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A B S T R A C T   

Background: A cellular senescence-centric understanding of biological aging and age-related disorders is rapidly 
gaining attention. As such, efforts are underway to identify geroprotectors for alleviating some of the deleterious 
effects of cellular senescence in aging and disease. In this regard, bioactive nutritional elements are emerging as 
potential candidates that can directly or indirectly influence the different aspects related to the development and 
progression of cellular senescence and thus impact longevity. 
Methods: A detailed literature review of functional foods and dietary bioactive components including phyto
molecules, probiotic bacteria, omega-3-fatty acids, vitamins, and promising healthy aging diets was conducted 
using the descriptors ‘cellular senescence’, ‘aging’, ‘cellular stress’, ‘inflamm-aging’, ‘senolytics’, ‘senomorphics’, 
‘immunotherapy’, ‘nutrient signaling’, and ‘gut microbiome’ through specialized databases. 
Results: Bioactive food components can suppress chronic intrinsic and extrinsic cellular stressors, selectively 
ablate senescent cells (SC), alleviate the inflammatory phenotype of SC, and also target cellular nutrient signaling 
pathways to prevent the deleterious effects of cellular senescence. In addition, integrative and novel anti-cellular 
senescence applications of bioactive food components mediated by interactions with the gut microbiome and 
modulation of the aging immune system are also emerging. Moreover, healthy diets characterized by increased 
carbohydrates/protein ratio have been shown to attenuate the markers of senescence and alleviate multi
morbidities in clinical studies. 
Conclusions: Despite limited clinical data, there is a rational basis for considering functional foods as premiere 
anti-cellular senescence candidates. Future research on dietary modulators of aging should be considered within 
the purview of cellular senescence for truly comprehending the impact of nutrition on human longevity.   

1. Introduction 

One of the most enduring philosophical and scientific mysteries of 
life is why and how we age and whether the age-associated deleterious 
effects on health can be controlled. As such, several different theories 
have been put forward to explain the multifaceted, heterogenous, and 
stochastic process of aging [1]. Today, it is generally accepted that aging 
is the culmination of time-dependent cellular and molecular damage 
that ultimately manifests as the familiar age-associated macromolecular 
phenotype [2,3]. However, a better understanding of the cellular and 
molecular pathways that drive the aging process is necessary to reduce 
the burden of age-associated multimorbidities and improve the lifespan. 
In this regard, nine different ‘hallmarks of aging’ were identified which 
together represented the common denominators of organismal aging 
[4]. Amongst these, the process of cellular senescence is arguably 
emerging as one of the most investigated and accepted explanations of 

biological aging and age-related diseases [5]. Cellular senescence is a 
physiological stress response of mammalian cells that results in the 
development of SC with distinct physical, molecular, and metabolic 
signatures [6]. SC play a direct role in the pathogenesis of age-related 
disorders and decreased healthspan thereof [7], while removal of SC 
result in improved organ functions and enhanced healthspan as well as 
lifespan [8,9]. Moreover, cellular senescence can better integrate with 
other hallmarks of aging, especially macromolecular damage and DNA 
damage response, thus suggesting that understanding and targeting 
cellular senescence is a promising approach to comprehend biological 
aging and its deleterious consequences [10,11]. 

Plant, animal, and microbial food-based nutrients are an integral 
part of human health which not only provide nourishment but are also 
critical in the prevention and treatment of diseases [12]. ‘Functional 
foods’ is an umbrella term that describes different foods or their 
bioactive ingredients which provide specific health-beneficial effects on 
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consumption beyond their nutritional value [13]. Although the human 
lifespan has significantly increased in the past century owing to ad
vances in medicine and lifestyle; the healthspan could not keep up the 
pace. Thus, while enhancing the lifespan may be a long-term goal; the 
healthspan must also be parallelly improved to maintain the quality of 
life [14]. However, aging itself is not a disease and as of now it cannot be 
eliminated or cured, but rather can only be managed. It is therefore 
conceivable that developing long-term preventive strategies which can 
help preserve cellular functional homeostasis in the wake of chronic 
stressors, can ultimately prevent or delay the onset or aggravation of 
age-related inflammatory pathologies and thus the aging phenotype. 
Functional foods and nutraceuticals represent a viable approach in this 
regard and thus not surprisingly, a novel discipline called ‘nutriger
ontology’ has been envisaged to study the interrelationship between 
nutrition and aging [15,16]. In particular, a focus is now on the iden
tification of nutritional geroprotector compounds that can alleviate the 
deleterious effects of aging both at the cellular and organismal level 
[17]. In the present paper, I intend to apprise the readers regarding the 
significance of cellular senescence in the aging process and then discuss 

evidence of how bioactive components present in foods can manage the 
different facets of cellular senescence. I also present a perspective on the 
emerging molecular targets of cellular senescence which could be useful 
for identifying novel nutraceuticals. 

2. Cellular senescence in aging and disease 

Cellular senescence was first discovered in fibroblast cells wherein it 
was demonstrated that proliferating mammalian cells have a finite 
replicative lifespan in vitro and thus are replicatively distinct from 
cancerous cells [18]. Recent studies have shown that cellular senescence 
is also active in non-proliferating post-mitotic cells such as car
diomyocytes [19], neuronal cells [20], and muscle cells [21] thereby 
suggesting a more comprehensive role of cellular senescence in the 
aging process than previously realized [22]. It is now understood that 
cellular senescence is a stress response mechanism that can be initiated 
in cells by exposure to a variety of cell intrinsic and extrinsic factors 
(Fig. 1). Three broad categories of cellular senescence are defined based 
on the type of induction: replicative senescence (telomere attrition), 

Fig. 1. Schematic illustration depicting the 
development of cellular senescence and its 
deleterious effects during aging. 1. Accumula
tion of chronic stressors and loss of stress 
response capacity overwhelms the cellular 
redox and metabolic homeostasis. 2. Persistent 
cellular stress result in macromolecular damage 
and organelle dysfunction leading to the in
duction of DNA damage response. 3. Accumu
lating macromolecular damage causes 
activation of cell cycle inhibitor pathways and 
the induction of cellular senescence. 4. In the 
presence of continued stress, the SASP de
velops, and ultimately cells acquire the com
plete phenotype characteristic of senescent 
cells. 5. Gradually, senescent cells start accu
mulating in tissues due to processes yet unclear, 
but likely to include phenomenon such as 
impaired immunosurveillance. 6. Ultimately, 
the increased senescent cells burden accompa
nied by the paracrine effects of the SASP, 
induce a pro-inflammatory and pro- 
tumorigenic environment in nearby healthier 
cells thereby causing tissue damage and pre
disposition to age-related diseases.   
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oncogene-induced senescence (activation of oncogenes), and genotoxic 
or oxidative stress-induced senescence [18,23,24]. However, it may be 
noted that the different types of cellular senescence are not mutually 
exclusive and cells may exhibit a senescent phenotype depending upon 
the type of stressor. Moreover, regardless of the different triggers of 
cellular senescence, SC are invariably accompanied by impaired mito
chondrial functions, increased intracellular reactive oxygen species 
(ROS) production, oxidative stress, and activation of DNA damage 
response suggesting close molecular interlinks [25,26]. Besides, it has 
also been observed that oxidative stress can directly accelerate the 
fundamental cell-intrinsic stressor, i.e., telomere attrition, suggesting 
that oxidative stress-induced macromolecular damage may be a com
mon denominator of the observed physiology of cellular senescence in 
different experiment settings [27,28]. Ultimately, depending upon the 
severity and persistence of the stress and cellular damage, cells may 
either enter cellular senescence (chronic stress) or apoptosis (acute 
stress), although the exact mechanisms, as well as the evolutionary 
significance of these cell fates, are still debatable [29–31]. 

SC are morphologically and physiologically distinct and are char
acterized by irreversible cell cycle arrest due to the activation of p53/ 
p21WAF1 and/or p16INK4a/pRb pathways, DNA damage, chromatin 
remodeling, cellular hypertrophy, activation of SA-β-gal activity, altered 
metabolic and energetic pathways, resistance to apoptotic signaling, and 
redox stress, while late SC also exhibit characteristic secretion of a 
milieu of cytokines and growth factors called senescence-associated 
secretory phenotype (SASP) [32,33] (Fig. 1). It is crucial to consider 
that SC occur naturally and their presence per se is not considered of 
pathological significance since SC are critical for processes such as 
wound healing [34] and embryonic development [35]. The association 
between cellular senescence and aging was first realized when it was 
observed that SC accumulate with age in various tissues [36]. Recent 
research has shown that SC turnover not only decreases with time in the 
tissues of both animals and humans; the rate of SC accumulation is also 
tissue-dependent and non-linear which exponentially increases with 
advancing age [37–39]. This increase in tissue SC burden is significant 
and may drive organ dysfunctions as demonstrated in studies wherein 
transplantation of SC into healthy tissues induced disease-like condition 
and augmented the aging phenotype [40,41]. The specific reasons 
behind the apparent age-related accumulation of SC are not yet clear 
and may be related to the immune system. Cells of the immune system 
such as natural killer (NK) cells, macrophages, and CD8 T cells chemo
tactically respond to the inflammatory cytokines released by the SASP of 
SC and then recognize SC via specific immunogenic ligands which ul
timately leads to immune cell-mediated cytolysis of SC [42] (Fig. 1). 
However, with advancing age, the immune system undergoes charac
teristic age-related dysfunctions collectively called immunosenescence, 
that may compromise the ability of immune cells to effectively clear SC 
[43]. Indeed, it was observed that impaired immunosurveillance due to 
defects in cytolytic properties of immune cells resulted in an increased 
accumulation of SC and inflammatory disorders in vivo [44]. Further, a 
recent study demonstrated that senescent immune cells are a causal 
determinant in driving the increased SC burden in tissues with aging 
[45]. It is thus not surprising that targeting immune cells for promoting 
efficient clearance of SC is rapidly emerging as an anti-aging strategy 
[43]. 

Age-related disorders are the main causes of morbidity and mortality 
in the elderly [46]. Accumulating data indicate that SC are directly 
associated with numerous yet pathogenetically distinct diseases sug
gesting that SC may be common drivers of organ dysfunctions and the 
diseased phenotype [47]. Recent discoveries have shown that SC are 
involved in the development of age-related disorders such as diabetes 
[48], cancer [49], obesity [50], pulmonary fibrosis [51], renal diseases 
[52], cardiovascular diseases [53], reduced tissue regenerative capacity 
[54], neurodegenerative diseases [55], metabolic dysfunction [56], 
hepatic steatosis [57], osteoarthritis [58], sarcopenia [59], and in
fections [60]. Conversely, removal or delayed development of SC confer 

decreased inflammatory stress, improved organ functions, attenuation 
of severity and progression of several age-related pathologies ultimately 
resulting in increased lifespan [47,61]. The role of SASP secreted by SC 
is of particular significance in the context of aging and disease. As SC 
steadily increase in tissues with age, the chronic presence of SASP can 
induce a pro-inflammatory and pro-tumorigenic environment which 
directly correlates with increased risk of inflammatory disorders in the 
affected tissues [62] (Fig. 1). Indeed, a recent study showed that SASP 
factors are positively correlated with chronological age and age-related 
health deficits in humans [63], while SASP from senescent fibroblasts 
promoted diseases such as cancer [64] and atherosclerosis [65]. More
over, the pro-inflammatory nature of SASP appears to be associated with 
the phenomenon of inflamm-aging in elderly [66]. Inflamm-aging is a 
chronic, sterile, low-grade inflammatory state that ultimately contrib
utes to the pathogenesis of age-related disorders [67,68]. Although the 
exact sources of inflamm-aging are yet unclear, however, SASP secreting 
SC as well as the aging innate immune cells are considered as potential 
candidates [69,70]. Taken together, it is reasonable to assert that 
age-related accumulation of SC is emerging as a single unifying factor 
underlying the process of aging as well as age-related disorders and thus 
signifies its therapeutic importance. 

3. Management of cellular senescence: functional foods lead the 
way 

Given the critical role of cellular senescence in aging and diseases, 
different strategies aimed at regulating the development of SC and SASP 
are increasingly becoming apparent [71] (Fig. 2). In modern times, a 
balanced nutritious diet and regular exercise are considered the most 
influential epigenetic factors that can augment healthy aging [72,73]. 
Numerous studies in animals and humans have demonstrated that 
consumption of foods rich in bioactive ingredients as well as specific 
probiotic bacteria can suppress cellular oxidative damage, improve 
organ functions, decrease mortality, and augment healthspan and life
span [74–81]. Besides, functional foods and natural bioactive food in
gredients have been consumed for centuries with little or no side effects 
and thus are ideal for long-term strategies necessary for attenuating 
chronic cellular stressors-mediated development of SC, SASP, and 
inflamm-aging [82–85]. I now deliberate various known and emerging 
nutrition-based targets and strategies for attenuating the effects of 
cellular senescence. 

3.1. Major known nutrition-mediated anti-cellular senescence targets 

3.1.1. Redox control and targeting cell cycle inhibitors 
Deregulated ROS production and inflammatory stress can accelerate 

premature aging while the maintenance of cellular redox homeostasis 

Fig. 2. Strategies and targets for the alleviation of cellular senescence 
and SASP. 
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and mitochondrial functions can strongly delay the onset of cellular 
senescence [27]. In this regard, it has been reported that organismal 
stress response capacity declines with age [86] which can be correlated 
with an increase in systemic age-related oxidative stress [87]. Notably, it 
was also demonstrated that increased oxidative stress burden can 
directly accelerate the development of cellular stress granules and 
establish a senescence program in different cells [88,89]. Further, it was 
reported that in the kidneys of mice deficient in antioxidant enzymes 
(Sod1− /− ), a significantly increased oxidative damage accompanied by 
accelerated development of SC and SASP was evident thereby conclu
sively indicating the pivotal role of cellular redox system homeostasis in 
regulating cellular senescence-associated premature aging [90]. Nutri
tional status can be of particular importance in this context as several 
studies have shown that consumption of functional foods rich in po
tential nutraceuticals can improve systemic antioxidant capacity, alle
viate oxidative stress and thus promote healthy aging in humans 
[91–95]. Indeed, numerous in vitro studies have demonstrated that 
bioactive components present in food can suppress multiple aspects of 
cellular senescence in varied cell types [96] (Fig. 3). For instance, we 
and others have previously observed that the bioactive green tea 
component epigallocatechin gallate (EGCG) can suppress the develop
ment of stress-induced premature senescence as well as replicative 
senescence characterized by decreased oxidative and inflammatory 
damage, and the inhibition of cell cycle inhibitors [97–99]. Similarly, 
resveratrol, another strong antioxidant, attenuated the stress-induced 
induction of cellular senescence in fibroblasts [100,101], nucleus pul
posus cells [102], endothelial cells [103], adipose stem cells [104], and 
mesenchymal stem cells [105]. The phytochemical quercetin has also 
been shown to protect against cellular senescence in fibroblasts [106, 
107] while the alkaloid berberine can ameliorate cellular senescence 
through the regulation of cell cycle inhibitors [108]. In addition to pure 
phytomolecules, studies have also identified medicinal plant extracts 
rich in potential nutraceuticals with anti-cellular senescence attributes 
mediated by improved redox homeostasis [109–111]. Similarly, marine 
omega-3-fatty acids [112], vitamin E [113], vitamin C [114], and 
minerals such as zinc [115] have also been implicated in the mitigation 
of stress-induced cellular senescence in vitro. Few in vivo studies have 

also demonstrated that consumption of bioactive food ingredients can 
reduce oxidative stress and SC burden. It was observed that resveratrol 
can attenuate high fat diet-induced oxidative stress and the development 
of vascular cell senescence by regulating Sirt1 expression in Wistar rats 
[116]. Similarly, quercetin has been shown to suppress the markers of 
high fat diet-induced cellular senescence in murine kidneys [117]. We 
have also observed that chronic consumption of EGCG across murine 
lifespan alleviated several deleterious aspects of cellular senescence in 
multiple animal tissues [118]. Together, there is reasonable evidence to 
consider that functional foods can protect against oxidative 
stress-induced cell injury and premature senescence, and clinical in
vestigations into these observations are presently being envisaged 
[119]. 

3.1.2. Senolytics and senomorphics 
One of the causes for the prolonged persistence of SC in tissues is 

their ability to resist apoptotic cell death due to the deregulation of anti- 
apoptotic and pro-apoptotic pathways. It has been demonstrated that 
targeted apoptosis of SC can attenuate age-related dysfunctions sug
gesting that strategies that can selectively remove SC are of considerable 
interest in reducing SC burden with age [120]. Natural and synthetic 
compounds, called ‘senolytics’, have been identified which can specif
ically ablate SC by inhibiting anti-apoptotic pathway (Bcl-2), and 
emerging early clinical trials are showing promising results of senolytics 
in improving age-related morbidity and mortality [121] (Fig. 3). The 
flavonoid quercetin was the first natural compound that showed seno
lytic potential [122], and since then, quercetin, in combination with the 
drug dasatinib has been identified as a potent senolytic recipe [123]. 
Recent studies have demonstrated that senolytic treatment with quer
cetin and dasatinib can decrease the numbers of SC, improve physical 
capacity, reduce SASP related pathologies, attenuate age-associated 
diseases such as obesity and lung fibrosis, and augment lifespan in ro
dents as well as humans [61,124–127]. In addition, few other dietary 
compounds such as tea catechin EGCG [97], flavonoid fisetin [128], 
alkaloid piperlongumine [129], curcumin [130], and olive-derived 
polyphenols [131] have also shown moderate senolytic attributes, and 
active research is currently underway to identify novel natural 

Fig. 3. Overview of functional food compo
nents mediated management of different as
pects of cellular senescence. Bioactive food 
components can suppress redox stress, improve 
antioxidant capacity, alleviate SASP, modulate 
nutrient signaling pathways and improve the 
gut microbiome dysbiosis which may collec
tively reduce the senescent cell burden and se
nescent environment. In addition, bioactive 
food components can also alleviate immunose
nescence and can directly ablate senescent cells 
through senolytic effects.   
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senolytics [132]. 
Despite their initial promising results, senolytics mediated global 

destruction of SC may have a downside as well since SC are also 
important in regulating processes such as tissue injury. In this context, 
we do not yet truly understand the ramifications of targeted SC removal 
on different physiological processes. As a result, perhaps it is more 
relevant to identify agents called ‘senomorphics’ that can alter the 
phenotype of SC by interfering with SASP and inflammatory pathways 
so that the deleterious paracrine effects of SC can be controlled. Given 
the known diverse antioxidant and anti-inflammatory attributes of 
various food ingredients; natural dietary compounds have been identi
fied with the potential to alter SC phenotype but without cytolytic 
properties. An earlier study showed that plant flavonoids can suppress 
the SASP in senescent fibroblasts by targeting NF-κB and IκBζ signaling 
pathways [133]. Since then, several recent reports have demonstrated 
that phytomolecules such as EGCG [134], resveratrol [103], lycorine 
[135], alkaloid avenanthramice C [136], plant extracts rich in bioactive 
components such as Indian Hedgehog [137], and Nephelium lappaceum 
[138] as well as probiotic bacteria metabolites [139] can act as seno
morphic agents by attenuating SASP and oxi-inflammatory stress 
through the inhibition of regulatory transcription factors and enhanced 
antioxidant defences. In addition, we observed that tea catechin EGCG 
can also protect immune cells from SASP-induced premature senescence 
ex vivo thereby suggesting that EGCG can help preserve immune func
tions during exposure to a chronic SASP environment [140]. 

3.1.3. Targeting nutrient-sensing longevity pathways 
Nutrients are essential for appropriate cellular functions and growth. 

While excess nutrients result in anabolic cellular processes such as 
protein synthesis, a lack of nutrients stimulates catabolic functions such 
as autophagy to provide energy. These critical functions are regulated by 
coordinated interactions between various evolutionarily conserved 
nutrient signaling pathways. Interestingly, some of the nutrient sensors 
are also strongly implicated in organismal aging and longevity [141]. 
Examples of these nutrient-sensing longevity pathways include the 
mechanistic target of rapamycin (mTOR) pathway [142], sirtuins 
enzyme family [143], and insulin/IGF-1 signaling pathway [144]. 
Although the exact reasons underlying the relationship between 
nutrient-sensing pathways and organismal aging are yet unclear; it has 
been established that these pathways are impaired with age and that 
their molecular targeting can positively increase organismal healthspan 
and lifespan [145]. Unsurprisingly, the process of cellular senescence is 
also accompanied by deregulated nutrient signaling. This is because SC 
are under persistent stress and their metabolic profile is different from 
normal cells characterized by increased glycolysis and upregulated 
redox stress [146], enhanced mTOR activity [97,147], upregulated 
insulin/IGF-1 signaling [148,149], and suppressed sirtuins activity 
[150]. Moreover, there is evidence that pharmacological targeting of 
these nutrient signaling pathways can counter the different facets of 
cellular senescence (Fig. 3). The mTOR pathway coordinates eukaryotic 
cell growth and metabolism by enhancing anabolism and suppressing 
catabolism through the regulation of fundamental processes such as 
protein synthesis and autophagy [151]. SC are metabolically active and 
show upregulated mTOR activity which stimulates cell growth, but since 
SC cannot divide any further, the net result is cellular hypertrophy and 
strained redox processes because of excess metabolites and loss of 
autophagy [151]. It has been demonstrated that inhibition of the mTOR 
pathway is associated with anti-cellular senescence effects of various 
bioactive dietary components such as EGCG [97,134], resveratrol [152], 
berberine [153], curcumin [154], as well as probiotic bacteria metab
olites [139]. Similarly, spermidine, an endogenous as well as 
plant-derived polyamine, has been shown to suppress mTOR signaling 
and augment autophagic response resulting in improved stress response 
and the inhibition of cellular senescence [155,156]. Sirtuins are a family 
(Sirt1-7) of nicotinamide adenine dinucleotide (NAD+) consuming en
zymes that are another major nutrient sensor involved in regulating 

organismal lifespan and health. Sirtuins enzyme activity (especially Sirt 
1) decrease in SC [150,157], and inhibition of sirtuins promotes pre
mature senescence in different cells [158–160]. Moreover, the coen
zyme NAD+, which is essential to sirtuin activity, also steadily declines 
with age resulting in further reduced sirtuins activity [161]. It is thus not 
surprising that upregulation of sirtuin expression or NAD+ levels is 
associated with the inhibition of cellular senescence and enhanced 
lifespan. The pro-longevity attributes of few putative nutraceuticals 
have been attributed to increased sirtuins activity. Studies have shown 
that probiotic bacteria consumption can improve the healthspan and 
attenuate the severity of age-associated diseases by stimulating sirtuins 
activity [162–164]. Interestingly, a novel strain of probiotic bacteria 
Lactobacillus acidophilus NCFM with the ability to synthesize sirtuins was 
also identified suggesting potential role of microbial enzymes in sup
plementing sirtuins deficiency [165]. Similarly, phytomolecules such as 
resveratrol [166], EGCG [167], berberine [168,169], and curcumin 
[170] can also modulate sirtuins activity with age. Notably, it has also 
been observed that resveratrol can directly induce NAD+ synthesis by 
stimulating activity of the NAD+ synthetic enzyme nicotinamide 
mononucleotide adenylyl transferase thereby replenishing the 
age-related decline in NAD+ levels and sirtuins function [171]. Activa
tion of another nutrient sensing pathway insulin-IGF1 regulates organ
ismal longevity through the suppression of FOXO transcription factors 
which are otherwise required for autophagy induction, apoptosis, redox 
stress and longevity extension [172]. It has been observed that probiotic 
bacteria, polyphenols as well as medicinal plant extracts can modulate 
insulin-IGF1 signalling resulting in enhanced oxidative stress response, 
improved autophagy and enhanced lifespan [173–180]. Taken together, 
it is evident that nutrient signalling longevity pathways are critical to 
the maintenance of cellular senescence, and identification of potential 
nutraceuticals targeting these pathways represent a promising 
anti-cellular senescence strategy. 

3.2. Emerging anti-cellular senescence targets of bioactive food 
components 

3.2.1. Gut microbiome modulation 
The gut microbiota is rapidly evolving as a critical regulator of 

several facets of human health. Recent advances suggest a strong cor
relation between age-dependent changes in the composition of the gut 
microflora (gut dysbiosis), the development of chronic age-related dis
orders, and decreased lifespan [181,182]. Gut microbial secretory me
tabolites such as short-chain fatty acids (SCFA), amino acids, and 
polyamines are crucial in this regard due to their potent 
anti-inflammatory and anti-oxidative attributes as well as the ability to 
act at sites distal to the gut through peripheral circulation [183–185]. 
Evidence is emerging of an intricate relationship between the gut 
microbiome and cellular senescence [186]. For instance, it has been 
shown that altered gut microbiota components can contribute to SASP 
mediated inflammation and development of liver cancer [187] as well as 
the augmentation of immunosenescence [188] thereby suggesting that 
age-associated changes in the gut metabolome can promote the senes
cent environment. On the other hand, certain bacterial metabolites can 
also suppress premature stress-induced cellular senescence and SASP 
indicating that maintaining a healthy gut microflora dominated by 
commensal microbes may favourably affect the gut metabolome and 
prevent senescence [139,189]. Moreover, similar to other tissues, cells 
of the gastrointestinal tract also undergo cellular senescence and exhibit 
increased SC accumulation and SASP with age [37]. This 
senescence-associated tissue environment can impair immune responses 
in the gut and ultimately augment inflammatory disorders such as colon 
cancer [190]. Together, it is reasonable to assert that age-related alter
ations in the gut microbiota, development of cellular senescence, and 
senescence-associated diseases may be interlinked suggesting that stra
tegies aimed at the maintenance of either of these factors may have 
mutualistic effects. 
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The gut microbiota is the first to interact with dietary components 
before the metabolites are assimilated into circulation. Nutritional fac
tors, especially poorly absorbed compounds such as complex phyto
molecules, are subject to extensive microbial biotransformation in the 
gut resulting in qualitative and quantitative changes in the metabolite 
profile [191,192]. It has also been observed that microbial fermentation 
of complex bioactive molecules often results in metabolites with supe
rior biological effects [193]. Thus, in this perspective, it can be envis
aged that the known health beneficial attributes (including the 
anti-cellular senescence effects) of dietary factors may be influenced 
by interactions/biotransformation within the gut microbiota itself. A 
recent study aptly demonstrates this fact wherein it was observed that 
the senolytic effects of dasatinib and quercetin are essentially mediated 
through reduced intestinal senescence, inflammation, and alteration of 
specific microbiota signatures in experimental aged mice [194]. Simi
larly, we also observed that consumption of green tea EGCG attenuated 
cellular senescence in multiple tissues of aging mice which correlated 
with changes in the gut microbiome [118]. These studies suggest a vital 
role of the gut microbiome in impacting the anti-cellular senescence 
effects of putative geroprotectors in vivo and thus gut microbiota mod
ulation needs to be considered as an important regulator of functional 
foods mediated anti-senescence interventions (Fig. 3). In addition, in
teractions between the gut microbiota and dietary factors are also 
bidirectional wherein bioactive dietary ingredients such as polyphenols 
and probiotic bacteria can favourably modulate the structure and 
composition of the dysbiotic gut [195,196]. In fact, these observations 
have argued the development of novel phytomolecules-based second 
generation synbiotics that may also confer health beneficial effects 
during aging [197,198]. Thus, overall, it is reasonable to assert that 
nutritional factors and gut microbiota are mutually complementary 
which may beneficially affect human health and disease during aging. 

3.2.2. Immunomodulation and immunotherapy 
Bioactive nutritional ingredients are recognized for their immuno

modulatory attributes and nutritional interventions are considered 
important tools in the adjunctive management of inflammatory disor
ders [199,200]. Increasing evidence suggests that phytomolecules, 
probiotics, fatty acids, vitamins, and minerals can beneficially regulate 
the aging immune response and counter immunosenescence [201]. In 
particular, several preclinical studies have shown that dietary supple
mentation of probiotic bacteria in aged experimental animals can 
augment cellular and humoral immune functions, alleviate 
inflamm-aging, and protect against infectious agents [202–207]. Simi
larly, clinical trials have also demonstrated that dietary consumption of 
probiotic lactic acid bacteria by healthy elderly can combat immuno
senescence as evident from improved NK cell tumoricidal activity, the 
enhanced phagocytic response of granulocytes, increased CD4 + T cell 
proliferation as well as prevention of respiratory infections [208–212]. 
Apart from probiotics, age-related immunomodulatory effects have also 
been observed for plant secondary metabolites such as polyphenols 
[197,213–218], minerals such as zinc [219,220], omega-3-fatty acids 
[221–223], and vitamins [224,225]. However, evidence implicating an 
attenuation of SC burden mediated by improved immune functions 
owing to the consumption of functional foods is yet speculative. Our 
recent study observed that chronic consumption of tea catechin EGCG in 
mice decreased SC in multiple tissues which correlated with increased 
expression of early T cell activation marker (CD69) and suppression of 
inflamm-aging [118]. In another study, we demonstrated that treatment 
of EGCG can ameliorate the development of premature cellular senes
cence in murine macrophages exposed to secretory metabolites of se
nescent preadipocytes [140]. These observations provide tantalizing 
clues that nutrition-mediated effects on cellular senescence and SC 
accumulation could be related to their immunomodulatory properties 
(Fig. 3). However, further research exploring the relationship between 
functional foods, immunity, and cellular senescence is essential to 
comprehend the extent and depth of nutritional immunomodulatory 

effects in aging and disease [226]. 

4. Diet, cellular senescence, and aging 

At present, calorie restriction (CR), defined as the reduction in 
average daily intake of calories without causing malnutrition, is 
considered the only reasonable effective model known to enhance 
longevity [227]. However, CR is not readily translatable to humans due 
to several factors, and thus alternate yet effective strategies are sought. 
In this regard, CR mimetics have been identified which are compounds 
that can provide health beneficial aspects of CR through the modulation 
of CR-related cellular pathways (such as mTOR and autophagy) but 
without following the stringent CR diet regimen [228]. Interestingly, 
several natural phytomolecules such as resveratrol, berberine, catechin, 
EGCG, quercetin, etc. have been recognized as potential CR mimetics 
indicating that dietary incorporation of sources of these bioactive 
compounds can favorably modulate the lifespan [228,229]. In the 
perspective of whole diets, a healthy diet plan should ideally protect 
against any malnutrition as well as the frequency and severity of 
non-communicable diseases such as diabetes, heart diseases, stroke, and 
cancer. Healthy aging diet plans such as Mediterranean diet, Okinawan 
diet, DASH diet, and Portfolio diet are characterized by high carbohy
drate intake, low protein intake from sources such as vegetables, le
gumes, fish, and a fat profile rich in omega-3-fatty acids but limited in 
saturated fatty acids [230]. A growing relationship between dietary 
carbohydrate to protein ratio and lifespan has been observed. A high 
carbohydrate and low protein ratio (̴ 10:1) diet can enhance the lifespan 
in a range of organisms [231,232], and in fact, this combination has 
been demonstrated to effectively recapitulate some of the health benefits 
of CR including systemic metabolic profile and brain aging [233,234]. 
Moreover, the sources of proteins and fats in the diet also determine the 
health beneficial merits of the diet. For instance, in a prospective cohort 
study, it was observed that proteins/fats derived from plant-based 
sources such as vegetables, nuts, peanut butter, and whole-grain 
bread, were associated with lower all-cause mortality in the elderly 
[235]. In addition, clinical trials have shown that a Mediterranean diet 
regimen can influence the markers of cellular senescence [236]. As an 
example, consumption of a Mediterranean diet for 4 weeks by healthy 
elderly reduced the numbers of human endothelial cells with higher 
intracellular ROS production, cellular apoptosis, and shortened telo
meres [237]. Similarly, in a recent study, coronary heart disease patients 
fed with a Mediterranean diet demonstrated higher proliferation and 
angiogenesis, suppressed apoptosis, intracellular ROS production, and 
senescence in endothelial cells suggesting a better balance of vascular 
homeostasis in patients with coronary heart disease [238]. In addition, a 
positive correlation between consumption of the Mediterranean diet and 
cellular telomere length has been demonstrated in meta-analyses ob
servations [239,240]. Taken together, it is reasonable to assert that a 
dietary regimen rich in high carbohydrates to protein ratio and diverse 
sources of proteins can mitigate different aspects of stress and cellular 
senescence ultimately improving the healthspan and lifespan akin to CR. 

5. Limitations and challenges of functional foods as viable 
modulators of cellular senescence 

As highlighted in this manuscript, there is a strong rational basis to 
assert that functional foods and potential nutraceuticals can modulate 
the various aspects of cellular senescence. However, it is also apparent 
that at present, the experimental evidence available to support these 
assertions is largely based on in vitro studies while few in vivo in
vestigations are also available. On the other hand, except for pre
liminary reports based on selected natural senolytics and sporadic 
observations on the consumption of the Mediterranean diet; there are 
virtually no clinical data that specifically and holistically test the health 
beneficial effects of functional foods during aging through the purview 
of cellular senescence and SASP. This is crucial since dietary components 
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as well as nutraceuticals have been documented to improve the markers 
of aging in humans, and yet the causal relationship linking their health 
beneficial effects with the process of cellular senescence remains to be 
conclusively elucidated. In addition, our knowledge regarding the 
mechanisms and impact of cellular senescence is still evolving and as 
novel molecular targets of cellular senescence are identified, exploration 
of nutraceuticals, food components, or medicinal plants as anti-cellular 
senescence agents would gradually become more desirable as also 
highlighted in this manuscript. However, there is a need for cautious 
interpretation of preliminary and exploratory studies, especially related 
to the in vitro evidence, for developing subsequent in vivo and clinical 
investigations since several complex and variable factors such as dose, 
bioavailability, and physiological relevance significantly impact the 
biological effects and observations of the test compound. As a case in 
point, plant polyphenols have been asserted with a variety of health 
beneficial effects in vitro, and yet there is ample ambiguity on their 
source, amount, and mode of delivery applicable for reaching a desired 
effect across the genetically varied human population groups [241,242]. 
Moreover, it is also pertinent to mention that functional foods and 
nutraceuticals should be considered as viable approaches to ‘delay’ or 
‘manage’ the deleterious effects of cellular senescence, and it may be 
unpragmatic or even undesirable (given the known essential role of SC 
in biological processes) to assert nutraceuticals with complete cellular 
senescence regressive properties. Taken together, it is rational to suggest 
that although there is enough evidence to explore diet as a modulator of 
cellular senescence (Fig. 4) but a cautious and critical approach is pru
dent for meaningful clinical translation(s). 

6. Conclusions and future directions 

The research into the biology of aging is at an interesting juncture 
today wherein tangible molecular targets of cellular aging are being 
increasingly identified. A wealth of data demonstrates that 

accumulation of SC is a critical factor preceding aging and age-related 
disorders, and strategies aimed at the removal or the management of 
the deleterious SC phenotype are of considerable interest. However, our 
knowledge of cellular senescence and its impact on aging and disease is 
still evolving and incomplete. In particular, a more integrative under
standing of cellular senescence vis-à-vis the immune system is required 
to decipher how SC communicate with the host immune cells. This is 
especially relevant since a recent study has shown that SC can develop 
autonomous immune evading features which enhance their persistence 
in tissues [243]. Similarly, how cellular senescence in the immune cells 
per se impacts their biological functions is only beginning to be under
stood [244]. In addition, the relationship between age-related alter
ations in the gut microbiome and cellular senescence is not fully 
understood. Novel gut metabolome-based high throughput strategies 
are suggested for functional annotation of the gut microbiome with 
cellular senescence [245]. Nutrition is the single most impactful 
non-genetic factor governing human health during aging. Given the 
emerging cellular senescence-centric paradigm of aging, nutritionists 
and biogerontologists must strive to assess the age modulatory aspects of 
nutraceuticals within the purview of cellular senescence and SASP. In 
this context, there is compelling evidence that nutritional factors can 
mitigate the different facets of cellular senescence, although more in
formation on immunotherapy, senomorphics, and gut microbiota 
modulatory aspects of nutraceuticals is especially desired. These ave
nues may ultimately help understand the mechanism(s) of nutraceut
icals, and may also aid in the development of nutrition-oriented 
healthy-aging therapies. 
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Fig. 4. Potential biological effects of bioactive food components in alleviating the deleterious aspects of cellular senescence and augmentation of healthy aging.  
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[4] C. López-Otín, M.A. Blasco, L. Partridge, M. Serrano, G. Kroemer, The hallmarks 
of aging, Cell 153 (6) (2013) 1194–1217. 

[5] M. Borghesan, W.M.H. Hoogaars, M. Varela-Eirin, N. Talma, M. Demaria, 
A senescence-centric view of aging: implications for longevity and disease, Trends 
Cell Biol. 30 (10) (2020) 777–791. 

[6] A. Hernandez-Segura, J. Nehme, M. Demaria, Hallmarks of cellular senescence, 
Trends Cell Biol. 28 (6) (2018) 436–453. 

[7] D.J. Baker, B.G. Childs, M. Durik, M.E. Wijers, C.J. Sieben, J. Zhong, R. 
A. Saltness, K.B. Jeganathan, G.C. Verzosa, A. Pezeshki, K. Khazaie, J.D. Miller, J. 
M. van Deursen, Naturally occurring p16(Ink4a)-positive cells shorten healthy 
lifespan, Nature 530 (7589) (2016) 184–189. 

[8] J. Campisi, L. Robert, Cell senescence: role in aging and age-related diseases, 
Interdiscip. Top. Gerontol. 39 (2014) 45–61. 

[9] D.J. Baker, T. Wijshake, T. Tchkonia, N.K. LeBrasseur, B.G. Childs, B. van de 
Sluis, J.L. Kirkland, J.M. van Deursen, Clearance of p16Ink4a-positive senescent 
cells delays ageing-associated disorders, Nature 479 (7372) (2011) 232–236. 

[10] M. Ogrodnik, H. Salmonowicz, V.N. Gladyshev, Integrating cellular senescence 
with the concept of damage accumulation in aging: relevance for clearance of 
senescent cells, Aging Cell 18 (1) (2019), e12841. 

[11] P. Davalli, T. Mitic, A. Caporali, A. Lauriola, D. D’Arca, ROS, cell senescence, and 
novel molecular mechanisms in aging and age-related diseases, Oxid. Med. Cell. 
Longev. (2016) (2016), 3565127. 

[12] S.D. Ohlhorst, R. Russell, D. Bier, D.M. Klurfeld, Z. Li, J.R. Mein, J. Milner, A. 
C. Ross, P. Stover, E. Konopka, Nutrition research to affect food and a healthy life 
span, J. Nutr. 143 (8) (2013) 1349–1354. 

[13] K. Gul, A.K. Singh, R. Jabeen, Nutraceuticals and functional foods: the foods for 
the future world, Crit. Rev. Food Sci. Nutr. 56 (16) (2016) 2617–2627. 

[14] S.J. Olshansky, From lifespan to healthspan, JAMA 320 (13) (2018) 1323–1324. 
[15] K. Wickramasinghe, J.C. Mathers, S. Wopereis, D.S. Marsman, J.C. Griffiths, From 

lifespan to healthspan: the role of nutrition in healthy ageing, J. Nutr. Sci. 9 
(2020) e33. 

[16] K. Verburgh, Nutrigerontology: why we need a new scientific discipline to 
develop diets and guidelines to reduce the risk of aging-related diseases, Aging 
Cell 14 (1) (2015) 17–24. 

[17] A. Moskalev, E. Chernyagina, A. Kudryavtseva, M. Shaposhnikov, Geroprotectors: 
a unified concept and screening approaches, Aging Dis. 8 (3) (2017) 354–363. 

[18] L. Hayflick, P.S. Moorhead, The serial cultivation of human diploid cell strains, 
Exp. Cell Res. 25 (1961) 585–621. 

[19] S. Ock, W.S. Lee, J. Ahn, H.M. Kim, H. Kang, H.-S. Kim, D. Jo, E.D. Abel, T.J. Lee, 
J. Kim, Deletion of IGF-1 receptors in cardiomyocytes attenuates cardiac aging in 
male mice, Endocrinology 157 (1) (2016) 336–345. 

[20] M. Uday Bhanu, R.K. Mandraju, C. Bhaskar, A.K. Kondapi, Cultured cerebellar 
granule neurons as an in vitro aging model: topoisomerase IIβ as an additional 
biomarker in DNA repair and aging, Toxicol. In Vitro 24 (7) (2010) 1935–1945. 

[21] A. Bigot, A.F. Klein, E. Gasnier, V. Jacquemin, P. Ravassard, G. Butler-Browne, 
V. Mouly, D. Furling, Large CTG repeats trigger p16-dependent premature 
senescence in myotonic dystrophy type 1 muscle precursor cells, Am. J. Pathol. 
174 (4) (2009) 1435–1442. 

[22] T. von Zglinicki, T. Wan, S. Miwa, Senescence in post-mitotic cells: a driver of 
aging? Antioxid. Redox Signal. 34 (4) (2021) 308–323. 

[23] G. Saretzki, T. Von Zglinicki, Replicative aging, telomeres, and oxidative stress, 
Ann. N. Y. Acad. Sci. 959 (2002) 24–29. 

[24] M. Serrano, A.W. Lin, M.E. McCurrach, D. Beach, S.W. Lowe, Oncogenic ras 
provokes premature cell senescence associated with accumulation of p53 and 
p16INK4a, Cell 88 (5) (1997) 593–602. 

[25] D.M. Nelson, T. McBryan, J.C. Jeyapalan, J.M. Sedivy, P.D. Adams, A comparison 
of oncogene-induced senescence and replicative senescence: implications for 
tumor suppression and aging, Age (Dordr.) 36 (3) (2014), 9637-9637. 

[26] A. Suram, J. Kaplunov, P.L. Patel, H. Ruan, A. Cerutti, V. Boccardi, M. Fumagalli, 
R. Di Micco, N. Mirani, R.L. Gurung, M.P. Hande, F. d’Adda di Fagagna, 
U. Herbig, Oncogene-induced telomere dysfunction enforces cellular senescence 
in human cancer precursor lesions, EMBO J. 31 (13) (2012) 2839–2851. 

[27] A. Chandrasekaran, M.D.P.S. Idelchik, J.A. Melendez, Redox control of 
senescence and age-related disease, Redox Biol. 11 (2017) 91–102. 

[28] E. Coluzzi, M. Colamartino, R. Cozzi, S. Leone, C. Meneghini, N. O’Callaghan, 
A. Sgura, Oxidative stress induces persistent telomeric DNA damage responsible 
for nuclear morphology change in mammalian cells, PLoS One 9 (10) (2014), 
e110963. 

[29] Q.M. Chen, J. Liu, J.B. Merrett, Apoptosis or senescence-like growth arrest: 
influence of cell-cycle position, p53, p21 and bax in H2O2 response of normal 
human fibroblasts, Biochem. J. 347 (Pt 2) (2000) 543–551. 

[30] B.G. Childs, D.J. Baker, J.L. Kirkland, J. Campisi, J.M. van Deursen, Senescence 
and apoptosis: dueling or complementary cell fates? EMBO Rep. 15 (11) (2014) 
1139–1153. 

[31] A. Kowald, J.F. Passos, T.B.L. Kirkwood, On the evolution of cellular senescence, 
Aging Cell 19 (12) (2020), e13270. 

[32] Y. Ovadya, V. Krizhanovsky, Strategies targeting cellular senescence, J. Clin. 
Invest. 128 (4) (2018) 1247–1254. 

[33] J.M. van Deursen, The role of senescent cells in ageing, Nature 509 (7501) (2014) 
439–446. 

[34] M. Demaria, N. Ohtani, S.A. Youssef, F. Rodier, W. Toussaint, J.R. Mitchell, R. 
M. Laberge, J. Vijg, H. Van Steeg, M.E. Dollé, J.H. Hoeijmakers, A. de Bruin, 
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F.J. Blanco, G. Criado, J.L. Pablos, Senescent synovial fibroblasts accumulate 
prematurely in rheumatoid arthritis tissues and display an enhanced 
inflammatory phenotype, Immun. Ageing 16 (1) (2019) 29. 

[59] P. Sousa-Victor, S. Gutarra, L. García-Prat, J. Rodriguez-Ubreva, L. Ortet, V. Ruiz- 
Bonilla, M. Jardí, E. Ballestar, S. González, A.L. Serrano, E. Perdiguero, P. Muñoz- 
Cánoves, Geriatric muscle stem cells switch reversible quiescence into 
senescence, Nature 506 (7488) (2014) 316–321. 

[60] Q. Cai, P. Shi, Y. Yuan, J. Peng, X. Ou, W. Zhou, J. Li, T. Su, L. Lin, S. Cai, Y. He, 
J. Xu, Inflammation-associated senescence promotes Helicobacter pylori–induced 
atrophic gastritis, Cell. Mol. Gastroenterol. Hepatol. 11 (3) (2021) 857–880. 

[61] M. Xu, T. Pirtskhalava, J.N. Farr, B.M. Weigand, A.K. Palmer, M.M. Weivoda, C. 
L. Inman, M.B. Ogrodnik, C.M. Hachfeld, D.G. Fraser, J.L. Onken, K.O. Johnson, 
G.C. Verzosa, L.G.P. Langhi, M. Weigl, N. Giorgadze, N.K. LeBrasseur, J.D. Miller, 
D. Jurk, R.J. Singh, D.B. Allison, K. Ejima, G.B. Hubbard, Y. Ikeno, H. Cubro, V. 
D. Garovic, X. Hou, S.J. Weroha, P.D. Robbins, L.J. Niedernhofer, S. Khosla, 
T. Tchkonia, J.L. Kirkland, Senolytics improve physical function and increase 
lifespan in old age, Nat. Med. 24 (8) (2018) 1246–1256. 

[62] S. He, N.E. Sharpless, Senescence in health and disease, Cell 169 (6) (2017) 
1000–1011. 

[63] M.J. Schafer, X. Zhang, A. Kumar, E.J. Atkinson, Y. Zhu, S. Jachim, D.L. Mazula, 
A.K. Brown, M. Berning, Z. Aversa, B. Kotajarvi, C.J. Bruce, K.L. Greason, R. 
M. Suri, R.P. Tracy, S.R. Cummings, T.A. White, N.K. LeBrasseur, The senescence- 
associated secretome as an indicator of age and medical risk, JCI Insight 5 (12) 
(2020), e133668. 

[64] D. Liu, P.J. Hornsby, Senescent human fibroblasts increase the early growth of 
xenograft tumors via matrix metalloproteinase secretion, Cancer Res. 67 (7) 
(2007) 3117–3126. 
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supplementation for 5 weeks with polyphenol-rich cereals improves several 
functions and the redox state of mouse leucocytes, Eur. J. Nutr. 45 (8) (2006) 
428–438. 

[216] M. De la Fuente, S. Medina, I. Baeza, L. Jiménez, Improvement of leucocyte 
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