate age-related conditions, multiple diseases, geriatric syndromes, and declines in
physical resilience, it is crucial to carefully assess the risk-benefit balance in early clinical
trials. The potential short- and long-term side effects of clearing senescent cells remain
uncertain [33]. Senolytic drugs have been developed according to different approaches.
Initially, many current senolytic drug candidates target anti-apoptotic pathways involv-
ing the BCL-2 protein family, p53, and the PI3K/AKT axis. This strategy derived from
the assumption that the majority of SCs present a pro-apoptotic, tissue-destructive SASP
and are resistant to apoptosis, meaning they depend on anti-apoptotic, pro-survival path-
ways to avoid death [34-36]. A second generation of senolytic drugs has been identified
thanks to computational studies based on an increase in lysosomal mass and senescence-
associated 3-galactosidase activity, as well as targeting the modulation of immune clear-
ance of SCs [37-39]. Another approach concerns the use of SASP inhibitors, known also as
senomorphic drugs. They directly or indirectly suppress the SASP without eliminating the
SCs by inhibiting NF-kB, the janus kinase/signal transducer and activator of transcription
(JAK-STAT) pathway, the serine/threonine protein kinase mTOR, mitochondrial complex-1-
related or 4-related targets, or other pathways involved in the induction and maintenance of
the SASP [40-43]. When comparing senolytic drugs to SASP inhibitors, there are important
differences to consider. Firstly, SASP inhibitors need continuous treatment to suppress the
SASP, while senolytics present intermittent “hit and run” administration which reduces the
side effects that normally manifest after a week of continuous treatment. The continuous
administration of SASP inhibitors may lead also to off-target effects due to the suppression
of cytokine secretion, such as nephrotoxicity, metabolic impairment, and susceptibility to
infections [44—46]. Moreover, an interesting hypothesis suggests that senolytic-induced
apoptosis of destructive SASP-expressing senescent cells, which are concentrated at sites
of pathology, might contribute to the beneficial effects of senolytics [47]. In general, the
elimination of all senescent cells or inhibition of the SASP might be detrimental where SCs
are beneficial, but in any case, targeting the persisting, tissue-destructive SASP-expressing
SCs might have superior therapeutic potential and fewer off-target effects [48].

4. Anti-Cellular Senescence Activity by Isolated Dietary Polyphenols

4.1. Senomorphic Activity
4.1.1. Resveratrol

Resveratrol (3,5,4'-trihydroxystilbene) is a stilbenoid polyphenol present in many
fruits and vegetables and especially red wine. Its activity in cellular senescence relies on
its ability to activate silencing information regulator 2-related enzyme 1 (SIRT1), which
is an NAD+-dependent deacetylase involved in many signaling and transcriptional path-
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ways implicated in cellular senescence and aging. Indeed, this enzyme physiologically
decreases with age, but it was demonstrated that an increase in its expression leads to
a reduction in cellular senescence and extended lifespans in many organisms [49]. It is
interesting to note that this natural compound presents a biphasic effect on cellular senes-
cence, depending on its concentration. At low concentrations (generally below 10 uM),
resveratrol exhibits senomorphic or antioxidant behavior, preventing cellular senescence
and suppressing SASPs. In particular, it belongs to the first senomorphics which were
mainly discovered through serendipity, together with rapamycin, metformin, and as-
pirin [50]. An in vitro study conducted by Xia et al. on endothelial progenitor cells (EPCs)
demonstrated that resveratrol was able to delay the onset of EPC senescence, and this
effect was accompanied by activation of telomerase through the PI3K-Akt signaling path-
way [51]. In vascular smooth muscle cells from aged rhesus monkeys, 1 uM of resveratrol
attenuated mitochondrial O(2)(—) production and suppressed SASP factors by inhibiting
NEF-kB and upregulating Nrf2 pathways [52]. In 2010, resveratrol was tested in vitro in
a normal human fibroblast cell line derived from fetal lung tissue (MRC5), with 5 pM
inducing a small increase in the total number of replications completed by the cultures
at senescence, showing protective effects against DNA oxidative damage and reducing
senescence-associated increases in nuclear size and DNA content. Moreover, diminished
levels of acetylated forms of the H3 and H4 histones and p53 protein were also detected [53].
Resveratrol was also tested in an in vivo model of male mice on a high-fat diet and was
shown to produce changes associated with longer lifespans, including increased insulin
sensitivity, reduced insulin-like growth factor-1 (IGF-I) levels, increased AMP-activated
protein kinase (AMPK) and peroxisome proliferator-activated receptor-y coactivator 1o
(PGC-1) activity, an increased mitochondrial number, and improved motor function. In-
terestingly, it was only able to extend the lifespans of male mice on high-fat diets and not
those on standard diets, chow diet-fed C57/B6 mice, or heterozygous mice, demonstrating
improved health and prevention of early mortality associated with obesity [54-56]. More
recently, resveratrol was tested in vitro on two different cell models, namely microglia
BV2 cells and rat pheochromocytoma cells (PC12 cells), to explore its effect on oxysterol
27-hydroxycholesterol-induced neural senescence. Resveratrol, as an SIRT1 agonist, was
able to attenuate 27-hydroxycholesterol-induced neural senescence in both cell lines by in-
hibiting signal transducer and activator of transcription 3 (STAT3) signaling via SIRT1 [57].
In the same study, it was also tested in vivo using a zebrafish model, showing a decrease
in 27-hydroxycholesterol-induced locomotor behavior disorders and aging in the spinal
cords of zebrafish larvae, which was still associated with the activation of SIRT1-mediated
STAT3 signaling. It was also shown at 1 uM to inhibit cellular senescence of human bone
marrow stromal stem cells by reducing the levels of SASP, gene markers associated with
senescence (p53, p16, and p21), and intracellular ROS and increasing gene expression of
the enzymes protecting cells from oxidative damage (HMOX1 and SOD3) [58]. Instead,
when we consider higher concentrations (typically 25 pM), resveratrol shows a pro-oxidant
behavior, triggering growth arrest and the induction of senescence or apoptotic death, as
confirmed by studies conducted on multiple cell lines [59]. Therefore, it is evident that
aside from the concentrations used, the divergent or opposing effects of resveratrol on
cellular senescence and other biological processes may be due to cell and tissue types, the
timing and routes of dosing, sex, genetic background, and diet compositions (Table 1) [50].

4.1.2. Kaempferol

Kaempferol (KAE) is a natural flavonol belonging to the class of flavonoids, being
present in different plant species and known for its anti-inflammatory, antioxidant, and
anticancer properties. In a study by Lim et al. in 2015, KAE was demonstrated to strongly
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inhibit the expression of SASPs via the inhibition of NF-«B, p65 activity through the
interleukin-1 receptor-associated kinase (IRAK1) IkBx signaling pathway, and especially
the expression of IkB(. The research was conducted in vitro on bleomycin-induced senes-
cent BJ fibroblast, and KAE yielded the most promising results, together with apigenin, in
a total of five initially tested naturally occurring flavonoids [60]. A few years later, KAE
was found to be able to alleviate the aging of porcine oocytes through a reduction of ox-
idative stress and improved mitochondrial function [61]. Recently, a KAE derivative, KAE
tetrasaccharides, was demonstrated to be able to significantly reduce cellular senescence
and increase collagen fiber in skin cells and human skin equivalent. In multiple participants
in one study, a clinical enhancement in skin appearance was detected, together with an
improvement in the histological appearance of skin tissue and the extracellular matrix,
which was supported by immunohistochemical studies. These results were achieved fol-
lowing pyruvate dehydrogenase kinase 1 (PDK1) inhibition [62]. One of the last studies
concerning KAE was conducted in nucleus pulposus cells (NPCs), which are essential
components of the intervertebral disc degeneration (IDD) process. In this study, IDD
was treated with Eucommia ulmoides Oliver (Du Zhong (DZ)), and among all the active
compounds, KAE was identified as the major active compound of DZ, protecting NPCs
from IL-1B-induced damage through promoting cell viability, inhibiting cell senescence
and apoptosis, increasing extracellular matrix (ECM) production, and decreasing ECM
degradation. The mitogen-activated protein kinase (MAPK) signaling pathway may be
involved, but further studies are needed to assess its role, and for the most part, it would
be necessary to also assess this activity in an animal model of IDD (Table 1) [63].

4.1.3. Apigenin

Apigenin is a natural flavon usually extracted from the plant Matricaria recutita L.
(chamomile), a member of the Asteraceae (daisy) family. A study by Sang et al. reported
that apigenin is involved in senescence-associated [3-galactosidase activity. Firstly, the
anti-oxidant activity in vitro was studied with 2,2-diphenyl-1-picrylhydrazyl (DPPH) and
2,2'-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid (ABTS+) scavenging assays, which
demonstrated apigenin’s strong effect. Subsequently, D-galactose was administered in an
in vivo model of aging mice in order to study the eventual protective effect of apigenin.
The results indicated that apigenin supplementation significantly improved aging-related
modifications such as behavioral impairment, a decreased organic index, histopathological
injury, and increased senescence-associated (3-galactosidase (SA-f-gal) activity and the
advanced glycation end product (AGE) level. Western blot analysis showed that apigenin
increased Nrf2 nuclear translocation both in aging and normal young mice, with the latter
presenting higher expression of Nrf2 and Nrf2 downstream gene targets, highlighting that
apigenin may exert an anti-senescent effect process via activating the Nrf2 pathway [64].
Another study focused on the role of apigenin in colorectal cancer cells, also examining
cell senescence in this case via in situ detection of 3-galactosidase activity. The results
indicated that apigenin reduced cell growth and senescence through the induction of
apoptosis [65]. Other studies reported the activity of apigenin on the SASP. In particular,
one study conducted on bleomycin-induced senescent BJ fibroblast by Lim et al. already
described this for KAE [60], where the activity of apigenin on the SASP was confirmed on
three human fibroblast strains induced to senescence by ionizing radiation, constitutive
mitogen-activated protein kinase (MAPK) signaling, oncogenic RAS, or replicative exhaus-
tion. Regarding the mechanism of action apigenin, it was found to be able to suppress
SASPs following the suppression of IL-1« signaling through IRAK1, IRAK4, p38-MAPK,
and NF-kB. Moreover, it was particularly potent in inhibition of the expression and secre-
tion of chemokine interferon-y inducible protein CXCL10 (IP10), a newly identified SASP
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factor [66]. Recently, Li et al. studied the effects of apigenin on a hydrogen peroxide (HyO5)-
or doxorubicin (DOXO)-induced senescence model in WI-38 human embryonic lung fibrob-
last cells to determine the potential anti-aging effects of apigenin in vitro and its associated
molecular mechanisms. The results confirmed that apigenin reduced senescence-associated
[-galactosidase (SA-3-gal) activity, but they also highlighted an increased activation ratio
of silent information regulator 1 (SIRT1), nicotinamide adenine dinucleotide (NAD+), and
NAD+/NADH and inhibited cluster of differentiation 38 (CD38) activity in a concentration-
dependent manner. Indeed, SIRT1 inhibition by SIRT1 siRNA abolished the anti-aging
effect of apigenin, while cluster of differentiation 38 (CD38) inhibition by CD38 siRNA or
apigenin increased the SIRT1 level and reduced HyO,-induced senescence (Table 1) [67].

4.1.4. Genistein

Genistein is a naturally occurring polyphenolic flavonoid compound which struc-
turally belongs to the class of isoflavones commonly found in various dietary vegetables,
such as soybeans and fava beans. Its role in cellular senescence is supported by numer-
ous studies. In 2016, Lee et al. reported that genistein-dependent autophagy reduced
vascular smooth muscle cell (VSMC) senescence through an LKB1-AMPK-dependent mech-
anism [68]. Zhang et al. studied the effect of genistein on human umbilical vein endothelial
cells (HUVECS) pretreated with genistein (1 tM) and then exposing the cells to ox-LDL for
12 h. Genistein was able to inhibit the ox-LDL-induced senescence, reducing the levels of
pl6 and p21 proteins and the activity of SA-f3-gal. Moreover, it was also found to induce
apoptosis, increasing LC3-1I and decreasing the levels of p62, p-mTOR, and p-P7056K, and
the SIRT1/LKB1/AMPK pathway was also found to be implicated. As a consequence,
genistein was indicated as a promising therapeutic to contrast senescence in HUVEC cells
via inducing apoptosis [69]. A few years later, the same group demonstrated that the effect
of genistein’s ox-LDL-induced mitochondrial oxidative stress and senescence occurred
thanks to its action on the SIRT1-p66shc-Foxo3a pathways [70]. Using the same cell line,
namely HUVECs, Guihua et al. demonstrated that genistein reduced cell senescence in
the HUVEC model by suppressing the TXNIP/NLRP3 axis. The HUVECs in this case
were treated with different concentrations of H,O,, which inhibited proliferation, induced
cell cycle progression arrests in the G1 phase, and boosted cell senescence [71]. Recently,
genistein was tested for the senescence of bone marrow mesenchymal stem cells (BMM-
SCs). In particular, this study was conducted on ovariectomized (OVX) rodent BMMSCs
(OVX-BMMSCs). The OVX-BMMSCs showed premature senescence, elevated reactive
oxygen species (ROS) levels, and mitochondria dysfunction. The treatment with genistein
led to an anti-senescence effect by restoring mitochondrial homeostasis via the ERRo target.
Moreover, in vivo, genistein inhibited trabecular bone loss and p16INK4a expression and
upregulated sirtuin 3 (SIRT3) and peroxisome proliferator-activated receptor gamma coac-
tivator one alpha (PGC1lx) expression in the trabecular bone area of the proximal tibia in
OVXrats [72]. It is worth mentioning two other studies conducted in 2019 which showed
that the effects exerted by genistein are dose-dependent. Indeed, they both demonstrated
that when using physiological concentrations of genistein (<2 uM), cell proliferation was
obtained, while pharmacological concentrations (higher) suppressed cell proliferation. In-
deed, the pharmacological concentration of genistein led to the induction of cell senescence
and elevation of the ROS level (Table 1) [73,74].

4.1.5. Pterostilbene

Pterostilbene is a polyphenol and an analog of resveratrol belonging to the stilbenoid
family which is naturally found in grapes and berries. The role played by pterostilbene in
senescence has been extensively reported in the literature [75]. Teng et al. demonstrated
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the mechanism by which pterostilbene managed to act on oxidative stress, inflammation,
and aging in keratinocytes (HaCaT cells) exposed to particulate matter. Pterostilbene was
already reported in the literature to scavenge UVB-induced ROS and protect the skin
against photodamage through the Nrf2 pathway. However, the molecular mechanism
was not elucidated [76,77]. They demonstrated that pterostilbene reduces the expression
of inflammation and aging proteins such as aquaporin-3 (AQP-3), which is involved in
skin dryness and aging [78]. Pterostilbene, together with its nicotinate analog, was tested
for vascular endothelial cell senescence, where they both showed the ability to reduce
cell senescence acting on 3-galactosidase, downregulating p21 and p53, increasing the
production of nitric oxide (NO), and increasing the activity of SIRT1 [79]. Interestingly,
another study regarded the infection of human cytomegalovirus (HCMV) and HMCV-
induced senescence. Among other results, pterostilbene was able to suppress HMCV-
induced senescence, reducing senescence-associated (3-galactosidase activity, the expression
of p16, p21, and p53 proteins and also decreasing ROS [80]. One study by Jiang et al.
showed that pterostilbene alleviated ethanol-triggered hepatocyte damage and senescence.
In particular, it reduced the protein abundance of cellular communication network factor
1 (CCN1) in ethanol-exposed hepatocytes, which is fundamental for pterostilbene to execute
its anti-senescent function. Moreover, the same group also performed in vivo studies on
hepatocytes of alcohol-intoxicated mice, where pterostilbene was demonstrated to relieve
the senescence-associated secretory phenotype (SASP), redox imbalance, and steatosis by
suppressing hepatic CCN1 expression (Table 1) [81].

4.1.6. Oleuropein Aglycone and Hydroxytyrosol

Oleuropein aglycone and hydroxytyrosol are polyphenolic compounds which are
especially present in olive oil, of which they are the most abundant and studied ones.
They are both reported extensively in the literature, with in vivo and in vitro studies on
their anti-inflammatory activity and their role in the aging process [82]. However, only
in 2017, it was demonstrated in cultured pre-senescent human lung fibroblasts (MRC5),
a well-known model of cellular senescence, and in neonatal human dermal fibroblasts
(NHDFs) that they both act as SASP inhibitors [83]. This was subsequently supported by
another study conducted on y-irradiated neonatal human dermal fibroblasts (NHDFs).
Oleuropein aglycone and hydroxytyrosol showed a protective effect on 8 Gy irradiation-
induced senescence, preserving lamin B1 expression and reducing the cGAS/STING/NF«B-
mediated SASP [84]. Other studies in different cell models demonstrated the activity of both
compounds and particularly that of hydroxytyrosol as an SASP inhibitor [84]. Jeon et al. in
2018 studied the anti-aging effects of hydroxytyrosol on human dermal fibroblasts (HDFs)
instead, also assessing its activity as an SA-f3-galactosidase inhibitor (Table 1) [85].

4.1.7. Rutin

Rutin is a flavonol-type polyphenol constituent found in several plants [86] composed
of the flavonol quercetin and the disaccharide rutinose, a phytochemical constituent found
in a number of plants. It is a lipophilic agent characterized by relatively limited natural
stability and bioavailability, mainly due to its low solubility in water, which limits the
development of rutin-derived drugs [87]. Indeed, recent studies focused on new delivery
approaches, such as nanomaterials, in order to improve rutin bioavailability [88]. Also,
the detailed mechanism of rutin in the human body after consumption remains largely
unclear. Although rutin has been known for its antitumor and antimicrobial actions, which
are mainly associated with its antioxidant and anti-inflammatory activities, its potentiality
in conditions involving antiaging properties and its bioactivity in the development of
senotherapeutics, more specifically senomorphics, is still largely underexplored. A rather
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recent work by Liu et al. [89] studied the functional role of rutin as a novel senomorphic
agent in targeting senescent cells and revealed the role of rutin in the early stage of SASP
development and the interaction of ataxia-telangiectasia mutated (ATM) kinase with two of
its direct targets: HIF1 o (a master regulator of cellular and systemic homeostasis activated
during senescence) and TRAF6 (part of a key signaling axis supporting the development
of the SASP). This study showed rutin as an emerging natural senomorphic agent and
demonstrated its potential therapeutic avenue for age-related pathologies, including cancer
(Table 1).

4.1.8. Luteolin

Luteolin is a natural polyphenol found in a variety of plants such as celery, sweet
bell pepper, and chrysanthemums [90]. Luteolin presents antioxidant, anti-inflammatory,
antitumoral, and antiapoptotic activities, which have been fully reported in the literature,
supporting its protective role in neurodegenerative diseases. Interestingly, in plants, it
displays protective actions against UV radiation by partially absorbing UVA and UVB
radiation. As a consequence, luteolin has been studied in keratinocytes and fibroblasts as
well as several immune cells in order to assess its ability to decrease adverse photobiological
effects in the skin by acting as a first line of defense. Gendrisch et al. in 2021 reported that
luteolin can inhibit proinflammatory mediators (e.g., IL-1§3, IL-6, IL-8, IL-17, IL-22, TNF-«,
and COX-2) and regulate various signaling pathways (e.g., the NF-«B, JAK-STAT and TLR
signaling pathways), modulating many inflammatory processes in the skin. These data may
suggest that luteolin may be a promising target to prevent or reduce photoaging effects [90].
This senomorphic activity was subsequently confirmed in 2024 by Younis et al., who
demonstrated for the first time that luteolin mitigates D-gal-induced cognitive decline and
hippocampal senescence, modulates oxidative stress, mitochondrial dysfunction, neuro-
inflammation, and neuronal apoptosis, and promotes hippocampal neuro-regeneration.
These benefits are potentially related to the upregulation of SIRT1 induced by luteolin in
the hippocampus, with subsequent modulation of the glyoxalase 1 (GLO1)/AGE/RAGE
signaling pathway [91]. Luteolin combined with palmitoylethanolamide is currently in
clinical trials for the treatment of frontotemporal dementia (NCT04489017) (Table 1) [92].

4.1.9. Hesperidin and Hesperetin

Hesperidin and hesperetin are both citrus flavonoids possessing a wide variety of
reported biological effects. Hesperidin can be found abundantly in citrus fruits, as well as
hesperetin, which can be viewed as a metabolite of hesperidin. It showed SASP inhibitory
activity through antioxidant and anti-inflammatory effects which inhibit the production
of proinflammatory cytokines [93-95]. Their senomorphic effect was also achieved by
modulating such signaling pathways as the Nrf2, NF-kB, and forkhead box transcrip-
tion factor (FOXO) pathways and increasing antioxidant enzyme activity [94,96]. More
specifically, the effect on SASP inhibition of hesperidin was detected in human senescent
chondrocytes by increasing the cellular antioxidant capacity and decreasing proinflamma-
tory cytokines which constitute the SASP [94]. It also showed protective activity against
bone loss by reducing bone resorption and NF-«B activity, and in vivo, it increased the
bone mineral density in male senescent rats [93,96]. Hesperetin showed an interesting
role in theumatoid arthritis, reducing immune inflammation of the joints and modulating
cytokine production and c-Jun N-terminal kinase (JNK) activity in synovial fibroblasts [97].
Despite these demonstrated and confirmed SASP effects, clinical trials involving hesperidin
and hesperetin still have yet to be planned (Table 1).
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4.1.10. Naringenin

Naringenin is a 4’,5,7-trihydroxy flavanone, a yellow crystalline powder which shows
anti-inflammatory, antioxidant, antiproliferative, anti-dyslipidaemic, and antidiabetic activ-
ity [98,99]. Naringenin was also found to modulate redox imbalance and mitochondrial
metabolic activity in a model of senescent myocardial cells, showing that relevant cellular
senescence markers, such as X-gal staining, cell cycle regulator levels, and the percentage
of cell cycle-arrested cells, were reduced following treatment with naringenin [100]. More-
over, naringenin also displayed beneficial effects in the neural stem cell senescence model
in vivo and in vitro [101]. One of the most interesting studies for our review concerns the
work of Lim K. H. and Kim G. R. [102], where they demonstrated that naringenin was
able to influence SASPs upregulating SIRT1 activity by acting on the NF-«B pathway and
downregulating the gene expression of several inflammatory mediators and factors which
produce ROS in human dermal fibroblasts, suggesting regenerative and anti-aging effects
on the dermal cell structure. In 2020, Lim at al. reported a study in which naringenin
was demonstrated to not suppress SASP production in bleomycin-induced senescence [60].
However, this might be due to the model used and, more importantly, variation in the
mechanism which induced senescence, which may have had an impact on the composition
of SASP factors [92]. Clearly, more studies are needed in order to fully understand and
characterize the senomorphic potential of naringenin (Table 1).

Table 1. Summary of discussed senomorphic polyphenols and their mechanisms of action.

Senomorphic Polyphenol

Activates SIRT1, an NAD+-dependent deacetylase, leading to reduced cellular senescence

Resveratrol [49]. At low concentrations, it acts as an antioxidant and prevents senescence, suppressing
SASPs, while at higher concentrations, it triggers senescence or apoptosis [50].
Kaempferol Inhibits SASP production by downregulating NF-«B signaling through the IRAK1/IxBx
p pathway [60]. Also enhances mitochondrial function and reduces oxidative stress [61].
Suppresses SASP by modulating IL-1« signaling and inhibits NF-kB and p38-MAPK
Apigenin pathways [66]. It activates Nrf2, reducing oxidative damage and promoting anti-senescent
effects [64].
- Reduces senescence via the SIRT1/LKB1/AMPK pathway and modulates autophagy in
Genistein . 1
vascular cells, reducing oxidative stress and senescence markers [69].
Modulates oxidative stress and inflammation through Nrf2 activation [76,77]. Reduces SASP
Pterostilbene factors [81] and inhibits cellular senescence in various models by increasing SIRT1 activity

and reducing p21 and p53 expression [79].

Oleuropein aglycone

Acts as an SASP inhibitor, reducing pro-inflammatory cytokines, maintaining lamin B1

and hydroxytyrosol expression in irradiated cells, and protecting against radiation-induced senescence [84].

A potent senomorphic agent targeting ATM kinase, HIF1«x, and TRAF6 to inhibit SASP
Rutin development. Shows potential for age-related pathologies by modulating early SASP

signaling pathways [89].

Activates SIRT1, modulating the GLO1/AGE/RAGE pathway to reduce oxidative stress and
Luteolin inflammation. It also has protective effects against cognitive decline and senescence in

neural cells [91].

Hesperidin and

Inhibits SASP by modulating NF-«B, Nrf2, and FOXO pathways. Shows antioxidant and
anti-inflammatory effects, protecting against cellular senescence in human chondrocytes and

hesperetin improving bone density in aging models [94].
Upregulates SIRT1, downregulates NF-«B, and modulates oxidative stress and inflammation
Naringenin to suppress SASP formation. Promotes regenerative and anti-aging effects in skin and

myocardial cells [60].
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4.2. Senolytic Activity
4.2.1. Fisetin

Fisetin is a plant flavonol from the flavonoid group of polyphenols. It was recently
reported in the literature for its senolytic activity both in vitro and in vivo. In vitro, its activ-
ity was tested in different cell models, namely in a radiation-induced senescence cell model
(HUVECsS) and on oxidative stress-induced senescent MEFs and genotoxin-induced senes-
cent human fibroblasts. Fisetin leads to apoptotic cell death. An in vivo Erccl/A mouse
model of accelerated aging as well as a wild-type old mouse model were both treated with
fisetin, obtaining reduced cellular senescence in multiple tissues and improved tissue home-
ostasis, alleviated age-related pathologies, and extended median and maximum lifespans,
respectively. However, in the same study, fisetin also showed senomorphic activity, affect-
ing SASP marker and senescence-associated (3-galactosidase activity. The results were so
promising that fisetin has entered clinical trials for chronic kidney disease (NCT03325322),
skeletal health (NCT04313634), osteoarthritis (NCT04210986), COVID-19 (NCT04476953,
NCT04537299, and NCT04771611), survivors of childhood cancers (NCT04733534), and
frailty (NCT03675724) (Table 2).

Additionally, fisetin exhibits senomorphic activity by modulating SASP markers and
reducing senescence-associated (3-galactosidase activity. Thus, far only four clinical trials
on fisetin’s effects on humans have been published. In men with Gulf War syndrome
(NCT02909686), supplementation with 200-800 mg/day of fisetin showed no significant
effects on symptom severity, fatigue, or pain. However, outcomes related to senescence
or chronic inflammation were not assessed. In colorectal cancer patients, chemotherapy
combined with a low dose of fisetin (100 mg/day) reduced IL-8 levels, though no effects
were observed on CRP, IL-10, MMP-7, or MMP-9 levels (Farsad-Naeimi et al., 2018) [103].
In acute ischemic stroke patients, supplementation of recombinant tissue plasminogen
activator with fisetin (100 mg/day) improved disease outcomes and reduced MMP-2,
MMP-9, and CRP levels compared with a placebo [104]. In healthy individuals (1 = 10)
self-dosing 100 mg/day, the serum levels of SASP factors (MMP-3, MMP-9, PDGF-AA,
IL-6, IL-8, MCP-1, GDF11, and GDF15) decreased, as did that of senescent peripheral blood
mononuclear cells (PBMCs). However, no significant changes were found in senescent T
cell levels [105].

These findings indicate fisetin’s potential to reduce inflammation and SASP markers
across various conditions. Nonetheless, further studies using the “hit and run” approach
with higher doses are necessary to confirm whether its effects are primarily mediated by
senescent cell clearance.

Currently, fisetin has entered trials for chronic kidney disease (NCT03325322),
skeletal health (NCT04313634), osteoarthritis (NCT04210986), COVID-19 (NCT04476953,
NCT04537299, and NCT04771611), survivors of childhood cancers (NCT04733534), and
frailty (NCT03675724) [106].

4.2.2. Epigallocatechin Gallate

Epigallocatechin gallate (EGCG) is a polyphenol catechin, and it is the major com-
ponent of green tea. Firstly, it is largely reported in studies in the literature in which it is
addressed as a senomorphic drug, particularly for its implications in phosphoinositide
3 kinase (PI3K)/Akt/mTOR, AMPK, and sirtuin signaling, for the inhibition of ROS, iNOS,
Cox-2, NF-kB, and p53 mediated cell cycle inhibition, and for being an SASP and SA-f3-
gal inhibitor in in vivo and in vitro models [107-109]. Recently, a study by Kumar et al.,
encouraged by these promising results, investigated whether EGCG could possibly also
act as a senolytic. This research was conducted on 3T3-L1 preadipocytes cells, and EGCG
(50 uM) was found to promote apoptosis in senescence cells modulating pro- and anti-
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apoptotic pathways, specifically Bax and Bcl-2 proteins. The author, however, pointed out
that the EGCG concentrations used were higher than those generally obtained after oral or
intraperitoneal treatments due to the known low bioavailability of catechins [110], and thus
further studies are needed to attest to the effective relevance of this study (Table 2) [108].

4.2.3. Quercetin and Dasatinib

This drug combination (quercetin + dasatinib) is the first senolytic to be discovered and
reported in the literature. Quercetin is a naturally occurring flavonoid, while dasatinib is an
antitumoral, a tyrosine kinase inhibitor acting on cell proliferation, migration, and apopto-
sis. Their combination was found to improve many age-related diseases, targeting SCAPs
more efficiently than each single drug alone. It is worth mentioning that quercetin + dasa-
tinib has already been tested in clinical trials for different pathologies, such as idio-
pathic pulmonary fibrosis (NCT02874989), chronic kidney disease (NCT02848131), skeletal
health (NCT04313634), hematopoietic stem cell transplant survivors (NCT02652052), and
Alzheimer’s disease (NCT04063124) [50,111]. The senolytic activity of this combination
was due to double senolytic activity in different pathways. Indeed, dasatinib can act as
a senolytic by interfering with the ephrin-dependent suppression of apoptosis and inhi-
bition of tyrosine kinases, while quercetin can act as a senolytic by inhibiting PI3K/AKT,
BCL2/BCL2L1, and TP53/P21/serpine SCAPs [112]. However, quercetin was first studied
alone in 2015 in a work by Liam et al., who already reported the demonstration of its activity
on SASP on a bleomycin-induced senescent BJ fibroblast model for KAE and apigenin,
which appeared as a consequence of senomorphic behavior [60]. Quite recently, in 2024,
Meiners et al. reported computational repurposing identification of natural compounds
found in the diet to use as substitutes for dasatinib to be co-administered with quercetin
based on their similarity in terms of gene expression effects. Indeed, the gene expression
changes underlying the repositioning highlight apoptosis-related genes and pathways, and
piperlongumine was the highest-ranking compound identified as a suitable candidate to
be combined with quercetin, emulating the role of dasatinib (Table 2) [113].

4.2.4. Procyanidin C1 (PCC1)

Procyanidin C1 (PCC1), a polyphenolic component especially present in grape seed
extract, was reported as a novel phytochemical senotherapeutic with superior specificity
and efficiency for a wider range of SC types and senescence inducers, being able to im-
prove the health spans and lifespans of mice through its action on SCs. Notably, it is
characterized by a double action, depending on the concentrations considered. Indeed, at
low concentrations it presents a senomorphic activity since it inhibited SASP formation,
whereas at higher concentrations it selectively kills senescent cells, possibly by increasing
the production of ROS and mitochondrial dysfunction, behaving, as a consequence, as a
senolytic drug. This particular, senotherapeutic activity could, at least to some extent, be
due to PCC1 ability to downregulate proinflammatory gene expression and promoting
ROS and mitochondrial-dependent apoptosis induction [114] (Table 2).

4.2.5. Wogonin and GL-V9

Wogonin is a flavonoid found in different plants, especially in the roots of Scutellaria
baicalensis Georgi, located mainly in Asia and Europe, presenting known antioxidant,
anti-inflammatory, antiproliferative, and antimicrobial beneficial effects. Wogonin was
demonstrated to reduce the SASP and downregulate the NF-«xB pathway by Liam et al.
in a bleomycin-induced senescent BJ fibroblast model, together with KAE, apigenin, and
quercetin, showing its senomorphic way of action [60]. Because of this interesting potential
therapeutic behavior and possible application in aging-related pathologies, wogonin was
further studied to improve its poor bioavailability. Indeed, as with many other polyphenols,
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it is rapidly metabolized and excreted in urine and from intestine. Among all the analogs
synthesized, 5-hydroxy-8-methoxy-2-phenyl-7-(4-(pyrrolidin-1-yl) butoxy)-4-H-chromen-
4-one (GL-V9) was the most promising one [115,116]. Interestingly, GL-V9 turned out
to be a senolytic, as reported in the study by Yang et al., which showed how GL-V9
eliminates senescent mouse embryonic fibroblasts (MEFs) and drug-induced senescent
breast cancer cells. Moreover, it is also able to induce apoptosis in senescent MDA-MB-
231 cells. Its mechanism of action concerns the alkalinization of lysosomes and the increase
in mitochondria as well as reactive oxygen species (ROS). GL-V9 was also tested in vivo,
where it maintained its senolytic effects, as observed in epirubicin-treated mammary tumors
in MMTV-PyMT mice (Table 2) [117].

4.2.6. Curcumin and Analogs

Curcumin is a polyphenol compound derived from the rhizome of the plant Curcuma
longa (turmeric), a native Asian plant with a variety of traditional uses which belongs to
the ginger family [118]. Curcumin has been extensively reported to inhibit the activity of a
variety of signaling enzymes in cells which contribute to cellular survival and prolifera-
tion. There are plenty of studies describing its senolytic and senomorphic activity against
senescence. Indeed, it was found to dose-dependently reduce the D-galactose-induced car-
diomyocite senescence, inducing autophagy via the SIRT1/AMPK/mTOR pathway [119].
Another study conducted on canine bone marrow-derived mesenchymal stem cells (cBM-
SCs) highlighted the important role of curamin-induced autophagy and its effects on
ameliorating cBMSC senescence (such the inhibition of SA-3-gal activities and mRNA ex-
pression of the senescence-related markers and pro-inflammatory molecules) [120]. It was
also studied in vivo in aged mice, where it was shown to be effective in supplementation to
prevent hepatic cellular senescent [121], but another study also showed that curcumin was
able to protect the thymus against D-gal-induced senescence in ICR mice [122]. A study in
2021 concerned the use of electrospun nanofibers to realize a dual-stage release of curcumin,
with the aim to increase the attachment, viability, and proliferation of adipose-derived stem
cells (hADSCs), delaying cellular senescence [123]. Despite this remarkable and promising
therapeutic potential, curcumin is poorly bioavailable, and for this reason, several analogs
were synthesized, and compound EF24 was identified as the most promising one [124].
EF24, which presents greater bioavalibility, is an efficient broad-spectrum senolytic agent
able to induce apoptosis in senescent cells by decreasing the anti-apoptotic protein family
proteins, such as Bcl-2 and Bcl-XL [125], and through the enhancement of phosphatase and
tensin homolog (PTEN) expression in DU145 cells [126]. Recently, its effective therapeutic
potential for the treatment of idiopathic pulmonary fibrosis due to its ability to inhibit the
senescence of alveolar epithelial cells responsible for driving the progression of the disease
was highlighted [127]. Another curcumin analog, bis-dimethoxy curcumin, was found to
protect WI38 fibroblasts from oxidative stress-induced senescence [128] (Table 2).

4.2.7. Piperlongumine and Analogs

Piperlongumine is a polyphenol isolated from long pepper (Piper longum P.) which
exerts antiplatelet, antimicrobial, antiangiogenetic, antidiabetic, antidepressant, an-
tiatherosclerotic, neuroprotective, and anticancer properties [129]. The senolytic activity of
piperlongumine has already been extensively reported in the literature, and it has been as-
sociated with the involvement of oxidation resistance 1 (OXR1) [130]. Moreover, an in vivo
study regarding the acute toxicity of piperlongumine showed that even at high doses,
there were no discernible clinical indications of harm. An initial series of piperlongumine
analogs was synthesized in 2018 while focusing on investigation on the lactam ring, aiming
to understand the SAR governing the senolytic potential of PL derivatives [124]. The same
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group in 2024 proposed a new series of compounds, suggesting that the reactivity of the
Michael acceptor in the lactam ring is positively correlated with the senolytic effect. They
identified compound 24, which displayed a remarkable 50 fold enhancement in senolytic
activity compared with piperlongumine. These SAR studies are remarkably important
and lead the way for the synthesis and discovery of new senotherapeutic compounds
(Table 2) [131].

Table 2. Summary of discussed senolytic polyphenols and their mechanisms of action.

Senolytic Polyphenol

Fisetin

Induces apoptosis in senescent cells by inhibiting survival pathways and reducing SASP
markers. Shown to improve tissue homeostasis and extend lifespans in animal models
[132]. In clinical trials on humans, fisetin exhibited senomorphic activity by modulating
SASP markers and reducing senescence-associated 3-galactosidase activity [106].

Epigallocatechin gallate
(EGCG)

Modulates PI3K/Akt/mTOR signaling and promotes senescent cell apoptosis by
regulating pro- and anti-apoptotic factors like Bax and Bcl-2. Shows as both senomorphic
and senolytic behavior, depending on concentration and cell type [107-109].

Quercetin + dasatinib

This combination targets anti-apoptotic pathways (SCAPs) in senescent cells, promoting
apoptosis through inhibition of PI3K/AKT and BCL2/BCL2L1 pathways. Effective at
reducing senescent cells in various tissues [50,111].

Procyanidin C1 (PCC1)

Shows dual behavior; at low concentrations, it is senomorphic, while at higher
concentrations, it becomes senolytic by inducing mitochondrial dysfunction and ROS
generation, leading to apoptosis in senescent cells [114].

Wogonin and GL-V9

Reduces the SASP by inhibiting the NF-«B pathway and enhances mitochondrial
dysfunction and ROS production in senescent cells [60]. Its derivative GL-V9 also exhibits
senolytic effects [115,116].

Curcumin and analogs

Modulates SIRT1/ AMPK/mTOR pathways, showing both senomorphic and senolytic
effects, depending on the dose. It inhibits the SASP and enhances autophagy, reducing
senescence and promoting apoptosis in higher concentrations [119].

Piperlongumine

Promotes oxidative stress in senescent cells by targeting OXR1, leading to apoptosis [130].

5. The Effects of Combined Phytochemicals

The consumption of vegetables, fruits, grains, and legumes, which are rich in phyto-
chemicals, has been shown to have potential beneficial effects, particularly in the prevention
and management of various disorders associated with oxidative stress, such as aging, in-
flammation, obesity, coronary diseases, and cancer [133].

Numerous studies have demonstrated that the effects of bioactive compounds from
food, when administered as isolated dietary supplements, are not comparable to the benefits
observed from diets rich in fruits, vegetables, or legumes. Researchers have proposed that
phytochemicals and other bioactive compounds, when consumed in their whole food
form, interact to form complexes or work synergistically, thereby exerting an enhanced
effect [134].

Over the past decade, many antioxidant interactions, such as additive, synergistic,
and antagonistic effects, have been identified through the combination of diverse bioactive
compounds, including purified compounds (such as vitamins and phytochemicals), crude
extracts, enzymes, and synthesized antioxidants [135]. The combinations of bioactive
compounds and also a specific food matrix could also result in changes in the bioavailabil-
ity of the compounds [136]. With regard to senescence specifically, many studies in the
literature reported concerns over the use of single phytochemicals (as previously reported
in this review), but extracts have also been studied, and they were revealed to be highly
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effective. Just to mention some of the most recent findings, the extract of Voghera peppers
demonstrated a protective effect on the senescence of old, normal human diploid fibrob-
lasts [137], and Gingko biloba extract was proven to effectively alleviate subchronic arsenic
exposure-induced senescence of hepatocytes, acting through the inhibition of inflammation
and oxidative damage in rats [138].

As a consequence, one of the key priorities for future research should be the definition
of specific synergistic combinations of phytochemicals as innovative preventive nutritional
strategies for the effective and safe management of aging and age-related disorders [139],
as well as for promoting healthier daily dietary practices [140].

6. Conclusions

Cellular senescence, a critical process in aging and age-related diseases (ARDs), accu-
mulates in tissues, driving chronic inflammation, metabolic dysregulation, and functional
decline, as senescent cells produce a pro-inflammatory secretory profile (SASP) which exac-
erbates tissue damage and ARD progression. In this context, targeting senescence through
senotherapeutics has emerged as a promising strategy to mitigate these detrimental effects
and promote healthy aging [7,8]. In this review, we discussed the senotherapeutic potential
of polyphenols, a varied class of dietary compounds which have shown considerable
promise in preclinical studies.

Phytocompounds such as quercetin, fisetin, and luteolin have demonstrated senolytic
or senomorphic activity, depending on the context, and have been shown to modulate
several signaling pathways involved in cellular senescence. These compounds not only
reduce the accumulation of SCs but also attenuate the release of the SASP, thereby poten-
tially improving tissue homeostasis and reducing systemic inflammation during aging.
However, while preclinical data suggest that polyphenols could be powerful agents in the
fight against cellular senescence, significant challenges remain before these compounds can
be translated into clinical practice.

A major limitation is the low bioavailability of polyphenolic compounds due to poor
solubility, limited permeability, and rapid metabolism into inactive forms such as glu-
curonides and sulfates in the liver and intestines [92]. Another important consideration
is the multi-target nature of polyphenols, which raises concerns about potential adverse
effects and drug interactions. Specifically, polyphenols are generally regarded as antioxi-
dants, but they may also exhibit pro-oxidant activity under certain conditions, particularly
at high doses. Determining the optimal dosage ranges which maximize therapeutic benefits
while minimizing potential risks is crucial [141].

Moreover, polyphenols effects on cellular senescence are often studied in isolation, but
in vivo, cells are exposed to multiple forms of stress simultaneously. Therefore, to ensure the
relevance of preclinical findings, future research should involve experimental models which
more closely mimic the physiological conditions under which senescence occurs, like stress
models that better reflect the complex microenvironment of aging tissues. Overall, there is
still a need for large-scale, randomized clinical trials to validate the efficacy of polyphenols
and other phytochemicals as senotherapeutics in humans [142]. In particular, clinical trials
should focus on the ability of flavonoids to improve specific age-related conditions, such as
idiopathic pulmonary fibrosis (IPF), osteoarthritis, and neurodegenerative diseases, where
senescent cells and SASPs play a significant pathogenic role [143,144].

Another possible approach for the further study of senotherapeutics may involve
personalized approaches including individual genetic variability in the metabolism of
polyphenols. Genetic predispositions can significantly affect the bioavailability and efficacy
of flavonoids, leading to inter-individual differences in therapeutic outcomes [145].
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In conclusion, flavonoids represent a promising class of senotherapeutic agents which
could play a significant role in promoting healthy aging and preventing age-related diseases.
However, challenges related to bioavailability, safety, and inter-individual variability must
be addressed to fully realize their potential. Future research should prioritize the real
bioavailable number of polyphenols, the identification of specific senescent cell types and
SASP components targeted by this class of compounds, and the validation of their efficacy
in large-scale human studies. Through these efforts, polyphenols may ultimately emerge
as valuable tools in the quest for healthy aging and geroprotection.
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