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Abstract

Aging is a complex biological process marked by gradual functional decline, reduced cellular
resilience, and heightened vulnerability to chronic diseases. Maintaining cell health has become a
crucial strategy for extending healthspan and promoting healthy aging. Nutrition at the cellular level
plays a vital role in this effort, with bioactive compounds from functional foods increasingly
recognized for their ability to influence pathways related to aging. Fruitflow®, a water-soluble tomato
extract, contains a variety of bioactive compounds, including polyphenols, nucleosides, and phenolic
conjugates, that support cardiovascular, metabolic, and immune health. Preclinical and clinical
research demonstrate that Fruitflow® helps reduce platelet hyperactivity, lower blood pressure, and
enhance blood vessel function. Moreover, emerging evidence suggests that it offers broader cellular
benefits, including reducing oxidative stress, decreasing inflammation, boosting mitochondrial
activity, promoting cellular growth, and supporting a beneficial gut microbiota. These actions align
with key aspects of aging, including oxidative imbalance, mitochondrial dysfunction, chronic
inflammation, and impaired cellular communication. This review outlines current evidence on the
cellular and systemic effects of Fruitflow®, explores the molecular mechanisms behind these effects,
and assesses its potential as a dietary strategy to enhance cellular health and promote healthy aging.
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1. Introduction

Cellular health is essential for healthy aging. However, the aging process is highly complex,
shaped by the interactions of numerous molecular mechanisms and cellular systems. From a
phenotypic perspective, aging is characterized by a progressive decline in cellular function and
widespread tissue degeneration, which contributes to the increased risk of age-associated disorders.
While aging is unavoidable, optimizing cellular health can help support a healthy aging process and enhance
longevity and quality of life [1,2]. Maintaining good cellular health is vital for overall health, vitality,
and longevity, as healthy cells play a key role in energy production, metabolism, immune defense,
and protection against chronic diseases [2,3].

Healthy aging, as defined by the World Health Organization (WHO), refers to the ability to
develop and maintain the functional capacity required for well-being in older age [4]. This
perspective extends beyond the absence of disease, emphasizing the preservation of physiological
function, independence, and resilience throughout the aging process. From a geroscience standpoint,
healthy aging involves slowing or counteracting the molecular and cellular processes that drive
functional decline, thereby extending health span rather than just lifespan [5].
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Cellular nutrition has become a transformative idea, based on the belief that supporting cells can
significantly improve overall health, well-being, and longevity [3]. Supplying cells with the essential
nutrients is the foundation of healthy living, optimal wellness, and healthy aging. It encompasses
aspects such as how well cells produce energy, repair themselves, and communicate with one
another. Among nutritional strategies, polyphenols are naturally occurring bioactive compounds
abundant in fruits and vegetables, and they have attracted significant interest for their ability to
modulate pathways associated with aging. Their protective actions include scavenging reactive
oxygen species (ROS), attenuating inflammation, preserving mitochondrial activity, regulating
nutrient-sensing mechanisms, and influencing epigenetic regulation[6-8]. Large-scale
epidemiological studies consistently associate polyphenol-rich diets with a reduced risk of
cardiovascular disease, diabetes, neurodegenerative disorders, and other conditions linked to aging
[7-9]. Taken together, these findings identify polyphenols as important dietary factors with the
potential to counteract the hallmarks of aging.

The progression of aging is influenced by several fundamental mechanisms, such as
inflammatory activity, intracellular oxidative imbalance, loss of epigenetic fidelity, telomeric
shortening, cellular senescence, DNA damage, protein homeostasis disruption, mitochondrial
dysfunction, dysregulated nutrient sensing, defective intercellular signaling, and microbial dysbiosis,
which together contribute to its acceleration [3]. Aging is also closely linked to decreased
nicotinamide adenine dinucleotide (NAD") levels, impaired DNA repair, defective macroautophagy,
disruption of protein balance, impaired nutrient sensing, cell senescence, and stem cell exhaustion,
all of which influence aging, body weight, glucose levels, and immune response [10]. In aging cells,
mitochondria produce less energy, which increases cellular stress and raises the risk of cell
senescence. The senescence-associated secretory phenotype (SASP) consists of inflammatory
cytokines, lipid-based molecules, and other compounds that impair tissue function [11].

Several markers, consistently expressed across human cells and DNA, are linked to
physiological aging. These markers are associated with increased chronic inflammation, immune
system disruptions, and heightened oxidative stress, among other factors [12]. Strategies to
counteract these effects include lifestyle modifications, such as regular exercise and a balanced diet,
as well as emerging cellular rejuvenation therapies involving specific nutrients or functional foods
[13]. Some dietary supplements and functional foods now market specialized ingredients as tools to
reverse these markers [14]. Despite notable progress in medical science, maintaining a healthy diet
remains the initial step toward wellness and the most effective defense against chronic and infectious
diseases [15]. Multiple studies confirm that dietary supplements can be vital for maintaining health
and preventing disease, provided they are selected based on scientific principles and properly tested
[13].

Lifestyle and gene-targeted interventions, including calorie restriction, better sleep cycle,
enhanced physical activity, and regulation of longevity-related genes, represent promising avenues
for reducing age-associated decline. An in-depth exploration of the mechanisms underlying the
reversibility of age-related phenotypic changes, along with an emphasis on the importance of cell
viability and proliferation, mitochondrial function, cellular reactive species, senescence, and
angiogenesis in cellular health, is crucial.

Fruitflow®, an aqueous tomato extract, is best known for its primary health benefit in promoting
healthy blood flow by inhibiting platelet aggregation and maintaining blood pressure. However,
recent studies using cells and animal models have shown that this extract can influence various
cellular functions, including proliferation, mitochondrial activity, protection against oxidative
damage, and anti-inflammatory effects, positioning it as a potential anti-aging agent.

Fruitflow can be utilized as a functional food to decrease platelet hyperactivity, as observed in
conditions such as aging, diabetes, obesity, and other illnesses associated with smoking, pollution,
and a high-fat diet [16].Fruitflow® contains a complex mixture of nucleosides, polyphenols, and
phenolic conjugates that collectively exhibit antiplatelet, antihypertensive, antioxidant, and anti-
inflammatory properties [16]. A standard 65 mg dose of Fruitflow® provides approximately 6-10%
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(up to 9 mg) nucleoside derivatives, 13-15% (up to 10 mg) phenolic conjugates, and 8-10% (up to 7
mg) flavonoid derivatives, including at least 2.4 mg of quercetin derivatives [16-19]. The various
metabolic pathways of the Fruitflow® compounds lead to observable antiplatelet effects that occur
1.5 to 3 hours after ingestion and last (from a single dose) for approximately 18 hours [16]. The data
suggest that the effective range for Fruitfow® lies between 75mg and 300mg, depending on the
individual [17]. The antihypertensive effect of Fruitflow® has also been demonstrated in humans
[17,18]. Fruitflow® reduced the levels of TXB2, 6-keto-PGF1a, and PF4 levels and inhibited platelet
aggregation in ADP- and collagen-stimulated platelets [16,19]. This effect may occur through
suppression of Akt/GSK3(, Syk/PLCy2, and p38 MAPK phosphorylation in collagen-activated
platelets [18]. Preclinical and translational research have highlighted the role of Fruitflow® in
supporting cellular health by enhancing blood flow and reducing diseases associated with platelets,
particularly those resulting from platelet hyperactivity [19]. Fruitflow® has garnered significant
attention for its effects on immune function, mitochondrial health, and metabolic pathways [16,20,21].
Fruitflow® promotes these effects by modulating multiple mechanisms, including protection against
ROS, oxidative stress, and cell death, as well as stimulating angiogenesis and signaling pathways
[19,22,23].

Fruitflow® became the first ingredient to obtain an Article 13(5) health claim from the European
Commission. The Commission Decision of December 17, 2009 (C(2009)10113), approved the claim
that water-soluble tomato concentrate supports the reduction of platelet aggregation and afforded
proprietary data protection in accordance with Regulation (EC) No. 1924/2006 https://eur-
lex.europa.eu/eli/dec/2009/980/0j/eng.

Recent cellular and animal research also indicates protective effects against high-fat diet—

induced pathology, chemotherapy-related cardiotoxicity, and trimethylamine-N-oxide (TMAO)-
mediated metabolic disturbances [16-21]. These findings suggest that the combined bioactive
compounds in Fruitflow® may act through multiple mechanisms, including suppression of oxidative
stress, regulation of signaling pathways, and promotion of angiogenesis, to support cellular function
and resilience [24-27]. The unique combination of diverse compounds in Fruitflow® makes it a
distinctive and thoroughly researched functional dietary supplement that promotes cardiovascular
health and cellular protection. This review emphasizes the potential role of bioactive compounds in
Fruitflow® in supporting healthy aging and cellular health. This review examines the emerging
evidence on Fruitflow® and its bioactive compounds, highlighting their potential to modulate key
cellular processes and age-related pathways. It discusses how these effects may contribute to
maintaining cellular health and promoting healthy aging.

2. Fruitflow® and the Dietary—Molecular Interplay in Aging

A complex interplay of genetic and environmental factors influences cellular aging. These can
be broadly categorized into intrinsic factors, such as telomere shortening, DNA damage, and
epigenetic changes, and extrinsic factors, including platelet hyperactivity, oxidative stress, gut
microbiota, and lifestyle choices.

2.1. Dietary Bioactive Compounds of Fruitflow® and Telomere Attrition

Telomeres are short stretches of repetitive DNA—protein complexes that cap the ends of linear
eukaryotic chromosomes, where they play a critical role in preserving genomic stability, regulating
cell cycle dynamics, and supporting organismal longevity and reproductive capacity [24]. With
aging, telomere shortening, mitochondrial impairment, and DNA damage compromise cellular
metabolic homeostasis [25-27]. Given their limited reserves, telomere loss is closely linked to the
decline in adaptive capacity during aging [28]. These telomere characteristics make them a key focus
in the study of aging biology. Excessive telomere attrition triggers DNA damage responses, including
cell cycle arrest, apoptosis, differentiation issues, and senescence [29]. As aging continues, the
accumulation of ROS in hypoproliferative tissues, including the heart, brain, and liver, induces
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oxidative damage to telomeric sequences, thereby accelerating telomere attrition and ultimately
resulting in telomere uncapping [29].

Nutrients such as vitamins C, D, E, polyphenols, omega-3 fatty acids, and fiber can help protect
against telomere attrition [30]. Conversely, a diet high in processed or red meats and sugary drinks
may be associated with shorter telomeres [30]. Studies involving telomere length in leukocytes have
shown that omega-3 fatty acids are generally associated with longer telomeres [31]. However,
findings for mono- or n-6 polyunsaturated fatty acids are less consistent, with some studies reporting
no clear relationship[31,32] and others indicating a potential inverse association [33].

Diets rich in fruits, vegetables, legumes, tomatoes, and nuts are a significant source of
polyphenols, unsaturated fatty acids, and fiber, and are linked to improving cardiovascular health
and longer telomeres [34,35]. On the contrary, diets high in saturated fats, alcohol, and sugar are
associated with inflammation, oxidative stress, and shorter telomeres. Polyphenols, through their
antioxidant and anti-inflammatory effects, may slow telomere attrition, enhance telomerase activity,
and support healthy aging [36]. Many studies suggest that polyphenols can influence telomere length
and prevent its shortening, indicating that polyphenols may play a role in determining the state of
telomere length.

Myricetin, a flavonoid, has been shown to interact with telomeres and telomerase, potentially
affecting the growth of cancer cells and the aging process. Studies suggest that myricetin can inhibit
telomerase activity in cancer cells by binding to telomeric G-quadruplex structures, thereby
influencing cell proliferation. However, the effect of myricetin on overall telomere length in normal
cells and its role in healthy aging still needs further research [31].

Dietary administration of polyphenols and curcumin in mice induced the presence of longer
telomeres [34]. Similarly, Fruitflow® intake was associated with modifications in microbial (-
diversity, while a-diversity remained unchanged. Significant differences in Jaccard evidenced this
distance-based Principal Component Analysis between groups. Fruitflow® treatment was linked to
reduced abundance of Bacteroides, Ruminococcus, and Hungatella, and an increased presence of
Alistipes-associated OTUs [37]. Therefore, polyphenols present in Fruitflow® may help preserve the
telomere length; however, no direct data are available.

Polyphenols exert several beneficial effects, including delaying telomere attrition, through
mechanisms associated with the gut microbiota. Upon reaching the colon, many polyphenols are
fermented by resident microbes, yielding smaller bioactive metabolites that contribute to their
physiological activity [35]. For example, cocoa-derived polyphenols largely reach the colon, where
they are metabolized by gut microbiota into smaller bioactive derivatives. In conjunction with their
metabolites, these compounds contribute to the modulation of gut microbial communities. Evidence
from preclinical and clinical studies suggests that cocoa has prebiotic effects, favoring the
proliferation of beneficial bacteria, including Lactobacillus and Bifidobacterium, while suppressing the
abundance of potentially harmful species, notably certain members of the Clostridium genus [35].

Further prospective studies and randomized controlled trials are needed to establish a causal
link between food or dietary patterns and telomere attrition. A survey of 1,743 individuals from the
WHICAP study found a significant association between the Mediterranean diet and telomere length
in a non-Hispanic white population. However, no such association was observed in the overall
population studied [36]. This positive link between adherence to the Mediterranean diet at baseline
and telomere length was also observed in a group of women at high cardiovascular risk in the
Prevention with Mediterranean Diet and the NHANES studies [38,39]. However, current evidence
on dietary intake and telomere length remains limited, and inconsistencies persist. Further research
is needed better to understand the relationship between diet and telomere length.

2.2. Modulatory Effects of Fruitflow® on Oxidative DNA Damage and Repair Pathways

DNA damage results in epigenetic modifications, genomic instability, mitochondrial
dysfunction, and telomere shortening [40]. The progressive accumulation of DNA-damaged cells
promotes apoptosis and senescence, which in turn drive chronic inflammation, functional
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deterioration, tissue atrophy, and the onset of disease [41]. Maintaining DNA integrity involves
continuously repairing the complex DNA repair and DNA damage response (DDR) systems that
oppose the gradual loss and destruction of genetic information. Telomere shortening is another key
factor contributing to DNA damage, which in turn accelerates aging [42]. DNA damage represents a
key driver of age-associated epigenetic alterations. The epigenome, encompassing processes such as
DNA methylation and histone modifications, exhibits progressive instability across the lifespan of
somatic cells [43]. Damage to DNA causes lasting chromatin changes that promote the accumulation
of aging-related DNA fragments in senescent cells [44]. Persistent DNA damage can leave epigenetic
marks, alter transcription, and contribute to cellular heterogeneity and functional decline. Although
mammalian cells experience ~105 DNA damage events daily, most are repaired; however, some DNA
escapes detection or is mis-repaired, linking DNA damage closely to aging [45—47]. Aging is
characterized by a gradual decline in DNA repair proficiency, contributing to genomic instability as
a central hallmark. This is reflected by the accumulation of DNA damage markers, which are
prevalent in age-associated diseases, particularly cardiovascular disease, Alzheimer’s disease, and
cancer. Acquired defects in DNA repair proteins can cause premature aging across organs [48,49].

Additionally, mitochondrial defects are another underlying factor that contributes to multi-
organ damage. Low concentrations of polyphenols are often found to be protective against DNA
damage, likely due to their antioxidant properties. They can neutralize harmful ROS that can damage
DNA. However, high concentrations of polyphenols can have the opposite effect.

The polyphenols, primarily phenolic acids such as caffeic, ferulic, and chlorogenic acids, along
with flavonoids like quercetin derivatives, protect against DNA damage through multiple
complementary mechanisms [50]. Previous studies highlight the crucial role of dietary polyphenols
in protecting DNA from oxidative damage. These bioactive compounds possess hydroxyl-rich
structures that enable them to effectively neutralize reactive oxygen species and prevent oxidative
modifications of DNA [51]. Experimental studies have demonstrated that polyphenols can
significantly reduce DNA fragmentation and other forms of damage induced by oxidative stress.
They directly scavenge reactive oxygen and nitrogen species, preventing oxidative base lesions and
strand breaks, and chelate transition metals like iron and copper to inhibit Fenton reaction—driven
hydroxyl radical formation near DNA [52]. Under cellular conditions, the Fenton reaction and
inflammatory processes can generate carbonate radical anion, a strong oxidant that produces base
radical cations in DNA. These radicals migrate to redox-sensitive sequences such as GGG, leading to
the formation of 8-oxo-7,8-dihydroguanine. This enables G-quadruplex regions to function as long-
range sensors of oxidative stress, influencing the DNA repair mechanism and the removal of oxidized
bases [53]. The bioactive compounds present in Fruitflow® activate the Nrf2 pathway, boosting
endogenous antioxidant enzymes such as superoxide dismutase, catalase, and glutathione
peroxidase, while simultaneously suppressing NF-kB-mediated inflammation to reduce ROS and
RNS generated during chronic inflammatory responses [54,55]. In addition, quercetin and related
polyphenols may enhance DNA repair pathways, including base and nucleotide excision repair, and
protect against lipid peroxidation—derived genotoxins such as 4-HNE and MDA. Oxidative stress, a
key driver of aging, damages macromolecules, in part, through lipid peroxidation, producing
reactive aldehydes such as 4-hydroxynonenal (HNE) and malondialdehyde (MDA). These aldehydes
form long-lived adducts with critical proteins, impairing their function and accelerating molecular
turnover. In aging-related disorders such as osteopenia, sarcopenia, immune senescence, and
myelodysplastic syndromes, they play significant pathogenic roles [50,56,57]. Redox proteomic
studies targeting aldehyde-protein modifications may aid in the development of therapies to reduce
morbidity and mortality in these conditions. Through their combined antioxidant, anti-inflammatory,
and DNA repair-supportive activity, Fruitflow® polyphenols help maintain genomic integrity and
reduce mutation risk under oxidative stress conditions [Patent ID: CN120130651A].

2.3. Countering Diet- and Age-Related Mitochondrial Stress with Fruitflow®
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A healthy mitochondrial network produces ATP through the TCA cycle and oxidative
phosphorylation, supporting the cell’s essential energy conversion and information exchange vital
for life. Conversely, disruptions in mitochondrial activity, including protein-folding stress within
mitochondria, reduced energy availability, and excessive ROS generation, activate nuclear gene
reprogramming as a compensatory metabolic response [57]. The decline in mitochondrial function is
a central feature of aging and contributes significantly to metabolic disorders. Small molecules,
including AMP, NAD~, oxygen, ROS, and TCA cycle intermediates, produced through mitochondrial
activity, serve as signaling mediators that influence mitochondrial performance, nuclear function,
and inter-organelle communication [58]. ATP serves as a sensitive marker of mitochondrial health. A
sustained decline in intracellular ATP elevates AMP levels, thereby activating the AMPK signaling
pathway [59]. Once activated, AMPK phosphorylates and regulates key metabolic enzymes,
influencing lipid and glucose metabolism, mitochondrial dynamics, autophagy, and protein
synthesis, thereby contributing to the restoration of cellular energy homeostasis. Disruption of this
mechanism can lead to various mitochondrial diseases. Aging results from many biological
processes, with factors such as mitochondrial dysfunction, DNA damage, telomere attrition, NAD*
loss, autophagy problems, and stem cell exhaustion contributing to it.

Furthermore, toxic byproducts, such as ROS, generated within mitochondria can interact with
mitochondrial permeability pores when calcium (Ca?) levels are high, leading to oxidative damage
and cellular swelling. This process promotes inflammation and impairs mitochondrial function [60].
Optimal mitochondrial function represents a cornerstone of longevity, with the stability of mtDNA
and nuclear DNA serving as critical determinants of cellular energy homeostasis and tissue
maintenance during aging [21,61]. Unlike nuclear DNA, mitochondrial DNA (mtDNA) can replicate
continuously, independent of the cell cycle. Due to the low repair efficiency of mtDNA, mutated
copies tend to accumulate over time. As organisms age, mutations in nuclear DNA and mtDNA can
surpass a threshold, causing harmful effects such as disrupted glycolipid metabolism, cognitive
decline, and a shortened lifespan [62]. mtDNA methylation is a key epigenetic modification
influenced by environmental and metabolic factors. Hypomethylation of the D-loop region is
associated with increased risk of neurodegenerative diseases such as amyotrophic lateral sclerosis
and Parkinson’s disease. Mitochondrial dysfunction results from transcriptional and epigenetic
changes triggered by stress responses, including mtDNA mutations, defective clearance, lysosomal
impairment, ER stress, and cytoplasmic alterations. Due to their sensitivity to the microenvironment,
mitochondria act as central drivers of aging and metabolic disorders. However, further studies are
needed to clarify the mechanistic links, which may lead to new targets for anti-aging therapies.
Similarly, NAD* is an essential cofactor that participates in numerous metabolic reactions and plays
a pivotal role in sensing and transmitting the mitochondrial metabolic state to other organelles.
Under normoxic conditions, cellular homeostasis is maintained through the stabilization of prolyl
hydroxylase domain enzymes (PHDs), which regulate hypoxia-inducible factors (HIF-1 and HIF-2).
This process safeguards mitochondrial integrity and minimizes damage associated with fluctuations
in oxygen levels. Alterations in NAD* metabolism disrupt cellular redox balance and energy
homeostasis, thereby impairing processes such as DNA repair, organelle function, immune cell
survival, and overall cellular integrity. Abnormal NAD* dynamics are strongly implicated in aging,
with evidence from both rodent and human studies showing a direct association between NAD*
levels, health status, and longevity.

As we age, NAD+ levels decline, which disrupts energy metabolism and increases disease risk.
During aging, degradation of NAD+ exceeds its synthesis, and excess nicotinamide (NAM), the
amide form of vitamin B3 and an essential precursor in the NAD+ salvage pathway, is diverted into
alternative routes. By midlife, NAD+ levels fall to nearly half of those in youth, accelerating functional
decline and the development of age-related disorders [63]. The precise mechanisms remain unclear.
Recent research suggests that aging triggers inflammation and oxidative stress, which impair the rate-
limiting enzyme for NAD* production and impact the activity of downstream NAD*-dependent
enzymes, such as Sirtuins, PARPs, and CD38 [64]. Senescent cells exhibit altered mitochondrial
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morphology, reduced membrane potential, increased proton leak, and elevated ROS levels, which
impair fatty acid oxidation and overall metabolism. Mitochondrial dysfunction arises from factors
such as low ATP, NAD+, and oxygen levels, accumulated ROS, and disrupted TCA cycle signaling,
leading to stress responses, mtDNA mutations, and secondary effects on lysosomes, the ER, and
cytoplasmic homeostasis. As key regulators of redox balance and energy metabolism, mitochondria
and NAD+ play a central role in the aging process. A decline in NAD+ levels, a hallmark of aging,
compromises DNA repair, organelle function, immune activity, and metabolic stability, thus
promoting age-related diseases. Although NAD+ is usually synthesized, recycled, and degraded to
maintain balance, this regulation becomes impaired with age [65,66]. NAD+ cofactors such as
quercetin and apigenin, found in Fruitflow® [15], may help restore cellular function during aging.

A mitochondrial function diet emphasizes whole foods rich in antioxidants, B vitamins, and
healthy fats while limiting processed foods and refined sugars [67]. High-fat diets impair
mitochondrial function, whereas calorie restriction, fasting, ketogenic diets, and the Mediterranean
diet generally enhance mitochondrial biogenesis, mitophagy, and renewal. By sustaining
mitochondrial health, these dietary patterns help slow cellular aging and support stem cell function,
thereby promoting tissue repair and healthy aging.

In contrast, the Mediterranean diet has the opposite effect on mitochondrial dynamics and
autophagic processes. A high-fat diet (HFD) promotes chronic, low-grade systemic inflammation,
thereby accelerating the progression of atherosclerosis and compromising cardiovascular function
[68]. Experimental evidence in rat models demonstrates that HFD consumption elevates key
inflammatory markers, including leptin, tumor necrosis factor-a (TNF-a), intercellular adhesion
molecule-1 (ICAM-1/1/CD54), and von Willebrand factor (vWF) [69], indicating increased
inflammation, endothelial dysfunction, and cardiovascular risk. Treatment with Fruitflow®
effectively lowers these markers in HFD-fed rats[69]. These findings suggest that Fruitflow® may
confer protective effects against HFD-induced inflammation, endothelial dysfunction, and pro-
thrombotic events, effects that are likely attributable to its anti-inflammatory and antiplatelet
properties. The evidence suggests that Fruitflow® effectively attenuates HFD-induced dyslipidemia,
inflammation, and oxidative stress, reflected by marked reductions in cholesterol, triglycerides,
inflammatory mediators, ROS, and lipid peroxidation, together with enhanced catalase activity.

Moreover, Fruitflow® modulates the expression of critical genes associated with cardiac
structure and function, thereby mitigating HFD-induced alterations and promoting cellular repair
and recovery. Additionally, Fruitflow® further reduced fibrosis, fat cell infiltration, collagen buildup,
and a-smooth muscle actin levels. Fruitflow® protects against cardiotoxicity and HFD-induced
cardiac dysfunction through multiple mechanisms [69]. These findings suggest that Fruitflow® can
safeguard cells from stress caused by diet and drugs.

2.4. Role of Rutin, Quercetin, and CGA in Modulating Senescence and SASP-Related Aging

Cell senescence involves the irreversible arrest of the cell cycle, development of secretory
features, damage to macromolecules, and changes in metabolism, which influence each other in the
process of aging. It may act as a warning mechanism against harmful stimuli or uncontrolled
proliferation, leading to outcomes such as cell cycle arrest, quiescence, or terminal differentiation.
Senescent cells are characterized by the accumulation of the CDK2 inhibitor p21WAF/ClP1 (CDKN1A)
and the CDK4/6 inhibitor pl16™k4 (CDKN2A) [70]. Senescent cells release a wide range of factors,
including proinflammatory cytokines, chemokines, growth modulators, angiogenic molecules, and
matrix metalloproteinases, collectively known as the senescence-associated secretory phenotype
(SASP). The onset of cellular senescence can be triggered by multiple stresses, including genomic
damage, telomere attrition, epigenetic alterations, protein and lipid modifications, mitochondrial and
lysosomal dysfunction, excessive ROS, and chronic inflammation [71]. Cells undergoing senescence
typically display significant damage, ranging from DNA and telomere disruption to mitochondrial
dysfunction and oxidative stress caused by ROS accumulation.
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Treatments that modulate cellular senescence are essential for aging interventions. While
eliminating senescent cells has been shown to lower the incidence of age-related diseases, it does not
necessarily slow the overall aging process. Clearing senescent cells also creates space for new cells,
depending on the proliferation of stem cells or other resident cells. Cellular senescence helps maintain
tissue function, but it also risks the accumulation of damage. Therefore, in the short term, intermittent
removal of senescent cells may be the most effective approach to balance these factors. Reduced
NAD* during senescence is linked to inflammation, genomic instability, and neurodegeneration,
ultimately exacerbating senescence, apoptosis, cancer risk, mitochondrial dysfunction, oxidative
stress, and impaired proteostasis. Throughout their lifespan, stem cells detect signals from damaged
and aging cells, migrate to repair and regeneration sites, and differentiate into the necessary cell types
to support bodily functions. With advancing age, the proportion of stem cells relative to the total
number of cells progressively declines. Numerous studies have demonstrated that aging introduces
a range of cellular and tissue alterations, including enhanced DNA damage, replication stress, loss of
polarity, mitochondrial defects, impaired autophagy, and epigenetic alterations, all of which drive
stem cell aging and depletion. With aging, alterations in the stem cell niche can lead to the
accumulation of stem cells, and the disparities observed between “young” and “old” stem cells may
be driven more by mechanical changes in their microenvironment than by intrinsic cellular aging
[72-76].

A cell senescence diet is a strategy designed to reduce cellular aging, which is linked to aging
and age-related diseases. This involves consuming foods rich in antioxidants and senolytic
compounds, while considering the impact of macronutrients and overall dietary patterns on cellular
aging. Clearing senescent cells through a transgenic method helps delay the onset of several age-
related diseases and extends the lifespan of progeroid and naturally aged mice [77]. Small molecules
called senolytics can selectively remove senescent cells or their SASP, which are suppressed by
senomorphics drugs [78]. Several senolytics have been shown to reduce senescence-related traits in
preclinical models [79]. Some polyphenols have shown potential in influencing cellular senescence,
a process involved in aging and related diseases [80]. Polyphenols exert diverse therapeutic effects
through various mechanisms, including the stimulation of SIRT1, suppression of NF-kB activity, and
modulation of autophagy. They are capable of maintaining the viability of healthy cells while
promoting the clearance of senescent ones through apoptosis.

Experimental studies suggest that polyphenols can mitigate SASP-associated inflammation,
enhance tissue function, and reduce the accumulation of senescent cells. Some members of this group
also act as senolytics, selectively eliminating dysfunctional cells and thereby supporting tissue
regeneration and healthy aging. Resveratrol, in particular, is recognized for enhancing SIRT1 activity,
an NAD*-dependent deacetylase involved in numerous aging-related signaling and transcriptional
pathways. Since SIRT1 levels decline with advancing age, strategies that increase its activity have
been associated with delayed cellular senescence and extended lifespan in various model organisms
[81]. Quercetin, kaempferol, apigenin, naringenin, epigallocatechin gallate, procyanidin CI,
curcumin, rutin, oleuropein aglycone, hydroxytyrosol, fisetin, and luteolin all have senolytic activity
and can influence multiple pathways related to cellular aging. These molecules contribute to limiting
the accumulation of senescent cells and lowering SASP secretion, which may enhance tissue function
and alleviate age-related inflammation. Nonetheless, despite encouraging preclinical findings
suggesting that polyphenols could counteract cellular senescence, considerable challenges must be
addressed before they can be translated into clinical applications.

The combination of bioactive compounds and a specific food matrix can also alter the
bioavailability of these compounds [81]. In the context of senescence, several studies have highlighted
the limitations of relying solely on individual phytochemicals. On the other hand, plant extracts have
been investigated and often display stronger efficacy. For instance, recent work with Voghera pepper
extract showed protective activity against senescence in aged normal human diploid fibroblasts [82].
Future research should prioritize the identification of synergistic phytochemical combinations that
can serve as novel nutritional strategies for the safe and effective management of aging and age-
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related diseases, while also promoting healthier dietary practices. Further investigations are also
needed to establish clinical evidence and assess the long-term outcomes of these compounds,
supporting their potential advancement as therapeutic options in geriatric care.

Bioactive compounds with senolytic or senomorphic properties can influence multiple signaling
cascades involved in cellular senescence, thereby reducing the accumulation of senescent cells and
attenuating SASP secretion, which preserves tissue homeostasis and limits systemic inflammation
during aging [83]. Rutin, a major polyphenolic flavonoid in Fruitflow®, has been identified as a novel
senomorphic agent targeting the early stages of SASP development. In bleomycin-induced senescent
PSC27 cells, rutin inhibited ATM kinase activation and its downstream mediators —HIF1a, a master
regulator of homeostasis during senescence, and TRAF6, a key SASP driver —thereby suppressing
the acute stress-associated phenotype (ASAP) and preventing SASP progression [84]. In diabetic
mouse models, rutin improved glucose and lipid metabolism, reduced atherosclerotic plaque burden,
limited senescent cell accumulation, and restored vascular smooth muscle cell (VSMC) content in
aortic root lesions. In vitro studies have demonstrated that rutin protects VSMCs from H2O2-induced
premature senescence by attenuating oxidative stress and preserving telomeres [84]. Other such
compounds present in Fruitflow® include chlorogenic acid (CGA) and quercetin, which are known
to exert anti-aging effects by modulating oxidative stress and senescence-associated pathways. CGA
exhibited vascular anti-aging effects by upregulating Sirtl and eNOS, key regulators of vascular
senescence. Despite eNOS being downstream of Akt activation, CGA inhibited H202-induced Akt
phosphorylation, potentially preventing excessive ROS generation and HO-1 overexpression. By
modulating AKT1 phosphorylation, CGA may restore intracellular redox balance and delay
senescence onset [85]. Quercetin similarly exerts senomorphic effects. In H20z-induced senescent pre-
adipocytes and adipocytes, quercetin reduced SA--gal positivity, ROS levels, and pro-inflammatory
cytokine expression, accompanied by decreased miR-155-5p levels, p65 downregulation, and a trend
toward increased SIRT1 expression [86]. In atherosclerotic models, it also inhibited macrophage
senescence and inflammation by suppressing the p38 MAPK/p16 pathway [87]. Collectively, these
findings suggest that the bioactive compounds present in Fruitflow® may also synergistically target
oxidative stress, redox imbalance, and pro-inflammatory signaling, thereby modulating senescence
pathways and mitigating vascular and metabolic aging.

2.5. Cell Proliferation, Ageing and Fruitflow®

Aging and cell proliferation are closely connected processes that reflect the balance between
cellular renewal and decline. Strong proliferation, supported by active stem cells and effective DNA
repair systems, maintains tissue integrity in young individuals. However, telomere shortening,
accumulated DNA damage, and increased oxidative stress caused by aging disrupt this balance,
leading to cellular senescence and a reduction in proliferative capacity [88]. Senescent cells also
impair tissue regeneration and promote aging-related disorders by releasing matrix-degrading
enzymes and inflammatory cytokines [89]. Changes in the tissue microenvironment, such as
increased rigidity of the extracellular matrix, cause endothelial and stem cell senescence, further
limiting their ability to proliferate [90].

Additionally, mitochondrial dysfunction impairs pro-senescent signaling and bioenergetics in
aging cells [91]. Understanding the molecular mechanisms that control proliferation in aging cells,
such as the CXCR4/CXCL12 signaling pathway and the p53/A133p53a axis, may help identify new
therapeutic targets to improve tissue repair and delay age-related decline [92-94]. Adenosine is a
nucleoside that is a key component of Fruitflow®. It plays a vital role in regulating vascular function
and cellular energy metabolism [95,96]. Adenosine encourages endothelial proliferation and
angiogenesis by activating its A2A and A2B receptors, both of which are essential for tissue
regeneration and repair. This has been demonstrated in vitro, where adenosine stimulated the
migration of endothelial cells and the formation of capillary tubes, indicating proliferative support in
vascular cells [97].
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The flavonoid glycoside rutin, which includes quercetin and the disaccharide rutinose, has
effects on cell proliferation that depend on the context. In normal cells, it has been shown to promote
growth primarily due to its antioxidant and protective properties. Ugusman et al. (2014)
demonstrated that rutin significantly increased the expression of endothelial nitric oxide synthase
(eNOS) and nitric oxide (NO), a key signaling molecule involved in maintaining vascular health and
repairing the endothelium, in human umbilical vein endothelial cells (HUVECs)[98]. Although the
study did not directly measure proliferation markers, it is known that higher NO levels and increased
eNOS activity indirectly promote endothelial growth and new blood vessel formation, especially
during tissue repair. In wound healing models, Almeleebia et al. (2025) showed that rutin-loaded
nanocrystals significantly boosted fibroblast migration, growth, and collagen production [99]. Rutin
has been shown to promote tissue remodeling and skin regeneration, key indicators of cellular
growth in skin systems, as demonstrated in studies with fibroblast cultures and animal models. In
contrast, it displays anti-proliferative effects in cancer, inducing cell cycle arrest, often at the G2/M
phase, and triggering apoptosis through the regulation of p53, Bax, and caspase pathways [100,101].
Rutin selectively influences growth based on cell type and physiological condition, demonstrating
dual roles: promoting growth during healing and regeneration, and inhibiting growth in cancer cells.

Fruitflow® contains high levels of CGA, a phenolic compound with potent antioxidant
properties. It helps prevent oxidative DNA damage, a significant obstacle to cell growth, by
neutralizing ROS. However, like rutin, CGA can both inhibit and stimulate cell proliferation
depending on the cellular environment. A recent study demonstrated that CGA enhanced the growth
of human embryonic stem cells (hESCs) by increasing fatty acid [3-oxidation and lipid production—
two key metabolic processes crucial for rapidly dividing cells [102]. Conversely, another study found
that CGA could suppress cell migration, invasion, and proliferation by inducing ferroptosis through
the PTGS2/AKR1C3/GPX4 pathway in hepatocellular carcinoma [103]. Similar to rutin, CGA has two
distinct effects on cell proliferation: it promotes growth in antioxidant and regenerative settings but
inhibits growth in tumor models. These effects are mediated through apoptosis, regulation of
oxidative stress, and cell cycle arrest.

Using H9¢2 cardiomyoblasts treated with the chemotherapy drug doxorubicin, Fruitflow®
dramatically improved cell survival, decreased oxidative stress indicators, and restored
mitochondrial membrane potential in extensive in vitro research [69]. These results suggest that its
constituents collaborate to prevent cell death and revive the systems involved in proliferation. In
summary, Fruitflow®s constituents influence cell proliferation through several overlapping
pathways, including growth factor signaling, mitochondrial support, and antioxidant defense. This
makes it a promising therapeutic option for applications requiring tissue regeneration and protection
from oxidative cellular damage, in addition to being an effective cardiovascular nutraceutical.

2.6. Fruitflow® Constituents in Regulating Cell Proliferation and Tissue Regeneration

Inflammation is a key factor in both the onset and progression of aging. It triggers the
recruitment of immune cells from the circulation, which then move across the endothelial barrier,
causing vascular injury, arterial narrowing, and stiffening [90]. Low-grade inflammation is associated
with various diseases, including diabetes and atherosclerosis. Activating inflammatory pathways in
macrophages is crucial for both initiating and exacerbating endothelial dysfunction, ultimately
contributing to the development of atherosclerosis. This condition may worsen in patients with
hypertension, cardiovascular disease, and obesity, all of which are linked to baseline platelet
hyperreactivity. Eating tomatoes and tomato products has been linked to a lower risk of chronic
inflammatory diseases, including atherosclerosis, and is associated with a healthy Mediterranean diet
[90,91].

Increased oxidative stress and platelet apoptosis are significant risk factors for atherosclerotic
cardiovascular disease. Fruitflow® has been shown to increase serum total antioxidant capacity levels
and decrease serum malondialdehyde levels after four weeks of supplementation in healthy middle-
aged and elderly adults. The production of endogenous ROS in platelets, mitochondrial membrane
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potential loss, and phosphatidylserine exposure was decreased. Fruitflow® can inhibit oxidative
stress and related platelet apoptosis, potentially supporting its primary prevention effects against
aging [69].

Nuclear factor-kB (NF-«B) is a major pro-inflammatory transcription factor, and its activation is
closely linked to the progression of vascular inflammatory conditions. Research on gene expression
demonstrated that Fruitflow® can suppress NF-«kB levels, suggesting it helps regulate inflammatory
mediators via the NF-«B signaling pathway. Similar findings were reported by Navarrete et al., who
showed that an aqueous tomato extract reduced pro-inflammatory cytokines (ITNF-a, IL-1P) and
inhibited NF-«xB activation in LPS-stimulated THP-1 macrophages [104]. Moreover, ICAM-1 and
VCAM-1, which are early markers of endothelial dysfunction and atherosclerosis, were significantly
downregulated in both production and gene expression in activated HUVECs after Fruitflow®
treatment, as reported by Schwager et al. (2016) [15,105]. These outcomes suggest that Fruitflow® may
offer protective effects against disorders associated with endothelial dysfunction. Adenosine in
Fruitflow® is suggested to play a role in regulating immune activity and inflammation, potentially
protecting against certain inflammatory conditions. In LPS-stimulated macrophages, Fruitflow® was
shown to modulate cytokine and interleukin levels by reducing the release of pro-inflammatory
mediators such as TNF-a, IL-1f3, and IL-12, while enhancing the production of the anti-inflammatory
cytokine IL-10. This shift contributes to reducing inflammatory factors commonly associated with
chronic inflammation. Another key compound, chlorogenic acid, is a polyphenol with anti-
inflammatory properties that suppresses LPS-induced NF-«B activation and the downstream
inflammatory response. Through such mechanisms, Fruitflow® may impact signaling pathways
associated with vascular health, the formation of atherosclerotic lesions, and cardiovascular disease
(CVD) risk. However, the degree to which these effects occur in humans after Fruitflow®
consumption remains to be fully established. A wealth of evidence has long demonstrated the
influence of platelets on physiological systems beyond hemostasis [20]. Platelets serve as key
mediators in both initiating and regulating inflammation. Recent studies have examined the effects
of Fruitflow® on the inflammatory response of macrophages and endothelial dysfunction in HUVECs
[105]. This suggests that Fruitflow® may affect specific pathologies often linked to endothelial
dysfunction. Platelets release numerous inflammatory mediators that are not involved in hemostasis.
These mediators influence how leukocytes and endothelial cells respond to various inflammatory
stimuli [106]. Platelet-leukocyte aggregates are now recognized as essential components in
atherosclerosis. Platelet P-selectin primarily facilitates the connections between leukocytes and the
endothelium [106]. Platelets play a key role in regulating inflammation through their interactions
with monocytes, neutrophils, lymphocytes, and endothelial cells. Following injury or disease, their
ability to rapidly respond and recruit leukocytes plays a vital role in initiating inflammatory
processes. While this reactivity is advantageous for host defense, excessive or prolonged platelet
activity can contribute to heightened inflammation, promoting tissue damage and disease
progression in disorders such as atherosclerosis, diabetes, and inflammatory bowel disease [107].
Antiplatelet therapy is often used to reduce platelet hyperactivation and manage inflammation.

2.7. Cell Cycle, Oxidative Stress, and Fruitflow®

Fruitflow® was found to influence the cell cycle, boost mitochondrial activity, and lower
oxidative stress. It also led to notable improvements in lipid metabolism and enzyme function,
thereby reducing both inflammation and oxidative damage in rats maintained on a high-fat diet [69].
Fruitflow® has been reported to affect the expression of genes linked to cardiac remodeling,
mitochondrial biogenesis, vascular health, and inflammatory pathways. In animals fed a high-fat
diet, this treatment helped improve lipid balance and mitigate inflammation and oxidative stress, as
evidenced by decreases in cholesterol, triglycerides, ROS, LPO, and inflammatory mediators,
accompanied by an increase in catalase activity [69].

2.8. Age-Related Platelet Hyperactivity and Fruitflow®
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Platelet hyperactivity, commonly associated with conditions such as diabetes, cardiovascular
disease, or exposure to high levels of pollution, plays a significant role in increasing health risks. Its
significance is highlighted by the elevated likelihood of thrombosis observed in these situations [20].
Increased platelet activity is often observed in obesity, diabetes, high blood pressure, smoking,
pollution exposure, and a sedentary lifestyle. Reactive oxygen species (ROS) enhance this process by
serving as secondary messengers or by forming oxidized proteins that are essential for platelet
aggregation. [108,109]. This could help clarify why older individuals are more susceptible to
thrombosis. With aging, platelet activity rises, contributing to a higher risk of vascular and
thrombotic disorders. Platelets in elderly individuals differ from those in younger people in terms of
count, function, and structure, and these age-related variations are strongly linked to the
prothrombotic condition commonly observed in aging. Platelets, upon activation, can recruit
leukocytes and progenitor cells to vascular sites [68]. Platelets secrete a range of proinflammatory,
anti-inflammatory, and angiogenic molecules, along with releasing microparticles into the
bloodstream, which contribute to pathological processes. These secreted factors also help maintain
platelet activation, further influencing disease progression. With aging, platelet hyperactivity —
marked by heightened aggregation and reactivity —becomes more prevalent. Current research
continues to investigate the molecular pathways underlying this age-related increase in platelet
activity. Researchers are investigating therapeutic strategies to regulate platelet activity and reduce
the likelihood of thrombosis and cardiovascular complications in the elderly. Evidence suggests that
platelets in older adults show functional and structural differences, making them more easily
activated and less responsive to inhibitory signals. Such age-related alterations may drive platelet
hyperactivity and contribute to a prothrombotic condition later in life. While the exact mechanisms
are still unclear, various stimuli appear to trigger heightened platelet responsiveness through early
activation pathways. Moreover, the wide range of platelet functions allows them to interact
intricately with other vascular cells, extending their role beyond hemostasis [20]. As research
advances, it is increasingly recognized that platelet-targeted therapies may be useful in managing
inflammatory and infectious diseases beyond their traditional roles. While the exact contribution of
platelet hyperactivity to these conditions is not fully understood, preventive antiplatelet approaches
hold promise. Early control of platelet activation may play a crucial role in slowing disease
progression. Nonetheless, in people without cardiovascular disease, routine use of antiplatelet drugs
is not advised because of potential complications, including internal bleeding, resistance, and other
side effects.

A major challenge in treating these conditions is identifying agents that can selectively block the
pathways linked to platelet activity without completely impairing their essential clotting function.
Since common antiplatelet drugs such as aspirin are not advised for primary prevention, there is a
need for safer alternatives with minimal side effects. Over the last two decades, numerous studies
have demonstrated that water-soluble compounds derived from tomatoes are capable of reducing
platelet aggregation in both experimental and in vivo settings [15]. This water-soluble tomato extract
(trade name Fruitflow®) was the first food ingredient to receive an EC-approved health claim, after
evaluation by EFSA in 2009 (EFSA Journal 2009, 1101, 1-15; EFSA Journal 2010; 8(7), 1689). The
approved claim was ‘Helps to maintain normal platelet aggregation, which contributes to healthy
blood flow’. Fruitflow® is now a well-established, naturally derived functional food ingredient,
marketed worldwide. Several human studies have indicated that, generally, consuming Fruitflow®
can reduce platelet activity by up to 25% compared to baseline levels [15].

3. Modulatory Role of Fruitflow® in Stem Cell Aging

The aging of adult stem cells significantly contributes to the decline in tissue regeneration,
repair, and overall homeostasis. This stem cell aging results from a complex interaction of cellular
and molecular hallmarks, including genomic instability, telomere shortening, and epigenetic changes
that weaken genomic integrity and gene regulation. Additionally, the accumulation of damaged or
misfolded proteins (loss of proteostasis), impaired autophagy, and mitochondrial dysfunction all
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contribute to the deterioration of cellular stability. Dysregulated nutrient-sensing pathways,
increased oxidative stress, and chronic low-grade inflammation also promote cellular senescence and
disrupt intercellular communication. Collectively, the hallmarks of stem cell aging ultimately lead to
stem cell exhaustion and microbiome imbalance, further accelerating the aging process [110].
Currently, slowing cellular aging involves activating sirtuins, reactivating telomeres, reducing
inflammation, or using bioactive compounds, along with other therapeutic strategies [111]. Research
is increasingly focused on identifying natural compounds that can counteract these processes, which
is a growing area in regenerative medicine and healthy aging. Emerging evidence suggests that
various dietary polyphenols and bioactive compounds can enhance cellular proliferation, inhibit
tumor development, mitigate inflammatory responses, and modulate multiple cellular signaling
pathways. Considering such options, compounds rich in polyphenols and bioactive molecules may
have a potential role in anti-aging therapy. Polyphenols may have a positive impact by regulating
the redox state, modulating cell signaling, and protecting cellular and biological molecules, such as
lipids, proteins, and nucleic acids [110]. Studies have shown that diets high in polyphenols may offer
potent anti-aging benefits and mitigate the effects of various health disorders.

Fruitflow® is primarily recognized for its cardiovascular protective and antiplatelet effects.
Although its direct impact on stem cell aging has not been explored, its bioactive compounds have
been analyzed separately for their antioxidant, anti-inflammatory, metabolic, and epigenetic
modulating activity, which are consistent with the cellular features of aging [110].

Genomic instability resulting from cumulative DNA damage and defective repair processes is a
key driving force in stem cell senescence. Quercetin and rutin are highly effective antioxidants that
modulate ROS levels, thus mitigating oxidative DNA damage. These polyphenols have been
demonstrated to maintain genome integrity by inhibiting ROS-induced strand breaks and
stimulating DNA repair enzyme activity [111,112]. Progressive telomere shortening restricts stem
cells” proliferative capacity, contributing to cellular aging. Although there is currently no direct
evidence linking tomato-derived polyphenols to telomerase activation, compounds such as quercetin
have been shown to help preserve telomere integrity indirectly by mitigating oxidative stress, which
is one of the main drivers of telomeric DNA damage. Due to their extensive biological activities,
polyphenols remain promising candidates in pharmaceutical and medical research for promoting
health, preventing, or managing a wide range of age-related disorders [113]. Epigenetic
modifications, including DNA methylation, histone alterations, and non-coding RNA, are not only
central features of aging-related diseases but also fundamental molecular mechanisms that drive the
aging process itself. Bioactive compounds, such as quercetin and chlorogenic acid, have been
reported to modulate key epigenetic regulators, including DNA methyltransferases (DNMTs) and
histone deacetylases (HDACs), thereby potentially restoring youthful epigenetic patterns and
supporting the preservation of stem cell identity [114]. Autophagy plays a crucial role in removing
damaged organelles and maintaining cellular health. Aging stem cells often exhibit diminished
autophagic activity, resulting in the accumulation of damaged organelles and protein aggregates. The
AMPK-SIRT1 axis plays a crucial role in regulating autophagy activation. AMPK phosphorylates
ULK1 to trigger autophagy and suppresses mTORC1, which functions as a negative regulator for the
process. Autophagy is further enhanced by SIRT1, a NAD*-dependent deacetylase, which modulates
autophagy-related proteins and stress-response pathways. Quercetin has been shown to promote
autophagy through the AMPK-SIRT1 pathway, which helps eliminate damaged mitochondria and
restore cellular homeostasis in aging cells [115]. Aging disrupts proteostasis, leading to the
accumulation of misfolded proteins. Tomato-derived polyphenols, such as rutin and quercetin, help
prevent protein oxidation and enhance chaperone activity [116]. Age-related disruption in nutrient-
sensing pathways, such as the mTOR and AMPK, impairs metabolic homeostasis. Bioactive
compounds, like quercetin and adenosine, have been shown to activate AMPK and inhibit mTOR
signaling, thereby mimicking the effects of caloric restriction and promoting cellular metabolic
balance [117].
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Figure 1. Schematic representation of the potential effects of polyphenols and nucleosides on stem cell aging and

its associated hallmarks.

Mitochondrial dysfunction is another hallmark of aging, leading to excess ROS and decreased
energy production. Studies have shown that quercetin, rutin, and chlorogenic acid promote
mitochondrial biogenesis and lower ROS levels [118]. Adenosine and quercetin have been shown to
reduce the release of pro-inflammatory cytokines and inhibit NF-«B activation. Quercetin, rutin, and
chlorogenic acid also reduce inflammation by inhibiting the MAPK and TLR signaling pathways.
Additionally, rutin and chlorogenic acid support gut microbiota and strengthen the intestinal barrier,
indirectly enhancing the function and health of intestinal stem cells [111]. Although the connection
between polyphenols and aging is not yet fully understood, growing research suggests that these
bioactive compounds and nucleosides may have a positive influence on several aging-related
processes. While polyphenols show promise in impacting aging, the exact mechanisms and their
direct links to aging still need further clarification.

4. Regulation of Angiogenesis in the Context of Aging: Effects of Bioactive
Compounds of Fruitflow®

Angiogenesis is the process of forming new blood vessels from existing vasculature and is
essential for tissue oxygenation and nutrient delivery [119]. In aging, a decline in pro-angiogenic
signaling, particularly reductions in VEGF (vascular endothelial growth factor) causes impaired
wound healing, reduced neurovascular integrity, and decreased skeletal muscle perfusion [120].
These changes are linked to common age-related conditions such as sarcopenia, cognitive decline,
and ischemic cardiovascular diseases [121,122]. On the other hand, abnormal or excessive
angiogenesis in older adults can lead to pathological conditions like cancer progression and age-
related macular degeneration. Maintaining a proper balance of angiogenesis is therefore crucial for
enhancing longevity and preserving physiological function during aging Field [123].
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Figure 2. Schematic representation of the proangiogenic effect of Adenosine, AMP, and Quinic Acid.

Fruitflow® contains a variety of bioactive compounds, including nucleosides like adenosine and
AMP, flavonoids such as quercetin and kaempferol, and phenolic acids like caffeic acid, ferulic acid,
and p-coumaric acid [15]. Among these, adenosine significantly promotes angiogenesis by
stimulating endothelial cell proliferation and the release of VEGF [124]. AMP activates AMP-
activated protein kinase (AMPK), a serine/threonine protein kinase that serves as a sensor of cellular
energy status, thereby helping to maintain energy balance and regulate various cellular functions.
AMPK is phosphorylated and activated by wupstream kinases (AMPKKSs), such as
calcium/calmodulin-dependent protein kinase-3 (CAMKII). CAMKII, activated by intracellular
calcium, is expressed only in specific cell types, including endothelial cells. Activation of AMPK in
endothelial cells encourages angiogenesis [125]. AMP also indirectly supports angiogenesis by
converting to adenosine. Adenosine promotes the release of pro-angiogenic factors, such as
interleukin-8 (IL-8), basic fibroblast growth factor (bFGF), and VEGF from endothelial cells through
the activation of A2B receptors, which are coupled to Gs and Gq proteins. Simultaneously, adenosine
reduces the production of the anti-angiogenic molecule thrombospondin-1, likely via the Gs protein-
coupled A2A receptor. Additionally, adenosine promotes the release of VEGF, IL-8, and
angiopoietin-1 from mast cells by stimulating A2B and A3 receptors [124-127]. Lebovich and
colleagues identified a different mechanism involving the A2A receptor in macrophages. When
activated, this receptor shifts macrophages from a pro-inflammatory state —characterized by high
levels of tumor necrosis factor-alpha (TNF-a) and interleukin-6 (IL-6) to a pro-angiogenic phenotype
that mainly produces VEGF [124]. This pathway is believed to play an important role in tissue
regeneration after injury or infection. Quinic acid (QA), another major compound of Fruitflow®, is
also reported to play a key role in reducing inflammation in vascular smooth muscle cells (VSMCs).
QA decreases vascular cell adhesion molecule-1 (VCAM-1) expression by inhibiting the MAP kinase
and NF-kB signaling pathways in TNF-a-stimulated VSMCs. This reduction in VCAM-1 caused by
QA results in less monocyte adhesion to the stimulated VSMCs [128]. Conjugates of caffeic acid, such
as caffeic acid phenethyl ester (CAPE), have been shown to induce VEGF production in human dental
pulp cells (HDPCs) and also decrease the production of CXCL10. This indicates a positive response
to angiogenesis [129]. However, several studies have also documented the anti-angiogenic properties
of caffeic acid, especially in cancer environments [130,131]. A recent in vivo study reported that
increasing NAD+ production stimulates pro-angiogenic effects, such as VEGF165, and inhibits anti-
angiogenic effectsldocument_number_1b] by regulating the alternative splicing of VEGFE. This
promotes angiogenesis in diabetic mice with myocardial infarction [132].
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In contrast, other constituents of Fruitflow®, such as quercetin and kaempferol, exhibit anti-
angiogenic activities mostly in cancerous conditions [133,134]. Other components may have limited
or neutral roles in angiogenic activity. Overall, most Fruitflow® constituents regulate angiogenesis
through multiple pathways, promoting vascular health and tissue regeneration. While some
components enhance pro-angiogenic signaling, others exhibit anti-angiogenic effects, especially in
pathological settings. This balanced profile may support vascular integrity during aging,
highlighting the potential of Fruitflow® in promoting healthy aging.

5. Epigenetic Regulation of Bioactive Compounds of Fruitflow® in Aging

Losing epigenetic information is a key factor in mammal aging. In yeast, epigenetic information
deteriorates over time because chromatin-modifying proteins accumulate at DNA breaks, leading to
a loss of cellular identity —a major feature of yeast aging [135]. Reports suggest that efficient DNA
repair speeds up physiological, cognitive, and molecular aging. This process involves the
deterioration of the epigenetic landscape, cellular dedifferentiation, senescence, and the progression
of the DNA methylation clock, which can be reversed through OSK-mediated rejuvenation [136]. A
decline in the activity of the protein-folding chaperone network and a loss of intracellular protein
balance are essential markers of aging [29]. Aging also involves ongoing changes in cell-to-cell
communication, including factors in the blood system that either promote aging or extend lifespan,
interactions among different communication pathways between cells, and disruptions in two-way
communication between the extracellular matrix and cells [25].

An epigenetic diet can influence gene expression by modifying the epigenome, a chemical tag
that attaches to DNA and controls which genes are turned on or off. These diets include foods with
bioactive compounds that can alter epigenetic modifications, potentially leading to health benefits
and disease prevention. Dietary polyphenols play a significant role in influencing changes, which can
help delay aging and increase lifespan. Recent research reviews have explored links between
epigenetics, polyphenols, and aging using various dietary polyphenols found in different fruits and
vegetables [137]. Evidence suggests that compounds such as apigenin, curcumin, epigallocatechin-3-
gallate, genistein, pterostilbene, resveratrol, and quercetin may promote cell growth, reduce tumor
incidence, delay tumor development, and modulate multiple signaling pathways [137]. Although the
epigenetic changes associated with aging are not yet fully understood, numerous studies have been
conducted to elucidate these mechanisms and their relationship to aging.

6. Gut Microbiota, Aging, and Fruitflow®

The gut microbiota plays a role in many physiological processes, including digesting and
absorbing nutrients, defending against pathogens, and producing essential metabolites such as
vitamins, amino acid derivatives, secondary bile acids, and short-chain fatty acids [138]. It also
communicates with the peripheral and central nervous system organs, as well as other distant organs,
significantly affecting overall host health [139]. Disrupting this two-way communication between
bacteria and the host can lead to various biological disorders, resulting in conditions like obesity,
liver disease, type 2 diabetes, ulcerative colitis, neurological diseases, cardiovascular diseases, and
cancer [140]. The gut microbiota undergoes significant changes with aging, influencing overall health
and potentially contributing to the development of age-related diseases. These changes, often
characterized by a decrease in microbial diversity and an increase in potentially harmful bacteria, can
affect the immune system, intestinal permeability, and inflammation, thereby accelerating the aging
process.

The gut microbiome and its metabolites play a crucial role in the development and progression
of liver disease. Various liver disorders, such as nonalcoholic fatty liver disease, alcoholic liver
disease, hepatitis C, and hepatocellular carcinoma, are worsened by aging and have poorer prognoses
[58]. This occurs when the microbiota and host balance are disrupted, negatively affecting health.
Liver disease is associated with both qualitative and quantitative changes, including an increase in
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harmful bacteria and a decrease in beneficial bacteria, as well as alterations in the overall composition
of the bacterial population. Intestinal gut microbiota and their metabolites may contribute to
developing chronic liver disease through multiple mechanisms, such as increasing gut permeability,
sustaining systemic inflammation, producing SCFA, bile acids, and altering metabolism [138]. As
people age, a gradual decline in the ability to maintain homeostasis due to structural changes and
gut dysbiosis leads to the progression of end-stage liver disease. The gut microbiome evolves in
patients due to changes in pathophysiology during the preoperative phase. A diet rich in plant-based
foods, fiber, and fermented products can promote the growth of beneficial bacteria. Conversely, a
diet high in processed foods, saturated fats, and certain artificial sweeteners may negatively impact
the gut microbiome.

Numerous animal and human studies have shown that the composition of gut microbiota
changes with advancing age. In humans, these age-associated alterations in the intestinal microbiota
are often linked to negative impacts on health [141-143]. In adult humans, the gut microbiota is
primarily composed of Firmicutes and Bacteroidetes, with lower abundances of Proteobacteria,
Actinobacteria, and Verrucomicrobia. [144]. Research has indicated that an increase in Bacteroidetes and
Proteobacteria often accompanies aging, while the levels of Firmicutes and Bifidobacteria tend to decline
[141-145]. Recent findings suggest the existence of a distinct core microbiota, primarily comprising
the families Ruminococcaceae, Lachnospiraceae, and Bacteroidaceae, whose abundance declines with
advancing age [142]. Substantial inter-individual differences and environmental factors likely
influence these variations. Interestingly, older individuals tend to harbor a distinct gut microbiota,
characterized by greater diversity and an enrichment of beneficial taxa, such as Akkermansia,
Bifidobacterium, and Christensenellaceae [142,143]. Although the microbiota of long-lived individuals
undergoes age-related alterations, it generally retains high diversity and a stable presence of
beneficial microbes that contribute to healthy aging [146]. The gut microbial composition changes
with a decline in overall diversity, marked by an increase in potentially proinflammatory species and
a reduction in beneficial ones. After four weeks of Fruitflow® supplementation, notable reductions
were observed in fasting plasma and urine TMAO levels, along with decreased plasma LPS compared
to baseline values [37]. These alterations are significant only for urinary TMAO when comparing
between groups. Since plasma TMAO and LPS are considered markers of cardiometabolic risk and
low-grade inflammation, the observed outcomes may be regarded as beneficial for host health.
Corresponding shifts in microbial beta diversity, but not alpha diversity, were also detected, with a
significant difference in Jaccard distance-based Principal Component between groups. Furthermore,
Fruitflow® intake influenced microbial composition, showing reductions in Bacteroides, Ruminococcus,
and Hungatella, along with increases in Alistipes-related operational taxonomic units, all of which are
associated with TMA/TMAQO metabolism [147].

7. Conclusion and Future Perspective

Aging is a gradual process marked by a decline in physiological functions. The biology of aging
is complex because many cellular processes are affected. As people age, cells become dysfunctional,
their ability to renew and repair tissues decreases, and chronic inflammation rises, making the body
more susceptible to diseases. As a result, aging often involves multiple chronic conditions in one
person, known as multimorbidity. Aging is actually the primary risk factor for cancer, dementia, and
cardiovascular disease, far surpassing other common risk factors currently targeted. The scientific
challenge of slowing aging and extending healthy lifespan faces several obstacles, including
insufficient regulation, difficulties in clinical validation, challenges in identifying additional
biomarkers of human aging, and uncertainties related to introducing new interventions to the
market. Fruitflow® carries an European Commission-approved health claim, following EFSA’s
positive scientific opinion, for its antiplatelet and cardio-protective effects, and emerges as a
promising dietary intervention with broader implications for cellular health and aging. Its bioactive
constituents, particularly polyphenols and nucleosides, have demonstrated potential in preserving
mitochondrial function, maintaining DNA integrity, promoting autophagy, and mitigating oxidative
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stress and inflammation. These effects are associated with key aging-related pathways, including
DNA methylation, telomere shortening, senescence, and NAD+ metabolism. Moving forward,
comprehensive preclinical and clinical investigations are required to elucidate how Fruitflow®
modulates the hallmarks of aging and to confirm its long-term benefits in humans. Addressing this
gap requires carefully designed studies to validate its efficacy in humans, identify relevant
biomarkers, and establish its role within integrative dietary and lifestyle strategies for longevity.
Thus, Fruitflow® can be regarded as an emerging candidate in the expanding field of nutrition-based
approaches to delay age-related decline and promote a healthy lifespan.

To fully establish Fruitflow®'s role in healthy aging, further preclinical and clinical research is
needed to clarify how its individual bioactives contribute to these mechanisms, identify robust
biomarkers of efficacy, and evaluate long-term outcomes in humans. Integrating approaches such as
multi-omics profiling and biomarker-driven trials will be key to understanding its impact on the
hallmarks of aging. With such evidence, Fruitflow® could move beyond its validated role in platelet
regulation and emerge as a natural dietary intervention capable of supporting cellular resilience,
slowing age-related decline, and promoting health span across multiple organ systems.
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