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Aging is a complex and inevitable biological process that is associated with numerous chronically debilitating health effects.
Development of effective interventions for promoting healthy aging is an active but challenging area of research. Mechanistic
studies in various model organisms, noticeably two invertebrates, Caenorhabditis elegans and Drosophila melanogaster, have
identified many genes and pathways as well as dietary interventions that modulate lifespan and healthspan. These studies have
shed light on some of the mechanisms involved in aging processes and provide valuable guidance for developing efficacious aging
interventions. Nutraceuticals made from various plants contain a significant amount of phytochemicals with diverse biological
activities. Phytochemicals can modulate many signaling pathways that exert numerous health benefits, such as reducing cancer
incidence and inflammation, and promoting healthy aging. In this paper, we outline the current progress in aging intervention
studies using nutraceuticals from an evolutionary perspective in invertebrate models.

1. Introduction

Aging is associated with a gradual decline of physiological
and cognitive functions [1]. Age is a major risk factor for
numerous diseases, such as diabetes, cancer, and various
degenerative diseases, including Alzheimer’s, Huntington’s,
and Parkinson’s diseases [2, 3]. A major challenge to health
care systems around the world is how to encourage and
maintain a healthy lifespan in large and increasing popula-
tions of elderly individuals [1]. Significant progress has been
made over the past two decades in elucidating the molecular
mechanisms of aging [4–7]. Hundreds of genetic factors,
called longevity-related genes, have been identified to mod-
ulate lifespan and healthspan in model organisms ranging
from yeast, worms, flies, and rodents. A number of the lon-
gevity-related genes fall into three conserved nutrient sensing
pathways: target-of-rapamycin (TOR), insulin/IGF-1-like
signaling (IIS), and sirtuin pathways [7–9]. These pathways
primarily sense cellular amino acid, glucose, and NAD+ or
NAD+/NADH levels, respectively, (Figure 1). Genome-wide

association studies have linked some longevity-related genes
discovered in model organisms to human longevity, such as
insulin-like growth factor receptor (IGF1R) and forkhead
transcription factor (FOXO3a) in the IIS pathway [10–14].
Mechanistic studies of aging have led to the proposal of a
number of hypotheses of aging. Perhaps the most prominent
is the free radical hypothesis of aging, which states that
free radicals, such as reactive oxygen species, generated from
metabolism inflict oxidative damage to macromolecules,
including protein, DNA, and lipid. Accumulation of such
oxidative damage with age causes biological aging and
eventually results in death [15, 16]. However, numerous
studies have now shown that this simplified version of
free radical hypothesis of aging is not necessarily sufficient
to explain the mechanisms underlying aging processes.
Another is the hormesis hypothesis of aging, which has been
frequently used to interpret the prolongevity effects induced
by nutraceuticals. Hormesis theory states that mild stress-
induced stimulation of defense response at the organismal
level results in biologically beneficial effects and extends
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Figure 1: Nutrient sensing signaling and stress response pathways in C. elegans and D. melanogaster. Dietary interventions promote healthy
lifespan and stress resistance through at least three conserved nutrient sensing pathways, IIS, TOR, and sirtuins. Many nutraceuticals improve
healthspan by regulating ROS/redox state, some are known to interact with the IIS and osmotic resistant pathways to extend lifespan, and
some modulate lifespan extension via autophagy mediated by TOR signaling. Each nutraceutical is represented by a green circle and the
location of the green circle indicates the possible target of a nutraceutical action∗. Ac: açai, BB: blueberry, CA: caffeic acid, CB: cranberry,
Co: cocoa, Cu: curcumin, GB: ginkgo biloba, GT: green tea, Ne: nectarine, OO: olive oil, Qu: quercetin, RD: rosa damascene, RA: rosmarinic
acid, Sp: spermidine, TA: tannic acid, and TT: thioflavin T. ∗ROS presented in the figure indicates the regulation of ROS/redox state.

lifespan and healthspan. The defense response involves many
protective mechanisms and influences with gene expression
and metabolism [16–18]. Therefore, significant efforts in
developing interventions for promoting healthy aging have
been devoted to identify effective ways to modulate metabo-
lism and stress [8].

Dietary restriction (DR) by modest reduction of all
macronutrients or protein content is one of the most
effective environmental interventions for promoting healthy
aging [19–25]. However, it is challenging to implement
dietary restriction in humans. A number of genes, including
components in the conserved nutrient sensing pathways,
have been identified to mediate lifespan extension induced

by DR [9, 26]. As an alternative to DR, many studies have
been devoted to the identification of pharmacological and
nutraceutical reagents that extend lifespan and healthspan,
some of which may mimic the effect of DR [27, 28]. Due
to their short lifespan and rich genetic resource, Drosophila
melanogaster and Caenorhabditis elegans, have been in the
forefront of research on aging interventions. In this paper,
we focus on aging interventions in invertebrate models
using nutraceuticals, which refer to extracts made out of
edible fruits, vegetables, and herbs. Interventions with phar-
macological reagents, such as resveratrol, metformin, and
rapamycin, have been discussed in numerous comprehensive
reviews elsewhere [28–33], and will not be described in this
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paper. Here we attempt to integrate the findings from studies
on the mechanisms of aging and nutraceutical interventions
with an evolutionary perspective.

2. Dietary Botanicals and Phytochemicals

Numerous studies have demonstrated the effects of nutra-
ceuticals from fruit or plant extracts in reducing oxidative
damage and promoting healthy aging in invertebrate models.
The active ingredients in nutraceuticals that are generally
produced by plants as “secondary compounds” appear to
help plants overcome stressful conditions [34–36]. The ben-
eficial properties of nutraceuticals can be attributed to the
varieties of phytochemicals, such as flavonoids, anthocyanin
glycosides, triterpenoids, and proanthocyanidin oligomers
[37–39]. In this section, we will describe the antiaging
properties of several nutraceuticals made from fruits, spices,
and teas, which are commonly consumed by humans in daily
life.

2.1. Ginkgo biloba Extract (EGb 761). Ginkgo is widely used
as an ancient Chinese medicine due to its benefits to the
health of the elderly [40]. The ginkgo biloba extract has
been proposed to help prevent Alzheimer’s disease (AD). The
herbal extract EGb761 made from Ginkgo biloba is rich in
flavonoids and terpenoids, which improves the functions of
platelet and nerve cells and the blood flow to the nervous sys-
tem and brain, probably due to its antioxidant properties [41,
42]. In wild type worms, EGb761 extends lifespan by ∼10%,
reduces accumulation of oxidative damage, and represses
expression of thermal stress-response protein hsp-16.2 [43–
46]. In addition, EGb 761 inhibits Aβ oligomerization and
alleviates Aβ-induced paralysis in the C. elegans model of
AD [47]. Aβ oligomerization is a hallmark of AD [48].
However, it remains to be determined whether ginkgo biloba
can promote longevity in other models, such as Drosophila.
Nevertheless, combined with studies demonstrating the
neuroprotective function of EGb 761 in mammalian cells
[49, 50], findings in worms suggest that the beneficial effect
of EGb761 in prevention and treatment of AD could at least
partially be due to its capacity to resist oxidative stress and
reduce detrimental protein aggregation.

2.2. Blueberry. Blueberry contains a wide array of polyphe-
nols and offers a host of health benefits [51]. Supplemen-
tation of blueberry preserves learning and memory in aged
F344 rats by improving neuronal function [52]. Polyphe-
nols from blueberry significantly increase the lifespan of
C. elegans [53]. In C. elegans, blueberry supplementation
decreases age-related accumulation of the intracellular level
of lipofuscin, a biomarker for age-related cellular damage,
and reduces the level of 4-Hydroxynonenal level, a biomarker
for lipid peroxidation. In addition, blueberry polyphenols
improve the pharyngeal pumping rates of the aged worms
and increase thermotolerance, suggesting that blueberry
improves worms’ healthspan. Mechanistic studies indicate
that blueberry supplementation reduces mRNA levels of
heat shock proteins and requires OSR-1/UNC-43/SEK-1,
components of the osmotic stress resistance pathway [53],

to promote longevity in C. elegans. A recent study has
demonstrated that blueberry extracts extends mean lifes-
pan by approximately 10% in Drosophila [54]. Associated
with lifespan extension, blueberry increased expression of
several antioxidant genes, including superoxide dismutase 1
(SOD1), SOD2, and catalase (CAT) in Drosophila. Further
genetic studies are needed to establish whether any of the
antioxidant genes are required for lifespan extension induced
by blueberry in Drosophila. These findings in invertebrates
suggest that antioxidant machinery and/or osmotic stress
pathway may play a pivotal and common role in mediating
lifespan extension induced by blueberry.

2.3. Oregano and Cranberry. Cranberry and oregano pos-
sess multiple medicinal properties, such as antimicrobial,
antiviral, antimutagenic, antiangiogenic, and antioxidation
functions [55, 56]. A mixture of oregano and cranberry (OC)
extract increased lifespan in Mexican fruit flies (mexfly) in
a diet composition dependent manner [57]. OC extended
lifespan in mexflies fed diets with a relatively higher sugar to
protein ratio, but not in mexflies fed diets with a lower sugar
to protein ratio. OC supplementation did not compromise
the lifetime reproductive output, a parameter of healthspan.
In addition, OC supplementation in middle age was suffi-
cient to promote longevity [58]. However, lifespan was not
increased when OC was supplemented only in young age or
old age. These findings point out the importance of consider-
ing diet composition and implementing time in developing
an efficacious aging intervention.

We have recently assessed the effect of cranberry extract
alone on lifespan and healthspan in C. elegans. Our data
indicate that the cranberry extract alone is sufficient to
prolong lifespan in C. elegans [59]. The cranberry-mediated
lifespan extension was suppressed almost completely by the
absence of DAF-16, a forkhead transcription factor in the
IIS. Cranberry supplementation did not further extend the
lifespan of DAF-2 or AGE-1 mutants, either. DAF-2 and
AGE-1 are insulin-like receptor and phosphatidylinositol 3
kinase (PI3 K) in the IIS pathway of C. elegans [60, 61]. Cran-
berry is high in antioxidants and phytochemicals, including
proanthocyanidins and vitamin C, which may neutralize free
radicals and reduce oxidative damage, and more importantly
modulating signaling transduction pathways [51, 62]. Our
findings suggest that IIS and DAF-16 play an important role
in cranberry mediated prolongevity in C. elegans. Further
studies are warranted to determine to what extent the
prolongevity effect of cranberry attributes to its antioxidant
properties.

2.4. Nectarine and Açai. Nectarine is a globally consumed
fruit [63], and açai is a fruit indigenous to the Amazon
River area [64]. Both fruits contain various kinds of bioactive
phytochemicals [2, 3, 65]. Nectarine supplementation can
extend lifespan in flies fed standard, DR, and high-fat diets.
The lifespan extension induced by nectarine is associated
with increased lifetime reproductive output and reduced
lipid oxidation [66]. In contrast, supplementation of açai
pulp promotes survival in Drosophila fed a high-fat but not
a standard diet [67]. The diet composition dependent effect
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of açai is also evident in the mexfly. Açai supplementation
promotes the survival of the mexfly fed a high-fat and high-
sugar diet but not other nonfat diets [68]. Along with the OC
study described above, the importance of diet composition
is also evident in aging intervention studies using pharma-
cological agents, such as resveratrol. Studies in Drosophila,
mexfly, and mice have shown that the prolongevity effects
of resveratrol depend on diet composition [69–71]. These
studies again stress the importance of diet composition in
modulating the health benefits of nutraceuticals. Moreover,
both nectarine and açai can promote the survival of flies with
sod1 deficiency. sod1 deficient flies have a short lifespan and
experience high levels of oxidative damage. These findings
suggest that nectarine and açai possess antioxidant activities
at the organismal level [26, 67, 72]. However, it remains to
be determined the mechanisms underlying the prosurvival
effects of nectarine and açai.

2.5. Rosa damascena. A hybrid rose species, Rosa damascena,
is traditionally used to make rose oil and water in cosmetic
and food industries [73, 74]. Extracts from R. damascena
contains numerous volatile organic compounds including
various terpenes such as citronellol, heneicosane, and dis-
iloxane, and also polyphenols, such as quercetin, myricetin,
kaempferol, and gallic acid [75]. R. damascena extracts
have been shown to possess biological properties that are
protective against microbial infection, seizures in rats, and
toxicity of amyloid beta in neurons, a biomarker of AD [76–
79]. An R. damascena extract has been found to increase both
mean and maximum lifespan in Drosophila. This extract also
enhances flies’ resistance to oxidative stress and low iron
stress, but paradoxically increases flies’ sensitivity to heat
stress. Molecular studies indicate that the rose extract reduces
the heat-induced expression of a major heat shock protein
HSP70 and a small mitochondrial heat shock protein HSP22
[80]. Therefore, it has been proposed that R. damascena
extract extends lifespan by protecting flies against iron-
induced stress.

2.6. Cocoa Polyphenols. Numerous polyphenols with high
antioxidant activities, such as flavonoids, have been isolated
from cocoa [81]. Flavonoid-enriched cocoa powder reduces
oxidative stress in C. elegans [82]. Moreover, the flavonoid-
enriched cocoa powder also significantly increases the lifes-
pan of wild type N2 worms [82]. This lifespan extension
was dependent on both SIR-2.1 and DAF-16. In addition,
the flavonoid-enriched cocoa powder failed to exert any
longevity effect on daf-2 mutants, indicating that cocoa
powder-mediated lifespan extension may also act through
the IIS. Considering the mechanism by which SIR-2.1 and IIS
modulates lifespan, cocoa polyphenols may promote longev-
ity by reducing oxidative stress, influencing metabolism, and
altering chromatin structure.

2.7. Green Tea. Green tea contains polyphenolic catechins
that have been reported to have a number of health benefits,
including prevention of AD, Parkinson’s disease, and heart
disease [83]. Green tea can protect against angiogenesis and
tumor formation [84]. The health benefits of green tea are

mainly attributed to bioactive properties of its phytochemical
constituents [85, 86]. A number of polyphenolic catechins,
including epicatechin (EC), epicatechin-3-gallate (ECG),
epigallocatechin (EGC), epigallocatechin-3-gallate (EGCG),
catechin, and gallocatechin (GC), are abundant in green tea
[83]. Among these, EGCG is perhaps the most abundant
catechin in green tea, and has been reported to induce antiox-
idant enzymes, including glutathione peroxidase, catalase,
and glutathione S-transferase, in mice [87]. Similar results
were obtained in worms and flies. Supplementation with
green tea catechins increases the antioxidant enzymatic activ-
ity of superoxide dismutase and catalase in Drosophila [88,
89]. Green tea extends median lifespan by 36% and mean
lifespan by 16% in flies [89]. In C. elegans, EGCG treatment
significantly reduces ROS levels under both normal culture
and oxidative stress conditions, and increases the expression
of sod-3 and hsp-16.2 [90, 91]. Administration of EGCG
significantly extends the lifespan of C. elegans under heat
stress and oxidative stress [90, 91]. In addition, a recent study
demonstrated that l-theanine, a unique amino acid partic-
ularly enriched in green tea, promoted the survival of C.
elegans in the presence of paraquat [92]. l-theanine has been
reported to provide broad health benefits, such as antitumor,
AD prevention, and blood pressure reduction [93–96].
Together, these findings suggest that green tea increases
lifespan and stress resistance partially through its antioxidant
properties.

2.8. Olive Oil. Numerous studies have demonstrated that
consumption of olive oil has multiple beneficial effects on
health and longevity in humans [97–101]. The abundance
of phenolic compounds present in olive oil is considered
to play an important role in exerting these healthy effects.
Lastest studies have revealed that the tyrosol, one of the most
abundant phenols in olive oil [102], significantly promotes
the longevity of C. elegans, as well as the resistance to
thermal and oxidative stress [103]. IIS/DAF-16 and HSF-1
are required in tyrosol-mediated prolongevity in C. elegans.
hsp-12.6, a coregulated target gene of DAF-16, and HSF-1
[104], is significantly upregulated in adult worms after the
tyrosol treatment. It has been reported that small heat shock
proteins, including HSP-12.6, can extend lifespan and delay
polyglutamine protein aggregation in C. elegans [104]. HSF-
1 is critical for maintaining protein homeostasis. Together,
these studies suggest that tyrosol in olive oil extends lifespan
by increasing oxidative stress resistance and thermotolerance
as well as improving protein homeostasis [103].

2.9. Quercetin and Tannic Acid. Quercetin (3,3′,4′,5,7-penta-
hydroxyflavone) is one of the most important dietary fla-
vonoids present in a wide array of foods. Numerous health
benefits are linked to consumption of fruits and vegetables
containing a high content of quercetin [105]. Quercetin has
been shown to dramatically increase the lifespan of C. elegans
[106–109]. However, the studies on the molecular basis
yielded conflicting results. One study indicates that lifespan
extension induced by quercetin supplementation requires
DAF-2 and AGE-1, the components of C. elegans insulin/IGF
signaling [106]. Quecertin induces nuclear translocation of
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DAF-16 [110]. This study suggests that the IIS pathway
mediates the prolongevity effect of quercetin. However, this
hypothesis has been challenged by another study, which
indicates that quercetin mediated lifespan extension does not
depend on DAF-16 [107]. Additional studies are warranted
to resolve the conflicting observation and understand the
mechanisms underlying the prolongevity effect of quercetin.

Tannic acid (TA) belongs to tannins, which are secondary
metabolites of plants with many health effects. TA has
the biological activities to prevent neurodegeneration [111],
pathogen infection [112, 113], carcinogenesis [114, 115], and
oxidative damage [116, 117]. In addition, TA significantly
increases the lifespan of worms [108]. The IIS pathway and
DAF-16 are not essential for the prolongevity effects of TA.
Only SEK-1, one component of the p38 MAPK pathway,
has been shown to be essential for TA-induced lifespan
extension.

Transcriptome studies indicate that quercetin affects
expression of genes in the TGF-β signaling, insulin-like sig-
naling, and p38 MAPK pathways, while TA changes expres-
sions of genes in the TGF-β and the p38 MAPK pathways
as well as the amino acid metabolism. Together, these studies
suggest that TGF-β and p38 MAPK pathways play crucial
roles in mediating the prolongevity effects of quercetin and
TA [118].

2.10. Caffeic Acid and Rosmarinic Acid. Caffeic acid (3-(3,4-
dihydroxyphenyl)-2-propenoic acid; CA) and Rosmarinic
acid (α-o-caffeoyl-3, 4-dihydroxyphenyl lactic acid; RA) are
abundantly present in a variety of fruits, vegetables, and
herbs. CA and RA have anticarcinogenesis, antioxidant,
antimicrobial, anti-inflammatory, and antirheumatic prop-
erties [119–123]. CA and RA can prolong the healthy lifespan
of C. elegans [124]. DAF-16, SIR-2.1, OSR-1, UNK-43, and
SEK-1 are required for RA triggered lifespan extension.
Similar results have been obtained for CA mediated lifespan
extension except that DAF-16 does not appear to play a
pivotal role in this lifespan extension. Together, these findings
suggest that CA and RA promote lifespan extension through
overlapping pathways involved in metabolism and stress
response.

2.11. Spermidine. Spermidine is an important polyamine
presented in citrus fruit and soybean, and has effects on
epigenetic modifications, autophagy, and necrosis [125, 126].
Polyamine concentrations and autophagy have been shown
to decline in various organisms, including humans [127,
128]. Supplementation of spermidine prolongs the lifespan
of C. elegans and Drosophila by 15% and 30%, respectively
[125]. A growing number of evidence shows that autophagy
plays an essential role in the regulation of lifespan mediated
by the TOR pathway [129–131]. Autophagy is required for
spermidine-mediated lifespan extension in both worms and
flies. It will be interesting to see if spermidine and its
derivatives can confer lifespan extension in humans by, at
least in part, enhancing the autophagy.

2.12.Curcumin and Thioflavin T. Curcumin (diferuloylmeth-
ane) is the pharmacologically active substance in turmeric

(Curcuma longa), and has been widely used as a herbal medi-
cine in Asia. A large body of evidence indicates that curcumin
possesses many biological activities, such as antioxida-
tive, anti-inflammatory, anticancer, chemopreventive, and
antineurodegenerative properties [132–136]. With its pleio-
tropic activities, curcumin has been considered as a potential
aging intervention compound. Studies in Drosophila and
C. elegans have demonstrated that curcumin can delay
aging and prolong the lifespan [137, 138]. Curcumin-treated
flies exhibited enhanced resistance against to oxidative
stress, improved locomotor activity, and higher tolerance
to chemotherapy drugs. Curcumin reduces expression of
Methuselah, a longevity gene, and genes in the IIS and
JNK pathways. Curcumin-induced lifespan extension has
been shown to be mediated by the OSR-1/UNC-43/SEK-1
pathway and possible the members of the IIS and SKN-1
pathways in C. elegans.

Protein homeostasis is an essential lifespan modulator
of animals [139]. Dysfunctional protein homeostasis results
in protein misfolding and aggregation, which is a hallmark
of aging and age-related diseases [140]. ThT is a com-
pound known to bind and inhibit aggregation of amyloids,
which leads to various neurodegenerative disorders [141].
Flavonoid thioflavin T (4-(3,6-dimethyl-1,3-benzothiazole-
3-ium-2-yl)-N,N-dimethylaniline chloride, ThT) has been
shown to promote longevity in C. elegans [142]. Treatment
with 50 μM ThT, a concentration conferring a largest increase
of lifespan, significantly suppresses the protein aggregation
mediated paralysis in worms. The prolongevity effect of ThT
depends on HSF-1 and SKN-1, but independent of the IIS.
Importantly, the beneficial effects of ThT require an intact
machinery for maintaining protein homeostasis. Like ThT,
curcumin also has the ability to bind and inhibit protein
aggregates [142]. Treatment of both ThT and curcumin
does not yield synergistic effects on longevity. ThT and
curcumin may act through similar mechanisms, for example,
improving protein homeostasis, to modulate aging and age-
related disorders.

3. Concluding Remarks

Nutraceuticals made from widely-consumed plant products
represent both opportunities and challenges in aging inter-
ventions. On the one hand, nutraceuticals from plant extracts
can promote longevity and improve healthspan through
multiple mechanisms, such as reducing oxidative stress, alter-
ing signaling pathways, influencing metabolism, and main-
taining protein homeostasis (Figure 1). Nutraceuticals that
promote longevity in invertebrate models are often made
from edible and relatively easily accessible fruits, vegetables,
spices, and other plant products. Thus, when appropriately
implemented nutraceutical interventions can be efficient and
cost-effective ways for promoting healthy aging in humans.

On the other hand, major challenges remain to be
addressed in implementing nutraceutical interventions.
First, nutraceuticals contain numerous bioactive phytochem-
icals. It is a daunting task to determine which phytochemicals
are the active ingredients for promoting health benefits, or
determine how the beneficial effects are mediated through
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synergistic actions among multiple ingredients. Second,
more research is needed to elucidate the molecular mech-
anisms underlying the actions of nutraceuticals, in order
to better assess the effects of nutraceutical supplementation
on the health of animals. For instance, more recent studies
have revealed that ROS plays a physiologically vital role in
signal transduction, gene regulation, and redox regulation
[143]. The previous concept of the “free radical hypothesis
of aging” has been modified and diversified ROS a messenger
role in addition to its toxicity. Thus, it would be harmful
to eliminate ROS completely. In the context, although many
nutraceuticals have antioxidant properties, we need more
careful exams to unravel the molecular basis rather than
simply attribute to their ability to scavenge free radicals. It
is in line with this notion that some nutraceuticals, such as
quercetin and blueberry polyphenols, modulate lifespan by
activating molecular pathways independent to their direct
antioxidant capacity [53, 107]. Third, it is essential to investi-
gate the impact of both short-term and long-term nutraceu-
tical interventions on healthspan. A recently developed
behavioral monitoring system capable of recording lifetime
behavioral changes at a high resolution represents an exam-
ple of a useful tool for assessing healthspan in invertebrates
[144]. Lastly, an important and challenging issue is to further
understand how the effects of nutraceuticals depend on
diet composition and genetic background. The prolongevity
effects of several nutraceuticals have been shown to depend
on the timing of supplementation and the composition of
diet [143, 145–148]. The diet composition-dependent effects
will have a significant impact on the increasing demand for
personalized nutritional intervention. The individual and
synergistic effects of nutraceuticals as a component of dietary
composition will require further study and scientific scrutiny,
particularly since little regulatory oversight regarding their
sale for human consumption currently exists.

We have highlighted how nutraceuticals prevent and
protect against aging and stress in invertebrate models.
Some of nutraceuticals and their synthetic derivatives are
being tested for their therapeutic potential [149]. Numerous
promising results have been obtained in model organ-
isms that suggest evolutionarily conserved mechanisms are
involved in their beneficial effects. Much progress has been
made to decipher the molecular mechanisms of aging shared
among multiple species, which provide valuable guidance
for aging interventions. However, further extensive studies
will be required to demonstrate whether any nutraceuticals
or pharmaceuticals can effectively delay aging or age-related
disease in humans. A wider range of additional assays should
be considered to help us better understand aging processes
and improve the quality and quantity of human life in the
foreseeable future.

Acknowledgments

The authors thank Edward Spangler and Robert Kosinski
for critical reading of the paper. They also thank Cole
Murbach for editorial assistance. This work was supported
by the Creative Inquiry fund at Clemson University and the
Yamada Research Grant to Y. Dong and M. Cao, an American

Federation of Aging Research (AFAR) grant to Y. Dong and
the Intramural Research Program at the National Institute on
Aging, NIH to S. Zou.

References

[1] E. De Luca d’Alessandro, S. Bonacci, and G. Giraldi, “Aging
populations: the health and quality of life of the elderly,” La
Clinica Terapeutica, vol. 162, no. 1, pp. e13–e18, 2011.

[2] V. Pizza, A. Agresta, C. W. ĎAcunto, M. Festa, and A.
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