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Current  ageing  research  is  aimed  not  only  at the  promotion  of  longevity,  but  also  at  improving  health
span  through  the  discovery  and  development  of  new  therapeutic  strategies  by investigating  molecular
and  cellular  pathways  involved  in  cellular  senescence.  Understanding  the  mechanism  of  action  of
polyphenolic  compounds  targeting  mTOR  (mechanistic  target  of  rapamycin)  and  related  pathways  opens
eywords:
geing
lavonoid
TOR

olyphenol

up new  directions  to  revolutionize  ways  to slow  down  the onset  and  development  of  age-dependent
degeneration.  Herein,  we will  discuss  the mechanisms  by which  polyphenols  can  delay  the  molecular
pathogenesis  of  ageing  via  manipulation  or more  specifically  inhibition  of  mTOR-signaling  pathways.  We
will also  discuss  the  implications  of  polyphenols  in targeting  mTOR  and its related  pathways  on  health
life  span  extension  and  longevity.

©  2016  Elsevier  B.V.  All  rights  reserved.
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. Aging: a growing pandemic
The incidence of age-related degenerative diseases leading to
orbidity and mortality has increased by more than 30 million

ndividuals worldwide, and the number of individuals affected is
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expected to increase exponentially (Maiese 2014c). The increase in
lifespan has been attributed to significant improvements in the cur-
rent healthcare system. At present, the maximum life expectancy
is 80 years for most individuals, and the number of individuals over
the age of 65 years has doubled since the 1960s (Maiese 2014c). The
elderly population in large developing countries such as India and

China is expected to increase from 5% to 10% over the next several
decades (Maiese 2015b). In line with an increase in the life span of
the global population there has been a rise in non-communicable
diseases (Gordon et al., 2014). The World Health Organization esti-
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ated that more than 60% of the 57 million global deaths are due
o non-communicable diseases (Maiese 2015a). Of these disorders,
he leading causes of death are cardiac disease, cancer, chronic
ower respiratory disease, stroke and traumatic accidents (Minino
nd Murphy 2012). Cardiovascular disease in combination with
ypercholesterolemia and hypertension can lead to neurodegener-
tive diseases including cognitive loss and stroke (Maiese 2014a).

There have been significant advances in the development of
herapeutic agents for age-related disorders. For instance, owing
o the success of preventative care, stroke is no longer the third
eading cause of natural death which occurs due to cardiovascular
isease. Reduction in smoking, greater control of hypertension and

mproved plasma lipid profiles, have most likely led to the lowered
anking for stroke (Pergola et al., 2014). Newer treatment strate-
ies, such as recombinant tissue plasminogen activator have led
o reduced mortality and morbidity in stroke patients (Chen et al.,
014). However, degenerative disorders continue to play a leading
ause of death (Minino and Murphy 2012). Therefore, the develop-
ent of treatments that can slow down or attenuate age-related

egeneration is warranted.

. Mechanisms of ageing

Ageing is a time-dependent deterioration of physiological func-
ions of the cells that leads to an increased risk of cell death or
he outbreak of diseases such as cancer (Zoncu et al., 2011). It is a
atural phenomenon with a series of modifiable molecular events
hat confers disability of organisms to adapt in response to stress
Kyriakakis et al., 2015). The types of ageing processes include ‘pro-
rammed ageing’ and ‘wear and tear ageing’. Programmed ageing
s a specific controller program for entrance to other life-stages.

ear and tear ageing may  occur in response to environmental con-
itions such as reactive oxygen species (ROS) and chemical toxins
Mondal et al., 2014; Munné-Bosch, 2015).

Cellular signaling pathways associated with ageing including
ammalian target of rapamycin (mTOR) kinase, the dynamic

hromatin activities of Mi-2/Nucleosome Remodeling and His-
one deacetylation (Mi- 2/NuRD) complexes (Zhang, 2012). Cellular
rocesses such as autophagy, response to hypoxic insult, mito-
hondrial respiration, mRNA translation and ribosome biogenesis
re regulated by proteins downstream of mTOR signaling, and
re thought to play a pivotal role in the ageing process and age-
elated molecular pathologies (McCormick et al., 2011). The Mi-
/NuRD complex plays a significant role in the maintenance of
ericentric heterochromatin assembly and normal progression in S
hase. Declining Mi-2/NuRD complex function accelerates ageing
hrough increasing level of DNA damage (Sims and Wade 2011;
hang 2011).

Biomarkers of ageing may  be associated with intercellular path-
ays. Interleukin 7 receptor (IL7R) is a novel biomarker for ageing

nd has been associated with longevity and age- related patholo-
ies. PI3K activity, a protein upstream of mTOR, has been shown
o affect the interleukin 7 receptor. IL7 R expression levels are
educed in older individuals. Reduced IL7 R gene expression levels is
ssociated with increased risk of age- related pathologies (Kerdiles
t al., 2009; Passtoors et al., 2015). Declining synaptic function in
he outer retina in ageing may  be associated with alterations in
ntercellular signaling pathway. Depletion of AMP-activated pro-
ein kinase (AMPK) can induce similar synaptic changes with
geing by upregulation of mTOR (Lewis, 2014).

Abnormal protein aggregation, inadequate anti-oxidant defense

ystem, subcellular organelles and DNA damage plays an impor-
ant role in the onset and development of ageing processes (He
t al., 2014). During ageing, endoplasmic reticulum (ER) responds
o stress by increasing the expression of proinflammatory cytokines
arch Reviews 31 (2016) 55–66

that confer inflammation in adipose tissue (Ghosh et al., 2014). It is
also recognized that during ageing, the ER stress response affects
sleep homeostasis and increases age-associated sleep changes via
up regulation of unfolded protein response (UPR) pathway (Brown
et al., 2014).

Another important hallmark of ageing is metabolic dysfunction
(Stout et al., 2015). Insulin/IGF-1 (IIS) metabolic pathway plays
an essential role in the ageing process. It is well established that
mitochondrial dysfunction can have a significant effect on age-
related pathologies (Fischer et al., 2015). The concentration of
ROS is increased in senescence and premature ageing (Kim et al.,
2016; Li et al., 2016). During ageing, respiratory chain dysfunction
leads to over-production of free radicals, and an imbalance in the
endogenous antioxidant defense mechanisms. Ageing processes
ultimately affect the efficiency of mitochondrial electron transport
chain (ETC) to produce ATP by increasing proton leakage (Riera and
Dillin 2015).

Cellular pathways that are involved in amino acid metabolism
can affect lifespan and ageing (Zhang et al., 2014).The limitation of
nutrient and calorie ingestion, without malnutrition, can decrease
the onset of age-related deterioration and increases longevity
(Ramos and Kaeberlein, 2012) Dysfunction in insulin sensitivity can
lead to glucose intolerance and subsequently, cardiovascular and
metabolic diseases (Riera and Dillin 2015; Wang et al., 2015). Lifes-
pan extension is associated with metabolic health and respiratory
exchange ratio (RER). Mitochondrial transcription factor A (TFAM)
activity and nuclear respiratory factors (NRF1, NRF2) activity is
regulated by PGC1� (proliferator-activated receptor � coactivator
�). Under conditions of low cellular energy, AMP-activated protein
kinase (AMPK) inhibits anabolic processes such as protein synthe-
sis by activating PGC1�, and thus enhancing senescence (de Lange
et al., 2013; Slámová et al., 2015; Xu et al., 2015).

The integrity of damaged proteins (proteostasis) is also asso-
ciated with the accumulation of ROS in ageing, and plays a
significant role in age-related disorders such as osteoporosis, Hunt-
ington, amyotrophic lateral sclerosis (ALS), type2 diabetes mellitus,
Alzheimer’s disease, and Parkinson’s disease (Chalil et al., 2015;
Sharoar et al., 2015). During ageing, the deterioration of protein
quality control ler mechanisms confer proteotoxicity. Misfolded or
aggregated proteins confers dysfunction through the proteasome
or autophagy related mechanism. Autophagy prevents the devel-
opment of age- dependent pathologies by scavenging unnecessary
proteins through an mTORC1 related pathway (Vilchez et al., 2014).

Chromatin defects are important in the molecular pathogen-
esis of ageing (White et al., 2015). RBBP4/7 knockdown leads to
accumulation of heterochromatin structural damage, and subse-
quently the onset and development of ageing-related chromatin
defects by impairing H4K20 histone methyltransferase PR-Set7.
H4K20 histone methyltransferase PR-Set7s are master regulators
of DNA replication, and their impairment can arrest cells in S
phase and consequently confers the accumulation of DNA dam-
age. During ageing, the components of NURD protein complex
are downregulated, and reduction of their function is associated
with chromatin defects (Pegoraro et al., 2009). It is also reported
that telomere shortening is a natural “ageing clock” and exorbi-
tance telomere shortening leads to DNA damage and chromatin
instability (Badiola et al., 2015). Deterioration of circadian clock
function is associated with senescence in the ageing brain. The
circadian system, an internal time-keeping system that leads to
coordination between physiological processes, behavior and envi-
ronmental changes in 24 h rhythms, regulates rest activity cycle,
hormone secretion, metabolism and other molecular and cellular

processes (Kondratova and Kondratov 2012). During the circadian
cycle, cAMP/MAPK/CREB transcriptional pathway is a master reg-
ulator of long-term memory (Eckel-Mahan et al., 2008). CREB is
associated with the PI3K/Akt pathway (Chien et al., 2015). The
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AMP/MAPK/CREB transcriptional pathway is indirectly associated
ith the mTOR pathway.

The mTOR pathway also regulates cellular senescence. For
nstance, ‘geroconversion’ a form of futile growth that occurs during
ell cycle arrest is suppressed by rapamycin, maintaining cellular
uiescence (Demidenko et al., 2009). As well, low doses of dual
TORC1/mTORC2-selective inhibitors (PP242 and Torin1) can also

estrict cellular senescence (Leontieva et al., 2015). Cellular senes-
ence may  mediate important roles in ageing and age-associated
iseases, likely through the depletion of stem and progenitor cells,
nd the degenerative effects of senescence-associated secretory
henotype, such as proinflammatory cytokines and chemokines,
ighly volatile free radicals, matrix metalloproteinases and growth

actors (Vicente et al., 2016; Yeh 2016). This is supported by
vidence showing that interference with senescent cell accumula-
ion may  delay age-related degeneration. Moreover, recent studies
ave shown that senescent cells have beneficial effects in enhanc-

ng cellular repair following injury, and tissue remodeling (Baker
t al., 2016; Cerella et al., 2016; Kaneda et al., 2016; Montesanto
t al., 2016; Unruhe et al., 2016; Vicente et al., 2016; Yeh, 2016).
aken together, these studies suggest that senescence may  drive
ge-dependent pathologies, and that mechanisms to facilitate the
learance of senescent cells may  not distinguish between the
emoval of deleterious cells, and ‘healthy’ functional cells (Baker
t al., 2011).

. The mTOR signaling pathway

The mTOR signaling pathway is a key regulator of anabolic pro-
esses and a central controller of cell growth. It plays a significant
ole in cellular functions such as autophagy. It acts as a supplier
f substrate in protein synthesis, and proteins quality controller
hrough the promotion efficiency of protein repair and protein
egradation (Zhang et al., 2014). The mTOR signaling pathways can
lso act as a central player in calorie restriction (Slack and Partridge
013).

The mTOR pathway is a member of the phosphoinositide 3-
inase(PI3 K)-related protein kinases (PIKK) family (Yang et al.,
013). mTOR is encoded by the FRAP1gene and is expressed
hroughout different components of the body (Maiese 2014b).
t is formed by two distinct multiprotein complexes including

TORC1and mTORC2 (Dalle Pezze et al., 2012; Thoreen et al.,
012). mTOR is a master regulator of cellular metabolism and cell
rowth (Mehrjerdi et al., 2013; Hukelmann et al., 2016). mTORC1
s formed by multiprotein including the regulatory-associated pro-
ein of mTOR (raptor), Deptor (DEP domain-containing mTOR
nteracting protein) , proline rich Akt substrate 40 kDa (PRAS40)
nd mLST8/GâL (mammalian lethal with Sec13 protein 8) (Aylett
t al., 2016). Akt maintain mTORC1 activity by inhibiting the
hosphorylation of PRAS40 (Maiese, 2014b) . Phosphorylation of
RAS40 prevents the binding of mTORC1 to Raptor. In addition, the
hosphorylation of Raptor by AMPK negatively controls mTORC1
ctivity. Ras homologue which is enriched in the brain (Rheb)
s upstream of mTORC1 that phosphorylates residue serine863in
aptor (Dibble and Cantley, 2015). Whereas mTORC2 contains
TOR kinase, Rictor (rapamycin-insensitive companion of mTOR),
LST8, DEPTOR, Protor, PRR5, PRR5 L and stress-activated pro-

ein kinase interacting protein (mSIN1).On the other hand, the
TORC2 activates Akt through mSIN1component. SGK1/protein

inase C (PKC)/Akt phosphorylation by mTORC2 at the hydropho-

ic motif sites regulates cytoskeletal organization, motility and
ubsequently spatial growth. Recent studies have reported that
TORC2 activation acts as a crucial component in tumorigenesis

nd fibrosis (Carr et al., 2015; Li et al., 2015).
arch Reviews 31 (2016) 55–66 57

4. Role of mTOR signaling pathways in ageing

Recently, the mTOR signaling pathway has been the focus of
ageing research (Lamming et al., 2012). Evidence indicates that
the mTOR signaling pathways acts as key controller of cellu-
lar ageing (Johnson et al., 2013). Previous studies suggest that
mTORC1 plays a greater role than mTORC 2 in ageing. Inhibi-
tion of the mTOR signaling pathways extends lifespan through
dietary restriction mimetic effects, whereas chronic activation of
mTORC1 can extend age- dependent pathologies . The mutation of
component or activation of upstream inhibitors of mTORC1 sig-
naling pathways confers lifespan extension in model organisms
such as Drosophila melanogaster and worms (Johnson et al., 2013).
Rapamycin can promote glucose tolerance and insulin sensitivity
and retard the ageing process in mammals by mTORC1 inhibi-
tion (Schreiber et al., 2015) . Several genetic and molecular studies
suggest that calorie restriction and mTOR kinase can regulate
ageing by overlapping mechanisms (Kaeberlein, 2013). Nutrient
abundance plays an important role in the onset and develop-
ment of the ageing process. Calorie restriction is a natural method
that retards ageing via mTORC1 inhibition. AMPK can be acti-
vated by calorie restriction, and in turn, activates TSC1-TSC2 and
consequently inhibits mTORC1 signaling and extends lifespan
(Wrighton, 2011).

Rodents with nutrient restriction also display lower IGF-1
(Insulin-like growth factor) levels compared to control group
(Kenyon 2010; Kanfi et al., 2012). The reduced levels of IGF-1
associated with calorie restriction plays a major role in slowing
down the ageing process. Cellular amino acid and glucose levels
increase Rag family of GTPases activity and subsequently mTORC1
activity. Nutrient restriction delays the ageing process by inhibit-
ing of mTORC1 and provoking autophagy (Efeyan et al., 2015).
The function of autophagy is one of key factors for determination
of cellular ageing (Warr et al., 2013). Autophagy postpones age-
ing by eliminating damaged proteins and organelles. Abundance
of phosphatidylethanolamine retards age- related pathologies by
activating AMPK and subsequently autophagy via an mTORC1
related mechanism (Rockenfeller et al., 2015). Defective autophagy
increases the onset of pathologies associated with ageing. mTORC1
signaling is a negative regulator of autophagy . Activation of
mTORC1 signaling may  enhance ageing and age-associated dis-
eases by suppressing canonical autophagy (Levine et al., 2011) .
Indeed, mTORC1 activation suppresses the degradation of dam-
aged proteins by inhibiting the formation of Atg1 complex and
subsequently autophagosomal vesicle (Vilchez et al., 2014). It is
well established that insulin/insulin-like growth factor 1 signaling
pathway plays a key role in ageing. Insulin/IGF-1 signaling (IIS)
suppression extends lifespan in worms, fruitflies and mammals
(Bartke and Westbrook, 2012). Insulin/IGF-1 and other growth fac-
tors activate the PI3 K/phospho-AKT/mTOR pathway (Bitzer and
Wiggins, 2016). Activated PI3 K pathway in turn stimulates Akt that
inhibits tuberous sclerosis 2 (TSC2) and removes the inhibitory
effects of TSC2 on Ras homologue enriched in brain (RHEB) and
subsequently mTORC1 (Bender and Stewart, 2014) . As well, low
intracellular ATP content in response to AMP-activated protein
kinase (AMPK) activation, facilitates TSC1-TSC2-mediated inhibi-
tion of Rheb, and consequently mTORC1.

It has been previously shown that metformin treatment acti-
vates AMPK, a negative regulator of mTOR,  and then slows
senescence and age-dependent centrosome amplification via
repression of the AKT/TOR pathway (Miles et al., 2014; Na et al.,
2015). Activation of the PI3K/phospho-AKT/mTOR pathway sup-

presses FOXO3A/autophagy and increases ribosomal synthesis.
Inhibition of the ribosomal protein S6K1, promotes lifespan by
improving insulin sensitivity and glucose tolerance through an
mTORC1 related pathway (Mercado et al., 2015). Nonsteroidal anti-
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nflammatory drug-activated gene (h NAG-1) or GDF15 suppresses
he insulin/IGF-1 pathway and consequently, the PI3K/phospho-
KT/mTOR pathway, leading to the extension of longevity and

ifespan in mice.
In addition, PI3K/phospho-AKT/mTOR pathway acts as a central

layer in Alzheimer’s disease. IIS inhibition reduces mTOR activity
ollowed by alterations in the phosphorylation and conformation
f tau and A� protein. Altered protein homoeostasis in turn reduces
he conformation of toxic proteins and subsequently confers lifes-
an extension and recovery of cognitive function (O’Neill et al.,
012).

ER stress accelerates ageing and age-associated deteriora-
ion (Brown and Naidoo 2012). During ER stress, mTORC1
ctivation results in the accumulation of unfolded proteins
nd damaged organelles by suppressing productive autophagy
Kyriakakis et al., 2015). ROS can also enhance ageing via the
I3K/phospho-AKT/mTOR . ROS initially activates PI3 K, and then
nhibit FOXO3A/autophagy through PTEN and SIRT1 inactivation
Mercado et al., 2015). Ageing decreases ketogenesis by downreg-
lating peroxisome-proliferator activated receptor (aPPAR�) gene.
uring ageing, the activation of mTORC1 suppresses PPAR� func-

ion and consequently, ketone production (Sengupta et al., 2010).
remature ageing can induce gene mutation or deletion of genes
uch as FOXO, Tsc1, ATM (ataxia telangiectasia mutated) and ATR
ataxia telangiectasia and Rad3 related). These genes have been
ssociated with the mTORC1 pathway. For example, depletion of
sc1, which is a negative central regulator of mTORC1, enhances
he ageing process.

Moreover, the FOXO family of forkhead box protein is associated
ith the PI(3)K pathway (Sahin and DePinho 2010). Overexpres-

ion of FOXO genes can delay senescence and extend longevity in
rosophila (Proshkina et al., 2015). During ageing, mTOR activation
nhances phosphorylation of the ULK1 protein that blocks AMPK-
LK1 interaction and consequently inhibits autophagy. Reduced
ictor expression or rictor mutants increases longevity by mTORC2

nhibition through an Akt- dependent mechanism. Inhibition of
TORC2 decreases Akt phosphorylation. Reduced Akt in turn stim-

lates Tsc1/Tsc2 complex, followed by suppression of mTORC1
ctivity (Soukas et al., 2009).

. Modulation of mTOR signaling with polyphenol ic
ompounds

Polyphenols are organic chemical structures that can be found
n natural and synthetic forms (Lu et al., 2016). Natural polyphe-
olic compounds, that are present in daily foods, spices, tea, oils,
olourful fruits, and the skin and seed of grapes, can act as potent
ntioxidants. These compounds have been shown to induce the
ver expression of antioxidant enzymes such as manganese super-
xide dismutase and catalase (Alañón et al., 2011; Schaffer et al.,
012; Moore 2015; Shen et al., 2016). Their antioxidant properties
aybe associated with lifespan extension through mTOR related
echanisms. Polyphenols can also regulate mitochondrial activ-

ty and energy homeostasis (Lagouge et al., 2006). During ageing,
olyphenolic compounds such as flavonoids play an important
ole in the reduction of oxidative stress levels and maintenance of
itochondrial homeostasis. Polyphenolic treatment confers over

xpression of genes for oxidative phosphorylation and mitochon-
rial biogenesis (Charles et al., 2013). Their anti-ageing properties
ave been associated with increasing collagen and ELN content,
nd decreasing the expression of metalloproteinase genes (Gopaul

t al., 2012).

The polyphenol-rich extract of Pimentadioica berries (Allspice)
isplays potent anticancer activity by enhancing autophagy via the
KT/mTOR signaling pathway. These spices have been shown to
arch Reviews 31 (2016) 55–66

lower pAkt and pmTOR levels, and stimulate the expression of
autophagic genes in MCF7 cells (Zhang et al., 2015). Hibiscus leaf
polyphenolics also causes similar effects on the Akt/mTOR signal-
ing pathway in melanoma cells (Chiu et al., 2015). Polyphenols
can induce both autophagy and apoptosis via similar mechanisms
in human gastric cancer cells. The use of polyphenolic treatment
together with autophagy inhibitors can increase apoptosis and cell
death in human gastric cancer cells. Activated Akt can be linked to
Ser184 of the BCL-2, an antiapoptic factor, which attenuates cell
death (Nie et al., 2016).

Polyphenolic compounds such as can honokiol act as anticar-
cinogenic agents. Honokiol (3-,5-di-(2-propenyl)-1,1′-biphenyl-
2,2′-diol), a naturally occurring dietary product isolated from an
extract of seed cones from Magnolia grandiflora,  can induce cellular
autophagy by modulating the PI3K/Akt/mTOR signaling pathway
in neuroblastoma cells (Yeh et al., 2016). Treatment with honokiol
has been shown to reduce PI3K content, and in turn, inhibit Akt,
which down regulates phosphorylation of mTOR. mTOR inhibi-
tion induces autophagy by upregulating the downstream protein
kinases, such as ULK1and ATG13 (Yeh et al., 2016).

Polyphenolic compound such as curcumin, present in spices,
also display anticancer activity through both the PI3K/phospho-
AKT/mTOR and the AMPK-mTORC1 pathway. Activated AMPK
stimulates Tsc1-Tsc2 activity and subsequently inhibits Rheb and
mTORC1 signaling. In addition, these compounds can directly
inhibit mTOR kinase (Wee  et al., 2015). Curcumin blocks the asso-
ciation between Raptor and mTORC1 kinase. It also prevents the
association of Rictor and mTORC2 (Cerella et al., 2015). Curcumin
also suppresses the excessive activation of Insulin/IGF1 signaling
and delays senescence in an experimental settings through the
PI3K/AKT/mTOR pathway (Brown, 2015).

Apart from honokiol and curcumin, other polyphenols can target
mTOR. Of particular interest are epigallocatechin 3-gallate (EGCG)
from green tea, theaflavin digallate from black tea, the flavonoid
quercetin, and the stilbenoid, resveratrol, extracted from grapes
and red wine. Exposure of leukemia cells to polyphenols such as
quercetin (3,3′,4′,5,7-pentahydroxy-flavone) led to cell cycle arrest
through the Notch/AKT/mTOR signaling pathway. Quercetin
inhibits Notch 1 expression, and subsequently downregulates
phosphorylation of downstream protein kinases including Akt
and mTOR, and promotes apoptosis (Chen et al., 2016). Recently,
it has been shown that quercetin can effectively eliminate senes-
cent human endothelial cells and mouse BM-SMCs by interfering
with the expression of ephrin dependent receptor ligands EFNB1
or EFNB3 (Zhu et al., 2015). Silencing EFNB3 expression down-
regulates Akt in cancer cancers (Stahl et al., 2011). The combination
of dasatinib (an oral Bcr-Abl tyrosine kinase inhibitor) and
quercetin attenuated senescent cell burden in chronologically aged,
radiation exposed, and progeroid Ercc1−/� mice (Zhu et al., 2015).
These results highlight the importance of quercetin and other
polyphenols to ablate senescent cells and alleviate symptoms of
frailty and promote lifespan extension.

Fisetin (3,7,3′,4′-tetrahydroxyflavone) belongs to the flavonol
subgroup of flavonoids which includes quercetin, myricetin and
kaempferol. Epidemiological and preclinical studies have shown
that fisetin consumption affects various molecular targets which
collectively slow the ageing process (George, 2016). Fisetin has
been shown to inhibit the association between mTOR pathway sig-
naling pathway constituents, Raptor, and Rictor (Syed et al., 2013,
2014; Chamcheu et al., 2015; Watanabe et al., 2015). Fisetin also
decreases PI3-K content, and enhances phosphorylation of Akt.
Phosphorylated Akt in turn inhibits mTOR activity. Fisetin can

also directly activate negative regulators of mTOR such as Tsc com-
plex and AMPK as shown in Fig. 1 (Adhami et al., 2012). Moreover,
fisetin has been shown to enhance cytotoxic effects when used in
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Fig. 1. Various molecular targets o

ombination with other chemotherapeutic drugs (Haddad et al.,
010; Klimaszewska-Wisniewska et al., 2016).

Polyphenolic compounds can also stimulate mTOR signaling
o reduce cognitive defects in sleep deprivation. Sleep depriva-
ion promotes cognitive impairment by downregulating CREB
nd mTOR signaling pathways. Combinational treatment with
olyphenol s ameliorates cognitive impairment.For instance,
alvidin-3-O-glucoside activates mTOR/p70S6 K, whereas

uercetin-3-O-glucuronide simulates CREB signaling activity.
unicalagin, a polyphenol present in pomegranate juice, can
timulate the expression of autophagic genes via mTOR inhibition
Banerjee et al., 2013). Overexpression of autophagic genes has
een shown to limit apoptosis by decreasing phosphorylated
ibosomal protein S6 expression in syncytiotrophoblasts (Wang
t al., 2016a).

Several studies have identified the beneficial effects of oleu-
opein aglycone, the main polyphenol present in extra virgin
live oil, against senescence and ageing- related conditions in
everal models, with particular focus on autophagy activation
Hadrich et al., 2016). Similarly, oleuropein aglycone prevents
he onset and development of age- related deterioration through
a2+/CaMKK�/AMPK/mTOR axis (Rigacci et al., 2015). Oleuropein
glycone treatment leads to Ca2+ release from intracellular stores.

nbound Ca2+ activates CaMKK� that is a protein present upstream
f AMPK (Rigacci et al., 2015). CaMKK� stimulates AMPK activ-
ty and induces autophagy by mTOR inhibition. This supports the
in and other related polyphenols.

notion that autophagy activation proceeds through mTOR  activa-
tion (Rigacci et al., 2015).

Novel therapeutic strategies and new anti-ageing drugs based
on caloric restriction mimetic properties, mTOR inhibition, insulin
growth factor (IGF-I) inhibition, and activation of AMPK and sirtu-
ins are currently in development. These therapeutic strategies are
linked by the mTOR pathway (Stenvinkel et al., 2016). Polyphe-
nol s and caloric restriction have been shown to prevent ageing
and age-associated diseases via similar mechanism. Polyphenolic
compounds serve as important caloric restriction mimetics. They
have similar effects on the function a new class of NAD-dependent
histone deacetylases known as silent information regulators of
gene transcription, or sirtuins (Pallauf et al., 2013). Recent stud-
ies have been reported that inhibition of mTOR inhibition confers
lifespan extension (Mannick et al., 2014). Polyphenols, can act as
anti-ageing agents by targeting mTOR and related pathways. Nat-
ural polyphenolic compounds can delay ageing by targeting AMPK
through an mTOR dependent mechanism (Hwang et al., 2009).

Resveratrol, a polyphenolic compound isolated from the skin
and seeds of grapes, can act as an anti-ageing agent via two  dis-
tinctive mechanisms. Firstly, it suppresses IGF-1 and increases
insulin sensitivity through PI3K/AKT/mTOR pathway. Secondly,
it also promotes the activation of AMPK and Sirt1 protein (a

nuclear sirtuin) in an Epac1-Dependent Manner (Park et al., 2012).
Sirt1 is a positive regulator of AMPK that inhibits mTOR  activity
(Morselli et al., 2010). Activated AMPK can inhibit mTOR activity
and delay the onset of age-related degeneration. In addition, resver-



60 H. Pazoki-Toroudi et al. / Ageing Research Reviews 31 (2016) 55–66

e defe

a
c
e

6
m

n
i
i
t
w
m

e
a
v
2
2
p
a
s
l
1
a
t
l
g
t
s
c
A
b
r
o
e
c
D

Fig. 2. Polyphenolic compounds delay the aging process and cognitiv

trol can increase peroxisome proliferator-activated receptor-c
o- activator 1a (PPAR-co-1a) activity as shown in Fig. 2 (Barger
t al., 2008).

. Clinical implications of polyphenols as modulators of
TOR signaling

The beneficial effects of numerous naturally occurring polyphe-
ols have been extensively documented in multiple in vitro and

n vivo models (Table 1). Despite these findings, there are crucial
mperative problems that need to be resolved prior to the use of
hese agents in human clinical trials. These problems include issues
ith absorption, bioavailability, and tissue distribution in animal
odels and humans for the most promising compounds.
Honokiol has demonstrated multiple biological properties rel-

vant to antiaging including anti-arrhythmic, anti-inflammatory,
nti-thrombocytic, anti-angiogenesis, anti-tumor, anxiolytic, anti-
iral, and antioxidative activities (Averett et al., 2016; Bunel et al.,
016; Lin et al., 2016; Sakaue et al., 2016; Suh et al., 2016; Tunc et al.,
016 Wang et al., 2016b Yu et al., 2016). It exhibited a favourable
harmacokinetic profile after intravenous (i.v.) administration in
nimal models (Jeong et al., 2016; Liu et al., 2016). One study
howed that the maximal plasma concentration of honokiol fol-
owing rectal administration of a houpo decoction equivalent to
3.5 mg/kg honokiol was approximately six times greater to that
dministered orally at an identical dose (Wu et al., 2003). Owing
o concerns regarding poor aqueous solubility, liposomal formu-
ations of honokiol have been developed. PEGylated (polyethylene
lycol coated) liposomal honokiol showed greater serum concen-
rations, increased half-life (26 mins compared to 13 min  following
ingle i.v. administration of 20 mg/kg in balb/c mice), and reduced
learance (Gou et al., 2009; Gong et al., 2010; Gou et al., 2010).
nother study demonstrated that honokiol can cross the blood
rain barrier (BBB) after i.v. administration. The same study
evealed the organ distribution of honokiol to be in the following

rder: lung > plasma > liver > brain > kidney > heart > spleen (Wang
t al., 2011). Toxicity studies in animal models showed no signifi-
ant macroscopic or microscopic hematological changes in Sprague
awley rats after acute and sub-chronic oral dosage (Liu et al.,
cts through activation or inhibition of various intracellular pathway.

2007). Honokiol is clinically available for human testing and may
be used as an adjunct to pre-existing cancer immunotherapies.

Curcumin is another polyphenol of major interest. Apart from
its potent antioxidant and anti-inflammatory properties, it has
been shown to antagonize pro-carcinogenic inflammatory medi-
ators as well as cancer cell growth and viability (Guo et al., 2016;
Seo et al., 2016; Zhao et al., 2016). However, the clinical admin-
istration of curcumin has been limited due to poor solubility and
limited adsorption in the gastrointestinal tract. Other limiting fac-
tors include its rapid metabolism and clearance (Gupta et al.,
2013). Plasma levels of curcumin are in the low micromolar con-
centrations after 1–2 h of administration. It has been suggested
that the beneficial effects of curcumin can only be observed in
compartments in full contact with pharmacological concentration,
including the oropharyngeal and gastrointestinal tract following
oral administration, and the skin or vaginal after topical applica-
tion (Lao et al., 2006). Improved drug delivery systems have led
to entrapping of curcumin and its derivatives in nanoparticles or
liposomes, thus improving solubility and improving delivery to tar-
get tissue. Increased bioactivity has been reported in cancer cell
models using nano-encapsulated curcumin. A human study using
healthy volunteers reported increased plasma concentrations fol-
lowing oral consumption of nano-formulated curcumin (Kakkar
et al., 2011). Curcumin has been shown to be well tolerated with
little or no adverse effects when administered at doses between 0.5
and 12 g (Cheng et al., 2001). However, the safety and tolerability
of encapsulated forms of curcumin are warranted.

There has been growing interest in the role of quercetin to
ameliorate symptoms of degenerative and attenuate age-related
degenerative diseases, including cancer, cardiovascular, inflam-
matory and neurodegenerative diseases (Hoek-van den Hil et al.,
2015; Kobylinska and Janas 2015). Like honokiol, curcumin, and
other related polyphenols, quercetin exhibits antioxidant, anti-
inflammatory, and anti-amyloidogenic properties. Moreover, it
can also regulate autophagic responses associated with protec-

tion against neurodegeneration, cancer and vascular disease (de
Oliveira et al., 2015). To our knowledge, there is no published clin-
ical trial on the anti-ageing effects of quercetin. However, there
are few reports which have examined the effect of quercetin sup-
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Table  1
Natural compounds implicated in the modulation of mTOR.

Compound Contained in Mechanism Cellular studies Concentrations
used

References

Honokiol Bark, seed cones, and
leaves of trees
belonging to the genus
Magnolia

Inhibition of PI3k/Akt pathway Glioma, breast and
prostate cancer cells

25–100 �M Yeh et al. (2016)

Curcumin Turmeric Curcuma
longa

Inhibition of PI3k/Akt pathway Colorectal carcinoma
cells

10–50 �M Johnson et al.
(2009)

Blocks the association between
Raptor and mTORC1 kinase

Rh1 cell lines 10–50 �M Beevers et al.
(2009)

Suppresses the excessive
activation of Insulin/IGF1 signaling

Streptozotocin-treated
rat model

10–50 �M Isik et al. (2009)

Activation of AMPK via AMP/ATP
balance

Macrophage-derived
murine foam cells.

20–100 �M Lin et al. (2015)

Epigallocatechin-3-gallate
(EGCG)

Green tea Activation of AMPK via AMP/ATP
balance

Mouse Adipocytic
3T3-L1 cells

100 �M Hsieh et al. (2010)

Theaflavin digallate Black tea Activation of AMPK via AMP/ATP
balance

Human
hepatoblastoma HepG2
cells

50 �M Lin et al. (2007)

Quercetin Capers, dill, onion,
cranberry, apples,
tomatoes

Inhibition of Notch 1 expression,
and subsequently downregulates
phosphorylation of Akt and mTOR

Human leukemia U937
cells

10–50 �M Chen et al. (2016)

Silencing of EFNB3 expression and
downregulation of Akt

Human Preadipocytes,
and Ercc1−/� C57Bl/6
mice

50 �M Zhu et al. (2015)

Punicalagin Pomegranates Inhibition of PI3k/Akt pathway Sprague-Dawley rats 2 g/L Banerjee et al.
(2013)

Fisetin Strawberries, apples,
persimmons, kiwis,
cucumbers, and onions

Inhibition of PI3k/Akt pathway Human melanoma cells 10–50 �M Suh et al. (2010),
Adhami et al.
(2012), Syed et al.
(2013)

Activation of AMPK via AMP/ATP
balance

Mouse adipocytic
3T3-L1 cells

50 �M Watanabe et al.
(2015)

Oleuropein Extra virgin olive oil Activation of CaMKK� stimulates
AMPK activity and induces
autophagy by mTOR inhibition

SH-SY5Y cells 50 �M Rigacci et al. (2015)

Resveratrol Grapes, red wine Suppression of IGF-1 and increases
insulin sensitivity through
PI3K/AKT/mTOR pathway

C2C12 myoblast cells 50 �M Park, et al. (2012)
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lementation on hypertension (Egert et al., 2010), and chronic
ung disease sarcoidosis in healthy volunteers (Boots et al., 2011).
lthough the study found no significant changes on oxidative stress
arkers in healthy volunteers (Conquer et al., 1998), quercetin sig-

ificantly reduced blood pressure in obese or hypertensive patients
Egert et al., 2010), and markedly reduced inflammation and oxida-
ive stress present in sarcoidosis (Boots et al., 2011). This highlights
he importance of quercetin to target physio-pathologic conditions.

Quercetin almost always undergoes glycation to yield the bioac-
ive molecule, aglycon, which is responsible for the beneficial in
itro effects of quercetin (Russo et al., 2012). On the contrary to its
atural glycosidic derivatives, the poor bioavailability of the agly-
on form due to reduced absorption in the gastrointestinal tract
aises a question of the clinical translation of quercetin (Russo
t al., 2012). Quercetin has been shown to localize in several tis-
ues following absorption through the gastrointestinal tract where
t is metabolised. The greatest concentrations of quercetin have
een reported in the colon, lungs, liver, and kidneys, the latter of
hich plays an important role in the clearance and excretion of

uercetin and its derivatives (Wang et al., 2014). Another study in
ats showed that quercetin can accumulate in the brain after oral
dministration, providing evidence for the ability of quercetin to
ross the BBB (Ishisaka et al., 2011). It has been estimated that

he plasma concentration of quercetin in a normal diet is typi-
ally <100 nM,  which is below concentrations reported to produce
avourable effects in experimental models (Russo et al., 2012).
owever, one study previously demonstrated that the plasma con-
irt1
ndent

Mouse adipocytic
3T3-L1 cells

50 �M Chen et al. (2015)

centration may  be increased to >10 �M when a quercetin rich diet
composed of apples, onions or tomatoes is administered (Russo
et al., 2012). Several strategies are currently under investigation to
improve the bioavailability of the aglycon and enhance therapeutic
outcomes in the clinic. These strategies include: (1) determining the
mode of action of hemi-synthetic moieties of the aglycon product
which demonstrate greater chemical stability (Kim et al., 2009); (2)
investigating the biological properties of quercetin glycosides such
as quercetin-3-O-rutinoside and quercetin-3-O-glucoside (Makino
et al., 2009); and (3) development of encapsulation technique to
entrap quercetin and its derivatives in nanoparticles or liposomes
(Wang et al., 2014). Quercetin-containing liposomes have been
shown to specifically accumulate in cancer cells, and arrest cancer
cell growth when administered intravenously in lung tumor-
bearing mice (Yuan et al., 2006).

Quercetin displays a favourable toxicity profile, and no adverse
effects were reported after oral administration of quercetin at con-
centrations up to 4 g, or following supplementation with a maximal
dose of 1 g fractioned into 500 mg  given twice daily, in healthy
human volunteers. However, renal toxicity was reported following
i.v. infusion when administered over 3.5 g in a 70 kg human (Ferry
et al., 1996). Therefore, while quercetin is generally considered to
be safe, it is important to establish the toxicological profile prior to

clinical use.

Fisetin, like quercetin, is another flavonol that is present in
several fruits and vegetables, including strawberries, apples, per-
simmons, kiwis, cucumbers, and onions (Khan et al., 2013). Fisetin
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as been shown to exhibit several biological properties relevant
o ageing and age-related diseases (Khan et al., 2013). It has
een identified as a potential antimicrobial agent in one study
Gabor and Eperjessy 1966). Several other studies have shown
hat fisetin can attenuate oxidative stress and inflammation fol-
owing nerve damage (Inkielewicz-Stepniak et al., 2012 Piao et al.,
013; Hytti et al., 2015). Oral administration of fisetin improved

ong-term potentiation and memory in a rodent model (Prasath
nd Subramanian 2013; Prasath et al., 2013). The anti-angiogenic
ffects of fisetin have been well described and linked to the signif-
cantly reduced activity of Aurora B kinase (Gollapudi et al., 2014).
he anti-inflammatory effects of fisetin have been attributed to
odulation of NF-�B (Yao et al., 2008; Wu  et al., 2011; Zhou et al.,

015; Sahu et al., 2016). NF-�B signaling may  also activate mTOR
hrough proinflammatory cytokines such as TNF-�. In particular,
setin can suppress the activation of NF-�B which may  be induced

n response to several inflammatory agents, leading to reduced
hosphorylation and degradation of I�B�, and suppression of the
hosphorylation and nuclear translocation of NF-�B/p65 (Yao et al.,
008; Murtaza et al., 2009; Leotoing et al., 2013; Li et al., 2014).
nother study showed that fisetin can attenuate cerebral damage

n a murine stroke model and can accumulate in the brain following
 single intraperitoneal (i.p.) dose, suggesting that it can cross the
BB (Zhou et al., 2015).

Fisetin appears to be well tolerated with no adverse effects pre-
iously reported. The bioavailability of fisetin has been previously
xamined following i.v. and oral administration (Shia et al., 2009).
he serum levels of fisetin have been shown to decline rapidly
ithin the first few hours. This occurs parallel to a significant

ncrease in the levels of sulfated and glucuronidated derivatives.
ollowing oral consumption, the serum concentration of bioactive
setin sulfates or its glucuronide products has been shown to be
aintained at 10 �M for at least 24 h. Therefore, the protective

ffects of fisetin against cancer cell proliferation, which have been
eported at concentrations below 50 �M,  are achievable following
onsumption of a fisetin-rich diet (Maher et al., 2007).

The beneficial effects of extra virgin olive oil have been asso-
iated with the content of polyphenols. These properties include
ntioxidant, anti-inflammatory, anti-cancer, anti-microbial, anti-
iral, anti-atherogenic, hypoglycemic, hepatic-cardiac- and neuro-
rotective effects (Mourouti and Panagiotakos, 2016). Oleuropein,
ain molecule responsible for the favourable effects of olive

il, is the most prevalent phenolic compound in olives and
ccounts for up to 14% of the dry weight. Although the mode
f absorption of oleuropein remains unclear, bioavailability
tudies have shown that the absorption of oleuropein deriva-
ives (including ligistroside-aglycone, hydroxyltyrosol, tyrosol and
leuropein-aglycone) from virgin olive oil was 55–60% in humans
Garcia-Villalba et al., 2014). Moreover, another study showed
hat 15% of oleuropein glycosides were excreted in urine as
ydroxyltyrosol and tyrosol. Oleuropein has been shown to be
apidly absorbed after oral administration, with maximal plasma
oncentration occurring 2 h after administration. Hydroxyltyrosol
epresents the most important metabolite and is excreted in urine
ostly as glucoronides (de Bock et al., 2013).
Several studies have shown that consumption of olive oil can

educe the risk of coronary heart disease, which is a major facet of
geing. As well, several studies have shown that the phenol con-
ent of olive oil can reduce the oxidation of low-density lipoprotein
LDL) and biomarkers of oxidative stress in animal models (Vissers
t al., 2004). However, the effect of these phenols in humans has
ot been confirmed. Moreover, there is no data on the phenol con-

entrations in plasma following dietary intake of olive oil. It has
een estimated that 50 g of olive oil is required to provide 13 �M of
ydroxytyrosol per day, with the plasma concentration of phenols

n olive oil that demonstrate potent antioxidant properties is much
arch Reviews 31 (2016) 55–66

lower (Vissers et al., 2004). Therefore, there is no available evidence
to suggest that dietary olive oil will protect LDL against oxidative
modification and delay the onset of vascular disease.

Resveratrol is an important stilbene that is present primarily
in grapes and wine. The antioxidant and anti-inflammatory effects
of resveratrol have been well described previously (Kelkel et al.,
2010). Oral administration of resveratrol has been shown to reduce
hypertension and dyslipidemia, and improve lung and endothelial
function in humans (Bishayee 2009). Current clinical trials tar-
geting cancer have used a daily oral dose of 500 mg (Bishayee
2009). Bioavailability studies have shown that resveratrol is rapidly
absorbed in the gastrointestinal tract after oral consumption, with
peak plasma concentrations recorded after 30 min  (Soleas et al.,
2001). Resveratrol appears to be excreted by the kidney and has
been detected in the urine after 24 h (Soleas et al., 2001). Resveratrol
is metabolised in its glucuronide and sulfate derivatives by rapid
metabolism in enterocytes. Since concentrations of resveratrol are
only detected in the blood in a nanomolar range, the possibility of
reaching pharmacologically relevant doses in the clinic remains a
challenge (Goldberg et al., 2003). The development of more active
hemi-synthetic derivatives, or using encapsulation techniques are
currently under development.

7. Conclusion

Our understanding of the molecular pathogenesis and cellu-
lar pathways involved in ageing has grown extensively in recent
years. This is anticipated to lead to the slowing down or delaying
the ageing and age- related diseases. Given the social and eco-
nomic burden of the rapidly growing ageing population where the
mTOR signaling pathway has already been implicated, it is likely
that additional therapeutic uses for mTOR inhibitors will be identi-
fied in the near future.Polyphenolic compounds have been shown
to delay the ageing process by targeting mTOR and related path-
ways, and provides a safe, non-invasive means to extend lifespan
and reduce morbidity and mortality due to age-associated degen-
eration. Although the potential negative effects of mTOR inhibition
remain unclear, the potential for naturally occurring polyphenolic
compounds to interfere with the mTOR signaling as current drug
targets appears effective and feasible in vitro cell culture setting
and in experimental preclinical animal models.
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