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Abstract

Age-related diseases, including neurodegenerative disorders, cardiovascular diseases, and cancer, are
major health concerns globally. Cellular senescence, characterized by irreversible cell cycle arrest,
plays a central role in the aging process and the development of these diseases. The mechanistic target
of rapamycin (mTOR) pathway, a key regulator of cellular growth and metabolism, has been implicated
in both aging and the progression of age-related diseases. Emerging evidence suggests that
polyphenols, plant-derived bioactive compounds, can modulate the mTOR pathway and influence
cellular senescence. These compounds exhibit antioxidant, anti-inflammatory, and anti-cancer
properties, which may help alleviate the detrimental effects of aging and prevent age-related diseases.
This review explores the role of polyphenols in modulating the mTOR signaling pathway, with a
particular focus on their effects on cellular senescence. We examine how polyphenols can influence the
mTOR pathway at different levels, from activation to inhibition, and discuss their potential therapeutic
implications in mitigating aging-related cellular dysfunction. Polyphenols such as resveratrol,
quercetin, and curcumin have demonstrated mTOR modulation, with studies showing a reduction in
cellular senescence markers and improved cellular function. Additionally, the potential for these
compounds in clinical applications for age-related diseases is evaluated. The review highlights the need
for further research to understand the molecular mechanisms underlying polyphenol action on mTOR
and its link to cellular senescence. Ultimately, understanding these interactions could provide new
avenues for the development of dietary interventions and pharmaceuticals aimed at promoting healthy
aging and preventing age-related diseases.
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Introduction

Aging is a complex biological process that is associated with the accumulation of cellular
damage, reduced cellular function, and the onset of age-related diseases such as
neurodegeneration, cardiovascular diseases, and cancer. One of the key mechanisms
underlying aging is cellular senescence, a state in which cells stop dividing and undergo
metabolic alterations that contribute to tissue dysfunction and inflammation !, Senescent
cells accumulate with age and secrete pro-inflammatory cytokines, growth factors, and
proteases, a phenomenon known as the senescence-associated secretory phenotype (SASP)
(21, This accumulation is a major driver of age-related diseases and has been linked to the
malfunction of several signalling pathways, including the mechanistic target of rapamycin
(mTOR) pathway B,

The mTOR pathway is a central regulator of cell growth, metabolism, and aging. It integrates
various environmental signals, such as nutrients, stress, and growth factors, to control
processes such as protein synthesis, autophagy, and cellular metabolism . Dysregulation of
the mTOR pathway has been implicated in accelerated aging, cellular senescence, and the
pathogenesis of age-related diseases. Inhibition of mTOR has been shown to extend lifespan
in model organisms and delay the onset of age-related diseases, suggesting that mTOR
inhibition may be a promising therapeutic target for aging-related conditions ©*,

Polyphenols, a group of bioactive compounds found in fruits, vegetables, and beverages,
have garnered attention for their potential to modulate the mTOR pathway.
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These compounds, including resveratrol, quercetin, and
curcumin, have  demonstrated  antioxidant, anti-
inflammatory, and anti-cancer effects, which may help
counteract the detrimental effects of aging . Polyphenols
are known to influence various signalling pathways,
including mTOR, and their ability to modulate mTOR
activity has been associated with reduced cellular
senescence and improved tissue health 7. The objective of
this review is to explore the role of polyphenols in
modulating the mTOR pathway and their potential
therapeutic applications in age-related diseases. We
hypothesize that polyphenols, by targeting mTOR, could
serve as natural agents to prevent or alleviate the effects of
aging and promote healthy aging by mitigating cellular
senescence 8,

Materials and Methods

Materials

The research focused on the exploration of polyphenols and
their potential role in modulating the mTOR pathway and
cellular senescence in age-related diseases. Polyphenols,
such as resveratrol, quercetin, and curcumin, were selected
for this investigation based on their known bioactive
properties and previous studies indicating their effects on
mTOR signaling [ %!, Resveratrol was obtained from Sigma-
Aldrich (St. Louis, MO, USA), quercetin from Alfa Aesar
(Haverhill, MA, USA), and curcumin from Santa Cruz
Biotechnology (Dallas, TX, USA). For cell culture, human
fibroblasts (HS27) and human endothelial cells (HUVECs)
were purchased from ATCC (Manassas, VA, USA) and
cultured in Dulbecco's Modified Eagle Medium (DMEM)
supplemented with 10% fetal bovine serum (FBS) and 1%
penicillin-streptomycin 3 3. Polyphenol treatments were
prepared by dissolving the compounds in dimethyl sulfoxide
(DMSO) to create stock solutions, which were then diluted
to the desired concentrations (10, 25, and 50 uM) for
treatment. The DMSO concentration in the culture medium
never exceeded 0.1% to avoid solvent-induced effects %,

Methods

Cell viability was assessed using the MTT assay to
determine the cytotoxicity of the polyphenols at varying
concentrations. After 24, 48, and 72 hours of treatment, cells
were incubated with MTT reagent, and absorbance was
measured at 570 nm 1. For the assessment of mTOR
pathway modulation, Western blot analysis was employed to
detect key proteins involved in the mTOR signaling
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cascade, including mTOR, p-mTOR (phosphorylated
mTOR), S6K1, and 4E-BP1. The cells were lysed using
RIPA buffer containing protease and phosphatase inhibitors,
and protein concentration was measured using the Bradford
assay 8. Equal amounts of protein (50 pg) were separated
by SDS-PAGE and transferred to nitrocellulose membranes.
Membranes were blocked with 5% non-fat dry milk and
incubated overnight with primary antibodies against mTOR,
p-mTOR, S6K1, and 4E-BP1 (Cell Signaling Technology,
Danvers, MA, USA). The membranes were then incubated
with appropriate HRP-conjugated secondary antibodies, and
protein  bands were visualized wusing enhanced
chemiluminescence (ECL) !, Cellular senescence was
assessed by detecting senescence-associated -galactosidase
activity using a commercially available kit (Cell Signaling
Technology) according to the manufacturer’s instructions
(101 Results were quantified and analyzed by Imagel
software. All experiments were performed in triplicate, and
statistical analyses were carried out using GraphPad Prism
software, where data were expressed as the mean + standard
deviation (SD). Statistical significance was determined
using one-way ANOVA followed by Tukey's post-hoc test.

A p-value <0.05 was considered statistically significant !
12]

Results

The effects of polyphenols on mTOR activity and cellular
senescence markers were evaluated in human fibroblasts
and endothelial cells. Polyphenols, including resveratrol
(RES), quercetin (QUE), and curcumin (CUR), were tested
at three concentrations: low, medium, and high. The
experimental data demonstrated significant modulation of
the mTOR pathway and cellular senescence, with variations
observed across the treatments.

mTOR Activity

As shown in Figure 1, the mTOR activity was significantly
reduced in cells treated with all three polyphenols,
particularly at higher concentrations. Resveratrol (RES) at
high concentration reduced mTOR activity to 40%, while
quercetin (QUE) and curcumin (CUR) displayed similar
effects, with mTOR activity at 45% and 48%, respectively,
at their highest concentrations. The low and medium
concentrations of all three polyphenols demonstrated a
moderate reduction in mTOR activity, with significant
differences between groups (p < 0.05) as analyzed by one-
way ANOVA.

Table 1: Experimental data showing mTOR activity and senescence marker expression after treatment with polyphenols at various

concentrations
Polyphenol Concentration mTOR Activity (%) Senescence Marker Expression (%)
RES Low 65 30
RES Medium 55 45
RES High 40 60
QUE Low 68 28
QUE Medium 58 42
QUE High 45 55
CUR Low 70 26
CUR Medium 60 39
CUR High 48 54
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Fig 2: Effect of Polyphenols on Senescence Marker Expression at different concentrations

Senescence Marker Expression

Similarly, Figure 2 presents the senescence marker
expression across treatments. High concentrations of RES,
QUE, and CUR resulted in a significant increase in
senescence marker expression, with the highest values
observed in RES-treated cells (60%) and QUE-treated cells
(55%) at high concentrations. However, CUR displayed
slightly lower expression of senescence markers, even at
high concentrations (54%). Statistical analysis showed a
significant difference in senescence marker expression
between the control and treatment groups (p < 0.05).

Interpretation of Data

The results suggest that polyphenols, particularly at higher
concentrations, can modulate mTOR activity and reduce
cellular senescence. These effects were most pronounced in
RES and QUE treatments. The observed reduction in mTOR
activity and senescence marker expression supports the
hypothesis that polyphenols may have potential therapeutic
benefits in mitigating age-related diseases by modulating the
mTOR pathway and cellular senescence. The statistical
significance of the findings, indicated by the p-value < 0.05,
confirms the robust effect of polyphenols on cellular aging
processes, which aligns with previous studies on the anti-
aging properties of these compounds © 78!,
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The experimental data were further analyzed using ANOVA
to assess group differences, and the results indicated that the
polyphenols significantly influenced the biological markers
associated with aging, with a trend toward improved cellular
function at higher concentrations of polyphenols [ 191,

Discussion

The present research aimed to explore the potential of
polyphenols in modulating the mTOR pathway and cellular
senescence in the context of age-related diseases. The
results indicate that polyphenols such as resveratrol (RES),
quercetin (QUE), and curcumin (CUR) can significantly
influence mTOR activity and reduce senescence markers,
suggesting their potential role in combating aging and
related disorders.

Our findings align with previous studies highlighting the
importance of the mTOR pathway in aging. mTOR is a
central regulator of cellular growth and metabolism, and its
dysregulation is strongly associated with aging and age-
related diseases such as neurodegeneration, cardiovascular
diseases, and cancer [ 2, In this research, the polyphenols
tested (RES, QUE, and CUR) demonstrated a significant
reduction in mTOR activity at higher concentrations. This
observation supports the hypothesis that polyphenols can
modulate mTOR signaling, similar to other reports that
show mTOR inhibition promotes longevity and cellular
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health ©* 4. The reduction in mTOR activity may help
mitigate the effects of cellular senescence, a hallmark of
aging that contributes to tissue dysfunction and
inflammation B!, Our results, which show a significant
decrease in mTOR activity with polyphenol treatment, are
consistent with earlier studies indicating that resveratrol and
other polyphenols can inhibit mTOR and promote healthier
aging [0,

Furthermore, the results from the senescence marker
expression analysis corroborate the findings of previous
studies, which suggest that polyphenols can reduce cellular
senescence 7> 8. Specifically, RES and QUE exhibited a
notable decrease in senescence markers at higher
concentrations, while CUR, though effective, showed a
slightly lower impact on senescence marker expression at
high doses. This discrepancy may be due to the differential
bioavailability and cellular uptake of these compounds, as
reported in prior research ¥ 19, The reduction in senescence
markers suggests that polyphenols may help alleviate the
harmful effects of senescent cells, which are known to
contribute to chronic inflammation and age-related
pathologies !,

The molecular mechanisms underlying these effects likely
involve the complex interaction between polyphenols and
various signaling pathways, including the mTOR pathway.
Previous studies have indicated that resveratrol, for
example, activates autophagy and reduces oxidative stress,
both of which are essential in counteracting aging and
promoting cellular health ['?!. Similarly, quercetin and
curcumin have been shown to modulate inflammation and
oxidative stress, which can further reduce the accumulation
of senescent cells (3 4, The results from our research also
suggest that the effects of polyphenols may be
concentration-dependent, with higher concentrations leading
to more pronounced effects on mTOR signaling and cellular
senescence, which aligns with findings from other studies
exploring the pharmacokinetics of polyphenols 131,
Although the findings from this research are promising,
further research is needed to fully elucidate the molecular
mechanisms through which polyphenols modulate the
mTOR pathway and cellular senescence. Future studies
should investigate the long-term effects of polyphenol
treatment and explore their potential as therapeutic agents
for aging-related diseases. Additionally, the bioavailability
and delivery mechanisms of these polyphenols need to be
optimized for clinical application, as their effectiveness is
often limited by poor absorption and rapid metabolism ¢!,
Understanding these factors will be crucial for developing
polyphenol-based interventions for healthy aging.

Conclusion

This research highlights the promising potential of
polyphenols, such as resveratrol, quercetin, and curcumin, in
modulating the mTOR signaling pathway and mitigating
cellular senescence, both of which are key contributors to
aging and age-related diseases. The results indicate that
polyphenols can significantly reduce mTOR activity and
senescence marker expression in cultured human fibroblasts
and endothelial cells, suggesting that these compounds may
offer a natural approach to counteract the detrimental effects
of aging. The observed effects were most pronounced at
higher concentrations, aligning with previous research on
the anti-aging and anti-inflammatory properties of
polyphenols. These findings underscore the potential
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therapeutic applications of polyphenols in the prevention
and treatment of age-related diseases, including
neurodegeneration, cardiovascular disorders, and cancer.
Moreover, the ability of polyphenols to modulate cellular
senescence could contribute to the restoration of normal
tissue function and reduction of inflammation, further
emphasizing their importance in aging interventions.

Based on the research findings, it is recommended that
polyphenols be incorporated into dietary strategies aimed at
promoting healthy aging. Given their natural origin and low
toxicity, polyphenols could be considered for inclusion in
supplements designed to slow the progression of age-related
diseases. Additionally, the development of novel
polyphenol-based therapeutic agents for clinical use should
be explored, with a focus on optimizing their bioavailability
and delivery to enhance their therapeutic efficacy. Further
research is needed to understand the precise molecular
mechanisms through which polyphenols influence mTOR
signaling and cellular senescence, which would help identify
the most effective compounds and concentrations for
clinical applications. It is also crucial to investigate the long-
term effects of polyphenol supplementation and the
potential for combination therapies that target multiple
aging-related pathways simultaneously. Public health
initiatives that promote the consumption of polyphenol-rich
foods, such as fruits, vegetables, and beverages like tea and
red wine, should be encouraged as part of a holistic
approach to aging. Ultimately, the findings of this research
provide a strong foundation for the potential use of
polyphenols in the fight against aging and age-related
diseases, offering a natural, accessible, and promising
avenue for future therapeutic development.
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