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In pursuit of developing anti-aging or age-delaying strategies, nutritional interventions have long been con-
sidered promising candidates. However, emerging advances in the understanding of the causes and effects of
senescence per se have enhanced the prospects of a more focused approach in the exploration of therapies
aimed at the modulation of aging. The aim of this study was to review recent developments on the molecular
basis of aging and provide evidence that regulation of the mechanistic target of rapamycin (mTOR), senes-

i;e%/g]grds' cence-associated secretory phenotype (SASP), and apoptotic pathways could be the key mechanistic targets
Nutrition of prospective senescence modulatory interventions. The emerging role of nutraceuticals in specifically tar-
SASP geting these molecular aspects of senescence are reviewed with the rationale of identifying novel opportuni-
BCL-2 ties and challenges in formulating food- and nutrition-based anti-aging therapies.

Senescence © 2019 Elsevier Inc. All rights reserved.
Aging

Introduction arguably the most rational and achievable phenomenon [4]. There

The phenomenon of aging is a gradual, deleterious, and multi-
faceted aspect of life. As we age, major regulatory systems of the
body, including immune response, cardiovascular system, and the
endocrine network, are categorically affected, causing tissue and
organ dysfunction characteristic of the aging phenotype [1,2].
Notable advances in health care and vaccination have immensely
contributed to increasing human life expectancy, and as a result,
the global geriatric population is on the rise. However, older indi-
viduals are dramatically more prone to a vast majority of degenera-
tive diseases including the hallmark disorders of the 21st century
(i.e., cancer and diabetes) [3]. It is thus evident that understanding
the fundamental causes of aging and identification of its potential
therapeutic targets and modulators is of paramount importance in
maintaining health and longevity. At present, physical exercise,
lifestyle management, and nutritional interventions are the only
known considerable non-genetic factors that may promote
healthy aging. Among these, nutritional modulation of aging is
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are several examples of nutraceuticals, including plant secondary
metabolites and probiotic bacteria, that have been shown to modu-
late at least some of the deleterious functional aspects of aging, and
in the process, even conferring an extension in the life span of
experimental animals [5-9]. However, only emerging evidence
has begun to reveal the molecular basis of aging, thereby identify-
ing potential cellular targets for mitigating age-associated cellular
and organ dysfunction. The present review describes the current
advances in the understanding of the etiology of cellular senes-
cence as well as evidences, underlying mechanisms, and perspec-
tives in the quest for achieving a nutraceutical-based modulation
of senescence and aging.

Molecular etiology of aging: Emerging concepts

Organismal aging is essentially a manifestation of collective
functional deterioration in almost all cell types. These age-associ-
ated aberrations in cellular functions are at least partially attrib-
uted to the phenomenon of cellular senescence [10]. Somatic
cells have a limited replicative life span, following which the
cells cease to proliferate and become “senescent,” ultimately
hampering the natural regeneration capacity of worn-out or
damaged cells. Although this restriction in cell proliferation is
viewed as an evolutionary barrier to tumorigenesis, a causative
linkage between cellular senescence and aging has been specu-
lated. Indeed, recent advances in geroscience have demonstrated
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that gradual accumulation of senescent cells in various tissues
and organs directly contributes to organ dysfunction and the
characteristic aged phenotype [11]. In a breakthrough study, it
was shown that selective elimination of senescent cells in vivo
could essentially confer anti-aging attributes by delaying tumori-
genesis and attenuation of age-related deterioration of several
organs including kidney, heart, and fat [12]. In addition, it has
been shown that transplanting small numbers of senescent cells
from the ear cartilage of luciferase-expressing mice into the
knee-joint area of wildtype mice caused the development of leg
pain, impaired mobility, and radiographic and histologic changes
suggestive of osteoarthritis [13]. Therefore, it is not surprising
that cellular senescence has been argued to be the “causal
nexus” of aging, and targeting senescent cells appears to be a
promising way to mitigate the deleterious effects of aging [11].
Furthermore, it is now understood that senescent cells have
unique associated features that greatly enhance their prowess to
inflict damage to nearby healthier cells and thus augment tissue
and organ dysfunction. This includes the development of charac-
teristic senescence-associated secretory phenotype (SASP) and the
resistance to apoptosis-mediated natural cell death. The SASP is a
complex milieu of several proinflammatory and prooxidant mole-
cules that, by way of autocrine and paracrine signaling, results in
prooxidant, proinflammatory, and protumorigenic environment [14].
SASP could also provide an explanation to the notion of inflamm-
aging, wherein chronic circulatory presence of inflammatory mole-
cules such as tumor necrosis factor (TNF)-«, interleukin (IL)-6, and
monocyte chemoattractant protein (MCP)-1 is observed in the elderly,
which is thought to invoke systemic inflammatory damage [15]. In
young organisms, SASP factors serve to attract immune cells in their
localized area for inflammation-mediated clearance of senescent cells,
whereas growth factors present in SASP stimulate proliferation in
neighboring cells to allow subsequent replacement of senescent cells
[16]. However, as we age, both innate and adaptive immune systems
have been documented to undergo characteristic and widespread
dysregulations that hamper effector functions and thus could possibly
relate to the apparent accumulation of senescent cells [17,18]. There-
fore, it is evident that strategies aimed at maintaining immunologic
homeostasis during aging could result in efficient clearance of senes-
cent cells. Senescent cells are also metabolically active but resist both
extrinsic and intrinsic proapoptotic stimuli. This ability prevents the
natural elimination of senescent cells from tissues, thereby further
aiding in their accumulation and augmentation of the senescent phe-
notype [19]. Recently, apoptotic resistance in senescent cells was
linked to the persistent activation of prosurvival pathways
(B-cell lymphoma [BCL]-2 family) with concomitant inhibition of
proapoptotic pathways (BCL-2-associated X protein [BAX] family)
[20]. It was also observed that inhibition of BCL-2 family proteins
resulted in skewing of the cell fate toward apoptosis and their gradual
removal in vivo [21]. This discovery has revealed a novel mechanism
of triggering self-clearance of senescent cells that could be used in
developing therapeutic approaches. Notwithstanding, it is interesting
to note that despite the emerging role of senescent cells in driving
the aging process, senescent cells have been associated with certain
beneficial aspects as well, such as wound healing and control of fibro-
sis [22,23]. This implies that unabated elimination of senescent cells
may also affect some desirable cellular aspects that require further
exploration. Nonetheless, evidence suggests that elimination of senes-
cent cells during aging may preserve organ functions and enhance life
span. The causes of age-associated activation of the senescence pro-
gram includes a combination of inherent loss of replicative potential
(replicative senescence) owing to telomere erosion, age-associated
chronic oxi-inflammatory or genotoxic stress (stress-induced senes-
cence), and defective immune cell-mediated clearance of senescent

cells. The oxi-inflamm-aging theory proposes that mitochondrial dys-
regulation of reactive oxygen species (ROS) production with age is
the cellular initiator of the aging process [24]. As ROS-mediated
molecular and eventual DNA damage prevails, downstream pathways
of cell cycle inhibition (p53/p21WAF![p16™¥43) are activated and the
senescence program is triggered. The chronic stress-mediated induc-
tion of senescence is arguably more pertinent because it not only rep-
resents a modifiable factor of aging, but could also explain the loss of
function and development of senescence (mediated by SASP) in non-
dividing cells (such as neurons or immune cells). Although different
theories have been put forward to explain the mechanisms of aging,
why we age is generally regarded as an evolutionary consequence
involving age-associated persistent activation of certain nutrient-
sensing pathways (such as mTOR) that are otherwise essential for
normal growth and development [25].

mTOR, SASP, and BCL-2 family proteins in senescence

mTOR signaling is vital for cellular growth and function because
it directly regulates metabolism, translation, and stress response in
proliferating cells. Emerging evidence has shown that both cell
growth and cell senescence are related to mTOR signaling [26,27].
In quiescent cells, both cell cycle and mTOR are blocked, but if cell
cycle is inhibited and mTOR is still activated, cells become hyper-
trophic and hyperactive, resulting in cellular damage characteristic
of cellular senescence (Fig. 1) [25]. There are reports suggesting
aberrant mTOR activation both in vitro and in vivo in the pro-aging
environment and that the inhibition of mTOR can improve cellular
functions and immune responses and enhance life span [28-34].
Despite these observations, reasons for why mTOR is activated dur-
ing aging and how its inhibition extends the life span remain elu-
sive. At least two potential causes of mTOR activation can be
envisaged. First, TOR is essential for development in early life and
its knockout in early stages is lethal [35]. Although the growth rate
of mammals is maximally achieved near adulthood, the nutritional
stimulus continues unabated, rendering persistent TOR activation
that contributes to aging. The scenario is compounded by modern
lifestyles wherein fast food or overeating, coupled with lack of
physical exercise, may further aggravate the nutritional overstimu-
lation of the mTOR (Fig. 1). Second, increased nutritional stimulus
also may cause a time-dependent overburden on cellular antioxi-
dant machinery, thereby affecting mitochondrial redox homeosta-
sis and causing accumulation of ROS that has been shown to
directly result in mTOR activation. Once activated, TOR results in
enhanced oxidative phosphorylation in mitochondria, leading to
further generation of ROS [36,37]. Thus, mTOR and ROS mutually
complement each other, resulting in a vicious circle of sustained
mTOR activity and oxidative damage and thereby driving the
senescence program (Fig. 2).

Inflammatory damage owing to SASP is the single most damag-
ing factor of cellular functions and augmenter of senescence. It has
been shown that mTOR can directly regulate SASP production by
selectively enhancing the translation of the membrane-bound
cytokine IL-1A and that rapamycin-mediated amelioration of age-
related pathologies, including late-life cancer, could be due to the
suppression of SASP [38]. Moreover, the SASP is particularly detri-
mental because it is prevalent in all senescent tissues, even in ter-
minally differentiated skeletal muscles and immune cells, and thus
could augment systemic effects of aging. Another major aspect of
senescence is resistance to apoptosis-mediated cell death. Normal
cells, when irreparably damaged, undergo programmed cell death
in an attempt to prevent gradual injury to healthy cells. However,
senescent cells are not only deleterious in functions but also persist
in a metabolically active, non-dividing state owing to prevalent
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Fig. 1. Schematic diagram of the interplay between cell cycle arrest and mTOR activation in the development of senescent cells and their characteristic features, ultimately
leading to the manifestation of aging phenotype. mTOR, mechanistic target of rapamycin; SASP, senescence-associated secretory phenotype.

resistance to apoptosis. Several proteins control the process of apo-
ptosis, including pro-apoptotic regulator BAX and anti-apoptotic
regulator BCL-2. BAX regulates the activities of caspases and endo-
nucleases by extricating cytochrome ¢ from mitochondria, whereas
BCL-2 prevents the release of cytochrome c and encourages cell
survival [39]. Recent studies have shown that apoptotic resistance
in senescent cells is caused by the activation of BCL-2 family pro-
teins. Interestingly, there is also evidence that Akt, the upstream
activator of mTOR, might directly contribute to stabilization of
BCL-2 family proteins, thereby indicating another possible implica-
tion of mTOR activation in contributing to senescence and senes-
cent phenotype [40]. Taken together, it is evident that targeting
mTOR signaling, SASP progression or BCL-2 accumulation in senes-
cent cells could be a viable strategy for the mitigating of progres-
sion of senescence and delaying the development of age-inflicted
inflammatory disorders.

Nutritional modulation of mTOR, SASP, and BCL-2 during
senescence

Evidence suggests that nutritional components can influence
different aspects of aging that are largely attributed to the
improved cellular antioxidant and inflammatory homeostasis. A
plethora of bioactive molecules including quercetin, resveratrol,
and epigallocatechin gallate (EGCG), as well as milk bioactive pep-
tides and probiotic bacteria, have shown promising, functional
anti-aging aspects [9,41-45]. Recent evidences suggest that these
apparent effects of nutraceuticals could at least be partially

attributed to their inhibition of both the development and the
progression of cellular senescence as documented in various in
vitro experiments [46]. A vast majority of studies pertaining to
nutraceutical-mediated modulation of senescence have
highlighted the prevention of p53/p21VAF!/p16™N*43_mediated
cell cycle arrest in senescent cells [46,47]. However, despite
emerging evidence of the crucial role of mTOR in aging patho-
physiology, few reports have directly assessed the effects of nutri-
tional interventions considering mTOR signaling as the causative
agent of senescence (Table 1). For instance, a report by Yang et al.
[33] identified the inhibition of the AKT/mTOR pathway and ROS
production as the underlying mechanism of ascorbic acid—medi-
ated prevention of p-galactose—induced cell senescence. Using a
rat model of brain aging, Wang et al. [48] showed that saponins of
Trillium tschonoskii can prevent neural dysfunctions by upregulating
Rheb and downregulating mTOR, thereby rescuing dysfunctional
autophagy to execute an anti-aging role. Similarly, Park et al. [49]
showed that Kaempferia parviflora extracts can inhibit AKT/mTOR
pathway in stress-induced senescent fibroblasts. Lee et al. [50]
observed that isoflavone genistein-induced mTOR inhibition caused
activation of autophagy pathway, resulting in attenuation of senes-
cence in vascular smooth muscle cells. Another study observed that
alkaloid berberine can suppress stress-induced senescence by the
inhibition of mTOR pathway [51]. It should be considered that in the
perspective of cancer research, multiple evidences exist wherein
bioactive phytomolecules such as polyphenols have shown promise
in the inhibition of PI3K/Akt/mTOR signaling, thereby inhibiting cell
growth and proliferation. However, to our knowledge, there is a
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Fig. 2. Schematic diagram indicating the role of ROS and mTOR signaling pathways in driving the senescence process. Persistent age-associated ROS accumulation results in
activation of mTOR pathway that further stimulates ROS production while also inducing SASP factors, ultimately causing stimulation of cell cycle inhibitory pathways and
thereby augmenting the process of senescence. mTOR, mechanistic target of rapamycin; NF, nuclear factor; ROS, reactive oxygen species; SASP, senescence-associated secre-

tory phenotype.

distinct dearth of studies assessing nutritional modulation of mTOR
signaling in the context of senescence both in vitro and in vivo.
Given the role of nutritional stimulus in activating TOR, reducing the
caloric burden by interventions such as calorie restriction have

Table 1

Nutraceuticals that target mTOR/SASP and BCL-2 pathways are antisenescence

agents

Reported anti-senescence Nutraceutical component

mechanism

Reference

Epigallocatechin gallate
Ascorbic acid

Kumar et al. [73]
Yang et al. [33]

Saponins Wang et al. [48]
mTOR inhibitors Kaempferia parviflora Park et al. [49]

extract

Genistein Lee et al. [50]

Berberine Zhaoetal. [51]

Epigallocatechin gallate
Resveratrol

Kumar et al. [73]
Menicacci et al. [59];
Liu et al. [60]

SASP suppressors Ophiopogonis radix Kitahiro et al. [61]
extract
Ginsenoside Tang et al. [62]
Flavonoids Lim et al. [63]
Epigallocatechin gallate Kumar et al. [73]
Piperlongumine Wang et al. [69];
Liuetal. [70]
Senolytic Fistein Zhuetal. [71];
Yousefzadeh et al. [72]
Quercetin Zhuetal. [64]

BCL, B-cell lymphoma; mTOR, mechanistic target of rapamycin; SASP, senescence-
associated secretory phenotype

shown to promote health, attenuate age-related morbidities,
and enhance the life span [52]. The mechanisms governing these
effects have been attributed to a milieu of decreased oxidative
stress, enhanced antioxidant systems, epigenetic changes, and
the inhibition of TOR [53-56]. Interestingly, dietary supplemen-
tation of certain nutraceuticals or drugs, such as the polyphenol
resveratrol and the TOR inhibitor rapamycin have been found to
“mimic” the phenotypes of calorie restriction [57,58] and there-
fore represent a more pragmatic approach to attaining health
benefits of calorie restriction.

Studies addressing SASP modulatory attributes of nutraceuti-
cals have only begun to emerge (Table 1). Nonetheless, evidences
suggest that various plant secondary metabolites have the poten-
tial to attenuate gene and protein expression of several SASP com-
ponents such as IL-1f3, IL-6, IL-8, and TNF-a mediated by the
inhibition of nuclear factor (NF)-kB expression. Menicacci et al.
[59] observed that resveratrol-treated conditioned media of
senescent fibroblasts attenuated IL-8 levels as well as IL8/CXCR2
binding in endothelial colony-forming cells, thereby suggesting
inhibition of pro-angiogenic attributes of SASP. Liu et al. [60]
showed that chronic resveratrol treatment to annual fish Notho-
branchius guenther downregulated levels of SASP-associated
pro-inflammatory cytokines IL-8 and TNF-a and upregulated
expression of anti-inflammatory cytokine IL-10 mediated by
NF-kB inhibition in the gut. Similarly, methanolic extracts of
Ophiopogonis radix showed SASP modulatory potential by inhibit-
ing IL-6 and IL-8 in senescent human dermal fibroblasts [61].
Application of Ginsenoside Rgl to tert-butyl hydroperoxide
induced premature senescence in mouse hematopoietic stem cells
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and resulted in decreased mRNA and protein expression of NF-kB,
signifying attenuation of SASP and resistance to senescence [62].
In a detailed study, various flavonoids such as apigenin, quercetin,
kaempferol, naringenin and wogonin were evaluated for anti-
SASP attributes in bleomycin induced senescent BJ cells [63].
Some authors have observed that apigenin and kaempferol
strongly repressed the expression of SASP factors such as IL-1c,
IL-1, IL-6, IL-8, granulocyte-macrophage colony-stimulating fac-
tor, CXCL1, monocyte chemoattractant protein-2, and matrix met-
alloproteinase-3 by inhibiting the NF-kB p65 activity via the
IRAK1/IkBa signaling pathway. Furthermore, oral administration
of apigenin significantly reduced elevated levels of SASP in the
kidneys of aged rats, suggesting that flavonoids are inhibitors of
SASP [63].

Since the discovery that the synthetic molecule navitoclax pro-
motes apoptosis and cell death by inhibiting expression of BCL-X;
proteins of the BCL-2 family; there is growing interest in identify-
ing safer yet equally effective natural compounds with such attrib-
utes. These compounds that can selectively eliminate senescent
cells by regulating mechanisms such as apoptosis are called seno-
Iytics. Given the fact that various phytomolecules have shown anti-
senescence potential, identification of senolytics is a promising
area of research in nutrigerontology. However, studies pertaining
to identification of natural compounds for their senolytic attributes
are still in their infancy (Table 1). The first evidence of a non-
synthetic senolytic compound was reported for the flavonoid
quercetin in irradiation-induced senescent human umbilical vein
endothelial cells (HUVECs) [64]. Since then, using several different
approaches in preclinical studies, quercetin and the synthetic drugs
dasatinib and navitoclax have been shown to clear senescent cells
in vivo [65—67]. Recently, quercetin, in combination with dasati-
nib, has been shown to selectively eliminate senescent cells, atten-
uate SASP, alleviate physical dysfunction, and increase post-
treatment survival by 36% while reducing mortality hazard to 65%
in experimental mice [68]. Similarly, the polyphenols piperlongu-
mine and fistein have been identified as having senolytic potential
in senescent human WI-38 fibroblasts and human umbilical vein
endothelial cells, respectively [69—71]. More recently, Yousefzadeh
et al. [72] observed that acute or intermittent treatment of proge-
roid and old mice with fisetin reduced senescence markers in mul-
tiple tissues, whereas administration of fisetin to wildtype mice
late in life restored tissue homeostasis, reduced age-related pathol-
ogy, and extended the median and maximum life spans. Further-
more, working on green tea catechin EGCG, we observed that
EGCG has multifaceted antisenescence attributes because it can
enhance immune responses in the older population [9] and inhibit
mTOR-mediated activation of senescence and SASP and also can
act as a potential senolytic against murine adipocytes [73]. Taken
together, a niche research area involving nutritional modulation of
mTOR, SASP, and apoptotic cell death during senescence can be
envisaged, particularly using known bioactive polyphenols
because they appear to be ideal candidates for developing anti-
aging therapies.

Conclusion and future perspectives

As of now, human aging is inevitible. However, aging itself is
not a disease but rather it predisposes older individuals to recur-
ring infections and inflammatory disorders that contribute to
observed morbidity and mortality. The identification of TOR as
senescence and life span regulator, coupled with prevalent SASP,
are among the factors that predominantly contribute to age-
associated tissue and organ dysfunctions and thus have provided
novel and exciting therapeutic targets. Indeed, clinical trials of TOR

inhibitors and senolytic drugs are presently envisaged so as to
assess their anti-aging efficacy [74]. However, diet and nutraceuti-
cals could play a vital role in this regard because of their estab-
lished role in influencing various regulatory systems of humans,
safety, and lack of side effects. Notwithstanding, there is little infor-
mation as to whether and how nutraceuticals could target TOR or
SASP that may affect cellular senescence and ultimately organismal
health and longevity. Nutrition-mediated activation of immune
surveillance or the identification of novel BCL-2 inhibitors for effi-
cient clearance of senescent cells is another promising therapeutic
approach for which little or no reports are available to our knowl-
edge. Thus, emphasis should be placed on identification of nutra-
ceuticals with TOR inhibitory, SASP modulatory, or senolytic
attributes or their combinations, which may contribute to the
development of a safer and more natural approach to nutrition-
based antisenescence and healthy aging strategies.

Acknowledgments

Authors are grateful to the director of Council of Scientific &
Industrial Research-Institute of Himalayan Bioresource Technology
for constant support and encouragement.

References

[1] Weyand CM, Goronzy JJ. Aging of the immune system. Mechanisms and thera-
peutic targets. Ann Am Thorac Soc 2016: S422-8.

[2] Almeida AJPOD, Ribeiro TP, Medeiros IAD. Aging: molecular pathways and
implications on the cardiovascular system. Oxid Med Cell Longev
2017;2017:7941563.

[3] Jaul E, Barron J. Age-related diseases and clinical and public health implica-
tions for the 85years old ad over population. Front Public Health 2017;11
(5):335.

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

[5] Gupta C, Prakash D. Nutraceuticals for geriatrics. ] Tradit Complement Med
2014;17(5):5-14.

[6] SiH, LiuD. Dietary antiaging phytochemicals and mechanisms associated with
prolonged survival. ] Nutr Biochem 2014 2014;25:581-91.

[7] Sharma R, Kapila R, Kapasiya M, Saliganti V, Dass G, Kapil S. Dietary supple-
mentation of milk fermented with probiotic Lactobacillus fermentum enhan-
ces systemic immune response and antioxidant capacity in aging mice. Nutr
Res 2014;34:968-81.

[8] Casamenti F, Stefani M. Olive polyphenols: new promising agents to combat
aging-associated neurodegeneration. Expert Rev Neurother 2017;17:345-58.

[9] Sharma R, Sharma A, Kumari A, Kulurkar PM, Raj R, Gulati A, et al. Consump-
tion of green tea epigallocatechin-3-gallate enhances systemic immune
response, antioxidative capacity and HPA axis functions in aged male swiss
albino mice. Biogerontology 2017;18:367-82.

[10] McHugh D, Gil J. Senescence and aging: causes, consequences, and therapeutic
avenues. ] Cell Biol 2018;2(217):65-77.

[11] Bhatia-Dey N, Kanherkar RR, Stair SE, Makarevm EO, Csokam AB. Cellular
senescence as the causal nexus of aging. Front Genet 2016;7:13.

[12] Baker DJ, Childs BG, Durik M, Wijers ME, Sieben CJ, Zhong ], et al. Naturally
occurring pl16(Ink4a)-positive cells shorten healthy lifespan. Nature
2016;530:184-9.

[13] Xu M, Bradley EW, Weivodam MM, Hwang SM, Pirtskhalava T, Decklever T,
et al. Transplanted senescent cells induce an osteoarthritis-like condition in
mice. ] Gerontol A Biol Sci Med Sci 2017;72:780-5.

[14] Watanabe S, Kawamoto S, Ohtani N, Hara E. Impact of senescence-associated
secretory phenotype and its potential as a therapeutic target for senescence-
associated diseases. Cancer Sci 2017;108:563-9.

[15] Xia S, Zhang X, Zheng S, Khanabdali R, Kalionis B, Wu ], et al. An update on
inflamm-aging: mechanisms, prevention, and treatment. | Immunol Res
2016;2016:8426874.

[16] Borodkina A, Deryabin PI, Giukova AA, Nikolsky NN. “Social life” of senescent
cells: what is SASP and why study it? Acta Naturae 2018;10:4-14.

[17] Hoenicke L, Zender L. Immune surveillance of senescent cells—-biological sig-
nificance in cancer- and non-cancer pathologies. Carcinogenesis 2012;33:
1123-6.

[18] Eggert T, Wolter K, Ji J, Ma C, Yevsa T, Klotz S, et al. Distinct functions of senes-
cence-associated immune responses in liver tumor surveillance and tumor
progression. Cancer Cell 2016;30:533-47.

[19] Childs BG, Baker DJ, Kirkland JL, Campis J, van Deursen JM. Senescence and
apoptosis: dueling or complementary cell fates? EMBO Rep 2014;15:1139-53.


http://refhub.elsevier.com/S0899-9007(19)30019-X/sbref0001
http://refhub.elsevier.com/S0899-9007(19)30019-X/sbref0001
http://refhub.elsevier.com/S0899-9007(19)30019-X/sbref0002
http://refhub.elsevier.com/S0899-9007(19)30019-X/sbref0002
http://refhub.elsevier.com/S0899-9007(19)30019-X/sbref0002
http://refhub.elsevier.com/S0899-9007(19)30019-X/sbref0003
http://refhub.elsevier.com/S0899-9007(19)30019-X/sbref0003
http://refhub.elsevier.com/S0899-9007(19)30019-X/sbref0003
http://refhub.elsevier.com/S0899-9007(19)30019-X/sbref0004
http://refhub.elsevier.com/S0899-9007(19)30019-X/sbref0004
http://refhub.elsevier.com/S0899-9007(19)30019-X/sbref0004
http://refhub.elsevier.com/S0899-9007(19)30019-X/sbref0005
http://refhub.elsevier.com/S0899-9007(19)30019-X/sbref0005
http://refhub.elsevier.com/S0899-9007(19)30019-X/sbref0006
http://refhub.elsevier.com/S0899-9007(19)30019-X/sbref0006
http://refhub.elsevier.com/S0899-9007(19)30019-X/sbref0007
http://refhub.elsevier.com/S0899-9007(19)30019-X/sbref0007
http://refhub.elsevier.com/S0899-9007(19)30019-X/sbref0007
http://refhub.elsevier.com/S0899-9007(19)30019-X/sbref0007
http://refhub.elsevier.com/S0899-9007(19)30019-X/sbref0008
http://refhub.elsevier.com/S0899-9007(19)30019-X/sbref0008
http://refhub.elsevier.com/S0899-9007(19)30019-X/sbref0009
http://refhub.elsevier.com/S0899-9007(19)30019-X/sbref0009
http://refhub.elsevier.com/S0899-9007(19)30019-X/sbref0009
http://refhub.elsevier.com/S0899-9007(19)30019-X/sbref0009
http://refhub.elsevier.com/S0899-9007(19)30019-X/sbref0010
http://refhub.elsevier.com/S0899-9007(19)30019-X/sbref0010
http://refhub.elsevier.com/S0899-9007(19)30019-X/sbref0011
http://refhub.elsevier.com/S0899-9007(19)30019-X/sbref0011
http://refhub.elsevier.com/S0899-9007(19)30019-X/sbref0012
http://refhub.elsevier.com/S0899-9007(19)30019-X/sbref0012
http://refhub.elsevier.com/S0899-9007(19)30019-X/sbref0012
http://refhub.elsevier.com/S0899-9007(19)30019-X/sbref0013
http://refhub.elsevier.com/S0899-9007(19)30019-X/sbref0013
http://refhub.elsevier.com/S0899-9007(19)30019-X/sbref0013
http://refhub.elsevier.com/S0899-9007(19)30019-X/sbref0014
http://refhub.elsevier.com/S0899-9007(19)30019-X/sbref0014
http://refhub.elsevier.com/S0899-9007(19)30019-X/sbref0014
http://refhub.elsevier.com/S0899-9007(19)30019-X/sbref0015
http://refhub.elsevier.com/S0899-9007(19)30019-X/sbref0015
http://refhub.elsevier.com/S0899-9007(19)30019-X/sbref0015
http://refhub.elsevier.com/S0899-9007(19)30019-X/sbref0016
http://refhub.elsevier.com/S0899-9007(19)30019-X/sbref0016
http://refhub.elsevier.com/S0899-9007(19)30019-X/sbref0017
http://refhub.elsevier.com/S0899-9007(19)30019-X/sbref0017
http://refhub.elsevier.com/S0899-9007(19)30019-X/sbref0017
http://refhub.elsevier.com/S0899-9007(19)30019-X/sbref0018
http://refhub.elsevier.com/S0899-9007(19)30019-X/sbref0018
http://refhub.elsevier.com/S0899-9007(19)30019-X/sbref0018
http://refhub.elsevier.com/S0899-9007(19)30019-X/sbref0019
http://refhub.elsevier.com/S0899-9007(19)30019-X/sbref0019

38 R. Sharma and Y. Padwad / Nutrition 65 (2019) 33—38

[20] Yosef R, Pilpel N, Tokarsky-Amiel R, Biran A, Ovadya Y, Cohen S, et al. Directed
elimination of senescent cells by inhibition of BCL-W and BCL-XL. Nature Com-
mun 2016;7:11190.

[21] Chang ], Wang Y, Shao L, Laberge RM, Demaria M, Campisi J, et al. Clearance of
senescent cells by ABT263 rejuvenates aged hematopoietic stem cells in mice.
Nat Med 2016;22:78-83.

[22] Jun ]I, Lau LF. Cellular senescence controls fibrosis in wound healing. Aging
2010;2:627-31.

[23] Demaria M, Ohtani N, Youssef SA, Rodier F, Toussaint W, Mitchell JR, et al. An
essential role for senescent cells in optimal wound healing through secretion
of PDGF-AA. Dev Cell 2014;31:722-33.

[24] De la Fuente M, Miquel J. An update of the oxidation-inflammation theory of
aging: the involvement of the immune system in oxi-inflamm-aging. Curr
Pharm Des 2009;15:3003-26.

[25] Blagosklonny MV. Aging: ROS or TOR. Cell Cycle 2008;7:3344-54.

[26] Laplante M, Sabatini DM. mTOR signaling in growth control and disease. Cell
2012;149:274-93.

[27] Campisi J. Aging, cellular senescence, and cancer. Annu Rev Physiol
2013;75:685-705.

[28] Nacarelli T, Azar A, Sell C. Aberrant mTOR activation in senescence and aging: a
mitochondrial stress response? Exp Gerontol 2015;68:66-70.

[29] Houssaini A, Breau M, Kebe K, Abid S, Marcos E, Lipskaia L. mTOR pathway
activation drives lung cell senescence and emphysema. JCI Insight 2018;3. pii:
93203.

[30] Di Francesco A, Diaz-Ruiz A, de Cabo R, Bernier M. Intermittent mTOR inhibi-
tion reverses kidney aging in old rats. ] Gerontol A Biol Sci Med Sci 2018
2018;73:843-4.

[31] Walters HE, Cox LS. mTORC inhibitors as broad-spectrum therapeutics for age-
related diseases. Int ] Mol Sci 2018;19. pii: E2325.

[32] Mannick JB, Morris M, Hockey HP, Roma G, Beibel M, Kulmatycki K. TORC1
inhibition enhances immune function and reduces infections in the elderly. Sci
Transl Med 2018;10. pii: eaaq1564.

[33] Yang M, Teng S, Ma C, Yu Y, Wang P, Yi C. Ascorbic acid inhibits senescence in
mesenchymal stem cells through ROS and AKT/mTOR signaling. Cytotechnol-
ogy 2018;70:1301-13.

[34] Weichhart T. mTOR as regulator of lifespan, aging, and cellular senescence: a
mini-review. Gerontology 2018;64:127-34.

[35] Murakami M, Ichisaka T, Maeda M, Oshiro N, Hara K, Edenhofer F, et al. mTOR
is essential for growth and proliferation in early mouse embryos and embry-
onic stem cells. Mol Cell Biol 2004;24:6710-8.

[36] Nogueira V, Park Y, Chen CC, Xu PZ, Chen ML, Tonic |, et al. Akt determines rep-
licative senescence and oxidative or oncogenic premature senescence and
sensitizes cells to oxidative apoptosis. Cancer Cell 2008;14:458-70.

[37] Zhang L, Jie G, Zhang ], Zhao B. Significant longevity-extending effects of EGCG
on Caenorhabditis elegans under stress. Free Radic Biol Med 2009;46:414-21.

[38] Laberge RM, SunY, Orjalo AV, Patil CK, Freund A, Zhou L, et al. MTOR regulates
the pro-tumorigenic senescence-associated secretory phenotype by promot-
ing IL1A translation. Nat Cell Biol 2015;17:1049-61.

[39] Green DR, Reed JC. Mitochondria and apoptosis. Science 1998;281:1309-12.

[40] Pugazhenthi S, Nesterova A, Sable C, Heidenreich KA, Boxer LM, Heasley LE,
et al. Akt/protein kinase B up-regulates Bcl-2 expression through cAMP-
response element-binding protein. ] Biol Chem 2000;275:10761-6.

[41] Baxter RA. Anti-aging properties of resveratrol: review and report of a potent
new antioxidant skin care formulation. ] Cosmet Dermatol 2008;7:2-7.

[42] Queen BL, Tollefsbol TO. Polyphenols and aging. Curr Aging Sci 2010;3:34-42.

[43] Sharma R, Kapila R, Dass G, Kapila S. Improvement in Th1/Th2 immune
homeostasis, antioxidative status and resistance to pathogenic E. coli on con-
sumption of probiotic Lactobacillus rhamnosus fermented milk in aging mice.
Age 2014,;36:9686.

[44] Corréa RCG, Peralta RM, Haminiuk CW, Maciel GM, Bracht A, Ferreira ICFR.
New phytochemicals as potential human anti-aging compounds: reality,
promise, and challenges. Crit Rev Food Sci Nutr 2018;58:942-57.

[45] Kumar N, Reddi S, Devi S, Mada SB, Kapila R, Kapila S. Nrf2 dependent anti-aging
effect of milk derived bioactive peptide in old fibroblasts. ] Cell Biochem 2018:
1-5. https://doi.org/10.1002/jcb.28246.

[46] Maria J, Ingrid Z. Effects of bioactive compounds on senescence and compo-
nents of senescence associated secretory phenotypes in vitro. Food Funct
2017;8.2394-18.

[47] Malavolta M, Costarelli L, Giacconi R, Piacenza F, Basso A, Pierpaoli E, et al. Mod-
ulators of cellular senescence: mechanisms, promises, and challenges from in
vitro studies with dietary bioactive compounds. Nutr Res 2014;34:1017-35.

[48] Wang L, Du J, Zhao F, Chen Z, Chang ], Qin F, et al. Trillium tschonoskii maxim
saponin mitigates D-galactose-induced brain aging of rats through rescuing
dysfunctional autophagy mediated by Rheb-mTOR signal pathway. Biomed
Pharmacother 2018;98:516-22.

[49] Park JE, Woo SW, Kim MB, Kim C, Hwang JK. Standardized Kaempferia parvi-
flora extract inhibits intrinsic aging process in human dermal fibroblasts and
hairless mice by inhibiting cellular senescence and mitochondrial dysfunction.
Evid Based Complement Alternat Med 2017;2017:6861085.

[50] Lee KY, Kim JR, Choi HC. Genistein-induced LKB1-AMPK activation inhibits
senescence of VSMC through autophagy induction. Vascul Pharmacol
2016;81:75-82.

[51] Zhao H, Halicka HD, Li ], Darzynkiewicz Z. Berberine suppresses gero-conver-
sion from cell cycle arrest to senescence. Aging 2013;5:623-36.

[52] Gillespie ZE, Pickering ], Eskiw CH. Better living through chemistry: caloric
restriction (CR) and CR mimetics alter genome function to promote increased
health and lifespan. Front Genet 2016;7:142.

[53] Ungvari Z, Parrado-Fernandez C, Csiszar A, de Cabo R. Mechanisms underlying
caloric restriction and lifespan regulation: implications for vascular aging. Circ
Res 2008;102:519-28.

[54] Goldberg EL, Romero-Aleshire MJ, Renkema KR, Ventevogel MS, Chew WM,
Uhrlaub JL, et al. Lifespan-extending caloric restriction or mTOR inhibition
impair adaptive immunity of old mice by distinct mechanisms. Aging Cell
2015;14:130-8.

[55] Maegawa S, Lu Y, Tahara T, Lee JT, Madzo ], Liang S, et al. Caloric restriction
delays age-related methylation drift. Nat Commun 2017;8:539.

[56] Tulsian R, Velingkaar N, Kondratov R. Caloric restriction effects on liver mTOR
signaling are time-of-day dependent. Aging 2018;10:1640-8.

[57] Lee SH, Min K]. Caloric restriction and its mimetics. BMB Rep 2013;46:181-7.

[58] Ingram DK, Roth GS. Calorie restriction mimetics: can you have your cake and
eat it, too? Ageing Res Rev 2015;20:46-62.

[59] Menicacci B, Margheri F, Laurenzana A, Chilla A, Del Rosso M, Giovannelli L,
et al. Chronic resveratrol treatment reduces the pro-angiogenic effect of
human fibroblast "senescent associated secretory phenotype" (SASP) on endo-
thelial colony forming cells: the role of IL8 [Epub ahead of print]. ] Gerontol A
Biol Sci Med Sci 2018.

[60] LiuS,ZhengZ,JiS, LiuT,HouY, Li S, Li G. Resveratrol reduces senescence-asso-
ciated secretory phenotype by SIRT1/NF-«kB pathway in gut of the annual fish
Nothobranchius guentheri. Fish Shellfish Immunol 2018;80:473-9.

[61] Kitahiro Y, Koike A, Sonoki A, Muto M, Ozaki K, Shibano M. Anti-inflammatory
activities of Ophiopogonis Radix on hydrogen peroxide-induced cellular
senescence of normal human dermal fibroblasts. ] Nat Med 2018;72:905-14.

[62] Tang YL, Zhou Y, Wang YP, Wang JW, Ding JC. SIRT6/NF-kB signaling axis in
ginsenoside Rg1-delayed hematopoietic stem/progenitor cell senescence. Int
J Clin Exp Pathol 2015;8:5591-6.

[63] Lim H, Park H, Kim HP. Effects of flavonoids on senescence-associated secre-
tory phenotype formation from bleomycin-induced senescence in BJ fibro-
blasts. Biochem Pharmacol 2015;96:337-48.

[64] Zhu Y, Tchkonia T, Pirtskhalava T, Gower AC, Ding H, Giorgadze N, et al. The
Achilles' heel of senescent cells: from transcriptome to senolytic drugs. Aging
Cell 2015;14:644-58.

[65] Roos CM, Zhang B, Palmer AK, Ogrodnik MB, Pirtskhalava T, Thalji NM, et al.
Chronic senolytic treatment alleviates established vasomotor dysfunction in
aged or atherosclerotic mice. Aging Cell 2016;15:973-7.

[66] Chang ], Wang Y, Shao L, Laberge RM, Demaria M, Campisi J, et al. Clearance of
senescent cells by ABT263 rejuvenates aged hematopoietic stem cells in mice.
Nat Med 2016;22:78-83.

[67] Schafer MJ, White TA, lijima K, Haak AJ, Ligresti G, Atkinson EJ, et al. Cellular
senescence mediates fibrotic pulmonary disease. Nat Commun 2017;8:14532.

[68] Xu M, Pirtskhalava T, Farr JN, Weigand BM, Palmer AK, Weivoda MM, et al.
Senolytics improve physical function and increase lifespan in old age. Nat Med
2018;24:1246-56.

[69] WangY, Chang ], Liu X, Zhang X, Zhang S, Zhang X, et al. Discovery of piperlon-
gumine as a potential novel lead for the development of senolytic agents.
Aging 2016;8:2915-26.

[70] Liu X, Wang Y, Zhang X, Gao Z, Zhang S, Shi P, et al. Senolytic activity of piper-
longumine analogues: synthesis and biological evaluation. Bioorg Med Chem
2018;26:3925-38.

[71] Zhu Y, Doornebal EJ, Pirtskhalava T, Giorgadze N, Wentworth M, Fuhrmann-
Stroissnigg H, et al. New agents that target senescent cells: the flavone, fisetin,
and the BCL-XL inhibitors, A1331852 and A1155463. Aging 2017;9:955-63.

[72] Yousefzadeh MJ, Zhu Y, McGowan SJ, Angelini L, Fuhrmann-Stroissnigg H, Xu
M, et al. Fisetin is a senotherapeutic that extends health and lifespan. EBioMed
2018;36:18-28.

[73] Kumar R, Sharma A, Kumari A, Gulati A, Padwad Y, Sharma R. Epigallocatechin
gallate suppresses premature senescence of preadipocytes by inhibition of
PI3K/Akt/mTOR pathway and induces senescent cell death by regulation of
Bax/Bcl-2 pathway. Biogerontology 2018;20:171-89.

[74] Mullard A. Anti-ageing pipeline starts to mature. Nat Rev Drug Discov
2018;17:609-12.


http://refhub.elsevier.com/S0899-9007(19)30019-X/sbref0020
http://refhub.elsevier.com/S0899-9007(19)30019-X/sbref0020
http://refhub.elsevier.com/S0899-9007(19)30019-X/sbref0020
http://refhub.elsevier.com/S0899-9007(19)30019-X/sbref0021
http://refhub.elsevier.com/S0899-9007(19)30019-X/sbref0021
http://refhub.elsevier.com/S0899-9007(19)30019-X/sbref0021
http://refhub.elsevier.com/S0899-9007(19)30019-X/sbref0022
http://refhub.elsevier.com/S0899-9007(19)30019-X/sbref0022
http://refhub.elsevier.com/S0899-9007(19)30019-X/sbref0023
http://refhub.elsevier.com/S0899-9007(19)30019-X/sbref0023
http://refhub.elsevier.com/S0899-9007(19)30019-X/sbref0023
http://refhub.elsevier.com/S0899-9007(19)30019-X/sbref0024
http://refhub.elsevier.com/S0899-9007(19)30019-X/sbref0024
http://refhub.elsevier.com/S0899-9007(19)30019-X/sbref0024
http://refhub.elsevier.com/S0899-9007(19)30019-X/sbref0025
http://refhub.elsevier.com/S0899-9007(19)30019-X/sbref0026
http://refhub.elsevier.com/S0899-9007(19)30019-X/sbref0026
http://refhub.elsevier.com/S0899-9007(19)30019-X/sbref0027
http://refhub.elsevier.com/S0899-9007(19)30019-X/sbref0027
http://refhub.elsevier.com/S0899-9007(19)30019-X/sbref0028
http://refhub.elsevier.com/S0899-9007(19)30019-X/sbref0028
http://refhub.elsevier.com/S0899-9007(19)30019-X/sbref0029
http://refhub.elsevier.com/S0899-9007(19)30019-X/sbref0029
http://refhub.elsevier.com/S0899-9007(19)30019-X/sbref0029
http://refhub.elsevier.com/S0899-9007(19)30019-X/sbref0030
http://refhub.elsevier.com/S0899-9007(19)30019-X/sbref0030
http://refhub.elsevier.com/S0899-9007(19)30019-X/sbref0030
http://refhub.elsevier.com/S0899-9007(19)30019-X/sbref0031
http://refhub.elsevier.com/S0899-9007(19)30019-X/sbref0031
http://refhub.elsevier.com/S0899-9007(19)30019-X/sbref0032
http://refhub.elsevier.com/S0899-9007(19)30019-X/sbref0032
http://refhub.elsevier.com/S0899-9007(19)30019-X/sbref0032
http://refhub.elsevier.com/S0899-9007(19)30019-X/sbref0033
http://refhub.elsevier.com/S0899-9007(19)30019-X/sbref0033
http://refhub.elsevier.com/S0899-9007(19)30019-X/sbref0033
http://refhub.elsevier.com/S0899-9007(19)30019-X/sbref0034
http://refhub.elsevier.com/S0899-9007(19)30019-X/sbref0034
http://refhub.elsevier.com/S0899-9007(19)30019-X/sbref0035
http://refhub.elsevier.com/S0899-9007(19)30019-X/sbref0035
http://refhub.elsevier.com/S0899-9007(19)30019-X/sbref0035
http://refhub.elsevier.com/S0899-9007(19)30019-X/sbref0036
http://refhub.elsevier.com/S0899-9007(19)30019-X/sbref0036
http://refhub.elsevier.com/S0899-9007(19)30019-X/sbref0036
http://refhub.elsevier.com/S0899-9007(19)30019-X/sbref0037
http://refhub.elsevier.com/S0899-9007(19)30019-X/sbref0037
http://refhub.elsevier.com/S0899-9007(19)30019-X/sbref0038
http://refhub.elsevier.com/S0899-9007(19)30019-X/sbref0038
http://refhub.elsevier.com/S0899-9007(19)30019-X/sbref0038
http://refhub.elsevier.com/S0899-9007(19)30019-X/sbref0039
http://refhub.elsevier.com/S0899-9007(19)30019-X/sbref0040
http://refhub.elsevier.com/S0899-9007(19)30019-X/sbref0040
http://refhub.elsevier.com/S0899-9007(19)30019-X/sbref0040
http://refhub.elsevier.com/S0899-9007(19)30019-X/sbref0041
http://refhub.elsevier.com/S0899-9007(19)30019-X/sbref0041
http://refhub.elsevier.com/S0899-9007(19)30019-X/sbref0042
http://refhub.elsevier.com/S0899-9007(19)30019-X/sbref0043
http://refhub.elsevier.com/S0899-9007(19)30019-X/sbref0043
http://refhub.elsevier.com/S0899-9007(19)30019-X/sbref0043
http://refhub.elsevier.com/S0899-9007(19)30019-X/sbref0043
http://refhub.elsevier.com/S0899-9007(19)30019-X/sbref0044
http://refhub.elsevier.com/S0899-9007(19)30019-X/sbref0044
http://refhub.elsevier.com/S0899-9007(19)30019-X/sbref0044
http://refhub.elsevier.com/S0899-9007(19)30019-X/sbref0044
https://doi.org/10.1002/jcb.28246
http://refhub.elsevier.com/S0899-9007(19)30019-X/sbref0046
http://refhub.elsevier.com/S0899-9007(19)30019-X/sbref0046
http://refhub.elsevier.com/S0899-9007(19)30019-X/sbref0046
http://refhub.elsevier.com/S0899-9007(19)30019-X/sbref0046
http://refhub.elsevier.com/S0899-9007(19)30019-X/sbref0046
http://refhub.elsevier.com/S0899-9007(19)30019-X/sbref0046
http://refhub.elsevier.com/S0899-9007(19)30019-X/sbref0047
http://refhub.elsevier.com/S0899-9007(19)30019-X/sbref0047
http://refhub.elsevier.com/S0899-9007(19)30019-X/sbref0047
http://refhub.elsevier.com/S0899-9007(19)30019-X/sbref0048
http://refhub.elsevier.com/S0899-9007(19)30019-X/sbref0048
http://refhub.elsevier.com/S0899-9007(19)30019-X/sbref0048
http://refhub.elsevier.com/S0899-9007(19)30019-X/sbref0048
http://refhub.elsevier.com/S0899-9007(19)30019-X/sbref0049
http://refhub.elsevier.com/S0899-9007(19)30019-X/sbref0049
http://refhub.elsevier.com/S0899-9007(19)30019-X/sbref0049
http://refhub.elsevier.com/S0899-9007(19)30019-X/sbref0049
http://refhub.elsevier.com/S0899-9007(19)30019-X/sbref0050
http://refhub.elsevier.com/S0899-9007(19)30019-X/sbref0050
http://refhub.elsevier.com/S0899-9007(19)30019-X/sbref0050
http://refhub.elsevier.com/S0899-9007(19)30019-X/sbref0051
http://refhub.elsevier.com/S0899-9007(19)30019-X/sbref0051
http://refhub.elsevier.com/S0899-9007(19)30019-X/sbref0052
http://refhub.elsevier.com/S0899-9007(19)30019-X/sbref0052
http://refhub.elsevier.com/S0899-9007(19)30019-X/sbref0052
http://refhub.elsevier.com/S0899-9007(19)30019-X/sbref0053
http://refhub.elsevier.com/S0899-9007(19)30019-X/sbref0053
http://refhub.elsevier.com/S0899-9007(19)30019-X/sbref0053
http://refhub.elsevier.com/S0899-9007(19)30019-X/sbref0054
http://refhub.elsevier.com/S0899-9007(19)30019-X/sbref0054
http://refhub.elsevier.com/S0899-9007(19)30019-X/sbref0054
http://refhub.elsevier.com/S0899-9007(19)30019-X/sbref0054
http://refhub.elsevier.com/S0899-9007(19)30019-X/sbref0055
http://refhub.elsevier.com/S0899-9007(19)30019-X/sbref0055
http://refhub.elsevier.com/S0899-9007(19)30019-X/sbref0056
http://refhub.elsevier.com/S0899-9007(19)30019-X/sbref0056
http://refhub.elsevier.com/S0899-9007(19)30019-X/sbref0057
http://refhub.elsevier.com/S0899-9007(19)30019-X/sbref0058
http://refhub.elsevier.com/S0899-9007(19)30019-X/sbref0058
http://refhub.elsevier.com/S0899-9007(19)30019-X/sbref0059
http://refhub.elsevier.com/S0899-9007(19)30019-X/sbref0059
http://refhub.elsevier.com/S0899-9007(19)30019-X/sbref0059
http://refhub.elsevier.com/S0899-9007(19)30019-X/sbref0059
http://refhub.elsevier.com/S0899-9007(19)30019-X/sbref0059
http://refhub.elsevier.com/S0899-9007(19)30019-X/sbref0059
http://refhub.elsevier.com/S0899-9007(19)30019-X/sbref0060
http://refhub.elsevier.com/S0899-9007(19)30019-X/sbref0060
http://refhub.elsevier.com/S0899-9007(19)30019-X/sbref0060
http://refhub.elsevier.com/S0899-9007(19)30019-X/sbref0060
http://refhub.elsevier.com/S0899-9007(19)30019-X/sbref0061
http://refhub.elsevier.com/S0899-9007(19)30019-X/sbref0061
http://refhub.elsevier.com/S0899-9007(19)30019-X/sbref0061
http://refhub.elsevier.com/S0899-9007(19)30019-X/sbref0062
http://refhub.elsevier.com/S0899-9007(19)30019-X/sbref0062
http://refhub.elsevier.com/S0899-9007(19)30019-X/sbref0062
http://refhub.elsevier.com/S0899-9007(19)30019-X/sbref0062
http://refhub.elsevier.com/S0899-9007(19)30019-X/sbref0063
http://refhub.elsevier.com/S0899-9007(19)30019-X/sbref0063
http://refhub.elsevier.com/S0899-9007(19)30019-X/sbref0063
http://refhub.elsevier.com/S0899-9007(19)30019-X/sbref0064
http://refhub.elsevier.com/S0899-9007(19)30019-X/sbref0064
http://refhub.elsevier.com/S0899-9007(19)30019-X/sbref0064
http://refhub.elsevier.com/S0899-9007(19)30019-X/sbref0065
http://refhub.elsevier.com/S0899-9007(19)30019-X/sbref0065
http://refhub.elsevier.com/S0899-9007(19)30019-X/sbref0065
http://refhub.elsevier.com/S0899-9007(19)30019-X/sbref0066
http://refhub.elsevier.com/S0899-9007(19)30019-X/sbref0066
http://refhub.elsevier.com/S0899-9007(19)30019-X/sbref0066
http://refhub.elsevier.com/S0899-9007(19)30019-X/sbref0067
http://refhub.elsevier.com/S0899-9007(19)30019-X/sbref0067
http://refhub.elsevier.com/S0899-9007(19)30019-X/sbref0068
http://refhub.elsevier.com/S0899-9007(19)30019-X/sbref0068
http://refhub.elsevier.com/S0899-9007(19)30019-X/sbref0068
http://refhub.elsevier.com/S0899-9007(19)30019-X/sbref0069
http://refhub.elsevier.com/S0899-9007(19)30019-X/sbref0069
http://refhub.elsevier.com/S0899-9007(19)30019-X/sbref0069
http://refhub.elsevier.com/S0899-9007(19)30019-X/sbref0070
http://refhub.elsevier.com/S0899-9007(19)30019-X/sbref0070
http://refhub.elsevier.com/S0899-9007(19)30019-X/sbref0070
http://refhub.elsevier.com/S0899-9007(19)30019-X/sbref0071
http://refhub.elsevier.com/S0899-9007(19)30019-X/sbref0071
http://refhub.elsevier.com/S0899-9007(19)30019-X/sbref0071
http://refhub.elsevier.com/S0899-9007(19)30019-X/sbref0072
http://refhub.elsevier.com/S0899-9007(19)30019-X/sbref0072
http://refhub.elsevier.com/S0899-9007(19)30019-X/sbref0072
http://refhub.elsevier.com/S0899-9007(19)30019-X/sbref0073
http://refhub.elsevier.com/S0899-9007(19)30019-X/sbref0073
http://refhub.elsevier.com/S0899-9007(19)30019-X/sbref0073
http://refhub.elsevier.com/S0899-9007(19)30019-X/sbref0073
http://refhub.elsevier.com/S0899-9007(19)30019-X/sbref0074
http://refhub.elsevier.com/S0899-9007(19)30019-X/sbref0074

	In search of nutritional anti-aging targets: TOR inhibitors, SASP modulators, and BCL-2 family suppressors
	Introduction
	Molecular etiology of aging: Emerging concepts
	mTOR, SASP, and BCL-2 family proteins in senescence
	Nutritional modulation of mTOR, SASP, and BCL-2 during senescence
	Conclusion and future perspectives
	Acknowledgments
	References


