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Abstract Dietary interventions such as caloric restriction
(CR) extend lifespan and health span. Recent data from
animal and human studies indicate that CR slows down the
aging process, benefits general health, and improves
memory performance. Caloric restriction also retards and
slows down the progression of different age-related dis-
eases, such as Alzheimer’s disease. However, the specific
molecular basis of these effects remains unclear. A better
understanding of the pathways underlying these effects
could pave the way to novel preventive or therapeutic
strategies. In this review, we will discuss the mechanisms
and effects of CR on aging and Alzheimer’s disease. A
potential alternative to CR as a lifestyle modification is the
use of CR mimetics. These compounds mimic the bio-
chemical and functional effects of CR without the need to
reduce energy intake. We discuss the effect of two of the
most investigated mimetics, resveratrol and rapamycin, on
aging and their potential as Alzheimer’s disease therapeu-
tics. However, additional research will be needed to
determine the safety, efficacy, and usability of CR and its
mimetics before a general recommendation can be pro-
posed to implement them.
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Introduction

Modifying lifestyle factors such as basic dietary regimes
and limitation of food intake have an undeniable effect on
lifespan and health span (Witte et al. 2009). Among these
dietary interventions, caloric restriction (CR), defined here
as reduction of energy intake that does not cause under-
nutrition combined with normal intake of vitamins, min-
erals, and essential biomolecules, is believed to retard the
age-related health decline and to extend lifespan in dif-
ferent organisms. This research field has gained consider-
able attention since the first study published by McCay and
colleagues, who demonstrated that CR increased the
lifespan of rats in comparison to rats fed ad libitum (AL)
(McCay et al. 1989). Since then, many investigators have
confirmed this observation in different model systems. In
mammals, the effect of CR is associated with diverse
health benefits: reduction of abdominal fat mass, lowered
body temperature and metabolic rate, increased insulin
sensitivity, and reduction of levels of pro-inflammatory
cytokines, reactive oxygen species (ROS) and atheroscle-
rotic lipids in the blood (Murphy et al. 2014; Redman and
Ravussin 2011; Weiss and Fontana 2011). However, the
mechanism by which CR counteracts the deleterious
effects of aging remains controversial. Numerous
hypotheses have been proposed to explain the molecular
basis of how CR prolongs lifespan. These hypotheses
include attenuation of immunologic and hormonal changes,
enhanced damage-repair capacity, changes in gene
expression, enhanced autophagy and apoptosis, alterations
in insulin-like growth factor (IGF) and insulin signaling,
mammalian target of rapamycin (mTOR) signaling,
hormesis, activation of sirtuins, decreased body tempera-
ture and metabolic rate, and attenuation of ROS generation
and oxidative stress as summarized in Table 1 (Sohal and
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Table 1 Overview of different mechanisms, beneficial effects, caloric restriction regimes, organisms, and references discussed in the review
involved in the attenuation of aging and age-related diseases during caloric restriction

Mechanism Observed beneficial effects CR regime Organism References
Metabolic Lowered body temperature Caloric restriction ~ Rodents, Murphy et al. 2014, Ravussin et al. 2015, Redman
effects primates, and Ravussin 2011, Sohal and Forster 2014,
humans Weiss and Fontana 2011
Reduced metabolic rate Caloric restriction Rodents, Li et al. 2011, Masoro 2005, Murphy et al. 2014,
primates, Pugh et al. 1999, Redman and Ravussin 2011,
humans Sohal and Forster 2014, Weiss and Fontana
2011, Wood et al. 2015
Intermittent fasting Rodents Duan et al. 2001, Lee et al. 2000, Mattson 2015,
Mattson et al. 2003
Reduced adipose tissue Caloric restriction Yeast, rodents, Colman et al. 2009, Fontana et al. 2010, Hamadeh
primates, et al. 2005, Murphy et al. 2014, Ravussin et al.
humans 2015, Redman and Ravussin 2011, Weiss and
Fontana 2011
Methionine Rodents Martin-Montalvo et al. 2013, Perrone et al. 2013
restriction
Reduced blood pressure Caloric restriction ~ Humans Smith et al. 2010b
Reduced atherosclerosis Caloric restriction ~ Rodents, Holloszy and Fontana 2007, Murphy et al. 2014,
primates, Redman and Ravussin 2011, Weiss and Fontana
humans 2011
Lowered thyroid function Caloric restriction ~ Humans Ravussin et al. 2015
Improved glucose regulation  Caloric restriction  C. elegans, Mattson 2002, Murphy et al. 2003, Schulingkamp
rodents, et al. 2000, Srivastava and Haigis 2011
humans
Immunological  Increased insulin sensitivity Caloric restriction Rodents, Li et al. 2011, Masoro 2005, Murphy et al. 2014,
and hormonal primates, Pugh et al. 1999, Redman and Ravussin 2011,
changes humans Weiss and Fontana 2011, Witte et al. 2009,
Wood et al. 2015
Methionine Rodents Martin-Montalvo et al. 2013, Perrone et al. 2013
restriction
Reduced inflammation Caloric restriction Yeast, rodents, Colman et al. 2009, Fontana et al. 2010, Redman
mammals and Ravussin 2011
Methionine Rodents Martin-Montalvo et al. 2013, Perrone et al. 2013
restriction
Epigenetic DNA methylation changes Caloric restriction ~ Rodents, Li et al. 2011, Munoz-Najar and Sedivy 2011
modifications mammals,
humans
Increased HDAC activity Caloric restriction ~ Yeast, C. Leibiger and Berggren 2006, Brachmann et al.
(SIRT1) elegans, 1995, Lin et al. 2000, Wang et al. 2006, Bordone
Drosophila, et al. 2007, Cohen et al. 2004, Guarente and
mammals, Picard 2005, Haigis and Guarente 2006, Lin
humans et al. 2000, Rogina and Helfand 2004, Wakeling
et al. 2009
Neuroprotection Decreased ROS Caloric restriction ~ Yeast, rodents, Mattson 2002, Murphy et al. 2003, Schulingkamp

Hormesis: production anti-
oxidants, DNA repair
enzymes and anti-apoptotic
proteins

40 % protein
restriction or
40 % methionine
restriction

Caloric restriction

primates

Rodents

Rodents,
primates

et al. 2000, Sohal and Forster 2014, Sohal et al.
1994, Sohal and Weindruch 1996, Srivastava
and Haigis 2011, Beckman and Ames 1998,
Colman et al. 2009, Fontana et al. 2010, Redman
and Ravussin 2011

Sanchez-Roman and Barja 2013

Sohal and Forster 2014
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Table 1 continued

Mechanism Observed beneficial effects CR regime Organism References
Increased levels of Caloric restriction Rodents, humans Bekinschtein et al. 2011, Lee et al. 2000, 2002,
neurotrophic factors Mattson 2002, Murphy et al. 2014, Rothman
(BDNF) et al. 2012, Vivar et al. 2013, Witte et al. 2014
Intermittent fasting Rodents Duan et al. 2001, Lee et al. 2000, Mattson 2015,
Mattson et al. 2003
Autophagy, Downregulation of p53 and Caloric restriction  Yeast, C. Guarente and Picard 2005, Langley et al. 2002, Li
apoptosis, and Foxo proteins (SIRT1) elegans, et al. 2011, Luo et al. 2001, Martins et al. 2016,
cell survival Drosophila, Vaziri et al. 2001, Wakeling et al. 2009
mammals,
humans
Inhibition of mTOR pathway Caloric restriction  C. elegans, Kapahi et al. 2004, Vellai et al. 2003, Wu et al.
Drosophila, 2013
mammals
Reduced DNA damage 40 % protein Rodents Sanchez-Roman and Barja 2013

restriction or
40 % Methionine
restriction

Oxidative stress Reduced oxidative damage Caloric restriction

Intermittent fasting

Methionine
restriction

Yeast, rodents,
primates

Mattson 2002, Murphy et al. 2003, Schulingkamp
et al. 2000, Sohal and Forster 2014, Sohal et al.
1994, Sohal and Weindruch 1996, Srivastava
and Haigis 2011, Beckman and Ames 1998,
Colman et al. 2009, Fontana et al. 2010, Redman
and Ravussin 2011

Duan et al. 2001, Lee et al. 2000, Mattson 2015,
Mattson et al. 2003

Martin-Montalvo et al. 2013, Perrone et al. 2013

Rodents

Rodents

BDNF, brain-derived neurotrophic factor; CRP, C-reactive protein; Foxo, forkhead box Oj; IGF, insulin-like growth factor; HDAC, histone
deacetylase; mTOR, mammalian target of rapamycin; ROS, reactive oxygen species; SIRT1, Sirtuin; TNFa, tumor necrosis factor

Forster 2014). Accumulating data indicate that not only CR
but also specific diet components such as proteins, amino
acids, and lipids may affect age-associated intracellular
signaling pathways (Hulbert 2005; Martin-Montalvo et al.
2013; Pamplona et al. 2002; Perrone et al. 2013; Sanchez-
Roman and Barja 2013). Furthermore, CR affects not only
lifespan but—most importantly—also health span, which
refers to the number of years of life without pathology or
disease. CR can delay different age-associated diseases,
such as cancer, diabetes, atherosclerosis, cardiovascular
diseases and neurodegenerative diseases (Holloszy and
Fontana 2007; Li et al. 2011). Interestingly, young Alz-
heimer’s disease (AD) transgenic mice models subjected to
short-term CR displayed reduced accumulation of amyloid
B (AB) plaques and activation of astrocytes (Patel et al.
2005). Long-term CR led to similar results (Mouton et al.
2009; Wang et al. 2005) and was associated with up-reg-
ulation of genes associated with neurogenesis and neuro-
plasticity, and down-regulation of inflammatory genes (Wu
et al. 2008).

The proportion of people reaching the age of 65 years
has increased and so has their life expectancy. It is crucial
to gain a deeper understanding of the mechanisms of aging
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and the mechanisms by which limitation of energy intake
can influence aging and the age-related decline in health.
Such research may pave the way towards novel strategies
to maintain cognitive brain functions throughout life and
interventions to delay aging and age-related degenerative
diseases in humans.

In this review, we shed light on the effects of CR on
aging and age-related neurodegenerative brain diseases,
especially AD, in animal models as well as humans. In
addition, we discuss the epigenetic involvement in dietary
interventions and CR mimetics (CRMs), which provide
interesting opportunities for novel preventive and thera-
peutic strategies in aging and age-related diseases.

Caloric restriction’s effects on aging (lifespan)
and neurodegeneration (health span)

Caloric restriction regimes

The influence of different dietary interventions, including

CR, intermittent fasting (IF), and specific diet components
on lifespan and health span, has been examined in diverse
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model organisms. CR regimes usually comprise a consis-
tent 20—40 % reduction in caloric intake below that of AL
energy intake. In most CR rodent models, carbohydrates,
lipids, and proteins are reduced while intake of all essential
nutrients such as vitamins and minerals is preserved. This
energy intake reduction is known to increase longevity by
about 30 % and to delay aging by improving insulin sen-
sitivity and metabolic function (Li et al. 2011; Masoro
2005; Pugh et al. 1999; Wood et al. 2015). The effects of
CR have been evaluated in animals of different ages and
for different durations. Future studies might define the ideal
CR diet to optimize cognition and longevity (Patel et al.
2005).

A second intensively investigated dietary intervention is
IF, which involves alternating between periods of AL
caloric intake and partial or complete restriction of caloric
intake while maintaining intake of all essential nutrients
(Mattson et al. 2003; Murphy et al. 2014). Overall, IF
results in a 20-30 % reduction of caloric intake (Martin
et al. 2006; Ribaric 2012). Animal studies showed a posi-
tive effect of IF on age-related diseases, for example an
increased resistance to oxidative and metabolic insults and
an enhancement of neuronal plasticity including neu-
rotrophic factors such as brain-derived neurotrophic factor
(BDNF), protein chaperones such as heat-shock proteins,
and mitochondrial uncoupling proteins (Duan et al. 2001;
Lee et al. 2000; Mattson 2015; Mattson et al. 2003).

Accumulating data indicate that not only CR but also
specific diet components such as proteins, sulfur-contain-
ing amino acids (methionine and cysteine), and lipids may
act as regulators of age-associated intracellular signaling
pathways (Hine et al. 2015; Hine and Mitchell 2015;
Hulbert 2005; Martin-Montalvo et al. 2013; Pamplona
et al. 2002; Perrone et al. 2013; Sanchez-Roman and Barja
2013). In the yeast Saccharomyces cerevisiae (S. cere-
visiae), ammonium was shown to have a negative effect on
extending the chronological lifespan (i.e., the survival time
of populations of non-dividing cells), especially in amino
acid restricted cells. Indeed, lifespan shortening under
amino acid restriction could be completely reverted by
removing ammonium from the culture medium (Santos
et al. 2015). Protein restriction (PR) and methionine
restriction (MetR) have been shown to increase the maxi-
mum lifespan in rodent models of CR. Interestingly, only
7 weeks of 40 % PR or 40 % MetR resulted in a decrease
of mitochondrial ROS production and DNA damage
(Sanchez-Roman and Barja 2013). MetR has even been
suggested to be responsible for the positive effects
observed in PR animals, because in rodent models MetR
resulted in reduced adipose tissue mass, improved insulin
sensitivity, and decreased oxidative damage and inflam-
mation (Martin-Montalvo et al. 2013; Perrone et al. 2013).
In mammals, however, the combination of methionine and

cysteine restriction is required in order to observe health
benefits such as stress resistance and extended longevity
(Elshorbagy et al. 2013), and therefore can better be
referred to as sulfur amino acid (SAA) restriction. Recent
research suggests that the increased activity of the
transsulfuration pathway (TSP) is an evolutionary con-
served response to multiple CR regimes from yeast to
mammals and the resulting increase in hydrogen sulfide
(H,S) production represents a common molecular mecha-
nism underlying several CR benefits (Hine et al. 2015;
Hine and Mitchell 2015). However, much remains to be
determined on the extent by which the beneficial effects of
CR depend on H,S, as well as on the molecular mecha-
nisms underlying these effects (Hine and Mitchell 2015).

Furthermore, research has shown that the fatty acid
composition of membranes, via its influence on lipid per-
oxidation, is an important determinant of lifespan (Hulbert
2005) and may prevent lipoxidation-derived damage to
other macromolecules (Pamplona et al. 2002).

In the following section, we will briefly discuss the key
mechanisms underlying the beneficial effects during CR;
we will focus further on the effects of CR on brain aging
and AD disease models and discuss the findings from
animal models and human studies.

Mechanisms of CR

The exact mechanisms through which CR promotes health
and lifespan are complex and still not fully understood.
Nevertheless, numerous studies were designed to unravel
the responses to dietary restriction. Different connections
between longevity and caloric intake have been hypothe-
sized including mTOR, IGF and insulin signaling, activa-
tion of sirtuins, adenosine monophosphate-activated
protein kinase (AMPK) signaling and enhanced autophagy
and apoptosis, ROS generation, oxidative stress and epi-
genetics (Table 1).

The mTOR signaling controls growth, metabolism, and
energy homeostasis in a cell autonomous manner. mTOR is
a serine-threonine kinase and functions as an intracellular
energy sensor (Finkel 2015). mTOR becomes activated
after growth factor stimulation or increasing levels of
amino acids and regulates the overall metabolism (Albert
and Hall 2015). CR seems to lead to the genetic inhibition
of mTOR signaling resulting in lifespan extension in
multiple organisms ranging from Caenorhabditis elegans
(C. elegans) (Vellai et al. 2003), Drosophila (Kapahi et al.
2004), to mammals (Wu et al. 2013). The exact mechanism
however remains unclear and it seems likely that CR
operates by many mechanisms in addition to decreased
mTOR signaling (Goldberg et al. 2015). This is strength-
ened by the observed different metabolic outcomes in aged
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rapamycin-treated mice and diet-restricted mice (Miller
et al. 2014).

Insulin and insulin receptors regulate multiple meta-
bolic functions including glucose transport, oxidative stress
response, neurotransmission, and lifespan (Mattson 2002;
Murphy et al. 2003; Schulingkamp et al. 2000; Srivastava
and Haigis 2011). Reduction of insulin/IGF-1 signaling has
been shown to extend lifespan in C. elegans (Kenyon et al.
1993; Kimura et al. 1997; Murphy et al. 2003), Drosophila
models (Tatar et al. 2001), and mammals (Anisimov and
Bartke 2013). The mammalian forkhead box (FOXO)
family of transcription factors act as key regulators of
longevity downstream of insulin and IGF signaling during
CR and regulate cell survival mechanisms (Martins et al.
2016).

Sirtuins have been reported to be involved in regulating
aging and CR-related lifespan extension (Leibiger and
Berggren 2006). They have a function in the nicotinamide
adenine dinucleotide (NAD)-dependent deacetylation of
both histone and non-histone proteins. Sirtuin 1 (SIRT1)
was initially discovered from its role in chromatin
remodeling associated with gene silencing and the pro-
longation of lifespan in yeast (Brachmann et al. 1995). The
CR-induced SIRT1 expression, which promotes lifespan
extension, has been demonstrated in different model sys-
tems like C. elegans (Wang et al. 2006), Drosophila
(Rogina and Helfand 2004), mammals (Cohen et al. 2004),
and in humans (Bordone et al. 2007; Cohen et al. 2004,
Guarente and Picard 2005; Haigis and Guarente 2006; Lin
et al. 2000; Wakeling et al. 2009). Lin and colleagues
suggested that the increased longevity induced by CR
requires the activation of SIRT1 by NAD in S. cerevisiae
(Lin et al. 2000). More recently, other reports challenged
the involvement of sirtuins in the CR-mediated effects
observed in yeast (Finkel 2015). SIRTI is able to
deacetylate different molecules, including key transcrip-
tional factors and regulatory proteins, including cellular
tumor antigen p53, FOXO proteins, and peroxisome pro-
liferator-activated receptor-y coactivator (PGC) 1o (Guar-
ente and Picard 2005; Wakeling et al. 2009). SIRT1-
mediated deacetylation and consequent downregulation of
p53 and FOXO protein may affect lifespan by negatively
regulating cellular apoptosis and replicative senescence
processes downstream of these transcription factors (Lan-
gley et al. 2002; Li et al. 2011; Luo et al. 2001; Vaziri et al.
2001). Furthermore, SIRT1 influences metabolic pathways
by activating PGC-1a, thereby promoting gluconeogenic
genes and improving mitochondrial function by inducing
mitochondrial biogenesis (Leibiger and Berggren 2006;
Wakeling et al. 2009).

AMPK, a detector of low energy and cell de-energiza-
tion, has been described as a molecular transducer of
beneficial starvation signals in model organisms (Mair
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et al. 2011; Martin-Montalvo et al. 2013; Pani 2015). In
worms, flies, and mammals, dietary restriction requires the
activation of AMPK in order to achieve longevity (Canto
and Auwerx 2011; Greer et al. 2007; Stenesen et al. 2013),
but this activation is dependent on the CR protocol (Canto
and Auwerx 2011). Interestingly, AMPK can inhibit the
mTOR cascade through the phosphorylation and activation
of the mTOR inhibitory tuberous sclerosis complex (TSC),
TSC1/TSC2 (Inoki et al. 2003). In addition in mammals,
AMPK is known to regulate autophagy through the phos-
phorylation of one of its many targets, UNC-51-like kinase
1 (ULK1).

Autophagy is the process whereby damaged organelles
or macromolecules form autophagosomes that can fuse
with lysosomes allowing enzymatic digestion of the cargo
(Mizushima and Komatsu 2011), and this process can be
described as a cell rejuvenating mechanism (Pani 2015).
Autophagy is tightly regulated by nutrient availability and
monitored by a number of nutrient sensors and cascades
including the AMPK-mTOR circuitry (Pani 2015) and has
a double purpose namely the recycling of cellular waste
that can be used for either novel macromolecules or as
energy source (Mizushima and Komatsu 2011). Autophagy
is transcriptionally down-regulated during normal aging in
the human brain (Lipinski et al. 2010), and the experi-
mental impairment of autophagy decreased lifespan and
earlier features of cellular aging in worms, flies and mice
(Cuervo 2008; Juhasz et al. 2007; Pyo et al. 2013;
Simonsen et al. 2008; Toth et al. 2008).

Increased generation of ROS has been postulated as one
of the major hallmarks of aging. Restriction of caloric
intake lowered levels of oxidative stress and damage in
mammals (Sohal and Weindruch 1996). Similarly, rodents
subjected to CR showed attenuation of age-associated
increases in rates of mitochondrial and hydrogen peroxide
(H,O,) generation and a reduction in oxidative damage
(Sohal et al. 1994; Sohal and Weindruch 1996).

Recently, the role of epigenetics has also been recog-
nized as a major player in controlling aging and in the
influence of CR on lifespan. Epigenetics refers to any
change in gene regulation that is caused by modifications to
the DNA’s packaging proteins or by changes in the DNA
molecules that do not affect its sequence. The two principal
epigenetic changes, DNA methylation and histone modi-
fication, are thought to be a way by which environmental
factors such as nutrition can influence genetics and dif-
ferent biological processes (Lord and Cruchaga 2014).
DNA methylation, which occurs mainly on cytosine resi-
dues of CpG dinucleotides, can dynamically regulate gene
expression and maintain DNA integrity and stability in
numerous biological processes, including aging (Chan
et al. 2000; Li et al. 1993, 2011). Aging has been reported
to be tightly regulated by DNA methylation. A decrease in
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global DNA methylation has been reported, but the pro-
moter regions often become methylated during aging,
which decreases gene expression. Interestingly, CR likely
reverses these local aberrant DNA methylation patterns by
locus specific control in order to maintain chromatin
function and increase genomic stability (Li et al. 2011;
Munoz-Najar and Sedivy 2011). Moreover, acetylation and
deacetylation at the lysine residues in histones are the most
prevalent histone modifications determining the level of
gene activity. Acetylation, leading to a weaker binding of
nucleosomal components so more transcription factors are
able to bind, is known to increase the expression of genes
through transcriptional activation. In contrast, deacetyla-
tion of histones leads to decreased levels of gene expres-
sion or gene silencing. In this process, histone deacetylases
(HDAC) interact with different transcription factors (de
Ruijter et al. 2003; Kadonaga 1998), and these interactions
are important in the regulation of gene expression and in
different cellular functions. The activity of HDACs is
increased during CR, indicating that deacetylation might be
a protective mechanism during CR promoting longevity
(Kanaya et al. 1998; Li et al. 2010; Meyerson et al. 1997).
An interesting class III NAD-dependent HDAC is SIRT1
as discussed above. The findings on epigenetic changes
during CR were corroborated by a recent transcriptome
analysis in which RNA sequencing of rat cerebral cortex
identified overexpression of neuroprotective genes in
response to CR. This gene expression profile pointed to a
role for miRNA (miR-98-3p) in maintaining the home-
ostasis of HDAC and histone acetyltransferase (HAT)
(Wood et al. 2015).

The health benefits of CR on brain aging

Aging is characterized by numerous functional and struc-
tural alterations, including improper functioning of the
CNS barriers (Gorlé et al. 2016), that together impair brain
plasticity. Dietary interventions such as CR seem to
improve the resilience of synapses to metabolic and
oxidative damage and are associated with greater synaptic
activity, leading to higher synaptic plasticity and stimula-
tion of neuroprotective pathways in the brain (Mattson
2012; Murphy et al. 2014; Park and Prolla 2005). In
addition, generation of neurotrophic factors in particular
BDNF in response to CR contributes to the neuroprotective
effect of reduced energy intake (Bekinschtein et al. 2011;
Mattson 2002; Murphy et al. 2014; Rothman et al. 2012;
Vivar et al. 2013). Neurotrophic factors promote synaptic
function and plasticity and are crucial for neuronal sur-
vival, morphology, and differentiation in the adult central
nervous system (CNS) (Reichardt 2006). Furthermore, CR
leads to a major reduction in body fat mass and exerts

beneficial effects on age-related processes, including
insulin resistance, inflammation, and oxidative stress in
diverse organisms ranging from yeast to higher mammals
(Colman et al. 2009; Fontana et al. 2010; Redman and
Ravussin 2011).

Animal studies

The influence of CR on aging, neuroplasticity, neuropro-
tection and cognitive performance has been evaluated in
different animal models. The first studies on dietary
restriction indicated that it promotes longevity and cogni-
tion: CR was demonstrated to enhance spatial memory
performance in rats (Stewart et al. 1989) and further food
restriction over 4 months reduced age-related impairment
of motor and learning tasks in mice (Ingram et al. 1987).
More recent studies reported similar beneficial effects on
learning and memory in rodents. These benefits could be
gained by reducing caloric intake throughout life, starting
in mid-life (Means et al. 1993), and by short CR later in life
(Goto et al. 2007; Kaur et al. 2008; Sharma et al. 2010). In
a rat model, in addition to cognitive decline, the decrease in
key synaptic proteins like synaptophysin (SPH), N-methyl-
d-aspartate (NMDA)-type, and alpha-amino-3-hydroxy-5-
methyl-4-isoxazole propionic acid (AMPA)-type iono-
tropic glutamate receptors in the CA3 region of the hip-
pocampus that occur across lifespan is stabilized by CR.
This age-related decrease and CR-induced stabilization are
likely to affect CA3 synaptic plasticity and, as a result,
hippocampal function (Adams et al. 2008). Additionally,
protein expression profiling of synapse-related proteins in
rats revealed stabilization of the levels of three presynaptic
proteins (SPH, growth-associated protein 43 (GAP-43),
and o-synuclein (a-Syn)) in the hippocampus in response
to long-term CR. This indicates the beneficial effect of CR
on age-related decline in the capacity for synaptic plasticity
(Mladenovic Djordjevic et al. 2010). Experimental evi-
dence has shown that CR mediates neurogenesis in the
dentate gyrus of the hippocampus in rodent brains. This
neurogenesis is associated with the increased expression of
BDNF (Lee et al. 2000, 2002). The study provided the first
evidence that diet can affect neurotrophic factor produc-
tion. Furthermore, BDNF was shown to promote survival
of newly generated neurons and thereby contributes to the
enhancement of neurogenesis in response to CR (Lee et al.
2002).

DNA microarray analysis of brain tissue in mice
revealed that CR was associated with transcriptional
reprogramming in the brain. CR prevented the induction of
stress- and immune-response-related genes (Prolla 2002).
The results are in agreement with studies suggesting
reduction in autoimmunity and oxidative damage (Sohal
et al. 1994) in the brain of CR mice (Prolla 2002).
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Furthermore, transcriptional analysis revealed the induc-
tion of growth and neurotrophic factors upon CR (Prolla
2002).

Since the beneficial effects of CR have been observed in
diverse species, it became important to investigate them in
primates. The initial studies exploring the beneficial con-
sequences of reduced energy intake in rhesus monkeys
yielded inconsistent results. The discrepancies in survival
and disease between the studies might be explained by
differences in diet composition and study design, including
different methods of calculating the nutritional demands
(Cava and Fontana 2013; Colman et al. 2008, 2009).
Nevertheless, there is mounting evidence for the positive
effects of CR in primates (Colman et al. 2009). Addition-
ally, in a recent study, a long-term 30 % restricted diet
implemented from young adulthood significantly improved
age-related and all-cause survival in rhesus monkeys
(Colman et al. 2014).

Human clinical trials

The beneficial effects of CR observed in diverse animal
models, including primates, paved the way to human trials.
A multicenter study on CR, the CALERIE study (Com-
prehensive Assessment of Long-Term Effects of Reducing
Intake of Energy), is a randomized controlled trial that
examined the effects on cognitive functioning of 6 months
of CR (25 % energy intake reduction) combined with
physical exercise in overweight individuals (25 <
BMI < 30). The study results indicate that CR was not
associated with a consistent pattern of cognitive impair-
ment (Martin et al. 2007; Murphy et al. 2014). However,
the limitations of the study have to be taken into account
when interpreting these results, namely, the small sample
size, limited CR duration and statistical power (Martin
et al. 2007).

The ENCORE study (Exercise and Nutrition Interven-
tions for Cardiovascular Health) is a randomized trial that
examined the effects of exercise combined with dietary
modification on neurocognitive functioning in individuals
with high blood pressure. Among sedentary and over-
weight individuals with prehypertension or hypertension,
the combination of exercise and CR improved neurocog-
nitive function (Smith et al. 2010b). The neurocognitive
improvement might have been due to the combination of
CR, exercise, and weight loss.

In a prospective intervention trial, Witte and colleagues
demonstrated the beneficial effects of CR (30 % reduction)
over 3 months. This study showed significant improvement
in memory performance in a cohort of healthy elderly
individuals participating in a CR regime compared to a test
group with increased unsaturated fatty acids (UFA) intake
and an AL control group (Witte et al. 2009). The authors
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proposed that improved insulin sensitivity and reduced
inflammatory activity could have mediated the beneficial
effects of CR on memory functions. The study supports the
experimental animal studies and epidemiological studies in
humans that point to the beneficial effects of CR on the
aging brain, which might lead to higher synaptic plasticity
and stimulation of neuroprotective pathways in the brain
(Witte et al. 2009).

A recent two-year randomized controlled trial tested the
feasibility, safety, and effects of CR in non-obese humans
(Ravussin et al. 2015). This study provides the first evi-
dence from a randomized controlled trial that sustained CR
is feasible and has no adverse effects on the quality of life
of non-obese individuals. Furthermore, some of the
potential modulators of longevity observed in this trial
resemble those reported in previous CR studies on labo-
ratory animals, including weight loss, lower body temper-
ature, lowered thyroid function and reduction in
inflammatory markers (tumor necrosis factor (TNF)-o and
high-sensitivity C-reactive protein (CRP)) (Ravussin et al.
2015).

Clinical trial data suggest that reduction of caloric intake
in humans is generally associated with several health
benefits, namely, reduction of abdominal fat mass,
increased insulin sensitivity, reduced levels of pro-inflam-
matory cytokines, ROS and atherosclerotic lipids in the
blood, and lowered body temperature and metabolic rate
(Murphy et al. 2014; Redman and Ravussin 2011; Weiss
and Fontana 2011).

The effect of CR on neurodegenerative diseases

Animal studies have provided evidence that dietary
regimes such as CR affect not only the normal aging
process, but also the onset and progression of different
age-related diseases such as cancer and neurodegenera-
tive brain diseases. A significant proportion of the
rodents subjected to CR reached a very old age without
any sign of disease (Omodei and Fontana 2011). Due to
the rising global prevalence of neurodegenerative brain
diseases such as AD and the lack of an effective therapy,
these diseases have become a growing public health
challenge with enormous economic and social implica-
tions (Gillette-Guyonnet et al. 2013). AD is clinically
characterized by progressive deterioration of memory and
cognitive functions, eventually leading to loss of auton-
omy requiring full-time medical care. In addition to
severe neuronal loss, the neuropathological features of
AD include the aggregation of A in extracellular senile
plaques and the formation of intraneuronal neurofibrillary
tangles consisting of hyperphosphorylated tau protein
(Selkoe 2011).
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Animal studies

Numerous studies were conducted to investigate the effect
of dietary regimens such as CR on cognition and on the
pathological characteristics of AD in transgenic mouse
models. Interestingly, young transgenic AD mice subjected
to short-term CR displayed reduced accumulation of AP
plaques and activation of astrocytes (Patel et al. 2005).
Long-term reduced caloric intake provided similar results:
attenuation of A peptide accumulation and neuritic plaque
deposition in the brain of Tg2576 and APP/PS1 mouse
models of AD neuropathology after a CR dietary regimen
(Mouton et al. 2009; Schafer et al. 2015; Wang et al. 2005).
The Tg2576 mouse carries the human amyloid precursor
protein (APP) double KM670/671NL mutation and the
APP/PS1 model contains the human APP KM670/671NL
mutations and presenilin 1 (PS/) L166P mutation. The
observed beneficial effects in Tg2576 mice might be due to
promotion of anti-amyloidogenic o-secretase activity
(Wang et al. 2005) or by the reduced expression of pre-
senilin enhancer 2 and PS1, components of the y-secretase
complex (Schafer et al. 2015).

To evaluate the dietary effects of CR on different AD
pathological brain changes (brain atrophy, tau hyperphos-
phorylation, synaptic dysfunction, and cognitive deficit), a
double-knockout mouse model of PSI/ and PS2 was tested.
A four-month CR regime improved memory, attenuated
ventricle enlargement, caspase-3 activation and astroglio-
sis, and reduced tau hyperphosphorylation. Furthermore,
CR was associated with up-regulation of genes associated
with neurogenesis and neuroplasticity and down-regulation
of inflammatory genes (Wu et al. 2008). However, the
molecular basis of these effects remains unclear.

The beneficial consequences of dietary regimes have
also been investigated in other degenerative diseases, such
as Parkinson’s disease (PD), Huntington disease (HD),
amyotrophic lateral sclerosis (ALS), and models of tau
deposition. Dietary restriction ameliorated the loss of
dopaminergic neurons and deficits in motor function in a
1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP)-in-
duced rodent model of PD (Duan and Mattson 1999). The
administration of 2-deoxy-p-glucose (2-DG), a non-me-
tabolizable analogue of glucose to mimic the beneficial
effects of CR, reduced damage of dopaminergic neurons in
the substantia nigra and improved behavior (Duan and
Mattson 1999). Surprisingly, the beneficial effects of
dietary restrictions were not observed in a 6-hydroxy-
dopamine (6-OHDA) model of PD. In this model, CR was
not able to prevent nigrostriatal degeneration (Armentero
et al. 2008). A primate model of PD reported that a CR diet
can reduce the severity of neurochemical deficits and motor
dysfunction. After MPTP treatment, CR monkeys exhibited
significantly higher levels of locomotor activity compared

with controls as well as higher levels of dopamine and
dopamine metabolites in the striatal region of the brain
(Maswood et al. 2004).

HD is caused by a polyglutamine repeat expansion in the
huntingtin (HTT) protein. In a huntingtin mutant mice
model (N171-82 Q), the formation of huntingtin inclusions
and apoptotic protease activation, motor dysfunction, and
metabolic glucose intolerance were delayed by a dietary
restriction regime, which also slows down the disease
progression and extended their lifespan (Duan et al. 2003).
Further study showed that the overexpression of SIRTI
attenuates neurodegeneration and improves motor function
in this N171-82Q HD mice model (Jiang et al. 2012).
Transgenic mice overexpressing the mutant human super-
oxide dismutase 1 (SOD1) gene (G93A mice) are used to
model amyotrophic lateral sclerosis (ALS). Transgenic
ALS SOD1 G93A mice show reduced motor neuron sur-
vival in spinal cord and hind limb muscle, reduced lifespan,
and increased oxidative stress. Dietary restriction tran-
siently improves motor performance but accelerates the
clinical onset of disease in G93A mice in comparison to the
AL-fed counterparts (Hamadeh et al. 2005). The results
suggest that CR diet is contraindicative for ALS (Hamadeh
et al. 2005). A recent study however showed the increase in
AMPK activity and the downregulation of heat shock
protein (Hsp) 70 expression in comparison to mice fed AL.
Due to the negative role of AMPK in motor neuron sur-
vival, the inhibition of AMPK may provide a therapeutic
strategy for ALS (Zhao et al. 2015¢c). In a Tg4510 mouse
model of tau deposition, CR partially rescued the memory
deficits (Brownlow et al. 2014). The CR mice showed an
improved short-term memory and performed better in
contextual fear conditioning than AL-fed mice. Despite an
apparent rescue of associative memory, CR had no con-
sistent effects on pathological outcomes of the mouse
model of tau deposition, since there were no changes in the
activation of both astrocytes and microglia nor tau or
phospho-tau levels (Brownlow et al. 2014).

Human clinical trials

Epidemiologic studies on AD reported an association of
high caloric diets with increased risk for developing the
disease. In addition, genetic studies suggested the impor-
tance of cholesterol metabolism and increased AD risk.
Several clinical trials are ongoing on the effects of nutrition
on neurodegenerative brain diseases (clinicaltrials.gov).
The pathological process of AD and AP deposition in the
brain proceeds silently for decades before cognitive failure
becomes evident. Therefore, trials are focusing on indi-
viduals with mild cognitive impairment (MCI). These
people present with mild cognitive defects as a transition
state between healthy cognition and serious memory
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problems. A recent clinical trial evaluated the cognitive
effect of intentional weight loss in obese elderly MCI
patients. In these patients, CR-induced weight loss was
associated with cognitive improvement (Horie et al. 2016).

Caloric restriction mimetics

Due to its ability to neutralize some of the detrimental
effects of aging, CR is a promising approach to delay the
onset or possibly also treat age-related neurodegenerative
diseases such as AD. However, it is unlikely that humans
will have the willpower to commit themselves to such a
stringent diet. Therefore, research has focused on finding
compounds named CRMs that mimic the biochemical and
functional effects of CR. As proposed by Ingram et al., a
CRM should mimic the metabolic, hormonal and physio-
logical effects of CR without significantly reducing food
intake. Besides, it should activate the stress response
pathways observed in CR and provide protection against a
variety of stressors. Finally, it should produce CR-like
effects on longevity, reduction of age-related disease and
maintenance of function (Ingram et al. 2006). Here, we will
focus on two of the most studied CRM molecules,
resveratrol and rapamycin, with special attention to AD.

Resveratrol

One of the important mechanisms by which CR is proposed
to affect aging and extend lifespan is induction of the
NAD-dependent HDAC, SIRTI, as discussed above. An
in vitro screen for molecules that activate SIRT1 discov-
ered resveratrol as being such a molecule (Howitz et al.
2003). Therefore, the potential beneficial effect of resver-
atrol in aging and age-related diseases has been extensively
studied.

Resveratrol (Table 2) is found mainly in the skin of red
grapes and therefore red wine (Nikolai et al. 2015) and has
been reported to affect several pathways involved in aging
and to promote longer life. In aged mice, resveratrol
treatment starting at 12 months of age delayed functional
decline by improving bone health, attenuating cataract
formation and improving balance and motor coordination.
Moreover, it improved vascular function and attenuated the
expression of several inflammatory markers. Clearly,
resveratrol slows the general age-related decline. However,
the treatment did not increase lifespan (Pearson et al.
2008). In accordance with these data, a later study in which
a two- to eightfold higher dose of resveratrol was used did
not show a survival advantage of the treatment in mice
(Miller et al. 2011). In old Fisher rats, resveratrol treatment
improved spatial working memory, which indicates that
resveratrol can reverse some of the deleterious effects of
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aging on cognitive performance. The spatial memory
improvement correlated with the resveratrol concentration
in the hippocampus (Joseph et al. 2008). Long-term treat-
ment with resveratrol significantly improved cognitive
abilities in elderly patients (Witte et al. 2014). The memory
improvement correlated with an increase in the resting-
state functional connectivity of the hippocampus in
the resveratrol-treated group, which might reflect an
improvement in the integrity and functionality of the hip-
pocampus. This enhancement was also linked with a
reduction in glycated hemoglobin Alc (HbAlc), a marker
of glucose control, which indicates that resveratrol
improves glucose metabolism. Since the hippocampus is
thought to be vulnerable to disturbances in glucose supply,
the authors suggest that resveratrol might, by this mecha-
nism, have protective effects on neuronal functioning and
consequently on cognition (Witte et al. 2014). Oxidative
stress too plays a central role in aging (Beckman and Ames
1998). Tung et al. showed an increase in oxidative damage
and a reduction in antioxidant activities in the liver of
aging mice. Resveratrol treatment was able to attenuate this
oxidative damage while the activity of several antioxidant
enzymes increased. Importantly, resveratrol treatment was
more effective in mature and aged mice, indicating that it is
effective even when started at a later age (Tung et al.
2014). More recently, it was shown that resveratrol also
increases the antioxidant activity in the heart and muscle of
aged mice (Tung et al. 2015). Resveratrol has also been
proposed as an anti-aging molecule due to its antioxidant,
neuroprotective and anti-inflammatory activity in hip-
pocampal astrocyte cultures from aged and adult Wistar
rats (Bellaver et al. 2014). Moreover, resveratrol also
seems to have an anti-apoptosis effect because pretreat-
ment with resveratrol attenuated isoflurane-induced cog-
nitive impairment, at least in part by its anti-
neuroinflammation and anti-apoptosis effect (Li et al.
2014).

Next to its beneficial influence on the general age-re-
lated decline, resveratrol can ameliorate the pathology of
age-related AD. Long-term treatment with resveratrol
reduced the number and intensity of amyloid plaques in the
hippocampus and the medial cortex of APP/PS1 mice,
while also preventing memory loss (Porquet et al. 2014).
Surprisingly, SIRT1 protein levels were decreased, which
contradicts the postulated effect of resveratrol, namely, the
activation of SIRT1. On the other hand, the levels of
acetyl-p53, a substrate of SIRT1, were decreased. The
explanation proposed by the authors is that resveratrol
decreased the synthesis of SIRT1 but increased its activity
(Porquet et al. 2014). In agreement with this suggestion,
Park et al. have shown that resveratrol indirectly activates
SIRT1 due to its effect on cyclic adenosine 3',5'-
monophosphate (cAMP) signaling. Resveratrol elevates
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Table 2 Overview of the beneficial and deleterious effects of resveratrol in different organisms and in vitro systems

RESVERATROL Human Mouse Rat In vitro
Aging
Beneficial effect
Delay in functional Pearson et al. 2008
decline
Improved cognition Witte et al. Joseph et al.
2014 2008
Attenuated oxidative Tung et al. 2014, Tung et al. 2015
damage
Increased antioxidant Tung et al. 2014, Tung et al. 2015 Bellaver et al. 2014
activity
Neuroprotection Bellaver et al. 2014
Anti-inflammatory effect Pearson et al. 2008 Bellaver et al. 2014
Improved mitochondrial Lagouge et al. 2006
function
Delayed aging Barger et al. 2008
Deleterious effect
No lifespan effect Miller et al. 2011, Pearson et al. 2008, Strong et al. da Luz et al.
2013 2012
Alzheimer’s disease
Beneficial effect
Reduced plaque load Karuppagounder et al. 2009, Porquet et al. 2014
Lower AP levels Halagappa et al. 2007, Hu et al. 2015, Porquet Zhao et al. Marambaud et al. 2005
et al. 2013 2015
Conversion to non-toxic Ladiwala et al. 2010
AP
Reduced tau pathology Halagappa et al. 2007, Porquet et al. 2014
Reduced cognitive Halagappa et al. 2007, Kim et al. 2007, Porquet =~ Huang et al.
impairment et al. 2013, 2014 2011
Neuroprotection Kim et al. 2007 Huang et al.  Feng et al. 2013, Savaskan
2011 et al. 2003

cAMP levels by competitive inhibition of cAMP-degrading
phosphodiesterases, leading to activation of the AMPK
pathway, which ultimately increases the activity of SIRT1
(Park et al. 2012). In accordance with these data, Porquet
et al. reported upregulation of AMPK (Porquet et al. 2014).
Also in Tgl19959 AD mice, containing a mutant human
APP transgene, resveratrol diminished plaque formation in
the brain without affecting SIRT1 levels (Karuppagounder
et al. 2009).

Although it has been shown several times that resvera-
trol can reduce the amyloid burden (Karuppagounder et al.
2009; Porquet et al. 2014; Zhao et al. 2015a), the mecha-
nism remains unclear. Some authors state that resveratrol
treatment does not seem to affect APP processing because
no changes in the levels of APP cleavage products were
observed (Karuppagounder et al. 2009; Porquet et al.
2014). In contrast, the resveratrol trimer Miyabenol C
reduced the amyloidogenic APPB levels by directly
inhibiting the activity of the APPP generating B-site APP-

cleaving enzyme 1 (BACEl), while the protein levels of
BACEI1 were unaltered. Although the levels of the non-
amyloidogenic APPa increased, the activity of the APPo-
generating o-secretase, a disintegrin and metalloproteinase
17 (ADAM17), also known as tumor necrosis factor alpha
converting enzyme (TACE), did not increase (Hu et al.
2015). In agreement with these results, CR treatment had
no effect on the ADAMI17 activity in AD transgenic mice,
but the activity of another a-secretase (ADAMI10) sur-
prisingly increased (Wang et al. 2005). It is also known that
SIRT1 upregulates ADAMI10 in neurons (Theendakara
et al. 2013). Another possible reason for the reduction of
AP levels by resveratrol was provided by Zhao et al. They
showed that expression of the receptor of advanced gly-
cation end products (RAGE) was reduced in AD rats,
which suggests reduction of the influx of AP;_4, through
the blood-brain barrier (BBB). Resveratrol even protected
the integrity of the BBB by decreasing the expression of
matrix metalloprotein-9 (MMP9) and increasing the
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expression of the tight junction protein Claudin-5 (Zhao
et al. 2015a).

All these findings indicate that resveratrol might be
useful in the treatment of age-related diseases, and partic-
ularly AD, because it can protect against amyloid plaque
formation and to prevent cognitive decline. A recent clin-
ical trial in individuals with mild to moderate AD showed
that resveratrol is safe and well tolerated, and that it pen-
etrates the blood—brain barrier (Turner et al. 2015). How-
ever, larger studies are needed to determine the potential
effects of resveratrol treatment in humans (Patel et al.
2011; Subramanian et al. 2010) .

Rapamycin

As we discussed previously, the inhibition of the mTOR
pathway by CR has been shown to extend lifespan in
several model organisms (Johnson et al. 2013). The
antibiotic rapamycin (Table 3) is an inhibitor of the

protein kinase mTOR (Heitman et al. 1991) and has been
used after organ transplantations presumably for its
immunosuppressive effects (Nikolai et al. 2015). The
National Institute on Aging Interventions Testing Program
(ITP) showed that rapamycin treatment of male and
female mice started at 20 months of age, which is roughly
the equivalent of a 60-year-old person, extends median
and maximum lifespan. This indicates that rapamycin has
potential as an anti-aging intervention that can be initiated
later in life (Harrison et al. 2009). Another ITP study in
which the treatment was started at 9 months of age led to
similar results, suggesting that starting treatment in later
life is as effective as starting it early in adult life. The
authors state that this might indicate that rapamycin rather
modulates illnesses that characteristically occur in late-life
than aging itself (Miller et al. 2011). A more recent study
examined this question in male C57BL/6J mice. Rapa-
mycin treatment started at the ages of 4, 13, and
20 months extended lifespan compared to control animals.

Table 3 Overview of the beneficial and controversial effects of rapamycin in different organisms and in vitro systems

RAPAMYCIN Human Mouse

Rat In vitro

Aging
Beneficial effect
Extended lifespan

Anisimov et al. 2011, Chen

et al. 2009a, b; Fok et al.
2014, Harrison et al. 2009,
Miller et al. 2011, 2014, Neff
et al. 2013, Zhang et al. 2014

Extended health span

Anisimov et al. 2011, Miller

et al. 2011, Zhang et al. 2014

Improvement cognition
2013

Delayed aging

Alzheimer’s disease
Beneficial effect

Reduced AP plaque load
2011

Lower AP levels

Halloran et al. 2012; Neff et al.

Flynn et al. 2013, Wilkinson
et al. 2012

Lin et al. 2013, Majumder et al.

Caccamo et al. 2010,

Majumder et al. 2011,
Spilman et al. 2010

Reduced tau pathology

Caccamo et al. 2010, 2013,

Majumder et al. 2011, Siman

et al. 2015
Caccamo et al. 2010, Lin et al.

Reduced cognitive impairment

2013, Majumder et al. 2011,
Spilman et al. 2010

Deleterious effect
No memory protection
Increased AP levels
Increased tau phosphorylation

Increased neurotoxicity

Majumder et al. 2011
Zhang et al. 2010

Zhang et al. 2010
Marwarha et al. 2010
Lafay-Chebassier et al. 2006
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To determine if rapamycin does slow aging itself, the
researchers studied several aging phenotypes in the dif-
ferent cohorts of mice. For example, chronic rapamycin
treatment enhanced learning and memory in the Morris
Water Maze (MWM) cognitive test in aged mice, but this
effect was also seen in young mice, which indicates that
the improvement of memory by rapamycin in the MWM
test occurred in an age-independent manner. In contrast,
rapamycin treatment did not ameliorate age-related
impairments such as grip strength reduction, cataract
formation, vascular function, hepatic fibrosis or aging-
associated changes in clinical chemistry parameters.
However, rapamycin treatment significantly reduced the
proportion of aged mice developing cancer and/or pre-
cancerous lesions (Neff et al. 2013). Importantly, also in
the previously mentioned studies, cancer was the leading
cause of death in both rapamycin-treated and control
animals, but control animals died at a younger age
(Harrison et al. 2009; Miller et al. 2011). Collectively,
these results indicate that rapamycin does not affect aging
itself but presumably exerts some aging-independent
effects by which it modulates several aging traits. Likely,
the observed beneficial effect on longevity is the conse-
quence of delayed onset or slower progression of several
lethal cancers (Neff et al. 2013). Also in female mice,
rapamycin treatment dramatically decreased spontaneous
carcinogenesis and prolonged lifespan only in the tumor-
bearing cohort (Anisimov et al. 2011). As reviewed by
Law et al., rapamycin has also been used in cancer
treatment because of its ability to inhibit tumor growth,
induce tumor cell apoptosis, and suppress tumor angio-
genesis (Law 2005).

When mTOR is inhibited, autophagy and the ubiquitin
proteasome system are stimulated, promoting degradation
of proteins to release free amino acids that can be used to
synthesize new proteins and to produce energy (Zhao et al.
2015b). Autophagy is essential for survival of neurons
because these postmitotic cells are unable to dilute toxic
cytoplasmic components by cell division (Peric and
Annaert 2015). It has been shown that AD affects mainly
the late steps in the autophagic pathway, namely the
clearance of autophagic vacuoles (Boland et al. 2008).
Consequently, stimulating autophagy by rapamycin can
remove damaged, misfolded or aggregated proteins. This
has led to the evaluation of rapamycin as a treatment for
AD.

Rapamycin treatment reduced AB;_4, levels in the brain
of 3xTg and hAPP AD mice. The former mice carry three
human transgenes (APP, microtubule associated protein tau
(MAPT) and PS1) that bear mutations associated with AD,
while the latter contain a human mutant APP transgene.
This reduction in AB;4, levels appeared to be related
to increased induction of autophagy by rapamycin.

Importantly, also early learning and memory deficits were
rescued, indicating the therapeutic potential of rapamycin
(Caccamo et al. 2010; Spilman et al. 2010). Strikingly,
even after the onset of AD-like impairments in the hAPP
AD mice, rapamycin treatment improved memory to levels
indistinguishable from those of wild-type controls (Lin
et al. 2013). These results are at odds with the results of a
study by Majumder et al., who showed that rapamycin
treatment has no effect on cognitive deficits in 15-month-
old 3xTg AD mice (Majumder et al. 2011). However,
prophylactic treatment of 3xTg AD mice starting at the age
of 2 months and continuing throughout their life did pre-
vent the development of cognitive deficits. The authors
suggest that once plaques and tangles are formed, induction
of autophagy is not sufficient to rescue the AD-like
pathology (Majumder et al. 2011).

Rapamycin can also exert a beneficial effect on tau, the
other characteristic component of AD, since systemic
rapamycin treatment protected against tau-induced neu-
ronal loss, synaptotoxicity, reactive microgliosis, and
astrogliosis in a mouse model of early-stage AD-type tau
pathology (Siman et al. 2015). Rapamycin treatment also
reduced soluble tau levels in the brain of 3xTg AD mice
(Caccamo et al. 2010; Majumder et al. 2011). There seems
to be a direct link between mTOR signaling and rapamycin
because reducing mTOR signaling with rapamycin ame-
liorates tau pathology and the associated behavioral deficits
in a mouse model overexpressing mutant human tau. These
observations were linked to an increased autophagy
induction (Caccamo et al. 2013).

Based on the studies described above, rapamycin seems
to be a promising candidate for the treatment of AD.
However, Zhang et al. showed that rapamycin treatment
increased the AP levels in the brain of Tg2576 mouse
model of AD. In accordance with this observation, the
APPa levels decreased while the a-secretase ADAMI0
was inhibited (Zhang et al. 2010). In human neural cells,
inhibition of the mTOR pathway by rapamycin enhanced
AB-induced cell death, leading to the suggestion that the
mTOR pathway is important for the survival of cells
exposed to A (Lafay-Chebassier et al. 2006). Also, mTOR
inhibition was shown to be detrimental to tau phosphory-
lation in rabbit organotypic hippocampal slices, while
rapamycin significantly increased phosphorylated tau
levels (Marwarha et al. 2010).

Further research is needed to understand the potential of
rapamycin as a treatment for AD. The advantage of rapa-
mycin is that is has already been approved by the Food and
Drug Administration (FDA) for various uses in humans
since 1999 (Richardson et al. 2015). However, its use could
be limited by its immunosuppressive action, which may
open the door to severe bacterial or viral diseases (Nikolai
et al. 2015).
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Other CRMs

Next to these two well-studied CRMs, researchers are also
investigating the effects of numerous other CRMs. One
method to discover such promising molecules is by using
gene expression analysis. This approach led to the dis-
covery of metformin as a CRM because this molecule was
able to reproduce a CR-induced liver gene expression
profile in mice (Dhahbi et al. 2005). Metformin is an
insulin-sensitizing drug that is used as a first line oral
therapy for the treatment of type 2 diabetes (Viollet et al.
2012). Patients suffering from type 2 diabetes, character-
ized by insulin resistance, have an increased risk to develop
AD (Sridhar et al. 2015). Insulin is able to prevent A
oligomer formation in a dose-dependent matter (Lee et al.
2009) and it has also been shown that insulin has a bene-
ficial effect on cognitive function (van der Heide et al.
2006). Therefore, insulin resistance which is often
accompanied by peripheral hyperinsulinemia that conse-
quently lowers insulin transport across the BBB and
reduces insulin levels in the CNS, plays a detrimental role
in the pathogenesis of AD (Craft et al. 2013). Chronic
metformin exposure in male, middle-aged mice extended
their lifespan and health span (Martin-Montalvo et al.
2013). In contrast, metformin supplementation starting
from 6 months of age did not have any effect on the
lifespan of male F344 rats whereas a 30 % CR diet sig-
nificantly extended early lifespan in control animals (Smith
et al. 2010a). Also in the case of AD, conflicting results
were reported. A twelve-year Taiwanese population cohort
study revealed that the use of metformin reduces the risk of
developing AD in type 2 diabetes patients. Moreover, the
risk was even further reduced when metformin treatment
was combined with another anti-hyperglycemic agent sul-
fonylurea (Hsu et al. 2011). In contrast, a United Kingdom
case—control study suggested a slightly higher risk of
developing AD in long-term metformin-treated type 2
diabetes patients, whereas sulfonylurea monotherapy did
not alter the risk (Imfeld et al. 2012). Also other research
provided evidence for a detrimental effect of metformin
related to AD. It was shown that metformin increases levels
of both extracellular and intracellular AP in human APP
expressing primary neurons and neuroblastoma cells.
These findings were linked to an increased protein level
and enzymatic activity of BACE1 (Chen et al. 2009a, b).
Further research will be needed to clarify the potential of
metformin in slowing down aging and altering the devel-
opment or progression of AD.

Clearly, also the possible underlying mechanisms of CR
provide potential to develop CRM. As mentioned earlier,
autophagy has been proposed as an important CR-induced
effect that contributes to its beneficial activities. Next to
rapamycin, numerous other autophagy inducers have been
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investigated. They are comprehensively reviewed else-
where (Marino et al. 2014). SIRT1 activation is another
proposed mechanism to explain the CR effects. SIRT1
activates PGC-1a (Rodgers et al. 2005) which conse-
quently induces the proliferation of highly efficient mito-
chondria that produce less ROS (Lopez-Lluch et al. 2006).
Another study showed that a CR regimen induces
endothelial nitric oxide synthase (eNOS), accompanied by
an increased expression of SIRT1 and mitochondrial bio-
genesis. Importantly, the induction of SIRT1 expression
was much smaller and the mitochondrial biogenesis was
compromised in eNOS-deficient mice on a CR diet. These
findings point to an important role of nitric oxide (NO),
generated by eNOS, in response to CR (Nisoli et al. 2005).
Therefore, NO generators including artemisinin have been
proposed as CRM. Artemisinin treatment induces eNOS
expression and thereby increases NO levels, leading to
mitochondrial biogenesis. Antioxidant enzymes are acti-
vated and this leads to the scavenging and consequently
lowering of ROS levels. Moreover, this is associated with
lower expression of DNA repair genes, suggesting less
DNA damage, and telomeres are protected against detri-
mental, age-related shortening (Wang et al. 2015). Addi-
tional research will be needed to shed further light on these
mechanisms.

More recently, bioinformatics has proven to be a valu-
able tool to enlarge the existing pool of CRMs (Calvert
et al. 2016). A recent study looked for similarities between
a CR-induced gene expression profile in rat cells and
known drug-induced expression profiles in human cells.
Several drugs, with rapamycin being one of the top hits,
were selected and tested in C. elegans. One of the most
remarkable molecules that prolonged lifespan and
improved health span in a CR-like manner but through the
induction of a differential gene expression profile com-
pared to rapamycin, was allantoin (Calvert et al. 2016).
Additional research is needed to determine the potential of
this commonly used anti-aging skin care ingredient.

Also population data can reveal new CRMs. These
population data are of great importance because unfortu-
nately, long-term outcomes of a CR diet, such as mortality
and lifespan, are often missing in human studies. There-
fore, the Okinawans, a Japanese population that has the
world’s longest life expectancy and a low incidence of age-
related diseases, is of special interest to CR researchers.
Their good health is epidemiologically and demographi-
cally linked to their consumption of a diet that is mildly
restricted in calories (10-15 %) as well as their intake of
foods with CRM properties, such as turmeric (Curcuma
longa) (Willcox and Willcox 2014). The main curcuminoid
found in the Curcuma longa family is curcumin, which is
responsible for the yellow color of turmeric (Chin et al.
2013). It has been shown that curcumin increases lifespan
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in several model organisms (Shen et al. 2013). Moreover,
several reports describe the beneficial effects of curcumin
on AD development. Curcumin treatment can reduce
amyloid deposits in the brain of APP/PS1 and Tg2576 AD
mice (Garcia-Alloza et al. 2007; Lim et al. 2001; Shytle
et al. 2012) and reduce tau phosphorylation in Tg2576 and
3xTg AD mice (Ma et al. 2009; Shytle et al. 2012).

Concluding remarks

There is mounting evidence that dietary regimes such as
CR have an important influence on lifespan and health
span. Considerable research aimed at fully understanding
the processes and mechanisms behind aging and indicates
that the mechanisms are complex and multifactorial, but
they are still poorly understood (Sohal and Forster 2014).
Because populations are aging and the prevalence of neu-
rodegenerative diseases is increasing, a better understand-
ing of how changes in diet and dietary regimes can affect
aging and possibly neurodegeneration could identify genes
and pathways relevant for human preventive or therapeutic
applications, and that would be of major social and eco-
nomic significance (Wood et al. 2015). Nevertheless, some
considerations need to be taken into account. In most of the
research, CR animals are compared to AL-fed counterparts,
the latter of which might not represent the best control
group because they have the tendency to overeat and
become overweight. They lack mental and physical activ-
ity, whereas CR rodents tend to search actively for food in
their environment, which provides mental and physical
activity. A second concern is compliance with a CR diet in
humans, which is very difficult to achieve over a long time
(Mattson et al. 2003). Moreover, malnutrition is a common
problem in older individuals, and a balanced diet is
extremely important (Murphy et al. 2014; Pasinetti and
Eberstein 2008). Due to the demanding nature of a CR diet,
CRM drugs are an attractive alternative. These compounds
mimic the biochemical and functional effects of CR
without the need to reduce energy intake. In this review, we
especially focused on two molecules that might delay aging
and treat AD, namely, resveratrol and rapamycin. How-
ever, it is still unclear how these molecules exert their
effects, and whether their effects are only beneficial is
controversial. Therefore, large clinical studies are needed
to determine their safety and efficacy in humans. Addi-
tionally, the bioavailability of these molecules has to be
determined and possibly improved. In summary, these
CRM provide interesting opportunities for novel preventive
and therapeutic strategies. Furthermore, as CR affects
several pathways through complex mechanisms, it is log-
ical to assume that several CRMs have to be used simul-
taneously in order to mimic the complex effects of CR.

However, there still is a long way to go before they can be
implemented in our lifestyle to delay aging and prevent or
slow down the progression of age-related diseases.
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