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Abstract
Old age is one of the major determinants of neurodegenerative diseases. There 
have been major advancements in understanding the biology of aging along with 
various interventions that may promote healthy aging. Many nutritional interven-
tions such as caloric restriction, periodic fasting, and alternate day fasting have 
been proposed that may hamper age-associated cognitive decline. Among the 
various regimens, intermittent fasting-dietary restriction (IF-DR) seems to be 
most promising as it has been well documented to provide neuroprotection by 
enhancing synaptic plasticity and neurogenesis. It is also known to prolong life 
span and delay the onset of age-associated disorders by reducing inflammation 
and oxidative stress. IF-DR regimen is known to possibly work by establishing a 
conditioning response which maintains survival mode in organisms by focusing 
on energy conservation, thereby causing a metabolic shift from growth to main-
tenance activities and hence promoting anti-aging effects. IF-DR regimen is also 
known to improve many physiological indicators such as reduced levels of leptin, 
insulin, amount of body fat, reduced blood pressure, and increase in resistance to 
stress. Thus, IF-DR regimen initiated in middle or old age has the ability to 
impede age-associated neurodegeneration and cognitive decline and may be a 
potential intervention to abrogate age-related impairment of brain functions.
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Abbreviations

AD Alzheimer’s disease
ADCR Alternate day caloric restriction
ADF Alternate day fed
AL Ad libitum
AMP Adenosine monophosphate
AMPA α-Amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid
AMPK Adenosine monophosphate-activated protein kinase
ARC Arcuate nucleus
ATP Adenosine triphosphate
BDNF Brain-derived neurotrophic factor
CA Cornu ammonis
CaM Calmodulin
CaN Calcineurin
COX2 Cyclooxygenase-2
CR Caloric restriction
CREB Cyclic AMP response element-binding protein
DNA Deoxyribonucleic acid
DR Dietary restriction
FOXO Forkhead box O3
GCs Glucocorticoids
GFAP Glial fibrillary acidic protein
GLP-1 Glucagon-like peptide 1
GluR2 Glutamate receptor subunit
GnRH Gonadotropin-releasing hormone
GSH Glutathione
HNE 4-Hydroxynonenal
HPA Hypothalamic-pituitary-adrenal axis
Iba1 Ionized calcium-binding adapter molecule-1
ICAM Intracellular adhesion molecules
IF-DR Intermittent fasting-dietary restriction
IFDRH Intermittent fasting-dietary restriction plus herbal supplementation
IL Interleukin
iNOS Inducible nitric oxide synthase
KA Kainic acid
LPS Lipopolysaccharide
MAL Middle-aged ad libitum fed
MAPK Mitogen-activated protein kinase
MDR Middle-aged dietary restriction
MPTP 1-Methyl-4-phenyl-1,2,3,6-tetrahydropyridine (neurotoxin)
mRNA Messenger ribonucleic acid
mTOR Mammalian target of rapamycin
NAD+ Nicotinamide adenine dinucleotide
NADH Nicotinamide adenine dinucleotide plus hydrogen
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NCAM Neural cell adhesion molecule
NF-кB Nuclear factor kappa B
NMDA N-methyl-D-aspartate
NO Nitric oxide
NP 3-Nitropropionic acid
NPY Neuropeptide-Y
NRF Nuclear respiratory factor
NT-3 Neurotrophic factor-3
PC Piriform cortex
PD Parkinson’s disease
PGC-1α Proliferator-activated receptor gamma coactivator 1-alpha
PI3K Phosphatidylinositol 3-kinase
PM Plasma membrane
PMRS Plasma membrane redox system
PPARγ Peroxisome proliferator-activated receptor gamma
PSA-NCAM Polysialylated neural cell adhesion molecule
PSD95 Postsynaptic density protein 95 kDa
ROS Reactive oxygen species
SIRT-1 Sirtuin
SOCS3 Suppressor of cytokine signaling 3
TBARS Thiobarbituric acid reactive substances
TFAM Mitochondrial transcription factor A
Trk Tyrosine kinase
VCAM Vascular cell adhesion molecule

13.1  Introduction

Aging is a naturally occurring, inexorable process which is characterized by pro-
gressive loss of physiological integrity, leading to impaired functioning of the body. 
Aging has been characterized by many hallmark features, such as genomic instabil-
ity, cellular senescence, attrition of telomeres, mitochondrial dysfunction, epigene-
tic alterations, and altered intercellular communication (reviewed in López-Otín 
et al. 2013). Deterioration of physiological functions with aging makes a person 
prone to many pathological conditions such as diabetes, cancer, cardiovascular dis-
eases, and neurodegenerative disorders. Most age-associated diseases have been 
closely linked to persistence of chronic inflammatory milieu as evidenced by infil-
tration of inflammatory mediators such as macrophages and higher circulation lev-
els of adhesion molecules, pro-inflammatory cytokines, and components of 
complement system (Sarkar and Fischer 2006). Further, various age-related neuro-
pathologies, such as dementia, Alzheimer’s disease, and Parkinson’s disease along 
with cognitive decline, have been attributed to enhanced oxidative stress, neuronal 
degeneration, neuroinflammation, glutamate excitotoxicity, and various other fac-
tors (Hamilton et al. 2001).
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Several theories have been proposed to understand underlying mechanism of 
aging including free radical and oxygen stress-mitochondrial theories. Free radical 
theory of aging explains that damage induced by free radicals to biological macro-
molecules and inability of cellular endogenous antioxidant mechanisms to counter-
balance this stress leads to enhanced oxidative stress, aging, and related pathologies 
(initially proposed by Harman 1956). On the other hand, mitochondrial theory of 
aging says that increased oxidative stress induces mutations in mitochondrial DNA 
resulting in deregulated and disrupted mitochondrial biogenesis and bioenergetics 
(Loeb et al. 2005). Increased ROS are reported to induce mutations and deteriora-
tion of DNA, oxidation, and damage to proteins and lipids. Modification of DNA 
such as formation of 8-hydroxydeoxyguanosine, protein modifications such as car-
bonyl formation, nitration, glycation, lipid peroxidation generating 
4- hydroxynonenal, and mitochondrial membrane potential are the common param-
eters which undergo changes during oxidative stress (Sohal and Weindruch 1996; 
Munch et al. 2000; Lopez-Lluch et al. 2006; Johnson et al. 2007; Mattson 2009; 
Singh et al. 2015). These modifications of DNA, lipids, proteins, and other biomol-
ecules have been reported to be involved in various neurodegenerative diseases 
(Martin et  al. 2006). Aging is also associated with impairments in learning and 
memory functions, which occurs due to changes in hippocampal plasticity. 
Accumulation of oxidative stress in aging hippocampus is the main driving force for 
these synaptic impairments (Serrano and Klann 2004).

Aging research has witnessed prodigious advancements in recent years, and vari-
ous interventions have been proposed to encourage healthy aging. These interven-
tions aim to improve physical and psychological well-being and to promote health 
among aging citizens by delaying the onset of age-associated pathological condi-
tions. Hormesis is an adaptive response of cells and organisms to a moderate, usu-
ally intermittent stress (reviewed in Mattson 2008). Hormetins have been 
characterized as physical hormetins, such as exercise; mental hormetins, such as 
intense brain activity and meditation; and nutritional hormetins, such as flavonoids 
and polyphenols (Rattan 2017). Various hormetins have been described which can 
be used as agents to promote healthy aging and enhance life span. Caloric restric-
tion is one of the nutritional hormetins, which has gained attention of many research-
ers worldwide.

Caloric restriction (CR) is an extremely popular approach to slow down the 
degenerative effects of aging. CR has been defined as 20–40% less intake of calories 
than is normally required by the body (Mattson et al. 2003). Intermittent fasting- 
dietary restriction (IF-DR) is another variation of CR, which involves alternate day 
fasting while maintaining complete nutritional intake in the intervening day. IF-DR 
is also referred to as “every other day feeding” (Martin et al. 2006). In comparison 
to CR, IF-DR is a better approach as the compliance with IF-DR regimen may be 
greater than CR regimen. Owing to the periodic nature of fasting, IF-DR regimen 
mitigates the constant hunger effect experienced by CR practitioners (reviewed in 
Horne et al. 2015). Moreover, persistent CR may lead to malnutrition, the possibil-
ity of which is ruled out in IF-DR regimen due to ad libitum access to food every 
alternate day. Further, a pilot study comparing the effects of daily CR and IF-DR 
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regimens on weight loss has reported reversion of weight loss after stopping CR 
regimen (Catenacci et  al. 2016). IF-DR regimen was shown to produce greater 
energy deficit from weight maintenance requirements than daily CR. Furthermore, 
IF-DR regimen has been shown to produce similar beneficial effects as CR (Varady 
2011; Anton and Leeuwenburgh 2013).

The beneficial effects of IF-DR have been extensively studied in middle age and 
old age animal model systems by our lab (Singh et al. 2012, 2015) as well as others 
(Lara-Padilla et al. 2015; Vasconcelos et al. 2015). IF-DR regimen is known to pos-
sibly work by establishing a conditioning response which maintains survival mode 
in organisms by focusing on energy conservation, thereby causing a metabolic shift 
from growth to maintenance activities and hence promoting antiaging effects (Kaur 
and Lakhman 2012). IF-DR regimen has been reported to delay the onset of neuro-
degenerative disorders in experimental models of Alzheimer’s disease, Parkinson’s 
disease, and stroke by increasing resistance of hippocampal neurons to degeneration 
(Mattson 2003). IF-DR regimen is also known to improve many physiological indi-
cators such as reduced amount of body fat (Tinsley and La Bounty 2015), reduction 
in inflammation (Johnson et al. 2007; Castello et al. 2010), increase in resistance to 
stress (Vasconcelos et al. 2015), and reduced levels of insulin and leptin (Duan et al. 
2003). IF-DR regimen has also been recently reported to exert antitumor effects 
(reviewed in Mattson et al. 2017).

The architecture of aging brain is prone to modifications by various nutritional 
and metabolic stimuli. Research in the recent past has tried to unveil various mecha-
nisms of neuroprotection posed by IF-DR.  The valuable insights gained from a 
plethora of studies have helped in better understanding of relationship between 
energy metabolism and brain functioning. It has also expanded our knowledge 
regarding various interventions which may be beneficial in improving brain health 
and providing resistance to age-associated neurological disorders. As already men-
tioned, brain aging is characterized by reduced synaptic plasticity, cognitive decline, 
increase in oxidative stress, and inflammatory milieu. Keeping in view these char-
acteristics, we have discussed the effects of IF-DR regimen on age-associated 
changes in brain architecture and functions in this review.

13.2  IF-DR and Brain Plasticity

Over many years, various lines of evidence have suggested that dietary restriction 
(IF-DR or daily CR) can enhance brain plasticity and cognitive performance in dif-
ferent age group of rats by counteracting molecular and cellular changes that impair 
cognition (Idrobo et al. 1987; Komatsu et al. 2008; Stranahan et al. 2009). Various 
preclinical studies have shown the beneficial effects of IF-DR regimen in preventing 
the cognitive decline associated with aging. The behavioral responses to IF-DR are 
associated with increased brain plasticity and neurogenesis. For instance, young 
mice maintained on IF-DR regimen for 11 months performed significantly better on 
tasks of learning and memory (fear conditioning and Barnes maze), and these 
behavioral outcomes were associated with increased size of pyramidal neurons of 
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CA1 region of the hippocampus (Li et al. 2013). In line with this, another study has 
also demonstrated that IF-DR regimen enhances hippocampal neurogenesis by pro-
moting the survival of newly synthesized neurons (Lee et al. 2002). Studies from 
our lab have also shown that IF-DR regimen initiated in middle age and old age rats 
for 3 months exhibited improved motor performance on rotarod and task of spatial 
learning and memory (morris water maze) than their ad libitum (AL) fed counter-
parts (Singh et  al. 2012, 2015). The studies suggested that these behavioral out-
comes could be due to enhanced synaptic plasticity and reduced mitochondrial 
oxidative stress.

The cellular and molecular mechanisms by which dietary restriction enhances 
brain plasticity and improves cognitive functions during aging include  increase 
in  synaptic activity that causes production of neurotrophic factors  (Amigo and 
Kowaltowski 2014), which in turn, stimulate the formation of new synapses and 
promote neurogenesis and potentiation (Anton and Leeuwenburgh 2013). Other 
factors include activation of cellular stress-responsive machinery against oxidative 
and metabolic stress (Bruce-Keller et  al. 1999), and activation of immune and 
inflammatory mediators (reviewed in Mattson 2015). Brain-derived neurotrophic 
factor (BDNF) is one of the most notably produced neurotrophic factors in response 
to fasting in discrete brain regions with most robust production in hippocampus 
region of the brain (Cotman et al. 2007). BDNF promotes various aspects of synap-
togenesis, neurogenesis, migration, and plasticity (Greenberg et al. 2009; Park and 
Poo 2013). In addition it is critical for synaptic plasticity implicated in optimization 
of various domains of cognitive functions (Kuipers and Bramham 2006). 
Highlighting the relevance of this neurotrophic factor in brain function, individuals 
carrying mutation in this gene exhibited decreased secretion and deficits in memory 
and increased anxiety and depression (Egan et al. 2003; Hariri et al. 2003). Evidence 
suggests that BDNF is produced and released at or near to synapses in response to 
synaptic activity and thus plays a pivotal role in synapse formation and learning and 
memory (Marosi and Mattson 2014). Mild metabolic stress and increased neuronal 
activity can induce BDNF production and its downstream signaling to enhance 
brain plasticity.

BDNF signaling activates the protein translational machinery which is critical 
for neural transmission and potentiation (Lu et  al. 2008). Direct application of 
BDNF to the hippocampus was observed to upregulate the expression of markers 
critical in synapse formation and plasticity, viz., postsynaptic density protein 95 
(PSD95) and glutamate receptor subunit (GluR2) (Robinet and Pellerin 2011). In 
addition, BDNF production is known to promote the survival of neurons under con-
ditions of oxidative and metabolic stress (Mattson 2015). IF-DR has shown its ben-
eficial role in protecting hippocampal neurons from seizure-induced excitotoxicity 
(Bruce-Keller et al. 1999), and another study has speculated that this protection is in 
part mediated by BDNF signaling (Duan et al. 2001). Further the beneficial effects 
of IF-DR following excitotoxic stimulus are associated with lower levels of corti-
costerone, leading to decreased hippocampal cell death, increased plasticity by acti-
vation of BDNF and phosphorylated CREB, and reversal of learning deficits (Qiu 
et al. 2012). Such effects of BDNF signaling likely contribute to the processes by 
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which IF-DR regimen may enhance cognitive function and prevent brain damage. 
For instance, in a recent study from our lab, we have shown that IF-DR regimen 
activated the production of neurotrophic factors BDNF and NT-3 (neurotrophic fac-
tor 3) and immature neuronal marker PSA-NCAM (polysialylated neural cell adhe-
sion molecule) in hippocampus, hypothalamus, and piriform cortex (PC) regions of 
rat brain in response to pilocarpine-induced excitotoxic insult (Kumar et al. 2009). 
Further the study showed that proliferation rate of neural progenitor cells was also 
increased in response to dietary restriction as evident from the BrdU immunostain-
ing. These observations highlight the beneficial role of IF-DR as an effective inter-
vention to protect and enhance the resistance of the brain to excitotoxic insult. 
Studies from our lab have also proposed the potential beneficial role of IF-DR regi-
men initiated in young and old age rats in attenuating reactive astrogliosis and neu-
ronal plasticity (Sharma and Kaur 2008; Kaur et  al. 2008). Young adult rats on 
IF-DR regimen for 12 weeks demonstrated that kainic acid (KA) excitotoxicity- 
induced reactive astrogliosis was suppressed and neuronal plasticity was enhanced 
in response as evident from reduced immunoreactivity of GFAP and enhanced 
expression of neuronal plasticity markers, PSA-NCAM and NCAM (Sharma and 
Kaur 2008). The data suggested that IF-DR regimen modulated reactive astrogliosis 
and prevented age-associated neuronal dysfunction.

Hippocampal neurons play a pivotal role in learning and memory and are vulner-
able to neurodegeneration and dysfunction with advancing age. Fasting stimulates 
the production of BDNF as a result of increased activity of these neurons. BDNF 
promotes and maintains the growth of dendrites and synapses and also enhances the 
neurogenesis (Wrann et al. 2013; Longo and Mattson 2014). The newly synthesized 
cells then integrate into the existing network of neuronal circuits, thus strengthening 
the synapse and prompting plasticity. After activation, BDNF binds to its high- 
affinity receptor tyrosine kinase TrkB, resulting in the activation of PI3K/Akt/
mitogen- activated protein kinase (MAPK) signaling cascade (Marosi and Mattson 
2014). Recent findings have suggested that peripheral signals such as muscle- 
derived factors can enter the brain and contribute to neuroplasticity and stress resis-
tance (Mattson 2015). For instance, muscle-derived protein FNDC5 is cleaved and 
secreted as irisin can cross the blood-brain barrier and stimulate BDNF production 
in the brain which is associated with improved cognitive function following exer-
cise (Wrann et al. 2013).

Apart from the significant contribution of BDNF signaling in maintaining the 
optimal cognitive functioning and neuronal bioenergetics in the brain in response to 
IF-DR, glutamate, insulin, and glucagon-like peptide 1 (GLP-1) also contribute to 
the adaptive responses of the brain to protect it from neurodegeneration (Longo and 
Mattson 2014). Glutamate activates AMPA (α-amino-3-hydroxy-5-methyl-4- 
isoxazolepropionic acid) receptors and NMDA (N-methyl-D-aspartate) receptors 
resulting in the calcium influx followed by activation of protein kinase (CaM) and 
phosphatases (CaN) which are calcium-dependent regulators of learning and mem-
ory (Longo and Mattson 2014). Their activation in turn leads to activation of tran-
scription factors cyclic AMP response element-binding protein (CREB) and NF-κB 
(nuclear factor kappa B). Insulin binds to its receptor leading to activation of mTOR 
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signaling pathway implicated in protein synthesis and cell growth. Finally, GLP-1 
activates its receptor, followed by cyclic AMP production in a coupled manner, 
CREB activation, and BDNF production. All these signaling cascades mediate neu-
roprotective effects in response to fasting by regulating neuronal bioenergetics.

Both late-onset and early-onset short-term IF-DR regimens have shown benefi-
cial effects in terms of synaptic plasticity. Synaptophysin is a presynaptic marker 
used as an index of synaptic number and density, and fall in its expression reflects a 
decrease in neurotransmission affecting spatial memory (Liu et al. 2005). The stabi-
lization in synaptophysin levels in response to short-term IF-DR in discrete brain 
regions indicates the prevention of decline in synaptic function in both middle and 
old age Wistar rats (Singh et al. 2012, 2015). Further the studies have shown that 
hippocampal synaptic potentiation by signaling molecules like CaMKII and CaN 
was strengthened by IF-DR regimen. Both of these proteins are enriched in postsyn-
aptic density and are involved in calcium signaling and homeostasis, neural trans-
mission, learning, and memory.

Although IF-DR regimen showed neuroprotective role in middle and old age 
rats, adverse effects were seen on reproductive functions of young adult female rats 
via estrous cycle disruption and altered levels of estradiol, testosterone, and lutein-
izing hormone in both male and female rats (Kumar and Kaur 2013). Further, the 
decrease in gonadotropin-releasing hormone (GnRH) and PSA-NCAM was 
observed in median eminence region of the hypothalamus. The study suggested that 
neuroendocrine energy regulators such as leptin, NPY, and kisspeptin target the 
GnRH neurons on hypothalamus-hypophysial-gonadal axis (HPA) and disrupt the 
reproductive functions and cause nutritional infertility in the face of energy status of 
the rats. The findings of this study may suggest that although IF-DR regimen is 
beneficial in all age groups, but,  females in reproductive age may have adverse 
effects on their reproductive functions.

13.3  IF-DR and Oxidative Stress

A steady and notable observation from different model systems reported in various 
studies is that DR promotes healthy aging by reducing oxidative stress and associ-
ated damage (Walsh et al. 2014). In addition to oxidative stress induced within the 
body due to imbalanced homeostasis, IF-DR has been also reported effective against 
age-related and LPS-induced oxidative stress in rat hippocampus. LPS-induced 
increase was observed in lipid peroxidation indicated by TBARS levels, nitric oxide 
(NO), and protein nitrosylation similar to age-related changes. IF-DR for 30 days 
(every alternative day feeding) was found to prevent LPS-induced changes in these 
parameters (Vasconcelos et al. 2015).

Further, a clinical study reported by Johnson evidenced that IF-DR regimen 
reduced expression of oxidative and inflammatory markers (Johnson et al. 2007). 
Protein carbonyls are well-reported markers of oxidative stress because of their 
relative formation in early phase and stability (Dalle-Donne 2003). In 8-week 
IF-DR study, protein carbonyls and other markers of oxidative stress such as 
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nitrotyrosine, 8-isoprostane, histidine, and lysine-4-hydroxy nonenal adducts were 
significantly decreased. Uric acid, the major scavenger of peroxynitrite and hydroxyl 
radical concentrations, was significantly enhanced in urine of ADCR subjects 
(Johnson et al. 2007). Age-associated increase in protein carbonyl content was also 
reported by our lab (Singh et al. 2015). The brain regions of MAL (middle-aged ad 
libitum fed) rats were found to have higher protein carbonyl content which was 
significantly reduced in MRD (middle-aged dietary restriction) rats. Reduced pro-
tein carbonyl content indicates reduced oxidative stress by IF-DR intervention 
which may be due to early initiation of repair and maintenance (Singh et al. 2015).

HNE (4-hydroxynonenal), a major aldehydic product from peroxidation-induced 
breakdown of membrane phospholipids, was found to be progressively increased 
with age in heart tissue of rat along with protein carbonyl content. Both HNE and 
protein carbonyl content were found significantly reduced in hearts of alternate day 
fed (ADF) animals (Castello et al. 2010). In addition to lipid and protein oxidation, 
ADF dietary regime also improved the reduced glutathione (GSH) concentrations 
and significantly decreased GSH/GSSG (oxidized glutathione) ratio, thus improv-
ing the antioxidant levels within the body.

Plasma membrane redox system (PMRS) enzymes which are important for anti-
oxidant recycling and antioxidant levels such as coenzyme Q and α-tocopherol were 
also upregulated by calorie restriction (Hyun et  al. 2006). Further age-related 
increase in protein carbonyls, PM lipid peroxidation, and nitrotyrosine were signifi-
cantly attenuated by CR in cultured neuronal cells (Hyun et al. 2006).

13.3.1  Dietary Restriction, Oxidative Stress, 
and Neurodegenerative Diseases

Dietary restriction is well documented to prolong life span and to render the nervous 
system resistant to age-associated neurodegenerative diseases (Prolla and Mattson 
2001). Dietary restriction is beneficial to vulnerable neurons in PD brain as it is 
reported to bolster brain and peripheral biogenesis (Longo and Mattson 2014). DR 
has also been reported to confer resistance to dopaminergic neurons against MPTP- 
induced Parkinsonism and motor deficit amelioration (Duan and Mattson 1999). 
Two- to 4-month DR regime was reported to be effective against kainic acid-induced 
Alzheimer’s disease, ameliorating degeneration of pyramidal hippocampal neurons, 
learning, and memory deficits (Bruce-Keller et  al. 1999). Further, DR increased 
resistance against excitotoxicity and oxidative stress in presenillin-1 and APP-1 
mutant mice as compared to ad libitum fed animals (Zhu et al. 1999; Mattson et al. 
2001). DR was found beneficial against excitotoxic insults caused by 3- nitropropionic 
acid (NP) to induce Huntington’s disease. Striatal neurons in rats maintained on 
3-month DR regime developed resistance against 3-NP along with improved motor 
functioning (Bruce-Keller et al. 1999). Interestingly, DR was also observed to con-
fer protection and extend life span in Drosophila model of AD (Kerr et al. 2011). In 
addition to these conditions, dietary restriction has been reported beneficial in mod-
els of ischemic stroke (Yu and Mattson 1999; Fann et al. 2017).
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13.3.2  Cellular Effectors of Dietary Restriction

Mitochondria is the main focus of aging research since decades. Increased oxidative 
stress and loss of mitochondrial bioenergetic efficiency are considered as character-
istic features of senescence, neurodegeneration, and aging. Dietary restriction 
imparts reduced workload and wear and tear of mitochondria by promoting mito-
chondrial biogenesis and induction of autophagy.

13.3.2.1  Mitochondrial Biogenesis
Activation of distinct genetic programs by nuclear and mitochondrial transcription 
factors allows synthesis of new mitochondria in response to damaged organelles or 
increased oxidative stress, known as mitochondrial biogenesis. Nuclear respiratory 
factor (NRF) and mitochondrial transcription factor A (TFAM) are reported down-
stream transcription factors which coordinate nuclear and mitochondrial gene tran-
scription responsible for mitochondrial bioenergetics (Wu et  al. 1999; St-Pierre 
et  al. 2003). PPARγ is an upstream regulator of TFAM and NRF, which acts as 
nutrient and energy sensor, signals mitochondrial biogenesis, and further transfers 
utilization of substrate for cellular energy from carbohydrates to fats (Lopez-Lluch 
et al. 2006). Sirt1 directly deacylates PPARγ, regulates biogenesis and bioenerget-
ics, and prolongs the healthy life span (Rodgers et al. 2005; Nemoto et al. 2005). In 
a clinical study on human population, an increase in muscular mitochondrial DNA 
was observed in response to calorie restriction along with reduced oxidative stress 
and DNA damage, which suggests that calorie restriction exerts positive effects on 
mitochondrial functioning in young nonobese individuals (Civitarese et al. 2007). 
Lopez and group reported CR-induced mitochondrial biogenesis and bioenergetics 
regulation both in vitro and in vivo by studying mitochondrial membrane potential, 
a bioenergetic parameter (Lopez-Lluch et al. 2006). Calorie restriction is proposed 
to carry out efficient electron transfer in respiratory chain which meets equivalent 
ATP production even under reduced oxygen consumption and reduced ROS produc-
tion. Attenuation of cellular and molecular damage due to oxidative stress and 
reduced rate of aging is attributed to this change in mitochondrial efficiency in dif-
ferent organisms (Lopez-Lluch et al. 2006).

13.3.2.2  Autophagy
Autophagy is a strictly regulated process of recycling of damaged organelles and 
damaged and aggregated cellular proteins into biosynthetic and bioenergetic prod-
ucts in order to maintain cellular homeostasis (Morselli et al. 2010; Wohlgemuth 
et al. 2010; Yang et al. 2014; Ntsapi and Loos 2016; Pani 2015). This cellular mech-
anism is potentially induced by CR and plays an important role in CR exerted anti-
aging effects (Ntsapi and Loos 2016). Several studies have revealed that CR-induced 
autophagy is controlled by Sirtuin 1 expression in in vitro human cells and in C. 
elegans in vivo, whereas knockout of Sirtuin 1 abolished the autophagy induction 
by nutrient deprivation in cultured human cells as well as autophagy induced in C. 
elegans by dietary restriction (Morselli et al. 2010). Mammalian target of rapamy-
cin (mTOR) pathway negatively regulates autophagy, and its inhibition by CR is 
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also one of the reported underlying mechanisms of CR-induced autophagy (Yang 
et al. 2014). Thorough literature studies revealed that dysfunctional autophagy in 
the brain, muscle, liver, and other organs leads to degeneration and aging, and 
dietary restriction mends the dysfunctional autophagy and delays aging by regulat-
ing different pathways (Kume et al. 2010; Morselli et al. 2010; Wohlgemuth et al. 
2010; Yang et al. 2014; Ntsapi and Loos 2016; Pani 2015).

13.3.3  Molecular Effectors of Dietary Restriction

Dietary restriction targets the pathways and molecules responsible for energy 
metabolism, maintaining homeostasis and synthesis.

13.3.3.1  Sirtuins
Sirtuins are family of NAD+-dependent mitochondrial deacetylases, which monitor 
oxidative and energy metabolism along with mitochondrial dynamics within mito-
chondrial matrix and maintain cellular homeostasis (Tang et  al. 2017; Su et  al. 
2017). Dietary restriction has been reported to enhance SIRT1 expression and mito-
chondrial biogenesis through SIRT-1-mediated deacetylation of PGC-1α, a major 
regulator of biogenesis (Amigo and Kowaltowski 2014; Cohen et al. 2004; Nemoto 
et al. 2005). SIRT1 orchestrates oxidation of fatty acids in the muscle and liver and 
mobilization of lipid in adipose tissue, thus suggesting that its activation in dietary 
restriction may induce metabolic reprogramming (Rodgers et  al. 2005; Fiskum 
et al. 2008; Amigo and Kowaltowski 2014). In yeast, protein Sir2, a gene product of 
SIR2, catalyzes histone deacetylation and NAD+ cleavage. Since NAD+ and NADH 
are metabolic cofactors in various key reactions, Sir2 may be used as metabolic sen-
sor which could regulate gene expression according to cellular metabolic state 
(Guarente 2000; Tanner et al. 2000). Based on this hypothesis, several studies pro-
posed that Sir2/SIR2 mediate cytoprotective effects of dietary restriction in yeast 
(Canto and Auwerx 2009). Beneficial effects of CR in mammals have been attrib-
uted to sirtuins and their interconnections with other cell circuitries such as AMPK1, 
CREB, and PGC1, which are reported to be activated by fasting (Schulz et al. 2007; 
Canto and Auwerx 2009; Price et al. 2012; Pani 2015). In several cellular and ani-
mal studies, Sirt1 activity has been linked to neuronal plasticity, rendering protec-
tion against misfolded protein excitotoxicity in Parkinson’s, Alzheimer’s, and 
Huntington disease (Parker et  al. 2005; Gao et  al. 2011; Donmez et  al. 2012). 
Clinically the neuroprotective effects of Sirt1/SIRT1 can be mimicked and enhanced 
experimentally by resveratrol which is known to mimic effects of dietary restriction 
(Amigo and Kowaltowski 2014; Pani 2015).

13.3.3.2  AMPK and Cross Talk with mTOR, SIRT1, and FOXO 
Encoded Proteins

Adenosine 5′ monophosphate-activated protein kinase (AMPK) pathway has been 
reported to play an important role in preventing aging and senescence (Ido et al. 
2015). It is regulated by intracellular ATP/AMP ratio and serves as cellular nutrient 
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and energy sensor with ability to modulate whole body metabolism (Xu et al. 2012). 
AMPK might arbitrate the beneficial effects of dietary restriction via regulating 
mitochondrial metabolism and biogenesis. AMPK has been reported to prevent oxi-
dative stress-mediated senescence and aging by inducing autophagy via suppression 
of mTOR pathway (Canto and Auwerx 2011). Mammalian target of rapamycin 
(mTOR) is another important pathway to regulate energy balance which responds to 
hormonal and nutritional cues (Powell et  al. 2012; Xu et  al. 2012). The role of 
mTOR as important longevity pathway suggests that inhibition of mTOR complex 
1 (mTORC1) activity is sufficient to increase life span. In mammals calorie restric-
tion has been shown to reduce mTOR signaling (Stanfel et al. 2009). So it is hypoth-
esized that in need of energy/fasting/calorie restriction, ATP demand increases 
which suppresses mTOR pathway, thus leading to autophagic destruction of dam-
aged cells resulting in longevity and increased life span.

In a recent review by Pani (2015), it has been proposed that neurodegenerative 
diseases, mTOR promotes tau and amyloid β aggregation by promoting protein syn-
thesis and inhibiting onset of autophagy. CR inhibits mTOR thus inducing autoph-
agy, protects from cognitive decline, and ameliorates disease-related pathology in 
AD (Pani 2015). Further, AMPK phosphoregulates PGC-1α and enhances NAD+ 
levels which acts as rate-limiting step in SIRT1 deacetylation (Canto and Auwerx 
2009). Thus AMPK allows specific and higher activity of SIRT1 and promotes neu-
roprotective effects of sirtuins (Canto and Auwerx 2011). The other family of tran-
scription factors, FOXO, provides another evidence of CR and AMPK and increased 
life span correlation. Genetic evidences suggest that FOXO proteins have the ability 
to enhance longevity by providing resistance to oxidative stress, protein structure 
protection, promotion of autophagy, and lipid metabolism (Fontana et  al. 2010; 
Gross et  al. 2008). AMPK directly phosphorylates different members of FOXO, 
which act as mediators of AMPK-induced autophagy (Nakashima and Yakabe 
2007).

13.3.3.3  CREB and CREB-Sirt1 Cross Talk
Neurotrophins, the neurotrophic factors, promote neuronal heath by modulating 
genetic factors majorly via cAMP-responsive element-binding (CREB) factor 
(Riccio et al. 1999; Finkbeiner 2000). The beneficial neuroprotective effects of cal-
orie restriction in the forebrain of mice lacking CREB were reported to be abol-
ished, thus suggesting the important role of CREB in CR-mediated neuroprotection 
(Fusco et al. 2012). Further, reports have evidenced significantly reduced levels of 
CREB expression in aged and neurodegenerative disease associated brains. The 
CREB-mediated neuroprotection is also dependent on CREB-sirtuin cross talk (Cui 
et al. 2006; Caccamo et al. 2010). Increased neurotrophins in response to CR and 
DR increase the CREB expression which further induce Sirt1 expression and its 
mediated pathway. Sirt1 expression is reported to be highly reduced in absence of 
CREB, and nutrient availability regulates expression of CREB and CREB-related 
genes in the brain (Fusco et al. 2012). CREB has been also reported to transactivate 
neurotrophin BDNF and TrkB encoding gene expression in the brain (Deogracias 
et al. 2004). Furthermore, deletion or mutation of CREB leads to neurodegeneration 
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and neuronal damage induced by huntingtin mutant (Cui et al. 2006). In C. elegans 
CREB has been reported to be essential for memory, and differential regulation of 
CREB is one important factor underlying age-related decline in memory. In mam-
malian brains also CREB is referred to as memory regulator, and overexpression of 
CREB in the hippocampus enhanced the performance of aged animals in long-term 
memory experiments (Kauffman et al. 2010).

13.4  IF-DR and Neuroinflammation

CR is known to inhibit immunosenescence (Koubova and Guarente 2003) which 
refers to the age-associated decline of immune functions (Solana et al. 2006). Food 
restriction inhibits the pro-inflammatory pathways and enhances anti-inflammatory 
pathways in various tissues including the brain. In the hypothalamus, increased 
mRNA expression of anti-inflammatory signaling molecules including suppressor 
of cytokine signaling 3 (SOCS3), interleukin-10 (IL-10), and neuropeptide-Y 
(NPY) was observed in CR animals (MacDonald et al. 2011). CR suppressed LPS- 
induced release of IL-1β, IL-6, and TNF-α and enhanced anti-inflammatory corti-
costerone (MacDonald et al. 2014). Increase in glucocorticoids (GCs) after CR is 
one of the possible mechanisms by which caloric restriction exerts its anti- 
inflammatory effect (Levay et  al. 2010). GCs show dual effects on regulation of 
inflammation under stressful conditions. Mild stress results in anti-inflammatory 
effects of GCs as they reduce pro-inflammatory cytokine production and increase 
the expression of anti-inflammatory proteins. On the other hand, pathological stress-
ful stimuli lead to chronically elevated GCs and also promote pro-inflammatory 
cytokines and microglia activation (Vasconcelos et  al. 2016). CR suppresses the 
activation of microglial cells, which are primary immune cells in the brain (Jochen 
Gehrmann et  al. 1995). Microglial cells possess receptors for hormones such as 
leptin and ghrelin, which are known to be altered by CR. Leptin is an appetite hor-
mone and also has pro-inflammatory effects (Luheshi et al. 1999) which is reduced 
by CR (Govic et al. 2008).

CR reduces the ionized calcium-binding adapter molecule-1(Iba1) expression in 
LPS-induced animals. LPS induction causes upregulation of Iba1, protein specifi-
cally expressed by microglia, in activated microglia (Imai and Kohsaka 2002). In 
AL fed animals, LPS increases the mean intensity of Iba1, but this increase in Iba1 
expression was not observed in animals exposed to CR which may suggest that CR 
inhibits microglial activation. Significant decline of Iba1 expression was also 
observed in both hippocampus and piriform cortex (PC) in animals put on IF-DR 
with herbal supplementation which indicates that CR is effective to prevent inflam-
mation during aging (Singh et al. 2017). CR also attenuated LPS-stimulated microg-
lial activation in hypothalamus arcuate nucleus (ARC) (Radler et  al. 2014) and 
inhibited NF-κB activation and NF-κB-driven inflammatory gene expression in 
aged rats (Grosjean et al. 2006). NF-κB is considered as a master regulator of innate 
immunity, and NF-κB in cytosol fraction is in inactive state, complexed with inhibi-
tory IKβα protein. The activation of NF-κB occurs by phosphorylation of IKβα at 
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serine residue 32 and 36 by IKKα complex (Grosjean et al. 2006). The phosphoryla-
tion of IKβα causes degradation of inhibitory IKβα, thus allowing translocation of 
NF-κB to the nucleus, and permits the binding of NF-κB to regulatory elements in 
DNA promoters subsequent to genes involved in inflammatory response. NF-κB 
regulates expression of pro-inflammatory molecules such as tumor necrosis factors 
(TNF-α and TNF-β), interleukins (IL-1β, IL-2, and IL-6), chemokines (IL-8 and 
CCL5), adhesion molecules (ICAM-1, VCAM, and E-selectin), and enzymes like 
iNOS and COX2 (Chung et al. 2002).

Hunger is an adaptive response to fasting that involves neuroendocrine signals in 
addition to sensory and cognitive changes that activate food seeking behavior. 
Several studies have reported that hunger-related neuropeptides and hormones play 
a pivotal role in mediating the beneficial effects of IF-DR on aging and its associ-
ated diseases. A recent study from our lab has reported that NPY which is a “hunger 
peptide” and energy regulator was activated in the hypothalamus of middle-aged 
male Wistar rats in response to IF-DR regimen as compared to their AL counterparts 
(Singh et al. 2015). The study further showed that rats maintained on IF-DR exhib-
ited reduced expression of leptin receptor in the hypothalamus. NPY expression is 
influenced by peripherally produced hormone signals, including appetite suppressor 
leptin and appetite stimulant ghrelin. Leptin regulates NPY release through leptin- 
NPY- GnRH pathway (Fernandez-Fernandez et  al. 2006). In addition, leptin also 
regulates energy homeostasis via central activation of the nervous system through 
its receptor, Ob-Rb. Low leptin levels are known to induce orexigenic signals in 
hypothalamus and suppressing energy expenditure (Valassi et al. 2008). A study by 
Shi et al. (2012) showed that caloric restriction was unable to elevate the levels of 
circulating adiponectin in NPY deficient mice thus suggesting the central role of 
this neuropeptide in peripheral adaptation to energy restriction. In addition, NPY 
activation is linked to anti-inflammatory response following CR by suppression of 
microglial activation (Sonti et al. 1996; Sousa-Ferreira et al. 2011). Several studies 
have shown that CR exerts anti-inflammatory role by altering the level of circulating 
leptin and ghrelin resulting in enhanced production of NPY (Felies et  al. 2004; 
Sousa-Ferreira et al.. 2011; Radler et al. 2015).

Recently, our lab has reported the effect of IF-DR along with supplementation of 
herbal extracts Withania somnifera and Tinospora cordifolia. This regimen sup-
pressed inflammation induced due to aging in middle-aged female rats by reducing 
and normalizing the expression of inflammatory molecules such as NF-κB, Iba1, 
TNFα, IL-1β, and IL-6 in both hippocampus and PC regions of the brain. This was 
observed in both IF-DR and IF-DR + Herbal (IFDRH) supplementation groups 
(Singh et  al. 2017). This study also demonstrated that IFDRH regimen reduced 
anxiety-like behavior in middle-aged rats, which was mediated by anti- inflammatory 
effect posed by this dietary intervention.
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13.5  Conclusion

As discussed in the preceding sections, IF-DR regimen provides neuroprotection by 
various mechanisms (Fig. 13.1), thereby raising the possibility of extended health 
span and delayed onset of age-related disorders. The effects of IF-DR regimen have 
shown evolutionary conservation ranging from simple organisms such as 
Saccharomyces cerevisiae (yeast), Caenorhabditis elegans (nematode), and 
Drosophila melanogaster (fruit fly) to mammals (Longo and Mattson 2014). The 
lifestyle in present-day society, which has seen technological advances in food pro-
cessing, agriculture, as well as transportation, has given rise to sedentary work 

Fig. 13.1 Beneficial effects of IF-DR and its possible mechanisms
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culture in many fields. Besides consuming energy dense food, people are also less 
exposed to vigorous exercise schedules. This has resulted in impaired physical and 
mental health and early onset of diseases. Further, medical practitioners and phar-
maceutical industry also aim to treat diseases with chemically synthesized drugs 
and/or surgery; instead the focus should be on the prevention of diseases. This can 
be achieved by proper education of children as well as parents regarding the impor-
tance of intermittent challenges to the brain for sustaining optimal brain health. 
IF-DR regimen can prove to be a boon in this scenario. Different cultures and reli-
gious groups have been practicing fasting since times immemorial. These include 
Hindus, Buddhists, Christians, Jews, as well as Muslims, who fast during the month 
of Ramadan. IF-DR regimen, thus, provides a scientific validation to the traditional 
practice of fasting. Though the scientific literature provides immense evidence for 
the potential beneficial effects of IF-DR, yet its translation to human subjects on a 
regular basis is still a challenge.
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